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Neurodegenerative diseases are the most common chronic neurological pathologies
associated with age, with a major impact on the patient’s quality of life. These pathologies
are a heavy medical, social and economic burden, yet there is no causal treatment available.
Among the factors contributing to neurodegeneration are cell death caused by different
mechanisms (apoptosis, autophagy, reticulum stress, necrosis, necroptosis), high oxidative
stress resulting from a disturbed balance between prooxidant and endogenous antioxidant
systems, and also inflammation. As treatments for the causes are not available, research
has been focused on evaluating molecules of natural or synthetic origin to expand the
therapeutic arsenal that could be made available.

The study of the different processes in pathologies that are not neurodegenerative but
that are associated with neurodegeneration also advances our knowledge.

In the context of Alzheimer’s disease, it has been shown that energy metabolism can
have an impact on the development of the disease. Kubis-Kubiak et al. studied the impact
of hyperglycemia or insulinemia on the secretion of the neuronal protein S100B in relation
to oxidative stress, nitrosative stress and DNA damage in neurons [1]. This team was able
to show that the S100B protein could play a key role in the local toxicity induced by high
glucose or insulin concentrations in the early stages of the disease [1]. It would then be
interesting to evaluate, as proposed by the authors, the protective mechanisms linked to
this protein, in particular by looking at the relationships between S100B and the glucose
transporters GLUT1 and GLUT3 in the brain or within the insulin receptor (IR). We might
use the S100B protein as a diagnostic marker for the early stages of neuropathological disor-
ders [1]. As the abovementioned authors have suggested, identifying the markers capable
of helping in the diagnosis or in following the evolution of the disease is important. Laura
Gomez-Virgilio and her collaborators, through a review of the literature, have evaluated the
monitoring of oxidative stress by measuring NADH using the FLIM technique on olfactory
neuron precursors, which had been isolated from patients in a non-invasive way [2]. This
approach could allow researchers to find oxidative therapies in a more efficient way and
then to personalize the follow-up of this disease.

Concerning Parkinson’s disease, the second most common neurodegenerative disor-
der, some authors have focused on a particular type of death, necroptosis, a cell death that
is independent of the caspases but which involves receptor-interacting protein 3 (RIP3) and
the pseudokinase mixed lineage domain-like protein (MLKL) or RIP1 kinase. Oliveira et al.
identified a compound, Oxa12, that acts as an inhibitor of necroptosis not only in a BV-2 cell
model when treated with the pan-caspase inhibitor zVAD-fmk, but also in vivo in a sub-
acute 1-methyl-1-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP) PD-related
mouse model [3]. Another team targeted microglia-mediated neuroinflammation. They
tested Epigallocatechin-3-gallate (EGCG), a natural antioxidant in green tea, by loading
it into liposomes (phosphatidylcholine (PC) or phosphatidylserine (PS) coated with or
without vitamin E) in an in vitro lipopolysaccharide (LPS)-induced BV-2 microglial cell

Int. J. Mol. Sci. 2021, 22, 13657. https://doi.org/10.3390/ijms222413657 https://www.mdpi.com/journal/ijms

1



Int. J. Mol. Sci. 2021, 22, 13657

activation model and in an in vivo model by targeting inflammation in the substantia nigra
of Sprague-Dawley rats treated with LPS. The team of Cheng and collaborators was able to
show that EGCG could inhibit inflammation and promote neuroprotection, making it a
candidate for anti-Parkinson’s therapy [4].

In an effort to identify the molecules capable of reinforcing the available therapeutic
arsenal, a team focused on multiple sclerosis and the evaluation of Apolipoprotein D
protection in a cuprizone-induced cell model. The experiments that they carried out
showed that the increase in Apolipoprotein D levels, whether exogenous or endogenous,
moderately prevents the cytotoxic effects of cuprizone [5].

A study of repetitive mild traumatic brain injury (mTBI) showed that the TDP-43
proteinopathy identified in most cases of amyotrophic lateral sclerosis (ALS) did not impact
the response in terms of chronic damage and inflammation in the optic tract [6].

More generally, different teams have highlighted the interrelationships between ox-
idative stress, cell death and inflammation in the context of neurodegenerative diseases [7]
and have also compared these mechanisms with other pathologies, such as cancer or type
2 diabetes [8]. Others have targeted a specific mechanism, such as the team of Pluta et al.,
who chose to present the mechanisms involved in neuroinflammation in brain tissue after
ischemia [9], or the team of Cadiele Oliana Reichert et al., who described the mecha-
nisms of ferroptosis present in neurodegenerative diseases: lipid peroxidation, glutathione
peroxidase 4 enzyme activity and iron metabolism [10].

We have seen that identifying a molecule as being able to inhibit the mechanisms
responsible for neurodegeneration was not the only important step, as in the case of EGCG,
but that the delivery method was also important. Karine Charrière and her collaborators
from the Bio-PeroxIL Laboratory offered a summary of the known effects of docosahex-
aenoic acid (DHA), based on in vitro and in vivo targeting microglia and also based on
clinical trials, while describing the nanomedicine techniques that have already been tested
at the level of the microglia that could facilitate the action of DHA [11].

The editorial board would like to thank all the authors who participated in the success
of this Special Issue by submitting quality articles. We hope that the articles published will
help advance research on neurodegenerative diseases and that we will see the continuation
of this work in the next special issue.

Funding: This research was funding by University of Burgundy.
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Abstract: Alzheimer’s disease (AD) is attracting considerable interest due to its increasing number
of cases as a consequence of the aging of the global population. The mainstream concept of AD
neuropathology based on pathological changes of amyloid β metabolism and the formation of
neurofibrillary tangles is under criticism due to the failure of Aβ-targeting drug trials. Recent findings
have shown that AD is a highly complex disease involving a broad range of clinical manifestations
as well as cellular and biochemical disturbances. The past decade has seen a renewed importance of
metabolic disturbances in disease-relevant early pathology with challenging areas in establishing
the role of local micro-fluctuations in glucose concentrations and the impact of insulin on neuronal
function. The role of the S100 protein family in this interplay remains unclear and is the aim of this
research. Intracellularly the S100B protein has a protective effect on neurons against the toxic effects
of glutamate and stimulates neurites outgrowth and neuronal survival. At high concentrations,
it can induce apoptosis. The aim of our study was to extend current knowledge of the possible
impact of hyper-glycemia and -insulinemia directly on neuronal S100B secretion and comparison
to oxidative stress markers such as ROS, NO and DBSs levels. In this paper, we have shown that
S100B secretion decreases in neurons cultured in a high-glucose or high-insulin medium, while levels
in cell lysates are increased with statistical significance. Our findings demonstrate the strong toxic
impact of energetic disturbances on neuronal metabolism and the potential neuroprotective role of
S100B protein.

Keywords: Alzheimer’s disease; hyperglycemia; hyperinsulinemia; S100B protein; oxidative stress

1. Introduction

Alzheimer’s disease (AD), first described in 1907, is a neurodegenerative disorder
characterized essentially by β-amyloid plaques and tangles of hyperphosphorylated tau
proteins alongside cholinergic dysfunction [1–3]. The pathological heterogeneity character-
istic of AD creates difficulties in establishing a single theory as to its cause, characterizations,
and possible treatments [4]. Important risk factors include age-related biochemical and
metabolic changes, vascular disease, traumatic brain injury, epigenetic factors, diet, mito-
chondrial malfunction, metal exposure, infections, hypertension, obesity, dyslipidemia and
diabetes mellitus type 2 (T2DM) [5,6]. In diabetes mellitus, the feedback loops between
insulin action and insulin secretion do not function properly. In T2DM, the pancreatic islet
β-cell’s dysfunction, together with insulin resistance in insulin-sensitive tissues, leads to
increased glucose production in the liver and decreased glucose uptake in muscle, which
results in an excessive amount of glucose circulating in the blood [7]. The growing occur-
rence of both diabetes and dementia leading to AD is becoming a social and economic
challenge worldwide [8,9].
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Current research studies point out that AD and T2DM might share some underlying
mechanisms and putative biochemical pathways, i.e., the desensitization of insulin sig-
naling, most likely driven by chronic inflammation, and mitochondrial dysfunction, as a
consequence of increased oxidative stress or vasculopathy [10,11]. Moreover, T2DM is a
known risk factor of AD since hyperinsulinemia and insulin resistance, hallmarks of this
metabolic disturbance, can lead to memory impairment [12,13]. Almost 70% of T2DM cases
demonstrate diverse forms of nervous system impairment such as diabetic neuropathy,
slowed digestion of food in the stomach, carpal tunnel syndrome, erectile dysfunction
and other peripheral nerve problems or even central nervous system complications, in-
cluding strokes and possibly cognitive impairment [14,15]. Given that numerous data
points to coincidence as well as co-morbidity between those two pathological states, in
2008 prof. De la Monte [16] proposed that AD might be called “type 3 diabetes mellitus,”
but this term is under criticism by others [17,18]. Nowadays, despite the vast number of
papers published on AD and diabetes, the underlying link between these two disorders
is still unclear [19,20]. Observations from clinical trials are highly ambiguous and have
been futile in deciphering clear paths responsible for the augmented risk of dementia in
T2DM patients [21–23]. The origin of brain neurodegeneration connected to continuous
hyperglycemia is heterogeneous and comprised of modifications in neurotransmitters’
metabolism, neuronal inflammation, mitochondrial disturbances and micro- and macro-
vascular dysfunction [24]. In T2DM, chronic hyperglycemia, among others, is associated
with an increased risk of developing memory deficits or decreased psychomotor speed [25].
The molecular and cellular pathophysiology underlying this complication is not yet well un-
derstood. Therefore, it is important to conduct research aimed at explaining the complexity
of this relationship.

S100B is an extracellular alarmin, a small helix-loop-helix protein that binds up to
four Ca2+ per dimer in EF-hands motifs, counteracts amyloid-β accumulation, and is
upregulated in AD [26]. Despite its most common localization in a subtype of mature
astrocytes that ensheath blood vessels and in neural/glial antigen 2-expressing cells, S100B
protein is also expressed in different cell types, ranging from arterial smooth muscle to
melanoma cells [27]. Uniquely for the S100 protein family, S100B location is also observed
in distinct subpopulations of neurons and in adipocytes, suggesting its potential new role
in the regulation of energetic metabolism [28]. The levels of S100B mRNA expressed in the
cerebral cortex and adipose tissue have been shown to be very similar [29]. S100B levels
are raised in the adult organism as a consequence of nervous system damage, which makes
it a potential clinical marker. Moreover, it was found that before any detectable changes in
intracerebral pressure, neuroimaging, and neurological examination, S100B concentrations
are elevated in serum or cerebrospinal fluids, enabling fast and crucial medical treatment
before permanent damage occurs [30,31]. Depending on the concentration, this Janus-faced
molecule can represent both beneficial and toxic effects on neuropathological changes in
cellular metabolism characteristic for AD [32]. The extracellular action of the S100B protein
is primarily based on its interaction with RAGE receptors, which are highly activated during
T2DM or in hyperglycemic states. S100B binds to RAGE in the extracellular space and
activates a number of intracellular biochemical pathways in microglia and neurons. RAGE
expression is potentiated by increased extracellular concentrations of ligands, including
the S100B protein. These receptors mediate both the trophic and the toxic effects of the
S100B protein on cells [33,34]. At lower concentrations, the binding of S100B protein to
RAGE causes activation of the Ras/ERK pathway and stimulation of MEK/MAP kinase
regulated by extracellular signals, ERK/NF-κB/Bcl-2 and Ras/Cdc42-Rac1. At higher
concentrations, S100B protein leads to hyperactivation of the Ras/MEK/ERK pathway,
leading to overproduction of ROS [27]. Wartchow et al. [35] exposed the existence of insulin-
S100B regulation of glucose utilization in the brain tissue. Moreover, it regulates glial
fibrillary acidic protein and two glycolytic enzymes: fructose-1,6-bisphosphate aldolase
and phosphoglucomutase in the brain, which is why it is so crucial for the potential role of
S100B protein to be revealed [36,37].

6



Int. J. Mol. Sci. 2021, 22, 5526

The purpose of this article is to elucidate the potential role of S100B protein in cor-
relation with oxidative and nitrosative stress in disturbed glucose/insulin homeostasis
in neuron-like cells differentiated with nerve growth factor (NGF) pheochromocytoma
(PC12) cells. This cellular model is widely used in both neurobiological and neurotoxico-
logical studies to study the mechanisms of action of neurotoxicants as well as the potential
for chemicals to alter neuronal differentiation [38,39]. To our knowledge, there is no in-
formation available regarding the role of S100B protein in the pathological mechanism
underlying the “dance macabre” between T2DM and AD. We hypothesized that S100B
levels are increased in neurons with simultaneous conditions of metabolic disturbance and
neuropathological changes, and this fact could probably be used for the detection of the
first cellular disruptions connected to dementia and T2DM.

2. Results

The MTT assay evaluated mitochondrial activity, which can be treated as a measure-
ment of metabolic activity, and thus viability, of cells. Cell dysfunction and cytotoxicity
after exposure to high concentrations of glucose or insulin were assessed by MTT assay
and presented in Figure 1.

 
Figure 1. Metabolic activity measured in MTT assay of neuron-like cells after 24 h incubation
with different concentrations of (A) glucose and (B) insulin. Control—untreated neuron-like cells;
DMSO—PC12 cells treated with DMSO. Statistically significant differences compared to the untreated
neuron-like cells: ** p < 0.01, *** p < 0.001.

Analysis of neuron-like cells’ viability after 24 h incubation with glucose (5–500 mM)
and insulin (10–750 μM) will aid the selection of optimal concentrations (40–60% viability)
for further studies. The metabolic activity of neuron-like cells was decreased when they
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were cultured for 24 h with solutions of both glucose and insulin as calculated with reference
to untreated neuron-like cells. DMSO treatment resulted in a substantial 95.6% decrease in
mitochondrial activity, and a comparable reduction (89.8%) was obtained after incubation
with 500 mM glucose. Administration of 10 mM, 20 mM glucose and 0.01 μM insulin did
not affect the viability of neuron-like cells, as the results are similar (90.5%, 97.5%, 99.7%
and 95.9%, respectively) to those obtained with untreated cells (100%). The results obtained
after incubation with glucose or insulin were clearly dependent on concentration. The
optimal concentrations—50–150 mM for glucose and 50–250 μM for insulin—were chosen
for planned experiments based on the obtained MTT results for tested substances.

2.1. Nitrite Levels

The levels of cellular nitrogen free radicals were measured after 1 h and 24 h incubation
with glucose or insulin. The obtained results are presented in Figure 2.

 
Figure 2. NO levels in neuron-like cells after: (A) 1 h incubation with glucose or insulin and (B) 24 h incubation with
glucose (50, 100 or 250 mM) or insulin (50, 100 or 250 μM). Control—untreated neuron-like cells; H2O2—cells incubated with
50 μM H2O2 (positive control). Statistically significant differences compared to the untreated neuron-like cells: * p < 0.05,
** p < 0.01, *** p < 0.001.

After 1 h incubation, a statistically significant increase in the level of nitric oxide
was observed both in the presence of glucose and insulin. The results obtained after
1 h incubation with glucose were clearly dependent on concentration, with a statistically
substantial rise after 100 mM (x-fold—1.21) and 150 mM (x-fold—1.3) glucose. In the case of
insulin, all three concentrations instigated a statistically significant upsurge in nitric oxide
levels after 1 h treatment compared to untreated cells. It is interesting that the addition of
250 μM insulin for 1 h produced a similar amount (x-fold—1.44) of nitric oxide to H2O2
(x-fold—1.49).

Significantly, the impact of glucose and insulin on nitric oxide levels after 24 h incu-
bation was less expressed; only after treatment with 100 μM and 250 μM insulin were the
levels of nitric oxide considerably higher (x-fold—1.13 and 1.14, respectively) in comparison
to untreated cells.

2.2. Reactive Oxygen Species Concentration

The DCF-DA test was used to predict extracellular ROS accumulation after 1 h or 24 h
incubation with glucose (50–150 mM) and insulin (50–250 μM) (Figure 3).
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Figure 3. ROS levels in neuron-like cells after: (A) 1 h incubation with glucose or insulin and (B) 24 h incubation with
glucose (50, 100 or 150 mM) or insulin (50, 100 or 150 μM). Control—untreated neuron-like cells; H2O2—cells incubated with
50 μM H2O2 (positive control). Statistically significant differences compared to the untreated neuron-like cells: * p < 0.05,
** p < 0.01, *** p < 0.001.

After 1 h incubation, a statistically significant increase in the level of ROS was observed
both in the presence of glucose and insulin. A statistically significant increase in ROS levels
was observed after 1 h incubation with glucose or insulin in all analyzed concentrations,
with the highest concentration obtained for 150 mM glucose (x-fold—1.2). After insulin
administration, the highest level of ROS was obtained after 100 μM (x-fold—0.8). No
concentration dependence was observed 1 h or 24 h after glucose or insulin administration.

It is worth noting that the impact of glucose and insulin on ROS levels was less
expressed after 24 h incubation, as there was an ample decrease in the level of free oxygen
radicals. Furthermore, these data were supported by the results obtained with positive
assay control (H2O2), confirming the observation that reactive oxygen species are the first
messengers of stress in the cells, and their levels are diminished after 24 h of treatment.

2.3. Double-Stranded DNA Breaks

High levels of oxygen and nitrogen free radicals can lead to DNA damage, including
DBSs. The number of double-stranded DNA breaks (DSBs) was assessed in the FHA by
measuring the size of the nuclear halo (chromatin dispersion). The results obtained after 1 h
incubation are presented on sample photos with the nuclear halo and analysis of relative
NDF in Figure 4.

In neuron-like cells treated with glucose for 1 h, the increase in DBSs was generally
lower than after incubation with insulin in all used concentrations. The dependence of
disruption on concentration has been demonstrated for all concentrations and substances
tested—the higher the concentration, the stronger the chromatin dispersion halo. The
highest DBSs were observed after administration of 250 M insulin (x-fold—3.59), while the
lowest DBSs levels were measured after treatment with 50 mM glucose (x-fold—2.0). The
observed effect was statistically significant (p < 0.001) in all experimental settings.

Results obtained after 24 h incubation are presented as sample photos with the chro-
matin dispersion and analysis of relative NDF in Figure 5.
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Figure 4. Analysis of double-stranded DNA breaks in neuron-like cells after 1 h incubation with
glucose or insulin. (1) Sample microphotographs of a nuclear diffusion halo: A—control (untreated
cells), B—glucose 50 mM, C—glucose 100 mM and D—glucose 150 mM. (2) Sample microphotographs
of nuclear diffusion halo: A—control (untreated cells), B—insulin 50 μM, C—insulin 100 μM and
D—insulin 150 μM. (3) A comparison of relative NDF for neuronal-like cells incubated for 1 h with
glucose or insulin. Statistically significant differences compared to the untreated neuron-like cells:
*** p < 0.001.

Similar to the results obtained in the DCF-DA, the incubation of neuron-like cells with
glucose or insulin for 24 h resulted in less DNA strand damage than incubation for 1 h.
After 24 h incubation with all three concentrations of insulin, the damaged DNA strand was
observed to regenerate. There was a strong concentration dependence in both glucose and
insulin. Glucose caused weak DNA damage with maximum levels after 24 h incubation
with 150 mM glucose (x-fold—1.43). Insulin treatment had the opposite effect, leading to
the regeneration of DNA double strands, with minimal values after 24 h incubation with
50 μM (x-fold—1.43).

2.4. S100B Protein Concentration

The study assessed the effects of glucose and insulin on the intracellular and extra-
cellular S100B protein levels in neuron-like cells. The obtained concentrations of S100B
protein after 24 h incubation with a broad range of glucose concentrations are shown in
Figure 6. The extracellular concentration is presented per the amount of cells seeded in one
well (1 × 104), while the intracellular concentration was adjusted per 5 μg of total protein
concentration in 100 μL of cell lysates measured by BCA assay.
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Figure 5. Analysis of double-stranded DNA breaks in neuron-like cells after 24 h incubation with
glucose or insulin. (1) Sample microphotographs of a nuclear diffusion halo: A—control (untreated
cells), B—glucose 50 mM, C—glucose 100 mM and D—glucose 150 mM. (2) Sample microphotographs
of nuclear diffusion halo: A—control (untreated cells), B—insulin 50 μM, C—insulin 100 μM and
D—insulin 150 μM. (3) A comparison of relative NDF for neuronal-like cells incubated for 24 h with
glucose or insulin. Statistically significant differences compared to the untreated neuron-like cells:
** p < 0.01, *** p < 0.001.

 

Figure 6. S100B protein concentration in neuron-like cells after incubation with different glucose concentrations (50, 100
and 200 mM). Control—untreated cells. (A) extracellular S100B levels per 1 × 104 cells; (B) intracellular S100B levels per
5 μg of total cellular protein concentration. Statistically significant differences compared to the untreated neuron-like cells:
** p < 0.01, *** p < 0.001.
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At 50–200 mM glucose concentrations, significantly lower S100B protein levels (for
around 10%) in the supernatant were observed compared to the control. In the case of extra-
cellular S100B protein levels, there was no a dose-response relation observed. All obtained
outcomes for extracellular S100B protein concentrations were statistically significant with
p < 0.01 or p < 0.001. Cellular levels of S100B protein after incubation with glucose show an
opposite trend compared to data obtained for supernatants, which stays in line with the
results observed. As shown in Figure 6B, all treatments caused a rise in S100B intracellular
concentrations, which reached their maximum after the administration of 100 mM glucose
(432 pg/5 μg total protein). The increase after 50 mM glucose treatment is 23%, the next
100 mM of glucose caused a rise of 49% and, after 200 mM glucose, the upsurge of 45%.
Figure 6B depicts the normal distribution of values of S100B concentrations after glucose
administration confirmed by a bell-shaped dose-response dependence. Significant differ-
ences in intracellular S100B values were obtained in the case of 200 mM glucose treatment
(p < 0.05).

Figure 7 presents the changes in S100B protein levels identified after 24 h incubation
with a range of insulin concentrations. The extracellular concentration is presented per
the amount of cells seeded in one well (1 × 104), while the intracellular concentration
was adjusted per 5 μg of total protein concentration in 100 μL of cell lysates measured by
BCA assay.

Figure 7. S100B protein concentration in neuron-like cells after incubation with different insulin concentrations (50, 100
and 250 μM). Control—untreated cells. (A) Extracellular S100B levels per 1 × 104 cells; (B) intracellular S100B levels per
5 μg of total cellular protein concentration. Statistically significant differences compared to the untreated neuron-like cells:
*** p < 0.001.

The incubation with each selected insulin concentration (50–250 μM) significantly di-
minished the S100B protein level in the supernatants, and the strongest effect was observed
after the administration of 50 μM (1769 pg/1 × 104 cells). There is a weak direct propor-
tional correlation between increasing insulin concentration and S100B protein extracellular
levels with maximum concentration after 250 μM insulin treatment (1810 pg/1 × 104 cells).
All obtained data for extracellular S100B protein concentrations were statistically signif-
icant with p < 0.001. As illustrated in Figure 7B, the highest value of S100B protein was
detected after administration of 100 μM insulin (341 pg/5 μg total protein), while after
the administration of 250 μM insulin, the increase was the lowest compared to the control
(326 pg/5 μg total protein and 219 pg/5 μg total protein, respectively). Significant differ-
ences (p < 0.05) in intracellular S100B values were obtained in cases of all insulin treatments.
A bell-shaped graph can also be observed in the case of incubation with insulin in Figure 7B,
and these values correlate favorably with data obtained with glucose. It is interesting to
note that treatment incubation with insulin caused similar effects to glucose—a decrease in
extracellular and increase in intracellular S100 levels.
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2.5. Statistical Correlation between ROS, NO and DBSs Results

Correlation coefficients between DNA damage and ROS or NO levels were determined
and shown in Table 1.

Table 1. Correlations between measured parameters ROS, NO and DBSs in neuron-like cells after
glucose or insulin treatment for 1 and 24 h.

1 h 24 h

ROS
vs. DBSs

NO
vs. DBSs

ROS
vs. NO

ROS
vs. DBSs

NO
vs. DBSs

ROS
vs. NO

Glucose 0.98 0.99 0.94 −0.70 0.44 −0.95
Insulin 0.93 0.66 0.34 0.96 −0.65 −0.42

Based on the calculated Pearson correlation coefficients in all tested concentrations,
correlations between DCF-A, FHA and Griess results for glucose after 1 h incubation were
strongly positive and statistically significant, whereas correlations between the results
obtained after 24 h incubation with all tested glucose concentrations were negative. After
insulin treatment, a strong correlation was observed only between ROS and DNA damage
after 1 h incubation as well as after 24 h treatment. In the case of insulin, there was a positive
correlation only between ROS level and DNA damage after 1 h and 24 h incubation.

2.6. Statistical Correlation between ROS, NO, DBSs and S100B Results

Correlations between extracellular and cellular S100B protein levels and DNA damage,
ROS or NO levels, analyzed by using Pearson correlation coefficients, are shown in Table 2.

Table 2. Correlations between 100B protein levels and measured parameters: ROS, NO and DBSs in
neuron-like cells after glucose or insulin treatment for 24 h.

Intracellular S100B Extracellular S100B

vs. DBSs vs. NO vs. ROS vs. DBSs vs. NO vs. ROS

Glucose −0.62 −0.62 0.33 −0.99 −0.99 0.92
Insulin 0.90 0.90 −0.77 0.98 0.98 −0.60

Based on the calculated Pearson correlation coefficients in almost all glucose concen-
tration tested after 24 h incubation, correlations between the results of intracellular and
extracellular levels of S100B protein were negative compared to outcomes from ROS, NO
and DBSs levels. The obtained correlation was strong only in the case of extracellular
S100B levels vs. ROS levels, whereas after insulin administration, a strong correlation
was observed only between intracellular S100B protein levels and DBSs or NO as well as
among extracellular S100B protein levels and DBSs or NO. To reiterate, the correlation
between extracellular and intracellular S100B levels and DNA damage or NO levels af-
ter insulin administration was strong. Such a consequent effect was not observed in a
hyperglycemic environment.

3. Discussion

Regardless of the fact that “type 3 diabetes mellitus” has received much attention in
the past decade, it is still unclear whether an overall failure of brain glucose and insulin
metabolism regulations is associated with AD pathogenesis. It is generally accepted that
altered cerebral glucose uptake and insulin resistance are some of the hallmarks of the pro-
gression of neurodegenerative processes [40]. Investigators from Thiambisetty laboratory
were one of the first to find, in 2017, that lower rates of glycolysis and higher brain glucose
levels were correlated to more severe amyloid plaques and neurofibrillary tangles found in
the brains of people with AD [41]. Current evidence from the AD-T2DM animal model,
where scientists combined the APP/PS1 mouse model with the genetic db/db model
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of type 2 diabetes, highlights neuroinflammatory processes manifested by a significant
increase of microglia burden in the cortex and general brain atrophy in animals of 14 weeks
of age when T2DM was started, but no AD pathology was observed [42]. Moreover, recent
studies have found that AD-T2DM mice are characterized by the upregulation of a broad
profile of pro-inflammatory cytokines, such as IL-1α, IFN-γ and IL-3 in the brain [43].

In our study, we demonstrated that environments with high levels of glucose or insulin
have a negative impact on neuronal metabolism by elevating levels of oxidative stress
markers. Our present data support the view that hyperglycemia and/or insulinemia causes
activation of ROS and NO levels in neurons, which also affects double-stranded DNA
breaks. Furthermore, there was a significant positive correlation between those parameters
after 1 h from glucose administration. The statistical analysis did not confirm any significant
differences between oxidative stress parameters DBSs after insulin treatment with two
exceptions for ROS vs. DBSs after 1 and 24 h of incubation. It is suggested that, over the
years, these small changes in the neuronal tissue may lead to the deactivation or shift of
crucial cell cycle pathways such as the MEK-ERK1/2-NF-κB pathway as well as to the
upregulation of pro-apoptotic factors, which leads to amyloid β accumulation. Although
caution must be exerted in extrapolating in vitro findings to the in vivo situation, our data
are in line with the suggestion that the fast-shifting concentrations of glucose and/or insulin
in neuronal tissue may be one of the first pathological changes connected to AD and begin
several years prior to the onset of clinical symptoms. Some clinical studies have suggested a
significant role for S100B in neurodegeneration processes, pointing to its increased levels in
the body fluids of patients with AD [44–46]. Christl et al. [47] estimated that S100B protein
levels in cerebrospinal fluid might have a diagnostic value, particularly at the early stages
of the disease, as it declines to normal levels in more advanced stages. Animal studies
provide additional data showing the importance of S100B in neurodegenerative processes.
The performance of S100B-overexpressing Tg2576 mice was inferior in the spatial learning
study, dependent on the functioning of the hippocampus. Animals showed higher levels
of brain parenchymal β-amyloid depositions and cerebral amyloid angiopathy, enhanced
amy-loidogenic APP metabolism, augmented reactive astrocytosis and microgliosis and
increased levels of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) as early as at
7–9 months of age. Mice whose gene encoding S100B was inactivated showed increased
spatial memory and memorization under the influence of anxiety and increased long-term
synaptic enhancement in the CA1 sector of the hippocampus. These results indicate that
despite playing an important role in encouraging brain inflammatory responses, S100B has
a role in directly promoting amyloidogenic APP processing [48].

Regarding the role of S100B protein in T2DM, Kheirouri et al. [49] measured its
concentration in the blood serum of patients with metabolic syndromes characterized by
intermittent fasting, central obesity, dyslipidemia and arterial hypertension. Moreover, the
participants of the study had elevated insulin levels, showed high values on the HOMA-IR
index of insulin resistance, and the serum level of S100B protein was significantly elevated
compared to healthy volunteers. The extracellular action of the S100B protein is primarily
based on its interaction with RAGE—the best-known class of advanced glycation end
receptors [50]. S100B binds to RAGE in the extracellular space and activates a number
of intracellular biochemical pathways such as MAPKs in microglia and neurons. These
receptors mediate both the trophic and the toxic effects of the S100B protein on microglia
and endothelial cells. RAGE is also one of the known receptors for Aβ peptide [51,52].
In the physiological state, RAGE expression in cells is kept at a low level. Increasing
the amount of RAGE ligands observed in inflammation, oxidative stress, diabetes and
AD results in the induction of the expression of this receptor [53]. Literature data show
a relationship between glucose concentration and S100B protein secretion. Cultures of
astrocytes obtained from rat brains under conditions of metabolic stress: glucose, oxygen
and serum (FBS) deprivation increased the secretion of S100B protein. However, after 12
and 24 h of exposure to metabolic stress, mRNA expression for the S100B protein decreased
considerably, and a significant reduction in S100B protein secretion was observed after 48 h
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of incubation. Based on these observations, it is hypothesized that the S100B protein may
be actively secreted in the microglia in the early stages of metabolic stress [54].

The aim of our work was to broaden current knowledge on the role of S100B pro-
tein in oxidative stress instigated by local variations in glucose or insulin concentrations
in neurons. We analyzed extracellular and intracellular S100B protein levels in order to
evaluate the potential role of S100 protein in metabolic disturbances occurring in neuronal
cells. The single marked observation to emerge from the data comparison was that neither
hyperglycemic nor insulinemic conditions provoked S100B protein efflux from the neurons,
and moreover, they even decreased secretion. Interestingly, a small but still statistically
significant rise in S100B concentrations was observed in cell lysates. No substantial statisti-
cal correlation between intracellular and extracellular S100B levels and analyzed markers
of oxidative stress and DNA damage was found after glucose administration, excluding
levels in supernatants vs. ROS, where significance was observed. In contradiction, hy-
perinsulinemic conditions provoked a strong correlation between S100B concentration vs.
NO or double-stranded DNA break levels. Collectively, these data support the notion
that cellular S100B protein could behave as a neuroprotective factor against extracellular
glucose/insulin fluctuations. Our observations are consistent with the results carried out
on the primary cortical astrocytes of rats by Nardin et al. [55]. After 24 h, the extracellular
S100B levels were reduced by around 45% in astrocytes cultured in a high-glucose medium.
A decrease in glutathione content but not glutamate uptake activity was also observed. It
is important to emphasize the fact that S100 protein family members exert a dual effect
(neurotrophic or neuroprotective) on neurons and astrocytes, depending on the concen-
tration attained in the brain’s extracellular space. Our findings are consistent with the
previous results presented by Alhemeyer et al. [56] who showed that neurotoxicity caused
by glutamate and staurosporine can be counteracted by the S100B protein. Another study
performed on PC12 cells found that the S100B protein could inhibit NGF-induced cell dif-
ferentiation, but increased expression of S100B did not reverse the effects of differentiation
in PC12 already differentiated with NGF cells. This may suggest an effect of the S100B
protein on the inhibition of cell differentiation in the early stages of cell development [57].

In conclusion, our data support the view that there is a putative relationship between
S100B and metabolic disturbances in AD-like pathology and that the S100B protein acts
probably as a cytoprotective factor and may protect neurons against the toxicity of local
high levels of glucose or insulin during the initial phases of the pathophysiology of AD.
This study is the first step towards enhancing our understanding of the role of S100 proteins
in neuronal metabolism in the specific condition of “type 3 diabetes mellitus”. Further
research is necessary to clarify the mechanism of action of S100B protein as well as to
explain the reasons for the significant differences in their effect on neuronal properties.
As the brain’s energetic regulation is entirely insulin-dependent, it would be especially
interesting to evaluate the interrelation between S100 protein family members and the
glucose transporters: GLUT1 and GLUT3 in the human brain as well as their relation to the
receptor for insulin (IR), and these results may represent an excellent initial step toward
using S100B levels as diagnostic markers in the early stages of neuropathological disorders.

4. Materials and Methods

4.1. Materials

Glucose and human insulin solutions (Sigma-Aldrich, St. Louis, MO, USA) were
freshly prepared in RPMI-1640 (low glucose—5.5 mM, Biological Industries, Cromwell,
CT, USA) supplemented with 2% fetal bovine serum (FBS) and 100 μg/mL penicillin-
streptavidin (both from Sigma-Aldrich, St. Louis, MO, USA). Concentration ranges from
5–500 mM for glucose and 10–750 μM for insulin were chosen for the evaluation of the
cytotoxicity effect. PC12 cells—pheochromocytoma cells derived from the adrenal gland of
Rattus Norvegicus—were purchased from ATCC (Manassas, VA, USA). The differentiation
was performed using human recombinant β nerve growth factor, NGF-β (Sigma-Aldrich,
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St. Louis, MO, USA) dissolved in PBS to a stock concentration 1 μg/mL and stored at
−20 ◦C for up to 2 weeks.

4.2. Modification of the Surface of Culture Plates

The surface of the well on plates was modified using type I collagen (Sigma-Aldrich,
St. Louis, MO, USA) and dissolved in 0.1 M acetic acid to a stock concentration of 0.1%
(w/v). Before using type I collagen, a solution was dissolved in water to a final concentration
of 0.01% (w/v), which was added to cover the surface of the wells. The 96-well plates were
left at 4 ◦C overnight. After removing the solution, the surface was washed 3 times for
5 min with PBS (300 μL). The plates so prepared were stored at 4 ◦C for up to 1 month. The
plates in the biological assays were irradiated with UV for 30 min before use.

4.3. Cell Culture Conditions and Differentiation

The differentiation process of PC12 cells was performed according to the protocol
established by Greene and Tischler with some modifications [58]. PC12 cells were grown
in 25 or 75-cm2 culture flasks in a CO2-incubator (37 ◦C, 5% CO2 and 95% humidity) in
RPMI-1690 medium supplemented with 10% FBS and 100 μg/mL penicillin-streptomycin.
The cells were used at logarithmic growth between passage 4 and 20. The PC12 cells were
dissociated with TrypLE (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), seeded
on type I collagen-coated 96-well plates in a concentration of 5 × 103 cells per well and
incubated for 24 h prior to differentiation in order to let the cells adhere to the plates’
surface. For differentiation, cells were treated with 100 ng/mL of NGF-β freshly dissolved
in RPMI 1640 media supplemented with 2% FBS and 100 μg/mL penicillin-streptavidin.
For the bioassays, cells were treated with NGF-β for 5 days. Medium and NGF were
replenished every 48 h. The differentiation process was analyzed with a holo-tomographic
microscope (3D Cell Explorer, Ecublens, Switzerland). The morphological changes of NGF-
treated PC12 cells versus untreated PC12 cells are shown in Figure 8. Further, the described
experiments were performed after 5 days of human NGF-β-induced differentiation.

 

Figure 8. The representative microphotograph of a non-differentiated PC12 cells (A); the representa-
tive microphotographs of PC12 cells differentiated into neuron-like cells: after 2 days (B), after 4 days
(C), and after 5 days (D) of incubation with human NGF-β. The morphological changes during the
differentiation process were analyzed with the 3D Cell Explorer free-label microscope.
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4.4. MTT Test

To determine the cytotoxicity of glucose and insulin treatment on neuron-like cells,
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction assay was
performed according to the protocol of Liu et al. [59] with some modifications. This
colorimetric assay is based on the ability of succinate dehydrogenase to reduce yellow MTT
tetrazolium salt into blue MTT formazan crystals in living cells. The level of conversion
provides an indication of mitochondrial metabolic function. Then, 5 × 103 neuron-like cells
were incubated with diverse concentrations of glucose or insulin for 24 h in a CO2-incubator
(37 ◦C, 5% CO2 and 95% humidity). Next, the supernatants were removed, and the cells
were washed 3 times with 100 μL of PBS to remove phenol red residue, and 100 μL of
0.5 mg/mL MTT solution in PBS was added. The cells were incubated for 4 h at 37 ◦C
in 5% CO2 and 95% humidity in the darkness. Subsequently, the MTT solution was
carefully discarded, the formazan crystals were dissolved in 100 μL DMSO acidified with
1N HCl, and plates were shacked for 30 min at room temperature. Cell viability was
determined by measuring the absorbance at 570 nm on the Synergie multiwell scanning
spectrophotometer (BIOKOM, Janki, Poland). Cell viability for each glucose or insulin
concentration was calculated as the percentage of the untreated neuron-like cells. All
experiments were performed on 5 wells per concentration and repeated at least 3 times.

4.5. Nitrite Levels Quantitation Assay

Griess reagent assay was performed to evaluate the influence of glucose or insulin
on nitric oxide (NO) levels in neuron-like cells [60]. This spectrophotometric assay is
based on the formation of an azo dye by the reaction of NO2

− present in the sample
with the Griess reagent. For each od experimental setting, the 1 × 104 cells were seeded
in a 96-well plate. After 1 h and 24 h incubation with a series of glucose or insulin
concentrations, 50 μL of supernatant was transferred into new 96-well plates. The 1:1
mixture (v/v) reagent A (1% sulfanilamide in 5% phosphoric acid) and reagent B (0.1% N-(1-
Naphthyl) ethylenediamine dihydrochloride) was added to supernatants and left for 20 min
in the dark at room temperature. After incubation, the absorbance at 548 nm was measured
using a Varioskan LUX microplate reader (Thermo Scientific, Waltham, MA, USA).

4.6. Reactive Oxygen Species Concentration Measurement

To evaluate the influence of glucose or insulin on reactive oxygen species (ROS) in
neuron-like cells, we used an assay with DCF-DA [61], a fluorogenic dye that measures
hydroxyl, peroxyl and other ROS activity within the cell. It is deacetylated by esterases
to a non-fluorescent compound, which is later oxidized by ROS into highly fluorescent 2′,
7′–dichlorofluorescein. The rest of the supernatant left on the plates used for the Griess
assay was removed, and the cell pellet was washed 3 times with PBS. Next, 25 μM of
DCF-DA solution in MEM medium, without supplementation or phenol red, was added to
the treated PC12 cells and left for 1 h in a CO2-incubator (37 ◦C, 5% CO2, 95% humidity).
After incubation, the DCF-DA solution was removed, cells were washed 3 time with MEM,
and fresh MEM was added. The fluorescence was immediately measured with excitation
at 485 nm and emission at 535 nm using a Varioskan LUX microplate reader (Thermo
Scientific). All experiments were performed with 5 wells per concentration and repeated at
least 3 times.

4.7. DNA Double-Strand Breaks Assessment

A fast halo assay (FHA) [62] was performed to assess DSBs in the DNA of differen-
tiated PC12 cells treated with glucose or insulin. This test enables the rapid assessment
of the extent of DNA breakage caused by different types of DNA lesions. After 1 h and
24 h incubation with glucose or insulin, the supernatants were collected into tubes. The
trypsinization process was performed with a TrypLE solution (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) for 3–5 min in a CO2-incubator (37 ◦C, 5% CO2, 95% humidity).
After detaching from surfaces, suspended cells were collected into tubes and centrifuged
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for 5 min at 1000× g (Eppendorf, Hamburg, Germany) to get rid of cellular debris. Next,
the supernatant was removed, and the cell pellet was washed with PBS and centrifuged
again under the same conditions. The cells were then re-suspended at the density of
1000 cells/μL in sterile PBS and put in bathwater (37 ◦C). Then, 120 μl of 1.25% agarose
(low melting point) in sterile PBS was added to cells and immediately sandwiched between
an agarose-coated (high melting point) slide and a coverslip. After complete gelling (cool-
ing block for 10 min), the coverslips were removed, and the slides were placed into the
lysis buffer overnight at 4 ◦C in the dark. The next day, the slides were transferred into a
Tris-HCl buffer (pH = 13) for 30 min in the dark and then twice into a neutralization buffer
for 5 min. Finally, the slides were stained using 5 μM of 4′,6-diamidino-2-phenylindole
(DAPI) for 20 min and analyzed under a fluorescence microscope. The DAPI-labelled DNA
was visualized using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany),
and the subsequent images were digitally recorded on a PC and analyzed with image-
analysis software developed by one of co-authors. The slides were numerically coded
before reading to reduce operator bias. The extent of strand scission was quantified by
calculating the nuclear diffusion factor (NDF), which represents the ratio between the total
area of the halo plus nucleus and that of the nucleus. Data are expressed as relative NDF,
calculated by subtracting the NDF of control cells from that of treated cells. All experiments
were performed at least 3 times.

4.8. Human S100B ELISA Test

The S100B protein concentration was determined in the incubation medium and in the
cell lysates after 24 h of incubation with glucose or insulin and measured by adapting the
enzyme-linked immunosorbent assay (ELISA) kit following the manufacturer’s protocols
(human S100B ELISA Kit, Genorise, England). Briefly, the standards or samples (100 μL of
lysates or supernatants) were added per well, and S100B was bound by the immobilized
antibody during a 1 h incubation at room temperature. After triplicate washing with Assay
Buffer (300 μL each) using an auto-washer (DiaWasher ELX50, Dialab GmbH, Austria), a
detection antibody specific for human S100B (100 μL) was added to the wells and incubated
for 1 h in RT. Following 3 washes with Assay Buffer (300 μL each), an HRP Conjugate
(100 μL) was added for 1 h in RT. After a triplicate wash with Assay Buffer (300 μL each), a
substrate solution (100 μL) was added to the wells, and color developed in proportion to
the amount of S100B bounded in the initial step. The color development was stopped after
20 min by adding a stop solution. The intensity of the color was measured immediately
using a microplate reader set to 450 nm with subtraction of readings at 540 nm or 570 nm to
correct for optical imperfections in the plate. For each od ELISA experimental setting, the
1 × 104 cells were seeded in a 96-well plate. For intracellular concentration measurements,
cells after incubation with glucose or insulin were centrifuged (3 min, 1200× g, RT), the
supernatant was collected to Eppendorf vials. Cellular pellet was lysed according to freeze-
thaw protocol and standardized for cellular protein concentration by BCA assay. Briefly,
protein concentration was measured in cell lysates and adjusted to 50 μg protein per 100 μL.
Such prepared samples were added per well and processed for ELISA assay.

4.9. Statistical Analysis

All experiments were carried out 3 times in triplicate. Statistical significance was
calculated compared to the control. All results are presented as mean ± SEM (standard
error of the mean) relative to the control—differentiated and untreated PC12 cells. Positive
assay control (DMSO) was the reference value in the MTT assay. Positive assay control
(H2O2) was the reference value in the Griess and DCF-DA assays. As data have normal
distribution confirmed by Shapiro–Wilk test, a parametric test was used (one-way ANOVA
with Tukey post hoc tests), and the Pearson correlation was performed between Griess,
DCF-DA and DBS results.
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Abstract: Among all the proposed pathogenic mechanisms to understand the etiology of Alzheimer’s
disease (AD), increased oxidative stress seems to be a robust and early disease feature where many
of those hypotheses converge. However, despite the significant lines of evidence accumulated, an
effective diagnosis and treatment of AD are not yet available. This limitation might be partially
explained by the use of cellular and animal models that recapitulate partial aspects of the disease
and do not account for the particular biology of patients. As such, cultures of patient-derived
cells of peripheral origin may provide a convenient solution for this problem. Peripheral cells
of neuronal lineage such as olfactory neuronal precursors (ONPs) can be easily cultured through
non-invasive isolation, reproducing AD-related oxidative stress. Interestingly, the autofluorescence
of key metabolic cofactors such as reduced nicotinamide adenine dinucleotide (NADH) can be
highly correlated with the oxidative state and antioxidant capacity of cells in a non-destructive and
label-free manner. In particular, imaging NADH through fluorescence lifetime imaging microscopy
(FLIM) has greatly improved the sensitivity in detecting oxidative shifts with minimal intervention
to cell physiology. Here, we discuss the translational potential of analyzing patient-derived ONPs
non-invasively isolated through NADH FLIM to reveal AD-related oxidative stress. We believe this
approach may potentially accelerate the discovery of effective antioxidant therapies and contribute
to early diagnosis and personalized monitoring of this devastating disease.

Keywords: oxidative stress; FLIM; Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia and the sixth cause
of death in the world, constituting a major health problem for aging societies [1]. This dis-
ease is a neurodegenerative continuum with well-established pathology hallmarks, namely
the deposition of amyloid-β (Aβ) peptides in extracellular plaques and intracellular hyper-
phosphorylated forms of the microtubule associated protein tau forming neurofibrillary
tangles (NFTs), accompanied by neuronal and synaptic loss [2]. Interestingly, patients who
will eventually develop AD manifest brain pathology decades before clinical symptoms
appear [3,4]. Nevertheless, AD is still frequently diagnosed when symptoms are highly
disabling and yet there is no satisfactory treatment.
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Although the manifestations of AD are preponderantly cerebral, cumulative evidence
shows that AD is a systemic disorder [5]. Accordingly, molecular changes associated with
AD are not exclusively manifested in the brain but include cells from different parts of the
body, ranging from the blood and skin to peripheral olfactory cells. More recently, neurons
derived from induced pluripotent stem cells (iPSCs) from AD patients have contributed
to glean a more realistic insight of brain pathogenic mechanisms [6]. Alternatively, the
culture of olfactory neuronal precursors (ONPs) has emerged as a relatively simpler tool
to study different brain disorders, taking advantage of their neuronal lineage and their
readily non-invasive isolation [7,8]. For instance, patient-derived ONPs manifest abnormal
amyloid components together with tau hyperphosphorylation, which have recently led to
the proposal of these cells as a novel diagnostic tool for AD [9–11].

Different hypotheses have attempted to explain AD pathogenesis. Some of them
include Aβ cascade, tau hyperphosphorylation, mitochondrial damage, endoplasmic retic-
ulum (ER) stress, and oxidative stress. Interestingly, although it has been difficult to
establish a prevailing causative mechanism, increased levels of oxidative stress seem to
be a common feature for many of these models. Furthermore, oxidative stress due to in-
creased levels of reactive oxygen species (ROS) has been broadly recognized as a very early
signature during the course of AD [12–14]. Interestingly, AD-related oxidative stress is by
no means restricted to neuronal cells but is also related to astrocytes’ oxidative damage
and antioxidant capacity [15]. Indeed, since the acknowledgment of the tripartite synapse,
it has become increasingly clear that different antioxidant mechanisms of astrocytes can be
harnessed by synaptically active neurons and surrounding cells [16–18]. In the tripartite
synapse, the astrocyte’s endfeet are close to synapses and can be activated by the spillover
of synaptic glutamate to provide a timely antioxidant response [19,20]. Moreover, it is not
entirely understood how other glial cells such as pericytes may contribute to the damage
induced by AD-related oxidative stress. For instance, oxidative damage may compromise
the integrity of pericytes, which in turn could alter the blood-brain barrier’s integrity,
favoring the infiltration of cytotoxic cells and the emergence of brain edema [21,22]. In
coherence with a broader systemic manifestation of this disease, the peripheral olfactory
system shows AD-associated oxidative stress, which has been measured both in the ol-
factory neuroepithelium and in cultured ONPs [23–25]. However, while the intriguing
relationship between oxidative stress and AD has been long known, their translational
impact has remained limited.

Interestingly, the oxidative status of cells is highly correlated with the content of aut-
ofluorescent metabolic co-factors such as NADH and its phosphorylated version
NADPH [26–29]. In addition, NADH is required to synthesize NADPH, which is at
the core of the antioxidant response of different cells by sustaining the synthesis of antioxi-
dants such as glutathione (GSH) and thioredoxin [30]. Furthermore, it has been shown in
AD animal models that the provision of NADH is upstream the levels of GSH in order to
counterbalance increased ROS levels and neuronal death [27]. Interestingly, external ma-
nipulation of oxidative or reducing conditions of cultured neurons are directly manifested
as changes in mitochondrial and cytosolic NADH content [28]. As such, by imaging NADH
autofluorescence, it might be possible to obtain a real-time monitoring of redox imbalance
without the need to use exogenous staining or recombinant sensors. Complementary
to methodologies purely based on fluorescence intensity, Fluorescence Lifetime Imaging
Microscopy (FLIM) has received increasing attention [31,32]. Fluorescence lifetime is the
average time in which a fluorophore remains excited to emit photons before descending to
the ground state, providing unique information about its biochemical environment. Impor-
tantly, NADH FLIM can be harnessed to increase the sensitivity to its autofluorescence and
to discriminate its binding to enzymes from different signaling pathways. In this review,
we explore the idea of using ONPs non-invasively isolated coupled to NADH FLIM to
reveal AD-associated oxidative stress. This approach may have a broad impact for early
AD diagnosis and treatment.
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2. Olfactory Neuroepithelium and the Non-Invasive Isolation of ONPs

The olfactory neuroepithelium is a key structure for odor sensing. It consists of a
pseudostratified columnar epithelium located on the outer domain of the olfactory mucosa
settled on the basement membrane (BM) and the lamina propria (LP) [33]. The cellular
composition of these layers has been widely documented based on morphological analysis
and the use of characteristic markers for each cell type [34–37]. Figure 1 schematizes the
location, cellular components, and molecular markers of the human olfactory mucosa.

Figure 1. Cytoarchitecture and cellular components of the human olfactory mucosa. Lamina propria
components. Olfactory Ensheathing Cells, Bowman’s gland and Olfactory Ectomesenchymal Stem
Cells (OE-MSCs). The image indicates the OE-MSCs markers: CD29, CD90, CD44, Nestin, and
Vimentin. Olfactory epithelium components. Basal Cells, Olfactory sensory neurons (OSNs) or
Olfactory receptor neurons (ORNs), Sustentacular cells, and Microvillar cells. The figure shows basal
cell markers: K5 (Keratin 5), K17 (Keratin 17), p63, Sox-2 (SRY-Box Transcription Factor 2), Nestin,
BrdU (Bromodeoxyuridine), and Ki-67; ORNs markers: GAP-43 (Growth Associated Protein 43),
β-tubulin, OMP (Olfactory Marker Protein), GNG8 (Guanine Nucleotide-binding protein subunit
Gamma), and GNG13 (Guanine Nucleotide-binding protein G(I)/G(S)/G(O) subunit Gamma-13));
sustentacular cell markers (SUS-1, Cbr2 (Carbonyl Reductase 2) and Cyp2g1 (Cytochrome P450,
family 2, subfamily G, polypeptide 1)) and, microvillar cell marker: (spot-35 proteins). Created with
BioRender.com.

The olfactory neuroepithelium is also a source of stem cells, which are capable of
self-renewal and can generate neuronal precursors throughout the entire human lifetime.
These precursors include neural stem cells known as basal cells. As expected for neural
stem cells, basal cells are multipotent and allow the continuous replacement of neuronal
and non-neuronal cells such as olfactory receptor neurons (ORNs) and sustentacular cells
(of astrocytic lineage), respectively [38–40]. In addition, the LP contains another less
accessible population of stem cells, whose features meet most of the minimum criteria
of the mesenchymal and Tissue Stem Cell Committee of the International Society for
Cellular Therapy [41]. As such, they are named as olfactory ectomesenchymal stem cells
(OE-MSCs) [42–44].

Isolation of cells of the olfactory neuroepithelium from patients provides a source
of cultured neural stem cells, which has been used to model different brain disorders
such as schizophrenia, Parkinson’s disease, autism, ataxia-telangiectasia, hereditary spastic
paraplegia (HSP), and AD [7,45–49]. These neural stem cells can be frozen and stored
for subsequent use and tolerate several passages without significantly losing their main
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properties. Furthermore, purified cultures obtained by cloning selection through limiting
dilution significantly increases cell viability at least until passage 60 [50]. In this work,
we will refer to neural stem cells isolated from the olfactory neuroepithelium as olfactory
neuronal precursors (ONPs), similar to [8,9,50,51].

Different strategies have been used to isolate and culture patient-derived ONPs,
ranging from biopsies to non-invasive exfoliation of the nasal turbinate. Human ONPs
were first isolated by Wolozin et al. from the olfactory neuroepithelium of cadavers or from
adult biopsied samples [10,52]. Another similar isolation approach demonstrated that a
significant subpopulation of these cells express markers of mature olfactory neurons such
as OMP, Golf, NCAM, and NST and look small and bright to the microscope, in contrast to
the remaining “dark phase” cells that do not express OMP, but glial markers [53]. However,
a systematic characterization of these cultures has shown that after a few days in vitro,
both dark and bright phase cells show an intracellular calcium increase in response to
odorants, highlighting the neuronal features of these cells [54]. In addition, cells with
features of ONPs have also been obtained from dissociated neurospheres, which have
been denominated “olfactory neurosphere-derived” (ONS) cells [43]. Alternatively, ONPs
can be non-invasively isolated by an exfoliation of the nasal cavity [51]. These exfoliated
cells can be cultured in a modified media to propitiate neural lineage maintenance and
proliferation. Notably, these neuronal precursors conserve their capability to differentiate
into ORNs in the presence of dibutyryl adenosine 3’,5’-cyclic monophosphate (Db-cAMP)
and, strikingly, maintain their electrical response to odorants [51]. Thus, non-invasively
isolated ONPs retain neuronal features similar to those obtained by biopsy. A simplified
extraction protocol and the molecular characterization of non-invasively isolated ONPs is
shown in Figure 2.

Figure 2. Non-invasive isolation of olfactory neuronal precursors (ONPs). (A) Schematic cartoon of
the isolation protocol based on the extraction of nasal exfoliate with the subsequent adherent culture
and enrichment of ONPs. (B) Left, the nasal exfoliate is directly seeded on adherent plates, showing a
mixture of cell morphologies. Right, after 1–2 weeks ONPs dividing colonies are easily observed with
their characteristic morphologies. (C) Upper panel, immunofluorescence of cultured ONPs, depicting
the stem cell marker Nestin and Ki67 (yellow arrows) to show active cell proliferation. Lower panel,
cultured ONPs express neuronal markers such as β3 tubulin. Cell nuclei are shown by DAPI staining.
All scale bars = 100 μm. All images were generated in our lab. Created with BioRender.com.
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3. Alzheimer’s Disease-Related Oxidative Stress in the Olfactory Epithelium
and ONPs

Oxidative stress is the result of an imbalance between oxidant and antioxidant cellular
pathways. One of the most studied oxidant compounds are ROS, which are highly reactive
molecules, including peroxide (H2O2), superoxide anion radical (O2 • −), and hydroxyl
radical (• OH), among others. These molecules may covalently interact with lipids, proteins,
and carbohydrates, generating molecular adducts and cumulative damage that, when
sensed by cells, may actively trigger different death programs [55].

It was well established almost three decades ago that oxidative stress damage is linked
to AD [14]. Furthermore, it has been proposed that oxidative stress at different brain
neuronal and non-neuronal cells might be the earliest event of a pathogenic cascade [13].
Whether oxidative stress is a causative agent or just a consequence in neurodegenerative
disorders has been thoroughly debated for several years, but still remains an open ques-
tion [56–58]. The most parsimonious interpretation of this evidence is that oxidative stress
as well as other potential AD causative agents (such as Aβ accumulation) are part of a
highly interconnected vicious cycle rather than a linear chain of events with a unique origin.
The molecular mechanisms and implications of oxidative stress on the nervous system and,
potentially, during AD pathogenesis have been thoroughly reviewed elsewhere [12,59].
Here, we focus on evidence showing AD-associated oxidative stress in the peripheral
olfactory system rather than reviewing mechanistic explanations.

Oxidative stress associated with AD is manifested in the olfactory neuroepithelium.
Accordingly, increased immunoreactivity of the antioxidant enzyme manganese and
Copper-Zinc superoxide dismutases have been detected in ORNs and basal and susten-
tacular cells of the olfactory neuroepithelium of AD patients compared with age-matched
controls [60]. Analogously, AD patients harbor a higher immunoreactivity against the an-
tioxidant protein Metallothionein both in the olfactory neuroepithelium and the Bowman’s
Glands and the LP [61]. Both results suggest that cells from olfactory neuroepithelium elicit
an increased antioxidant defense, due to increased oxidative stress during AD. With respect
to the direct measurement of oxidation products, post-mortem staining showed an increase
in 3-nitrotyrosine (3-NT) in the brain and olfactory neuroepithelium of AD patients [23].
Figure 3 schematizes the antioxidant response and oxidative damage reported in ONPs
and OE from AD patients. It would be of interest to uncover whether some AD genetic
factors such as the ApoE ε4 allele (ApoE4) (the single most important genetic risk factor for
AD) also manifests oxidative stress signatures in the olfactory epithelium. It is plausible
that this is the case because deficits in odor fluency, identification, recognition memory,
and odor threshold sensitivity have been associated with the inheritance of the ApoE4
genotype in several studies [62–64]. For a more thorough compiling of evidence showing
AD-associated oxidative damage across other domains of the nervous system, readers may
refer to the following excellent articles [12,59,65].

The relationship between oxidative stress and AD has been extensively studied mainly
through cellular and animal models [47,54]. However, these models may not fully capture
key features of the disease. This limitation potentially leads to wrong conclusions about
the pathogenic mechanisms and ultimately may dampen the development of effective
therapies. Alternatively, patient-derived cells of neuronal lineage such as those from the
olfactory epithelium may provide a convenient solution to this problem [5,9,42].
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Figure 3. Oxidative stress associated with AD in the olfactory neuroepithelium. (a) ONPs and
sustentacular cells in the olfactory epithelium (OE) show an increased antioxidant defense with
elevated levels of manganese and copper-zinc superoxide dismutases as well as heme oxygenase-1
due to increased oxidative stress in AD patients compared with age-matched controls. Moreover,
there is an increase in 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (lipid peroxidation indicator)
levels, suggesting AD-associated oxidative damage. (b) The increased generation of superoxide
anion activates superoxide dismutases (SOD) as an antioxidant response. The generation of other
reactive oxygen species (ROS), such as H2O2, induces the expression of other antioxidant enzymes
(heme oxygenase-1). On the other hand, the accumulation of superoxide anion increases the levels of
compounds such as 4-hydroxynonenal (4-HNE). Moreover, the increased levels of 3-NT are produced
from the interaction of superoxide anion and nitric oxide (NO), whose probable source is located at
activated macrophages in the OE of AD patients. Created with BioRender.com.

Interestingly, cultured patient-derived ONPs and other peripheral cells also manifest
AD-associated oxidative stress. For example, an increase in the level of hydroxynonenal
and Nε-(carboxymethyl)lysine) (indicating lipid peroxidation), as well as a higher content
of heme oxygenase-1, has been found in ONPs isolated from AD patients compared with
age-matched controls (Figure 3) [24]. Furthermore, ONPs from AD patients are also more
susceptible to oxidative stress-induced cell death [25]. This is strikingly similar to what has
been found by our group in blood-derived lymphocytes from AD patients [66,67]. Indeed,
manifestations of oxidative stress associated with AD have been reported in different
patient-derived peripheral cells ranging from blood cells to fibroblasts and iPSCs-derived
neurons. These changes may include compensatory antioxidant responses and a rise in the
concentration of oxidation by-products, as well as increased susceptibility to ROS-induced
cell death, which has been demonstrated in different cellular types from AD patients. Many
of those findings are summarized in the Table 1. In addition, Table 1 also summarizes
similar evidence of other relevant pathogenic mechanisms proposed for AD pathogenesis,
including Amyloid/Tau, mitochondria, and ER-stress. Thus, different cells throughout the
body show signs of different proposed AD pathogenic mechanisms, including oxidative
stress at early stages of the disease continuum. The robustness of this tendency highlights
the potential of patient-derived cells, and in particular ONPs, for monitoring oxidative
stress associated with AD.
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Table 1. Signatures of oxidative stress and other AD mechanistic hypotheses are manifested in patient-derived peripheral
cells, iPSCs and ONPs.

Pathogenic Mechanism Main Finding Cellular Type Lineage References

Amyloid/Tau
Platelets from AD patients reproduce the increased

amyloidogenic processing of AβPP Platelets Non-neuronal [68]

Amyloid/Tau
AD platelets harbor increased levels of a higher

molecular weight tau isoform Platelets Non-neuronal [69]

Amyloid/Tau
Alteration of AβPP, BACE, and ADAM 10 levels in

early stages of the disease Platelets Non-neuronal [70–72]

Amyloid/Tau
It is suggested a decreased non-amyloidogenic

processing of AβPP by a lack of nicastrin mRNA
expression in samples obtained from AD patients

Lymphocytes Non-neuronal [73]

Amyloid/Tau
Altered balance between Aβ-oligomers and PKCε

levels in AD. Loss of PKCε-mediated inhibition
of Aβ

Fibroblasts Non-neuronal [74]

Amyloid/Tau Higher Aβ42/Aβ40 ratio compared to control cells PSEN1 iPSC-derived
neural progenitors Neuronal [75]

Amyloid/Tau

Mutation alters the initial cleavage site of
γ-secretase, resulting in an increased generation of

Aβ42, in addition to an increase in the levels of
total and phosphorylated tau

Neuron-derived iPSCs from
patients harboring the London

FAD AβPP
mutation V717I

Neuronal [76]

Amyloid/Tau
Oligomeric forms of canonical Aβ impairs

synaptic plasticity

Cortical neurons from three
genetic forms of AD —PSEN1

L113_I114insT, AβPP
duplication (AβPPDp), and

Ts21— generated from iPSCs

Neuronal [77]

Amyloid/Tau
Increase in the content and changes in the

subcellular distribution of t-tau and p-tau in cells
from AD patients compared to controls

Non-invasively isolated ONPs Neuronal [9]

Mitochondria
Compromise of mitochondrial COX from

AD patients Platelets Non-neuronal [78]

Mitochondria
Platelets isolated from AD patients show

decreased ATP levels Platelets Non-neuronal [79]

Mitochondria
AD lymphocytes exhibit impairment of total

OXPHOS capacity Lymphocytes Non-neuronal [80]

Mitochondria

AD skin fibroblasts show increased production of
CO2 and reduced oxygen uptake suggesting that

mitochondrial electron transport chain might
be compromised

Fibroblasts Non-neuronal [81]

Mitochondria
AD fibroblasts present reduction in mitochondrial

length and a dysfunctional mitochondrial
bioenergetics profile

Fibroblasts Non-neuronal [82]

Mitochondria
SAD fibroblasts exhibit aged mitochondria, and

their recycling process is impaired Fibroblasts Non-neuronal [83]

Mitochondria
Patient-derived cells show increased levels of
oxidative phosphorylation chain complexes

Human induced pluripotent
stem cell-derived neuronal cells

(iN cells) from
SAD patients

Neuronal [84]

Mitochondria
Mitophagy failure as a consequence of

lysosomal dysfunction

iPSC-derived neurons from
FAD1 patients harboring PSEN1

A246E mutation
Neuronal [85]

Mitochondria
Neurons exhibit defective mitochondrial

axonal transport

iPSC-derived neurons from an
AD patient carrying AβPP

-V715M mutation
Neuronal [86]

Oxidative Stress
Increased activity of the antioxidant enzyme

catalase in probable AD patients Erythrocytes Non-neuronal [87]

Oxidative Stress

Increased production and content of thiobarbituric
acid-reactive substances (TBARS), superoxide

dismutase (SOD), and nitric oxide
synthase (NOS)

Erythrocytes and Platelets Non-neuronal [88]

Oxidative Stress
Increase in the content of the unfolded version of

p53 as well as reduced SOD activity
Peripheral blood mononuclear

cells (PBMCs) Non-neuronal [89]

Oxidative Stress Exacerbated response to NFKB pathway PBMCs Non-neuronal [90]

Oxidative Stress Increased ROS production in response to H2O2 PBMCs Non-neuronal [66]

Oxidative Stress
AD lymphocytes were more prone to cell death

after a H2O2 challenge Lymphocytes Non-neuronal [91]
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Table 1. Cont.

Pathogenic Mechanism Main Finding Cellular Type Lineage References

Oxidative Stress
Reduced antioxidant capacity of FAD lymphocytes

and fibroblasts together with increased lipid
peroxidation on their plasma membrane

Lymphocytes and Fibroblasts Non-neuronal [92]

Oxidative Stress
Aβ peptides were better internalized and

generated greater oxidative damage in FAD
fibroblasts

Fibroblasts Non-neuronal [93]

Oxidative Stress
Aβ peptide caused a higher increase in the

oxidation of HSP60 Fibroblasts Non-neuronal [94]

Oxidative Stress
Reduction in the levels of Vimentin in samples

from AD patients
iPSCs-derived neurons from AD

patient Neuronal [65]

Oxidative Stress
Increased levels of hydroxynonenal,

Nε-(carboxymethyl)lysine), and heme oxygenase-1
in samples from AD patients

Biopsy-derived ONPs Neuronal [24]

Oxidative Stress
Increased susceptibility to

oxidative-stress-induced cell death Biopsy-derived ONPs Neuronal [25]

ER-Stress
Impaired ER Ca2+ and ER stress in PBMCs from

MCIs and mild AD patients PBMCs Non-neuronal [95]

ER-Stress
Accumulation of Aβ oligomers induced ER and

oxidative stress

iPSC-derived neural cells from a
patient carrying APP-E693Δ
mutation and a sporadic AD

patient

Neuronal [96]

ER-Stress
Aβ-S8C dimer triggers an ER stress response more
prominent in AD neuronal cultures where several

genes from the UPR were upregulated

iPSC-derived neuronal cultures
carrying the AD-associated

TREM2 R47H variant
Neuronal [97]

ER-Stress
Accumulation of Aβ oligomers in iPSC-derived

neurons from AD patients leads to increased
ER stress

iPSC-derived neurons from
patients with an AβPP-E693Δ

mutation
Neuronal [98]

4. The Role of NADH in Cell Metabolism and Antioxidant Defense

Metabolism is intimately associated with oxidative stress, since ATP production by
mitochondria requires the reduction of oxygen to water, which is a major source of ROS.
Enzymatic cofactors of energetic metabolism such as oxidized and reduced NAD (NAD+
and NADH, respectively), as well as their phosphorylated versions (NADP+ and NADPH),
constitute key bridges between energy supply and the antioxidant defense of cells [30].
The availability of these cofactors is highly inter-related, and depending on the cellular
context, their separate or combined measurement can be used to reveal redox homeostasis
both in the cytosol and mitochondria [99]. We provide a brief overview of the main cellular
sources and consumers of NAD+/NADH and their interplay with NADP+/NADPH levels
with a special focus on neuronal cells.

The provision of NAD+ molecules in the body comes from de novo synthesis from
tryptophan or via salvage pathways using nicotinamide (NAM) and nicotinamide riboside
(NR) as precursors. The detailed pathways of NAD+ direct synthesis have been reviewed
elsewhere [100]. In addition, the direct consumption of NAD+ is achieved mainly by the
enzymatic activity of silent information regulator proteins or sirtuins (SIRTs) and poly
(adenosine diphosphate-ribose) polymerases (PARPs). Sirtuins catalyze the deacetylation
of target proteins by converting NAD+ into NAM and a O-Acyl ATP ribose. The activity
of SIRTs has been profusely studied in the nucleus, where they control the function of
different transcription factors and histone proteins to regulate cell senescence and neurode-
generation [101,102]. In addition, PARPs are enzymes that normally control DNA repair,
whose overactivation under intense DNA oxidative damage may lead to cellular depletion
of NAD+ and ATP. Both processes may promote cell death, potentially contributing to the
pathogenesis of neurodegenerative disorders such as AD [103].

Different metabolic reactions determine the level and subcellular distribution of
NADH. Accordingly, the synthesis of NADH from NAD+ in the cytosol is achieved by the
glycolytic pathway, which generates two ATPs, two NADH, and two pyruvates as net yield
per glucose. In addition, NADH is synthesized by two mitochondrial enzymes: pyruvate
dehydrogenase (PDH), which produces acetyl-CoA entering to the tricarboxylic acid cycle
(TCA), and malate dehydrogenase (MDH), which oxidates malate to generate oxaloacetate
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(part of TCA). The latter reaction may also occur in the cytosol in the opposite direction,
leading to NADH consumption to sustain the malate shuttle towards mitochondria. In-
side the mitochondria, NADH is oxidized to NAD+ by complex I (NADH: ubiquinone
oxidoreductase) of the electron transport chain, donating its electrons to achieve oxidative
phosphorylation and ATP synthesis. Importantly, in eukaryotic cells such as neurons, oxi-
dation of NADH by complex I is the main source of ROS inside the cell [104]. In the cytosol,
oxidation of NADH is produced by lactate dehydrogenase (LDH), which regenerates the
NAD+ required for glycolysis to proceed. Indeed, the measurement of the NADH/NAD+
ratio may serve as an indicator of the balance between glycolysis and oxidative phosphory-
lation, which has been used for monitoring real time cellular metabolism [105]. Despite
all these metabolic pathways that are present in astrocytes and neurons, both cell types
differ in their metabolic profiles. For instance, astrocytes are richer in the expression of
lactate dehydrogenase 5 (LDH5), which is better suited to produce lactate from pyruvate.
On the contrary, neurons express more LDH1, which is more efficient at consuming lactate
to produce pyruvate. These complementary molecular signatures are compatible with lines
of evidence showing that neurons “outsource” glycolysis to astrocytes. As such, astrocytes
behave as net sources of lactate, while neurons are net sinkers of this metabolite [106–109].
Importantly, cellular metabolism seems to be highly plastic and under some conditions,
neurons can directly use glucose to perform glycolysis and all the subsequent metabolic
steps [110,111].

The major cytosolic source of NADPH is the pentose phosphate pathway (PPP), which
leads to the oxidative decarboxylation of glucose-6-phosphate (G6P) to produce NADPH
and the ribose-5-phosphate sugar required for the synthesis of DNA and RNA [112]. The
provision of NADPH obtained by neurons through PPP is relevant under oxidative stress.
Indeed, it has been claimed that neurons may increase survival under oxidative stress
conditions by diverting the metabolic flux of glucose from glycolysis to PPP in order to
produce more NADPH and antioxidant power [113]. In addition, the subcellular levels of
NADPH are replenished from the NADH pool by the action of the mitochondrial nicoti-
namide nucleotide transhydrogenase (NNT) [114]. Indeed, it has been estimated that half
of the mitochondrial NADPH in the brain depends on the activity of NNT and interrupt-
ing its function may cause oxidative stress [99,115]. The abundance of NADPH is also
partially determined by cytosolic as well as mitochondrial kinases (NAD kinases), which
convert NAD+ into NADP+. In addition, two enzymes from the TCA cycle reduce NADP+
to NADPH inside the mitochondria, namely mitochondrial isocitrate dehydrogenase 2
(IDH2) and malic enzyme (ME1). Nevertheless, in the cytosol, there is another isocitrate
dehydrogenase (IDH1) usually catalyzing the reaction in the opposite direction.

In general, while NADH levels are directly implicated in ATP and ROS synthesis,
those of NADPH are directly involved in cellular antioxidant response and also in free
radical generation by the enzyme NADPH oxidase [116]. However, given the metabolic
conditions of brain cells, the role of NADPH would be predominantly antioxidant [99].
Accordingly, NADPH is used by glutathione reductase to reduce oxidized glutathione, and
by thioredoxin reductase to reduce oxidized thioredoxin, which are major components of
cellular ROS defense [117]. As both cytosolic and mitochondrial NADPH levels tightly
depend on those of NADH, it follows that the concentration of both nucleotides determine
ROS defense. Accordingly, it has been shown that the provision of NADH is required to
support proper detoxification of peroxide from liver cells by mitochondria [117]. The main
roles of NADH and NADPH in cell metabolism and antioxidant pathways are summarized
in Figure 4.

Measuring NAD metabolism is of interest due to NAD’s biological importance, and
ties to human disease and normal aging. Different methods have been used to determine
NAD metabolism. Some of them are highly sensitive, such as liquid chromatography mass
spectrometry (LC/MS/MS). However, this approach only gives static information of a
population of cells and is also invasive and destructive. Table 2 indicates some advantages
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and disadvantages of different methods for quantifying NAD metabolism, highlighting
the relevant contribution of FLIM.

Figure 4. Roles of NADH and NADPH in metabolism and antioxidant pathways. (a–c) Synthesis of
NADH from NAD+ in (a) glycolysis, and (c) TCA cycle; NADPH from NADP+ in (b) PPP and (c)
TCA cycle. (d) Synthesis of NADP+ from NAD+ by NAD+ kinase both in cytosol and mitochondria.
(e) Oxidation of NADH by complex I is the main source of ROS inside the cell in addition to (f) the
activation NOX2 that generates ROS through a reduction of oxygen using NADPH as the source of
donor electrons. In brain cells, the role of NADPH is predominantly antioxidant; for instance, (g)
NADPH is used by glutathione reductase to reduce oxidized glutathione, and by (h) thioredoxin
reductase to reduce oxidized thioredoxin. (i) Under oxidative stress and DNA damage, PARP-1 is
activated, and this is manifested by an increase in the consumption of NAD+ by PARP. (j) On the
other hand, the enzymatic activity of SIRTs consumes NAD+. SIRTs catalyze the deacetylation of
target proteins by converting NAD+ into NAM. Created with BioRender.com.

Table 2. Methods for measuring NAD+ and derivatives.

Assay Analyte Advantages Disadvantages Ref

Luminometric analysis
NAD+, NADH, NADP+, and

NADPH concentration
Method is reproducible and reported

in tissues and cells.
Partial inactivation of luciferase system.

Invasive and destructive. [118]

Colorimetric Assay using
thiazolyl blue

Intracellular NAD+
concentration

Identifies biological trends that are
highly reproducible in the literature.

Indirect measurement affected by
minor variations in

temperature and pH.
Cannot detect low picomolar levels.

Invasive and destructive.

[119,120]

BRET-based biosensors NAD+ concentration

Quantifies NAD+ levels in cell culture,
tissue, and blood samples.

The readout can be performed by a
microplate reader or a simple digital

camera.
Minimum consumption of

biological samples.

Invasive and destructive. [121]

Reverse phase HPLC
Endogenous intracellular and
extracellular levels of NAD+

and related metabolites

The method uses elements to increase
sensitivity.

Limited to low micromolar
detection levels.

Since many NAD-related metabolites
can be converted to one or more

metabolites the identified
concentrations may be fraught with

inaccuracies.
Invasive and destructive detection.

Static information of a
population of cells.

[122]
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Table 2. Cont.

Assay Analyte Advantages Disadvantages Ref

LC-MS/MS
Endogenous intracellular and
extracellular levels of NAD+

and related metabolites
High specificity and sensitivity.

The assay requires time, many
preparations, and materials

not readily available.
Static information of a population of

cells. Invasive and destructive
detection.

[123,124]

LC-MS/MS (NAD
metabolite isotopic labels)

Endogenous intracellular and
extracellular levels of NAD+

and related metabolites

The method provides greater
resolution and lower limit of detection.

Static information of a population cells.
Invasive and destructive. [125,126]

Fluorescent imaging with
metabolite sensors

NADH, NAD+
concentrations, and their ratio

Metabolite sensors may be used to
profile metabolic states of living cells in

real-time and with single-cell or even
subcellular resolution.

Invasive (metabolite sensors are
introduced into any cell or organism).

With some sensors, fluorescence is
sensitive to pH.

Other sensors have a limited dynamic
range in fluorescence.

[127,128]

Novel MRI-based process
NAD+ and NADH

concentrations

Non-invasive and non-destructive,
measured in healthy aged

human brains.
Only measures 2 analytes. [129]

Fluorescence Lifetime
Imaging (FLIM)

NAD+, NADH, NADP+, and
NADPH

Non-invasive and non-destructive
using autofluorescence intensity.

May be used to profile metabolic states
of living cells in real-time.

Requires an expensive equipment. [99]

5. Analysis of NADH Autofluorescence by FLIM

It has been known for several decades that NADH emits autofluorescence and, in
contrast, NAD+ does not [26]. It is important to notice that, as the spectral properties of
NADH fully overlaps with those of NADPH, it is common to measure the fluorescent
contribution of both components and denominate them as NAD(P)H. Conversely, reduced
flavin adenine dinucleotide (FADH2) does not produce autofluorescence compared to
its oxidized version (FAD) [130]. This inverse relationship has been used to measure
a “redox ratio” defined as the total fluorescence intensity of FAD divided by the total
fluorescence intensity of NADH [131]. As such, under relatively constant FAD, lower levels
of NAD(P)H may indicate a larger redox ratio and may correlate with a more oxidative
cellular environment.

Complementing the classical intensity-based fluorescence methods, the time-resolved
decay of fluorescence by FLIM provides unique information about the environment of
fluorophores, including changes in pH, viscosity, or binding state to enzymes [132–135].
Importantly, at least two configurations and fluorescence lifetimes of NADH can be distin-
guished with this approach, namely free NADH and protein-bound NADH [32]. This is
possible because the fluorescence decay of NADH in solution markedly differs when bind-
ing to different proteins, i.e., enzymes. As such, when NADH is in solution (free NADH) it
exists in a folded configuration, which causes quenching of the reduced nicotinamide by
the adenine group and shortening of its fluorescent lifetime. On the contrary, protein-bound
NADH has an extended configuration, favoring a prolonged decay of its fluorescence. As
such, the reported lifetime of free NADH in solution is significantly lower (~0.4 ns) than
the protein-bound conformation (the lifetime of NADH bound to LDH is 3.4 ns) [136].
Furthermore, taking advantage of their binding to different metabolic enzymes, it has
been possible to measure the particular contribution of NADH and NADPH separately by
FLIM [99,137]. This may constitute a great diagnostic tool to monitor oxidative stress as
NADPH is an element directly involved in redox management.

Different methods can be used to calculate the fluorescence lifetime. For this purpose,
data can be fitted into a single-exponential or multi-exponential decay function where
the exponential factor tau (τ) corresponds to the fluorescence lifetime of the fluorophore.
Nevertheless, it is often not possible to determine the best method to fit the data a priori.
As a way to circumvent this limitation, data can be also analyzed by phasor approach.
Phasor analysis is a fit-free technique in which the fluorescence decay from each pixel is
transformed into a point in a two-dimensional (2-D) phasor space. As such, it works on the
unbiased raw data without any approximation, and it does not require a priori knowledge
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of the sample being imaged, giving instantaneous results. Importantly, FLIM is compatible
with confocal or multiphoton laser scanning microscopy as well as wide-field illumination.
To obtain more details from each methodology, readers may refer to the following excellent
publications [138–141].

6. Potential Monitoring of AD Progression through NADH FLIM

Cumulative evidence from patients, as well as cellular and animal models, have sug-
gested that analyzing the content of NADH and NADPH may be useful to monitor AD
progression and oxidative stress. Accordingly, mass spectrometry analysis of brains from
triple-transgenic mice (3xTg-AD) showed that this AD model is associated with lower num-
ber of metabolites from NAD(P)+/NAD(P)H-dependent reactions [142]. In coherence with
this result, it was reported that the brain cortex of 3xTgAD/Polβ+/− mice (in which DNA
damage is further exacerbated) has reduced NAD+/NADH ratios [143]. The underlying
cause of decreased NAD+/NADH ratio might be explained by an increase in oxidative
stress due to PARP the activation. Accordingly, it is expected that the consumption of NAD+
by PARP rises under high oxidative stress and DNA damage [144]. The potential mecha-
nistic relevance of PARP activation during AD pathogenesis has been partially supported
by experiments in cultured hippocampal astrocytes treated with β-amyloid, which further
activated PARP, while decreasing NAD(P)H autofluorescence as well as mitochondrial
oxygen consumption [145]. Furthermore, exogenous treatment of AD patient-derived fi-
broblasts with NAD, which not only restores NAD+ levels but also inhibits PARP, decreased
oxidative stress manifested as a rise in 8-Hydroxy-2′-deoxyguanosine (DNA oxidative
damage) and mitochondrial ROS [143]. This is highly similar to what our group has pre-
viously reported by showing that the inhibition of PARP-1 reduces H2O2-induced cell
death in MCI and AD lymphocytes [67]. Together, these results suggest that under high
oxidative stress conditions manifested during AD, a PARP-mediated decrease in NAD+
content could be sensed by label-free microscopy as a drop in either free/protein-bound
NADH or NADPH levels. In support of this possibility, it was determined by FLIM that
cultured hippocampal neurons from both 3xTg-AD as well as aged mice have diminished
cytoplasmic and mitochondrial concentrations of free NADH, which is the direct source of
electrons for the mitochondrial complex I [146]

In a complementary approach that supports the potential relevance of a diagnostic
tool based on FLIM, it has been shown that cultured neurons from 3xTg-AD mice manifest
an early oxidized redox state and lower GSH defense before macromolecular ROS damage
is evident [29]. Strikingly, this oxidative damage was reflected in lower resting levels of
NAD(P)H/FAD fluorescence ratio and was fully reversible through treatment with NAM.
Interestingly, it has been proposed that NAM, as well as other PARP-1 inhibitors, may be
used as a treatment for AD at early stages [103]. In order to further test this therapeutic
chance, it would be interesting to analyze the content of NADPH in AD patient-derived
ONPs by FLIM during the treatment with PARP-1 inhibitors.

The content of NAD+ and NADH in the aging human brain have been non-invasively
evaluated by means of magnetic resonance (MR)-based in vivo NAD assay [129]. In
coherence with a progressive loss of mitochondrial activity and lower oxidative stress
management during normal aging, an age-dependent decline in the content of NAD,
NAD+, and NAD+/NADH ratio coupled to increased levels of NADH was revealed in
healthy elderly subjects [129]. Interestingly, the decline in NAD+ levels during human
aging has been linked to the development and progression of age-related diseases such
as AD [147]. Thus, decreased NAD+ levels associated with aging and neurodegeneration
are strikingly compatible with the results observed in AD transgenic mice (described
above). The limited information from AD patients in this field, despite the promising
results in animal models, stresses the need to improve our knowledge of the disease by
using patient-derived cellular models.

We sustain that analyzing AD patient-derived ONPs through NADH FLIM is a valu-
able approach based on the following arguments. First, oxidative stress is an early feature of
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AD which is manifested in the olfactory system as well as in cultured patient-derived ONPs.
Accordingly, patient-derived ONPs are cells of neuronal lineage and can be easily cultured
and non-invasively isolated, constituting a cost-effective way to obtain significant amounts
of biological material. Second, the use of NADH and NADPH autofluorescence enables the
non-invasive imaging of biological samples, minimizing the perturbation of normal physi-
ological conditions and in a less time-consuming manner. With this approach, AD-related
oxidative stress could be sensed as an increased FAD/NAD(P)H ratio or reduced levels of
NADH or NADPH, which sustain the synthesis of cytosolic and mitochondrial antioxidant
molecules. For all these measurements, FLIM not only provides the exclusive technology
to discriminate between NADH and NADPH autofluorescence, but also enables obtaining
a higher discrimination between the cytosolic and mitochondrial contribution [99]. Thus,
we consider that analyzing AD patient-derived ONPs through NADH FLIM has a great
translational potential.

7. Perspectives and Future Directions

Label-free monitoring of oxidative stress in patient-derived ONPs may accelerate the
discovery of molecules for effectively targeting AD. In this sense, imaging the dynamics of
NAD(P)H intrinsic fluorescence (e.g., by FLIM) may offer a readily available, less toxic, and
comparatively richer lecture of drug effects compared to classic proteomic and cell-fixation
methods. Interestingly, patient-derived ONPs have already been used for drug screening.
In particular, these cells were used to test drugs that restored acetylated tubulin patient-
derived stem cells with a variety of SPAST mutations in Hereditary Spastic Paraplegia
(HSP) [48] and to perform a multidimensional phenotypic screening with different natural
products in Parkinson’s disease [148].

Different cellular AD models have been used for high-throughput screening (HTS) of
therapeutic molecules [149–152]. For example, a search for inhibitors of calpain activity (to
prevent Aβ-induced neurotoxicity) was performed on a library of approximately 120,000
compounds and tested on differentiated SH-SY5Y cells [153]. In another approach, the
motility and proliferation of PC12 cells was assessed to test multiple drugs based on
Chinese herbal compounds targeting Aβ42-induced apoptosis [154]. Similarly, it has been
found that a combination of bromocriptine, cromolyn, and topiramate has a potent anti-Aβ

effect on patient-derived iPSCs neurons [155]. Thus, it seems plausible to perform HTS of
therapeutic molecules in patient-derived ONPs coupled to label free microscopy.

A potential therapeutic strategy, which could be monitored in patient-derived ONPs,
is to delay the AD-associated depletion of free NADH. This is supported by the recent
observation that imposed manipulation of cysteine/cystine (Cys/CySS) redox state was
able to restore mitochondrial levels of free NADH to normal ranges in neurons from triple
transgenic AD-like mice [28]. Given the relevance of free NADH inside cells—not only
for redox management but also for metabolic supply, to sustain ATP levels—testing for
antioxidant compounds capable of modulating free NADH deserves to be further studied.
It is surprising to realize that the use of patient-derived ONPs to study the role of oxidative
stress during AD has been, to some extent, neglected during the past decade. At least two
reasons may have contributed to this delay; the first is that culturing patient-derived ONPs
from biopsies is relatively more difficult and the second is the potential lack of technologies
efficient enough to detect subtle changes of oxidative stress. Nevertheless, as highlighted
in this article, both reasons can no longer be sustained.

Antioxidant therapies directed against AD have shown limited success; however,
they still hold great promise and room for improvement. Some clinical trials in which
AD patients were supplemented with antioxidants such as vitamins C and E, either alone
or in combination with cholinesterase inhibitors, have failed to improve cognitive func-
tion [156,157]. However, other attempts have shown to be moderately effective; as is the
case for polyphenols, a group of phytochemicals that showed a great antioxidant and anti-
inflammatory potential together with neuroprotective properties [158,159]. As such, clinical
trials have suggested that polyphenolic compounds such as curcumin, resveratrol, and
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green tea catechins may prevent and treat some forms of dementia [160–163]. Nevertheless,
other reports show poor effects of antioxidants on cognitive function, which could be re-
lated to their low bioavailability [164–166]. Emerging evidence suggests that the combined
intervention of different antioxidants may improve therapeutic efficacy. For example, some
clinical trials have reported cognitive improvements in AD patients treated with a mix of
antioxidant compounds harboring α-tocopherol, NAC, folate, acetyl-L-carnitine, vitamin
B12, and S-adenosyl methionine [167]. In line with these findings, fibroblasts derived
from AD patients have shown decreased mitochondrial oxidative stress after treatment
with lipoic acid and N-acetyl-cysteine (NAC) [168]. It would be extremely interesting to
monitor the intrinsic fluorescence of NADPH (reflecting the antioxidant capacity of the cell)
in patient-derived ONPs in response to different mixes, proportions, and doses of these
antioxidant compounds. Table 3 resumes some candidate natural and chemical compounds
that could be successful in clinical trials evaluating them with AD-derived ONPs.

Table 3. Natural and chemical compounds that may target ONPs.

Compounds Targeting Mechanism
In Vitro/In Vivo

Models
Comments Refs

Incensole acetate (IA)
Oxidative stress
induced by Aβ

Increased levels of the
antioxidant enzyme HO-1

Human olfactory bulb
neural stem

cells (hOBNSCs)

The cellular model belongs to the
olfactory system; therefore, we
envision similar results in our

proposed
cellular model.

[169]

Curcumin loaded
polymeric or lipid
nanosuspensions

Oxidative stress

Elevation of total cellular
glutathione levels and

enhanced cell viability under
oxidative stress

Normal and hypoxic
olfactory ensheathing

cells (OECs)

The use of OECs (non-myelinating
glial cells that wrap olfactory

neurons) in hypoxic conditions
enables a roadmap to improve the
delivery of antioxidants through

the nose-to-brain route.

[170–
172]

Saturated
medium-chain fatty

acid (MCFA) decanoic
acid (10:0)

Oxidative stress

Upregulation of catalase
activity and increase in
mitochondrial citrate

synthase

Neuroblastoma cells
(SH-SY5Y cells)

MCFA decanoic acid has only been
evaluated in human cell lines.

These findings suggest it is worth
testing them in AD patient-derived

ONPs.

[173,
174]

Scutellarin (SC)
Oxidative stress and

apoptosis
Enhances the levels of
superoxide dismutase

L-Glu-treated HT22
cells/ AD mice induced

by AlCl3 and D-gal

SC has shown antioxidant and
antiapoptotic properties only in
induced models of AD; thus, it

would be interesting to evaluate
these properties in a cellular model

derived from AD patients.

[175]

Curcumin and
Vitamin D3

Oxidative stress
Increased SOD enzyme

activity and catalase enzyme
expression

Primary neuronal
cortical culture from
rats treated with Aβ

Antioxidant combinations show a
synergistic effect that could be

tested in an ONP model.
[176]

TM-10 (a ferulic acid
derivative and a highly

selective BuChE
inhibitor)

Oxidative stress, Aβ
aggregation,

butyrylcholinesterase
(BuChE) inhibition

Neuroprotective effect
against Aβ42- mediated

SH-SY5Y neurotoxicity, and
autophagy induction. In

mice, improves scopolamine-
inducedmemory

impairment

SH-SY5Y cell, U87 cell,
AlCl3-induced zebrafish

AD model, and mice
treated with
scopolamine

The search of
Multi-Target-Directed-Ligands

(MTDLs) has allowed fusing novel
natural antioxidants derivatives

and highly selective BuChE
inhibitors. Thus, compounds with
multiple biological activities are

obtained, including ChE inhibitory
activity, MAOs inhibitory potency,

antioxidant activity, disaggregation
effect on Aβ, and the ability to cross
the blood−brain barrier. The use of
AD patient-derived ONPs could be
a valuable tool for validating these

compounds in humans.

[177,
178]

Human embryonic stem cells (ESCs) and subsequently human induced pluripotent
stem cells (iPSCs) have emerged as powerful tools due to their ability for modeling neurode-
generative diseases [179]. For instance, three-dimensional (3D) organoids using patient-
derived induced pluripotent stem (iPS) cells can recapitulate microcephaly that has been
difficult to model in mice [180]. On the other hand, 3D advanced culture models of the
brain including blood–brain barrier (BBB) allow a precise study of candidate drugs by
recapitulating the brain environment [181]. In this sense, the implementation of a hu-
man brain microvessel-on-a-chip that is amenable for quantitative live 3D fluorescence
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analysis with high-resolution will facilitate the monitoring of NADPH movement and per-
meability during oxidative stress [182]. Moreover, 3D models can be harnessed to perform
cutting-edge super-resolution microscopy, including high resolution volumetric imaging
using Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) and also with the novel
modality of expansion microscopy, which integrates with lattice light-sheet microscopy
(Ex-LLSM) [183]. Thus, these emerging systems to model BBB will significantly improve
drug discovery.

The olfactory system, the olfactory ensheathing cells (OECs), has been cultured in
three dimensions to understand their behavior in a hampered environment, such as a spinal
cord injury [184]. Although there is no evidence of ONPs cultured in 3D, the findings in
other cells of the olfactory system suggest ONPs will have the same outcome. Thus, it
would be extremely interesting to generate a 3D model for AD with ONPs from patients,
incorporating a BBB microfluidic platform and analyzing cell metabolism by label-free
microscopy in response to drug treatment like that which was reported in the organotypic
microfluidic breast cancer model [185]. This approach will enable us to evaluate both the
effect and the efficiency to traverse BBB of the drug candidate in an AD model.

In all, non-invasively isolated ONPs from AD patients coupled to real-time monitor-
ing of relevant metabolic intermediaries may provide an unprecedent platform for early
diagnosis and drug discovery. Furthermore, cellular models derived from patients might
be sensitive enough to even develop personalized therapies, as has been suggested [186].
Proposed innovations are schematized in Figure 5. We envision that these strategies
may generate large improvements required for the timely diagnosis and treatment of this
devastating disease.

Figure 5. Isolation of patient-derived ONPs coupled to label-free microscopy offers relevant transla-
tional outcomes. (A) Schematic drawing of the high-throughput screening platform to study different
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antioxidant molecules. (B) Cultured ONPs isolated from control patient-derived neurospheres were
analyzed by label-free microscopy, using fluorescence hyperspectral analysis and the intensity of
different intrinsic fluorophores was determined [187]. These fluorophores included: bound flavins,
fluorescent retinoid derivative bis-retinoid N-retinylidene-N-retinyl ethanolamine (A2E), protein-
bound NADH (bound NADH), free NADH, and lipofuscin. The original images from the publication
of Gosnell et al. [187] (Figure 2) were adapted (cropped) with permission, following the guidelines
of the creative commons license (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/ ). (C)
Analysis of intrinsic fluorophores such as protein-bound NADH or free NADH could provide relevant
translational outcomes such detecting oxidative/metabolic signatures for early AD diagnosis and
monitoring. In addition, those the subtle molecular profiling could settle the base for development of
personalized therapies to treat AD. Created with BioRender.com.
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Abstract: Parkinson’s disease (PD) is the second most common neurodegenerative disorder, mainly
characterized by motor deficits correlated with progressive dopaminergic neuronal loss in the
substantia nigra pars compacta (SN). Necroptosis is a caspase-independent form of regulated cell
death mediated by the concerted action of receptor-interacting protein 3 (RIP3) and the pseudokinase
mixed lineage domain-like protein (MLKL). It is also usually dependent on RIP1 kinase activity,
influenced by further cellular clues. Importantly, necroptosis appears to be strongly linked to several
neurodegenerative diseases, including PD. Here, we aimed at identifying novel chemical inhibitors of
necroptosis in a PD-mimicking model, by conducting a two-step screening. Firstly, we phenotypically
screened a library of 31 small molecules using a cellular model of necroptosis and, thereafter, the hit
compound effect was validated in vivo in a sub-acute 1-methyl-1-4-phenyl-1,2,3,6-tetrahydropyridine
hydrochloride (MPTP) PD-related mouse model. From the initial compounds, we identified one
hit—Oxa12—that strongly inhibited necroptosis induced by the pan-caspase inhibitor zVAD-fmk in
the BV2 murine microglia cell line. More importantly, mice exposed to MPTP and further treated
with Oxa12 showed protection against MPTP-induced dopaminergic neuronal loss in the SN and
striatum. In conclusion, we identified Oxa12 as a hit compound that represents a new chemotype
to tackle necroptosis. Oxa12 displays in vivo effects, making this compound a drug candidate for
further optimization to attenuate PD pathogenesis.

Keywords: MPTP; necroptosis; neurodegeneration; Parkinson’s disease; small molecules

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
worldwide. PD is pathologically defined by the progressive dysfunction of the nigrostriatal
pathway, which culminates in the loss of dopaminergic neurons in the substantia nigra
pars compacta (SN) and depletion of dopaminergic enervation in the striatum [1,2]. Of
note, degeneration of dopaminergic neurons in the SN precedes the first motor deficits
afflicting PD patients [2].

The pathological mechanisms causing PD are thought to stimulate a cascade of events
that activate regulated cell death (RCD) pathways, which are responsible for neuronal
death [3,4]. Recent evidence has shown that necroptosis, a type of regulated necrosis,
plays crucial pathogenic roles in several human diseases, including neurodegenerative
diseases, such as PD, while holding high potential for clinical targeting [5]. Necroptosis
is a caspase-independent type of RCD commonly executed after RIP1 and RIP3 kinase
activation. Typically, this type of cell death is initiated following cell death transmembrane
receptor stimulation, with tumor necrosis factor (TNF) receptor 1 (TNFR1) being the most
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well-studied example [6,7]. In conditions where caspase-8 activation is genetically or phar-
macologically prevented, RIP1 and RIP3 are not cleaved and accumulate in the so-called
necrosome complex [8]. Then, activated RIP3 recruits and phosphorylates pseudokinase
mixed lineage domain-like protein (MLKL), which further translocates to the plasma
membrane, inducing membrane disruption and necroptosis execution [5]. Importantly,
necroptosis has already been associated with neuronal death induced by the neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a PD-mimicking neurotoxin, in both
in vivo and in vitro rodent models, as well as in PD human samples [9,10].

Importantly, the first necroptosis inhibitors were identified back in 2005 through a
phenotypic screening for chemical inhibitors of necroptosis induced by TNF and zVAD-fmk
in human monocytic U937 cells. This led to the identification of necrostatin-1 (Nec-1) and
its optimized derivative necrostatin-1 stable (Nec-1s), later confirmed to be RIP1 kinase
inhibitors [11–13]. Additional studies regarding Nec-1 properties pointed to off-target
activity and limited metabolic stability in mice, while Nec-1s presented higher activity as a
necroptosis inhibitor, along with no nonspecific cytotoxicity and reasonable pharmacoki-
netic properties. However, Nec-1s still presents a short in vivo half-life [11,14–17]. Of note,
Nec-1s identification proved that RIP1 inhibition is beneficial in several diseases [9,10,13,18].
Moreover, molecules targeting other components of necroptotic signaling pathway, such
as RIP3 or MLKL, have also been proposed [19,20]. However, none of the compounds
discovered so far reached the expectation of clinical application, which has led researchers
to unceasingly screen new drugs with better selectivity and potency.

In this study, we phenotypically screened a library of 31 new molecules to discover
novel inhibitors of necroptotic cell death with structural novelty. Although target-based
drug discovery has been the dominant approach to drug discovery in the past decades,
there has been a recent reawakening interest in phenotypic drug discovery approaches,
based on their potential to address the complexity of only partially understood diseases
and their promise of delivering first-in-class drugs, in parallel with major advances in
cell-based phenotypic screening tools. In addition, prioritized hits from the primary screen
were further evaluated for in vivo proof-of-concept using an MPTP PD-mimicking mouse
model. We identified a potential hit, Oxa12, that significantly inhibited zVAD-fmk-induced
necroptotic cell death in the BV2 microglial cell line, with a half-maximal effective concen-
tration (EC50) of ~1 μM. Importantly, Oxa12 showed to protect dopaminergic neuronal
cells from death induced by MPTP in vivo, in the SN and striatum, which highlights the
potential benefits of discovering and optimizing new molecules with mechanisms of action
that affect disease-relevant pathways, such as necroptosis.

2. Results

2.1. Phenotypic Screening for Hit Selection

To identify novel necroptosis inhibitors, we performed a cell-based phenotypic screen-
ing assay to select hit compounds that strongly inhibit necroptotic cell death (Figure 1A).

Previous studies have demonstrated that the pan-caspase inhibitor zVAD-fmk induces
necroptosis in different cellular models, including in the L929 fibrosarcoma and in the BV2
murine microglial cell lines, by a mechanism that most likely depends on TNF autocrine
secretion [12,21,22]. Here, we used BV2 cells incubated with zVAD-fmk as an in vitro
model of necroptosis and screened a total of 31 small compounds potentially inhibitors of
this type of cell death. These compounds are part of a larger in-house library containing
mainly the heterocyclic core of 4-methylene-2-aryloxazol-5(4H)-one and are represented
in Figure 2. The remaining compounds have been tested in previous papers [12,21,22].
Cells were incubated with 25 μM zVAD-fmk alone or in combination with 30 μM test
compounds for 24 h. BV2 cells treated with DMSO were used for data normalization. BV2
cells co-incubated with zVAD-fmk and Nec-1, a well-known RIP1 kinase inhibitor, were
used as positive control of necroptosis inhibition (Figure 1B). As expected, treatment with
Nec-1 almost completely rescued zVAD-fmk-induced decrease in cell viability (p < 0.001)
(Figure 1B), as assessed by MTS metabolism. More importantly, we identified one hit
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compound—Oxa12—that significantly protected cells from zVAD-fmk-mediated necropto-
sis by ~70% (p < 0.01) (Figure 1B). Importantly, RIP1 kinase activity inhibitory potential
of Oxa12 was determined using radiometric binding-based assays. The results show that
Oxa12 at 5 μM inhibits RIP1 activity by ~15%, which confirms RIP1 as a possible target. The
anti-necroptotic effects, however, may not be solely dependent on this target. These results
are in line with our previous work, where we showed the sequestration of key necroptosis
mediators, RIP1, RIP3, and p-MLKL, in the insoluble fraction in zVAD-fmk-treated BV2
cells, while Oxa12 abolished necrosome assembly and MLKL phosphorylation [22]. More-
over, Oxa12 strongly rescued zVAD-fmk-induced cell death, as observed by microscopy
analysis of cell morphology [22]. Furthermore, our previous in silico molecular docking
calculations for Oxa12 inside the RIP1 kinase domain demonstrated that Oxa12 is occupy-
ing a region similar to the co-crystallized inhibitor, suggesting a similar interaction pattern
and indicating that Oxa12 most likely targets RIP1 to some extent [22].

Figure 1. A cell-based phenotypic screening identifies Oxa12 as a necroptosis inhibitor. (A) Schematic overview of the two-
step screening workflow. (B) Determination of the ability of the compound to inhibit necroptosis. Cell metabolic activity is
depicted as a percentage of the control (DMSO = 0; Nec-1 at 30 μM) for compounds at 30 μM tested in BV2 murine microglia
cells exposed to 25 μM zVAD-fmk for 24 h. (C) Half-maximal effective concentration (EC50) determination in BV2 murine
microglia cells in a dose-response concentration (0.1 to 50 μM Oxa12) plus 25 μM zVAD-fmk for 24 h. (D) Half-maximal
effective concentration (EC50) determination in BV2 murine microglia cells in a dose-response concentration (0.01 to 50 μM
Nec-1) plus 25 μM zVAD-fmk for 24 h.
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Figure 2. Structures of the synthesized small-molecule library compounds based on the 4-methylene-2-aryloxazol-5(4H)-one
core (oxazolones). Group A includes oxazolones containing substituted aryl and aromatic heterocyclic attached to the
4-methylene position. Group B consists of extended oxazolones containing terminal fused heterocycles. Group C includes
additional compounds without the oxazolone core or the 4-methylene side chain. a Synthesized compounds evaluated in a
previous paper [22]. b Compounds not evaluated due to insoluble properties at the tested concentration.

To further characterize Oxa12 activity, we determined the EC50, a pharmacologic
parameter commonly used as a measure of compound potency, which here indicates 50%
of compound maximal potency to inhibit necroptosis, by performing a dose-response study.
BV2 cells were incubated with zVAD-fmk along with Oxa12 at a range of concentrations
(0.1–50 μM) for 24 h and the EC50 was calculated. Our results showed that Oxa12 pre-
sented an EC50 value of 0.989 μM, comparable with 0.124 μM of Nec-1, thus indicating its
effectiveness as a necroptosis inhibitor (Figure 1C,D).

We next found that Oxa12 met stringent criteria on activity, chemical tractability and
structural novelty, including a low chemical similarity with Nec-1 and its analogues, as
measured by Tanimoto’s index. Moreover, we analyzed whether Oxa12 was included
in the central nervous system (CNS) drug property space, using a CNS multiparameter
optimization (MPO) approach, a prospective design tool and a widely utilized predictor
for ADME and safety properties suitable for CNS targeting [23]. CNS MPO utilizes a set
of six physicochemical descriptors to calculate a score, between 0 and 6. A higher score
represents the optimal chemical space possessing alignment of key drug properties for
CNS therapeutic agents. Generally, a CNS MPO score ≥ 4 is desired, although there are
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drugs active on the CNS with lower score, with a range of 3–4 being still acceptable [24].
Here, we observed that Oxa12 has a value of 3.6. While being lower than the CNS MPO
score of 5 calculated for Nec-1, the value for Oxa12 is similar to that determined for several
well-known CNS drugs, suggesting good brain exposure (Table 1).

Table 1. Central nervous system MPO calculations for Oxa12 and Nec-1.

Oxa12 Nec-1

Physiochemical Descriptor Individual Score
Score CNS

MPO
Physiochemical Descriptor Individual Score

Score CNS
MPO

MW 391.43 0.8

3.6

MW 259.33 1.0

5.5

clogP 5.29 0 clogP 1.66 1.0

clogD7.4 5.69 0 clogD7.4 1.66 1.0

TPSA 67.34 1.0 TPSA 48.13 1.0

HBD 1 0.8 HBD 2 0.5

pKa 5.34 1.0 pKa 0 1.0

MW, molecular weight; clogP, calculated logP (n-octanol/buffer distribution coefficient) using Molinspiration desktop property calculator
(https://www.molinspiration.com/cgi-bin/properties, accessed on 15 April 2021); clogD7.4, distribution coefficient at pH 7.4; TPSA,
topological polar surface area; HDB, number of hydrogen bond donor atoms; pKa, acidity constant of ionizable function.

Finally, we also determined the extent of Oxa12 metabolism in mouse liver microsomes.
Using our medium-throughput drug metabolism platform, we observed that 20% of Oxa12
was detected by HPLC after incubation for 30 min in mouse liver microsomes, which
corresponds to an estimated half-life of 13 min, a liability that negatively impacts the
systemic and brain exposure to Oxa-12. These results allowed us to calculate a clearance
Clint in vitro of 0.99 mL/min/mg protein and a predicted hepatic extraction ratio of 0.76.
Of note, although the original Nec-1 has a half-life of < 5 min, chemical optimization of
this compound has led to commonly used derivatives with a half-life of about 1 h in mouse
microsomal assays [25]. Thus, a combined analysis of the CNS MPO score and metabolic
data confirms that Oxa12 is a novel addition to the chemical toolbox of CNS-targeting
anti-necroptotic compounds.

2.2. In Vivo Efficacy of Oxa12 in the Sub-Acute MPTP Mouse Model

To determine if our identified hit compound was effective in vivo, we used a sub-
acute MPTP mouse model. MPTP is the most widely used neurotoxin to mimic PD-related
nigrostriatal degeneration, since it can be easily administered systemically, and human
exposure to MPTP has been associated with severe parkinsonism, which reinforces the
relevance of MPTP animal models [26,27]. Mechanistically, MPTP can rapidly cross the
blood–brain barrier and, once in the brain, it is mostly oxidized to an intermediate, which
then diffuses to the extracellular space and converts to the active toxic metabolite, 1-methyl-
4-phenylpyridinium (MPP+) [28,29]. Then, dopaminergic neurons selectively uptake MPP+.
In mitochondria, MPP+ inhibits the complex I of the respiratory chain, leading to decreased
ATP generation along with the production of reactive oxygen species (ROS), and ultimately
cell death [29,30]. In this regard, several studies have already demonstrated that necroptosis
is involved in neuronal death induced by MPTP and that Nec-1/Nec-1s administration is
neuroprotective in multiple MPTP exposure regimens [9,10].

Here, we used a sub-acute MPTP regimen consisting of a single dose of MPTP
(40 mg/kg), or vehicle, intraperitoneally injected in 13-week-old mice. Then, 10 mg/kg of
Oxa12 or Nec-1s was administered 1 h after MPTP and then once every day for 30 days. As
expected, we observed a significant reduction of approximately ~50% in TH-positive stain-
ing, a marker of dopaminergic neurons, in the SN and in the striatum of MPTP-exposed
animals (Figure 3A,B), while no differences were observed in mice injected with Oxa12 or
Nec-1s alone (Figure 3A,B).
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Figure 3. Oxa12 protects from MPTP-driven dopaminergic neuronal loss. Representative images of TH-positive immunos-
taining from control- and MPTP-injected mice treated with vehicle, Nec-1s or Oxa12 in the SN (A) and the striatum (B), and
respective quantification. Scale bar, 100 μm. * p < 0.05 vs. control mice.

Importantly, treatment with Oxa12 or Nec-1s partially protected cells from MPTP-
induced dopaminergic cell death, in the SN (Oxa12, p = 0.05; Nec-1s, p = 0.12) and striatum
(Oxa12, p = 0.06; Nec-1s, p = 0.08), as observed by the rescue of TH-positive staining in
comparison with MPTP-treated animals (Figure 3A,B).

In accordance, exposure to MPTP significantly reduced TH protein levels in the SN,
while Oxa12 and Nec-1s treatment alone did not alter TH levels (Figure 4). Notably, Oxa12
significantly rescued TH protein levels by ~30% (p < 0.05), while Nec-1s showed a ~10%
difference (Figure 4). The challenging dissection of SN-enriched midbrain sections, which
include other dopaminergic structures, may account for the less significant rescue of TH
in the SN by western blot as compared with immunofluorescence. Our results show that
Oxa12 reveals a propensity to protect neuronal cells from MPTP-induced cell loss, with
the potential to be explored as a new chemotype to tackle necroptosis. Nevertheless,
careful examination of target engagement, including RIP1 and MLKL sequestration in
insoluble fractions, a strong indicator of necrosome assembly and, therefore, of necroptosis
commitment [28], deserves further investigation using appropriate antibodies.
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Figure 4. Oxa12 protects dopaminergic neurons from MPTP-induced cell death. Representative
western blot of TH protein levels from control and MPTP-injected mice untreated or treated with
Nec-1s or Oxa12 in the SN, and the respective densitometric analysis. β-actin was used as loading
control. Values are expressed as mean ± SEM of three independent experiments. * p < 0.05 vs. control
mice; § p < 0.05 vs. MPTP mice. TH, tyrosine hydroxylase.

Finally, MPTP mice models normally develop an inflammatory response that initiates
in the striatum, with astrogliosis developing later than microgliosis and being sustained
for a longer period of time [29,30]. Concordantly, we observed an increase in GFAP im-
munostaining and GFAP protein levels in MPTP-treated mice, thus suggesting a prolonged
astrogliosis in these animals (data not shown). However, no significant differences were
observed in mice treated with Oxa12 or Nec-1s.

3. Discussion

In the present study, a two-step screening workflow was performed to identify novel
necroptosis inhibitors from a small-molecule library of 31 compounds. In a first step,
we conducted an in vitro phenotypic screening to identify hit compounds that strongly
inhibited zVAD-fmk-induced necroptotic cell death in the murine BV2 microglial cell line.
In a second step, the ability of our hit molecule to protect against dopaminergic neuronal
cell loss was determined in vivo using the sub-acute MPTP mouse model of PD.

As a strategy for the first step, we initially screened a range of diverse heterocyclic
functionalized compounds collected from different developed synthetic methodologies.
From this preliminary screening, several existing compounds containing the 4-methylene-2-
aryloxazol-5(4H)-one (oxazolones) core were identified as bioactive [31]. Furthermore, we
also synthesized a range of oxazolones containing diverse substituents at the 4-methylene
and 2-aryl positions (Groups A and B) and by replacing the oxazolone core (Group C) as
well as by inclusion of longer phenylmethylene spacer and additional structural tuning
on the attached fused heterocycles (Group B). Importantly, we identified one molecule—
Oxa12—that strongly inhibited necroptosis in the zVAD-fmk-treated BV2 microglia cells,
and this effect was further demonstrated in vivo. Oxa12 tended to protect dopaminer-
gic neuronal cells from MPTP-induced cell death, thus suggesting the potential of this
compound in ameliorating PD pathogenesis.

Since the discovery of Nec-1 as the first necroptosis inhibitor, several other studies
were performed and new inhibitors for RIP1, RIP3 and MLKL were identified. However,
the therapeutic potential of all these inhibitors is restricted by low potency or reduced selec-
tivity. In fact, so far, there is no compound that reached the prospects of clinical application,
which has led to the continuous screening of new molecules with higher selectivity and
potency. Despite its strongness at inhibiting necroptosis, Nec-1 is a far-from-ideal drug due
to its short in vivo half-life of approximately 1 h, as well as its off-target effects, including
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inhibitory binding to indoleamine 2,3-dioxygenase (IDO), a protein involved in inflamma-
tion [32]. Nec-1s presents higher specificity and improved pharmacokinetics properties;
however, it still has poor in vivo half-life [33]. Thus, Nec-1s represents a better choice for
in vivo experiments. Other RIP1 inhibitors, including GSK’481, GSK’963 and GSK’772,
demonstrate similar limitations [34–36]. RIP3 inhibitors, such as GSK’872, have also been
studied; however, while they inhibit necroptosis, they may also promote apoptosis [20].
Thus, considering the limitations of all known RIP1 and RIP3 inhibitors, the development
of novel and potent small compounds able to specifically attenuate necroptosis continues
to be of strong need.

Here, we used the BV2 murine microglia cell line treated with the pan-caspase in-
hibitor, zVAD-fmk, as a model of necroptosis execution. In fact, we and others already
demonstrated that zVAD-fmk strongly induces necroptotic cell death in both L929 fi-
brosarcoma and BV2 murine microglia cells [12,21,22]. Importantly, the pharmacological
relevance of the in vitro phenotypic screening was guaranteed by using a well-established
necroptosis inhibitor. Here, Nec-1, which inhibits RIP1 kinase activity, was used as positive
control throughout the in vitro screening and demonstrated to be a strong necroptosis in-
hibitor. To identify novel necroptosis inhibitors, an in-house library of 31 small compounds
were screened at a concentration of 30 μM, which allowed us to filter new necroptosis
inhibitor scaffolds with potential to be further modified chemically. We identified one
hit—Oxa12—that strongly inhibited necroptosis in the BV2 microglia cells by ~70%. To
further characterize Oxa12 potency in vitro, dose-response curves were performed, where
Oxa12 showed an EC50 value of 0.989 μM, thus reflecting its potential to be tested in vivo.

Throughout the years, MPTP mouse models have been widely used due to their
specific and reproducible neurotoxic effect on the nigrostriatal system, being considered a
convenient model of dopaminergic neurodegeneration to study therapeutic interventions.
However, these models do not fully reproduce the human condition, and behavioral ab-
normalities are still a challenging question [36]. Moreover, previous studies have already
demonstrated the involvement of necroptosis in the acute and sub-chronic MPTP mouse
model of PD, where Nec-1/Nec-1s administration attenuated dopaminergic neurodegener-
ation [9,10]. Here, we used a sub-acute regimen of MPTP exposure, consisting of a single
injection of MPTP (40 mg/kg) and still observed a significant increase in dopaminergic neu-
rodegeneration in the SN and the striatum, while Nec-1s administration showed a tendency
to protect cells from MPTP-induced dopaminergic cell death [27,37,38]. Importantly, Oxa12
alone did not induce neuronal toxicity, but it was able to protect dopaminergic neurons
from MPTP-induced cell death in both SN and striatum. This experimental observation
together with the MPO value suggest that Oxa-12 can cross the BBB, at least to some extent.
Medicinal chemistry optimization of Oxa-12 should tackle issues such as solubility and
be followed by extensive in vivo characterization of a more advanced lead compound,
including by evaluating BBB penetration, half-life and target engagement. The role for
inhibiting necroptosis deserves further exploitation [39].

Overall, these results indicate that Oxa12 has reasonable potency, associated with
an apparent lack of toxicity, which makes this compound fit for additional chemistry
optimization. Therapies using small molecules targeting key components of dopaminer-
gic neuron cell death could evolve as a potential therapeutic approach for ameliorating
PD progression.

4. Materials and Methods

4.1. Cell Culture and Reagents

The BV2 murine microglia cell line (gently provided by Dr. Elsa Rodrigues, Uni-
versity of Lisbon) was cultured in RPMI 1640 medium (GIBCO® Life Technologies, Inc.,
Grand Island, NY, USA), supplemented with 10% heat inactivated fetal bovine serum
(FBS), 1% antibiotic/antimycotic (A/A) solution and 1% GlutaMAXTM (GIBCO). During
the experiments, culture media was substituted by RPMI supplemented with 1% A/A,
1% insulin-transferrin-selenium (RPMI/ITS) and 1 mg/mL bovine serum albumin (BSA;
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GIBCO). Cells were maintained at 37 ◦C in a humidified atmosphere of 5% CO2. Chemi-
cals used were Nec-1 (Sigma-Aldrich, St. Louis, MO, USA), dimethyl sulfoxide (DMSO;
Sigma-Aldrich) and Z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk) pan-caspase inhibitor
(Enzo Life Sciences, Farmingdale, NY, USA).

4.2. Chemical Synthesis and Analysis

The oxazol-5-(4H)-ones (Oxas) and the precursors aldehydes were synthesized fol-
lowing a general synthetic reported route: a mixture of the corresponding aldehyde
(30–600 μmol scale, 1 equiv.), hippuric acid or derivatives (1 equiv.), sodium acetate
(1 equiv.) and acetic anhydride (3 equiv.) in a round-bottom flask was heated under
magnetic stirring at 110 ◦C for 2 h [31]. Then, the reaction mixture was cooled to room
temperature and the obtained solid was washed with distilled water (2×) and MeOH (4×)
and dried under vacuum. If further purification was needed, some of the compounds were
recrystallized in a suitable solvent. The purity and structural identification were performed
by 1H, 13C NMR and mass spectrometry analyses.

4.3. Screening of Necroptosis Inhibitors

BV2 cells were plated in 96-well plates at 7 × 103 cells/well and after 24 h, necrop-
tosis was induced by adding 25 μM zVAD-fmk in RPMI/ITS. Test compounds or Nec-1
(positive control of necroptosis inhibition) were incubated along with zVAD-fmk at a final
concentration of 30 μM for 24 h. DMSO was used as vehicle control. Cell viability was
determined based on measurement of MTS metabolism using the CellTiter 96® Aqueous
Non-Radioactive Cell Proliferation (MTS) Assay (Promega, Madison, WI, USA). Differ-
ences in absorbance were measured at 490 nm using GloMax® Multi Detection System
(Sunnyvale, CA, USA).

4.4. EC50 Determination

To quantitatively determine the effective potency in BV2 cells, the compound half
maximal effective concentration or EC50 was determined by a dose-response curve. In brief,
BV2 cells were plated in 96-well plates as described above and treated with increasing
concentrations of compound Oxa12 (from 0.1 to 50 μM) and Nec-1 (from 0.01 to 50 μM)
using DMSO as vehicle control. Following 24 h of incubation, cell viability was determined
based on the measurement of MTS, as previously described.

4.5. RIP1 and RIP3 Kinase Activity Assays

Oxa12 were tested at 5 μM for RIP1 kinase activity by a radiometric-binding assay
using myelin basic protein as substrate (Eurofins, France) as before [39].

4.6. Microsomal Stability Assay

In the microsomal stability assay, an analytical high-performance liquid chromatogra-
phy (HPLC) system was used with the following condition: column, Merck Lichrospher
100 RP18 125 mm 4.6 mm (5 μm); mobile phase A = 0.1% trifluoroacetic acid in water,
B = 0.1% trifluoroacetic acid in acetonitrile, isocratic; flow rate, 1 mL/min; detection, UV at
400 nm injection, 20 μL; column temperature, ambient. The metabolic stability assays were
carried out using the cosolvent method, appropriate for assessing the metabolic stability of
compounds poorly soluble in aqueous medium [40]. For the cosolvent method, a 0.5 mM
DMSO stock solution of Oxa12 was prepared. Then, a diluted solution of the compound
was prepared by adding 50 μL of the previous 0.05 mM solution with 200 μL of acetonitrile,
to make a 0.1 mM solution of Oxa12 in 20% DMSO/80% acetonitrile. Cosolvent assay
conditions were: substrate concentration, 1 μM; microsomal protein, 0.5 mg/mL; organic
solvents, 0.2% DMSO, 0.8% acetonitrile; incubation time, 30 min; number of assays, dupli-
cates for T0 and T30 min. Time 0 and time 30 batches, after quenching with acetonitrile,
were centrifuged at 11,000× g for 5 min and the supernatants were analyzed by HPLC, in
order to quantify compound Oxa12.
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4.7. MPTP Mouse Model

Animal studies were performed according to the animal welfare of the Faculty of
Pharmacy, University of Lisbon, and approved by the competent national authority Direção-
Geral de Alimentação e Veterinária (DAGV) and in accordance with the EU Directive
(2010/63/UE), Portuguese laws (DR 113/2013, 2880/2015 and 260/2016) and all relevant
legislation. To evaluate the neuroprotective effect of our hit compound—Oxa12—in the
sub-acute MPTP mouse model, male 13-week-old C57BL/6N wild-type (wt) mice (Charles
River Laboratories, Wilmington, MA, USA) were injected intraperitoneally (i.p.) with a
unique dose of MPTP-HCl (40 mg/kg; Sigma Aldrich, St Louis, MO, USA), dissolved in
sterile 0.9% saline, or vehicle only (control group). One hour after MPTP administration,
mice were intraperitoneally injected with 10 mg/kg Oxa12 solubilized in 1% DMSO (Sigma-
Aldrich) and 30% 2-hydroxypropyl-beta-cyclodextrin (Sigma-Aldrich) or 10 mg/kg Nec-
1s (Focus Biomolecules, Plymouth Meeting, PA, USA) solubilized in 1% DMSO, 4% 2-
hydroxypropyl-beta-cyclodextrin (Sigma-Aldrich), in PBS [38,41,42]. Oxa12 and Nec-1s
injections were administered once every day for 30 days. Oxa12 dosage and regimen of
administration were selected based on published protocols for Nec-1s [9,33]. Seven animal
per group were used. After 30 days, mice were sacrificed in a CO2 chamber followed by
transcardiac perfusion with ice-cold PBS. Brains were then excised, and one hemisphere
was used to isolate the midbrain region, containing the SN, and the striatum, as previously
described [38,41], which was rapidly frozen in liquid nitrogen and stored at −80 ◦C until
processing for protein extraction. The other hemisphere was fixed in 4% paraformaldehyde
for 48 h and then stored in 20% sucrose/PBS and 0.025% sodium azide, at 4 ◦C, for further
immunohistochemistry analyses.

4.8. Immunohistochemistry

Hemispheres previously fixed in paraformaldehyde were cryoprotected in 20% su-
crose/PBS and embedded in gelatin. Then, sequential coronal brain sections (8 μm thick)
near the midstriatum (Bregma 1.00) and SN (Bregma −3.20) were obtained by cryostat
sectioning and mounted on SuperFrost-Plus glass slides (Thermo Fisher Scientific). After-
ward, sections were incubated in warm PBS at 37 ◦C for 15 min, followed by two washes in
PBS, to remove gelatin. Then, sections were blocked in Tris-buffered saline (TBS) contain-
ing 10% (v/v) normal donkey serum (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA) and 0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 1 h. Subsequentially, to
stain dopaminergic neurons, sections were incubated with primary rabbit polyclonal anti-
tyrosine hydroxylase (TH) antibody (#ab112; Abcam, Cambridge, UK, 1:700), overnight
at 4 ◦C. After several washes with PBS, anti-TH primary antibody was detected with
diluted (1:200) Alexa Fluor 488 (anti-rabbit) conjugated secondary antibody (Invitrogen—
Thermo Fisher Scientific) for 2 h at room temperature. After extensive rinsing, sections
were counterstained with Hoechst 33258 (Sigma-Aldrich) and mounted on Mowiol 4-88
(Sigma-Aldrich).

4.9. Image Analysis

Images were obtained by an Axioskop fluorescence microscope (Carl Zeiss GmbH,
Hamburg, Germany). Images were captured from six region-matched sections for nigral
and striatal regions for each animal and converted into a gray scale with an 8-bit format
using the ImageJ software version 1.48 (National Institute of Health, Bethesda, MD, USA).
A threshold optical density was determined for each staining. Areas occupied by positive
staining were quantified in thresholded images, normalized to the total area of interest
region and calculated as percentage of total area.

4.10. Protein Isolation

For total protein isolation, tissues obtained from dissected midbrains and striata were
homogenized in radio-immunoprecipitation assay (RIPA) buffer (50 nM Tris/HCl, pH 8;
150 nM NaCl; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS) and 1x Halt Protease
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and Phosphatase Inhibitor Cocktail (Pierce, Thermo Fisher Scientific) with a moto-driven
Bio-vortexer (No 1083; Biospec Products, Bartlesfield, UK). Lysates were maintained on ice
for 30 min and were then sonicated and centrifuged at 10,000× g for 10 min. Supernatants
were collected and used as total protein extracts. Protein concentrations were determined
by using the Bio-Rad protein assay kit, according to the manufacturer’s instructions.

4.11. Western Blot

Equal amounts of total protein extracts were electrophoretically resolved on 8% SDS-
PAGE. Resolved proteins were then transferred onto nitrocellulose membranes and blocked
with a 5% milk solution in Tris-buffered saline (TBS). Then, membranes were incubated
with primary antibody rabbit polyclonal TH (#ab112, Abcam), overnight at 4 ◦C. After
washing with TBS/0.2% Tween 20 (TBS-T), membranes were incubated with secondary goat
anti-rabbit IgG antibody conjugated with horseradish peroxidase (Bio-Rad Laboratories)
for 2 h at room temperature. Membranes were processed for protein detection using
ImmobilonTM Western (Millipore). β-actin (AC-15) (#A5441, Sigma-Aldrich) was used
as loading control. Densitometric analysis was performed using the Image Lab Software
version 5.1 Beta (Bio-Rad).

4.12. Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). Data analysis were
performed with a one-way analysis of variance (ANOVA) followed by a post hoc Bonferroni
test. Analysis and graphical presentation were conducted with the GraphPad Prim Software
version 8 (GraphPad Software Inc., San Diego, CA, USA). Statistical significance was
achieved when p < 0.05.
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Abstract: Microglia-mediated neuroinflammation is recognized to mainly contribute to the pro-
gression of neurodegenerative diseases. Epigallocatechin-3-gallate (EGCG), known as a natural
antioxidant in green tea, can inhibit microglia-mediated inflammation and protect neurons but has
disadvantages such as high instability and low bioavailability. We developed an EGCG liposomal
formulation to improve its bioavailability and evaluated the neuroprotective activity in in vitro and
in vivo neuroinflammation models. EGCG-loaded liposomes have been prepared from phosphatidyl-
choline (PC) or phosphatidylserine (PS) coated with or without vitamin E (VE) by hydration and
membrane extrusion method. The anti-inflammatory effect has been evaluated against lipopolysac-
charide (LPS)-induced BV-2 microglial cells activation and the inflammation in the substantia nigra
of Sprague Dawley rats. In the cellular inflammation model, murine BV-2 microglial cells changed
their morphology from normal spheroid to activated spindle shape after 24 h of induction of LPS.
In the in vitro free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, EGCG scavenged 80% of
DPPH within 3 min. EGCG-loaded liposomes could be phagocytized by BV-2 cells after 1 h of cell
culture from cell uptake experiments. EGCG-loaded liposomes improved the production of BV-2
microglia-derived nitric oxide and TNF-α following LPS. In the in vivo Parkinsonian syndrome
rat model, simultaneous intra-nigral injection of EGCG-loaded liposomes attenuated LPS-induced
pro-inflammatory cytokines and restored motor impairment. We demonstrated that EGCG-loaded
liposomes exert a neuroprotective effect by modulating microglia activation. EGCG extracted from
green tea and loaded liposomes could be a valuable candidate for disease-modifying therapy for
Parkinson’s disease (PD).

Keywords: neuroprotection; neuroinflammation; Parkinson’s disease; catechin; L-α-phosphatidylcholine;
phosphatidylserine

1. Introduction

When the nervous system is damaged or infected, microglia cells are activated and
transformed to be branched, resulting in excessive expression of a large amount of pro-
inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
interleukin 6 (IL-6), and inflammatory mediators such as nitric oxide (NO) and reactive
oxygen species (ROS). Finally, nerve cells are damaged, degenerated, or die from these
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inflammatory mediators. It is recently found that in the brain of patients with neurode-
generative diseases such as Parkinson′s disease (PD), Alzheimer′s disease, Huntington′s
disease, and Creutzfeldt-Jakob disease, large amounts of microglia cells are activated and
over-expressed [1–3]. Epidemiologically, PD’s cause is mostly linked to the neuroinflam-
matory reaction. The inflammatory mediators resulting, such as TNF-α, IL-1β, IL-6, NO,
and ROS, are found in the striatum of the brain [1,4–7]. The degradation of dopaminergic
neurons can be regulated by microglia cells [8].

The neuroinflammation process that causes PD is preceded by primary damage
of neurons caused by environmental toxins, including rotenone [9], lipopolysaccharide
(LPS) [5,7], and the effects of abnormal protein accumulation [10]. The damage will cause
lesions and even apoptosis of dopaminergic neurons. Then microglia cells are activated to
release cytokines, resulting in inflammation and death of the neurons and finally leading
to PD.

When the microglia cells are stimulated by LPS, LPS binds to the surface receptor
CD14 binding site of microglia cells. The LPS-CD14 complex is linked with MD2 linker
through toll-like receptor-4 (TLR4) transmembrane proteins and then involved in multiple
message transmission pathways generated by mitogen-activated protein kinases (MAPK)
and activating transcription factors (nuclear factor-kappa B, NF-κB). After gene transcrip-
tion [5,11,12], microglial cells release cytokines such as TNF-α and IL-1β, or express genes
of inducible nitric oxide synthase (iNOS) and cyclo-oxygenase-2 (COX-2), resulting in
the release of prostaglandins or NO. In addition, destructive ONOO free radicals are
generated by combining superoxide anions produced from nicotinamide adenine din-
ucleotide phosphate (NADPH) oxidase with NO produced from iNOS, leading to the
death of dopaminergic neurons [13]. Therefore, in this study, LPS was used to induce
neuroinflammation of microglia cells as an in vitro model of PD.

Catechins are natural antioxidants that can prevent cell damage and provide many
pharmacological benefits such as anti-tumor, anti-cancer, anti-aging, anti-pharmacological
radiation, and free radical scavenging [14]. Green tea contains about 10% polyphenols
by weight, including large amounts of a catechin called epigallocatechin gallate (EGCG).
EGCG has the highest antioxidant activity and free radical scavenging capacity in all green
tea catechins and can capture ROS to protect cells from the damage of oxidative stress [15].
EGCG also has high anti-inflammatory efficacy, which can effectively inhibit secretion of
cytokines (TNF-α, IL-2, and IL-8) by macrophages [16], phosphorylation of Akt signaling
proteins and IκB proteins in inflammatory pathways to reduce NF-κB expression, or AP-1
transcription by inhibiting phosphorylation of upstream MAPK proteins to balance COX-2
expression and reduce the production of pro-inflammatory cytokines [17].

Recently, EGCG was reported to be potentially therapeutic or prophylactic for PD
due to suppressing active oligomers of α-synuclein (αS) [18]. EGCG also prevents αS
aggregation in vitro [19–21], and cytoplasmic αS aggregation in dopaminergic neurons is
one possible pathogenesis of PD leading to damage of dopaminergic neurons in substantia
nigra [22]. Furthermore, EGCG can recover 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced neurochemical or functional damage and regulate ferroportin in substantia
nigra and reduce oxidative stress [23]. EGCG also has neuroprotective and immune-
protective effects in MPTP-treated mice and can modulate neuroinflammation and protect
dopaminergic neuron loss in MPTP-induced PD [24].

The anti-inflammation effects of EGCG were investigated. EGCG suppressed LPS-
induced NO production and expression of iNOS in BV-2 microglial cells. EGCG can
effectively inhibit the expressions of pro-inflammatory cytokines such as TNF-α and IL-1β
in BV-2 cells [25]. EGCG pretreatment of human macrophages significantly inhibited LPS-
induced expression of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 [26].
In addition, post-treatment of EGCG on LPS-injured mice decreased production of a pro-
inflammatory cytokine through modulating the TLR4-NF-κB pathway [27]. Moreover,
poly(lactide-co-glycolide) (PLGA) microspheres loaded with EGCG and optimized by the
addition of β-cyclodextrin (β-CD) could effectively suppress NO production from BV-2
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cells in the in vitro model of murine BV-2 microglial cells stimulated by LPS, indicating the
microspheres can suppress inflammation of activated microglial cells [28].

Although green tea is a daily drink, the efficacy of catechins is ineffective due to low
oral bioavailability; thus, effective pharmaceutical dosage forms are required. Nano drug
carrier has the benefits of avoiding premature metabolism, extending drug action time,
and targeting drug delivery. Therefore, this study intends to develop liposomes containing
phosphatidylcholine (PC) and phosphatidylserine (PS), similar components to the cell
membrane, as anti-inflammatory dosage forms. EGCG extracted from green tea leaves
was loaded in liposomes to slow down inflammatory reaction in microglia cells induced
by LPS. The therapeutic effect of EGCG-loaded liposomes on the in vivo model of PD for
neuroprotection was also evaluated.

2. Results

2.1. Extraction of EGCG
2.1.1. EGCG Extract

The epigallocatechin-3-gallate characterization data can be found in the Supplemen-
tary File (Figures S1 and S2).

2.1.2. Various Formulations of EGCG

In Table 1, the average particle diameters of placebo PS-, PS-EGCE-, and PS-EGCG-VE-
liposomes were smaller than that of placebo PC-, PC-EGCE-, and PC-EGCG-VE-liposomes,
respectively. Because PC is neutral and PS is negatively charged [29], this indicates that
the additive surface potential affected the particle size. Polydispersity index (PDI) of
all liposomes was less than 0.22, indicating that the structure of liposomes in solution is
stable. The negative charges of PS led to a repulsive force on the surface potential between
PS-liposomes, avoiding aggregation and reducing the size of PS-liposomes.

Table 1. Characteristics of the formulation of EGCG-loaded liposomes.

Samples
Molar Ratio Diameter

(nm)

Encapsulation
Efficiency(%)

PDI
PC PS CH VE

PC-liposome 0.73 - 0.27 - 184.4 ± 1.59 - 0.218

PS-liposome 0.24 0.49 0.27 - 117.47 ± 1.12 - 0.092

PC-EGCG-liposome 0.73 - 0.27 - 155.2 ± 1.23 55.4% 0.121

PS-EGCG-liposome 0.24 0.49 0.27 - 132.86 ± 2.05 70.4% 0.094

PC-EGCG-VE-liposome 0.73 - 0.27 0.07 161.5 ± 0.56 60.2% 0.058

PS-EGCG-VE-liposome 0.24 0.49 0.27 0.07 142.9 ± 0.36 76.8% 0.101

PC: L-α-phosphatidylcholine; PS: phosphatidylserine; CH: cholesterol; VE: vitamin E (α-tocopherol); EGCG: (−)-epigallocatechin-3-gallate;
PDI: polydispersity index.

The encapsulation efficiency/size of PS-containing liposomes described in Table 1 was
larger/smaller than that of corresponding PC-containing liposomes [30]. The encapsulation
efficiency of PC-EGCG-VE-liposomes and PS-EGCG-VE-liposomes was more extensive
than that of PC-EGCG-liposomes and PS-EGCG-liposomes, respectively. This is because
vitamin E is fat-soluble, embedded in a phospholipid bilayer membrane, and provides an
antioxidant protectant for EGCG.

2.2. In Vitro Cell Analysis
2.2.1. Cell Viability

The cell viability of cells treated with EGCG from 50 to 400 μM was significantly
decreased compared to the control group (Figure 1A). In contrast, the viability of cells
receiving 5 to 25 μM is similar to the control group cells’ viability. The concentration of
EGCG used in this study was determined to be 25 μM. Similarly, the concentration of
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LPS used for induction of cell inflammation was determined to be 50 ng/mL according to
Figure 1B. In Figure 1C, the cell viability of cells co-cultured with placebo liposomes of all
concentrations was not statistically significant compared to the control group. Therefore,
placebo liposomes are not cytotoxic to microglia cells.

 
Figure 1. Cell viability of BV-2 cells treated by (A) EGCG, (B) lipopolysaccharide (LPS), and (C) placebo liposome (compared
with control group (CTL), * p < 0.05; *** p < 0.001, **** p < 0.0001, n = 3).

2.2.2. Cell Morphology

Cell morphology of the control group (Figure 2A) and the morphology of cells treated
with 25 μM EGCG (Figure 2B) were spherical, while the morphology of cells treated with
50 ng/mL LPS (Figure 2C) was spindle-shaped. However, the morphology of cells treated
with 25 μM EGCG and activated by LPS (Figure 2D) was spherical. This denoted that
EGCG can inhibit the activation induced by LPS. Therefore, the pretreatment of EGCG has
an inhibitory effect on neuroinflammation, protecting the microglial cells from activation.

 
Figure 2. Morphology of BV-2 cells (A) of the control group, (B) treated with EGCG, (C) treated with LPS, and (D) treated
with EGCG and then LPS.
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2.2.3. NO Release

In Figure 3A, the NO release from BV-2 cells induced with 5–1000 ng/mL LPS during
24 h incubation was statistically significant compared to the NO release from the control
group. The concentration of LPS used for activation of cell inflammation to work was
determined to be 50 ng/mL.

 

Figure 3. Nitric oxide (NO) production from BV-2 cells (*** p < 0.001; **** p < 0.0001, n = 3). (A) Inflammation induced
by various concentration of LPS (compared with control group), (B) cells treated with EGCG followed by LPS induction
(compared with LPS (+) and EGCG (−)), (C) cells treated with EGCG, PC-EGCG-liposomes, and EGCG-VE-liposomes then
LPS (compared with LPS (+)).

NO release from BV-2 cells treated with 25 μM EGCG was not statistically significant
compared to the control group, as shown in Figure 3B. However, the cell inflammation
induced with LPS for 24 h showed a significant increase compared to the control group.
Those cells treated with 25–200 μM EGCG for 1 h and then activated with LPS showed a
statistically significant decrease compared to the group of cells activated with LPS only.
NO release did not decrease when EGCG increased from 50–200 μM since the cell viability
decreased when EGCG had risen from 50–200 μM, according to Figure 1A.

The NO production of the cells treated with 25 μM EGCG followed by the inflam-
mation induced with 50 ng/mL LPS was not statistically significant compared with the
control group (Figure 3C). However, the NO released in the group of cells treated with PC-
EGCG-liposomes or PC-EGCG-VE-liposomes followed by LPS activation with 50 ng/mL
showed a significant decrease compared to the group of cells treated only with LPS. The
NO release from cells pretreated with PC-EGCG-liposomes or PC-EGCG-VE-liposomes
was higher than the NO release from the group of cells pretreated by EGCG, which should
be explained by the slow release of EGCG from the liposomes.

2.2.4. Cytokine Analysis

In Figure 4A, the concentration of TNF-α of cells treated with LPS after 24 h showed a
statistically significant increase compared to that of the control group or the cell culture
medium (DMEM). Placebo PC-liposomes were close to that of cells treated with LPS. How-
ever, the TNF-α concentration in the group of cells pretreated with PS-EGCG-liposomes or
PS-EGCG-VE-liposomes followed by the LPS activation showed a statistically significant
decrease compared to that of cells treated with LPS. This decreasing concentration of
TNF-α indicates that EGCG-loaded liposomes can reduce the activation of microglial cells
induced by LPS. The inhibitory effect of PS-EGCG-VE-liposomes was better than that of
PS-EGCG-liposomes.

The phospholipids on the cell membrane can be hydrolyzed by cytosolic phospholi-
pase A2 (cPLA2) to produce arachidonic acid. The cyclo-oxygenase (COX) is a key enzyme
that converts arachidonic acid to prostaglandin. COX-2 and cPLA2 are often generated
from inflammation or malignant disease [31–34]. In Figure 4B, the inflammation was
induced by LPS of 5–50 ng/mL for 24 h, and the expression of cPLA2 increased when the
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LPS concentration increased. Figure 4C showed the increased activities of COX-2, induced
by LPS (5–50 ng/mL) for 24 h. The expression of COX-2 increased from 5–25 ng/mL LPS,
while it decreased at 50 ng/mL. In Figure 4D, the cPLA2 expression was reduced when
BV-2 cells were pretreated with EGCG and induced by LPS. The expression of COX-2
when LPS activated BV-2 cells was increased compared to the control group (Figure 4E).
There was a significant decrease of COX-2 in the group of cells pretreated with EGCG,
placebo PS-liposomes, PS-EGCG-liposomes, and PS-EGCG-VE-liposomes, followed by LPS
inflammatory induction. Especially, expression of COX-2 of cells pretreated with placebo
PS-liposomes had a statistically significant difference from that of cells induced by LPS.

Figure 4. In LPS-induced BV-2 cells, expression of (A) TNF-α (compared with the liposome (−) and LPS (+) group, * p < 0.05;
** p < 0.01, n = 3), (B) cytosolic phospholipase A2 (cPLA2), and (C) cyclo-oxygenase-2 (COX-2). In BV-2 cells pretreated
by EGCG or liposomes and then induced by LPS, expression of (D) cPLA2 and (E) COX-2 (compared with LPS (+) group
** p < 0.01, *** p < 0.001, n = 3).

2.3. In Vivo Animal Test
2.3.1. Animal Behavioral Test

The number of circles completed by the Parkinsonian rats after amphetamine admin-
istration (shown in Figure 5A) was significantly increased compared to the number of
circles completed by the control group rats. Parkinsonian rats′ behavior treated with the
various formulation of EGCG was similar to the control group rats. These data indicated
that EGCG attenuated LPS-induced unilateral lesions of the nigrostriatal system.

2.3.2. Inflammatory Markers Analysis

The ratio of TNF-α/GAPDH in the treated group was significantly lower compared
to the ratio found in syndromic rats. The IL-1β trend was similar to the TNF-α trend.

The in vivo results are consistent with the results of in vitro studies. The expression
of brain-derived neurotrophic factor (BDNF) in the treated group was similar to the LPS-
induced group (Figure 5D). However, this outcome could indicate that the improvement of
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limb coordination in Parkinsonian syndrome rats by PC-EGCG-loaded liposomes is caused
by reducing neuroinflammation response, but not by increasing expression of BDNF.

It also fits previous reports that reduction of TNF-α and NO production by pretreat-
ment of rats with EGCG (10 mg/kg) for 24 h and induction with LPS after 7 days decreased
comparing to that of LPS-treated rats, and concluded that EGCG has a potential therapeutic
effect for LPS-induced neurotoxicity due to reduction of TNF-α and NO release.

 
Figure 5. Animal study analysis; (A) effects of epigallocatechin-3-gallate (EGCG) liposomes on Parkinsonian syndrome
rat rotation behavioral test (n = 5 for the control group (injected with 5 μL PBS); n = 4 for the LPS-induced group (with
15 μg LPS); n = 5 for the LPS-induced and then the PC-EGCG-VE-liposome improvement group (with 15 μg LPS and
PC-EGCG-VE-liposomes with 25 μM EGCG), for mean ± SEM, * p < 0.05 represents the comparison between the control
group and LPS. No difference between the control group and the LPS+EGCG group, # p < 0.05 represents the comparison
between the LPS group and the LPS+EGCG group). Expression of (B) TNF-α, (C) IL-1β, and (D) brain-derived neurotrophic
factor (BDNF) in substantia nigra area of rats sacrificed after rotation behavioral test, n = 3, for mean ± SEM, (* p < 0.05
represents the comparison between the control group and LPS. No difference between the control group and the LPS+EGCG
group, # p < 0.05 represents the comparison between the LPS group and the LPS+EGCG group).

3. Discussion

In this study, the purity of EGCG extracted from green tea was detected to be 90.5%,
and the free radical scavenging activity of EGCG was more extensive than 80% within
3 min. It was increasing with a higher concentration of EGCG or longer reaction time.
The particle size of PC-EGCG-VE- and PS-EGCG-VE-liposomes were 161.5 and 142.9 nm,
which were smaller than that of EGCG loaded in PLGA microspheres [28] with additional
β-cyclodextrin (ranging from 1–14 μm). The encapsulation efficiency of PC-EGCG-VE-
and PS-EGCG-VE-liposomes were 60.2% and 76.8%, respectively. These results showed
that PS-containing liposomes were smaller, more stable, and had higher encapsulation
efficiency due to the charge on PS and resulted in a repulsive force between liposomes to
avoid aggregation.

Expression of TNF-α in cells pretreated with PS-EGCG- and PS-EGCG-VE-liposomes
and then induced by LPS had statistically significant differences compared with that of
cells induced with LPS, and similar results were observed in the pretreatment of EGCG
on LPS-induced TNF-α expression in BV-2 cells [25] and human macrophages [26]. In
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summary, the cell morphology and expression of TNF-α of the group treated with EGCG
showed an inhibition effect of the inflammation induced by LPS.

In the present study, EGCG pretreatment can reduce the release of NO. Suppression
of NO production from LPS-induced BV-2 cells by pretreatment of EGCG-loaded PLGA
microspheres was also investigated in our previous study [28].

In the present study, Parkinsonian syndrome in rats is created by the damage to
the unilateral substantia nigra region induced by LPS. Another important finding is that,
through statistical quantitative analysis, EGCG-loaded liposomes can alleviate the syn-
drome due to damage to the unilateral midbrain nigrosome region of the rat brain induced
by LPS in the rotational test, and production of neuroinflammatory factors TNF-α in the
substantia nigra area of the rat brain can also be reduced by EGCG-loaded liposomes.
This study indicates that improvement of limb coordination and reduction of neuroin-
flammation in LPS-induced Parkinsonian syndrome is caused by locally administering
EGCG-loaded liposomes but not by increasing expression of BDNF. However, the anti-
neuroinflammation results are necessary for a neuroprotective effect [35]. BV-2 activation
releases pro-inflammatory factors, which are neurotoxic and lead to cell damage. By pre-
venting BV-2 activation, EGCG provides a neuroprotective effect. Some post-treatment
of EGCG for improving proliferation, survival rate, and neuronal differentiation of adult
neural stem cells in dentate gyrus induced by LPS indicates that EGCG may be a potential
therapeutic agent for neuroinflammatory diseases [27].

Previous pharmacokinetic studies showed that exogenous PS can cross the blood-brain
barrier (BBB), in which it appears to have an affinity for the hypothalamus [6], and the
oral administration results in peak levels in 1–4 hours. In addition, it was found that PS-
containing liposomes mimic apoptotic cells to promote the secretion of anti-inflammatory
mediators, such as transforming growth factor-β1 (TGF-β1) (to downregulate NO produced
from macrophages) [36] and prostaglandin E2 (PGE2) by macrophages and microglia cells
in vitro [6,37], and also promote the alleviation of inflammation in vivo [38]. Accordingly,
PS-containing EGCG-loaded liposomes demonstrated in this study have the advantage of
smaller particle size, higher encapsulation efficiency, and inhibiting activation of Parkinso-
nian syndrome both in microglia cells and in the in vivo rat model, showing an improving
anti-inflammatory function and neuroprotection.

The limitation is that our study was carried out with some missing analyses, such as
in the case of the neuroprotective effect, and the NeuN staining was not investigated. We
also analyzed only BDNF as a neurotrophic factor. FGF2 and IGF2 are also neurotrophic
factors that should be considered [39].

4. Material and Methods

4.1. The Source of Epigallocatechin-3-Gallate
4.1.1. Epigallocatechin-3-Gallate Extraction

The extraction process and purity measurement of extracted EGCG had been pub-
lished elsewhere [40]. Briefly, we dispersed five grams of green tea powder (Ten Ren Tea
Co., Ltd., Taiwan) in 65% ethanol and refluxed at 100 ◦C for 15 min. The rotary evaporator
(N-1000, Eyela, Tokyo, Japan) was used to remove ethanol. We then purified the dried
solid in two consecutive extraction processes. The solid dispersed in distilled water was
extracted against an equal volume of chloroform. The resulting water phase was then
extracted against ethyl acetate. Next, the extracts were obtained from an ethyl acetate
phase followed by rotary evaporation and then stored in the containers at low humidity
before use.

4.1.2. Free Radical Scavenging Activity Analysis

Most in vitro antioxidant activity evaluation uses 2,2-diphenyl-1-picrylhydrazyl (DPPH)
to determine the ability of antioxidants for scavenging free radicals [41]. A total of 200 μM
DPPH solution dissolved in methanol (80%, HPLC, Sigma-Aldrich, USA) was prepared,
then mixed with EGCG solutions at various concentrations from 0.0625 to 1 mg/mL dis-
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solved in H2O (Purelab, ELGA LabWater), respectively. The absorbance was measured at
517 nm using a UV/VIS spectrophotometer (Shimadzu cooperation, Japan). The DPPH
scavenging activity of EGCG was calculated using Equations (1).

DPPH scavenging activity (%) =

(
1 − absorbance of DPPH related with catechin exact

absorbance of DPPH

)
× 100% (1)

4.2. Liposome Preparation

Solutions for the fabrication of liposome dosage form including 10 mg/mL of L-α-
phosphatidylcholine (PC), phosphatidylserine (PS), and cholesterol (CH) solutions dis-
solved in chloroform, 43.6 mM EGCG solution dissolved in 1 mL H2O, and 10 mg/mL
α-tocopherol (vitamin E, VE) solution dissolved in ethanol were prepared and then stored
in a 4 ◦C refrigerator.

PC, PS, CH, and VE solutions were mixed in the molar ratio listed in Table 1 to a total
volume of 1 mL and 3 μL PKH-26 cell linker kit (Sigma-Aldrich) for cellular membrane
labeling fluorescent dye was added and mixed homogeneously. The organic solvent was
then removed by a rotary evaporator and a vacuum dryer to obtain a layer of translucent
lipid film. In preparation for placebo PC- and PS-liposomes, 1 mL H2O was added, and
for PC-EGCG-, PS-EGCG-, PC-EGCG-VE-, and PS-EGCG-VE-liposomes, 0.5 mL H2O and
0.5 mL EGCG solution was added to the lipid film. The solution was shaken by a vortex
mixer at high speed for 10 min to obtain large unilamellar vesicles. A mini-extruder (Avanti
Polar Lipid Inc., Alabama, USA) with two polycarbonate filter membranes with a pore size
of 400 and 200 nm was used to squeeze the sample 11 times repeatedly. Thus, the liposome
was forced to pass through the filter membrane and self-assembled to obtain liposomes
with uniform particle size.

Analysis of Fabricated Liposome

Particle size and particle size distribution (Polydispersity index, PDI) of liposomes
were analyzed by a dynamic light scattering (DLS) apparatus (Zetasizer 3000 HSA, Malvern,
U.K.) at 25 ◦C, and the light scattering angle was 90◦. To determine the amount of EGCG
encapsulated in liposomes, EGCG-loaded liposomes were placed in a sealed dialysis
membrane (MWCO = 1000). The membrane was placed in an isotonic aqueous solution
at 4 ◦C for removing the EGCG molecule that was not encapsulated. Then, dialyzed
liposomes and ethanol were reacted at 4 ◦C for 20 min for rupturing liposomes, and the
solution was centrifuged at 10,000 rpm for 20 min at 4 ◦C in a high-speed centrifuge. The
supernatant of the centrifuged solution was collected, and the amount of EGCG loaded
in liposomes was estimated by comparing its absorption value at 274 nm to that of the
calibration curve. The encapsulation efficiency of EGCG in liposomes was calculated by
Equations (2). Surface morphology and liposome structure were observed with a negative
staining transmission electron microscope (TEM) using phosphotungstic acid (PTA) dye
because liposomes are transparent and colorless.

Encapsulat ion efficiency (%) =

(
Total amount of encapsulat ed EGCG
Total amont of EGCG in supernatan t

)
× 100% (2)

In this study, the concentration of EGCG in EGCG-loaded liposomes was calculated
from 43.6 mM (the EGCG stock solution) × 0.5 mL/1 mL × corresponding encapsulation
efficiency × the dilution factor in use. All the concentrations describing the EGCG-loaded
liposomes in this study denoted the concentration of EGCG in EGCG-loaded liposomes.

4.3. In Vitro Cell Analysis
4.3.1. Cell Culture

BV-2 cells were used for in vitro cell experiments. We cultured the cells with a cul-
ture medium of Dulbecco′s Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY,
USA), supplemented with 2.2 g sodium bicarbonate, 4.8 g HEPES (4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid) buffer adjusted at pH 7.2–7.4, antibiotic-antimycotic 100×
(Biowest, France), L-glutamine, and 10% (v/v) of fetal bovine serum (FBS) (Gibco, Grand Is-
land, USA). The BV-2 cells were cultured in 6-well plates at the density of 105 cells/cm2 and
incubated under 5% CO2 at 37 ◦C. The activation was induced by lipopolysaccharide (LPS).

The shape of BV-2 cells was round and irregular spindle when they were not stimu-
lated and stimulated by LPS.

4.3.2. Cell Viability

EGCG or EGCG-loaded liposomes with different concentrations and LPS solution
were added to the BV-2 cells and incubated for 24 h. The medium was then removed, rinsed
once with PBS, and replaced by the medium containing the 3-(4,5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide (MTT) solutions (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, ab146345, Lot. No. GR3203144-11, Abcam, Cambridge, MA, USA) at
the volume ratio of 9: 1. After incubating for three hours, the medium of each well was
removed, and dimethyl sulfoxide (DMSO) was added to dissolve the purple crystals for
5 min. The enzyme-linked immunosorbent assay (ELISA) reader (Multiskan FC, Thermo
Scientific, Shanghai, China) was used to detect the absorbance at 570 nm of each well. The
cell viability was calculated using Equations (3).

Cell viability (%) =

(
Absorbance of cells cultured with EGCG

Absorbance of control group

)
× 100% (3)

4.3.3. Cell Morphology

BV-2 cells were cultured in a 6-well plate (105 cells/ cm2) for 24 h to stabilize cell
attachments. We established various culture conditions to monitor cell morphology: (i) cells
treated with 25 μM EGCG; (ii) cells treated with 50 ng/mL LPS; and (iii) cells pretreated
with EGCG for 1 h, followed by 50 ng/mL LPS treatment. The inverted microscope (Nikon
Eclipse 50i, Tokyo, Japan) was used.

4.3.4. Nitric Oxide Release

We performed the nitric oxide (NO) release assessment by seeding the cells with
various concentrations of EGCG-loaded liposomes in one hand, and on the other hand,
cells were seeded without EGCG. After 24 h incubation, cells were treated with 50 ng/mL
LPS for both conditions and incubated for 24 h. Next, we collected 50 μL of culture media
from each culture condition and transferred them into 96-well plates. 50 μL of Griess
reagent was used to evaluate NO concentration in cells and was then added into different
wells. The disposal was protected from light and incubated at 25 ◦C for 20 min. ELISA
reader assessed the optic density (OD) values at 540 nm wavelength for determining the
concentration of NO released by cells.

4.3.5. Cytokine Analysis
TNF-α Assessment

We cultured BV-2 cells in 6-well plates. Cells were then treated with 125 μg/mL EGCG-
loaded liposomes or placebo and incubated for one hour. We induced the inflammation
by treating the cells with 50 ng/mL LPS and incubating them for 24 h. The culture media
were collected for TNF-α secreted assessment using TNF-α mouse ELISA assay kit (R&D
Systems’ biotechnology brand).

COX-2 and cPLA2 Analysis by Western Blotting

To evaluate the COX-2 and cPLA2 secretion, BV-2 cells were in 6-well plates as
aforementioned. When the cells reached 90% confluently, the medium was discarded.
We then collected the cells in cold conditions to avoid protein degradation. We lysed the
cell by adding 100 μL lysis buffer and protease inhibitor into them at 4 ◦C for 45 min.
The tubes were centrifuged at 15,000 rpm for 15 min at 4 ◦C, and the supernatant was
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collected and stored for further analysis. The protein content was measured with a Pierce
bicinchoninic acid protein assay kit (Pierce Biotechnology). Proteins (20 μg) from each
sample were suspended in Laemmli buffer, heated for 5 min at 100 ◦C, and separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 4~12%
gradient. Proteins were electroblotted onto a hydrophobic polyvinylidene difluoride
membrane (Pall Corporation, Port Washington, NY, USA). Following transfer, membranes
were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline solution (TBST)
with 0.1% Tween-20 for 45 min and then incubated overnight at 4 ◦C with a primary anti-
cyclo-oxygenase (COX)-2 antibody (GTX100656, diluted 1:1000; GeneTex, Alton Pkwy, CA,
USA) and a primary anti-cPLA2. After washing three times with 1x TBST, the membranes
were probed with a secondary antibody (horseradish peroxidase (HRP)-conjugated anti-
rabbit immunoglobulin G (IgG)) (GeneTex) for one hour and washed three times with
TBST. Immunoreactivity was detected using an enhanced chemiluminescence (ECL) kit
(GE Healthcare, Chicago, NY, USA) and visualized with the UVP system (Analytic Jena,
Upland, CA, USA). Anti-GAPDH from Santa Cruz (Heidelberg, Germany) was used as an
internal control. Image J software (1.52 k, Wayne Rasband, NIH) was used to quantify the
intensity of the protein bands.

4.4. Animal Study
4.4.1. Ethics Statement

The animal experiment in the current study was conducted following the procedures
approved by the Institutional Animal Care and Use Committee (IACUC) of Chung Yuan
Christian University under project number 106011 (accessed on 10 August 2017).

4.4.2. Rat management

A total of 14 male Sprague Dawley (SD) rats were purchased from BioLASCO Taiwan
Co., Ltd. The weight of the rats was around 250 to 300 g. The animals were divided into
three groups, as indicated in Table 2. We performed the experiments according to the
timeline in Figure 6.

Table 2. Rat groups and treatment administered.

Experimental Groups
of Rats

LPS Injected
3 μL (5 μg/μL)

EGCG-Loaded
Liposomes

2 μL (12.5 μM)

PBS
5 μL

Amount

Rats with Parkinson
Disease syndrome Yes No Yes 4

Rats with Parkinson
Disease syndrome treated Yes Yes No 5

Control group No No Yes 5

 
Figure 6. Experimental timeline of Parkinson’s disease model in rats treated with EGCG-loaded liposomes (or PBS).
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The LPS-induced PD rat model, which injected LPS unilaterally into the substantia
nigra, which can elicit strong microglia-mediated neuroinflammation that is followed by
the specific death of nigral dopaminergic neurons, is widely used to study the inflamma-
tory process in the pathogenesis of PD [42,43], and the anti-inflammatory mechanism of
some substances. In our experiment, LPS was injected into the substantia nigra of the
right midbrain. The LPS injection led to neuroinflammation by destroying the dopamine
neuropathway of the substantia nigra. The EGCG-loaded liposome was administered for
four weeks to investigate its neuroprotective activity. The rotation behavior of rats and the
expression of neuroinflammatory markers (TNF-α, IL-1β) and brain-derived neurotrophic
factor (BDNF) have been evaluated.

4.4.3. Parkinsonian Syndrome Rat Model

The rats were anesthetized intraperitoneally with 0.06 mL/10 g of Zoletil 50 (50 mg/mL)
dilute 5X (1 mL Zoletil in 0.1 mL Rompun 2% and 3.9 mL normal saline). The rats were
then fixed in a stereotactic position. The rats’ hair was shaved off, they were disinfected
with povidone-iodine, and the skull was exposed. We injected into the right substantia
nigra 3 μL LPS (5 μg/μL) (from Escherichia coli 0111:B4, Sigma, St. Louis, MO, USA). To
achieve the nigrostriatal system′s unilateral lesion, a microsyringe was used with a flow
rate of 1 μL/min. The needle was held in the head for 7 min to prevent reflux of the drug.
The skin was sutured for observation.

4.4.4. Animal Behavioral Test

Administration of apomorphine induced abnormal contralateral rotations in the PD
model rats [44]. Amphetamine (2 mg/kg) was administered to the rats after four weeks.
The rotation toward the side of injury was observed. For the control group, we injected 5 μL
PBS in the unilateral brain substantia nigra area. The rat was placed into a 40 cm-diameter
bowl, and the counterclockwise (contralateral) rotations were monitored. The image was
recorded within 1.5 h to count the number of rotations, in which a circle is defined as a
rotation of 270 ◦ of the rat’s head. The damage was proportional to the number of rotations.

4.4.5. Animal Inflammatory Factor Analysis

Rats after the rotational test were anesthetized, sacrificed, and perfused. The brain’s
damaged nigrostriatal region was collected for RNA extraction with 1 mL TRIzol® (In-
vitrogen, Carlsbad, CA, USA) reagent according to the manufacturer’s instruction. The
RNA concentration was measured using a micro-volume spectrometer. Real-time reverse
transcription-polymerase chain reaction (qRT-PCR) was performed by SuperScript III
First-Strand Synthesis SuperMix and analyzed by 7300 Real-Time PCR System (Applied
Biosystems, USA). cDNA was generated by reverse transcription of 1 μg RNA with reverse
transcriptase (RT) and oligo(dT) primers (Table 3). The cDNA was diluted to 2.5 ng/μL,
and cDNA, primers (Table 3), and FastStart Universal SYBR® Green Master (Rox) (Roche,
Germany) were added to a qPCR 8-strip tube for the qPCR reaction.

Table 3. Primer sequences used for qRT-PCR analysis.

Gene
Forward Primers

(5′→3′)
Reverse Primers

(5′→3′)

TNF-α TGA CTC GTG GGA TGA TGA CG CTG GAG ACT GCC CAT TCT CG
IL-1β CTC ACA CTC AGA TCA TCT TCT C GGT ATG AAA TGG CAA ATC GG
BDNF GGT CAC AGC GGC AGA TAA AAA G TTC GGC ATT GCG AGT TCC AG

GAPDH GA AGA GAG AGG CCC TCA G TGT GAG GGA GAT GCT CAG TG

4.5. Statistical Analysis

All experimental data were expressed as mean ± standard deviation (mean ± SD).
Data analysis was performed using Excel and GraphPad Prism software version 6.0 (Graph-
Pad Software, La Jolla, CA, USA). The statistical analyses were T-test and one-way or
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two-way ANOVA with the component of Dunnett’s multiple comparisons test. A p-value
less than 0.05 was considered a statistically significant difference (SSD) between the experi-
mental and control groups.

5. Conclusions

To improve the low oral bioavailability of catechins, EGCG was loaded in liposomes
in this study. It is found that PS-containing liposomes were smaller and more stable. It
has higher encapsulation efficiency, and the addition of vitamin E can protect EGCG from
oxidation and improve encapsulation efficiency. In the in vitro study, expressions of TNF-α
and NO production from BV-2 cells were all reduced after pretreatment of EGCG-loaded
liposomes on LPS-induced BV-2 cells. Therefore, the EGCG-loaded liposomes have played
an essential role in the neuroinflammatory response as an inhibitor. The beneficial effects
have been to prevent cells from apoptosis in the neuroinflammatory reactions.

In in vivo study, the Parkinsonian syndrome in rats induced by LPS to the unilateral
midbrain substantia nigra region has been improved. The neuro-inflammation mechanism,
including the TNF-α secretion, has been inhibited by post-treatment of EGCG-loaded
liposomes. We demonstrated that EGCG would be a more valuable candidate for treating
neurodegenerative diseases by alleviating the inflammation in the brain. The subsequent
investigation should focus on the inflammatory pathways by using a lysosome tracker to
track the liposome entrance into the cell and the release of EGCG from the liposome.
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Abstract: Apolipoprotein D (Apo D) overexpression is a general finding across neurodegenerative
conditions so the role of this apolipoprotein in various neuropathologies such as multiple sclerosis
(MS) has aroused a great interest in last years. However, its mode of action, as a promising compound
for the development of neuroprotective drugs, is unknown. The aim of this work was to address
the potential of Apo D to prevent the action of cuprizone (CPZ), a toxin widely used for developing
MS models, in oligodendroglial and neuroblastoma cell lines. On one hand, immunocytochemical
quantifications and gene expression measures showed that CPZ compromised neural mitochondrial
metabolism but did not induce the expression of Apo D, except in extremely high doses in neurons.
On the other hand, assays of neuroprotection demonstrated that antipsychotic drug, clozapine,
induced an increase in Apo D synthesis only in the presence of CPZ, at the same time that prevented
the loss of viability caused by the toxin. The effect of the exogenous addition of human Apo D,
once internalized, was also able to directly revert the loss of cell viability caused by treatment with
CPZ by a reactive oxygen species (ROS)-independent mechanism of action. Taken together, our
results suggest that increasing Apo D levels, in an endo- or exogenous way, moderately prevents the
neurotoxic effect of CPZ in a cell model that seems to replicate some features of MS which would
open new avenues in the development of interventions to afford MS-related neuroprotection.

Keywords: breast cystic fluid; clozapine; endocytosis; glia; neurons; ROS

1. Introduction

Apolipoprotein D (Apo D) is a well-known lipocalin family member that plays a key
role in the transport, metabolism and homeostasis of some lipids due to its ability to bind
cholesterol, arachidonic acid, steroids, retinoic acid or anandamide, among other small
hydrophobic ligands [1–3]. In the past decades, increasing evidence at biochemical and
functional level suggested that Apo D acts as an antioxidant, being part of the body’s
defense system against oxidative stress, and also as an endogenous neuroprotective agent.
Indeed, crystallographic analysis revealed that this 29 kDa glycoprotein comprises an
eight-stranded antiparallel β-barrel flanked by a singled α-helix that encloses a fat specific
ligand-binding pocket. Moreover, Apo D shows various exposed hydrophobic residues
located in three of its extended loops which may contribute to Apo D association with lipids
and seem to explain its potential as multiligand and multifunctional protein [4,5]. Most
importantly, they have been linked to the ability of Apo D to bind and reduce oxidized
lipids, and thereby inhibit radical-propagation of lipid hydroperoxides [6–8].
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Studies in cell systems reported that different stress signal pathways may modulate
Apo D transcription. In fact, stressful stimuli such as H2O2, Rose Bengal, kainic acid,
ultraviolet (UV) light, paraquat or lipopolysaccharide, leading to extended growth arrest
and apoptosis, increase Apo D expression in a dose and time-dependent manner [9,10]. The
potential neuroprotective and prosurvival roles for Apo D have also been proven in animal
models where the overexpression of this protein confers greater protection against oxidative
stress and contributes significantly to the regulation of longevity; the experimental lack of
Apo D causes opposite results [11,12].

In humans, Apo D is expressed in neural and peripheral tissues, detected in cere-
brospinal fluid (CSF), in plasma as an important component of high-density plasma lipopro-
teins (HDL), and in breast cyst fluid (BCF) [1,2,13–15]. In nonpathological conditions of
the central and peripheral nervous system (CNS and PNS, respectively), Apo D is widely
expressed in neurons, glia (astrocytes, oligodendrocytes (OLGs), and Schwann cells),
perivascular cells and pericytes [13,16–18], contributing to maintain neuronal homeostasis
and myelin extracellular leaflet compaction [19,20]. Remarkably, Apo D is upregulated in
neural cells and CSF during aging, and in brains affected by neurodegenerative diseases
characterized by cellular stress and excitotoxicity such as multiple sclerosis (MS), Spongi-
form encephalopathy, Parkinson’s disease (PD), Niemann–Pick disease, or Alzheimer’s
disease (AD) as well as psychiatric disorders (schizophrenia and bipolar disorder) [8,21,22].

MS is a devastating neurodegenerative disease that affects more than 2 million young
adults worldwide, mainly women, with a complex and unknown etiology [23]. This
demyelinating, autoimmune and inflammatory disease is manifested clinically in the
form of multiple fully or partially reversible symptomatic episodes (reviewed in [24–26]),
which reflect the progressive focal degeneration of OLGs and myelin membranes around
axons in both white and grey matter areas throughout the brain and spinal cord [27–30].
Classically, OLG dysfunction has been linked to an exacerbated adaptive immune response,
involving the recruitment of autoreactive T cells through a defective and permeable blood–
brain barrier (BBB), and the activation of B cells [31–33]. The consequent inflammatory
process activates microglia, astrocytes, and infiltrated macrophages that are able, in turn, to
generate oxidative stress-related molecules as reactive oxygen species (ROS) and reactive
nitrogen species (RNS) [34], which promote demyelination, compromise the neuro-axonal
functional unit and contribute to the progressive tissue damage in MS [26,35,36]. However
and contrary to what was thought, recent evidence shows that the biochemical alteration
of myelin could be the initial event that triggers a secondary autoimmune response that
results in the demyelinating inflammatory reaction taking place in the diseased brains, the
so-called “inside-out” model of MS pathogenesis [37–39]. In the last two decades, extensive
research has been carried out to find efficacious neuroprotective therapies in an attempt
to alleviate symptoms and/or slow down or delay the progression of the MS [26,40–44].
Therefore, it is essential to know the root cause of the MS pathology in order to properly
select the target for developing efficacious therapeutic interventions. For this purpose,
a number of neurotoxin-induced in vivo and in vitro models of demyelination and MS-
related neurodegeneration are used. Among all, neuronal and glial cell lines exposed to
cuprizone (CPZ), a copper chelator that reversibly impacts on mitochondrial function, may
be a convenient experimental approach instrumental in the advance of understanding of
the functioning of the nervous system [45–48].

Previous studies showed that Apo D is upregulated in the CSF of MS patients [49,50],
reactive astrocytes, and exhibits a characteristic expression pattern in MS lesions of the
brain [51]. In this regard, levels of OLG-derived Apo D are lower in demyelinating plaques
but appear to recover in areas of remyelination [51]. This study aims to assess the potential
of Apo D (either by triggering its endogenous synthesis or by its exogenous addition), as
well as its mechanism of action, to prevent the neurotoxic effect of CPZ in two cell models
that mimic biochemical features of MS.
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2. Results

2.1. Apo D Expression in HOG and SH-SY5Y Cells in Response to Cuprizone Treatment

Taking advantage of our experience in the CPZ-induced cell model, some previous
results showing that CPZ was able to induce cytotoxic damage mediated by a mitochondrial
dysfunction in the HOG and SH-SY5Y cell lines (data not shown), and the findings reported
in this work (see next figures), we aimed to analyze the potential effect of CPZ on Apo
D expression in these oligodendroglioma and neuroblastoma cell lines by qRT-PCR and
immunocytochemistry. As shown in Figure 1, the analysis of Apo D gene expression
(Figure 1a) and the immunosignal quantification (Figure 1b–d) revealed that CPZ induced
changes in Apo D expression and, interestingly, only at the highest concentration (1000 μM)
and at 48 h of treatment. In fact, a constant and almost invariable fluorescence signal was
observed in control and treated cells (Figure 1b).

Figure 1. Relative Apo D gene expression in HOG cells treated with 0–1000 μM of CPZ following
24 h. Data represent the quotient between the gene and the expression of the housekeeping gene 18S
rRNA. Bars represent the mean ± SEM of all measurements (n = 6–8) (a). Representative fluorescence
microscopy images of Apo D levels in HOG cells treated or not with 1000 μM of CPZ during 24 and
48 h. 40× magnification (b). Densitometric quantification of Apo D immunocytochemical signal
after 24 (c) and 48 h (d) of treatment with increasing concentrations of CPZ (50–1000 μM) in HOG
cells (n = 6). Bars represent mean density per cell in a 40× field ± SEM (over control). Significant
differences were analyzed by a one-way ANOVA followed by post-hoc Tukey’s test. ** p < 0.01,
*** p < 0.001 compared with control.

As expected in the case of SH-SY5Y neuroblastoma cells, which according to previous
studies show a negligible expression of Apo D [52], we found that these cells exhibited
a very scarce endogenous expression of Apo D only detected by immunocytochemistry,
and that CPZ did not influence the apolipoprotein synthesis as observed in the images
(Figure 2a) and the immunocytochemical quantification (Figure 2b,c).
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Figure 2. Representative fluorescence microscopy images of Apo D levels in SH-SY5Y cells treated or not with 1000 μM of
CPZ during 24 and 48 h. 40× magnification (a). Densitometric quantification of Apo D immunocytochemical signal after 24
(b) and 48 h (c) of treatment with increasing concentrations of CPZ (50–1000 μM) in SH-SY5Y cells (n = 6). Bars represent
mean density per cell in a 40× field ± SEM (% versus control).

2.2. Clozapine Prevents Loss of Mitochondrial Functionality and Cell Viability in Oligodendroglial
and Neuronal CPZ-Induced Models of MS

The atypical antipsychotic drug, clozapine (CLO), widely used in the treatment of
schizophrenia, among other psychiatric disorders, is considered as a therapeutic agent that
seems to exert its beneficial effects by its ability to increase Apo D levels in the brain [53,54].
Therefore, we first evaluated the potential neuroprotective effect of CLO in the CPZ-induced
cell models. For this purpose, a wide range of CLO concentrations, from 0.1 to 100 μM,
was used to treat HOG or SH-SY5Y cells during 24 and 48 h in absence of CPZ. Once
it was established that CLO did not cause loss of cell viability, except in extremely high
doses and/or prolonged exposures (Figures A1 and A2), we assessed whether the addition
of CLO could avoid the CPZ cytotoxicity. Of note, the two cell lines were differentially
affected by CLO, being neurons more sensitive than glial cells to the same concentrations.
Our findings demonstrated that CLO was able to prevent the mitochondrial dysfunction
caused by the toxic in both HOG and SH-SY5Y cells. As shown in Figure 3, cell viability
assessed by the MTT assay revealed that CLO (0.1–1 μM) prevented about 15–30% loss of
cell viability when added 24 h before 500 μM of CPZ (Figure 3a,b). Similar results were
obtained when cells were treated with CLO and CPZ at the same time. In contrast, this
neuroprotective effect was not noticeable when cells were incubated with 500 μM of CPZ
for 24 h and subsequently with increasing concentrations of CLO for, at least, another 24 h
(data not shown).
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Figure 3. MTT assay in HOG (a) and SH-SY5Y cells (b) treated with increasing concentrations of
CLO (0.1–5 μM) followed by 24 h with 500 μM of CPZ. Cell damage is represented as the percentage
of viability versus control. Data are the mean ± SEM of five independent experiments. Significant
differences were analyzed by a one-way ANOVA followed by post-hoc Tukey’s test. ** p < 0.01,
*** p < 0.001 compared with control; # p < 0.05, ## p < 0.01, ### p < 0.001 compared with CPZ treatment.

2.3. Neuroprotective Doses of Clozapine Increase Apo D Expression in the CPZ-Induced Cell
Models of MS

Then, and in order to check the possible link between the neuroprotective effect
observed for CLO and the endogenous Apo D levels, the expression of this apolipoprotein
was analyzed in HOG cells upon CLO treatment. qPCR and immunocytochemical analyses
demonstrated that this antipsychotic drug did not produce changes in Apo D expression
by itself, at least in the tested concentrations and times of treatment (Figure 4). However,
CLO (0.1–3 μM) induced an increase in Apo D synthesis when it was coadministrated with
CPZ in OLGs at the same concentrations that prevented the loss of viability caused by
the toxin. As shown in Figure 5, the increase in Apo D signal was higher than the control
values when added 24 h before 500 μM of CPZ.
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Figure 4. Relative Apo D gene expression in HOG cells treated or not with 5 μM of CLO during 24 h. Data represent the
quotient between the gene and the expression of the housekeeping gene 18S rRNA. Bars represent the mean ± SEM of all
measurements (n = 6–8) (a). Representative fluorescence microscopy images of Apo D expression in HOG cells treated or not
with 3 μM of CLO during 24 and 48 h. 40× magnification (b). Densitometric quantification of Apo D immunocytochemical
signal after 24 (c) and 48 h (d) of treatment with increasing concentrations of CLO (0.1–5 μM) in HOG cells (n = 6). Bars
represent mean density per cell ± SEM (over control) in a 40× field.

Similar results, but with some nuances, were obtained in the neuroblastoma cell
line. In fact, immunocytochemical assays revealed that CLO induced changes in Apo
D expression in SH-SY5Y cells but only at the highest concentration (5 μM), at 24 and
48 h of treatment, as observed in the images (Figure 6a) and the immunocytochemical
quantification (Figure 6b,c). When CLO was added 24 h before 500 μM of CPZ the Apo D
immunosignal increased from 1.5 to 2-fold (compared to control) in the concentrations of the
antipsychotic drug associated with the neuroprotective effects (Figure 7a,b). Interestingly,
the treatment with 5 μM of CLO, which almost doubled Apo D levels in SH-SY5Y cells
(Figure 7), was unable to prevent the cytotoxic effect of CPZ (Figure 3b).
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Figure 5. Relative Apo D gene expression in HOG cells treated with increasing concentrations of CLO
(0.1–3 μM) during 24 h followed by 24 h with 500 μM of CPZ. Data represent the quotient between
the gene and the expression of the housekeeping gene 18S rRNA. Bars represent the mean ± SEM of
all measurements (n = 6–8) (a). Densitometric quantification of Apo D immunocytochemical signal
after 24 h of treatment with increasing concentrations of CLO (0.1–3 μM) followed by 24 h with
500 μM of CPZ (n = 6). Bars represent mean density per cell in a 40× field ± SEM (over control)
(b). Representative fluorescence microscopy images of Apo D expression in HOG cells treated with
increasing concentrations of CLO (0.1–3 μM) followed by 24 h with 500 μM of CPZ. 40× magnification
(c). Significant differences were analyzed by a one-way ANOVA followed by post-hoc Tukey’s test.
*** p < 0.001 compared with control.

Figure 6. Representative fluorescence microscopy images of Apo D expression in SH-SY5Y cells
treated or not with 5 μM of CLO during 24 and 48 h. 40× magnification (a). Densitometric quan-
tification of Apo D immunocytochemical signal after 24 (b) and 48 h (c) of treatment with increas-
ing concentrations of CLO (0.1–5 μM) in SH-SY5Y cells (n = 6). Bars represent mean density per
cell ± SEM (% versus control) in a 40× field. Significant differences were analyzed by a one-way
ANOVA followed by post-hoc Tukey’s test. *** p < 0.001 compared with control.
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Figure 7. Densitometric quantification of Apo D immunocytochemical signal in SH-SY5Y cells after 24 h of treatment with
increasing concentrations of CLO (0.1–5 μM) followed by 24 h with 500 μM of CPZ (n = 6). Bars represent mean density
per cell in a 40× field ± SEM (% versus control). Significant differences were analyzed by a one-way ANOVA followed by
post-hoc Tukey’s test. * p < 0.05, *** p < 0.001 compared with control (a). Representative fluorescence microscopy images of
Apo D expression in SH-SY5Y cells treated with increasing concentrations of CLO (0.1–5 μM) followed by 24 h with 500 μM
of CPZ. 40× magnification (b).

2.4. Neuroprotective Effect of the Exogenously Added hApo D in Oligodendroglial and Neuronal
CPZ-Induced Models of MS

The next step to assess the neuroprotective potential of Apo D was to check the impact
of the exogenous addition of human Apo D (hApo D), hApo D purified from BCF or human
recombinant Apo D (hrApo D), in the CPZ-based cell models of MS. On the one hand, we
found that both apolipoproteins induced some improvement in mitochondrial oxidation
and, consequently, an increase in OLGs (Figure 8) and neurons (Figure 9) viability under
normal conditions. On the other hand, the analysis revealed that treatment with hApo
D (5–100 nM) totally prevented the loss of viability caused by the addition of 500 μM
CPZ for 24 h in the HOG cells (Figure 8c). Although to a lesser extent, similar results
were found in cells pretreated with hrApo D (Figure 8d). Noteworthy, these findings were
confirmed in the SH-SY5Y neuroblastoma cells that lack endogenous Apo D expression.
Accordingly, both hApo D and hrApo D were able to prevent the toxic effect of CPZ after
24 h of treatment in neuroblastoma cells as well (Figure 9c,d).
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Figure 8. Top panel: MTT assays in HOG cells treated with increasing concentrations (0.05–1000 nM) of hApo D (a) or of
hrApo D during 24 h (b). Bottom panel: MTT assays in HOG cells treated with increasing concentrations (1–100 nM) of
hApo D (c) or of hrApo D (d) for 24 h followed by 24 h with 500 μM of CPZ. Cell damage is represented as the percentage of
viability versus control. Data are the mean ± SEM of five independent experiments. Significant differences were analyzed
by a one-way ANOVA followed by post-hoc Tukey’s test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with control;
### p < 0.001 compared with CPZ treatment.

Finally, and in order to test whether Apo D exerts its antioxidant activity intra- or
extracellularly by sequestering/blocking CPZ or oxidative stress-induced molecules, we
subjected SH-SY5Y to different pharmacological inhibitors of endocytosis. First, we exam-
ined the above-described neuroprotective effect of Apo D against CPZ upon perturbation
of clathrin-mediated endocytosis (CME), or upon alteration of actin-dependent phago-
cytosis and micropinocytosis by pretreatment of cells with chlorpromazine (5 μg/mL)
and cytochalasin D (8 μg/mL), respectively. As shown in Figure 10, these conditions did
not seem to influence the effect exerted by hApo D (50–100 nM), even they significantly
enhance it, as demonstrated by the MTT assay. However, when cells were pretreated with
dynasore (80 μM), a compound that blocks GTPase activity of dynamin and vesicle scission,
hApo D was not able to prevent the significant decrease of about 20–25% in cell viability
after 24 h of treatment with 500 μM CPZ (Figure 10). Nevertheless, it should be noted that
dynasore drastically magnifies, in some way, the cytotoxic effect of CPZ.
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Figure 9. Top panel: MTT assays in SH-SY5Y cells treated with increasing concentrations (0.05–1000 nM) of hApo D (a) or of
hrApo D (b) during 24 h. Bottom panel: MTT assays in SH-SY5Y cells treated with increasing concentrations (1–100 nM) of
hApo D (c) or of hrApo D (d) for 24 h followed by 24 h with 500 μM of CPZ. Cell damage is represented as the percentage of
viability versus control. Data are the mean ± SEM of five independent experiments. Significant differences were analyzed by
a one-way ANOVA followed by post-hoc Tukey’s test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with control; ## p < 0.01,
### p < 0.001 compared with CPZ treatment.
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Figure 10. MTT assay in SH-SY5Y cells treated with 8 μg/mL cytochalasin D, 5 μg/mL chlor-
promazine hydrochloride, or 80 μM dynasore prior to the addition of increasing concentrations
(50–100 nM) of hApo D for 24 h followed by 24 h with 500 μM of CPZ. Cell damage is represented as
the percentage of viability versus control. Data are the mean ± SEM of five independent experiments.
Significant differences were analyzed by a one-way ANOVA followed by post-hoc Tukey’s test.
* p < 0.05, *** p < 0.001 compared with control; ### p < 0.001 compared with CPZ treatment.

2.5. Neuroprotective Effect of hApo D is not Related to a Decrease in CPZ-Induced ROS Levels

We previously demonstrated that CPZ affects mitochondrial function and aerobic cell
respiration in neurons and glial cells which could lead to an increase in intracellular ROS
production. In fact, the data summarized in Figure 11 show that treatment of HOG and SH-
SY5Y cells with CPZ concentrations of 500 and 1000 μM significantly increased the levels
of intracellular ROS. In the MTT assays Apo D totally prevented the loss of viability caused
by CPZ so the next step was to measure ROS formation in these conditions. However, we
did not find significant differences in the levels of intracellular ROS production between
cells pretreated or not with hApo D (Figure 11a,b).

Figure 11. ROS production in HOG (a) and SH-SY5Y cells (b) treated with increasing concentrations (50–100 nM) of hApo
D for 24 h followed by 24 h with 500 or 1000 μM of CPZ. Changes in ROS levels, measured with the oxidant-sensitive dye
H2DCFDA, are represented as the percentage of fluorescent DCF production versus control. H2O2 500 μM was used as
positive control. Data are the mean ± SEM of five independent experiments. Significant differences were analyzed by a
one-way ANOVA followed by post-hoc Tukey’s test. *** p < 0.001 compared with control.

87



Int. J. Mol. Sci. 2021, 22, 1260

3. Discussion

Thirty years of research have provided significant insights to unravel the function of
Apo D, which has helped to elucidate its antioxidant and anti-inflammatory role and a
better understanding of the mechanisms whereby this specific apolipoprotein may exert
its beneficial effects. To elucidate the function of Apo D requires the development of
cellular models that allow studying the actions of this protein in a physiologically relevant
but simple context. The data here presented aims to make progress in the knowledge of
potential neuroprotective effect of Apo D in MS and other demyelinated diseases by both
indirect and direct in vitro approximations.

A common trend in multiple pathological and nonpathological conditions of the ner-
vous system, from neural development and aging to diverse neurodegenerative processes
such as those observed in MS, is the Apo D upregulation with a seemingly neuroprotective
purpose [12,20,51,55,56]. Valuable information has been gained concerning the Apo D
expression in MS, i.e., it is increased in the CSF of MS patients and exhibits a characteristic
pattern in the brain lesions [49–51]. However, mechanisms involved in the Apo D function
in this pathology have been not fully elucidated until now. By taking advantage of the CPZ-
induced model of MS, we aimed to analyze the expression of Apo D in HOG cells treated
with CPZ. Our results showed that the changes induced by CPZ in Apo D expression
are minimal despite the dose and time-dependent cytotoxic damage previously reported
for CPZ in the same conditions. Unsurprisingly, a similar CPZ effect was demonstrated
in the SH-SY5Y, a cell line that does not efficiently express Apo D at least in nonpatho-
logical conditions. In fact, we only found negligible levels of this apolipoprotein in the
neuroblastoma cells by immunocytochemistry but not by other techniques, probably due
to methodological differences. During the last decades, various authors, including us, have
used in vitro assays to demonstrate that H2O2, amyloid beta-peptide, lipopolysaccharide,
paraquat as well as other acute short-term oxidative stressors induce a time- and dose-
dependent effect on Apo D expression [55–59]. At least in astrocytes, this effect seems to be
regulated by the stress responsive JNK signaling pathway [9]. Here, we found that CPZ
by itself does not promote a significant increase in Apo D levels in oligodendroglioma
cells. Although the exact mechanism of action of CPZ is not completely understood, we
previously demonstrated that the ion chelator impacts on functional state of mitochondria
and aerobic cell respiration in neurons and glial cells. Now, we have also shown that
these processes are accompanied by a significant increase in intracellular levels of ROS.
Interestingly, the consequent compromise of mitochondrial function, cell metabolism, and
the increase in oxidative stress are not immediately apparent in in vivo CPZ models. In
this regard, the toxic/demyelinating effect induced by CPZ in mice does not peak until the
third week of treatment [59,60], so it is reasonable to assume that CPZ may trigger the Apo
D expression in the longer term.

Neuroprotection by Apo D may be afforded by either an indirect or a direct manner.
On the one hand, it has been shown that CLO, an atypical antipsychotic drug used in
the treatment of schizophrenia and bipolar syndrome, is able to increase Apo D levels
in the brain [53,54]. However, the exact mechanism by which CLO regulates Apo D
expression is still unknown. Our findings demonstrated that CLO induces an increase
in Apo D synthesis in OLGs and neurons only in the presence of CPZ, at the same time
that moderately prevents the loss of viability caused by the toxin, i.e., at neuroprotective
doses of CLO. An important aspect, according to the findings obtained in SH-SY5Y cells,
is that low concentrations of CLO would be the ones that may exert an Apo D-related
neuroprotection against CPZ. In this way, we hypothesize that the great increase in Apo
D synthesis induced by the treatment with 5 μM of CLO, unable to prevent the cytotoxic
effect of CPZ, may be a consequence of some cell stress/damage caused by this dose of
antipsychotic drug.

Based on our data, it seems that Apo D may contribute to the protective effect of
the drug. This idea is sustained by some in vivo studies postulating that the effect of
CLO in pathological situations would be related to the protective function of Apo D,
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thanks to its ability to (i) bind hydrophobic ligands, (ii) minimize their release, (iii) prevent
their peroxidative degradation, and (iv) stabilize plasma membranes [53,61]. In particular,
some authors propose that mechanism of action of CLO depends on the role of Apo D in
arachidonic acid metabolism [6,62]. Therefore, targeting neural cells to increase Apo D and
prevent further death would be one promising choice for MS modifying approaches.

On the other hand, this study was designed to test the effect of Apo D when it is added
exogenously. The results obtained, using either a purified or a recombinant version of the
hApo D, were interesting as these compounds afforded some neuroprotection against the
CPZ insult. In fact, our analysis revealed that the exogenous addition of hApo D, purified
from BCF or produced in a mammalian expression system, induces an increase in cell
viability/proliferation in normal conditions. At the same time, this apolipoprotein also
completely prevents the mitochondrial damage and loss of viability caused by the treat-
ment with moderate to high doses of CPZ in oligodendroglial cells and, more importantly,
in a neuroblastoma cell line that lacks endogenous Apo D expression [52]. Moreover, and
in order to check the possibility that Apo D exerts, in this case, its protective activity in an
extracellular way, a chemical perturbation of endocytosis in SH-SY5Y cells was carried out.
Our data showed that Apo D neuroprotection is largely independent of CME, phagocy-
tosis and macropinocytosis, but it is significantly reduced by inhibitors of dynamin, i.e.,
dynamin-dependent mechanisms that are consistent with clathrin-independent endocyto-
sis (CIE) modes (caveolae- and RhoA-dependent) [63]. The above-mentioned results may
have several implications. First, these results suggest that OLGs and neurons would be
able to capture and internalize hApo D from the medium, triggering an increase in the cell
metabolic activity and/or proliferation rate. Apo D uptake by some cells is not an unknown
phenomenon. For instance, it is clearly demonstrated that astrocytes and OLGs synthesize
and secrete this protein [16,18,64] which is captured by certain neurons in some specific
situations [9,64–66]. Although technically challenging, pioneering studies in last years
stated that Apo D may enter cells as a clathrin-independent cargo mediated by a specific
cell surface receptor, basignin [67]. The recent discovery that Apo D is located inside the
endosome-lysosome-autophagosomal compartment [66] and the results here presented
support this hypothesis. Second, the effect of exogenous Apo D, once internalized, turns
neuroprotective in pathological situations, which is consistent across studies. For example,
Najyb et al. (2017) demonstrated that hApo D internalization and accumulation in primary
hippocampal neurons were accentuated by kainate treatment. In addition, these authors
reported that hApo D could act by decreasing abnormally increased cholesterol levels in
damaged neurons [68]. In this line, He et al. (2009) showed that hApo D purified from
BCF was able to bind arachidonic acid and cholesterol, attenuating the increase in oxidants
and proinflammatory derivatives as F(2)-isoprostanes and 7-ketocholesterol in similar
pathological conditions [69]. These neuroprotective and antioxidant roles of Apo D may be
closely associated with its capacity of reducing radical-propagating lipid hydroperoxides
by three methionine (Met) residues (Met49, Met93, and Met157), highly conserved in
mammals [70]. Alternatively, Apo D has an extra cysteine, Cys116, with a thiol group that
can be implicated in a direct antioxidant activity [70,71]. Despite this, and according with
our findings, the protective mechanism of Apo D against oxidative damage induced by
CPZ may directly target mitochondrial function but would not act through the production
levels of ROS.

Noteworthy, although Apo D has been generally described as a monomeric pro-
tein [4,72], it dimerizes when reducing peroxidized lipids [7,15]. Thus, small-angle X-ray
scattering analysis revealed that this apolipoprotein is mainly present as a tetramer in BCF
or an oligomer in CSF [15]. As a general rule, heteromers are currently considered as novel
molecular entities with new ligand and signaling characteristics, and probably different
antioxidant properties which could explain the greater neuroprotective effect of hApo D,
compared with hrApo D, demonstrated here.

In summary, valuable information has been gained in this work concerning neuropro-
tective effect of Apo D against CPZ, a neurotoxin used to produce models of MS. Although
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the development of simpler models, as the ones shown in this work, constitutes a way to
provide reliable answers in some pathological situations, these results must be validated on
more physiological models such as primary cultures in order to check whether increasing
either endogenously and/or exogenously the levels of Apo D could be a feasible interven-
tion as part of medical therapy in neurodegenerative diseases. In this regard, the origin
and the native structure of this protein must be taken into account in order to design the
most effective approach.

4. Materials and Methods

4.1. Cell Lines

HOG cell line, established from a surgically removed human oligodendroglioma
by Dr. A. T. Campagnoni (University of California, UCLA, Berkeley, CA, USA) [73]
was kindly provided by Dr. J. A. López-Guerrero (Universidad Autónoma de Madrid,
Madrid, Spain) [74]. Cells were grown in DMEM, low glucose, pyruvate, HEPES (22320-
022, Invitrogen, Paisley, Scotland, UK), 100 units/mL penicillin/streptomycin (17-602E,
Invitrogen, Paisley, Scotland, UK), and 10% (v/v) heat inactivated fetal bovine serum (FBS)
(10270-106, Invitrogen, Paisley, Scotland, UK).

Human neuroblastoma SH-SY5Y cell line was obtained from Sigma (ref 94030304,
Sigma-Aldrich, St. Louis, MO, USA) and was grown in DMEM supplemented with
2 mM L-glutamine (61965-059, Invitrogen, Paisley, Scotland, UK), 100 units/mL peni-
cillin/streptomycin (17-602E, Invitrogen, Paisley, Scotland, UK), 1% nonessential amino
acids (11140-035, Invitrogen, Paisley, Scotland, UK), and 10% (v/v) heat inactivated FBS
(10270-106, Invitrogen, Paisley, Scotland, UK).

Cells were maintained at 37 ◦C in a humidified atmosphere of 5% CO2 and were
passaged when they were 80–90% confluent, i.e., approximately twice a week for no more
than 20 passages.

4.2. Human Apo D Purification

Human Apo D (hApo D) was purified from BCF samples provide by the Pathology
Unit of the Hospital Universitario Central de Asturias (HUCA). First, a cell fractionation
was performed by differential centrifugation. Then, Amicon® Ultra-15, 100 kDa, centrifu-
gal filter units (Z740211, Sigma-Aldrich, St. Louis, MO, USA) were used. The solution
containing the protein was flow through two consecutively ion-exchange chromatographic
columns (HiTrap® Q Fast Flow, GE Healthcare, Chicago, IL, USA) with 25 mM Tris pH 8.0,
followed by a size-exclusion chromatography (HiLoad® 16/60 Superdex® 200 prep grade,
GE Healthcare, Chicago, IL, USA ) in 50 mM Tris pH 8.0, 75 mM NaCl. Elution fractions
with the protein of interest can be further concentrated using an appropriate 30 kDa cut-off
Amicon® centrifuge filter (Z717185, Sigma-Aldrich, St. Louis, MO, USA). The presence of
hApo D in these fractions was checked by Western blot, the amount of this apolipoprotein
(concentration in the fraction) was quantified and its functionality was tested.

4.3. Cell Treatments

For CPZ treatment, a stock solution of 30 mM CPZ (C9012-25G, Sigma-Aldrich,
St. Louis, MO, USA) was prepared freshly. For this, CPZ powder was dissolved in 50%
ethanol/medium and shaken at 225 rpm at 60 ◦C for 15–20 min until its complete disso-
lution. Working solutions were prepared by diluting the stock in the specific medium for
each cell type in a series of sequential solutions to reduce the ethanol concentration [72,73].
After 24–48 h of plating (30−40% cellular confluence), cellular toxicity was induced by
the addition of CPZ in growing concentrations (50–1000 μM; see corresponding figure
legends), for 24, 48, or 72 h. In order to prove that results are only attributable to CPZ not
ethanol, the vehicle effect was also tested for each sequential solution in the cell models.
As it can be observed in the graphs (Figure A3), we demonstrated that even the highest
concentration of ethanol used to dissolve CPZ did not negatively affect, in a statistically
significant way, cell viability of HOG and SH-SY5Y cells after 24 and 48 h of treatment.
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To investigate the effect of the antipsychotic drug CLO (C6305-100G, Sigma-Aldrich,
St. Louis, MO, USA) in the Apo D expression, cells were treated with different concentra-
tions (0.1–5 nM; see corresponding figure legends) for 24 h, before fresh addition of CPZ.
For the exogenous addition of Apo D, hApo D purified from BCF or hrApo D derived
from human cells (P05090, Novoprotein, Summit, NJ, USA) were added (0.05–1000 nM; see
corresponding figure legends) to cell cultures 24 h prior to CPZ.

For inhibition of endocytic mechanisms, SH-SY5Y cells were treated with different
chemical inhibitors, cytochalasin D (8 μg/mL; C2618, Sigma-Aldrich, St. Louis, MO, USA),
chlorpromazine hydrochloride (5 μg/mL; C8138, Sigma-Aldrich, St. Louis, MO, USA)
and dynasore (80 μM; 324410, Sigma-Aldrich, St. Louis, MO, USA). Stock solutions were
prepared in dimethyl sulfoxide (DMSO) and diluted in serum-free medium supplemented
with 30 mM HEPES on the day of the experiment. The final DMSO concentration added
was kept <0.1%. Cells were washed in serum-free medium and treated with the respective
inhibitors (see corresponding figure legends) for 30 min before Apo D addition. H2O2 was
used as positive control.

Drug concentrations and times of treatments were based on the bibliography and on
our previous experience [75,76].

4.4. MTT Assay

Cell viability was studied by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction assay, a method based on the activity of mitochondrial NAD
dependent oxidoreductases as indicator of the functional state of mitochondria. For this,
3000–5000 cells/well were seeded in 96-well plates and grown in 100μL/well of complete
medium. Once treatments were completed, 10 μL of MTT (5mg/mL in phosphate buffered
saline (PBS; 10010-023, Gibco, Invitrogen, Paisley, Scotland, UK)) (M5655; Sigma-Aldrich,
St. Louis, MO, USA) were added to each well. Four hours later, 100 μL of lysis solution
(20% sodium dodecyl sulfate (SDS); 50% dimethylformamide; pH 4) were added to the
culture and incubated overnight at 37 ◦C. Absorbance at 570 nm was measured using a
Multiskan EX Microplate Reader (ThermoFisher Scientific, Waltham, MA, USA). Values
from blank wells, containing only medium, were subtracted from the values of the samples.
Cell viability was expressed as the percentage of the controls.

4.5. Determination of ROS

The intracellular level of ROS, as an important biomarker for oxidative stress, was esti-
mated with the dye 2′7′-dichlorodihydrofluorescein diacetate (H2DCFDA; D399, Molecular
Probes, Invitrogen, Paisley, Scotland, UK), a nonpolar compound that easily penetrates
into the cell where it is hydrolyzed to the nonpermeant H2DCF. This nonfluorescent com-
pound becomes oxidized by various ROS to highly fluorescent 2′,7′-dichlorofluorescein
(DCF). For determination, 3000–5000 cells/well were seeded in 96-well plates and grown
in 100 μL/well of complete medium. Once treatments were completed, medium was
removed and prewarmed PBS containing the probe (final working concentration of 10 μM
dye) was added to the cells. After incubation for 60 min at 37 ◦C, the dye was removed
and cells were returned to prewarmed growth medium. Then, fluorescence was measured
in a microplate fluorimeter FLX-800 (Bio-Tek Instruments, Inc., Winooski, VT, USA) at an
excitation wavelength of 485 nm and an emission wavelength of 528 nm.

4.6. Immunocytochemistry

Cells were seeded over glass coverslips (10 mm diameter) in 6-well plates at a density
of 50,000 cells/well in a final volume of 2 mL of medium. Once the treatments were
concluded, cells were washed three times with PBS and fixed in bouin solution for 15 min.
After fixation, cells were washed three times and then permeabilized by incubation with
1% Triton X-100 at room temperature for 15 min. Nonspecific binding was blocked by
incubation with bovine serum 30 min at room temperature. Incubation with anti-human
Apo D antibody 1:2000 (provided by Dr. Carlos López-Otín, department of Biochemistry
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and Molecular Biology, University of Oviedo; see [58,77,78]) was carried out overnight in
a humid chamber at 4 ◦C. After three washes in PBS, coverslips were incubated 30 min
at room temperature using a biotinylated horse universal antibody (Universal quick, PK-
8800, Vector Laboratories, Inc., Burlingame, CA, USA) diluted 1:50. After that, cells were
incubated with streptavidin Alexa Fluor® 550 conjugate (1:500; S2138, Invitrogen, Pais-
ley, Scotland, UK). Finally, cells were washed in distilled water, dehydrated, cleared in
eucalyptol and mounted with Fluoromount. The fluorescence was visualized in a Nikon
Eclipse E400 microscope equipped with a Nikon G2-A and recorded by a digital camera
(Nikon DN-100). The resulting immunocytochemical signal was selected with Photoshop
and quantified with ImageJ 1.57 software (NIH, Bethesda, MD, USA) [79]. Images were
acquired under the same conditions of illumination, diaphragm and condenser adjust-
ments, exposure time, and background correction. For control purposes, representative
cell cultures were processed in the same way with a nonimmune serum or with specifi-
cally absorbed sera instead of the primary antibody. Under these conditions no specific
immunostaining was observed.

4.7. RNA Purification

Cells were recovered from culture dishes using scrapers and TRIzol (15596018, In-
vitrogen, Paisley, Scotland, UK), then total RNA was purified using the RNeasy mini-kit
(74104, Qiagen, Valencia, CA, USA) with a DNAse digestion step performed (79204, Qiagen,
Valencia, CA, USA) following the manufacturer’s instructions.

4.8. Quantitative Real-Time PCR

Random primers and the SuperScript III kit (11752050, Invitrogen, Paisley, Scotland,
UK) were used to reverse-transcribe 1 μg of total RNA into first-strand cDNA in a total
volume of 20 μL according to the manufacturer’s instructions. SYBR Green PCR Master
Mix (a25778, Applied Biosystems, Carlsbad, CA, USA) was mixed with cDNA for quanti-
tative real time polymerase chain reaction (qRT-PCR) using 0.3 μM forward and reverse
oligonucleotide primers (Table 1). 7300 Real Time PCR System (Applied Biosystems, Carls-
bad, CA, USA) was used for quantitative measure of gene expression. Cycling conditions
were an initial denaturation at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s
60 ◦C for 1 min. At the end, a dissociation curve was implemented from 60 to 95 ◦C to
validate amplicon specificity. Relative quantification of gene expression was calculated by
interpolation into a standard curve. All values were divided by the expression of the house
keeping gene 18S rRNA.

Table 1. Primers used for qRT-PCR in this study.

Oligonucleotide Sequence

R2-ApoD-F ——– TGCATCCAGGCCAACTACTC
R2-ApoD-Rev ——– GGGTGGCTTCACCTTCGATT

18S-Fw ——– ATGCTCTTAGCTGAGTGTCCCG
18S-Rev ——– ATTCCTAGCTGCGGTATCCAGG

The annealing temperature was 60 ◦C for all primers. 18S rRNA was used as a housekeeping gene.

4.9. Data Analysis

The data in the graphs are presented as the mean ± S.E.M, from at least five indepen-
dent experiments. The normality of population and the homogeneity of variance were
evaluated by the test of Kolmogorov–Smirnov with the correction of Lilliefors and the test
of Levene, respectively. Then one- or two-way ANOVA tests followed by post hoc Tukey’s
test for multiple comparisons were used to compare the values. Statistical analysis was
carried out with SPSS 18.0 software (IBM, Armonk, NY, USA). Significant differences were
considered when p < 0.05.
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CIE Clathrin-independent endocytosis
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CME Clathrin-mediated endocytosis
CNS Central nervous system
CPZ Cuprizone
CSF Cerebrospinal fluid
DCF 2′,7′-dichlorofluorescein
DMSO Dimethyl sulfoxide
FBS Fetal bovine serum
H2DCFDA 2′7′-dichlorodihydrofluorescein diacetate
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hrApo D Human recombinant Apo D
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OLGs Oligodendrocytes
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PD Parkinson’s disease
PNS Peripheral nervous system
RNS Reactive nitrogen species
ROS Reactive oxygen species
SDS Sodium dodecyl sulfate
UV Ultraviolet
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Appendix A

Figure A1. MTT assay in HOG cells treated with increasing concentrations of CLO (0.1–100 μM) during 24 h (a) and 48 h
(b). Cell damage is represented as the percentage of viability versus control. Data are the mean ± SEM of five independent
experiments. Significant differences were analyzed by a one-way ANOVA followed by post-hoc Tukey’s test. * p < 0.05,
** p < 0.01, *** p < 0.001 compared with control.

Figure A2. MTT assay in SH-SY5Y cells treated with increasing concentrations of CLO (0.1–100 μM) during 24 h (a) and 48 h
(b). Cell damage is represented as the percentage of viability versus control. Data are the mean ± SEM of five independent
experiments. Significant differences were analyzed by a one-way ANOVA followed by post-hoc Tukey’s test. * p < 0.05,
*** p < 0.001 compared with control.
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Figure A3. MTT assay in HOG (a,b) and SH-SY5Y (c,d) cells treated with increasing concentrations of CPZ (50–1000 μM)
and their respective vehicles for 24 h (a,c) or 48 h (b,d). Cell damage is represented as the percentage of viability versus
control. Data are the mean ± S.E.M of five independent experiments. Significant differences were analyzed by a one-way
ANOVA followed by post-hoc Tukey’s test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control.
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[bis(cyclohexylidenehydrazide)] is selectively toxic for mature oligodendrocytes. Neurotox. Res. 2013, 24, 244–250. [CrossRef]
[PubMed]

77. Díez-Itza, I.; Vizoso, F.; Merino, A.M.; Sánchez, L.M.; Tolivia, J.; Fernández, J.; Ruibal, A.; López-Otín, C. Expression and
prognostic significance of apolipoprotein D in breast cancer. Am. J. Pathol. 1994, 144, 310–320.

78. Navarro, A.; Del Valle, E.; Tolivia, J. Differential expression of apolipoprotein D in human astroglial and oligodendroglial cells. J.
Histochem. Cytochem. 2004, 52, 1031–1036. [CrossRef]

79. Tolivia, J.; Navarro, A.; Del Valle, E.; Perez, C.; Ordoñez, C.; Martínez, E. Application of photoshop and scion image analysis to
quantification of signals in histochemistry, immunocytochemistry and hybridocytochemistry. Anal. Quant. Cytol. Histol. 2006, 28,
43–53.

98



 International Journal of 

Molecular Sciences

Article

Long-Term Effects of Repetitive Mild Traumatic Injury on the
Visual System in Wild-Type and TDP-43 Transgenic Mice
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Križ, J.; Župan, G. Long-Term Effects

of Repetitive Mild Traumatic Injury

on the Visual System in Wild-Type

and TDP-43 Transgenic Mice. Int. J.

Mol. Sci. 2021, 22, 6584. https://

doi.org/10.3390/ijms22126584

Academic Editor: Anne Vejux

Received: 11 May 2021

Accepted: 17 June 2021

Published: 19 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Basic and Clinical Pharmacology and Toxicology, Faculty of Medicine, University of Rijeka,
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Abstract: Little is known about the impairments and pathological changes in the visual system
in mild brain trauma, especially repetitive mild traumatic brain injury (mTBI). The goal of this
study was to examine and compare the effects of repeated head impacts on the neurodegeneration,
axonal integrity, and glial activity in the optic tract (OT), as well as on neuronal preservation, glial
responses, and synaptic organization in the lateral geniculate nucleus (LGN) and superior colliculus
(SC), in wild-type mice and transgenic animals with overexpression of human TDP-43 mutant protein
(TDP-43G348C) at 6 months after repeated closed head traumas. Animals were also assessed in the
Barnes maze (BM) task. Neurodegeneration, axonal injury, and gliosis were detected in the OT of
the injured animals of both genotypes. In the traumatized mice, myelination of surviving axons was
mostly preserved, and the expression of neurofilament light chain was unaffected. Repetitive mTBI
did not induce changes in the LGN and the SC, nor did it affect the performance of the BM task in the
traumatized wild-type and TDP-43 transgenic mice. Differences in neuropathological and behavioral
assessments between the injured wild-type and TDP-43G348C mice were not revealed. Results of the
current study suggest that repetitive mTBI was associated with chronic damage and inflammation in
the OT in wild-type and TDP-43G348C mice, which were not accompanied with behavioral problems
and were not affected by the TDP-43 genotype, while the LGN and the SC remained preserved in the
used experimental conditions.

Keywords: brain injuries; traumatic; diffuse axonal injury; geniculate bodies; mice; nerve degeneration;
neurofilament proteins; neuroglia; optic tract; superior colliculi; synaptophysin; TDP-43 proteinopathies

1. Introduction

Repetitive mild traumatic brain injury (mTBI) represents a current and growing
serious medical and economic problem worldwide. It is particularly common in athletes
engaged in contact sports, such as soccer, ice hockey, American football, boxing, wrestling,
and mixed martial arts [1,2], as well as in victims of domestic spousal violence or child
abuse [3] and military personnel [4,5]. The true prevalence of repetitive mTBI is not
known because the symptoms of a single mTBI or concussion frequently resolve without
medical care, pass spontaneously, and stay unrecognized, unreported, or undiagnosed. For
example, in most patients, especially adult athletes, some of the post-concussion symptoms,
such as dizziness, disorientation, confusion, or headache, subside within 10 days [6] and,
in some cases, within several months following the first head trauma without specific
interventions [7]. Increasing evidence suggests that, in humans or experimental animals
with prior mTBI history, the susceptibility to brain damage induced by a future TBI is
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augmented and that repetitive injuries have cumulative effects, enhancing a risk for long-
term and later-life cognitive, behavioral, and psychiatric disturbances, as well as the
development of neurodegeneration [8–10].

Repetitive mTBI has long been recognized as a risk factor for chronic traumatic en-
cephalopathy (CTE), a condition characterized by generalized cerebral atrophy associated
with widespread deposits of phosphorylated tau protein occurring as neurofibrillary tangles,
diffuse beta-amyloid deposits, neuroinflammation, axonal pathology through the brain, and,
in the majority of cases, by transactivation response element (TAR) DNA/RNA-binding
protein 43 (TDP-43) immunoreactive intraneuronal and intraglial inclusions [10–13].

TDP-43 is predominantly a nuclear protein with the primary amino-acid structure
similar to the members of the heterogeneous ribonucleoprotein family that shuttles between
nucleus and cytoplasm [14]. Its intracellular functions in physiological conditions are
insufficiently characterized, but it is becoming increasingly evident that TDP-43 is involved
in specific pre-mRNA splicing and transcription events, in the regulation of mRNA stability,
transport, translation, and degradation, and in chromatin condensation [14–16].

Recent evidence suggests that TDP-43 proteinopathy has been identified not only
in CTE, but also in most cases of amyotrophic lateral sclerosis (ALS) [17], in a subset of
the frontotemporal lobar degeneration (FTLD) with tau-negative ubiquitin-positive TDP-
43-positive inclusions [18,19], and in specific disorders such as Alzheimer’s disease [20],
Lewy body disease [21], hippocampal sclerosis [22], and corticobasal degeneration [20],
suggesting its important role in the pathogenesis of neurodegeneration [23].

While TDP-43 dysregulation and accompanying neuropathological changes were
documented in humans with previous history of repetitive mTBI [11], to our knowledge,
they were investigated in only four published experimental studies. Elevated TDP-43 ex-
pression levels in the whole-cell lysates from the injured mouse cortical and hippocampal
tissue [24,25], as well as the protein changes in the rat brain following blast TBI [26], were
described. We detected transitory TDP-43 cytoplasmatic translocation and overexpression
of the protein and its pathological forms in the frontal cortex within the first week following
repetitive mTBI in mice [27]. Neurodegeneration and gliosis in the optic tracts (OT) of
injured wild-type mice and animals with overexpression of human mutant TDP-43 protein
(TDP-43G348C), a model of ALS/FTLD [28], were also demonstrated [27]. In addition, the
level of damage in the OT was significantly increased in TDP-43 transgenic animals com-
pared with wild-type mice at the end of the first week after the last injury [27]. TDP-43G348C

mice used in the mentioned study were 9–11 week old animals at the beginning of the
study and did not show any neurodegenerative and behavioral impairments before head
traumas. Here, we expanded our previous research to investigate the changes in the OT, as
well as in the lateral geniculate nucleus (LGN) of the thalamus and the superior colliculus
(SC), the brain structures that receive input from axons traveling in the OT, in wild-type
and TDP-43G348C animals at 6 months after the last brain trauma. We were interested in
the level of neurodegeneration and glial activity in the OT and the mentioned nuclei, the
presence of axonal injury and demyelination in the OT, and the possible synaptic changes
included in visual information processing from retinal ganglion cells toward the nuclei.
Chronic pathological changes in the OT, the LGN, and the SC of transgenic TDP-43 animals
have not yet been studied. Furthermore, to the best of our knowledge, the preservation,
glial responses, and synaptic organization in the mentioned nuclei of the visual pathway
in wild-type mice in a model characterized with unconstrained head and body movements
following the brain traumas have not been previously investigated. Moreover, because
of different visual impairments detected in patients after mTBI [29], spatial learning and
memory testing, which require preserved visual information processing, was conducted in
mice of both genotypes. Such behavior in TDP-43 transgenic mice after repetitive mTBI has
not been previously examined. Therefore, considering the results of our previous study
and the fact that behavioral and the pathological brain changes are present for months
after the initial injuries [12,27,30–33], this research hypothesized that the damage, gliosis,
and synaptic reorganization in the OT and the investigated nuclei, as well as behavioral
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impairments induced by repeated mTBI, would be detected 6 months after the last injury
and that they would be more pronounced in TDP-43G348C mice.

2. Results

2.1. Repetitive mTBI Induced Neurodegeneration, Axonal Injury, and Gliosis in the Optic Tract in
Wild-Type and TDP-43G348C Mice at 6 Months Following the Last Head Impact

In the first part of the study, we investigated whether repetitive mTBI causes the
OT pathology 6 months after the last hit in wild-type and TDP-43 transgenic mice. We
were especially focused on neuronal and axonal degeneration, demyelination, and glial
activity in the mentioned brain structure after repeated brain impacts in the animals of
both genotypes.

Fluoro-Jade C was used as the marker of neurodegeneration [34,35]. This dye was
found to stain degenerating nerve cell bodies and distal dendrites, axons, and terminals [36].
Figure 1A shows representative microphotographs of Fluoro-Jade C-stained sections of
the OT in the sham animals and the traumatized mice of both genotypes. It is evident
that Fluoro-Jade C-positive staining was detectable in the OT of the traumatized mice,
both wild-type and TDP-43 transgenic, but not in the sham animals. Quantitative anal-
ysis of Fluoro-Jade C staining intensity confirmed these observations (Figure 1B). It was
demonstrated that Fluoro-Jade C intensity levels were significantly higher in traumatized
wild-type and TDP-43G348C animals than in the sham animals of the corresponding control
groups (p = 0.012; p = 0.012). No significant differences were observed between the levels
of Fluoro-Jade C-positive staining in the OT of wild-type and transgenic TDP-43 injured
mice (p = 0.676) (Figure 1B).

Figure 1. Neurodegeneration in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at 6 months after repetitive
mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with the Fluoro-Jade C
fluorescent dye. Arrows point to Fluoro-Jade C-positive staining. Scale bar: 100 μm. (B) The histogram shows the intensity
levels of the fluorescent staining (AU/μm2) in the OT of WT and TDP-43G348C mice of the control groups (Sham) and
animals with rmTBI. Results are expressed as means ± SEM (N = 5). * p < 0.05, significantly different from the related Sham.

Silver staining is a method that has been used for visualization and localization of
degenerating axons [37]. Representative microphotographs of silver-stained sections of the
OT in mice of all experimental groups are shown in Figure 2. There was an increased silver
uptake and staining in the OT of traumatized mice of both genotypes demonstrating evidence
of axonal abnormalities compared with the sham-treated animals (Figure 2A). Furthermore,
spheroids, a sign of axonal swelling, were observed in the axons of the OT in the injured
wild-type and TDP-43 transgenic mice (Figure 2B). Results shown in Figure 2 suggest axonal
injury in the OT at 6 months following repetitive mTBI in mice of both genotypes.
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Figure 2. Axonal degeneration in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at 6 months after repetitive
mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with the silver staining
in the mice of the control group (Sham) and the animals with rmTBI. Scale bar: 200 μm. (B) Microphotographs are
higher-magnification images of the areas in the boxes of the corresponding panels. Arrowheads point to the spheroids of
degenerating axons. Scale bar: 50 μm.

In order to analyze the integrity of myelinated neuronal fibers in the OT, we used
conventional histological methods, i.e., staining with luxol fast blue (LFB) and immunohis-
tochemical staining with anti-myelin basic protein (MBP) antibody.

Representative photomicrographs of the OT sections stained with LFB in the traumatized
wild-type and TDP-43G348C mice, as well as in the sham animals, are shown in Figure 3A. It is
evident that myelin density and integrity of myelinated fibers were approximately equal in
sham-treated wild-type and transgenic TDP-43 animals, while reduced myelin in some parts
of the OT, characterized by porous and weaker LFB staining, was detectable in traumatized
mice of both genotypes (Figure 3A). Quantitative analysis demonstrated that the staining
densities in the OT of the injured wild-type and TDP-43G348C mice were slightly decreased in
comparison to the levels in the related sham animals, but a statistically significant difference
was not detected (p = 0.097). In addition, a significant difference in the levels of the LFB
staining between the traumatized wild-type and TDP-43G348C transgenic mice was also not
revealed (Figure 3B).

Representative photomicrographs of the coronal OT sections that were stained with
anti-MBP antibody and the quantitative analysis of the MBP optical density for the mice of
all experimental groups are shown in Figure 3C,D. There were no differences in the MBP
immunoreactivity (Figure 3C) and optical density (Figure 3D) between the traumatized
groups and their related control groups for both genotypes or between the injured wild-
type and TDP-43 transgenic animals (p = 0.234) at 6 months after the last head trauma. The
results obtained by LFB and MBP staining suggest that the myelination of surviving axons
in the OT was mostly preserved at the investigated time point after the last brain trauma.

The integrity of surviving axons of retinal ganglion cells following repetitive mTBI was
also examined using immunohistochemistry for neurofilament light (NfL) chain that is a
major constituent of the neuronal cytoskeleton. Approximately equal NfL-positive staining
was revealed in the axons of the OT in the traumatized and the sham mice of both genotypes
(Figure 4A), while a significant difference in the NfL optical densities between the experimental
groups was not revealed (p = 0.254) (Figure 4B). These results suggest that the NfL expression
in the axons of the OT was unchanged at 6 months following repetitive mTBI.
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Figure 3. The integrity of myelinated neuronal fibers in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at
6 months after repetitive mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with
luxol fast blue (LFB). Higher magnification of the boxed regions reveals an area with reduced myelin and characterized
by porous and weaker LFB staining. Dashed lines indicate the OT. Scale bar: 200 μm. (B) The histogram shows the LFB
staining density (AU) in WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as
means ± SEM (N = 4–6). (C) Representative microphotographs of the OT sections immunostained with anti-myelin basic
protein (MBP). Dashed lines indicate the OT. Scale bar: 200 μm. (D) The histogram shows the MBP optical density (AU) in
WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as means ± SEM (N = 4–5).

Figure 4. Neurofilament light chain (NfL) expression in the optic tract (OT) of wild-type (WT) and TDP-43G348C mice at
6 months after repetitive mild traumatic brain injury (rmTBI). (A) Representative microphotographs of the OT stained with
anti-neurofilament light chain protein. Dashed lines indicate the OT. Scale bar: 200 μm (B) The histogram shows NfL optical
density (AU) in the axons of the OT in WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results
are expressed as means ± SEM (N = 3–5).
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The activity of the glial cells in the OT was examined using microglial marker ionized
calcium-binding adaptor molecule 1 (Iba1) and the astrocytic marker glial fibrillary acidic
protein (GFAP) (Figure 5).

Figure 5. Gliosis at 6 months after repetitive mild traumatic brain injury (rmTBI) in the optic tract (OT) of wild-type (WT)
and TDP-43G348C mice. (A) Representative microphotographs of the OT immunostained with anti-ionized calcium-binding
adaptor molecule 1 (Iba1). Arrowheads point to Iba1-positive cells with “resting” microglial morphology, and arrows point
to Iba1-positive cells with activated microglial morphology. Scale bar: 100 μm. (B) The histogram shows the Iba1-positive
area (%) in the OT of WT and TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed
as means ± SEM (N = 5). * p < 0.05, significantly different from the related Sham. (C) Representative microphotographs
of the OT immunostained with anti-glial fibrillary acidic protein (GFAP). Arrows point to the GFAP-positive cells with
hypertrophic morphology. Scale bar: 100 μm. (D) The histogram shows the GFAP-positive area (%) in the OT of WT and
TDP-43G348C mice with rmTBI and related control groups (Sham). Results are expressed as means ± SEM (N = 5). * p < 0.05,
significantly different from the related Sham.

Figure 5A shows representative microphotographs of the Iba1 immunostained OT
sections in mice of all the experimental groups. “Resting” microglia, i.e., the microglial
cells with thin Iba1-immunoreactive processes, were detected in the sham-treated mice of
both control groups. Moreover, in all the traumatized animals, activated microglia, i.e.,
microglial cells with hypertrophic and large cell bodies, thick processes, and with amoeboid
and migrating morphology, were noticed (Figure 5A). The higher magnifications images of
“resting” and “activated” microglia are shown in Figure S1 (Supplementary Materials).

Quantitative analysis of the percentages of the Iba1 immunoreactive areas in the OT
demonstrated statistically significant higher values in the injured wild-type and TDP-
43G348C animals compared with related sham mice (p = 0.012; p = 0.012) (Figure 5B).
However, a statistically significant difference in the percentages of the Iba1 immunoreactive
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areas between the traumatized wild-type and TDP-43 transgenic mice was not found
(p = 0.296) (Figure 5B).

Morphological changes that would suggest astroglial activation were not detected in
the OT of the sham injured wild-type and TDP-43G348C mice at 6 months after the last head
trauma (Figure 5C). Contrarily, the GFAP immunoreactivities were more pronounced in the
OT of traumatized wild-type and TDP-43 transgenic mice than in sham-treated animals,
suggesting astrocytic hypertrophy after repetitive mTBI (Figure 5C). Furthermore, the
percentages of the OT areas covered by hypertrophic astrocytes in the traumatized animals
of both genotypes were significantly higher compared with the values noticed in the non-
injured mice (p = 0.012; p = 0.012) (Figure 5D). In addition, the values of GFAP-positive
areas in the injured TDP-43G348C animals did not significantly differ from the values in
wild-type mice (p = 0.210) (Figure 5D).

2.2. Repetitive mTBI Did Not Cause Neurodegeneration, Glial Activation, and Synaptic
Reorganization in the Lateral Geniculate Nucleus and the Superior Colliculus in Wild-Type and
TDP-43G348C Mice at 6 Months Following the Last Head Impact

The presence of neurodegenerative changes in the LGN and the SC, the regions that
receive direct innervation from the retinal ganglion cells via the OT, were analyzed using
Fluoro-Jade C and cresyl-violet staining. From the representative microphotographs of
Fluoro-Jade C-stained sections of the LGN, shown in Figure S2A (Supplementary Materials),
it is evident that the staining used was not detected in any of the experimental animals,
suggesting no neurodegeneration in this structure at 6 months after the last mTBI. Moreover,
individual Fluoro-Jade C-positive staining was detectable in the superficial SC of the
injured mice of both genotypes (Figure S2D, Supplementary Materials). Quantitative
analysis demonstrated a slight increase in the Fluoro-Jade C intensity levels in the SC of
the traumatized wild-type and TDP-43G348C animals compared with sham control animals.
However, a statistically significant difference between the experimental groups was not
revealed (p = 0.235) (Figure S2E, Supplementary Materials).

Additionally, cresyl-violet staining revealed approximately equal neuronal cell density
in the LGN (Figure S2B, Supplementary Materials) and the SC (Figure S2F, Supplementary
Materials) of all the experimental groups of mice, which was confirmed by subsequent
quantitative analysis (p = 0.113, p = 0.617) (Figure S2C,G, Supplementary Materials).

Repetitive mTBI did not cause changes in the activity of the glial cells in the LGN and
the SC of wild-type and TDP-43 transgenic mice in our experimental conditions (Figure S3,
Supplementary Materials). Specifically, in the investigated nuclei of the traumatized and
sham-treated mice of both genotypes, the “resting” but not activated microglia was detected
(Figure S3A,D, Supplementary Materials). Furthermore, a statistically significant difference in
the number of Iba1-positive cells between the groups was not revealed for the LGN (p = 0.200)
or for the SC (p = 0.446). Moreover, the signs of astrocytosis in the examined nuclei were not
detected in any of the experimental animals (Figure S3C,F, Supplementary Materials).

To detect if repetitive mTBI affects synaptic density in wild-type and TDP-43G348C

animals, anti-synaptophysin (SYP) immunostaining was performed. Although it seemed to be
more pronounced in the LGN of the sham and injured TDP-43G348C animals compared with
wild-type mice (Figure S4A, Supplementary Materials), a significant difference between the
experimental groups in the SYP staining intensities was not obtained (p = 0.069) (Figure S4B,
Supplementary Materials). Moreover, significant differences in the SYP expression (Figure
S4C, Supplementary Materials) and density intensities (Figure S4D, Supplementary Materials)
between the groups were not observed in the SC (p = 0.100).

2.3. Repetitive mTBI Did Not Affect the Barnes Maze Task in Wild-Type and TDP-43G348C Mice at
6 Months Following Repetitive mTBI

To explore the long-term effects of repetitive mTBI on the function of the visual system,
we trained experimental animals in the Barnes maze. Figure 6 shows the latency time to
reach the target hole and the time spent inside the target quadrant during the tests and
the retests for all the experimental groups of mice. There was no significant difference in
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the latency time to reach the target hole between the experimental groups of mice during
the tests (p = 0.148) and the retests (p = 0.763) (Figure 6A,B). Additionally, no statistically
significant differences in the time spent in the target quadrant between the experimental
animals were obtained for the tests (p = 0.527) and the retests (p = 0.381) (Figure 6C,D).

Figure 6. Barnes maze task performance in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild
traumatic brain injury (rmTBI). The histogram shows the latency time (s) to reach the target hole during (A) the tests and (B)
the retests or the time (s) spent in the target quadrant during (C) the tests and (D) the retests for mice with rmTBI (�) and
related control groups (�). Results are expressed as means ± SEM (N = 12–14).

3. Discussion

Different visual problems, such as blurred vision, visual acuity loss, and visual field
defects, have been reported in patients with previous history of moderate to severe TBI [38],
but much less is known about these impairments and pathological changes in the visual
system following mild and especially repetitive mTBI [39]. Studies exploring neuropatho-
logical changes in the visual system in animal models of repeated head traumas are
scant [27,40–43]. The aims of this study were focused on the chronic effects of repetitive
mTBI on some parts of the visual system in wild-type and TDP-43G348C mice. As in our pre-
vious study [27], we used the abovementioned mice with overexpression of human familial
ALS-linked mutant TDP-43 protein and a predisposition to the pathological accumulation
of its aggregates, cytotoxic cleavage fragments, axonopathy, and neuroinflammation in
the brain and the spinal cord [28]. The mentioned pathological and biochemical changes
are age-related [28]. Thus, the TDP-43 G348C mice did not develop TDP-43-positive ag-
gregates at an early age of 9–11 weeks, as they were at the beginning of the study. The
TDP-43-positive aggregates can be detected in these mice starting at 10 months of age [28].
The rationale behind using the young TDP-43 transgenic mice was to explore whether a
subtle (2.3–3-fold) overexpression of TDP-43 represents an additional risk factor in the
context of mild repetitive TBI, as well as to observe whether it would predispose and/or
trigger more intense neurodegeneration, as observed in the model of stroke [44]. Fur-
thermore, there is growing evidence that exposure to repetitive mTBI is associated with
an increased risk for ALS/FTLD, especially in a subset of vulnerable individuals with
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genetic predisposition [12,45–48]. Furthermore, since the results of our previous study
suggested that genetically acquired TDP-43 dysregulation might predispose the OT to more
intense acute and subacute damage following repetitive mTBI [27], we wanted to further
explore whether TDP-43 proteinopathy is associated with marked long-term posttraumatic
changes in the mentioned brain structure, as well as in the investigated nuclei of the visual
pathway. We used a clinically relevant model of repetitive TBI that includes the elements
of acceleration/deceleration and rotational injuries of the freely moving mouse head and
body resulting in diffuse brain damage. This method produced mild injuries with no
skull fractures, intracranial bleeding, respiratory arrest, or seizures, and the mice quickly
recovered and demonstrated normal behavior following head impacts.

3.1. Repetitive mTBI Induced Neurodegeneration, Axonal Injury, and Gliosis in the Optic Tract in
Wild-Type and TDP-43G348C Mice at 6 Months Following the Last Head Impact

In our previous research, we demonstrated that the OT was the only damaged brain
structure in the injured wild-type and TDP-43 transgenic mice already on the first day
following the last head impact, lasting up to the end of the first week, suggesting early
vulnerability of this structure to the investigated type of injury [27]. In the current study, we
histologically detected neurodegeneration using Fluoro-Jade C staining and degenerating,
argyrophylic, and swollen axons using neurosilver staining in the OT of the traumatized
animals of both genotypes at 6 months after repetitive mTBI, indicating chronic axonal
posttraumatic damage. Our results are in agreement with some previous studies in which
the destruction of this structure in rodents was reported in different models by using
various injury paradigms and time points of 1, 3, 7, or 60 days, 3 or 10 weeks, and
8 or 12 months following repeated mTBI [27,31,33,42,49–52]. Taking all these results
together, including the fact that repetitive mTBI increases the sensitivity of the brain to
each subsequent trauma, it is plausible that the time for the recovery between individual
impacts was insufficient in the experimental models and protocols used in the mentioned
investigations, resulting in neurodegeneration and axonal degeneration months after the
final injury. Increased sensitivity and vulnerability of the OT to the damage induced by
repeated mTBI may be a consequence of its position below the brain, as well as of its
anatomic characteristics. Specifically, it consists of very long myelinated axons which are
susceptible to compression in the optic canal during the direct injury, as well as to tension
and torsion during acceleration and deceleration forces caused by the hits [53]. Moreover,
the blood supply of the optic nerve arrives from pial arteries. Its swelling, induced
by repeated head traumas, may cause localized ischemic injuries that may additionally
contribute to the OT damage [31]. Moreover, neurodegenerative changes in the proximal
part of the visual system, including the optic nerves and the optic chiasma, and decreased
cellularity in the ganglion cell layer of the retina were previously described in mice at
different time points following repetitive mTBI [40–42,50].

The current study is the first in which the neural and axonal degeneration in the OT of
TDP-43 transgenic mice was investigated at a chronic time point following repetitive mTBI.
Neurodegeneration was found in the injured TDP-43G348C animals compared with the related
sham mice. Contrarily, significant differences in Fluoro-Jade C intensity were not observed
between traumatized transgenic TDP-43 mice compared with wild-type animals, suggesting
that human genetic TDP-43 background did not affect chronic damage of this structure.

In order to detect other chronic effects of repeated head impacts on the surviving
axons of the OT, we investigated the levels of their myelination and the expression of the
cytoskeleton NfL protein. Myelin preservation was determined by LFB and MBP stains
and their quantification. Reduced LFB staining was evident in some parts of the OT in the
injured mice of both genotypes. Furthermore, there was no significant difference in the
staining density between the traumatized wild-type and transgenic TDP-43 mice compared
with their related sham or between injured wild-type and TDP-43G348C animals in this brain
structure at 6 months after head traumas. Previously, no changes in LFB-positive staining
were observed in the brains of mice at 6 months following the first injury in the model of
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repetitive mTBI induced by electromagnetic controlled impact device [32], in which local
areas of reduced myelination were described in the optic nerve at 3 and 13 weeks after the
last head trauma [40,41]. To our knowledge, the level of myelination was not previously
investigated in the OT in the models of repeated mTBI in TDP-43 transgenic animals.

In our experiments, no changes were observed in the MBP immunoreactivity and op-
tical density in the OT of the injured wild-type and TDP-43 transgenic mice compared with
related controls or in traumatized wild-type compared with TDP-43G348C animals. Taken
together, the results of this study obtained by the LFB and MBP staining demonstrated that
repetitive mTBI did not significantly affect myelination of the surviving axons of the retinal
ganglion cells at 6 months after the final head impact and that the transgenic genotype did
not influence it. In addition, Gangolli et al. [54] did not detect Myelin Black Gold staining
in the OT 1 year following injury induced by CHIMERA in mice. In the same experimental
model, MBP immunoreactivity was not altered in the OT 7 days after the final injury [51].

NfL chain is abundantly expressed in the long and large-caliber myelinated white-
matter axons, and it is considered a promising candidate biomarker of axonal injury in
different diseases of the central nervous system [55], including repetitive mTBI [56–58].
Increased exosomal and plasma levels of NfL chain have been detected in humans even
years following repeated head traumas, suggesting chronic, long-term axonal dysregulation
and degeneration induced by sustained brain injuries [57].

To our knowledge, our study is the first in which NfL chain staining was investigated
in the OT at a later time point following repetitive mTBI. We did not detect statistically
significant differences in the levels of this protein’s optical densities between the injured
wild-type group and related sham 6 months after the final head trauma. Similar results
were obtained by Cheng et al. [33] and Vonder Haar et al. [52], who also reported no
differences in the Nf medium and heavy chains or the NfL chain staining in the OT
between traumatized and sham mice at chronic post-injury time points in the CHIMERA
model. Taking into account the results of our and other mentioned animal studies, it can be
suggested that the changes in the NfL chain protein were not evident at later time points
following repetitive mTBI. This could be due to previous death of the affected neurons and
preserved cytoskeletal NfL architecture in surviving axons. Contrarily, axonal swellings
and varicosities in the OT of the traumatized mice were observed 2 days after the injury
induced by the CHIMERA method, but they disappeared by the seventh day following
the last impact [59]. Taking all abovementioned results regarding the changes of the NfL
following repetitive mTBI, it seems that this protein can be used as a brain marker of early
axonal damage in animal models, in contrast to the human studies in which it has been
detected in the blood 1 h to years after repeated head traumas [56–58].

Among other roles, under physiological conditions, TDP-43 binds and stabilizes NfL
mRNA, regulating its transcription, metabolism, and axonal transport [60–62]. Contrarily,
TDP-43 dysregulation, observed, e.g., in FTLD, is associated with NfL alterations and white-
matter pathology [63]. In a recent study, Kumar et al. [64] found that cytoplasmic TDP-43
accumulation in mice expressing ALS-linked human TDP-43A315T mutant caused marked
suppression of mRNA translation for NfL, Nf medium, and α-internexin, resulting in a
decrease in the levels of these proteins at 12 months of their age when they exhibited TDP-
43 proteinopathy in cortical neurons. In our research, we were interested if repetitive mTBI
affects NfL chain staining intensity in the OT of mice presenting with cytoplasmic TDP-43
aggregates in the spinal cord starting at approximately 10 months of age and increased
pathological TDP fragment in the brain and spinal cord at 10 months of age [28]. We did
not detect any significant changes in NfL chain staining in the OT of injured TDP-43G348C

mice compared to the related sham group or between traumatized wild-type and TDP-43
transgenic animals at 6 months following repeated head injury, suggesting that repetitive
mTBI and the investigated genotype did not affect the structure and, consequently, function
of this neuronal cytoskeletal protein in the used experimental conditions. Because the age
of our experimental animals was approximately 8.5 months at the time of the experiments,
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it remains to be investigated whether there are age-dependent changes in NfL chain
expression in mice of the tested TDP-43 genotype.

Neuroinflammation is one of the most important processes developing after head trauma
that may have beneficial or detrimental effects in the acute TBI [65]; however, if it is chronic, it
usually contributes to the brain damage [66–68]. In the current study, pronounced microglial
and astrocytic response to the repetitive mTBI was found in the OT of the injured wild-type
and TDP-43 transgenic mice related to their sham groups, suggesting chronic neuroinflamma-
tion of this structure as a result of synergistic exacerbating effects of repeated head traumas
that provoked an increase in inflammatory responses during short time periods between
each injury. In our previous study, using the same closed head weight drop method, signif-
icant microgliosis and astrocytosis were also demonstrated in traumatized wild-type and
TDP-43G348C mice, in the acute and subacute posttraumatic periods [27]. Our previous and
current results regarding gliosis in the OT following repetitive mTBI are in agreement with
those obtained in animal studies in which the rodents were subjected to impacts induced
by other methods and in which various head trauma protocols and different posttraumatic
time points from 1 to 365 days after the injury were used [31,33,43,49–52,59,69,70]. Our study
found no differences in the microglial and astrocytic hyperactivities between injured trans-
genic TDP-43 and wild-type mice, suggesting that the investigated genetic background did
not affect inflammatory parameters used in this research. Taking all the abovementioned
results together, it may be suggested that the OT is particularly susceptible and vulnerable to
neuroinflammation induced by repetitive mTBI.

3.2. Repetitive mTBI Did Not Cause Neurodegeneration, Changes in the Responses of Glial Cells,
and Synaptic Reorganization in the Lateral Geniculate Nucleus and the Superior Colliculus in
Wild-Type and TDP-43G348C Mice at 6 Months Following the Last Head Impact

To the best of our knowledge, we are the first group to explore possible chronic damage,
glial activity, and synaptic organization in the LGN and the SC following repetitive mTBI
in mice of both genotypes.

The LGN, situated in the thalamus, was reported to receive external visual information
mostly by the axons of the retinal ganglion cells, conducting them to the visual cortex [71].
The SC has a laminar structure, and its three superficial layers are primarily visual sensory
in nature [72]. In mice, the SC also receives the projections, but from at least 70% [73] and
possibly even approximately 88% of the retinal ganglion cells [74].

In the current study, no signs of neurodegeneration in the LGN and only a few
scattered Fluoro-Jade C-positive signals in the superficial SC were detected in the injured
mice of both genotypes. Additionally, when using cresyl-violet, no differences were
revealed in the neuronal density between the injured wild-type and TDP-43 transgenic
mice compared with their related sham or between traumatized wild-type and TDP-
43G348C mice. Considering the abovementioned results, we suggest that repetitive mTBI
did not induce chronic damage of the target nuclei and that the investigated genotype
did not influence it. Furthermore, reactive microgliosis or astrocytosis were not detected.
Previously, microglial infiltration and activation in the SC were found 7 days after the last
head trauma [50]. In the same research, the injury of the LGN was mentioned [50]. Both
results were obtained using a method of repeated head traumas different from ours.

The central nervous system has the capacity of neuroplasticity and recovery following
different insults that include various processes, ranging from molecular, cellular, and synap-
tic to global [75]. Some of these processes are associated with changes in the expression
of different specific proteins, synaptogenesis markers, and synapse remodeling, such as
SYP [76–79]. In our study, no differences in the SYP immunostaining intensities between
the experimental groups were detected, suggesting that repetitive mTBI or the genotype
did not induce synaptic perturbations in the LGN or the SC at 6 months following repetitive
mTBI. To our knowledge, synaptogenesis markers have not been previously studied in the
LGN and the SC following repeated head traumas.
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3.3. Repetitive mTBI Did Not Affect Barnes Maze Task in Wild-Type and TDP-43G348C Mice at
6 Months Following Repetitive mTBI

In the current research, we evaluated the effects of repetitive mTBI on the possibility
of successful performance in the Barnes maze task. The Barnes maze task is usually used
as a spatial learning/memory test in rodents taking advantage of their innate behavior
to run away from brightly illuminated to dark areas [80]; however, in our study, it was
applied primarily to test the functional status of the visual system following repeated
head traumas. No differences in the time to escape to the target hole or in the time spent
in the target quadrant were observed between the experimental groups, suggesting that
neuronal damage, axonal damage, and neuroinflammation detected in the OT at 6 months
after the last head trauma, as well as genetic TDP-43 background, did not influence the
performance in the Barnes maze task. In addition, the Barnes maze task, as a cognitive test,
was performed in some other studies in rodents of different ages and genotypes in which
various repetitive mTBI methods, severity of the injuries, protocols, tested parameters,
and posttraumatic periods were used, which is the reason why the obtained results are
not consistent and hardly reciprocally comparable [33,59,69,81–83]. Previously, it was
shown that TDP-43G348C animals exhibited a significant reduction in the time spent in the
target quadrant and increased primary errors in the Barnes maze test as compared with
age-matched wild-type mice at 10 months of age [28]. In our study, all mice, including these
transgenic traumatized and control animals, performed the task equally at approximately
8.5 months of age. Further studies are needed in order to explore age-dependent behavior
of TDP-43G348C mice in the Barnes maze task.

In summary, current study results suggest that repetitive mTBI induced damage of the
OT, but did not affect the nuclei that transmit information from the retinal ganglion cells to
the visual cortex, as well as mouse behavior that includes preserved vision, at 6 months
after the last head impact. In addition, genetic TDP-43 background did not influence the
assessed neuropathology and behavior in experimental animals. This study could improve
our knowledge and understanding of chronic neuropathological changes in the visual
system following repetitive mTBI and the role of TDP-43 proteinopathy in these processes.

4. Materials and Methods

4.1. Animals and Treatment

This study was performed on wild-type C57BL/6J and transgenic TDP-43G348C male
mice of C57BL/6J background. At the beginning of the experiments, the mice were
9–11 weeks old. Transgenic TDP-43G348C mice were obtained from the University Laval,
Quebec, Canada, and the colony was raised in the Laboratory for Mice Breeding and
Engineering Rijeka, Faculty of Medicine Rijeka, University of Rijeka, Croatia. All the
experimental procedures were performed according to the Faculty’s Ethical Committee
approval and in accordance with the Croatian laws and rules (NN 135/06; NN 37/13; NN
125/13; NN 39/17), as well as the guidelines of the European Community Council Directive
(86/609/EEC). Mice were maintained in the animal facility of the Faculty’s Department of
Basic and Clinical Pharmacology and Toxicology in temperature- and humidity-controlled
holding rooms, with an alternating 12 hour light/dark cycle. Fresh water and standard
rodent chew were available to animals ad libitum.

Mild brain traumas were induced using the closed head weight drop method previ-
ously described by Kane et al. [84]. In brief, mice were anesthetized with 3.5% isoflurane
in a nitrous oxide/oxygen (2:1) mixture in an induction chamber and rapidly positioned
on aluminum foil placed over a Plexiglas box, lined with a sponge. The box was situated
beneath the vertical metal tube of the apparatus. A steel weight (1.2 cm diameter, mass
97 g), set above the mouse head and between the ears, was pulled rapidly upward to
1 m height and released. Following the impact, the mice fell down through the foil and
onto the surface of the sponge, all while rotating their bodies by 180◦ horizontally. After
each mild brain trauma, the mice were returned to their holding cages to recover. In our
experiments, mice rapidly recovered and showed normal interactions with other animals
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without demonstrating signs of pain or indisposition nor resistance to manipulations after
mTBI. We did not observe respiratory arrest or seizures in any of the tested animals. For
the control group, sham treated animals were only briefly anesthetized without receiving
impacts. Sham procedures or mild brain traumas were repeated twice daily, in intervals of
6 h, for five consecutive days, i.e., a total of 10 impacts. Mice were euthanized at 6 months
after the final impact or sham procedure.

4.2. Polymerase Chain Reaction

In the transgenic animals, the presence of TDP-43G348C transgene was determined by
polymerase chain reaction (PCR) as previously described [28]. GoTaq® G2 Green Master
Mix (Promega Corporation, Madison, WI, USA) and the primers CTCTTTGTGGAGAG-
GAC and TTATTACCCGATGGGCA (Metabion international AG, Planegg, Germany) were
used for the reaction.

4.3. Tissue Preparation

For histochemistry purposes, the animals were anesthetized with xylazine and ke-
tamine mixture and transcardially perfused, first with phosphate-buffered saline (PBS)
and then prefixed with 4% paraformaldehyde in PBS. Their brains were dissected and
post-fixed for 20–22 h in the same fixative solution at room temperature and then embedded
in paraffin. Brain sections were cut to 3 μm thickness. For the analyses of the OTs, coronal
sections ranging from bregma +1.18 to −2.30 [85] were used. To detect changes in the LGN,
we analyzed coronal sections cut at approximately −2.46 from bregma, and the SC nuclei
were investigated at around −3.52 from bregma [85].

4.4. Fluoro-Jade C Staining

The slides were deparaffinized in xylene, rehydrated in ethanol and water, and then
treated for 10 min with a 0.06% potassium permanganate solution. Sections were rinsed
twice with distilled water (dH2O) for 1 min and incubated in 0.0001% Fluoro-Jade C
(Chemicon, Millipore, Billerica, MA, USA) staining solution for 20 min in the dark. After
that, they were washed in dH2O thrice per minute and dried on a hot plate on 50 ◦C for
20 min. Sections were dehydrated in xylene two times for 10 min, mounted in Entellan®

(Merck Millipore, Billerica, MA, USA), and coverslipped. Stained sections were examined
by epifluorescence microscopy using the appropriate light filter cube (Olympus BX 51
microscope with Olympus DP 70 digital camera, Olympus, Tokyo, Japan).

Quantification of Fluoro-Jade C intensity in the OT was done on microphotographs
taken at ×400 final magnification; for each animal, two images were used for the analyses.
Within each microphotograph, three ROIs of 0.0057 mm2 were analyzed. By subtracting the
background fluorescent intensity from those ROIs, we could determine only degenerating
axons within that field.

4.5. Bielschowsky Silver Staining

Bielschowsky silver staining is a method that can be used to detect nerve fibers and
stain axons, neurofibrils, and senile plaques in the central nervous system. Brain sections
were deparaffinized, dehydrated, and then immersed for 15 min in the solution with 20%
silver nitrate, preheated at 37 ◦C. Sections were then washed in distilled water, after which
they were submerged in silver ammonia solution for 15 min, all at 37 ◦C. Next, slides
were developed by placing them in 50 mL of distilled water with eight drops of both
ammonium hydroxide and developer stock (8% v/v formaldehyde, 0.5% w/v citric acid,
0.1% v/v nitric acid) for 2 min maximum, i.e., until their color changed to the desired
intensity of brown. Following the washing step in distilled water, sections were immersed
in 5% sodium thiosulfate for 5 min at room temperature, washed with tap water for 5 min,
dehydrated, cleared, and mounted with Entellan®.
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Microphotographs of the OTs stained with Bielschowsky silver stain were taken at
×400 magnification using an Olympus BX 51 microscope with an Olympus DP 70 digital
camera (Olympus, Tokyo, Japan).

4.6. Luxol Fast Blue Staining

LFB staining of the OT was performed to determine the degree of myelination. Fol-
lowing deparaffinization and rehydration, brain sections were stained with LFB solution
at 56 ◦C overnight. The next day, slides were rinsed with 95% ethanol and distilled water,
after which they were differentiated in the lithium carbonate solution for 10–15 s, and then
immersed briefly in the 70% ethanol three times. Following that, slides were washed in
distilled water, dehydrated through rising ethanol concentrations, cleared in xylene, and
mounted with Entellan®.

LFB-stained sections were photographed at 200× magnification using an Olympus
BX 51 microscope with an Olympus DP 70 digital camera (Olympus, Japan).

Myelin densities on LFB stained photographs were quantified by using the ImageJ soft-
ware (NIH, Bethesda, Md, USA), according to the protocol described by Underhill et al. [86]
with modifications suggested by Khodanovich et al. [87]. Briefly, mean intensities of the
red channel in a region of interest (ROI), i.e., in the OTs, were measured from RGB images
as a quantity characterizing the complementary blue channel saturation. The background
mean intensity of the red channel was also measured on each photograph in ROIs outside
the brain tissue, which served for the calculation of the background correction factor. LFB
optical density (in %) was calculated for each ROI according to the following formula: LFB
density = 100 × (1 − (red channel intensity/background intensity)).

4.7. Immunofluorescence/Immunohistochemistry

To investigate the expression of the proteins of interest, we used immunofluorescent
labeling in combination with DAPI nuclear counterstaining or immunohistological staining
visualized with 3,3′-diaminobenzidine (DAB) chromogen (Dako).

After deparaffinization and rehydration of slides, antigen retrieval was achieved
by heat-induced epitope retrieval procedure in the citric acid buffer (10 mM, pH 6.0).
Nonspecific binding sites were blocked with Tris-buffered saline (TBS) containing 5%
bovine serum albumin (BSA) and 0.025% Triton X-100. Slides were incubated overnight at
4 ◦C with primary antibodies, as listed in Table 1.

Table 1. List of antibodies used for the immunofluorescent (IF) and immunohistological (IHC) analyses.

Primary Antibody Dilution
Manufacturer

(Reference Number)

Rabbit anti-Iba1 1:1000 (IF) Wako Chemicals, Richmond, VA, USA (019-19741)

Mouse anti-GFAP 1:200 (IF) Cell Signaling Technology, Beverly, MA, USA (#3670)

Rabbit anti-MBP 1:2500 (IHC) Abcam, Cambridge, UK (ab218011)

Rabbit anti-NfL 1:100 (IHC) Cell Signaling Technology, Beverly, MA, USA (#2837)

Mouse anti-SYP 1:200 (IF) Santa Cruz Biotechnology, Santa Cruz, CA, USA (sc-17750)

Secondary Antibody Dilution
Manufacturer

(Reference Number)

Goat anti-rabbit Alexa Fluor 594 1:200 (IF) Abcam, Cambridge, UK (ab6901)

Rabbit anti-mouse Alexa Fluor 594 1:200 (IF) Cell Signaling Technology (#4408)

Biotinylated goat anti-rabbit 1:200 (IHC) Invitrogen, Carlsbad, CA, USA
(65-6140)

Abbreviations: Iba1, ionized calcium-binding adapter molecule 1; GFAP, glial fibrillary acidic protein; MBP, myelin basic protein; NfL,
neurofilament light chain; SYP, synaptophysin.
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For the sections immunolabeled and visualized by using the DAB chromogen, the brain
slices were incubated with an appropriate biotinylated secondary antibody (Table 1), diluted
in the antibody solution buffer for 1 h at RT, followed by the streptavidin–HRP conjugate
for 30 min at RT. Following the application of DAB, reaction with HRP produced a brown
precipitate. The slides were then dehydrated, immersed in xylene, and mounted. For the
immunofluorescence labeling, appropriate fluorochrome-conjugated secondary antibodies
were applied for 1 h at RT. Cell nuclei were counterstained with DAPI, and the slides were
mounted in anti-fade mounting medium.

Immunolabeled sections were examined by light or epifluorescence microscopy (Olym-
pus BX 51 microscope with Olympus DP 70 digital camera, Olympus, Tokyo, Japan).

Quantification of neurodegeneration and the glial response in the OTs was done on
Fluoro-Jade C-stained and Iba1- or GFAP-immunolabeled coronal sections cut in the range
of −1.34 to−2.30 from bregma [85] using ImageJ software (NIH, Bethesda, Md, USA).
Quantification of microgliosis and astrocytosis was made by measuring the percentage (%)
of the Iba1- or GFAP-immunoreactive areas. Microphotographs of two sections from each
animal, at ×400 magnification, were transformed to 8 bit images and auto-thresholded (0
being white and 255 being black), which enabled differentiating positive immunoreactions
from the background and calculating the immunoreactive area fraction. A region of interest
(ROI) was drawn around the OT. The area fractions were averaged for each animal and
each experimental group.

In the OTs, quantification of the DAB staining intensity was also done with ImageJ
software. Briefly, mean gray values were collected from the ROIs selected in the images of
the OTs, and optical density (OD) was calculated with the following formula: OD = log(max
gray intensity/mean gray intensity).

In the LGN and the SC, we evaluated the intensity of SYP immunofluorescent staining.
Conditions of the microscopy and photography were maintained constant throughout the
experiment, and immunoreactivity was quantified by measuring the integrated optical
density. In the mentioned nuclei, we also evaluated the microglial response by counting
the number of Iba1-stained cells in the immunofluorescently labeled sections.

4.8. Cresyl-Violet

Cresyl-violet (Nissl) staining was used to detect the effects of repetitive mTBI on the
number of neurons in the investigated nuclei of the visual system. Deparaffinized and
rehydrated slides were stained with 0.1% cresyl-violet acetate (Sigma Aldrich, St Louis,
MO, USA) by incubation for 10 min at room temperature. Differentiation of the brain tissue
sections was done by immersing the slides in 95% alcohol with glacial acetic acid. Finally,
brain sections were dehydrated in alcohol, cleared in xylene, and mounted with Entellan®.

Microphotographs of the cresyl-violet stained sections were taken at approximately −2.46
from bregma for the LGN and at −3.52 from bregma for the SC [85], at ×400 magnification,
using an Olympus BX 51 microscope equipped with an Olympus DP 70 digital camera
(Olympus, Tokyo, Japan). With the help of the ImageJ software, neuronal density estimation
in the investigated nuclei was carried out by a blind investigator using the random simple
counting method. Two to four random ROIs were taken from at least two serial cuts of the
selected areas and used to estimate the number of the neurons. Only cells with visible nuclei
were counted.

4.9. Barnes Maze Task

To test the behavior of experimental animals following repetitive mTBI that requires
preserved vision, the Barnes maze task was performed. A homemade maze was situated in
an experimental room with distinct visual cues. The apparatus consisted of an elevated
circular platform 92 cm in diameter with 20 escape holes, 5 cm in diameter, spaced evenly
around the perimeter, and an escape box placed underneath target hole. The maze was
divided into quadrants consisting of five holes each, and the target hole was located in
the center of the target quadrant. Visual cues enabled mice proper space orientation to
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learn and reach the target hole and quadrant. On the habituation day, on posttraumatic
day 167, the mouse was placed under the black start chamber in the center of the platform
for 10 s. After that, the box was removed and the animal was trained to find and enter the
escape box. The mouse was allowed for 1 min inside the escape box and then returned to
the holding cage. After this procedure, the animal was subjected to four daily described
training trials that lasted 3 min each, with an intertrial interval of 15 min, on days 167 to
170 after the last mTBI. The test, during which escape box was removed from the maze,
was conducted 24 h after the last training day and lasted 1.5 min per mouse. Seven days
after the test, mice were retested. Using video tracking software (ANY-maze, Stoelting
Europe, Dublin, Ireland), we recorded the time taken by the individual mouse to reach the
target hole, as well as the time that each mouse spent in the target quadrant during the test
and retest.

4.10. Laboratory Data and Statistical Analyses

Data were collected using the Microsoft Excel 2016 (Microsoft Corp., Redmond, WA,
USA) and, when necessary, corrected for between-session variation as described previ-
ously [88]. All the statistical analyses were performed in the Statistica software version
13.5 (StatSoft Inc., Tulsa, OK, USA). According to the normality of the results, we used
the nonparametric Kruskal–Wallis test followed by Mann–Whitney U test for all analyses,
except the analyses of the time spent in the target quadrant for the Barnes maze task
performance, for which parametric one-way analysis of variance test was utilized. Results
are expressed as means ± standard error of the mean. In all comparisons, p < 0.05 was
considered to indicate statistical significance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22126584/s1: Figure S1. Representative microphotographs of the optic tracts in wild-type
(WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury (rmTBI) or
sham procedure (Sham), immunostained with anti-ionized calcium-binding adaptor molecule 1
(Iba1), showing different morphological forms of microglial cells; Figure S2. Fluoro-Jade C- and
cresyl-violet-stained sections of the lateral geniculate nucleus (LGN) and the superior colliculus (SC)
in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild traumatic brain injury
(rmTBI); Figure S3. The activity of the glial cells in the lateral geniculate nucleus (LGN) and the
superior colliculus (SC) in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive mild
traumatic brain injury (rmTBI); Figure S4. Synaptic plasticity in the lateral geniculate nucleus (LGN)
and the superior colliculus (SC) in wild-type (WT) and TDP-43G348C mice at 6 months after repetitive
mild traumatic brain injury (rmTBI).
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Abstract: The human body is highly complex and comprises a variety of living cells and extracellular
material, which forms tissues, organs, and organ systems. Human cells tend to turn over readily
to maintain homeostasis in tissues. However, postmitotic nerve cells exceptionally have an ability
to regenerate and be sustained for the entire life of an individual, to safeguard the physiological
functioning of the central nervous system. For efficient functioning of the CNS, neuronal death
is essential, but extreme loss of neurons diminishes the functioning of the nervous system and
leads to the onset of neurodegenerative diseases. Neurodegenerative diseases range from acute to
chronic severe life-altering conditions like Parkinson’s disease and Alzheimer’s disease. Millions
of individuals worldwide are suffering from neurodegenerative disorders with little or negligible
treatment available, thereby leading to a decline in their quality of life. Neuropathological studies
have identified a series of factors that explain the etiology of neuronal degradation and its progression
in neurodegenerative disease. The onset of neurological diseases depends on a combination of factors
that causes a disruption of neurons, such as environmental, biological, physiological, and genetic
factors. The current review highlights some of the major pathological factors responsible for neuronal
degradation, such as oxidative stress, cell death, and neuroinflammation. All these factors have been
described in detail to enhance the understanding of their mechanisms and target them for disease
management.

Keywords: neurodegeneration; neuroinflammation; apoptosis; necrosis; cell death; oxidative stress

1. Introduction

The human brain is the most complex organ, controlling all the amazing things we do
by regulating several molecular pathways. It comprises billions of cells, called neurons,
which control the proper functioning of our body. Neurons stimulate and transmit signals
that enable us to talk, move, think, and accomplish everything we do. The brain cells are
closely interconnected with each other. Therefore, the slightest miscommunications within
cells in a particular area can lead to a disruption in other activities controlled by brain,
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causing major brain disorders. Neurodegenerative diseases can also be characterized by
progressive loss in the functioning of the brain due to an accumulation of toxic proteins
that exhibit clinical syndromes [1,2]. Therefore, brain disorders should not be taken
lightly, as they can result in widespread problems [3], ultimately leading to neuronal death
and shrinkage. The word “neurodegenerative” is formed of two parts—“neuro,” which
means brain, and “degenerative,” which means dying or breaking down. Inadequate
communication among brain cells lead to devastating effects, influencing several activities
of an individual such as movement, memory, speech intelligence, and many more [4,5].
Neurodegenerative diseases are highly complex, and their etiology is sometimes very hard
to predict.

Different areas of the brain encounter different types of neurodegenerative diseases,
and they are described in Table 1. Examples of neurodegenerative diseases include Parkin-
son’s disease, Huntington disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and
many more.

Table 1. Types of neurodegenerative diseases according to the brain region affected.

Brain Region Affected Types of Neurodegenerative Diseases

Basal ganglia

Parkinson’s disease
Huntington disease
Alzheimer’s disease

Frontotemporal degeneration

Thalamus
Alzheimer’s disease

Frontotemporal degeneration
Multiple sclerosis

Cerebellum

Multiple sclerosis
Multiple systemic atrophy dystonia

Alzheimer’s disease
Spinocerebellar ataxia

Cerebral cortex

Frontotemporal dementia
Alzheimer’s disease

Tremors
Parkinson’s disease
Huntington disease

Amyotrophic lateral sclerosis
Neuro psychiatric disorders

Brain stem

Frontotemporal lobar degeneration
Parkinson’s disease
Huntington disease

Frontotemporal dementia
Amyotrophic lateral sclerosis

Spinocerebellar ataxia

The symptoms of neurodegenerative diseases are mainly encountered in older groups
of people [6]. This group of people is highly vulnerable to memory loss, which results in a
poor quality of life and loss of personality [7–9]. With the increasing population worldwide,
the incidence of neurological diseases is also increasing. According to published data, it
has been determined that new cases of Parkinson’s disease and Alzheimer’s disease have
increased abruptly over the span of the last 30 years. Around the globe, more than 10 million
people are suffering from Parkinson’s disease and more than 5.4 million people are living
with Alzheimer’s disease, indicating that neurodegenerative diseases are the leading cause
of death worldwide and are highly prevalent in populations of people 60 years of age [10].
The massive increase in neurodegenerative diseases can be contributing to an increase
in the prevalence of amyotrophic lateral sclerosis (ALS) disease. In addition, it has been
determined that a large population of the elderly age group is estimated to be suffering
from Huntington disease.
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The prevalence of neurodegenerative diseases among all the genders, races, and
geographical areas is increasing with increasing population all over the world [11]. These
diseases are highly complex and difficult to cure; therefore, it has become necessary
to develop newer medications with effective therapeutic strategies to overcome them.
Simulated models comprising everything from unicellular organisms to the most complex
functioning have been developed, and have proven to be useful tools in the research
and development of new therapeutic medications by exploring the underlined advanced
neurological pathways [12]. The collection of biomarkers or therapeutic targets provides
greater insight to the pathophysiology of neurological diseases and can also contribute to
researching new medications [13,14].

Figure 1 describes some of the common factors that are responsible for the ini-
tiation and progression of neurological diseases and provide greater insight into the
pathophysiology.

 

Figure 1. Some of the common factors responsible for the initiation/progression of neurological
diseases.

The current review explains the most common pathways that are responsible for the
initiation and progression of commonly occurring neurodegenerative disorders.

2. Role of Cell Death in the Onset of Neurodegeneration

Neurological disorders are mainly characterized by increased degradation in the func-
tioning of neurons due to the destruction of synapses and axons, eventually leading to
nerve cell death. An understanding of the mechanism that leads to the homeostasis of
cellular elements and neurodegradation is highly important for developing novel thera-
peutic treatments for the diseases [15–19]. The healthy cells in the human body transform
to preserve the normal homeostasis of tissues; however, post-mitotic neurons harbor very
little capacity to regenerate and their survival is essential to ensure the proper functioning
of the nervous system [20]. The death of neurons promotes the development of nervous
system; however, if occurring in excess, it leads to declined functioning of nervous system
and causes the progression of neurodegenerative diseases, which can be indicated by a
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range of acute insults, from stroke and traumatic brain injury (TBI) to enduring critical
conditions such as Parkinson’s disease [21], Alzheimer’s disease [22], and amyotrophic
lateral sclerosis [23].

Several studies have been conducted to understand the neuropathology behind the
chronic conditions of these diseases, and stereotypical patterns of neurodegeneration have
been identified in different regions of the central nervous system, which correspond to the
disease severity clinically [24]. Several other pathological pathways, such as impairment
in axonal transport and synaptic function, oxidative stress, dysfunction of lysosomes and
mitochondria [25,26], activation of microglial cells and protein aggregation, also contribute
to neuronal damage [27]. Other factors such as genetics, age, and environmental factors
influence the disruption of neuronal homeostasis and aggravate the existing neurodegener-
ation by activating the signaling of different molecules, ultimately causing cell death and
declined functioning of the nervous system [28].

With the advancement of technology in recent years, the understanding of pathology
and genetic changes invoked in neurodegenerative diseases has significantly improved
but is still unsatisfying. Due to complex biology, the connection between the origin and
execution of the death of neurons is still lucid [2]. The pathway involved in cell death and
the mechanism responsible for its activation is still under question, and unraveling it is
important to drive the development of new target-oriented therapeutic medications. There
are several pathways that regulate the cell death of neurons, which are explained below.

2.1. Exhibition of Necroptosis, Apoptosis, and Related Processes in Neuronal Death

Apoptosis can be defined as a type of programmed cell death that is mainly associated
with the disintegration of deoxy ribonucleic acid (DNA) and the destruction of several
nuclear and cytoskeletal proteins, which leads to immune cell-mediated phagocytosis. The
protein caspases execute a chain of proteolysis, which ultimately results in cell death [29].
During the development of the central nervous system, excess neurons are removed by neu-
ronal apoptosis, followed by acute insults that range from excited conditions to injuries [30].
The activation of caspase 8 by extrinsic pathway and caspase 9 via intrinsic pathway leads
to the activation of death receptors and mitochondrial damage, respectively, and eventually
converges to caspase 3, which ultimately initiates downstreaming of neuronal apoptosis.
It was established in a published paper that mice that lack caspase 3 expressions present
excessive neuronal cells at birth and significantly reduced apoptosis [31]. The damaged
mitochondrion in neurons initiates apoptosis with the help of proapoptotic protein Bax,
belonging to the bcl-2 family, by activation of the mitochondrial membrane and release
of cytochrome C and further caspase 9 activation [32]. This pathway mainly regulates
apoptosis of the neurons even when the chief stimuli has not impaired the functioning of
mitochondria. This indicates that the permeability of mitochondria broadly contributes
to the apoptosis of neurons. It has been discovered that the neurons that lack Bax protein
display no activation of caspases and are strongly protected from neurodegeneration even
after prolonged insults [33].

Necroptosis is a form of programmed cell death that is independent of caspases and
has been recently discovered to explain cellular characteristics of necrosis. Interferons,
tumor necrosis factor, toll-like receptors, and signaling of other proteins and infections act
as stimuli and induce necroptosis [34]. Apart from apoptosis and necroptosis, several other
pathways that cause cell death have also been identified, such as iron-independent necrosis,
known as ferroptosis; lysosomal cell death, known as auto lysis; and death by self-eating,
known as autophagy. All these mechanisms are interrelated and cause neuronal cell death.

2.2. Cell Death Regulation in Response to Neuronal Stress

The signaling of the c-Jun amino terminal kinase (JNK) pathway induces traumatic
responses that lead to the death of neurons. The role of the JNK signaling pathway has
been characterized as the functioning of neurons, including responses that mediate neu-
ronal injury [35]. Another protein, namely, dual leucine zipper kinase (DLK), regulates
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JNK signaling and upstream neuronal functioning. It is mainly triggered by neurotrophic
growth factors, oxidative stress, injuries associated with neurons and axons, and misfolded
proteins [36]. DLK proteins lead to JNK phosphorylation and translocate to the nucleus.
This phosphorylation further leads to transcriptional stress and culminates in CNS apopto-
sis. The DLK proteins control the degeneration of neurons in the developmental phase, but
if uncontrolled it progresses to conditions of injury in neurons and neurodegeneration [37].

The neuronal cells that lack signaling by DLK proteins fail to generate a normal
transcriptional injury response and further attenuate the activation of caspases, and hence,
are strongly protected from destruction upon exposure to stress [38]. The activity of protein
kinase R-like endoplasmic reticulum kinase (PERK) can be hampered by the signaling
of DLK proteins to prevent the phosphorylation and translation of eukaryotic initiation
factor-2α in neurons post-acute injury [39]. The signaling of PERK is a component of
unfolded protein responses and its activation by DLK proteins significantly demonstrates
its participation in the destruction of neurons. Therefore, the signaling of proteins like DLK,
JNK, and PERK induces stress responses that further lead to the signaling of pathways,
leading to cell death [40].

2.3. Programmed Destruction of Neurons by the Degeneration of Axons

The degeneration of axons can be mainly portrayed by forfeited connectivity in
neurons [41]. This is the earliest clinical feature that has been discovered in most neurode-
generative diseases [42]. The degeneration of axons is a dynamic activity that depends
upon the signaling of local axons and their transcriptional regulation within the body
of neuron cells [43]. Axon degeneration, in conjunction with the apoptosis of neurons,
further aggravates the condition. Several pathways such as the withdrawal of trophic
factors, DLK/JNK signaling pathways [44], and several chemotherapeutic compounds
appear to be involved in axonal degeneration, whereas the DLK pathway is considered to
be the governing pathway that leads to axonal degeneration by activating the signaling of
caspase proteins and ultimately neuronal cell death [45]. Figure 2 briefly mentions all the
factors that are involved in the pathway of cell death via processes of neuronal apoptosis,
the formation of a cascade of proteolysis that induces mitochondrial stress and damage,
and the signaling of various proteins such as c-Jun amino terminal kinase (JNK) and dual
leucine zipper kinase (DLK), which leads to translocation to the nucleus and ultimately
causes cell death.

 

Figure 2. The factors that are involved in the pathways of cell death. Legend: JNK—c-Jun amino-terminal kinase; DLK—dual
leucine zipper kinase.
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Apart from the mechanisms stated above, there are several other factors that lead to
neuronal cell death in diseases, such as protein homeostasis, [20] mitochondrial dysfunction,
neuroinflammation, selective vulnerability, and linking of initiators and executioners of
neurodegenerative diseases. All these factors run parallel and induce stress intracellularly
in neurons, which leads to their death and chronic neurodegenerative disorders. These
are also guided by accretion of the proteins that have misfolded or are defective in the
endolysosomal system and oxidative stress.

The most common trait involved in the etiology of neurological disorders like Alzhei-
mer’s disease and Parkinson’s disease includes the aggregation of toxic misfolded proteins,
which leads to synaptic dysfunction and the destruction of neurons [46] For instance,
the extracellular β-amyloid plaques observed in Alzheimer’s disease in conjunction with
intracellular neurofibrillary tangles formed by the hyperphosphorylation of the tau protein
is the contributing factor in the pathophysiology of Alzheimer’s disease [47]. The precise
mechanism that triggers the conversion of normal proteins into misfolded proteins is
lucid; however, the misfolded proteins recruit healthy proteins into lethal oligomers and
accelerate their aggregation. These aggregated proteins sequesters from their colony and
prevent the functioning that is necessary for their survival [48].

During normal physiological conditions, proteins, with the help of endoplasmic
reticulum chaperones, are folded into their native form while the misfolded proteins
are engulfed by autophagosomes, lysosomes, and proteosomes, a process called protein
homeostasis. In conditions of stress, the misfolded proteins are generated in bulk and their
aggregation leads to toxic functioning due to loss of endogenous functioning, which drives
neuron cell death. Protein homeostasis is a critical process that governs the overall health
of neurons. Mitochondrial dysfunction and neuroinflammation also lead to cytotoxicity
in the brain and play a major role in the pathophysiology of neurodegenerative diseases.
These processes mainly include the release of cytotoxic inflammatory cytokines in the brain,
which causes phagocytosis of damaged neurons [49].

A selective region in brain and subsets of neurons that are highly exposed to cytotoxic
agents lead to disease progression, a phenomenon called selective vulnerability. For
instance, the pyramidal neurons in the entorhinal cortex region of the brain are initially
targeted in Alzheimer’s disease. Hence, different pathophysiology in different regions of
the brain mediates neurodegeneration, and thorough knowledge of neuron dysfunction
processes and cell death can open opportunities for the development of more targeted
therapies and enhance the quality of life of the affected populations.

3. Oxidative Stress and Its Role in Neurodegeneration

The most vital entity for all living organisms is oxygen. Oxygen plays an important
role in the physiological functioning of the body, as it is involved in several processes, such
as tissue formation, and is a basic element for the growth of every cell. It is highly crucial
in inducing gene transcription and signal transduction [50]. However, in excess it may
produce detrimental outcomes. The conditions of stress occur mainly due to an imbalance
between concentrations of reactive oxygen species (hydroxyl free radical, oxygen) and
antioxidants [51]. The imbalance arises mainly due to two factors, which include the
excessive synthesis of reactive oxygen species or a disturbance in the antioxidant system of
the body [52]. Mitochondria supplies adenosine triphosphate (ATP) to the cells by breaking
down glucose molecules, a process called oxidative phosphorylation, and by the synthesis
of several other essential biological molecules. The proteins and enzymes required in
oxidative phosphorylation are mainly programmed by the DNA of the mitochondria. Apart
from the production of ATP via electron transport chain and oxidative phosphorylation,
mitochondria are also involved in producing molecules that have a tendency to overcome
oxidative stress via apoptotic mechanisms and other functions in cells [53].

The enrichment of mitochondria with enzymes involved in redox reaction and dys-
function of mitochondria is the principal cause of oxidative stress and excessive production
of reactive oxygen species in the cellular environment. A phospholipid called cardiolipin
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is found in the membrane of mitochondria and is specifically involved with proteins in
the electron transport chain. Any abnormality in the oxidative phosphorylation process
causes the dysfunction of mitochondria cells and the generation of reactive oxygen species
(ROS) made up of univalent oxygen molecules. The most important molecule in reactive
oxygen species is nitric oxide, which regulates the production and relaxation of the muscle
cells of vasculature, leukocyte adhesion, platelet aggregation, angiogenesis, thrombosis,
hemodynamics, vascular tone, and many more [54].

The major sources of free radicals include redox metabolism in mitochondria, the
metabolism of phospholipids, and several other proteolytic pathways. For normal phys-
iological functioning of the body, the concentration of reactive oxygen species must be
low. High concentrations and excessive exposure to ROS leads to the destruction of macro-
molecules such as DNA, proteins, and lipids, which ultimately cause necrosis and apoptotic
cell death [55].

Oxidative stress is also the key element that regulates aging and several other neu-
rological conditions. The chemical integrity of the brain controls the higher functioning
of the central nervous system. The human brain is most susceptible to oxidative stress, as
it devours a huge proportion of oxygen and is highly rich in lipids [56]. Higher oxygen
consumption produces an abundant number of ROS. The membrane of the neurons is made
up of polyunsaturated fatty acids, which are also prone to reactive oxygen species [57].

Several neurodegenerative diseases such as Alzheimer’s disease, amyotrophic lateral
sclerosis, Huntington disease, and Parkinson’s disease are a result of alterations in biochem-
ical and biomolecular components mainly due to oxidative stress. Hydrogen peroxide, a
highly reactive hydroxyl radical and super oxide anion, are some of the negative oxygen
species that are involved in neurodegeneration. Therefore, a dire need arises to understand
the principal role of oxidative stress in the etiology of neurodegeneration. Apart from reac-
tive oxygen species, reactive nitrogen species such as nitric oxide also possesses destructive
effects on neurons [58]. It is important to understand the pathophysiology involved in cell
death via ROS and initiate treatment by targeting the specific pathways involved to combat
these diseases.

Oxidative stress is the predominant factor responsible for the pathogenesis of numer-
ous chronic diseases such as diabetes, rheumatoid arthritis, obesity, etc., and almost all
neurological disorders. Scavenging of free radicals by antioxidants can prevent aging and
oxidative stress-mediated pathological conditions. The factors that cause oxidative stress
and the physiological changes that come as a result of increased reactive oxygen species
are presented in Figure 3.

An insufficiency in the antioxidant-medicated defense system leads to increased
concentrations of oxidative species, which is highly problematic, as neuron cells are made
up of polyunsaturated lipids, which are extremely susceptible to oxidation and create
deleterious effects on biomolecules [59]. Changes in proteins, lipids, enzymes, DNA,
ribonucleic acid (RNA), and other biomolecules under stress conditions can be used as
biomarkers due to their highly sensitive nature and thus can be helpful in the determination
of oxidative stress [60]. Reactive oxygen species such as OH, ONOO, etc. can be generated
by altering the functioning of proteins and lipids.

The heterocyclic bases of DNA and RNA, mainly guanine, is extremely prone to
oxidative damage and can be attacked by reactive oxygen species, which leads to the
formation of 8-hydroxy-2-deoxyguanosine and 8-hydroxyguanine. These modified bases,
when increased to a certain extent in the brain, produce significant damage and are the
principle cause of Parkinson’s disease [61]. The carbonylation and nitration of proteins is
also predominantly witnessed in brains of Alzheimer’s patients.
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Figure 3. The factors that cause oxidative stress and the physiological changes that come as a result of increased reactive
oxygen species.

Lipids form the plasma membrane of the neuron cells and act as a barrier between
extracellular and intracellular spaces, and hence play a major role in the functioning of
neuron cells [62]. However, these lipids are easily attacked by free radicals and go through
lipid peroxidation, which decreases the fluidity of the membrane and causes leakage, which
encourages the entry of substances that are usually not allowed to pass intracellularly but
now cross these barriers through specific channels, thereby mutilating enzymes, membrane
proteins, and receptors [63].

A significant role of pro-oxidants in neurodegenerative disorders has also been es-
tablished, apart from the endogenous and exogenous sources of oxidative stress. Rich
sources of polyphenols such as vegetables and fruits play an important part in generating
defense antioxidant mechanisms. Awareness to increase such ingredients in the diet on
a routine basis can be highly beneficial. However, the occurrence of neurodegenerative
diseases and other chronic health problems is not solely dependent upon antioxidants, and
there may be several other factors that induce oxidative stress and have been identified
as pro-oxidants [64]. Pro-oxidants are any xenobiotic or endobiotic species that increases
the production of reactive oxygen species or reactive nitrogen species by inhibiting the
antioxidant system and triggering oxidative stress in tissues and cells. Exogeneous prooxi-
dants include dietary supplements, pathogens, and toxicant drugs, whereas endogenous
prooxidants include environmental pollution, metabolites of drugs, anxiety, climate change,
and many more.

Heavy metals also play an important role in oxidative stress and have harmful effects
on the reproductive system, respiratory system, central nervous system, cardiovascular
system, and vital organs of the body [65]. These metal ions accumulate in the environment
of the human body and combine with other xenobiotics and exert deteriorating effects
on the immune system and hematology. Exposure to heavy metal ions such as lead and
mercury and a deficiency in necessary metal ions like zinc and selenium lead to an increase
in oxidative stress and produce deleterious effects by generating abnormality in the redox
functioning of the cell [66].

The role of mercury in biological processes is minimal but its presence and accumula-
tion in the body can produce harmful effects. Oxidative stress, which is mediated by the
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presence of mercury, can lead to the damage of biomolecular membranes, which further
initiates the synthesis of hydrogen peroxide [67]. The neurotoxic effects of mercury have
been discovered, and it has been determined that excessive mercury causes tremors and
memory issues in the brain, accompanied by altered hearing and vision. Another heavy
metal, lead, is also toxic to humans because of its nature to induce oxidative stress [68].
The damage produced by lead significantly depends upon the dose, route and duration
of exposure, health status, and age of the individual. Lead has a high affinity for the -SH
group, which is mainly present in amino acids and other metal cofactors that cause a
significant reduction in the enzymes responsible for antioxidant activity, thereby elevating
oxidative stress and causing failure of vital organs.

Another heavy metal, arsenic, is also prone to binding with the -SH group of glu-
tathione, leading to the production of hydrogen peroxide. Arsenic is also responsible for
the inhibition of glucose absorption in cells and the oxidation of fatty acids [69].

Recently, the role of ferroptosis has also emerged as being involved in inducing ox-
idative stress, which causes neuron cell damage and cell apoptosis [70,71]. The process of
ferroptosis is mainly dependent upon the production of soluble and lipid reactive oxygen
species by enzymatic reactions that mediate the transitioning of iron metal. Ferroptosis-
mediated oxidative stress and mitochondrial dysfunction causes the death of neurons as
well as cell apoptosis and targeting them can be an efficient strategy to prevent neurode-
generative diseases [72].

3.1. Mechanism of Oxidative Stress

Reactive oxygen species are mainly produced by a dysfunction in the mitochondria.
The range of dysfunction through mitochondria is very wide and comprises a decrease
in ATP production, altered regulation of calcium, brain iron accumulation, respiratory
chain dysfunction, perturbation in the dynamics of mitochondria, and deregulation of
mitochondria clearance [73].

In patients with Parkinson’s disease, several genes have been identified that strongly
confirm the association of mitochondrial function with oxidative stress in the pathogenesis
of the disease. The loss in functioning of the DJ-1 gene causes oxidative stress and exerts
a neuroprotective role in response to its antioxidant characteristic in mitochondria [74].
Mutations in the recessive form of the PINK1 gene leads to the onset of Parkinson’s disease.
PINK1 is a mitochondria kinase that regulates cytosolic calcium, and deficiency in this
gene leads to impairment of calcium influx in mitochondria and causes mitochondrial
calcium overload, which leads to the opening of the mitochondrial permeability transition
pore (MPTP) and permits the translocation of proapoptotic molecules to cytosol from
mitochondria [75].

Apart from Parkinson’s disease, the dysfunction of mitochondria has also been iden-
tified in the pathology of Alzheimer’s disease and other common neurodegenerative
disorders. The ROS are produced via the oxidation of nicotinamide adenine dinucleotide
phosphate (NADPH) and selective neural degeneration. The crucial role of NADPH oxi-
dase in neurodegenerative disease has been confirmed in several animal models. The active
form of NADPH oxidase relocates proteins to membranes to enhance healthy neuronal
activity and requires the breaching of ion/anion channels to compensate the charge. In mi-
croglial cells activated by beta-amyloid proteins, the superoxide production is inhibited [76].
The stimulation of NADPH oxidase by beta-amyloid proteins in combination with the
abundant synthesis of nitric oxide can cause the destruction of the surrounding cells. The
beta-amyloid proteins also activate NADPH oxidase by causing the entry of calcium into
the astrocytes, thereby preventing their entry into the neuronal cells. After NADPH oxidase
actuation [77], the mitochondrial membrane is depolarized, which, combined with calcium,
leads to the opening of MPTP and changes the membrane structure by phospholipase C
stimulation. This signal of oxidative stress is further carried to neighboring neuronal cells
that are highly exposed compared to astrocytes. [78]. When the neurons have multiple

127



Int. J. Mol. Sci. 2021, 22, 7432

synapses and long axons, they have high energy requirements for transportation through
axons and long-term plasticity.

To fulfil such big energy requirements, a high demand for ATP is rendered, thereby
increasing levels of reactive oxygen species in conditions of stress, which imparts a higher
degree of neurodegeneration. For example, the neurons in the hippocampus region of the
brain generate greater levels of superoxide anions and comprise increased expression of
antioxidant and reactive oxygen species that produce genes [79]. The amplified oxidative
stress in intrinsic surroundings leads to the dysfunction of mitochondria, which further
generates more free radicals, thereby exaggerating the oxidative stress cycle.

Figure 4 represents the process of oxidative stress-mediated neurodegeneration. Based
on external and internal factors, the production of reactive oxygen species increases in
the body, which causes an overall increase in the oxidative stress. This oxidative stress
causes aberrant phosphorylation of proteins, leading to synthesis of misfolded proteins,
which alters the normal functioning of neuronal transmission. Due to altered protein
structures, they get aggregated and lose the ability to transport, thereby hampering the
synaptic activity and causing the initiation and progression of neurodegeneration.

 

Figure 4. Synthesizing the process of oxidative stress-mediated neurodegeneration. Legend: ROS—reactive oxygen species;
RNS—reactive nitrogen species; UV—ultraviolet; NADP—nicotinamide adenine dinucleotide.

3.2. Targeting of Oxidative Stress in Neurodegenerative Diseases

For the management of oxidative stress-mediated neurodegeneration, it is essential
that antioxidant therapies be administered that target reactive oxygen species and suppress
oxidative stress, thereby decreasing the intensity of neurodegeneration. Antioxidants are
endogenous or exogenous molecules that antagonize the effects produced by reactive
oxygen species and oxidative stress in the cellular system. These compounds neutralize the
effect of reactive oxygen species and engulf any free radicals, thereby inhibiting conditions
of oxidative stress [80].

By altering the foods in our diet, we can enhance the intake of antioxidants by con-
suming food products rich in flavonoids, lipoic acid, phenolic compounds, beta carotene,
and ascorbic acid (Vitamin C). These naturally occurring antioxidants prevent the protein
and lipid oxidation process in the body, thereby suppressing the generation of ROS and
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upstreaming the therapeutic barrier to oxidative stress. The ROS initiate excitotoxicity and
modulate the glutamate receptors by over-activating them.

The drugs that target these receptors can be efficiently used in upstreaming the an-
tioxidant profile and in the management of neurodegenerative diseases by blocking these
specific receptors. For instance, Alzheimer’s disease can be slowed down by administering
memantine, which targets N-methyl-D-aspartate receptor and imparts modest benefits to
the patient suffering from a moderate to severe range of the disease. An upcoming thera-
peutic aspect for the prevention of neuronal cell death and the regulation of oxidative stress
includes vaccination of the individual against the potential toxic proteins that are formed in
several types of neurodegenerative disorders. A promising example is vaccination against
the beta-amyloid protein, which is mainly found in patients with Alzheimer’s disease.
Vaccination against it prevents the formation of plaque and subsequent neuroinflammation.

4. Role of Neuroinflammation in the Onset of Neurodegeneration

Recent studies have demonstrated a bridge between chronic inflammation and neu-
rodegeneration. Apoptosis or programmed cell death and necrosis lead to neuronal cell
death in the brain [81]. An increased burden of neurodegenerative conditions on the health
care system and a lack of effective treatments available pose an urgent need to identify new
drug targets. The most common feature that has been found in several neurodegenerative
diseases such as Parkinson’s disease and Alzheimer’s disease is chronic neuroinflammation.
Glial cells have been identified as the mediators of neurodegeneration and are responsible
for the onset and progression of these diseases.

Neuronal health is mainly monitored by the nervous system’s immune cells, called
microglia [82]. These cells are activated upon any injury to neurons or infections, which
further produces proinflammatory factors (M1 phenotype) or anti-inflammatory factors
(M2 phenotype). For a healthy functioning of the human brain, it is necessary to have
the correct balance between anti-inflammatory mediators, which allow for the repair and
healing of tissues, and proinflammatory mediators, which clear the cellular debris and
misfolded protein aggregation is maintained [83]. The activation of microglia cells in
Alzheimer’s and Parkinson’s disease is mainly tilted towards the M1 phenotype, which
leads to an exaggeration of inflammation and accelerates the progression of the disease [84].
The new therapies for the management of neurodegeneration include induction of the M2
phenotype and deactivation of the M1 phenotype in the brain.

Astrocytes are another type of glial cells that are present in the brain and regulate
the maintenance and maturation of neuronal cells. They are highly sensitive and respond
to injury very quickly, as do microglia cells [85]. Depending upon their activation, they
can be neuroprotective by stimulating repair and reducing inflammation or be neurotoxic
by promoting inflammation and contributing to the death of neuronal cells. Activated
astrocytes also act as a proinflammatory factor in Parkinson’s disease and Alzheimer’s
disease [86]. Their role has been implicated in the breakdown of the blood–brain barrier,
thereby encouraging the infiltration of immune cells into the brain, which increases neu-
ronal death by excessive stimulation and impairment of the uptake of neurotransmitter
glutamate. Another type of glial cell, called oligodendrocytes, also poses a significant role
in neurodegeneration [87]. Oligodendrocytes form a sheath of myelin around the nerve
fibers, which permits the efficient and rapid transmission of electrical impulses across
neurons and thus induces signal transmission. Damage in these cells has been attributed
to the progression of multiple sclerosis and other neurodegenerative diseases in which
the immune system attacks oligodendrocytes and damages the myelin sheath, thereby
reducing levels of myelin proteins in brain tissue [88].

4.1. Sources of Neuroinflammation

The mechanisms involved in neuroinflammation by biomolecular or cellular pathways
are alike in aging and metabolic diseases such as depression, dementia, diabetes, and
hypertension, as well as cerebral insult conditions such as stroke, and contribute silently to
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neuroinflammation. In elderly groups of patients, the mechanism of inflammation has been
strongly associated with the pathogenesis of dementia and functional impairment [89].
Local and systemic inflammation in CNS significantly contributes to the development of
small cerebral vessel diseases such as vascular dementia, which is mainly hypothesized
as microvascular changes that cause a state of chronic hyper perfusion and lead to the
death of oligodendrocytes and consecutively cause the destruction of myelin fibers, which
increases inflammation in the affected brain region [90,91].

Other markers of inflammation such as C-reactive protein (CRP) can help with the
prediction of clinical and subclinical atherosclerosis and play a major role in the identifica-
tion of brain hemorrhage and conditions of stroke. Various other metabolic disorders such
as diabetes [92], obesity, and hypertension also lead to dysfunction of the adipose tissue
and induce low-grade inflammation, thereby worsening neuroinflammation in patients
with a history of stroke [93]. Another factor that induces the synthesis of proinflamma-
tory cytokines is aging processes. The inflammation triggered due to aging in the brain
manifests chronic activation of parenchymal and perivascular macrophages and increases
expression of microglial cells, thereby increasing the number of astrocytes. This chronic
activation and signaling of pro-inflammatory cytokines increases the vulnerability of the
patient to psychiatric disorders [94].

Females that are obese are mainly observed to have elevated concentrations of
interleukin-6, CRP, and adipokines [95]. All these pro-inflammatory cytokines contribute
positively to manifesting symptoms of depression and anxiety. Upon surgical removal
of fat tissues, an alleviation in anxiety was noted. Further metabolic diseases such as
hypertension and obesity accompanied with older age groups pose as a prevalent risk
factor in the initiation of cognitive dysfunction, including depression, dementia, and other
neurodegenerative disorders [96].

The biological mechanism responsible for depression is still lucid, and patients are ad-
ministered conventional anti-depressant therapy for the correction of the disease; however,
it has been noted that neuroinflammation suppresses the beneficial effects of the therapy in
one-third of patients, leading to resistance in treatment [97]. The putative mechanism that
links inflammation and neurodegeneration includes elevated pro-inflammatory cytokines,
mainly IL-6 or IL-8 [98], oxidative stress, higher glutamate, and uncoupling of endothelial
nitric oxide synthase. In severe psychiatric illnesses such as major depressive disorder,
evidence of neurovascular dysfunction was determined to be indirectly associated with
increased concentrations of inflammatory cytokines in the periphery [99].

Hyperactivated immune response results in an inflammatory cytokine rush and poses
problems to the central nervous system [100]. Immune responses are generally triggered
upon exposure to certain infectious agents such as viruses, bacteria, or any other associ-
ated pathogens [101]. A pathogen can enter the CNS through two different hypothetical
pathways, including hematogenous dissemination, through which the pathogen gains
direct access to the brain via the blood–brain barrier, and neuronal retrograde dissemina-
tion [102,103]. Different pathogens interact in distinct ways and lead to the activation of
macrophages and further stimulation of inflammatory cytokines and neuroinflammation.

4.2. Neuroinflammatory Process

Through emerging evidence, the role of neuroinflammation in neurological diseases
has been well documented, and by controlling the key factors that are responsible for the
immune and inflammation processes, can serve as a key to the prevention and delay of
most late-onset CNS disorders [104]. Poor quality of life and unhealthy food habits have
led to the onset and progression of several diseases such as stroke, hypertension, diabetes,
obesity, etc., which causes alteration in lipid hormones, adipokines, and inflammatory
cytokines, thereby inducing adverse regulatory responses [105]. These metabolic disorders
also regulate chronic activation of the pro-inflammatory cytokines even in the CNS, which
makes the population vulnerable to neurological disorders.
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A correlation between neurological disorders such as anxiety and depression and
proinflammatory cytokines has been developed, which indicates their chief role in the
instigation of cognitive dysfunction, thereby favoring neurodegradation. An increase in the
level of peripheral inflammatory markers such as interleukin (IL)-6 and IL-8 is associated
with mortality from suicide and depression. The complement cascade of the activation of
microglial cells in response to pruning synapses is a biological mechanism that commonly
occurs in neuroinflammatory processes and the development of a healthy brain. The
generation of neurotrophic factors can be compromised by the activation of the immune
system and lead to microglial cell-mediated secretion of cytotoxic factors.

Microglial cells are the main agents involved in neuroinflammation, with the second
being astroglia cells [106]. Astrocytes are responsive to all forms of CNS insults due to the
reactive astrogliosis process. The activation of astrocytes is highly complex, multistage,
and a pathogen-specific reaction, and mainly aims for neuroprotection and recovering
the injured and damaged neuronal tissue. It is evident that the sustained inflammatory
responses in the central nervous system support the major contribution of astrocytes
and microglia to neurological disease progression, thereby implying their chief role as
effectors of neuroinflammation in neuron dysfunction and cell death [107]. Endothelial cells,
neurons, and many other cells act as receptors for cytokines and inflammatory mediators,
thereby activating the signaling of inflammatory responses in the brain.

4.3. Neuroinflammation Mediated by Microglial Cells

Microglial cells are widely distributed throughout the region of the brain and spinal
cord and are mainly present in the substantia nigra and hippocampus region of the brain.
These cells account for 5–20% of the population of all glia cells in the central nervous
system and chiefly represent the immune response, as they possess the ability to perform
phagocytosis, manifest the secretion of cytotoxic factors, and act like antigen-presenting
cells. These cells originate in the primitive yolk sac during hematopoiesis and later rise
and migrate to the developing neural tube [108]. These cells comprise the major cellular
component of the immune system of the brain. In healthy conditions, microglia cells initiate
quick responses to infection and several other stimuli, thereby modulating inflammation
and protecting the environment of the brain.

Microglial cells sense different types of stimuli such as bacterial, viral, or fungal
infections; antibodies; compliment factors; cytokines; and chemokines that threaten the
homeostasis of the CNS and become activated [109]. These cells comprise two main
functions: immune defense, by acting as sentinels and detecting the first signs of pathogen
invasion and tissue damage; and maintenance by remodeling, repairing, and supporting
the tissues of the central nervous system. In response to environmental and toxic factors,
microglial cells induce inflammatory and immune responses in the CNS by becoming
functionally polarized and expressing specific functioning reactions by activating pro-
inflammatory cytokines and expressing the surface of receptors through the release of
numerous soluble factors [110]. The stimulus can polarize microglial cells toward the
distinctive functional roles, which causes the expression of different proteins and cytokines.

Activated inflammatory phenotype microglial cells upregulate the release of proin-
flammatory cytokines such as IL-1β, IL-6, IL-12, IL-23, inducible nitric oxide synthase
(iNOS), and tumor necrosis factor (TNF- α), whereas activated anti-inflammatory phe-
notype microglial cells lead to the upregulation of arginase-1 [111], insulin-like growth
factor (IGF-1), mannose receptor (CD206), chitinase 3, and triggering receptor expressed
on myeloid cells 2 (TREM2). All of these inflammatory factors contribute to the process
of microglial cell activation, which further leads to the production of cytokines and other
inflammatory mediators, hence contributing to apoptotic cell death and neurodegeneration.

4.4. Neuroinflammation Mediated by Astrocyte Cells

These cells are heterogeneous in type and are highly abundant in the CNS [112].
Based on the stage of development, localization, and subtype, the morphology of the
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cells can change. For instance, the astrocytes in white matter are fibrous and exhibit long
unbranched processes, whereas the astrocytes in grey matter are protoplasmic and possess
short branches. These cells act as sensitive markers for the detection of any disease in
the neuronal tissue and are responsible for the crucial functioning of the central nervous
system [113]. They play a primary role in the transmission of signals in the synapses
and control neural circuits. Astrocytes control the CNS environment by maintaining ion
homeostasis, blood flow, and pH regulation and controlling oxidative stress. Based on
the activities performed by astrocytes, these cells, in combination with microglial cells,
act as the main factor in neuroinflammation [114]. In addition, astrocytes rapidly detect
damage signals after any injury and undergo changes in their functioning and morphology
in response to control and remove brain insults, but if not controlled, the response may
have deleterious consequences.

The pathway that leads to the activation of astrocytes is still lucid and several factors
that trigger the activation of these cells are involved in the neuropathology of neurodegen-
erative diseases [104]. It has been demonstrated that in patients with Alzheimer’s disease,
astrocytes are activated by the presence of amyloid proteins, thereby causing local inflam-
mation. The internal activation of astrocytes causes the transcription of nuclear factor kappa
B (NF-ҡB), which further regulates the secretion and adhesion of chemokines and causes
the infiltration of lymphocytes in the cerebrospinal fluid, thereby increasing inflammatory
reactions and leading to neurodegeneration [115]. Blocking the activity of NF-ҡB protein
in astrocytes can significantly reduce neuroinflammation, and it is suggested as a potential
therapy for Alzheimer’s disease and several other associated neurological disorders.

Figure 5 depicts the exposure to certain environmental toxins, chemicals, or genetic
factors that can lead to the activation of anti-myelin T-lymphocytes. These T-lymphocytes,
upon activation, initiate immune responses and inflammation as defense factors. Prolonged
exposure to these toxins can induce increased production of inflammatory mediators and
cytokines and generate hyper-immune response, which causes the infiltration of inflam-
matory cytokines and lymphocytes into the cerebrospinal fluid and initiates neuroinflam-
mation. Microglial cells (plural: microglia) are the chief neuronal cells responsible for
immune responses and inflammation in the central nervous system. Exposure to certain
toxicants can induce alterations in healthy microglial cells, leading to their hypertrophy
and dystrophy based on the intensity of the stress and thereby causing neuroinflammation
and ultimately neurodegradation.

4.5. Strategies to Fight off Neuroinflammation in Neurodegenerative Diseases

With progressive understanding of the pathophysiology of neurogenerative diseases,
the role of neuroinflammation in the progression of neurodegenerative diseases is highly
acknowledged. Most of the pathologies of CNS are characterized by an early activation
of microglial cells, which further initiate an early acute reparative phase via the effective
removal of threatening compounds and toxic agents. However, this response mostly fails
to completely remove all the threats and results in a vicious cycle of unresolved cytotoxic
inflammation [116]. This has led to the development of therapies that target arresting such
vicious cycles by resolving immune responses and recruiting systemic monocyte-derived
macrophages. Below are some of the ways that can aid in fighting neuroinflammation
and prevent neurodegenerative diseases [117]. The recruitment of CNS-specific T-cells,
myeloid cells, microglial cells, and CNS-infiltrating monocyte-derived macrophages can
be used in neuroprotection and to prevent neuroinflammation. Circulating myeloid cells
possess neuroprotective effects and support CNS during conditions of neuroinflammation
and neurodegradation [118]. It has also been observed that infiltrating blood-derived
macrophages exhibit the capacity for phagocytosis and possess more neurotropic and
anti-inflammatory effects than microglial cells.
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Figure 5. Environmental factors, toxins, chemicals, or genetic factors that can lead to the activation of anti-myelin T-
lymphocytes. Legend: IL—interleukin; IP—inducible protein.

5. Conclusions

The number of patients suffering from neurological disorders is increasing at an
alarming rate. Several pathologies have been identified that cause the onset of neurological
diseases; however, there is still a significant gap in the understanding and targeting
of them for the development of medications for prevention and cure. With advancing
technologies, the understanding of molecular mechanisms in populations exposed to
vulnerable neurodegenerative diseases is also improving, which will lead to deeper insights
into the functional interplay between several factors such as oxidative stress, neuronal
cell death, and neuroinflammation in the occurrence of neurological diseases, which has
been described in the article. Eventually, studying pathological mechanisms can lead to
the targeted derived production of therapies that will improve global health and invoke
management of neurological disorders, thereby improving the quality of life of individuals.
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Abstract: The term neuroinflammation refers to inflammation of the nervous tissue, in general, and
in the central nervous system (CNS), in particular. It is a driver of neurotoxicity, it is detrimental, and
implies that glial cell activation happens prior to neuronal degeneration and, possibly, even causes
it. The inflammation-like glial responses may be initiated in response to a variety of cues such as
infection, traumatic brain injury, toxic metabolites, or autoimmunity. The inflammatory response of
activated microglia engages the immune system and initiates tissue repair. Through translational
research the role played by neuroinflammation has been acknowledged in different disease entities.
Intriguingly, these entities include both those directly related to the CNS (commonly designated
neuropsychiatric disorders) and those not directly related to the CNS (e.g., cancer and diabetes type 2).
Interestingly, all the above-mentioned entities belong to the same group of “complex disorders”. This
review aims to summarize cumulated data supporting the hypothesis that neuroinflammation is a
common denominator of a wide variety of complex diseases. We will concentrate on cancer, type 2
diabetes (T2DM), and neuropsychiatric disorders (focusing on mood disorders).

Keywords: neuroinflammation; central nervous system (CNS); cancer; type 2 diabetes (T2DM); neu-
ropsychiatric disorders; mood disorders; glia; cytokines; oxidative stress; blood-brain barrier (BBB)

1. Introduction

Inflammation is a vital host response to the loss of cellular and tissue homeosta-
sis. Inflammation plays a major role in the pathogenesis of metabolic and behavioral
abnormalities during cancer, diabetes type II, and neuropsychiatric disorders.

Neuroinflammation is a term used when there is an inflammation of the nervous tissue,
in general, and of the central nervous system (CNS), in particular. Neuroinflammation
has been suggested as one of the main drivers of neurotoxic symptoms. It is detrimental,
and implies that glial cell activation happens prior to neuronal degeneration and, possibly,
causes it.

In neuroinflammation, inflammation-like glial responses that do not reproduce classic
characteristics of inflammation in the periphery may be initiated in response to a variety of
cues, including infection, traumatic brain injury, toxic metabolites, or autoimmunity [1].
Activation of microglia results in their morphological and phenotypical changes and in the
release of inflammatory mediators such as cytokines and chemokines [1]. Molfino et al. [2]
further suggest that neuroinflammation is both triggered and perpetuated by the activation
of microglia, that the release of inflammatory mediators occurs within hypothalamic areas
and that the inflammatory response of activated microglia serves to further engage the
immune system and initiate tissue repair.

Complex diseases are diseases caused by a combination of genetic, environmental,
and lifestyle factors, most of which have not yet been identified. Thus, these diseases do
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not obey the Mendelian pattern of inheritance, and genetic factors represent only part of
the risk associated with complex disease phenotypes. A vast majority of diseases fall into
this category, including Alzheimer’s disease, scleroderma, asthma, Parkinson’s disease,
multiple sclerosis, osteoporosis, connective tissue diseases, kidney diseases, autoimmune
diseases, and more. Intriguingly, a common denominator of many of these disorders
is neuroinflammation.

2. Neuroinflammation in Cancer

Inflammation predisposes the development of cancer and promotes all stages of
tumorigenesis. Namely, “pro-tumorigenic inflammation promotes cancer by blocking
anti-tumor immunity, shaping the tumor microenvironment (TME), and by exerting direct
tumor-promoting signals and functions onto epithelial and cancer cells” [3].

2.1. Inflammatory Cytokines in Cancer

Cancer is repeatedly accompanied by depression and cognitive difficulties, the etiology
of which remains largely unknown. It is conceivable that the mere realization of the disease
might cause changes in mood or that mood problems arise from the toxic side effects of
chemotherapy and radiation. On the other hand, tumors themselves might have biological
effects on the function of the CNS. In some rodent models, tumor and non-tumor cells in
the TME (e.g., leukocytes, fibroblasts, endothelial cells) secrete inflammatory mediators
such as interleukin (IL)-1, tumor necrosis factor (TNF)-α, IL-6, IL-8, IFN-α, IL-10, IL-12,
TGF-β, and CXCR4 [4,5]. The latter promote tumor development, and, in some cases,
transduced, among other tissues, into the brain, leading to neuroinflammation, which, in
turn, influences behavior [6]. For example, as shown in rats [7], tumors by themselves
are enough to induce impairments in working memory and CNS inflammation, cause a
chronic increase in blood cytokine levels and in the expression of brain cytokines, enhance
negative or positive feedback on glucocorticoid production, and as a result, generate
depressive-like behavior.

Using a large cohort of newly diagnosed breast cancer patients, Patel and colleagues
investigated the presence of cancer-related symptoms prior to onset of treatment and the
association between symptoms, including neurocognitive performance, and circulating
pro-inflammatory cytokine levels [8]. Tumor-induced memory impairment was found to be
accompanied by increased expression of hippocampal TNFα mRNA in the brain (though
not upregulation in peripheral plasma TNFα). They report that higher plasma levels of
a marker of TNFα production was associated with poorer verbal memory but not with
impaired executive functioning or processing speed performance. They also found higher
IL-1 receptor antagonist (IL-1ra) but not IL-6 levels. Their results suggest that elevated
pro-inflammatory cytokines elicited by the underlying disease may be sufficient to induce
impaired memory performance.

Several studies [9–11] showed that cancer patients suffer from a high prevalence of
depression, anxiety, and cognitive disorders. The fact that these disorders are common
among other populations afflicted with chronic inflammatory disease stimulated discussion
of potential shared biological mechanisms of neuroinflammation and depressed mood
to precede major changes resulting, later, in diagnosis of cancer [12]. Potentially, two
mechanisms may be involved—cytokine-related or glucocorticoid responses-related. The
relative contribution of the two has yet to be understood. The increase observed in be-
havioral despair in the absence of important, measurable disease behaviors, indicates a
selective effect of tumors on affective behaviors [13]. Together, increases in the production
of hippocampal cytokines and GR gene expression suggest that the hippocampus may be
a neural substrate in which the endocrine and the inflammation-related cytokines merge
to induce depressive behavior in chronic disease, in general, and in cancer, in particu-
lar [7]. According to Molfino et al. [14] inflammation and cytokines affect the CNS, and
the interaction between inflammatory mediators and the CNS may occur at the periphery,
and may play a role in the activation of host inflammatory response which may lead to
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cancer development. At the periphery, tumor growth might be sensed by the vagal nerve,
perhaps by sensing the release of the pro-inflammatory cytokines. Several studies [11,15,16]
emphasized that the majority of the postulated mechanisms of mental comorbidities within
the cancer context (and other chronic inflammatory diseases) logically focuses on neuroin-
flammatory pathways. Peripheral tumors and their microenvironment provide the source
of various cytokines and, potentially, use neural and/or humoral signaling pathways
similar to peripheral infection to gain access to the brain. In addition, Dantzer et al., and
Quan and Banks [16,17] focused on models of acute illness. The canonical acute bacterial
infection model, a single, sub-toxic i.p. injection of a lipopolysaccharide (LPS) component
of the cell wall of the gram-negative bacteria E. coli, causes pro-inflammatory cytokine
production in the peritoneal cavity. Then, through both neural and humoral signaling
pathways, cytokine production rapidly ensues in the brain (hippocampus, hypothalamus,
forebrain) and stimulates the production or activation of other inflammatory effectors
(IDO, iNOS, Nf-kB, COX). Three other studies [18–20] mentioned that the role of these
inflammatory markers in cytokine-induced behavioral changes are consistent with clinical
research in depressed patients. In summary, they claim that LPS treatment elicits acute
sickness behaviors (e.g., lethargy, social withdrawal, fever, anorexia) akin to “somatic” or
“vegetative” symptoms of depression and subsequent affective-like behaviors including
impaired learning and memory. Experimental manipulation of cytokines in these models
(e.g., pharmacologic blockade, cytokine gene knockout) suggests that brain-production of
cytokines is necessary and sufficient for subsequent behavioral changes. A recent study in
rats bearing bone cancer [21] reported elevated levels of IL-1β, IL-6, and TNF-α and of their
respective receptors in the rats’ periaqueductal gray brain region. Prolonged microglia
activation leads to the release of the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α,
which initiates a pro-inflammatory cascade and subsequently contributes to neuronal dam-
age and losses [22]. Interestingly, blockade of the receptors alleviated the cancer-induced
hyperalgesia. This recent report corroborates the previous above-mentioned studies, but
further research is still required to improve basic scientific understanding of how activa-
tion of pro-inflammatory cytokine networks by cancer cells may increase cancer-related
symptoms, to guide clinical interventions.

2.2. Cancer, Cytokines and Stress

Psychosocial stress is highly prevalent in cancer patients and can increase neuroin-
flammation. Therefore, stress is considered a likely contributor to neurotoxic symptoms.
According to Pyter, Brydon, and Woon [13,23,24], in newly diagnosed cancer patients,
acute psychological stress is often elevated. Plausible causes are that patients undergo
staging and other medical testing, make treatment decisions, cope with current or antici-
pated physical symptoms, and grapple with existential concerns, all considered to have a
major role in neuroinflammation, a predictor of neurotoxic symptoms, both during and
after treatment, which may not only affect performance on neurocognitive tests but may
themselves activate pro-inflammatory pathways. Indeed, psychological stress may interact
with inflammatory pathways to synergistically increase cognitive changes and other behav-
ioral symptoms. Psychological stress may also have direct effects on the CNS, including
decreased neurogenesis and hippocampal volume. The latter could be exacerbated by
additional biological insults of cancer and its treatment.

The growing tumor is sensed by the brain via neural, humoral, and inflammatory
input. These signals activate the behavioral and metabolic response to stress by activating
microglial cells. In turn, microglial activation triggers and perpetuates neuroinflammation
by the release of inflammatory mediators within hypothalamic areas. Experimental data
suggest that neuroinflammation may contribute to tumor growth and aggressiveness by
modulating the peripheral immune response through autonomic output [2].

In breast cancer survivors, Kesler et al. reported an association between lower left
hippocampal volume (measured by MRI), higher levels of circulating TNF-α, and lower
levels of IL-6 [25]. Similarly, Jenkins et al. reported higher soluble TNF receptor (sTNFR)- 2
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and IL-6 levels associated with decreased gray matter volume in specific regions in eight
breast cancer patients who underwent chemotherapy during the study [26].

Based on the above, it is tempting to suggest that some of the variance in human mood
disorders is comparable to that in cancer, attributable to the effects of tumors by themselves
on emotional states. These potential interactions between stress and physiological reactions
to cancer warrant further research.

2.3. Cancer, Mitochondria, and Inflammation

Mitochondria are responsible for cellular energy production by changing adenosine
diphosphate (ADP) into adenosine triphosphate (ATP) through aerobic respiration. This
conversion occurs in a series of redox reactions in the electron-transport chain-enzyme
compounds, labeled complex I–IV. Changes in any of these complexes lead to changes in
energy output. Hence, dysfunction in mitochondria and in their DNA (mtDNA) creates
reduced cellular energy, which has been linked with neurologic symptoms [27]. Mitochon-
dria are especially vulnerable to oxidative stress, a disturbed balance between reactive
oxygen species (ROS), and antioxidants. In turn, mitochondrial dysfunction can lead to
ROS overproduction, inducing a downward spiral in cellular functioning [28]. Cancer
treatment, inflammation, and stress can all affect mitochondrial function by increasing ROS
levels, thereby destroying mitochondria [29]. For example, radiation therapy was shown to
increase oxidative stress markers in breast cancer patients with severe acute skin reactions
to radiation. In another example, chemo-radiation seemed to normalize tumor-related
changes in mtDNA expression in the liver of a rodent model of head and neck cancer, while
causing severe changes in mtDNA expression in the brain [30]. This suggests that cancer
treatment specifically affects cellular energy production in the CNS. In addition, Lacourt
and Heijnen [31] argued that mitochondrial dysfunction is the mechanism leading to neu-
rotoxic symptoms. Both inflammation and stress hormones, as well as cancer treatment,
can promote mitochondrial dysfunction, resulting in reduced cellular energy. It should be
noted that during cancer many disruptions occur in the physiological functioning of brain
areas controlling energy homeostasis [31]. In particular, increased hypothalamic expression
and release of mediators of neural inflammation play a major role in this process [2].

In summary, mitochondrial dysfunction may be a final common outcome of can-
cer, cancer therapy, inflammation, ROS, and stress that leads to neurotoxic symptoms.
Mitochondria-protecting drugs preventing cancer therapy-related toxicities may point to
promising avenues for treatment of neuro-toxicities in cancer patients. Establishment of
these drugs in clinical settings, in parallel to the early implementation of stress-reduction
interventions shortly after diagnosis, should be considered to prevent the long-term neuro-
toxic symptoms that plague so many cancer survivors.

2.4. Chemotherapy and Inflammation

Cancer therapy may trigger an inflammatory response through several pathways,
including direct immune changes in the TME, tumor cell death, and damage to healthy
tissue. Associations between symptoms and inflammatory markers such as IL-6, TNF-α,
and C-reactive protein (CRP) have been observed for every treatment modality, both
in cross-sectional and in longitudinal designs [32]. In patients who recently completed
chemotherapy (compared with treatment-naïve patients), Smith et al. [33] observed reduced
blood mononuclear cell DNA methylation associated with higher plasma concentrations
of sTNFR2 and IL-6. In turn, sTNFR2 was associated with fatigue, suggesting a transient
effect of chemotherapy on inflammation and subsequent fatigue. In paclitaxel-treated mice,
Loman et al. [34] found increased fatigue and decreased cognitive performance in paral-
lel with reduced microglial immunoreactivity, increased circulating chemokine (CXCL1)
expression, as well as a transient increase in brain gene expression of pro-inflammatory
cytokines (IL-1β, TNF-α, IL-6) and CXCL1 in a brain region-dependent manner. The study
implied that the brain-gut-microbiota axis was involved in the neuroinflammation induced
by the chemotherapeutic agent.
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2.5. The HPA Axis in Cancer in Relation with Inflammation

Cortisol is released by the hypothalamic-pituitary-adrenal (HPA) axis in response
to psychosocial stress. Preliminary evidence indicates that tumors can affect endocrine
function [12]. Studies by Pyter et al. [13,35] showed that corticosterone (the primary
glucocorticoid in most animals) levels are generally higher in tumor-bearing rodents than
in tumor-free controls, and that the hormone’s responsivity to stress is reduced in these
animals. Moreover, they reported that growth rates of tumors can be predicted by the
production of cytokines, from the constitutive HPA function and according to depressive
behavior. The same group made similar observations in patients, although they might
have been caused by a combination of psychosocial stress and the tumor. Bower reported a
blunted cortisol response in breast cancer survivors along with enhanced inflammatory
response to psychological stress [36].

Moderate change in the HPA axis has also been found in a variety of CNS-related
disorders caused by tumors [37]. In parallel, tumor-bearing mice developed depressive-like
behavior along with higher plasma levels of corticosterone, the stress-related hormone [38].

In summary, although the mechanism of the interaction between neuroinflammation,
systemic inflammation, and tumor growth has not yet been unraveled in full, the relation-
ship between neuroinflammation and cancer-related neuro-toxicities is well-established.
Association between inflammatory markers and neuro-toxicities seems to exist even when
inflammation is low. It cannot be ruled out that inflammation is only an important media-
tor in individuals with a genetic vulnerability for exaggerated inflammatory responses to
internal (tumor, stress) and external (cancer therapy) stressors.

3. Neuroinflammation in Type 2 Diabetes Mellitus (T2DM)

This section presents data and interpretation of the effect of T2DM on brain structure
and function in relation to neuroinflammation. Brain tissue of T2DM patients exhibiting
cognitive impairment contains deposits of amylin [islet amyloid polypeptide (IAPP)],
a peptide hormone synthesized and co-secreted with insulin by pancreatic β cells [39].
Amylin deposition occurs following chronic over-secretion of amylin (hyper-amylinemia),
common in humans with obesity or pre-diabetes insulin resistance. It is toxic, causes pan-
creatic islet inflammation and is thought to contribute to the development of T2DM [40,41].
Hyper-amylinemia and its consequent oligomerization mediate an inflammatory response,
inducing neurological defects [39]. Using a rat model of overexpression of human amylin
in the pancreas (the HIP rat) Luchsinger and Nelson et al. [42,43] observed psychomotor
speed disturbances followed by full-blown T2DM (blood glucose > 10 nM) accompanied
by a significant drop in cognition and memory. Janciauskiene and Ahren and Westwell-
Roper et al. [44,45] reported elevation of the pro-inflammatory cytokines TNF-α and IL-6
and down-regulation of the anti-inflammatory cytokine IL-10 in brains from HIP rats.
These data support the notion that “human” hyper-amylinemia promotes accumulation of
brain oligomerized amylin which, in turn, might trigger an inflammatory response leading
to neurological deficits. Using the same HIP rat, Srodulski et al. [39] further describe
significantly reduced exploratory drive and impairment in the rotarod test, implicating
that infusion of amylin decreases ambulation and locomotion ability in rats. The decline in
long-term memory suggests a direct impact of hyper-amylinemia on hippocampal neurons.
The authors also found activated microglia, particularly gathering around the small blood
vessels in areas positive for amylin infiltration, implicative of neuroinflammation. The
latter corroborate the study by Bahniwal et al [46]. They investigated the effects of elevated
glucose concentrations (up to 30.5 mM) on functions of cultured human astrocytes in
the presence of inflammatory stimuli. Using primary human astrocytes and U-118 MG
astrocytoma cells, they found that high glucose increased mRNA expression of IL-6 and
secretion of both IL-6 and IL-8 by astrocytes. High glucose also increased the susceptibility
of undifferentiated human SH-SY5Y neuronal cells to injury by hydrogen peroxide.

Hyperglycemia in T2DM could contribute to worsening cognitive impairment [47].
This was seen in a rat model of vascular dementia caused by an impaired supply of blood to
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the brain, and by chronic neuronal inflammation caused by the activation of brain microglia
and astrocytes, which might further contribute to neuronal loss [48–50].

To conclude, T2DM might involve neuroinflammation. Hence, neuroinflammation
inhibitors might be novel drugs for this disease. In the case of T2DM induced by brain
injury, the list of such targets may also include antioxidants and neurotrophic factors. Since
the studies described above imply that brain amylin accumulation might be a pathological
substrate for diabetic patients with cognitive decline, reducing blood amylin levels might
be another direction for drug design in T2DM. Additional studies are required to clarify
the link between brain amylin pathology and impaired cognition, and to search for drugs
that will protect the brain in T2DM patients.

4. Neuroinflammation in Mood Disorders

There is growing comprehension of the role of the immune system, in general, and
neuroinflammation, in particular, in the pathophysiology of mood disorders. Intriguingly,
a comprehensive review and meta-analysis reported that despite a high level of hetero-
geneity, both monotherapy and add-on anti-inflammatory treatment result in a beneficial
effect on depressive symptoms. Nonsteroidal anti-inflammatory drugs (NSAIDs) had a
better antidepressant effect [51]. According to Yang et al. [52] neuroinflammation and
mitochondrial dysfunction are among the characteristics of psychiatric disorders. Both can
lead to increased oxidative stress by excessive release of harmful ROS and reactive nitrogen
species (RNS), which further promote neuronal damage and subsequent inflammation.

The following sections review findings of high cytokine levels as well as possible
causes for neuroinflammation in psychiatric disorders.

4.1. High Proinflammatory Cytokine Levels

Cumulative data detailed below support the hypothesis that at least in a sub-population
of patients afflicted with unipolar depression, the pathophysiology and neurobiological
mechanisms underlying resistance to conventional antidepressants stem from high cy-
tokine levels. It also suggests that specific cytokines and their activators and regulators
play a role in depression. Indeed, major depression disorder (MDD) and depressed mood
are linked with pro-inflammatory cytokines released during periods of disturbance [18].
As nicely elaborated by Jeon and Kim [53], the cytokine hypothesis of depression suggests
that cytokine production is initially activated by stress and sympathetic nerve system
activation. In turn, cytokines play an important role by acting via neurotransmitter de-
pletion pathways, neuroendocrine pathways, and neural plasticity pathways. There are
multiple interactions between these pathways, suggesting existence of a complex model
for pathogenesis of depression.

In mouse models of depressive-like behavior, several groups reported hallmark fea-
tures of neuroinflammation, i.e., microglia and astrocyte reactive morphology, microglial
proliferation, increased levels of proinflammatory cytokines, and upregulation of translo-
cator protein (TSPO, a clinical biomarker widely accepted as a surrogate of neuroinflam-
mation that involves an activated state of brain microglia) [54–56]. In humans, positron
emission tomography (PET) studies [57,58] enhanced TSPO uptake in several brain regions
indicated neuroinflammation in depressed patients.

IL-1β was found to be present in abnormally high levels in plasma, CSF, and post-
mortem brain tissue of individuals with mood disorders and its levels correlated positively
with the severity of depression [59,60]. Accordingly, mRNA levels of proinflammatory
cytokines and other related innate immune system proteins were found to be elevated in
peripheral blood cells in mood disorder patients [61–66], and their plasma and CSF levels
were found to be higher during acute depressive episodes, suggesting the pathogenic
function of cytokines [62,67]. A meta-analysis based on 29 studies of serum cytokines [68]
indicated increased sIL-2R, IL-6, and TNF-α levels, supporting the notion that elevated
cytokine proinflammatory levels contribute to the pathophysiology of depression.
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A recent review [69] raised the question whether a specific inflammatory profile
underlies suicide risk. The authors summarized that although most studies showed a
link between abnormally higher IL-1β, IL-6, TNF-α, transforming growth factor (TGF)-β1,
vascular endothelial growth factor (VEGF), kynurenic acid (KYN), and lower IL-2, IL-4, and
interferon (IFN)-γ levels in specific brain regions and suicidal behavior, the contribution of
MDD as a mediator of the link between these cytokine abnormalities and suicidal behavior
could not be excluded. Thus, obviously, additional studies to clarify if, and which immune
pathways underlie suicidal behavior are needed.

As for neuroinflammation, in general, and cytokine levels, in particular, in bipolar
disorder (BD), a meta-analysis of 30 studies [70] found significantly elevated plasma con-
centrations of IL-4, IL-6, IL-10, soluble IL-2 receptor (sIL-2R), sIL-6R, TNF-α, sTNFR1,
and IL-1 receptor antagonist; IL-1β and IL-6 tended to show higher values in patients.
While concentrations of IL-2, IL-4, sIL-6R, and INF-γ were unrelated to medication status,
phasic difference was observed for TNF-α, sTNFR1, sIL-2R, IL-6, and IL-1RA, but not for
IL-4 and IL-10. The data point at a “cytokine storm” in BD. Nevertheless, the authors
of a recent systematic review of 51 articles that measured inflammatory markers in post-
mortem BD brain samples attested that an absolute statement cannot be concluded whether
neuroinflammation is present in BD since a large number of studies did not evaluate the
presence of infiltrating peripheral immune cells in the CNS parenchyma, cytokine levels
and microglia activation in the same postmortem brain sample [71]. The authors claim
that “Future analyses should rectify these potential sources of heterogeneity and reach a
consensus regarding the inflammatory markers in postmortem BD brain”.

4.2. Glia Pathology

Astroglia and oligodendroglia are essential in neural metabolic homeostasis to main-
tain behavior and higher cognitive functions. Astroglia and oligodendroglia produce
anti-inflammatory cytokines that regulate harmful inflammation [14,72,73]. Animal and
human studies report astroglial pathology in psychiatric disorders like MDD and their
models [74]. For example, post-mortem studies of MDD subjects implicated reduced
oligodendroglial density in the prefrontal cortex and amygdala. Accordingly, it has been
suggested that glial loss may contribute to neuroinflammation in psychiatric disorders by
several mechanisms [75]. Indeed, using glia-specific genetically modified mice revealed
that glial cells such as oligodendrocytes, astrocytes, and microglia affect neuronal function
and are involved in the underlying pathobiology of psychiatric disorders [76]. In a model of
chronic stress which, as mentioned above, is assumed to be relevant in studying the role of
neuroinflammation associated with depression, [77] opted to study whether physiological
conditions such as stress enhance susceptibility to inflammation in the substantia nigra,
where dopaminergic neuron death occurs in Parkinson’s disease. In a rat model of induced
stress and inflammation they found higher TNF-α, IL-1β, IL-6, and iNOS levels in the sub-
stantia nigra. Likewise, microglial activation was significantly increased in the infralimbic,
cingulate, and medial orbital cortices, nucleus accumbens, caudate putamen, amygdala,
and hippocampus of the mice brain following unpredictable chronic mild stress—a reliable
model to study depression-induced neuroinflammation [78].

Multiple studies, including some mentioned above, use animal models of depression
induced by LPS, which also induces neuroinflammation. In the nonhuman-primate brain,
LPS-induced systemic inflammation produces a robust increase in the level of TSPO
(detected by PET), reflecting the state of neuroinflammation changes [67]. For example,
doxycycline prevented and reversed LPS-induced changes in immobility time on the
forced swimming test (FST), and in brain IL1β [79]. Likewise, minocycline also attenuated
LPS-induced behavioral changes and markers of neuroinflammation in mice [80].

4.3. Increased Oxidative Stress

At the time of microglial activation, pro-inflammatory cytokines and NO production
might increase oxidative stress. Namely, pro-inflammatory cytokines and high NO levels
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may promote ROS formation which, in turn, accelerates lipid peroxidation, damaging
membrane phospholipids and their membrane-bound monoamine neurotransmitter recep-
tors and depleting endogenous antioxidants. The consequence of increased production of
pro-inflammatory cytokines via stimulation of NF-κB and enhanced microglial activation
caused by the increase in ROS products might be increased prevalence of psychiatric dis-
orders [81]. Indeed, studying MMD patients’ fibroblasts, Scapagnini et al. [82] reported
an increase in oxidative stress independent of glutathione levels. Moreover, diseases such
as MDD, BD, and schizophrenia might go through increased oxidative stress due to mito-
chondrial dysfunction. Consistent with the high prevalence of psychiatric disturbances in
primary mitochondrial disorders, there are reports [82–84] of abnormalities in mitochon-
drial DNA in these disorders. Alternatively, as data in Ott et al. [82,83] imply, there might
be mechanistic links among neuroinflammation, mitochondrial dysfunction, and oxidative
stress, meriting further investigation of these intersecting pathogenic pathways in human
psychiatric disorders.

4.4. BBB Dysfunction

MDD-related clinical and experimental studies indicate indirectly that increased
oxidation might contribute to endothelial dysfunction. Moreover, oxidation-mediated
endothelial dysfunction might contribute to the pathophysiology of BBB dysfunction in
psychiatric disorders [85,86]. In a prolonged learned helplessness depression model in
mice, the non-recovered group had, within 4 weeks, higher hippocampal levels of TNFα,
IL-17A, and IL-23, increased permeability of the BBB and lower levels of the BBB tight
junction protein claudin-5 and the tight junction receptors occludin and zonula occludens
protein 1 (ZO1), as compared with mice that recovered and with control mice, [87].

As for the BBB in BD, in a recent study [88], bipolar patients and control subjects
matched for sex, age, and metabolic status underwent contrast-enhanced dynamic MRI
scanning to quantitate their BBB leakage. Nearly 30% of the patients exhibited significantly
higher percentages of brain volume with BBB leakage. This subgroup had more severe
depression and anxiety and a more chronic course of illness.

4.5. The Microbiota-Gut-Brain Axis

The microbiota-gut-brain axis (microbiome) is a dynamic matrix of tissues and organs
including the brain, glands, gut, immune cells, and gastrointestinal microbiota that commu-
nicate in a complex multidirectional manner to maintain homeostasis. It is, thus, regarded
as a modulator of various central processes affecting changes in neuroinflammation, as
well as neurotransmission and behavior, including stress adaption and immune response.
Therefore, gut microbiome dysbiosis might be detrimental, contributing to the develop-
ment of a number of CNS disorders such as aberrant anxiety and fear responses, despair
and anhedonia via mechanisms not yet unraveled. This triggered largely preclinical animal
studies investigating the influence of the microbiome, searching for mechanisms by which
the microbiome may affect mental health. Some of the studies demonstrate encouraging
results in the treatment of depression (for review see [89]), while studies in clinical cohorts
have, mostly, been diagnostic in nature, and warrant further ones with pre- and pro-biotic
interventions (for review see [90]).

4.6. Microbiota and the BBB

A variety of neuropsychiatric disorders [anxiety, depression, autism spectrum dis-
orders (ASDs), Parkinson’s disease, Alzheimer’s disease, and schizophrenia] have been
related to microbial-induced BBB dysfunction [91,92], although the mechanism by which
the microbiota affects BBB is unknown. Mediation by gut-derived neurotransmitters and
bacterial metabolites is conceivable. Rodent models pointed at a link between micro-
biota dysbiosis and increased permeability of the BBB, further accompanied by behavioral
changes [93], while a pathogen-free gut microbiota restored BBB functionality [91].

146



Int. J. Mol. Sci. 2021, 22, 6138

To summarize this chapter, the data reviewed support the notion that neuroinflamma-
tion is a dominant factor which plays a role in the pathophysiology of psychiatric disorders.
The field awaits more multidisciplinary efforts to improve basic scientific understanding of
whether antidepressant effects might be achieved using therapies for mood disorders that
influence neuroinflammation.

5. Conclusions

Although cancer, T2DM, and mood disorders, all belonging to the entity of complex
disorders, represent diseases of different symptomatology residing in different tissues,
perplexingly, they all exhibit neuroinflammation as a common denominator. This aware-
ness may be translated into practice. It may be suggested that drugs known to alleviate
neuroinflammation, such as aspirin or lithium, may be repurposed as add-on treatment in
these disorders.
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Abstract: One of the leading causes of neurological mortality, disability, and dementia worldwide is
cerebral ischemia. Among the many pathological phenomena, the immune system plays an important
role in the development of post-ischemic degeneration of the brain, leading to the development of
neuroinflammatory changes in the brain. After cerebral ischemia, the developing neuroinflammation
causes additional damage to the brain cells, but on the other hand it also plays a beneficial role
in repair activities. Inflammatory mediators are sources of signals that stimulate cells in the brain
and promote penetration, e.g., T lymphocytes, monocytes, platelets, macrophages, leukocytes, and
neutrophils from systemic circulation to the brain ischemic area, and this phenomenon contributes
to further irreversible ischemic brain damage. In this review, we focus on the issues related to
the neuroinflammation that occurs in the brain tissue after ischemia, with particular emphasis on
ischemic stroke and its potential treatment strategies.

Keywords: brain ischemia; stroke; neuroinflammation; microglia; astrocytes; T lymphocytes; mono-
cytes; platelets; macrophages; leukocytes; neutrophils

1. Introduction

Brain ischemia and its consequences in humans are third most frequent cause of
disability in 80% of survivors [1], the second most common cause of dementia, and second
leading cause of death in the world [2–6]. Every year brain ischemia affects 17 million
people worldwide, of whom 6 million die, and the other 5 million are permanently dis-
abled [5,7,8]. The incidence of ischemic stroke in men is around 63 per 100,000 and in
women around 59 per 100,000, which suggests that men are more affected by the disease
than women [8]. The risk of ischemic stroke is age-related, with about 75% of all cases
occurring in patients over 64 years of age, and about 25% of cases occurring in young
people, suggesting that the pathology does not only affect the elderly [8]. Worldwide, the
number of post-ischemic cases is currently estimated at around 33 million [5,7]. According
to forecasts, the number of cases will increase to about 77 million in 2030 [5,7]. If the
trend in ischemic stroke incidence continues, there will be about 12 million deaths by 2030,
70 million people will survive a stroke, and more than 200 million disability-adjusted life
years will be recorded worldwide annually [5,9]. In 2010, the annual cost of treating stroke
patients in Europe was around EUR 64 billion [5]. In the UK, stroke results in therapeutic
and social costs of GBP 9 billion per year, with care costs accounting for about 5% of the
national health system expenditure [10].

Human and animal studies have revealed that brain ischemia/ischemic stroke are
risk factors for Alzheimer’s disease [11–13] and vice versa [14,15]. In the first year post-
stroke, 4 out of 10 cases have some degree of cognitive impairment [16]. The diagnosis
of dementia immediately post-stroke is difficult due to additional deficits in both global
and individual cognition, e.g., attention and processing speed, language, memory, and
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frontal executive functions may be impaired [9]. History of ischemic stroke has been shown
to be an important risk factor for the development of dementia [4,9,11,15,17,18]. It has
been shown that cerebral ischemia accelerates the onset of dementia by 10 years [19]; in
10% of cases dementia will develop soon after the first stroke, and in about 41% cases
it develops after a repeated stroke [9,20]. Within 25 years of post-stroke survival, the
estimated development of dementia is approximately 48% [5].

The phenomena following experimental cerebral ischemia and human ischemic stroke
are under constant investigation and are revealing interesting new data. Studies conducted
over the last 5 years have significantly expanded our understanding of the genetic basis
of brain neurodegeneration following ischemia. It is now well known that development
of ischemic brain neurodegeneration is caused by a set of genetic changes that lead to
neuronal loss in an amyloid and tau protein dependent manner [21–25], with progressive
neuroinflammation [26,27] resulting in uncontrolled irreversible brain atrophy [17,28–30]
with the development of full-blown dementia [31–33]. Disruption of blood supply to the
brain causes neuronal death and, consequently, brain atrophy with progressive dementia.
Disruption of many pathways, including oxidative stress, excitotoxicity, neuroinflamma-
tion, blood–brain barrier permeability, and others, at least partially explains post-ischemic
neurodegeneration of the brain. Post-ischemic damage to neurons causes a significant
release of glutamate, leading to over-activation of N-methyl-D-aspartate (NMDA) receptors
and a massive Ca2+ inflow to neurons, resulting in their death [34]. As a result of ischemia,
neurons and astrocytes produce reactive oxygen species (ROS), and the same mechanism
reduces glutathione, an essential antioxidant that prevents DNA damage from ROS [35]. Ir-
reversibly damaged brain cells and their remains, without the presence of microorganisms,
trigger neuroinflammation after cerebral ischemia [8,36]. Post-ischemic oxidative stress and
inflammatory processes, inter alia, cause additional damage to the blood–brain barrier and
enable activated blood immune cells, such as T-lymphocytes, platelets, and neutrophils, to
reach the ischemic site of the brain [8,37,38]. After the accumulation of activated immune
cells from the blood in the ischemic areas of the brain, microglial cells are activated as a
result of an increase in extracellular ATP after its release from the membranes of necrotic
cells [39]. The activated microglia secretes pro-inflammatory factors such as cytokines
and develops phagocytic properties [40]. Microglia activation has beneficial effects as it
promotes the generation of growth factors such as brain-derived neurotrophic factors and
removes necrotic tissue and ischemic debris, but the release of pro-inflammatory cytokines
(such as tumor necrosis factor α (TNF-α)), nitric oxide, and ROS is harmful to the brain
tissue after ischemia [8]. Increasing expression of cytokines promotes the expression of
adhesion molecules on endothelial cells, which results in additional recruitment of, for ex-
ample, leukocytes and platelets from the blood to the brain [37,38]. As neuronal death and
brain tissue damage increase, there is a further increment in active microglia, infiltrating
platelets, and leukocytes, resulting in more pro-inflammatory cytokines as a consequence
of feedback [37]. This post-ischemic phenomenon increases both neuronal death and the
infarct volume and causes poorer neurological outcomes. Neuroinflammatory changes in
the brain are present in all stages of an ischemia episode, from cerebral blood flow arrest to
late recirculation processes in ischemic brain tissue [26,27]. Neuroinflammation promotes
further brain damage, causing the death of surviving neurons from the primary ischemia,
but it also has a beneficial function to aid recovery and develop glial scaring. In this
review, we look at the beneficial and harmful roles of neuroinflammation in post-ischemic
brain neurodegeneration and possible future therapeutic strategies to reduce pathological
responses following ischemia.

Moreover, inflammatory mechanisms are largely portrayed as deleterious to post-
ischemic pathology, while in fact many immune processes such as phagocytosis help to
reduce the consequences of ischemia. In this review, we strive to delineate the delicate
balance between the beneficial and harmful aspects of inflammatory/immune activation
in post-ischemic brain neurodegeneration, as a more detailed understanding of these
processes is crucial for the development of effective therapies.
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2. Neuroinflammation in the Post-Ischemic Brain

Numerous studies have shown an inflammatory response in brain tissue to local or
complete ischemia in animals and humans [8,26,27,41–45]. The severity and extent of the
neuroinflammation depends on the site, area, course, and type of the ischemic brain injury.
Inflammation following ischemic brain injury in rats surviving 2 years after global cerebral
ischemia showed different severity of microglia and astrocyte responses in different brain
structures. In these animals, the study revealed significant astrocyte activation in the CA1
and CA3 areas of the hippocampus and the dentate gyrus, in the motor and sensory cortex,
and in the striatum and thalamus, while microglial activation was only seen in the CA1
and CA3 areas of the hippocampus and in the motor cortex. In areas of the brain sensitive
to ischemia, microglia and astrocytes showed increased activation at the same time, while
in areas resistant to ischemia, only astrocytes were activated. Thus, there is strong evidence
of less intense inflammation in ischemia-resistant areas of the brain. Neuroinflammatory
processes are supported by microglia and astrocyte activity for up to 2 years in post-
ischemic brain neurodegeneration. The study therefore revealed a chronic effect of brain
ischemia on the neuroinflammatory response in the rat brain up to 2 years after the
injury [27]. In another study, immunostaining confirmed the presence of T lymphocytes
in the ischemic hippocampus and striatum in long-surviving animals after an ischemic
episode [26]. The above observations indicate a persistent dysfunction of the blood–brain
barrier, which in the long run may still allow T lymphocytes to pass from the blood to the
post-ischemic brain. Such processes are supported by microglia activity up to 2 years after
ischemia [27]. In addition, these animals showed increased expression of neurogenesis
markers and the migration of neuroblasts in the subventricular zone [26]. Thus, the
balance of degenerative processes and inflammation surveillance with neurogenesis may
be decisive for long-term survival after cerebral ischemia [26]. Brain ischemia induces
neuronal necrosis and apoptosis, which triggers an inflammatory response controlled by
the release of ROS, cytokines, and chemokines. This process develops not only in the brain
but also in the microcirculation and involves several types of cells, such as innate microglia
immune cells, adaptive immune cells, and lymphocytes, enhancing neuronal death [8,41].
As a result of neuroinflammation in the brain, the secretion of many cytokines increases
both in damaged brain tissue and in peripheral blood. These cytokines are involved in the
progression of post-ischemic brain neurodegeneration and influence disease severity and
neurological outcomes [8,41].

3. Pro- and Anti-Inflammatory Cytokines and Inflammatory Cells in the
Post-Ischemic Brain

3.1. Cytokines

The occurrence of generalized inflammatory changes following brain ischemia is a
relatively well-known phenomenon [46–49]. Cytokines such as IL-6 and TNF-α appear
to be key mediators of this phenomenon [46–49]. Increased release of pro-inflammatory
cytokines has been observed in the blood of people with ischemic stroke and has been
correlated with a larger area of cerebral ischemia and worse outcomes [46,47,49]. Increased
concentration of IL-6 in blood and cerebrospinal fluid is associated with an increase in
neurological symptoms, a greater volume of infarction, and a worse prognosis [49]. In
addition, elevated levels of TNF-α in the cerebrospinal fluid and blood in people with stroke
have been associated with deteriorating neurological symptoms, an increase in infarct size,
and worse clinical outcomes [48]. In contrast to the pro-inflammatory cytokines, IL-10
and IL-4 are anti-inflammatory cytokines. The exact relationship between pro- and anti-
inflammatory cytokines and their relevance to clinical outcomes in ischemic stroke patients
remain unexplained. However, this balance is disturbed in the early stages of an ischemic
stroke [8]. This supports the study of elevated pro-inflammatory IL-6 in the blood at
12 h after cerebral ischemia in stroke patients compared to controls, and this increase has
been correlated with severe neurological deficits and worse outcomes [50]. In conclusion,
increased IL-6 and reduced IL-10 concentrations are present in the early stroke period
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and are associated with a degree of neurological deficit and stroke outcome [50]. This
observation confirms the interaction between pro- and anti-inflammatory cytokines in the
first phases of ischemic stroke, and the advantage of the balance in favor of inflammation
results in more severe neurological deficits. Interestingly, at the moment, we cannot
precisely define the phenomena modulating this interaction.

3.2. Cells

The involvement of cells other than neurons in the development of post-ischemic brain
neurodegeneration has been evaluated in many experimental and clinical
studies [1,26,27,37]. When neuroinflammation following brain ischemia begins, it starts
with the release of pro-inflammatory factors that involve various cells. First, we observe the
involvement of neuroglial cells in the brain. Next, leukocytes, monocytes, and other cells
with immune functions enter the ischemic brain tissue. This mechanism may additionally
exacerbate post-ischemic brain damage by increasing blood–brain barrier permeability,
edema, and progressive neuronal death. The variety of cells involved in this process can
have a beneficial or detrimental effect, depending on the post-ischemia period: early or
delayed. Ultimately, we need to know which cells are involved in post-ischemic changes
and when they are involved to establish ways to control them.

3.2.1. Microglia

Microglia, the resident innate immune cells of the brain accounting for up to 20% of
the neuroglial population, undergo morphological and phenotypic changes after brain
ischemia [1]. Activated microglia function like macrophages during systemic inflammation
and have the ability to remove foreign organisms and cellular debris. At rest, the microglia
are referred to as small cells with wide protruding branches. However, after ischemia,
microglial cells are activated, they change shape and function, but the exact mechanisms of
this phenomenon are still unknown. They are activated after brain ischemia, as a result
of which changes in their phenotypes can be observed [8,26,27,42–44,51]. Transient focal
brain ischemia in the rat leads to microglia activation in the cerebral cortex of the ischemic
hemisphere, and the severity and extent of the injury is reflected in the intensification of
microglia activation [52]. The microglia around the post-ischemic parenchyma migrate
towards the ischemic lesion and remain in close relationship with the neurons in a process
called “capping”, that is, after neuron death, the capping helps in early recognition and
rapid phagocytic removal of dead neurons [53,54]. They become active a few minutes after
the onset of brain ischemia, increasing in number in the following days, reaching a peak on
the tenth day after transient local brain ischemia [55]. After ischemic injury, the microglia
activating the phenotype become amoeboid and have a functional macrophage character.
After this transformation, microglia look like macrophages not only in appearance but
also in their behavior, they can release cytokines and secrete extracellular matrix metallo-
proteinases (MMPs) that are able to damage the blood–brain barrier and thus increase its
permeability. This process facilitates the early transfer of leukocytes from the circulation
to the ischemic brain, contributing to an increased level of pro-inflammatory factors that
aggravates post-ischemic injury. Once activated, the microglial cells can take on two differ-
ent phenotypes: classic pro-inflammatory (M1) and alternative anti-inflammatory (M2).
The M1 phenotype releases the cytokines TNF-α, IL-6, and IL-1β and substances with
oxidizing properties, such as nitric oxide [56]. The M2 phenotype has beneficial effects, it
causes ischemic brain healing post-ischemia and the release of anti-inflammatory factors,
such as IL-4 and IL-10, and secretes many factors with neurotrophic properties capable
of preventing the development of neuroinflammation [56]. A recent study showed that
microglia depletion by the dual colony-stimulating factor-1 inhibitor, PLX3397, exacerbates
brain infarction and neurological deficits [57]. Following a transient focal brain ischemia,
microglial depletion enhances leukocyte infiltration, expression of inflammatory factors,
and neuronal loss in mice [57]. This pathological phenomenon is dependent not only on
lymphocytes and monocytes, but also on astrocyte-mediated inflammatory factors. Hence,
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the presence of microglial cells prevents astrocytes from secreting inflammatory factors
during and after ischemia [57]. Moreover, by supporting the above, the microglial cells
produce different neurotrophic factors that animate neurogenesis and plasticity [58]. Thus,
following brain ischemia, different subsets of microglial cells have different roles.

3.2.2. Astrocytes

Similar to microglia, astrocytes are housekeeping cells essential to the continuous
functioning of the central nervous system. Astrocytes are involved in the physiological
and pathological functioning of the brain. They regulate the water–ion balance; secrete
neurotrophic factors; and remove unnecessary neurotransmitters, transport products, and
waste of cellular metabolism. Astrocytes participate in the structure and function of the
blood–brain barrier [59]. Under normal conditions, astrocytes take up excess glutamate
from the extracellular space and convert it into glutamine for neurons to reuse, but during
brain damage following ischemia, the degree of astrocyte damage affects their glutamate-
uptake capacity [1,34,59]. How ischemia affects glutamate uptake by astrocytes is not fully
elucidated, but expression of the excitatory amino acid transporter 2 (EAAT2) has been
suggested to be impaired post-ischemia [60,61].

Cytokines from neurons and neuroglial cells cause post-ischemic astrocyte hyperplasia.
As a result of ischemia, astrocytes release vimentin, nestin, IL-1β, monocyte chemotactic
protein-1, and glial fibrillary acidic protein [27,62], which contribute to the development
of reactive gliosis and the formation of glial scars after ischemia [27,63]. As a result of
the Na+/K+ pump dysfunction, astrocytes swell after brain ischemia [62,64,65], which
causes an increase in intracranial pressure and a consequent reduction in cerebral blood
flow. Activated astrocytes release matrix metalloproteinase-2 (MMP-2) capable of damag-
ing the extracellular matrix [66] and also contribute to the presence of ephrin-A5 in the
ischemic brain area, which hinders axonal sprouting [67]. After embolic focal ischemia
of the brain in rats, an exaggerated astroglial response is observed in the ischemic injury
core from 4 h to 1 day, it peaks on day 4, persists for 28 days, and forms a glial scar [68].
Three days after reversible total brain ischemia in hippocampus astrocytes, significant
upregulation of iNOS, glial fibrillary acidic protein (GFAP), and NADPH diaphorease
expression was observed [69]. Post-mortem examination of the brain tissue after ischemia
of patients who died within 7 days post-stroke showed increased expression of IL-15 in
astrocytes [1]. Alternatively, IL-15 knockdown in astrocytes reduced ischemic brain damage
in mice after transient local ischemia [70]. Transgenic mice expressing IL-15 with the con-
trolled GFAP promoter exhibited increased cerebral infarction and increased neurological
deficits following cerebral ischemia [1]. In addition, GFAP/Vimentin double-knockout
mice showed reduced cortical blood flow in the brain and greater lesions following local
ischemia [71]. Astrocytes release fibroblast growth factor-2, brain-derived neurotrophic
factor, and nerve growth factor, which have neuroprotective properties [71,72]. In addition
to their neurotrophic support, structurally, astrocytes by their terminal feet have a strong
relationship with the endothelial cells of the brain’s capillaries and the pericytes that make
up the blood–brain barrier. During brain ischemia, MMP-9 breaks the connection between
the terminal feet of astrocytes and endothelial cells by degrading the basal lamina [73].
Consequently, the open blood–brain barrier acts as the main gateway for invasion of the
brain by peripheral inflammatory cells.

157



Int. J. Mol. Sci. 2021, 22, 4405

3.2.3. Neutrophils

Leukocytosis has been found to be a marker of inflammation in response to ischemic
stroke. Leukocytosis is associated with a high degree of disability, impairment, and in-
creased mortality [74]. Neutrophils are the first blood-derived immune cells to invade
ischemic brain tissue, followed by monocytes. After brain ischemia, neutrophils undergo
conformational changes due to the presence of numerous adhesive molecules, which
facilitates their migration across the vessel wall into the brain tissue. In addition to blood-
derived microglia and macrophages, neutrophils are among the most important leukocytes
that infiltrate the post-ischemic brain. A high number of post-ischemic neutrophils in
the brain come from the peripheral circulation. Later, neutrophils are attracted to the
ischemic region by chemokines and then cause secondary damage to the ischemic tissue
by releasing pro-inflammatory mediators, proteases, ROS, and MMPs [75]. These toxic
mediators weaken the endothelial cell membrane and the basal lamina leading to per-
meability of the blood–brain barrier and the development of post-ischemic brain edema.
Their onset is fairly early, reaching the brain within half an hour to several hours after
ischemia, peaking over the next 3 days, and gradually decreasing over 15 days [8,76].
After five hours of recirculation, neutrophils enter the ischemically-damaged area of the
brain [77,78]. Following neutrophil invasion, monocytes then adhere to the vessel wall and
migrate towards the ischemic area with maximum involvement within 3–7 days after is-
chemia [76]. It has been noted that infiltrating neutrophils remain for more than a month in
the ischemic areas of the brain and their presence is masked after 3 days by overactivation
of microglia/macrophages in the inflammatory area [79]. These cells activate molecules
capable of contact with the endothelial cells as early as 15 minutes after brain ischemia,
and within 6–8 h they surround the brain’s blood vessels and penetrate the brain [80–82].
Neutrophils are believed to block microcirculation in the brain either mechanically or by
secreting vasoconstrictors, releasing pro-inflammatory factors, ROS, and enzymes with
hydrolytic activities [83–85]. In addition, neutrophils produce MMP-9, which is a protease
that damages the blood–brain barrier, enhancing brain edema and causing hemorrhagic
transformation of acute ischemic stroke [86]. The size of ischemic infarction and level
of neurological deficits positively correlate with an increase in the number and activity
of neutrophils, which in turn leads to an increased risk of death [76,87]. In contrast to
neutrophils, after brain ischemia, the number of lymphocytes decreases, and thus the
neutrophil/lymphocyte ratio increases. This ratio is closely related to the size of the infarct
and mortality [87]. Leukocytes, which include neutrophils and T lymphocytes, intensify
ischemic brain damage in many ways. First, the neutrophils adhere to the endothelium,
which blocks the flow of erythrocytes through the microcirculation, which leads to the no-
reflow phenomenon in the brain. Second, on the endothelial surface, activated neutrophils
produce proteases, MMPs, and ROS, which significantly damage blood vessels and brain
tissue. The consequence of the above phenomena is vasoconstriction and platelet aggre-
gation inside the brain vessels [37,88]. Finally, infiltrating leukocytes further aggravate
neuronal damage by activating pro-inflammatory mediators in and around the penumbra
and in the core of the infarct [89].

3.2.4. Lymphocytes

T lymphocytes become involved in the later stages of post-ischemic neurodegeneration
of the brain. Lymphocytes surround the periphery of the ischemic lesion, and their number
increases after 3 days, reaches a maximum after one week, and then decreases after another
week [90]. The effect of various T lymphocytes on inflammation and thrombosis, with
the consequence of increased brain damage and worsening of neurological deficits, has
been demonstrated in studies in mice deficient in T lymphocytes [91–93]. In addition,
immunodepletion of CD4+ lymphocyte cells in mice increased neuronal loss and was
associated with more severe neurological deficits 7 days after focal brain ischemia [94]. The
study showed that mice without γδ T lymphocyte cells had reduced infarct volume post-
ischemia and the same phenomenon was reported in mice after administration of antibodies
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against the receptors of these cells [95]. Another study found an increase in CD4+CD28
null lymphocyte cells in stroke survivors or those who died from ischemic stroke [96].
This study revealed an association between the high probability of death after a stroke or
new ischemic episodes and the CD4+CD28 null lymphocyte cell count, and proposed that
the number of these lymphocytes could serve as a warning biomarker against recurrence
of an ischemic event or death. Another study found that peripheral frequency of CD4+

lymphocyte cells and CD4+CD28 null lymphocyte cells was significantly higher in patients
with acute ischemic stroke than in the control group [97]. The results of this investigation
indicate that in acute ischemic stroke, a higher percentage of peripheral CD4+CD28 null
lymphocyte cells may be associated with more massive brain damage. Analysis of this
study also showed that the percentage of CD+CD28 null lymphocyte cells may be useful
for distinguishing between subtypes of stroke. In addition, genetic study has found an
increased expression of activating “pro-inflammatory” killer cell immunoglobulin-like
receptor (KIR) genes in people with ischemic stroke, which likely explains the massive
development of inflammation in the acute phase of stroke [98]. Accumulating evidence
shows that both innate and adaptive immune cells penetrate the brain after ischemia. Up
to one month after an experimental ischemic stroke, T lymphocyte cell invasion into the
ischemic area has been observed and has been shown to persist for years in post-stroke
patients [99]. Up to one month after focal brain ischemia, a significant increase in the
number of different subtypes of T lymphocytes was observed in the peri-infarct zone [99].
T lymphocytes entering the brain after ischemia had a close interaction with activated
astrocytes and a progressively developed pro-inflammatory phenotype as evidenced by
markers of increased lymphocyte activation, pro-inflammatory cytokines TNF-α, INF-γ,
IL-10, IL-17, and perforin, with appropriate T-bet and RORc transcription factors [99]. Treg
immunodepletion using a specific CD-25 antibody aggravated tissue injury and impaired
neurological deficits on day 7 after local brain ischemia in mice [94].

3.2.5. Macrophages

Circulating macrophages are involved in delayed development of the neuroinflamma-
tory mechanism in an ischemic brain. As early as 2 h after ischemia, activated macrophages
can be detected in the brain [100]. Between 22 and 46 h after ischemia, both blood-born
and brain-resident macrophages are dispersed throughout the ischemic injury in the brain
and remain detectable for up to 1 week in mice after a 30 min ischemic injury [100]. In
another study, their presence in brain tissue was recorded 4 days after the onset of ischemia,
peaking after 7 days and then diminishing [55]. Pathological post-stroke mechanisms
aggravate cell damage due to primary cellular events that initiate a vicious pathological
cycle of inflammatory mediators that further enhances neuronal death. In summary, all the
inflammatory cells described above play an important role both in initiating and enhancing
the pathological response following brain ischemia, but also in maintaining homeostasis of
brain cells, especially neurons that have survived a primary ischemic event.

4. Interaction of Inflammatory Cells in the Post-Ischemic Brain

The release of IL-6 and TNF-α by area(s) of brain ischemia enhances the invasion of
neutrophils into the brain, which intensifies the blood–brain barrier permeability, and an
increased number of neutrophils in the blood is associated with the extent of the infarc-
tion [101]. Moreover, the role of microglia after brain ischemia depends on the state of
cell polarity. The dominance of the M1 phenotype correlates with extensive post-ischemic
damage, increased anaerobic glycolysis, and activation of hypoxia-inducible factor 1α.
Polarization of the microglial cells to the M1 phenotype and the resulting increased gen-
eration of IL-23 favor the recruitment and stimulation of γδ T lymphocyte cells, which
play an unfavorable role within acute ischemic stroke [8]. The results of studies on ex-
perimental models of brain ischemia confirm that γδ T lymphocyte cells are pathogenic
for the brain due to IL-17 secretion and stimulation of inflammatory changes [102]. More-
over, the release of anti-inflammatory cytokines by microglia such as IL-10 and TGF-β
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promotes the recruitment of regulatory lymphocytes that perform immunomodulatory and
immunosuppressive functions in the ischemic brain [26]. Evidence supports a beneficial
function of CD4+ lymphocyte cells in experimental brain ischemia [103]. Inflammatory
cell interactions are very complex and involve intercellular crosstalk by mechanisms that
are not fully understood. Evidence suggests that inflammation plays a bivalent role in
the development of post-ischemic brain neurodegeneration, promoting neuronal loss and
healing of post-ischemic lesions. As a consequence, neuroinflammation may be a promising
target for the future treatment of stroke.

5. Pre-Clinical Neuroinflammation Treatment in the Post-Ischemic Brain

Anti-inflammatory actions are aimed at reducing neuroinflammatory reactions by
inhibiting the factors and phenomena that increase inflammation, and at the same time
stimulating anti-inflammatory factors and phenomena naturally occurring in the body
(Table 1). One of the many cytokines most involved in the development of post-ischemic
brain neurodegeneration is IL-1 [104]. IL-1 deficient mice showed a significant reduction
in infarct volume of approximately 70% after focal brain ischemia compared to that of
wild-type mice [104]. It has been shown that inhibition of microglia activation by 2%
isoflurane in transient focal brain ischemia in rats reduced the infarct size, attenuated
apoptosis, and significantly decreased microglia activation in ischemic penumbra [105].
Within 7 days after focal brain ischemia, edaravone, a free radical scavenger that mimics
glutathione peroxidase, reduces microglia activation and early accumulation of oxidative
products in rats [106]. Similarly, multiple exposures to hyperbaric oxygen reduced in-
farct volume by decreasing microglia activation (Table 1) [107]. Inactivation of NF-kB in
astrocytes promoted survival of the neurons after ischemic damage in mice [108]. Treg
immunodepletion using a specific CD-25 antibody aggravated tissue injury and impaired
neurological deficits on day 7 after local brain ischemia in mice (Table 1) [94]. A beneficial
effect of administration of a recombinant human interleukin-1 receptor antagonist on the
reduction of neuronal death in rats after hypoxia-ischemia and focal cerebral ischemia has
also been shown (Table 1) [109,110]. Administration of anti-TNF-α antibody (polyclonal
rabbit anti-mouse TNF-α neutralizing antibody) improved neurological outcomes in rats
after reversible local brain ischemia [111]. An approximately 40% reduction in infarct
volume was observed in IL-10 overexpressing transgenic mice after local brain ischemia
with a parallel decrease in caspase 3 levels compared to that of wild-type mice [112]. The
administration of insulin-like growth factor-1 reduced infarct volume and improved sen-
sitivity and mobility in mice [113]. In microglia after ischemia, Toll-like receptors (TLR)
induce the expression of genes for cytokines with pro-inflammatory properties [114–116].
Knockout mice for TLR4, but not for TLR3 or TLR9, showed a significant reduction in
infarct volume after ischemia compared to that of wild-type mice [114]. It has been found
that deficiency of T and B lymphocyte cells in animal models of ischemic stroke resulted
in a smaller lesion size and reduced neuroinflammation [117]. It has been shown that
inhibition of T lymphocyte migration to the brain reduces infarct volume and post-ischemic
inflammation [118]. Reduction in infarct size and improvement in neurological outcomes
following local brain ischemia were noted after administration of heme oxygenase-1 and
in heme oxygenase-1 overexpressing transgenic mice due to anti-inflammatory and anti-
apoptotic properties [119,120]. Additionally, heme oxygenase-1 deficient mice have been
shown to exhibit increased infarct size following local permanent brain ischemia compared
to that of wild-type controls (Table 1) [121].
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Table 1. Preclinical studies in the prevention/treatment of neuroinflammation in post-ischemic brain neurodegeneration.

Type of Ischemia Animal Target Benefits References

Focal Mouse IL-1 lack Reduction of infarct size [104]

Focal Rat Microglia Reduction of infarct size and apoptosis, microglia
activation [105]

Focal Rat Glutathione peroxidase Reduction of microglia activation, oxidative
products [106]

Focal Rat Microglia Reduction of infarct size [107]

Hypoxia-ischemia Rat IL-1 antibody Reduction of neurological deficits [109]

Focal Rat IL-1 antibody Reduction of neuronal death [110]

Focal Rat TNF-α antibody Improvement in neurological outcome [111]

Permanent focal Mouse IL-10 Reduction of infarct size, decrease in caspase 3 [112]

Permanent focal Mouse IGF-1 Reduction of infarct size, improvement in
sensitivity and mobility [113]

Focal Mouse TLR4 lack Reduction of infarct size [114–116]

Focal Mouse T cells lack Reduction of lesion size and inflammation [117]

Permanent focal Mouse Lymphocytes Reduction of lymphocytes, neuronal damage,
infarct size, and inflammation [118]

Permanent focal Mouse HO-1 Reduction of infarct size and neurological deficits [119]

Focal Mouse HO-1 Reduction if infarct size and neurological deficits [120]

Permanent focal Mouse HO-1 lack Increase in infarct size [121]

Focal Mouse NF-kB Support of neuron survival [108]

Focal Mouse Treg antibody Increase of infarct size and neurological deficits [94]

Focal Rat Neutrophils Reduction of blood–brain barrier breakdown [80]

IL-1: Interleukin 1, TNF-α: Tumor necrosis factor-α, IL-10: Interleukin 10, IGF-1: Insulin-like growth factor 1, TLR4: Toll-like receptor 4,
T cells: T lymphocytes, HO-1: Heme oxygenase 1.

6. Neuroinflammation: Good or Bad?

Accumulating evidence suggests that neuroinflammation plays a key role in the patho-
genesis of ischemic stroke and has become an interesting target for therapeutic intervention.
Numerous reports indicate that neuroinflammatory cells play multiphase roles (beneficial
and harmful) in which inhibiting the same pathway at the wrong time may exaggerate
pathogenesis. Thus, better characterizing the pathophysiology of ischemic stroke together
with timed treatment may provide the ultimate protective strategy of benefit.

A large amount of important data regarding the connection of inflammatory cells and their
mediators that are released into the ischemic neurodegenerative brain has been accumulated in
recent years. However, it is unclear whether the malfunctioning of inflammatory cells initiates
the pathophysiological events of post-ischemic neurodegeneration, or whether the dysfunction
of the inflammatory cells is a consequence of other adverse changes that occur in the early
stages of the disease. Therefore, more data are needed on the origin of the inflammatory cell
dysfunction. Recent research suggests that factors released from healthy inflammatory cells may
also play a protective role when neurodegenerative conditions occur [122]. In conclusion, it is
very interesting, but at the same time extremely difficult to understand how inflammatory cells
exert various actions in different tissues under physiological and pathological conditions. Their
functional complexity clearly requires an interdisciplinary approach to develop novel therapeutic
interventions that will benefit from the multi-faceted nature of inflammatory cells, including
their ability to facilitate crosstalk between the systemic environment and the brain.

Processes related to post-ischemic neurodegeneration of the brain are a strong support for
the contribution of neuroinflammation to the progress of ischemic neuropathology (Figure 1).
However, which aspects of this contribution seem positive or negative are still under debate. In
this review, we suggest that there is a delicate balance in the response of neuroinflammation
to post-ischemic brain neurodegeneration that may have both beneficial and harmful effects

161



Int. J. Mol. Sci. 2021, 22, 4405

(Figure 1) [122]. We suggest that certain aspects of neuroinflammation in the post-ischemic
brain are necessary and beneficial, and may limit or prevent post-ischemic neuropathology.
By exploiting the benefits of post-ischemic neuroinflammation, we can work to find a causal
therapy for post-ischemic neurodegeneration. Scientists have focused too long on the negative
consequences of astrogliosis and microgliosis, judging the neuroglial cells as excited. However,
recent evidence has demonstrated the enormous heterogeneity of neuroglial cells and the
variability of their functioning. Although our primary focus is on the involvement of the
innate immune system in post-ischemic brain neurodegeneration, evidence suggests that the
adaptive immune system also plays a role in this pathology, which is an area that requires
further research. Although it is clear that neuroinflammation contributes to the pathogenesis
of post-ischemic injury, it is too broad a word to describe the mixture of various elements of
the innate immune processes that become active as the disease progresses [122]. Microgliosis
involves phagocytosis of amyloid plaques, neurofibrillary tangles, dysfunctional synapses, and
the release of trophic factors for cell plasticity and growth (Figure 1) [123]. In contrast, microgliosis
increases the amounts of chemokines and cytokines, which become toxic and harmful to neurons
(Figure 1). Astrogliosis is also beneficial because it causes the propagation of calcium currents to
increase signal conduction and improve repair and protection. In contrast, excessive astrogliosis
can increase the amount of various neurotoxic substances. Therefore, the neuroinflammatory and
immune responses following ischemic brain injury are both good and bad. Treatment options
based on these data suggest early use of antibiotics to prevent infection (in stroke patients)
and inhibition of the early inflammatory/immune response, although it may be likely that
after brain ischemia develops, it is too late for this treatment, and treatment should focus on
enhancing the protective immune response to accelerate the repair of neurons that survived
the primary ischemic episode. It is clear that neuroinflammation is strongly involved with
post-ischemic neurodegeneration of the brain (Figure 1), but a more thorough understanding
of the ischemic-specific immune/inflammatory response will be critical in developing causal
therapy for post-ischemic brain injury.

Figure 1. There is a delicate balance between the beneficial and harmful effects of neuroinflammation
in post-ischemic brain neurodegeneration. Some neuroinflammation phenomena are protective, such
as phagocytosis, but others, such as pro-inflammatory mediators, are detrimental.
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7. Conclusions

Neuroinflammation in post-ischemic brain neurodegeneration is extremely complex,
with multiphase pro-inflammatory responses without causal treatment. In the case of is-
chemic neuronal cell damage, the locally and systemically released chemokines, cytokines,
and ROS play an important and mutual role of triggering neuroinflammation in the brain.
In inflammation of the nervous system, the blood–brain barrier is partially impaired and
allows for increased, but not completely uncontrolled, entry of immune cells into the brain.
Changes in the perivascular space and chemokine environment, coupled with impairment
of the glial limitans, ultimately allow immune cells to infiltrate into the parenchyma of
the brain, resulting in impaired brain function and hence exacerbation of clinical disease
symptoms. An in-depth understanding of the specific pathological mechanisms used by
different types of immune cells to cross the blood–brain barrier would improve therapeutic
targeting by inhibiting potentially brain-damaging subsets of immune cells, while leaving
the brain’s positive immune surveillance largely intact. Post-ischemic brain neurodegen-
eration with neuroinflammation begins in earnest when monocytes and leukocytes reach
the brain, activating resident cells such as astrocytes and microglia and endothelial cells,
and releasing another pool of pro-inflammatory mediators. Moreover, the evidence shows
that cells involved in neuroinflammation have dual helper and deleterious functions, in
fact, the same pathway, inactivated at different times, can increase or decrease ischemic
damage to brain tissue. In view of the above, any future therapies should take into account
the timing of their application post-ischemia. Based on the latest data, many genes can
influence the course, extent of the damaged area, and prognosis in post-ischemic brain
neurodegeneration. Neuroinflammation is a complex phenomenon governed by many
factors that play a key role not only in the pathogenesis of post-ischemic injury, but also in
determining its evolution; therefore, post-ischemic neuroinflammation may be a promising
target in developing new therapeutic strategies for neurodegenerative diseases.

In summary, neuroinflammatory cells may express various activities leading eventu-
ally to either beneficial of harmful outcomes (Figure 1). No doubt, neuroinflammation is a
key player in the development of ischemic neuropathology, as discussed in Section 6. A
good example of the ambivalent role of neuroinflammation may be the broadly expressed
pleiotropic protein osteopontin, which plays a role in neurodegenerative conditions, includ-
ing Alzheimer’s disease [124]. On one hand, osteopontin is associated with detrimental
effects on neurons due to recruiting inflammatory cells to the lesioned area. On the other
hand, the protein may promote neuronal repair/regeneration via the inflammatory re-
sponse [124]. These clearly opposed activities may be partially due to different functional
domains of osteopontin that are exposed following MMP or thrombin cleavages [124].
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17. Pluta, R.; Ułamek, M.; Jabłoński, M. Alzheimer’s mechanisms in ischemic brain degeneration. Anat. Rec. 2009, 292, 1863–1881.
[CrossRef] [PubMed]

18. Kuzma, E.; Lourida, I.; Moore, S.F.; Levine, D.A.; Ukoumunne, O.C.; Llewellyn, D.J. Stroke and dementia risk: A systematic
review and meta-analysis. Alzheimer’s Dement. 2018, 14, 1416–1426. [CrossRef]

19. De Ronchi, D.; Palmer, K.; Pioggiosi, P.; Atti, A.R.; Berardi, D.; Ferrari, B.; Dalmonte, E.; Fratiglioni, L. The combined effect of age,
education, and stroke on dementia and cognitive impairment no dementia in the elderly. Dement. Geriatr. Cogn. Disord. 2007, 24,
266–273. [CrossRef]

20. Pendlebury, S.T.; Rothwell, P.M. Prevalence, incidence, and factors associated with pre-stroke and post-stroke dementia: A
systematic review and metaanalysis. Lancet Neurol. 2009, 8, 1006–1018. [CrossRef]

21. Kocki, J.; Ułamek-Kozioł, M.; Bogucka-Kocka, A.; Januszewski, S.; Jabłoński, M.; Gil-Kulik, P.; Brzozowska, J.; Petniak, A.;
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Abstract: Ferroptosis is a type of cell death that was described less than a decade ago. It is caused
by the excess of free intracellular iron that leads to lipid (hydro) peroxidation. Iron is essential
as a redox metal in several physiological functions. The brain is one of the organs known to be
affected by iron homeostatic balance disruption. Since the 1960s, increased concentration of iron in
the central nervous system has been associated with oxidative stress, oxidation of proteins and lipids,
and cell death. Here, we review the main mechanisms involved in the process of ferroptosis such
as lipid peroxidation, glutathione peroxidase 4 enzyme activity, and iron metabolism. Moreover,
the association of ferroptosis with the pathophysiology of some neurodegenerative diseases, namely
Alzheimer’s, Parkinson’s, and Huntington’s diseases, has also been addressed.

Keywords: ferroptosis; cell death; iron metabolism; neurodegenerative diseases; glutathione
peroxidase 4; GSH; system xc−; Alzheimer’s disease; Parkinson’s disease; Huntington’s disease

1. Introduction

The current classification system of cell death has been updated by the Nomenclature Committee
on Cell Death (NCCD), according to their guidelines for the definition and interpretation of all aspects
of cell death [1,2]. Accidental cell death (ACD) is an instantaneous and catastrophic demise of cells
exposed to severe insults of physical or mechanical forces. On the other hand, regulated cell death
(RCD) is a dedicated molecular machinery [3]. RCD can occur in two ways: firstly, as programmed
cell death that can occur in the absence of any exogenous environmental perturbation. Secondly,
RCD can originate from disturbances of the intracellular or extracellular microenvironment that cannot
be restored to cellular homeostasis [4–6].

In 2012, Brent R. Stockwell described a unique form of cell death that results from the overwhelming
iron-dependent accumulation of lethal amounts of lipid-based reactive oxygen species and named
it ferroptosis [7]. Ferroptosis is morphologically and biochemically distinct from other RCDs.
It occurs without the chromatin condensation and nuclear reduction seen in apoptosis, cellular
and organellar swelling of necrosis, and without the common features of autophagy. Morphologically,
only mitochondrial shrinkage distinguishes it from other forms of death [8,9]. Ferroptotic cell death
is associated with the iron-dependent mechanism and formation of extremely reactive free radicals,
along with severe peroxidation of membrane phospholipids (PLs) rich in polyunsaturated fatty acids
(PUFAs), mainly of arachidonic or adrenic acids from phosphatidyl ethanolamine (PE) molecules [10–12].
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The complex balance between reactive oxygen species (ROS) and the antioxidant system maintains
cell homeostasis by removing dangerous stimuli and controlling oxidative stress by several factors,
and is also present in the central nervous system (CNS) [13,14]. Among these factors, system xc−,
an amino acid antiporter, maintains the synthesis of glutathione (GSH) and oxidative protection.
Inhibition of system xc− causes a rapid drop of intracellular glutathione levels and cell death caused
by the accumulation of lipid-derived ROS. Lipid and protein oxidation lead to inflammation and
changes in DNA, and are the trigger for premature aging, loss of function and death of neurons.
The increase in oxidative stress generated by free radicals associated with uncontrolled intracellular
iron metabolism has been associated with the pathophysiology of neurodegenerative diseases [13–15].
Here we address the main pathways of ferroptosis and its role in the pathophysiology of Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease, the main neurodegenerative diseases in which
ferroptosis has been shown to be involved.

2. Ferroptosis

Ferroptosis is a particular form of cell death that is induced by lipid hydroperoxides derived from
the oxidation of reactive species generated by free iron. Cell death in ferroptosis involves three main
factors: increased free intracellular iron, depletion of the redox glutathione/GPx4/system xc− and the
oxidation of membrane PUFAs [16–18] (Figure 1).

 

Figure 1. Ferroptosis pathway. Ferroptosis can be initiated through transferrin endocytosis linked
to transferrin receptor 1 (TFR1). After endocytosis, ferric iron is released from the Transferrin–TRF1
complex and is reduced to ferrous iron (Fe2+). Fe2+ can be stored in ferritin or remain in the cytoplasm
as a labile iron Pool (LIP). The LIP is composed mainly of Fe2+, which through Fenton reaction generates
species such as: the hydroxyl radical that reacts with membrane lipids, providing the lipid peroxidation
of arachidonic acid (AA) or adrenic acid (AdA). Lipid peroxidation can also occur via enzyme. However,
it is necessary for the free polyunsaturated fatty acids (PUFAs) to be esterified as membrane PUFA
by the enzymes ACSL4 and LPCAT3, forming arachidonic or adrenic acids esterified in phosphatidyl
ethanolamine (PE-AA/PE-AdA). Dioxigenation by 15-LOX generates PE-AA/AdA-OOH, which reacts
with other membrane lipids, forming pores in the lipid bilayer, destabilizing it and then rupturing the
membrane. Ferroptosis is inhibited by GPx4, which converts PE-AA/AdA-OOH to alcohol and water.
This reaction occurs through the use of glutathione (GSH) as a substrate. GSH synthesis occurs via the
entry of cystine into the cell by system xc−.
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2.1. Lipid Peroxidation and Ferroptosis

Lipid peroxidation is the trigger for the activation of ferroptosis [13,18]. Lipid peroxides (PL-OOH),
mainly lipid hydroperoxides (L-OOH), have the ability to cause damage to the lipid bilayer of the plasma
membrane due to the accelerated oxidation of the membrane lipids which leads to ferroptosis. The increase
in the concentration of lipid peroxides can alter the structure and function of nucleic acids and proteins,
as well as the Michael acceptors and aldehydes. In fact, it can generate additional toxicity due to its
degradation products [19–22]. The cellular lipids include thousands of lipid species that vary in quantity,
intra- and extracellular distribution, functions and cell type [8]. Thus, the higher the concentration of free
polyunsaturated fatty acids (PUFAs) in the cell, the greater the damage caused by lipid hydroperoxidation
and the extent of ferroptosis, which can vary among diseases and organs/tissues [4,8,17].

PUFAs are good substrates for autoxidation because the C–H bonds of the methylene groups flanked by
C-C double bonds are among the weakest C–H bonds known [19–22]. The structure of the PUFA molecule
contains bis-allyl hydrogen atoms that can be abstracted. Then, there is a rearrangement of the resonance
radical structure, with subsequent addition of molecular oxygen, giving rise to the peroxyl radical and the
formation of the primary molecular product, lipid hydroperoxide (L-OOH). Soon after, the cleavage of the
L-OOH molecule occurs, giving rise to highly electrophilic secondary oxidation products, including epoxy,
oxo- or aldehyde groups, which are highly reactive and toxic to membranes and cells [8,23].

First, PUFAs are esterified with membrane phospholipids, such as phosphatidyl ethanolamine
(PE). The esterification reaction is catalyzed by acyl-CoA synthetase long-chain family member 4 (ACSL4),
which binds coenzyme A to long-chain PUFAs, which can then be used for esterification of lysophospholipids
by lysophosphatidylcholine acyltransferase 3 (LPCAT3); the substrates can undergo peroxidation resulting
in the formation of arachidonoyl (AA) and adrenoyl (AdA) acids, which can lead to ferroptosis. Suppression
of the ACSL4 enzyme inhibits ferroptosis by depleting the substrates for lipid peroxidation [24,25].

The PUFA oxidation process that leads to ferroptosis can occur enzymatically or non-enzymatically [26].
The non-enzymatic oxidation process occurs through ROS and hydroxyl radical, from the Fenton reaction.
This process is both non-selective and non-specific. Thus, oxidation rates are proportional to the number of
readily abstractable bis-allyl hydrogens in the PUFA molecule, resulting in the accumulation of a highly
diversified pattern of oxidation products with the predominance of oxygenated PUFA-PLs with 6, 5, 4, 3 and
2 double bonds [8,19]. Enzymatic oxidation of PUFAs occurs through lipoxygenases (LOXs) [27]. LOXs are
dioxigenases containing iron in their catalytic region that promote the dioxigenation of polyunsaturated
fatty acids containing at least two isolated cis-double bonds. In humans, there are different isoforms of LOX
(5-LOX, 12S-LOX, 12R-LOX, 15-LOX-1, 15-LOX-2 and eLOX3) [19,27].

Membrane ester lipids are cleaved by cytosolic phospholipase A2 in different fatty acids:
arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Oxygenation
by cyclooxygenases (COXs) generates prostanglandins-G (PGG2, PGG3 and PGG4, respectively).
However, oxygenation by LOX generates doubly and triply oxygenated (15-hydroperoxy)-diacylated
PE species [28–31]. Oxidation induced by 15-LOX is selective and specific, occurring preferably in
arachidonic acid-phosphatidylethanolamine (AA-PE) or adrenoyl acid (AdA)-PE. The product of
this oxidation is 15-hydroperoxy-arachidonic acid-phosphatidylethanolamines (15-HOO-AA-PEs) or
15-hydroperoxy-adrenoyl acid-phosphatidylethanolamines (15-HOO-AdA-PEs) (Figure 1) [28–31].
The catalytic activity 15-LOX is dependent on the pro-ferroptotic PEBP1 protein [32].

Stoyanovsky et al. [33] showed that the ferroptosis process includes two stages: (i) selective and
specific enzymatic production of 15-HOO-AA-PE by 15-LOX; (ii) oxidative cleavage of these initial
HOO derivatives to proximate electrophiles capable of interacting with protein targets to cause the
formation of pores in plasma membranes, or to rupture them. The two types of oxidatively truncated
products can be formed from 15-HOO-AA-PE with the carbonyl function either on the shortened
AA-residue esterified into PE, or on the leaving aldehyde.

In addition, tocopherols and tocotrienols suppress LOX and protect against ferroptosis [24]. On the
other hand, ferrostatins inhibit ferroptosis by efficiently scavenging free radicals in lipid bilayers [34].
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Recently, Zou et al. [35] have shown that cytochrome P450 oxidoreductase (POR) is a key mediator
in the induction of ferroptosis in cells that exhibit intrinsic and induced susceptibility to ferroptosis
by enabling membrane polyunsaturated phospholipid peroxidation. POR depletion suppressed
arachidonic acid-induced sensitivity to ML210/RSL3 in a dose-dependent manner. In addition to
suppressing PUFA-induced ferroptosis susceptibility, POR depletion by constitutive or inducible
knockout also compromised the intrinsic ferroptosis sensitivity in ccRCC cells 786-O and 769-P.

2.2. Glutathione Peroxidase 4 and Ferroptosis

Cells have several escape mechanisms against cell death [36,37]. In the ferroptotic process,
one of the most important and most studied so far is the enzyme glutathione peroxidase 4 (GPx4),
(also called Phospholipid Hydroperoxide Glutathione Peroxidase (PHGPx)) [38,39]. In the human
organism, there are several isozymes of glutathione peroxidase, which vary in cell location and substrate
specificity [40]. The GPx4 enzyme is a selenoprotein, with approximately 20–21 kDa, composed of
197 amino acids, and encoded by the GPx4 gene in chromosome 19 localization [41]. GPx4 has in its
active site the amino acid selenocysteine, which is necessary for protection against ferroptosis [42].
The catalytic site of selenocysteine involves three different redox states: selenol, selenenic acid and
seleninic acid. These different forms of the redox state allow the regulation of the catalytic efficiency of
the peroxide reduction, which is dependent on the cellular redox state [43]. The enzymatic activity
of GPx4 is vital to cells, since the enzyme can reduce H2O2 and is the only enzyme that can reduce
phospholipid hydroperoxides [44].

In addition, by structural similarity, GPx4 can reduce both peroxidized fatty acids and esterified
cholesterol hydroperoxides, as well as thymine hydroperoxide, a product of free radical attack on
DNA. The reduction reaction can occur in membranes, in the cytoplasm and/or in lipoproteins [45,46].
In the antiferroptotic process, the GPx4 enzyme directly reduces toxic lipid peroxides (PL-OOH) to
non-toxic lipid alcohols (PL-OH) using reduced glutathione (GSH) as a substrate [47–49]. The synthesis
of GSH through the cystine/glutamate antiporter system xc− is a limiting step for the function of
detoxification of lipid peroxides by GPx4 [50]. The rate-limiting compound of GSH synthesis is the
non-essential amino acid cysteine. Cysteine can be imported into cells directly or in its oxidized form,
cystine, through system xc−. Within the cell, cystine is reduced to cysteine by biosynthesis of GSH [51].
Figure 2 shows the complete GSH biosynthesis pathway.

GPx4 inhibitors, including ML210, ML162 and (1S), (3R)-RSL3 (RSL3), are used as specific
ferroptosis inducers [52–55]. Moreover, the overexpression or silencing of the gene coding for
14-3-3 proteins controls the inactivation of GPx4 by RSL3 [56]. In addition, liproxstatin-1 is able to
suppress ferroptosis in cells, inhibits mitochondrial lipid peroxidation, and restores the expression of
GSH, GPX4 and ferroptosis suppressor protein 1 [57,58]. A variety of ferroptosis inducers can inhibit
cystine absorption by inhibiting system xc−, such as: erastin, sulfasalazine and sorafenib, resulting
in reduced GPx4 activity in different cells lines. Thus, there is no synthesis of GSH and the activity
of GPx4 decreases. As a consequence, there is a reduction in the cell antioxidant capacity and hence
increased L-ROS, ultimately leading to ferroptosis [59–67].

GSH biosynthesis is regulated by the ubiquitously expressed transcription factor nuclear factor
erythroid-2 related factor 2 (Nrf2). In baseline conditions, Nrf2-dependent transcription is suppressed
due to proteasomal degradation in the cytosol by Keap1 (kelch-like ECH-associated protein 1). However,
due to the exposure to a variety of different stimuli, including oxidative stress, the ubiquitination
and degradation of Nrf2 are blocked, leading to the stabilization and nuclear accumulation of Nrf2,
where it induces dependent electrophilic response element (EpRE) gene expression to restore cellular
redox homeostasis [72]. Nrf2 regulates several steps of GSH biosynthesis transcription enzymes,
such as catalytic and regulatory subunits of glutamate cysteine ligase (GCL), GSH synthase, GPx2,
GSH S-transferases (GSTs) and GSH reductase (GR) as well as the light-chain subunit of the xc- [72–75].
Nrf2 is also associated with the regulation of antioxidant enzymes, NADPH: quinine oxidoreductase-1
(NQO-1 and NQO-2) and nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2). In addition,
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Nrf2 can regulate iron metabolism enzymes [76,77] and proteins associated with multiple drug
resistance (ABCG2, MRP3, MRP4, glutathione S-transferase P (GSTP)) [72,78].

 

Figure 2. Glutathione (GSH) biosynthesis pathway. GSH is known as one of the small-molecule
water-soluble antioxidants, the most important of somatic cells. GSH is a linear tripeptide formed
by three amino acids: glutamic acid, cysteine and glycine. The thiol group present in the amino
acid cysteine is considered the active site responsible for the antioxidant biochemical properties of
glutathione. In biological systems, glutathione can be found in reduced form (GSH) or in oxidized form
(GSSG). The oxidized form is a heterodimerization of the reduced form. The GSH/GSSG ratio is used to
estimate the redox state of biological systems [51]. The rate-limiting compound of GSH synthesis is
the non-essential amino acid cysteine. Cysteine can be imported into cells directly or in its oxidized
form, cystine, through the cystine/glutamate antiporter system xc−. In humans, on chromosome 4,
the SLC7A11 gene (solute carrier family 7A11) encodes the SLCA11 antiporter, which is part of a system
called system xc−. The structure of this protein is heterodimeric and includes two chains: a specific
light chain, xCT (SLCA11), and a heavy chain, 4F2hc (SLC3A2), which are linked by a disulfide bridge.
The xCT chain has 12 transmembrane domains consisting of 501 amino acids, with the N and C terminal
regions located intracellularly; it is not glycosylated and has a molecular mass of approximately 55 kDa.
The heavy chain, 4F2hc, is a type II glycoprotein with a single transmembrane domain, an intracellular
NH 2 terminal and a molecular weight of approximately 85 kDa. The 4F2hc chain is a subunit common
to amino acid transport systems, while the xCT chain is unique to cystine/glutamate exchange. System
xc− transports amino acids, independently of sodium and dependent on chloride, which are specific to
import cystine and export glutamate at the same time through the plasma membrane. Both amino acids
are transported in anionic form. The ratio of counter transport between cystine and glutamate is 1:1.
Currently, it is known that system xc− is involved in (a) cystine uptake to maintain the extracellular
balance of cysteine/redox cystine, (b) cysteine/cystine uptake for GSH synthesis and (c) non-vesicular
glutamate export [68]. Within the cell, cystine is reduced to cysteine. This reduction reaction can be
performed by intracellular GSH or by the enzyme thioredoxin reductase 1 (TRR1) [69]. The beginning
of GSH synthesis is the formation of the γ-glutamylcysteine molecule, which is catalyzed by the
enzyme glutamate cysteine ligase (GCL). GCL catalyzes the binding of glutamate and cysteine in
the presence of adenosine triphosphate (ATP). Then, the enzyme GSH synthase (GS) catalyzes the
formation of GSH through the link between γ-glutamylcysteine and glycine [69]. GSH reduces radicals
(R•) non-enzymatically and organic hydroperoxides catalyzed by GSH peroxidase (GPx) and is thus

173



Int. J. Mol. Sci. 2020, 21, 8765

converted to GSH disulfide (GSSG). GSSG is recycled to GSH by GSH reductase (GR), a reaction that uses
reduced nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor [69]. GSH S-transferase
(GST) forms GSH (GS-R) adducts from organic molecules (R) and GSH, which together with GSH and
GSSG are exported from the cell by ABC transporters, mainly ABC-1 and ABC-G2 [70,71]. Extracellular
GSH is metabolized by the γ-glutamyl transferase (GGT) ectoenzyme, which transfers the γ-glutamyl
residue to different acceptor amino acids, leading to the formation of a dipeptide containing γ-glutamyl
and the cysteine glycine dipeptide, which is cleaved by extracellular dipeptides to generate cysteine
and glycine that can be taken up by cells, starting the glutathione biosynthesis cycle [69].

Recently, Doll et al. [79] described an in vitro model, a parallel pathway that included
FSP1-CoQ10-NADPH, which cooperates with GPx4 and the glutathione system to suppress lipid
peroxidation of phospholipids. Ferroptosis suppressor protein 1 (FSP1) provides protection against
ferroptosis induced by the deletion of the GPx4 enzyme via RSL3. This effect is mediated by coenzyme
Q10 (CoQ10). The reduced form of the enzyme, ubiquinol, captures lipid peroxyl radicals that mediate
lipid peroxidation, while FSP1 catalyzes the regeneration of CoQ10 using NADPH as a cofactor. Moreover,
the authors described that the antiferroptotic function of FSP1 is independent of cellular glutathione
concentration, GPx4 activity, ACSL4 expression and oxidizable fatty acid content [79]. Coenzyme Q10
is an endogenous lipophilic antioxidant produced in the mevalonate pathway, as well as a part of the
mitochondrial respiratory chain, and from the metabolism of fatty acid and pyrimidine [80,81]. Indeed,
the homologous proteins MDM2 and MDMX, negative regulators of the tumor suppressor p53, promote
ferroptosis by regulating lipid peroxidation by altering PPARα activity. MDM2–MDMX complex inhibition
increased the levels of both FSP1 proteins and coenzyme Q10 [82].

2.3. Iron and Ferroptosis

In the human body, iron metabolism is regulated by means of a perfectly adjusted balance between
plasma proteins. They are associated with the transport, absorption and recycling of iron, in order
to avoid the accumulation of iron, which is highly harmful and reactive in tissues. Figure 3 shows
several aspects of human iron metabolism. Biochemically, iron is capable of accepting and donating
electrons, interconverting between the ferric (Fe3+) and ferrous (Fe2+) forms, which are both found in
the human body. The Fe3+/Fe2+ redox potential participates in a large number of protein complexes,
especially those that involve oxygen reduction for adenosine triphosphate (ATP) synthesis and the
reduction of DNA precursors. Iron is also a necessary component in the formation of molecules that
bind and transport oxygen (hemoglobin and myoglobin) and for the activities of cytochrome enzymes,
as well as in many enzymes that perform the redox process, functioning as electron carriers [83–85].

Physiologically, iron that will be distributed to tissues needs to bind to transferrin (apotransferrin),
giving rise to holotransferrin [87]. The distribution of iron to the tissues occurs through the endocytosis
of holotransferrin, mediated by binding to transferrin receptor type 1 (TFR1) and type 2 (TFR2) [88].
After endocytosis, the holotransferrin–TFR1 complex is mobilized to the endosomes. In the acid
environment of the endosome, Fe3+ is released from TF and converted to Fe2+ by oxidation-reduction,
by six-transmembrane epithelial antigen of the prostate 3 (STEAP3) and then exported into cytosol by
divalent metal transporter 1 (DMT-1). Iron can be stored in ferritin/hemosiderin or remain labile [89].

The labile iron pool (LIP), composed mostly of Fe2+, is a pool of chelable iron and active redox
present in the cell; it can be present in mitochondria, lysosomes, cytosol and in the nucleus [90].
The concentration of LIP is essentially regulated by the absorption, use, distribution and export of iron
in the cell and in the body. Labile iron has high chemical reactivity and exhibits high cytotoxic potential.
Cytotoxicity is associated with the fact that labile iron catalyzes the formation of hydroxyl radicals
(OH·) derived from hydrogen peroxide (H2O2) through the Fenton reaction (Figure 1). Moreover, H2O2

has a lower capacity to react with molecules, while OH· generated from the iron-dependent Fenton
reaction has high reactivity with biological molecules, such as proteins and DNA, and generates lipid
(hydro) peroxidation in ferroptosis [12–17].
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Indeed, glutathione has a high affinity with Fe2+ and the major component of LIP in cytosol is
presented as the glutathione-Fe2+ conjugates [90]. This is important because the decrease in intracellular
glutathione increases the concentration of Fe2+, facilitating the Fenton reaction [90–93]. The storage of
labile iron in ferritin serves to prevent its high reactivity, avoiding the generation of reactive species [94].
The ferritin structure is formed by 24 subunit-composed chains both light (L) and heavy (H) with a
spherical “shell” shape, which accommodates about 4500 iron atoms. H-ferritin contains a ferroxidase,
which oxidizes Fe2+ to Fe3+, to store iron inside the nucleus. When necessary, iron stocks are mobilized
and exported by ferroportin (FPN). This process is downregulated by hepcidin [83–85].

Figure 3. Human Iron metabolism. Iron concentration in the body is maintained through diet and the
recycling of senescent erythrocytes. The daily diet provides approximately 1–2 mg of iron. Enterocytes,
present in the duodenum and in the proximal portion of the jejunum, can absorb both ferrous iron
(heme iron) and ferric iron (non-heme). However, it is necessary to reduce ferric iron to ferrous iron,
by apical ferric reductase enzymes, such as enzyme duodenal cytochrome b (Dcytb), for absorption to
occur. Then, iron is transported by the divalent metal type transporter-1 (DMT-1) and stored inside
the cell [86]. Ferrous iron from the diet is internalized by the heme-1 carrier protein (HCP) in cells,
where it is stored as hemosiderin and/or ferritin, to prevent the Fenton reaction. Physiologically,
iron stores are mobilized from intracellular to the extracellular by ferroportin (FPN) when the serum
iron is low. Iron released in its ferrous state is oxidized to ferric iron and binds to serum apotransferrin
to be transported through the body, giving rise to holotransferrin. This oxidation reaction occurs
through the action of oxidase enzymes: hephestine present in enterocytes, ceruloplasmin present in
hepatocytes macrophages. The distribution of iron to the tissues occurs through the endocytosis of
holotransferrin, mediated by the binding to transferrin receptors type 1 (TFR1) and type 2 (TFR2).
Ferroportin mediates the efflux of iron within cells, maintaining systemic iron homeostasis. This process
is negatively regulated by hepcidin, which promotes ferroportin endocytosis and then proteolysis in
lysosomes by induced ubiquitination [83]. The recycling of iron by macrophages occurs through the
phagocytosis of senescent erythrocytes and hemoglobin and the heme group of intravascular hemolysis.
Once internalized in the macrophage, the heme group releases ferrous iron through the activity of the
enzyme heme oxygenase, which can be exported to the extracellular medium by ferroportin or stored
as ferritin [83,84].

The intracellular iron content is regulated by the iron regulatory proteins (IRP1 and IRP2) and
the iron-responsive element (IRE) [95,96]. IRPs can bind to RNA stem-loops containing an IRE in the
untranslated region (UTR), affecting the translation of target Mrna: 3′ UTR of H-ferritin mRNA and in
the 5′ UTR of TFR1 mRNA. In response to cellular iron demand IRE/IRP interaction promotes TFR1
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mRNA stability and inhibits H-ferritin translation, thus modulating cellular iron uptake and storage.
Overexpression of both TF and TFR1 sensitizes cells to ferroptosis by enhancing iron uptake; on the
other hand, silencing TFR1 can inhibit erastin-induced ferroptosis [16,97–99]. In addition, anti-TfR1
antibodies identify tumor ferroptotic cells from different tissues [100].

Autophagy in fibroblasts leads to erastin-induced ferroptosis through the degradation of ferritin
and induction of TfR1 expression [101]. On the other hand, cellular senescence has been associated
with intracellular iron accumulation and impaired ferritinophagy [102]. Ferritinophagy induces
ferroptosis by increasing the nuclear receptor coactivator 4 (NCOA4), followed by an increase in ferritin
degradation in the phagolysosome and release of Fe2+ (labile iron pool) in the cytoplasm. In fact,
some authors consider ferroptosis to be a type of autophagy [103–107].

Another molecule involved in ferroptosis is the sigma-1 receptor (S1R), which protects
hepatocellular carcinoma cells against ferroptosis. S1R regulates ROS accumulation via Nrf2.
Knockdown of S1R blocks the expression of GPx4 and HO-1. Moreover, knockdown of S1R significantly
increases Fe2+ levels and MDA production in HCC cells treated with erastin and sorafenib, as well as
the upregulation of H-ferritin chain and TRF1 [108]. In addition, it has been shown that heat shock
protein β-1 (HSPβ1) is a negative regulator of ferroptotic cancer cell death, and erastin stimulates heat
shock factor 1 (HSF1)-dependent HSPβ1. Knockdown of HSF1 and HSPβ1 enhances erastin-induced
ferroptosis, whereas heat shock pretreatment and overexpression of HSPβ1 inhibits erastin-induced
ferroptosis by protein kinase C. Moreover, the increase in cellular iron in HSPβ1 knockdown cells
has been associated with increased expression of TFR1 and a mild decrease in the expression of the
H-ferritin chain [109]. HSPA5, an endoplasmic reticulum (ER)-sessile chaperone, was shown to bind
and stabilize GPx4, thus indirectly counteracting lipid peroxidation in ferroptosis [97].

3. Ferroptosis in Neurodegenerative Diseases

Iron is vital to the physiology of all human tissues. However, under certain conditions it can
be harmful, especially for the brain. Although the cellular metabolism of the CNS requires iron as
a redox metal for energy generation, mainly the production of ATP, nervous tissue is vulnerable to
oxidative damage generated by excess iron and decreased antioxidant systems [110–113]. The explicit
identification of ferroptosis in vivo is hampered by the lack of specific biomarkers, due to several
factors that may be associated with the ferroptotic process. However, there is considerable evidence
that implicates ferroptosis in the pathophysiology of neurodegeneration. Ferroptosis involves the
accumulation of brain iron, glutathione depletion and lipid peroxidation simultaneously, which triggers
a cascade of events including activation of inflammation, neurotransmitter oxidation, neuronal
communication failure, myelin sheath degeneration, astrocyte dysregulation, dementia and cell death.
Iron or free iron overload can initiate lipid peroxidation in neurons, astrocytes, oligodendrocytes,
microglia and Schwann cells. In addition, the low activity of GPx4 and the glutathione system have
been shown to be associated with ferroptosis in motor neurodegeneration [114–117].

Recently, it has been proposed that the modulation of ferroptosis may be beneficial for
neurodegenerative diseases and that inhibition of ferroptosis by GPx4 could provide protective
mechanisms against neurodegeneration [118]. First, it was demonstrated that the non-oxidative
form of dopamine is a strong inhibitor of ferroptotic cell death. Dopamine reduced erastin-induced
ferrous iron accumulation, glutathione depletion, and malondialdehyde production. Moreover,
dopamine increased the stability of GPx4 [119]. The GPx4 enzyme is essential for the survival of
parvalbumin-positive interneurons and prevention of seizures, as well as protection against ferroptosis
in animal models [42,120]. Next, in a study with PC12 cell line (a model system for neurobiological
and neurochemical studies), cell death was induced by tert-butylhydroperoxide (t-BHP), a widespread
inducer of oxidative stress; it was observed that t-BHP increased the generation of lipid ROS, decreased
the expression of GPx4 and the ratio of GSH/GSSG. All these effects could be reversed by the ferroptosis
inhibitor, ferrostatin-1 and deferoxamine, iron chelator. In addition, JNK1/2 and ERK1/2 were activated
upstream from the ferroptosis and mitochondrial dysfunction [121].
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In addition, in C57BL/6 J male mice treated with arsenite for 6 months, it was observed that
arsenite induced ferroptotic cell death in neurons by the accumulation of reactive oxygen species
and lipid peroxidation products, disruption of Fe2+ homeostasis, depletion of glutathione and
adenosine triphosphate, inhibition of system xc−, activation of mitogen-activated protein kinases and
mitochondrial voltage-dependent anion channel pathways, and upregulation of endoplasmic reticulum
stress [122]. This is an important issue because arsenite (inorganic arsenic) has been associated
with neural loss and Alzheimer’s and Parkinson’s diseases as well as amyotrophic lateral sclerosis
(ALS) [123–130]. An in vitro study showed that exposure to paraquat and maneb induced ferroptosis
in dopaminergic SHSY5Y cells, associated with the activation of NADPH oxidase. The activation of
NADPH oxidase contributed to the dopaminergic neurodegeneration associated with lipid peroxidation
and neuroinflammation [131].

In a multiple sclerosis model and in an experimental autoimmune encephalomyelitis (EAE) animal
model [124], it has been observed that mRNA expression of the cytoplasmic, mitochondrial and nuclear
GPx4 enzyme decreased in multiple sclerosis gray matter and in the spinal cord of EAE. Neuronal
GPx4 was lower in EAE spinal cords than in controls. Moreover, γ-glutamylcysteine ligase and
cysteine/glutamate antiporter were diminished in EAE, which is associated with high accumulation
of lipid peroxidation products and the reduction in the proportion of the docosahexaenoic acid in
non-myelin lipids. These results, together with the presence of abnormal neuronal mitochondrial
morphology, which includes an irregular matrix, ruptured external membrane and reduced/absent
ridges, are consistent with the occurrence of ferroptotic damage in inflammatory demyelinating
disorders [132].

In fact, iron can bind to IRPs, leading to the dissociation of IRPs from the IRE and altered translation
of the target transcripts. Recently, an IRE was found in the 5′-UTR of the amyloid precursor protein
(APP) and α-synuclein transcripts (α-Syn). The levels of α-Syn, APP and amyloid β (Aβ) peptide,
as well as protein aggregation, can be negatively regulated by IRPs, but are regulated positively in the
presence of iron accumulation. Therefore, it has been suggested that the inhibition of the IRE-modulated
expression of APP and α-Syn or iron chelation in patient brains has therapeutic significance for human
neurodegenerative diseases [133].

3.1. Ferroptosis in Alzheimer’s Disease

Alzheimer’s disease (AD) is considered a neurodegenerative disease associated with multiple
brain complications. It was initially described by the German Alois Alzheimer in 1907 [134,135].
AD is characterized by progressive disorder in the cortical and hippocampal neuronal areas which
leads to both loss of neuronal function and cell death, and is the most common type of dementia
(Figure 4). The hallmark of AD is the histopathological presence of an extracellular β-amyloid (Aβ)
deposition in senile plaques (SPs) and intracellular neurofibrillary tangles (NFTs) formed from the
hyperphosphorylation of the tau protein. Neurocognitive decline is associated with synapse decrease
and neurotransmitter oxidation. These changes are due to the increase in oxidative stress, mainly an
increase in ROS and intra- and extracellular hydrogen peroxides [136–138]. Moreover, genetic changes
include alterations in amyloid precursor protein (APP), apolipoprotein E (APOE), presenilin 1 (PSEN1)
and presenilin 2 (PSEN 2) genes [139].
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Figure 4. Alzheimer’s disease. The development and progression of Alzheimer’s disease (AD) lead to
atrophy, loss and dysfunction of both neurons and glial cells. AD begins in the dorsal raphe nucleus
with subsequent progression to the cortex, which is the center of information processing and memory
storage. The factors that promote the development of AD are still unknown. However, it seems that
the intracellular accumulation in neurons of the phosphorylated Tau protein (neurofibrillary tangle)
and the formation of amyloid-B plaque (senile plaque) in the extracellular environment and brain
tissue both lead to neuron loss and dysfunction. In addition, the formation of neurofibrillary tangle
and senile plaque alters the functions of glial cells, such as oligodendrocytes (responsible for the
myelination of neurons), microglia cells (phagocytic cells) and astrocytes (responsible for the absorption
and exchange of nutrients between neurons and blood vessels). Dysregulation of cholesterol transport
and iron metabolism in the central nervous system contributes to poor prognosis of Alzheimer’s disease.
All these associated factors lead to an increase in neuroinflammation and oxidative stress associated
with mitochondrial dysfunction, compromising the production of ATP, altering the concentration of
neurotransmitters in the synaptic cleft, finally promoting cell death.

Evidence of the association between the accumulation of iron in the cerebral cortex and
the development of Alzheimer’s disease emerged in the early 1960s [140,141]. Since then,
several studies have demonstrated the direct association between free iron, oxidative stress,
lipid peroxidation and cell death of neurons, usually associated with apoptosis and/or necrosis,
due to increased neuroinflammation. The iron dyshomeostasis is associated with ROS production and
neurodegeneration in AD [138]. Furthermore, aging and changes in iron metabolism are associated
with the development of Aβ plaques and NFTs. Svobodová et al. [142] demonstrated in an APP/PS1
transgenic mice model that free iron and ferritin accumulation follows amyloid plaque formation in
the cerebral cortex area. In fact, iron deposition has been involved in the misfolding process of the Aβ

plaques and NFTs [143].
Iron is related to the development of Tau protein and, consequently, NFTs. In fact, iron is present

through the induction and regulation of tau phosphorylation [143,144]. The association of NFT with
neurodegenerative dysfunctions is termed tauopathy [145–147]. The oxidation process slows down or
excludes the regular action of the Aβ and tau protein [148]. In animal models of tauopathies, increased
iron associated with aging and neurodegeneration has been observed [149]. Indeed, animals with
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tauopathies treated with the iron chelator deferiprone showed a trend toward improved cognitive
function associated with the decrease in brain iron levels and sarkosyl-insoluble tau [150].

APP is a type 1 transmembrane protein and its function in heathy individuals appears to be associated
with the development of synaptic activity [145]. Proteolytic cleavage of the β-amyloid precursor protein
(APP) to form the β-amyloid peptide (Aβ) is related to the pathogenesis of AD because APP mutations that
influence this process induce familial AD or decrease the risk of AD [145]. The amyloid cascade hypothesis
states that the agglomeration and production of Aβ plaques in the brain would occur, resulting in cell
death. Presenilins 1 (PSEN1) and presenilins 2 (PSEN2) precisely cleave the APP and other proteins as they
are part of the catalytic protease compounds [151]. Acetylcholinesterase participates in the aggregation
of Aβ plaques [152]. Moreover, the Aβ plaques in the presence of free iron participate efficiently in the
generation of ROS resulting in increased lipid peroxidation, protein oxidation and DNA damage [153].
Deferiprone derivatives act as acetylcholinesterase inhibitors and in iron chelation [154].

The proteolytic cleavage in APP occurs by enzymatic complexes involving α-secretase or
β-secretase and γ-secretase. The proteolytic cleavage in APP by β-secretase produces a neurotoxic
40 to 42 amino acid amyloid [155]. Tsatsanis et al. [156] showed that APP promotes neuronal iron efflux
by stabilizing the cell-surface presentation of ferroportin, and that β-cleveage of APP depletes surface
ferroportin, leading to intracellular iron retention independently on the generation of Aβ. Furthermore,
these findings indicate how β-secretase’s processing of APP might indirectly promote ferroptosis.
Iron overload alters the neuronal sAPPα distribution and directly inhibits β-secretase activity [157].
Cortical iron has been strongly associated with the rate of cognitive decline [158]. Iron in the brain
increases lipid peroxidation, oxidative stress, and neuroinflammation due to the depletion of neuronal
antioxidant systems—mainly the glutathione system [143]. In addition, increased hepcidin expression
in APP/PS1 mice astrocytes improves cognitive decline and partially decreases the formation of Aβ

plaques in the cortex and hippocampus. Indeed, decreased iron levels in neurons led to a reduction
in oxidative stress (induced by iron accumulation), decrease in neuroinflammation and decreased
neuronal cell death in the cortex and the hippocampus. [159]. As mentioned before, the hepcidin
peptide binds ferroportin, which is followed by cell internalization and further degradation [160].

In order to investigate whether neurons of the cerebral cortex and hippocampus severely affected
in patients with AD may be vulnerable to ferroptosis, Hambright et al. [161] have shown in GPx4BIKO
mice (a mice model with a conditional deletion in neurons of the forebrain of GPx4) that tamoxifen led
to the deletion of GPx4 mainly in neurons of the forebrain. GPx4BIKO mice exhibited significant deficits
in spatial learning and memory function, as well as hippocampal neurodegeneration. These results
were associated with ferroptosis markers, such as increased lipid peroxidation, ERK activation and
neuroinflammation. In addition, GPx4BIKO mice fed a vitamin E-deficient diet had an accelerated
rate of hippocampal neurodegeneration and behavioral dysfunction. On the other hand, treatment
with Liproxstatin-1, a ferroptosis inhibitor, improved neurodegeneration in these mice. Moreover,
in an in vitro model, iron increased nerve cell death in conditions where GSH levels were reduced,
by decreasing the activity of glutamate cysteine ligase [162].

The HT22 cell line has high concentrations of extracellular glutamate, which inhibit the glutamate-cystine
antiport, leading to the depletion of intracellular GSH and resulting in excessive ROS production. In a
study with these cells, Hirata et al. [163] found that an oxindole compound, GIF-0726-r, prevented cell death
induced by oxidative stress, including oxytosis induced by glutamate and ferroptosis induced by erastin.
Moreover, an excess of extracellular glutamate associated with high levels of extracellular iron cause the
overactivation of glutamate receptors. As a consequence, there was an increase in iron uptake in neurons
and astrocytes, increasing the production of membrane peroxides. Glutamate-induced neuronal death can
be mitigated by iron chelating compounds or free radical scavenging molecules. Ferroptosis is induced by
reactive oxygen species in the excitotoxicity of glutamate [110,164,165]. In addition, the sterubin compound
maintained GSH levels in HT22 cell lines treated with erastin and RSL3, suggesting protection against
ferroptosis [166]. 7-O-esters of taxifolin 1 and 2 were described as having neuroprotective action against
ferroptosis induced by RSL3 in HT22 cells [167].
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Chalcones 14a–c were shown to inhibit β-amyloid aggregation, and in addition, protect neural
cells against toxicity induced by Aβ aggregation and from erastin and RSL3-induced ferroptosis in
human neuroblastoma SH-SY5Y cells [160]. The authors suggested that the inhibition of toxicity
induced by Aβ plaques’ aggregation and of ferroptosis occurs due to the presence of hydroxyl groups
in the chalcone derivatives. Chalcone 14a-c can react with lipid peroxyl radicals by transferring the
hydrogen (H) atom, thus inhibiting lipid peroxidation [168].

After treatment with high dietary iron (HDI), WT (wild type) mice and the APP/PS1 double
Tg mouse model of ADon (HDI) showed upregulation of divalent metal transporter 1 (DMT1) and
ferroportin expression, and downregulation of TFR1 expression, with fewer NeuN-positive neurons in
both animal models. Moreover, the iron-induced neuron loss may involve increased ROS production
and oxidative mitochondria dysfunction, decreased DNA repair, and exacerbated apoptosis and
autophagy [169]. Using X-ray spectromicroscopy and electron microscopy it was found that the
coaggregation of Aβ and ferritin resulted in the conversion of the ferritin inert ferric core into more
reactive low oxidation states [170].

Ates et al. [171] showed in an animal model that inhibition of fatty acid synthase (FASN) by CMS121
decreased lipid peroxidation. CMS121 treatment reduced the levels of 15LOX2 in the hippocampus
compared to those of untreated WT mice. Relative levels of endocannabinoids, fatty acids, and PUFAs
were significantly higher in untreated AD mice as compared to CMS121-treated AD mice, suggesting
that other enzymes may be involved in the process of ferroptosis in Alzheimer’s disease.

It is important to highlight the heterogeneity of Alzheimer’s disease and the involvement of
multiple metabolic pathways which contribute to the poor prognosis of this disease (Figure 4). In fact,
multiple patterns of cell death are involved in the neurodegeneration process, such as apoptosis, necrosis,
and autophagy associated with disturbed BBB (brain blood barrier) permeability. In vitro experiments are
the main evidence of ferroptosis in human neurodegenerative processes. The identification of ferroptosis
in in vivo models of Alzheimer’s disease is difficult since specific markers for ferroptotic cells, such as
specific antibodies, are not available. In addition, other metal ions, such as copper, can also regulate
ferroptosis and lipid peroxidation [172,173]. Taking all under consideration, we still do not know whether
ferroptosis is the cause or consequence of neurodegeneration processes such as Alzheimer’s disease.

3.2. Ferroptosis in Parkinson’s Disease

Parkinson’s disease (PD) is one of the most common and best-known diseases of the nervous system,
affecting roughly 0.1–0.2% of the general population and 1% of the population above 60 years [174]. PD is
characterized as a slowly progressing neurodegenerative ailment with motor and non-motor clinical
manifestations, due to an intense decrease in dopamine production [175]. Classic hallmarks in PD are
still related to the motor manifestation such as bradykinesia, resting tremor and rigidity [176]. However,
non-motor symptoms associated with PD have recently gained more attention due to their relevance and
impact on the patient’s quality of life. Non-motor symptoms of PD include anosmia, constipation, pain,
anxiety, depression, psychosis and cognitive disorders that can progress to dementia [177–179].

The pathophysiological characteristics of PD include the slow and progressive degeneration
of dopaminergic neurons in the pars compacta of the substantia nigra (SNpc), which is associated
with a systematic and progressive accumulation of iron, leading to striatum dopamine depletion,
disappearance of neuromelanin and the appearance of intracellular Lewy bodies having aggregated
α-synuclein as the main component [180,181]. During PD progression there is an increase in oxidative
stress, lipid peroxidation, and mitochondrial dysfunction associated with the depletion of antioxidant
enzymes in the glutathione systems. All of these associated factors lead to neuronal death and the
functional disability of the organism (Figure 5). Currently, the pharmacological treatment of PD aims
to increase dopamine levels in the synaptic cleft. Levodopa is the drug of choice, being associated with
dopamine agonists, dopamine metabolism inhibitors and decarboxylase inhibitors. Treatment is stable
for a period of 5–6 years. Then, however, the disease progresses with marked neurodegeneration and
development of dementia [182–184].

180



Int. J. Mol. Sci. 2020, 21, 8765

Figure 5. Parkinson’s disease. Parkinson’s disease (PD) occurs due to the decrease in and/or oxidation
of dopamine in the substantia nigra, involving the motor system. The incorrect folding of α-synuclein
leads to the accumulation of protein (Lewy body) in nervous tissue. The formation of Lewy bodies
may be due to a highly pro-oxidative environment, due to dysfunction in the transport of lipids,
iron, inflammation and mitochondrial changes. The increase in Lewy bodies is the trigger for the
development of dementia, neurotoxicity and neuronal death.

The association between iron and PD is long-standing [185,186]. Daily exposure to elevated
iron levels is a risk factor for the development of PD [187]. In addition, an increase in the iron
content in substantia nigra and globus pallidus of PD patients was observed by magnetic resonance
imaging (MRI). This increase was associated with time of disease, neurodegeneration and severity of
motor impairment [188,189]. In mice, treatment with deferiprone (DFP) was shown to significantly
reduce labile iron and biological damage in oxidation-stressed cells, improving motor functions while
raising striatal dopamine levels. Furthermore, in patients with PD, a decrease in iron overload has
been described in the substantia nigra after 6 months of deferiprone treatment, as has an increase in
ceruloplasmin activity in cerebrospinal fluid (CSF) [190–193].

Ferroptosis is also proving to be a mechanism of immeasurable importance for the pathogenesis
of PD [194]. In fact, since the early 2000s it has been known that elevated levels of iron could be found
in the brain of patients with PD, although an iron-dependent cell death mechanism had not yet been
proposed at that time. Additionally, several genes and proteins related to iron metabolism of brain cells
have been found to be mutated in PD patients, strengthening the correlation between iron metabolism
and Parkinson’s disease [195,196].

Some previous works on Parkinson’s disease described the presence of PUFA peroxidation,
a decrease in GPx4 activity and exhaustion of the glutathione system, associated with increased oxidative
stress. The first evidence of ferroptosis in Parkinson’s disease was described by Do Van et al. [197].
PD models, both in vitro and in vivo, have shown that the characteristic features of ferroptosis
were present in differentiated Lund human mesencephalic (LUHMES) cells intoxicated with erastin.
The characteristics of ferroptosis in LUHMES cells were different from those reported for other cell lines.
Moreover, the calcium chelator 1.2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA)
and protein kinase C (PKC) inhibitors (the bisindolylmaleimide analog Bis-III, and small interfering
RNA (siRNA)) were very effective in counteracting erastin-induced cell death. In LUHMES cells,
ferroptosis requires activated mitogen-activated protein kinase (MEK) signaling but is independent
of Ras activation. Moreover, ferroptosis involvement in dopaminergic cell death was observed in a
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mouse model in which toxicity was inhibited by the specific ferroptosis inhibitor ferrostatin 1. Lastly,
the regulation of dopaminergic cell death by ferroptosis and its inhibition by PKC were also confirmed
ex vivo by studying organotypic slice cultures (OSCs). It is important to note that the ferroptosis
activation pathways were initially described in cancer models, in which there was elevated metabolic
activity and cellular proliferation due to uncontrolled cellular repair pathways. These pathways
are not activated in neurodegeneration models. Therefore, ferroptosis can be triggered by different
mechanisms in different cells and different tissues.

A plethora of new evidence is clarifying the molecular mechanisms involved in the interaction of
PD and ferroptosis cell death. α-Synuclein, a protein abundantly expressed in the nervous system and
a main component of Lewy bodies, has been widely studied in PD as its pathogenic effects are strongly
correlated with PD’s pathophysiology [198]. Additionally, it has been recently shown that α-synuclein
aggregation (a common feature in PD) is responsible for the production of ROS followed by lipid
peroxidation in an iron-dependent manner, resulting in increased calcium influx and consequent cell
death [199]. In this way, the use of ferroptosis inhibitors such as ferrostatin or iron chelators [200] has
been sufficient to suppress cell death, supporting the hypothesis that ferroptosis is a major player in this
process and may harbor therapeutic potential. Several studies suggest the modulation in ferroptosis as
a therapeutic target in neurodegenerative diseases [201,202].

Another molecule that may link PD to ferroptosis is the transcription factor Nrf2. As Nrf2 is
involved in the regulation of processes such as the metabolism of iron, lipids and glutathione, several
works have focused on understanding how the modulation of this transcription factor can intervene in
the ferroptosis pathway [203]. For instance, it was shown that Nrf2 overexpression in brain tumor cells
was an indication of poor survival outcomes since Nrf2 bestowed these tumor cells with resistance
to cell death mechanisms such as ferroptosis [204]. In addition, the activation of the Nrf2 pathway
(p62-Keap1-Nrf2) has also been shown to prevent 6-hydroxydopamine (6-OHDA)-induced ferroptosis
in a human dopaminergic cell line (SH-SY5Y) [205]. Taken together, these results demonstrate that
the modulation of Nrf2 expression can provide new therapeutic approaches for neurodegenerative
diseases such as PD [206]. In addition, studies performed on a monkey model of PD has shown
that clioquinol (CQ), a drug primarily used as an antiparasitic agent that also presents iron chelation
properties [207], was able to improve both, motor and non-motor manifestations in treated monkeys.
Shi et al. [208] observed that CQ not only led to a decrease in iron levels in the substantia nigra but also
managed to suppress the well-known oxidative stress present in PD. At a molecular level, CQ was
shown to be able to reduce p53-mediated cell apoptosis and to diminish the iron content and oxidative
stress by activating the AKT/mTOR pathway, which was found downregulated in the PD monkey
model [208]. These results, taken together, point out once again to the involvement of ferroptosis
in PD and demonstrate how pharmacological interventions could be useful to revert this outcome.
Unfortunately, available therapies for PD patients are only capable of mitigating their symptoms and
cannot reverse the loss of dopaminergic cells [209]. Therefore, seeking new therapeutic options that
may intervene in this primary process of cell death could potentially change PD treatment.

3.3. Ferroptosis in Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant late-onset neurodegenerative disorder
(age of onset: 30–50 years). HD is caused by a polymorphic sequence of three CAG nucleotides in
exon 1 of the IT15 gene (Huntingtin (HTT)), which is located at 4p16.3. HD was described by George
Huntington in 1872, after he observed in Long Island a rare disease present in some families in the
region. He called this disease “hereditary chorea” (Huntington, 1872). The main observed clinical
signs are motor disorders (such as involuntary movements), cognitive, emotional, and psychiatric
disorders (such as personality change and dementia). Carriers of this disease may also have dysphagia,
which leads to weight loss. In patients affected with juvenile HD under the age of 20, the most observed
disorders are behavioral disorders, learning difficulties, and often seizures [210–214].
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The mutation occurs in exon 1 of the HTT gene; this region is polymorphic and encodes a
polyglutamine segment (polyQ)—in this fragment, expansion and generation of mutant proteins that
can lead to the development of HD may occur [215]. The huntingtin protein has a molecular weight of
~348 kDa, and the expression level is different according to the cell types in which it is found: neuronal
cell bodies, dendritic cells, and axons. Inside the cell, the huntingtin protein is located in the cytoplasm
and partially in the nucleus and can move between these compartments [216–218].

Such evidence of expression and location suggests that this protein plays an important role in
the nervous system, suggesting that changes in its conformation can lead to an imbalance in the
performance of its functions, which in turn can result in the development of HD. The pathophysiological
mechanism associated with HD includes loss of glial cells (astrocytes and oligodendrocytes), neuronal
death, and atrophy of brain tissues, which may start in the striatum, followed by the cerebral cortex
(Figure 6). Although mutated huntingtin protein (mHTT) is found in the brain, its expression has been
evidenced in cells other than the ones in the central nervous system [216].

Figure 6. Huntington’s disease. Huntington’s disease is caused by the repetition of autosomal dominant
CAG trinucleotide in the Huntingtin gene (HTT gene) on chromosome 4, giving rise to the mutant
huntingtin protein. The mutated protein translocates to the nucleus and remains in the cytoplasm.
In the nucleus, association, oligomerization and aggregation with other proteins occurs, leading to
the formation of inclusions. Protein inclusions disrupt the transcriptional process in nerve tissue cells.
In the cytoplasm, the oligomerization, aggregation and precipitation of the huntingtin protein occurs.
This process alters the metabolism and both intra- and extra-cellular signaling pathways. The increase
in oxidative stress, lipid peroxidation and iron dyshomeostasis contribute to the aggregation and
oligomerization of huntingtin protein with other cytoplasmic proteins. Aberrant protein aggregation
increases the excitotoxicity of glutamate. Mitochondrial dysfunction changes autophagy mechanisms,
and transport in the neuronal axon, leading to nerve cell degeneration.

One of the cellular processes involved in the development of HD is ferroptosis. A study in mouse
models with HD showed an accumulation of toxic iron in neurons compared to the wild model,
which suggests that iron accumulation may contribute to the neurodegenerative process [219]. Another
study with mice that had GPx4 ablation showed the importance of inhibiting ferroptosis to prevent
spinal motor neuron degeneration since mice with this characteristic showed motor disorders. The tests
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carried out to confirm ferroptosis included the absence of apoptotic markers (caspase-3 and TUNEL)
and activation of the ERK pathway [220]. Magnetic resonance images showed an accumulation of iron
in the brain of patients with HD [221]. However, the pathway that induces ferroptosis in the brain has
not been fully elucidated [222]. The mutated huntingtin protein (mHTT) is cleaved at different points
since it has different cleavage sites than those present in the normal protein, which result in fragments
with different sizes inside neurons (small oligomers or monomers) [223]. It has been shown that mHTT
and the wild version are associated with the outer mitochondrial membrane [224].

Inside the cells, there must be a balance between the state of mitochondrial fission and fusion for the
proper functioning of this organelle [225]. When an imbalance occurs, cellular respiration is affected and,
consequently, there is an increase in ROS inside cells [225]. Mitochondria can generate significant amounts
of ROS, resulting from normal organelle metabolism and the electron transport chain that contributes to
oxidative stress. Additionally, an mHTT leads to increased oxidative stress, which consequently increases
ROS levels in the cell [226]. Under normal conditions, GSH regulates the activity of GPx4, and its function
is to inhibit ferroptosis and eliminate the excess of lipid peroxides [225]. However, an increase in ROS
levels and, consequently, an increase in lipid peroxides, which leads to a depletion of GSH, decreases
GPx4 [225]. There is a series of intracellular signals that culminate in an imbalance in cell homeostasis and
leads to the process of ferroptosis. In patients with HD, there is a deregulation of GSH which interferes
with their functions and enzymes dependent on its action [117,225].

In patients with HD and asymptomatic carriers, high lipid peroxidation and low GSH plasma levels
have been found, showing that oxidative stress may be linked to the pathophysiological mechanism of
HD [227]. Iron chelators could be an alternative for treatment [228].

Nfr2 is a transcriptional regulator of genes involved with ferroptosis, such as GPx4, which can
be found in cytosol and modulates mitochondrial function [206]. These are essential components for
the process of ferroptosis and demonstrate the importance of Nfr2 in protecting against ferroptosis.
Therefore, Nfr2 can be an alternative therapy for reducing ferroptosis [206]. Currently there is no
specific treatment available for HD, only palliative care [212]. In general, the multidisciplinary treatment
available at the moment is focused on the palliative treatment of symptoms and neuroprotection of
patients [218,229]. Although there is no specific treatment for HD, several studies are being developed
focusing on silencing the DNA or mRNA of the mutated allele whose gene varies in the number of
copies [215,229]. Another promising alternative is the creation of mouse models with HD and the
involvement of GSH activity as sources of possible target treatments [117].

4. Conclusions and Perspectives

The description of the ferroptosis mode of cell death is still recent. Although its participation
in several diseases such as cancer has been increasingly established, in neurodegenerative diseases
information is still lacking. Most data have been obtained from experimental studies and more clinical
approaches are necessary. For instance, the experimental use of iron chelators and antioxidants has
shown to be effective as a possible alternative to interrupt the process of ferroptosis in neurodegenerative
diseases. However, when tested in humans, they showed reduced efficacy, which shows that research
involving signaling molecules from other pathways that trigger the process of ferroptosis are needed.
Nevertheless, there is a growing body of evidence that ferroptosis plays a central role in several
neurodegenerative diseases, at least in those described here. This field of research may still yield
promising results and disruptive therapeutic alternatives for patients with neurodegenerative diseases.
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Abstract: Neurodegenerative diseases represent a major public health issue and require better
therapeutic management. The treatments developed mainly target neuronal activity. However, an
inflammatory component must be considered, and microglia may constitute an important therapeutic
target. Given the difficulty in developing molecules that can cross the blood–brain barrier, the use of
food-derived molecules may be an interesting therapeutic avenue. Docosahexaenoic acid (DHA),
an omega-3 polyunsaturated fatty acid (22:6 omega-3), has an inhibitory action on cell death and
oxidative stress induced in the microglia. It also acts on the inflammatory activity of microglia. These
data obtained in vitro or on animal models are corroborated by clinical trials showing a protective
effect of DHA. Whereas DHA crosses the blood–brain barrier, nutritional intake lacks specificity at
both the tissue and cellular level. Nanomedicine offers new tools which favor the delivery of DHA
at the cerebral level, especially in microglial cells. Because of the biological activities of DHA and
the associated nanotargeting techniques, DHA represents a therapeutic molecule of interest for the
treatment of neurodegenerative diseases.

Keywords: docosahexaenoic acid; microglia; neurodegenerative disease; inflammation; nanomedicine

1. Introduction

Neurodegenerative diseases represent a major public health issue in the world. Indeed,
due to the progressive aging of the population and the lack of curative treatments, the
number of people suffering from neurodegenerative diseases has increased considerably
in recent years and is expected to continue to grow steadily in the years to come. These
pathologies are chronic progressive diseases that affect the central nervous system, mainly
the neurons that are often the target of therapies. The causes of these pathologies are to be
found in genetics or risk factors such as the presence of chemical molecules in food, air,
water, houses, and everyday objects. These different risk factors can contribute to oxidative
stress, inflammation, and peroxisomal and mitochondrial dysfunctions, ultimately leading
to neuronal death [1]. Most therapies target neurons and their function. However, there
is an inflammatory component that must also be considered, and thus the involvement
of microglia, in these pathologies [2]. Microglial cells are the major resident immune
cells in the brain. Microglia activation is often classified into two opposite states: M1
and M2 [3]. The M1 state corresponds to a “classical activation” and is considered to be
proinflammatory with a high capacity to present antigens, and high production of nitric
oxide (NO) and reactive oxygen species (ROS) as well as pro-inflammatory cytokines. The
M2 state includes both “alternative activation” and “acquired deactivation” and expresses
the phenotypic markers arginase-1 (Arg1), CD206, interleukin (IL)-10, transforming growth
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factor β (TGF-β), and IL-1. This M2 state is considered to be an anti-inflammatory state [4]
with the capacity to fine-tune inflammation, debris removal, promotion of angiogenesis,
and tissue remodeling and repair. This separation into two opposite states does not
reflect all the microglia phenotypes which will depend on the brain injury, its stage, and
its location [2,5]. Nevertheless, microglial cells can be neuroprotective or neurotoxic
depending on their activation status and the M1/M2 terminology remains useful to describe
these two properties, while keeping in mind that it does not allow all reactive states of
microglia to be described.

In physiological conditions, microglial cells work as sentinels. When they are activated
by injurious stimuli, they can turn into several phenotypes, the two main ones being M1
and M2.

M1 produces pro-inflammatory cytokines that allow neuroprotection by removing
pathological agents or recruiting additional cells. In this case, neuro-inflammation caused
by microglia is neuroprotective. In contrast, a prolonged neuro-inflammation induces
neurotoxicity and leads to neurodegeneration [6]. Briefly, M1 cells act as potent effectors
that drive the inflammatory response, can have detrimental effects on neural cells, and par-
ticipate in neuronal cell death if the switch to the M2 state does not occur in an appropriate
time frame [7].

Therefore, modulating the activation state of microglia and their tendency toward the
M2 state could be a promising therapeutic approach for central nervous system repair and
regeneration.

Given the lack of effective treatment and the difficulty of developing a molecule
capable of crossing the blood–brain barrier (BBB), the use of food-derived molecules has
been raised as a possible therapeutic option to target the current inflammatory state or to
improve the phagocytic activity of microglia. Among these molecules, docosahexaenoic
acid (DHA; C22:6 omega-3), an omega-3 polyunsaturated fatty acid, has many advantages.

In this review, we will focus on the potential cytoprotective effects of DHA on oxidative
stress, cell death affecting microglia, and on microglia-controlled inflammation. We will
also present some human clinical trials that show the benefits of using DHA to improve the
therapeutic management of patients with neurodegenerative diseases along with certain
limits to the use of DHA in capsules or from food. Finally, we will present different
approaches using nanoparticles that could allow for a better availability of DHA at the
cerebral level.

2. DHA Biochemistry

DHA belongs to the family of fatty acids (FA) which are divided into distinct families
according to the amount of carbon they contain and the presence or absence of unsatura-
tions in their hydrocarbon chain (Figure 1) (see review [8]). Thus, we find saturated fatty
acids (SFA) that have no double bond, the most common of which are palmitic acid (C16:0)
and stearic acid (C18:0). Then, the presence of a single double bond in the carbon chain
qualifies the fatty acid as monounsaturated (MUFA); this is the case for oleic acid (C18:1
omega-9). Finally, from two double bonds, we have polyunsaturated fatty acids (PUFA).
This last family is divided into two subfamilies: the omega-6 family and the omega-3 family,
which are distinguished by the position of the first double bond carried, respectively, by
the sixth (n-6 or ω6) or third carbon (n-3 or ω3) from the terminal methyl end. PUFAs 6
and 3 (C20 and C22) are derived from two indispensable precursors, respectively: linoleic
acid and α-linolenic acid (consisting of 18 carbon atoms and 3 double bonds).
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Figure 1. The different families of fatty acids and their main members. Fatty acids are classified according to the saturation
or unsaturation of the carbon chain. There are saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and
polyunsaturated fatty acids (PUFA). Among the latter, we distinguish between omega-3 and omega-6. Docosahexaenoic
acid belongs to the omega-3 family.

DHA is a major component of PUFAs in all cell membranes. It is necessary for proper
development of the retina and the central nervous system (CNS) [9]. DHA deficiency
disrupts the composition membrane lipid and thus the functions of astrocytes at the CNS
level [10]. DHA is synthesized in the organism from essential precursors (α-linolenic acid
C18:3 ω-3) provided by food [11]. The formation of DHA involves a succession of desatura-
tions and elongations, which take place mainly in the liver, muscles, or even adipose tissue
(Figure 2) [12]. DHA is synthesized from α-linolenic acid by two steps: conversion of C18:3
ω-3 to C20:5 ω-3 (eicosapentaenoic acid) then to C22:5 ω-3 (docosapentaenoic acid) and
finally to C24:5 ω-3 (tetracosapentaenoic acid) in the endoplasmic reticulum. The second
step consists of a single-ring peroxisomal β-oxidation of C24:6 ω-3 to C22:6 ω-3 (DHA) [13].
This step of peroxisomal β-oxidation requires the intervention of straight-chain acyl-CoA
oxidase (SCOX), D-bifunctional protein (DBP), 3-ketoacyl-CoA thiolase, and sterol carrier
protein (SCPx).
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Figure 2. Biochemical pathway of DHA biosynthesis. In the endoplasmic reticulum, α-linolenic acid
is converted to tetracosahexaenoic acid by the action of elongases and desaturases. Then, in the
peroxisome (yellow arrow: electron microscopy of C2C12 myoblasts; provided by Imen Ghzaiel, PhD
student), β-oxidation occurs and leads to the synthesis of DHA.

3. Impact of DHA on Cell Death and Oxidative Stress Induced in Microglial:
In Vitro Studies

In the pathophysiology of neurodegenerative diseases, a process of cell death is de-
scribed that is most often accompanied by oxidative stress. This cell death process mainly
affects neurons, but other cells of the nervous system, such as oligodendrocytes or mi-
croglia, can also be affected. This raises the question of whether DHA can prevent microglia
cell death. Indeed, few studies have targeted the action of DHA on microglial cell death.
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Among the studies carried out, it was shown that DHA could protect microglial cells
from death induced by oxidized derivatives of cholesterol and oxysterols, identified in
the cerebrospinal fluid, plasma, and tissue of patients with different neurodegenerative
diseases (multiple sclerosis (MS), Alzheimer’s disease (AD), X-linked adrenoleukodys-
trophy). In this study, 7-ketocholesterol induces cell death characterized by an apoptotic
process associated with oxidative stress but also with autophagy in a microglial murine cell
line, the BV-2 line. This process is called oxiapoptophagy (OXIdative stress + APOPTOsis
+ autoPHAGY) [14]. DHA used at 12 μM is capable of inhibiting the oxiapoptophagy
process [15]. Another study has shown that at too high concentrations, DHA can, on
the contrary, induce cell death. In a BV-2 cell model, DHA used at 200 μM is capable of
inducing pyroptosis [16]. This pyroptosis process can be inhibited by 12-lipoxygenase
(12-LOX, Alox12e) inhibitors [17].

Concerning oxidative stress, a team showed that DHA was able to inhibit oxidative
stress and increase antioxidant defenses in microglial cells. The use of oligomeric amyloid-
β peptide (oAβ) induces oxidative stress via the production of ROS in primary mouse
microglia and in immortalized mouse microglia: the BV-2 line. This oxidative stress can
be inhibited by the use of DHA (10 μM), which can also positively regulate antioxidant
pathways by involving the nuclear factor (erythroid-derived 2)-like 2/heme oxygenase-1
(Nrf2/HO-1) [18]. In another model where BV-2 cells were stimulated with lipopolysaccha-
ride (LPS), it was shown that DHA was indeed able to decrease oxidative stress production
and increase antioxidant responses via Nrf2/HO-1 [19]. In this model, the use of quercetin
coupled with DHA increases the beneficial effects of these two molecules and reduces the
concentrations of DHA (IC50 in the range of 60-80 μM used alone) necessary to observe
a positive effect. The most effective combination seems to be the following: quercetin
(2.5 μM) in combination with DHA (10 μM) [20].

Few data are available on the effect of DHA on cell death of microglia or oxidative
stress; the main investigations concern the relationship between microglia and inflamma-
tion, which will be developed in the following paragraph. The different results presented
are summarized in Table 1.

Table 1. In vitro data on the effect of DHA on cell death, oxidative stress, and inflammation.

Experimentation Type Target DHA Forms
Concentration

or Dose
Effects References

BV-2 cells treated with
7-ketocholesterol

Cell death
oxidative stress

Chemical form

12 μM Protection against cell
death and oxidative stress [15]

BV-2 cells Cell death 200 μM Induction of cell death
(pyroptosis) [16]

BV-2 cells treated with
oligomeric amyloid-β

peptide Oxidative
stress

10 μM Reduce oxidative stress
(involving Nrf2/HO-1) [18]

BV-2 cells treated with LPS

1.25–10 μM
Enhance Nrf-2/HO-1

signaling

[19]

10 μM DHA +
quercetin (2.5 μM) [20]

BV-2 cells treated with
interferon-γ

Inflammation

30 μM
Reduce expression of
proteins implicated in

inflammation
[21]

BV-2 cells and MG6 cells
stimulated with LPS

100 μM DHA and
100 μM EPA

Inhibition of inflammation
by involving SIRT1 [22]

BV-2 cells stimulated
with LPS 30 μM Decrease cytokine

expression [17,23]

Primary cultures of mice
microglial cells stimulated

with LPS

20 μM
to 80 μM

Reduce NO and TNF-α
release, modulation of

phenotypic polarization
of microglia

[24]
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Table 1. Cont.

Experimentation Type Target DHA Forms
Concentration

or Dose
Effects References

Human CHME3
microglial cells exposed to

Amyloid-β42

Inflammation

Chemical form

0.1 to 1 μM

Decrease
pro-inflammatory

cytokine production,
induction of a shift in
phenotype away from

pro-inflammatory
M1 activation

[25]

Rat glial primary cell
cultures, LPS/ IFN-γ

stimulation
100 μM

Regulation of the
pro-inflammatory

response
[26]

EOC20 microglia cells
treated by

Polyinosinic-Polycytidylic
acid or 10 μg/mL

Imiquimod

50 μM
Reduction of the

production of cytokines
TNF-α and IL-6

[27]

Primary neuron/glia rat
primary cultures infected

with Japanese
Encephalitis virus

25 or 50 μM Increase of neurotoxin
cytokines production [28]

BV-2 cells activated with
LPS and IFN-γ

Triglyceride
forms 20 μM Reduce IL-6 and TNF-α

production [29]

BV-2 cells treated with LPS

N-
docosahexaenoyl

dopamine
(DHDA)

2 μM Decrease IL-6 and CCL-20
production [30]

Primary cultures of rat
microglia and BV-2 cells

treated with LPS
Synaptamide 1–100 nM

Suppression of
LPS-induced TNF-α and
iNOS mRNA expression

[31,32]

4. Impact of DHA on Inflammation Induced by Microglia in Neurodegenerative
Diseases: In Vitro and Animal Studies

Immune activation of the central nervous system is present in neurodegenerative
pathologies and involves microglia, major players in neuroinflammation [33]. This in-
flammatory response, necessary to respond to aggression, can lead to the production of
neurotoxic factors when prolonged. It is also characteristic of many neurodegenerative
diseases, such as AD, Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and
MS [3]. For several years, the anti-inflammatory capacity of DHA or derivatives forms of
DHA has been demonstrated.

In the first part, we present the results obtained in vitro (summarized in Table 1) and
in the second part, we present the data obtained in vivo with neurodegenerative models
(summarized in Table 2).

Table 2. In vivo data on the effect of DHA.

Experimentation Type Target DHA Forms
Concentration

or Dose
Effects References

Injection of LPS
intraperitoneally (i.p.)

or in brain of
C57Bl/6J mice

Inflammation

Synaptamide,
endogenous

metabolite derived
from

docosahexaenoic
acid

5 mg/kg, i.p

Decrease of TNF-α,
IL-1β, IL-6, iNOS, and

CCL2 mRNA involving
orphan adhesion

G-protein-coupled
receptor 110 (GPR110)

[32]
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Table 2. Cont.

Experimentation Type Target DHA Forms
Concentration

or Dose
Effects References

C57Bl/6J mice
intraperitoneally
injected with LPS

Inflammation

Fish hydrolysate
supplement

143 μg in 150 μL of
fish hydrolysate
supplement/day

Reduce expression of
TLR4, cytokines (IL-6,
TNF-α, IL-1β,), CCL2,

and IκB

[34]

Chemical form 10 mg/day Reduce IL-6 expression [34]

C57Bl6/J mice injected
with LPS (i.p.).

1-palmitoyl,2-
docosahexaenoyl-

PC
(PC-DHA)

4.33 μg/g of
mouse

Decrease IL-6
production [23]

Piglets Herring oil 32.30% W/W total
fatty acids

No attenuation of the
LPS induced
inflammation

[35]

C57Bl/6 male mice
with

intracerebroventricular
LPS injections

Fish oil 1.4% of total
fatty acids

No change in the
expression of

pro-inflammatory
genes

[36]

Triple-transgenic
mouse model of AD

Neuroprotectin D1
(organic synthesis) 50 nM

Downregulation of
Aβ42-induced

expression of COX-2,
TNF-α and B-94

[37]

Male C57BL/6 mice
with

intracerebroventricular
amyloid-β infusion

(AD model)

Fish oil 1.5% of total
fatty acid

Decrease some
elements of the

inflammatory response
[38]

Male albino Swiss mice,
administration of AlCl3

(20 mg/kg)
intragastrically (i.g.)

then an intraperitoneal
injection with D-gal

(120 mg/kg)
(AD model)

Chemical form 200 mg/kg Downregulation of
TNF-α expression [39]

TgCRND8 mice
(AD model)

Whole-food diet
contained skinless

freeze-dried Atlantic
salmon and a

proprietary mixture
of powdered,
freeze-dried

vegetables and fruits

0.246% of DHA
(wt/wt) in a

whole-food diet

Increase TNF-α
expression [40]

Male Tg2576 (APPswe)
transgenic mice

(AD model)
Chemical form 50 mg/kg body

weight Microglial activation [41]

Male C57/BL6 mice fed
for 5 weeks with a diet

containing 0.2%
cuprizone (MS model)

Regular diet
supplemented with

n-3 PUFAs

DHA + EPA,
15 g/kg

Suppression of the
increase of

M1-associated genes
and increase of the

expression of
M2-associated genes

[24]
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Table 2. Cont.

Experimentation Type Target DHA Forms
Concentration

or Dose
Effects References

Female C57BL/6J mice
immunization with

>95% pure synthetic
MOG35-55 peptide

(MS model) Development
of the

pathology

TG-DHA obtained
by enzymatic

synthesis
250 mg/kg/day Improve clinical score [29]

C57BL/6J female/EAE
model (MS model)

Phospholipid-DHA
0.3% or 1% and

triacylglycerol-DHA

0.3 or 1% either
0.48 or 1.6 mg
DHA/g body
weight/day
respectively

Reduce EAE onset and
severity [42]

4.1. In Vitro Results

Using the BV-2 microglial cell line, Lu et al. have shown that DHA (30 μM) reduced
expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and tumor
necrosis factor α (TNF-α) induced by interferon-γ (INF-γ), and antagonized IFN-γ induced
NO production [21]. Inoue et al. investigated the implication of the sirtuin (SIRT) signaling
in the anti-inflammatory response mediated by microglia, with BV-2 cells and with the
MG6 line. They also found that DHA inhibited production of TNF-α and IL-6 induced
by stimulation in two cellular models (BV-2 cells and MG6 microglia), but had no effect
on IL-10 production induced by LPS. Results obtained with the MG6 microglia cells and
a treatment with DHA (100 μM) + eicopentaenoic acid (EPA, 100 μM) suggest that the
anti-inflammatory properties of DHA and/or EPA could be due to a SIRT1-mediated
NF-κB (nuclear factor-kappa B) p65 deacetylation, through a positive feedback regulation
of SIRT1 gene expression [22]. Others studies have shown that DHA (30 μM) decreased IL-
1β [17,23] and IL-6 [23] expression in BV-2 cells stimulated with LPS. In primary cultures
of mice microglial cells, treatment by DHA (20 μM to 80 μM) prior to LPS induction
significantly attenuated LPS-induced NO and TNF-α release in a dose dependent manner.
The inhibitory effect of DHA (20 μM) on TNF-α and NO release was also observed when
cells were treated with myelin + IFNγ. In the same study, the authors observed that
DHA probably modulates phenotypic polarization of microglia, with upregulation of
M2-associated genes (including chemokine ligands (CCL), CCL2, CCL17, Arg1, and IL-5)
and downregulation of M1-associated genes (including IL-6, CCL5, TNF-α, and IL-1α) [24].
With the human CHME3 microglial cells treated by DHA (0.1 to 1 μM) and exposed to
amyloid-β42 (Aβ42), Hjorth et al. have shown a decrease in the levels of TNF-α and cluster
of differentiation (CD) CD40 and CD86, as well as an increase in CD206 [25].

Furthermore, in rat glial primary cell cultures, DHA (100 μM) seems to have an active
role in the regulation of the pro-inflammatory response. Indeed, pre-incubation of rat glial
primary cell cultures with DHA before LPS/IFN-γ stimulation led to a decrease in the DNA
binding activity of the activating protein-1 (AP1) and phosphorylation of c-Jun N-terminal
kinase (JNK) and c-Jun. This pre-incubation also led to an increase of the expression of
Nrf2 and HO-1. Using DHA before IFN-γ stimulation counteracted the elevation of the
pro-inflammatory cytokines TNF-α, IL-1β, IL-6, CCL2, and C-C chemokine receptor type 2
(CCR2) [26]. With macrophages, Cai et al. have demonstrated that 24 h of DHA (20 μM)
treatment increased the expression of arginase-1 and TGF-β and suppressed production
of CCL2, C-X-C motif chemokine ligand 10 (CXCL10), IL-1α, and TNF-α in primary
macrophage cultures [43]. Reduction of the production of cytokines TNF-α and IL-6 could
be induced through toll-like receptor-3 (TLR-3) and TLR-4 activation in EOC20 microglia
cells treated by polyinosinic–polycytidylic acid (synthetic double-stranded RNA consisting
of one strand of poly(inosinic acid) and one strand of poly(cytidyl acid) paired by wobble
pairing, structurally similar to the double-stranded RNA of certain viruses, triggering an
immune response) or 10 μg/mL of imiquimod (immune response modifier) [27].
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Other forms of DHA have been used to decrease LPS-induced inflammation in BV-2
cells. Triglycerides forms of DHA (20 μM), or endogenous derivatives, have the capability to
significantly reduce the production of IL-6 and TNF-α [29]. N-docosahexaenoyl dopamine
(DHDA, 2 μM) decreases production of IL-6 and CCL-20 (macrophage-inflammatory
protein-3α). Authors have also demonstrated that the level of prostaglandine E2 is reduced
by using DHDA [30]. Synaptamide, an endogenous metabolite of DHA, leads to similar
effects on inflammation. Using primary cultures of rat microglia and BV-2 cells, Park et al.
found that synaptamide suppressed LPS-induced TNF-α and iNOS mRNA expression in a
dose dependent manner. Furthermore, synaptamide decreased expression of IL-1β, IL-6,
and CCL2. The authors suggest that the anti-inflammatory effects of synaptamide could
be due to its fixation on the GPR110 receptor, as the synaptamide effects were suppressed
by blocking synaptamide binding to it. This interaction could lead to an upregulation
of cyclic adenosine 3′,5′-monophosphate/protein kinase A (cAMP/PKA) signaling by
inhibiting NF-κB p65 nuclear translocation [31,32]. Pro-inflammatory effects have also been
demonstrated with resolvins (RvD) that are metabolites of DHA. RvD2 could counteract the
mRNA pro-inflammatory upregulation induced by LPS (CD11b, ionized calcium binding
adaptor molecule 1 (Iba-1), TNF-α, NF-κB p65, iNOS, IL-1, IL-18, IL-6, the nuclear factor
of kappa light polypeptide gene enhancer in the B-cells inhibitor, alpha (IkBα), the the
inhibitor of the nuclear factor kappa-B kinase subunit β (IKKβ), and IL-1β) and decrease
the ROS production [44].

In their recent study, Chang et al. showed that the neuroprotective and anti-
inflammatory properties of DHA could attenuate effects of Japanese encephalitis virus
(JEV). This virus, when it invades the central nervous system, causes a robust inflammatory
response that leads to neuronal cell death. When infected with the JEV, primary neuron/glia
rat primary cultures (i.e., neurons, astrocytes, and microglial cells), the authors measured
an increase of neurotoxin cytokines production (NO, TNF-α, IL-1 β, prostaglandine E2
(PGE2), and ROS) that is counteracted by a DHA treatment (25 or 50 μM, 12 h) [28].

Taken together, these studies demonstrate the ability of DHA or its derivatives to limit
the inflammatory effects, to be neuroprotective, and even to promote anti-viral effects in
different types of cell cultures and in different models of inflammation.

Some data obtained in vitro are also observed in in vivo models.

4.2. In Vivo Models
4.2.1. Neuroinflammation Mediated by LPS

A neuroinflammation model could be obtained by injection of LPS intraperitoneally
(i.p. injection) or directly in the brain of C57BL/6J mice; i.p. injection of LPS works to
increase the levels of TNF-α, IL-1β, IL-6, iNOS, and CCL2 in the brain. Expression of these
mRNA and the number of Iba-1 positive cells significantly decrease when synaptamide is
administered (5 mg/kg). These effects are not observed when synaptamide is injected in G-
protein-coupled receptor 110 (GPR110) knock-out mice after LPS induction, suggesting that
anti-inflammatory effects in vivo depend on GPR110 [32]. In another study, fish hydrolysate
supplementation, containing low amounts of DHA (143 μg in 150 μL of fish hydrolysate
supplement/day), reduced expression of TLR4, cytokines (IL-6, TNF-α, IL-1β,), CCL2, and
the inhibitor of the nuclear factor κB (IκB) in mice with LPS induction. DHA alone reduced
only IL-6 expression. Furthermore, the authors observed lower expressions of CD86, CD68,
and CD11b M1-markers in DHA groups compared to LPS groups fed with fish hydrolysate,
but no effect on CD206, CD36, and Arg1-M2 markers were observed in the hippocampus.
The authors suggest that the DHA effect is potentialized in fish oil by other low molecular
weight peptides [34]. As well as in in vitro experiment, RvD2 could inhibit microglia
activation in PD model LPS-treated animals (RvD2 per 25, 50, and 100 ng/kg, 27 days post
LPS-treatment). The activation of microglia is significantly lower after treating animals
with RvD2 (25, 50, and 100 ng/kg, 27 days post LPS-treatment) than in the vehicle group
(more ramified microglia and less CD11b content of the substantia nigra pars compacta in
the treated group). Furthermore, IL-18, IL-6, NO, TNF-α, and IL-1β production induced
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by LPS were significantly inhibited by RvD2 in a dose dependent manner (2,5 μM to
20 μM), in vivo (serum) and in vitro, probably through inhibition of the TLR4/NF-kB
pathway [44]. In their study, Fourrier et al. showed that 1-palmitoyl,2-docosahexaenoyl-PC
(PC-DHA, 4.33 μg/g of mouse) attenuates the effect of LPS in mice brains when injected
24 h prior to LPS induction. Particularly, IL-6 production induced by LPS significantly
decreased in the hippocampus. The in vitro results on BV-2 microglial cells suggest that
these effects could be mediated by GP130 receptors [23]. Some authors did not observe
significant effects of DHA dietary supplementation in vivo, even with a DHA increase
in the brain. In [35], even though supplementing piglets with herring oil (DHA: 32.30%
W/W total fatty acid), starting at postnatal day 2, led to a concentration increase of 27% at
14 postnatal days compared to piglets without supplementation, no attenuation of the LPS
induced inflammation was observed. In a different model of LPS-induced inflammation
(intracerebroventricular LPS injections in C57Bl/6 male mice), similar results were obtained.
Indeed, DHA (fish oil, 1.4% of total fatty acids) increased more than 90% in fat-1 mice
compared to their wildtype littermates, and a similar increase was observed in the brains
of fish oil-fed mice compared to wildtype animals fed with a safflower diet. Despite this
increase, no change in the expression of pro-inflammatory genes was found [36]. These
contradictory results could be explained by the different modalities of LPS injection, the
different animal models used, and the variations in analysis time.

4.2.2. Alzheimer Disease

As a model for Alzheimer disease, different transgenic kinds of mice have been stud-
ied to observe effects of DHA or its derivatives. In a triple-transgenic mouse model of
Alzheimer disease, neuroprotection D1 (NPD1) (50 nM) downregulates Aβ42-induced
expression of COX-2, TNF-α, and B-94, a TNF-α-inducible pro-inflammatory element [37].
Increasing brain DHA level after intracerebroventricular amyloid-β infusion led to a de-
crease in Iba-1 microglial cells counted in fat-1 mice and lower degenerative neurons in
mice supplemented with fish oil containing 1.5% DHA (among other fatty acids). Authors
also observed significantly higher branching complexity (CA1, CA3, and dentate gyrus)
in fat-1 and wild type mice fed with fish oil than in wild type mice fed with safflower oil.
These results suggest that dietary supplement in fatty acids, including DHA decreased
microglial responses to amyloid-β infusion [38]. In another model of AD mice, induced
by co-administration of D-galactose and aluminium chloride, supplementation with DHA
(200 mg/kg) + EGb761 (Ginkgo biloba standardized extract) enhanced behavioral recovery
and protein phosphatase 2A expression, a major protein phosphatase of tau in the brain,
while it downregulated TNF-α expression (both in the hippocampus, CA3) [39]. Sharman
et al. tried a different combination of supplements instead of using DHA, ALA (α-lipoic
acid), epigallocatechin-3-gallate, or curcumin alone. Reductions in amyloid plaque load,
microglial activation, Aβ40/Aβ42 levels, and memory deficits in male Tg2576 mice (a fa-
milial AD model) have been observed by using a combination of EGCG, DHA (50 mg/kg
body weight), and ALA [41].

Surprisingly, TgCRND8 mice (transgenic mice model for AD) supplemented with
0.246% of DHA (wt/wt) in a whole-food diet, exhibited higher TNF-α expression compared
with control groups, corresponding with observed behavioral impairment [40].

4.2.3. Multiple Sclerosis

Multiple sclerosis (MS) is an immune pathology leading to demyelination and dra-
matic alteration of central and peripheral nervous systems.

The cuprizone mouse presents a massive demyelination and is a validate model of MS.
When cuprizone mice were fed with DHA + EPA (15 g/kg for 5 weeks), myelin integrity was
improved, and behavioral deficits were reduced (better scores on the Morris water maze
test and with the rotarod test). The authors measured iNOS and CD16 expression, as well
as CD206, YM1/2, and Arg1. They found that supplementation with n-3 PUFA suppressed
the increase of M1-associated genes but increased the expression of M2-related genes [24].
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Experimental autoimmune encephalomyelitis (EAE) is another commonly used model
for MS. Mancera et al. have shown that feeding EAE mice with DHA (250 mg/kg/day,
15 days before EAE induction and 41 days after EAE induction) with the triglyceride form
of the omega-3 polyunsaturated fatty acid docosahexaenoic acid (TG-DHA) significantly
improved the clinical score in a dose and time dependent manner, along with weight
profile [29]. A recent study concluded that EAE onset and severity were reduced when
mice were fed with a DHA diet (phospholipid-DHA, 0.3% or 1%, and triacylglycerol-DHA,
0.3%), compared to mice fed with low α-linolenic acid [42].

4.3. Some Other Neuropathologies

Beneficial effects of DHA or derivatives have been observed in other models of
neuroinflammation. Even if these pathologies are not neurodegenerative diseases, they
are of interest because of their neuroinflammation component accompanied by microglial
activation and pro-inflammatory factor release.

For example, synaptamide could be used to treat chronic neuropathic pain. In vitro,
the addition of synaptamide to the SIM-A9 murine microglia cell line prevented LPS-
induced NO overproduction and ROS production. In vivo, rats with sciatic nerve chronic
constriction injury (CCI) treated with synaptamide showed lower concentrations of hip-
pocampal Iba-1, CD86, IL-6, and IL-1β than the CCI group without synaptamide treatment.
Furthermore, more doublecortin-positive neurons and proliferating cell nuclear-positive
cells have been counted in the dentate gyrus subgranular zone in the CCI synaptamide
treated rats compared to the CCI rats. Behavioral improvements were also observed in the
synaptamide-treated groups [45].

Others have shown anti-inflammatory effects of NPD-1 in old mice in a model of
postoperative delirium, with reduction of IL-6, TNF-α, glial fibrillary acidic protein (GFAP),
and Iba-1 compared with controls. IL-10 increase was also observed [46].

Taken together, all of these studies suggest strong benefits of DHA mediated by
microglial cells on neuroinflammation in neurodegenerative disorders. However, the
mechanisms of action of the anti-inflammatory in vivo are still not elucidated.

5. DHA, Clinical Trials, and Neurodegenerative Diseases

Various results of clinical trials have been published concerning the use of DHA in
neurodegenerative diseases (summarized in Table 3). A majority of clinical trials focus
on AD. In a first clinical trial on this pathology, a food supplementation composed of
xanthophyll carotenoids and omega 3 fatty acids was tested [47]. Two conditions were
tested: the first condition was lutein/meso-zeaxanthin/zeaxanthin at 10:10:2 mg/day and
the second condition was the formulation used in the first condition plus 1 g/day of fish
oil containing 430 mg DHA and 90 mg EPA. It turned out that the formulation contain-
ing DHA was the most effective in slowing down AD, showing that the consumption
of xanthophyll carotenoids combined with DHA (fish oil) has a better protective effect
than xanthophyll carotenoids used alone [47]. Disease progression is reduced with this
formulation with improvement in memory, sight, and mood. An OmegAD clinical trial
(NCT00211159), enrolling 204 participants, studied the effects of DHA-rich dietary sup-
plementation on cognitive impairment in patients with AD. Preliminary results showed
that DHA (capsule EPAX 1050TG; Pronova Biocare A/S, one capsule: 430 mg DHA and
150 mg EPA) supplementation for 6 months induces DNA hypomethylation in blood
cells [48].These results provide a new possible mechanism of action for these compounds:
they could modulate gene expression by hypomethylation. The authors postulate that it
could then be interesting to treat AD with hypomethylating agents [48]. Another work
from the OmegAD clinical trial (NCT00211159) studied the plasma levels of fatty acids
following DHA intake. It was shown that the higher the plasma levels of omega-3 fatty
acids, the better the cognitive functioning, regardless of gender [49]. However, body weight
is important and DHA doses should be adjusted to it [49]. Another part of the clinical
trial was to study immune function. Since it is difficult to work on microglia directly, the
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authors used peripheral blood mononuclear cells (PBMCs), which can infiltrate the brains
of Alzheimer’s patients like T lymphocytes and monocytes and participate in the develop-
ment of inflammation. PBMCs were recovered before and after supplementation with DHA
and EPA and then treated with the Aβ40 peptide. DHA/EPA supplementation prevented
the reduction of specialized proresolving mediators (SPM, lipoxin A4, and RvD1 released
from PBMCs) [50]. Furthermore, inflammation resolution is disrupted in patients with
AD; DHA/EPA supplementation (EPAX1050TG; Pronova Biocare A/S, Lysaker, Norway)
could improve it [50]. As the authors point out, it remains to be determined whether the
same effects can be observed in microglia and whether the use of SPM or their precursors
could be effective in the treatment of AD [50]. Another component of the study was to
evaluate the effects of oral dietary omega-3 supplementation on inflammatory biomarkers
and oxidative stress. Patients were supplemented for 6 months with a DHA/EPA complex
(four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA); urine samples were
collected before and after supplementation [51]. In these samples, the levels of major
F2-isoprostane, 8-iso-prostaglandinF2α (biomarker oxidative stress), and 15-keto-dihydro-
prostaglandin F2α (biomarker of inflammation) were measured [51]. The results obtained
indicate that DHA/EPA supplementation does not have a well-defined effect on oxidative
stress as measured but may have a possible role in immunoregulation. Since AD affects
the brain, it was interesting to know if fatty acids are able to cross the blood–brain barrier.
Therefore, fatty acid profiling was performed in cerebrospinal fluid (CSF) to assess whether
supplementation was able to alter this profile [52]. Patients received 6 months of DHA
supplementation (four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA). After
6 months, changes in the fatty acid profile were observed, with a significant increase in
eicosapentaenoic acid (EPA), DHA, and total n-3 FA levels in CSF [52]. A correlation was
also made with the markers of AD and, the more DHA levels increased in the CSF, the
more changes there were in the biomarkers of the pathology (tau, phosphorylation of the
tau protein, IL-1 receptor). Their results also showed that supplementation failed to stop
disease progression and that DHA supplementation would likely need to be taken early
to see an effect on disease progression [52]. In AD, deposits of the Aβ protein are present
in the brain. Transthyretin (TTR) can bind to amyloid β and thus reduce its presence.
Patients received DHA/EPA supplementation (four capsules of EPAX 1050TG, i.e., 1.7 g of
DHA and 0.6 g of EPA) for 6 months; it was observed that this treatment could increase
plasma levels of TTR, which could influence Aβ peptide deposits in the brain, results that
need to be confirmed by further experiments [53]. DHA/EPA supplementation was also
evaluated on gene expression in peripheral blood mononuclear cells [54]. Patients received
a DHA/EPA complex (four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA)
for 6 months and the expression of 8000 genes was studied. Modulations of the expression
of several genes (decrease (10) or increase (9)) were measured. The upregulated genes are
MS4A3 (role in signal transduction), NAIP (apoptosis inhibitory protein), DRG1 (stress
and hormone responses, cell growth, differentiation), CD36 (cell adhesion, cell migration),
HSD17B11 (regulation of inflammation, modulation of intracellular glucocorticoid levels),
RAB27A (signal transduction), CASP4 (inflammatory caspase), SUPT4H1 (RNA synthesis),
and UBE2V1 (ubiquitination). The negatively regulated genes are RHOB (inflammation),
VCP (vesicle transport, fusion, and ubiquitin-dependent protein degradation), LOC3999491,
ZNF24 (transcription factor), SORL1 (regulation of processing of amyloid precursor pro-
tein), MAN2A1 (inflammation regulation), PARP1 (differentiation, proliferation, tumor
transformation, DNA damage reparation), SSRP1 (action on transcription), ARIH1 (ubiqui-
tination process), and ANAPC5 (cell cycle progression). Many of these genes are involved
in inflammation regulation and neurodegeneration, and in ubiquitination processes [54].
The impact of DHA (four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA)
on inflammation was confirmed by another study performed in this clinical trial, which
showed that DHA decreased the release of PGF2α from LPS-stimulated PBMCs and that
it could be hypothesized that DHA could act via anti-inflammatory and neuroprotective
lipid mediators on the resolution phase of inflammation [55]. Using the same protocol
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(PBMCs treated with LPS following DHA/EPA supplementation, four capsules of EPAX
1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA), the authors also showed that the increase in
plasma DHA concentration was correlated with a reduction in the release of IL-1β, IL-6,
and the granulocyte colony-stimulating factor of PBMCs [56].

Table 3. Clinical trials involving DHA.

Experimentation Type DHA Forms
Concentration

or Dose
Effects References

AD Patients Fish oil
1 g/day of fish oil

(30 mg DHA, 90 mg
EPA)

Slowing down AD [47]

AD Patients Capsule EPAX
1050TG

four capsules
(One capsule: 430 mg

DHA and 150 mg EPA)

Induction of DNA hypomethylation
in blood cell, can be used as

treatment in AD
[48]

AD patients 2.3 g of omega-3
fatty acid

Positive correlation between plasma
levels of omega-3 fatty acids and

cognitive functions
[49]

Peripheral blood
mononuclear cells

treated with the
Aβ40 peptide

Capsule EPAX
1050TG

Prevention of the reduction of
specialized proresolving mediators

(lipoxin A4 and resolvin D1) released
from PBMCs

[50]

Moderate AD patients Capsule EPAX
1050TG

four capsules
(One capsule: 430 mg
DHA and 150 mg EPA

No clear effect on oxidative stress but
potential role in immunoregulation [51]

AD patients

Capsule EPAX
1050TG

four capsules
(One capsule: 430 mg
DHA and 150 mg EPA

Increase in eicosapentaenoic acid
(EPA), DHA, and total n-3 FA levels

in cerebrospinal fluid
[52]

Increase plasma levels of
transthyretin which could influence

Aβ peptide deposits in the brain
[53]

Peripheral blood
mononuclear cells of

AD patients

Regulation of genes involved in
inflammation regulation,

neurodegeneration, and in
ubiquitination processes

[54]

LPS-stimulated
peripheral blood

mononuclear cells

Anti-inflammatory effects, reduction
in the release of IL-1β, IL-6, and

granulocyte colony-stimulating factor
[55,56]

Cognitive impairment:
no dementia and

AD patients
Capsules 625 mg DHA and

600 mg EPA
No beneficial effect on cognition

and mood [57]

Mild or moderate
AD patients Algal origin

2 g of capsule
containing 15% to

55% DHA
No slowdown in cognitive decline [58]

Mild or moderate
AD patients

Capsule EPAX
1050TG

four capsules
(One capsule: 430 mg
DHA and 150 mg EPA

No effect on neuropsychiatric
symptoms, possible positive effects

on depressive symptoms in
non-ApoEω4 carriers and on

agitation symptoms in
ApoEω4 carriers

[59]

Patients with organic
brain damage or mild
cognitive impairment

Aravita capsules
40 mg/capsule of
arachidonic acid

and DHA
Significant improvements in memory [60]

Spinocerebellar ataxia 38 Algal oil 600 mg/day
Improvement in clinical symptoms

and no degradation of
neurophysiological parameters

[61,62]
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In an independent study of the OmegAD study, omega-3 fatty acid supplementation
(capsules containing a total of 625 mg of DHA and 600 mg of EPA) increased plasma
DHA and EPA concentrations in people with cognitive impairment no dementia, and AD.
However, no beneficial effect on cognition and mood was observed in these populations.
As emphasised by the authors, the sample used to conduct this study was quite small
(76 participants), and the duration of the study was short (4 months). One hypothesis
raised by the authors was to adapt the dose according to the pathology studied and the
level of progression of the pathology [57]. These same observations were made in a study
carried out by Paul S. Aisen’s group, where DHA supplementation did not slow cognitive
decline in patients with mild or moderate AD [58]. This study involved 402 patients and
lasted for 18 months. DHA supplementation was performed with an algal-derived DHA
(Martek Biosciences, Columbia, Maryland) in capsule form. Twice a day, patients took 1 g,
for a total daily dose of 2 g, knowing that these capsules contained approximately 45%
to 55% DHA by weight and did not contain eicosapentaenoic acid. The authors suggest
that DHA may have an effect if the patients do not have overt dementia [58]. A third
study shows that omega-3 supplementation (EPAX1050TG™ from Pro-nova Biocare A/S,
Lysaker, Norway, four capsules) in patients with mild to moderate AD did not induce
effects on neuropsychiatric symptoms, but had possible positive effects on depressive
symptoms in non-ApoEω4 carriers and on agitation symptoms in ApoEω4 carriers [59]. In
contrast to these three studies, a supplementation study using Aravita capsules (Suntory
Ltd., Osaka, Japan), containing 40 mg/capsule of arachidonic acid (ARA) and DHA and
0.16 mg/capsule of astaxanthin (antioxidant of PUFA), showed significant improvements in
the memory of patients with organic brain damage or mild cognitive impairment [60]. The
authors hypothesize that these changes may be due to neural circuit remodeling (possible
upregulation of synaptogenesis and/or neurogenesis with ARA), as well as improvement
of membrane function and regional cerebral blood flow by DHA [60].

A few clinical trials have focused on spinocerebellar ataxias, which are very heteroge-
neous neurodegenerative diseases, clinically and genetically. The main characteristic of
these pathologies is cerebellar syndrome, associated with walking and balance disorders.
Spinocerebellar ataxia 38 (SCA38) is caused by a mutation in the elongation of the very long
chain fatty acid protein 5 (ELOVL5) gene and is associated with reduced serum DHA levels.
The team of Borroni et al. studied the effect of short-term (16–40 weeks) and long-term
(2 years) DHA supplementation [61,62]. The DHA was derived from algal oil (Sofedus,
Milan, Italy) and administered as sachets dosed at 600 mg/day. Improvement in clinical
symptoms and no degradation of neurophysiological parameters were observed following
fish oil-derived DHA intake.

The published results of clinical studies (mainly on AD) underline the interest in
DHA, particularly through its ability to cross the blood–brain barrier and to influence
inflammation. It is not known to what extent DHA crosses this barrier and whether
microglia, the orchestral leader of inflammatory reactions in the brain, is affected by DHA.
Many authors also mention the need to adapt the dose according to the severity of the
disease or the weight of the patients. With DHA, the problem is not that it does not cross the
blood–brain barrier, but that the quantity of DHA that crosses the barrier is not sufficient
and does not only target the microglia. It is therefore important to look at the contribution
of nanotechnologies in the targeting of therapeutic molecules of interest, such as DHA, to
the microglia.

6. Brain Nanomedicine and Microglia

The DHA used in clinical studies comes from either oil, algae, or industry. In the
OmegAD study, the DHA came from Pronova Biocare. This company uses a process to
deodorize its EPAX triglyceride oils, inducing neither taste nor odor. They use enzymes to
form the triglycerides. Their product can be in the form of chewable capsules or a liquid
formula. In these different possibilities, DHA is not targeted to a cerebral distribution. DHA
is delivered systemically, and authors have observed changes at the plasma, cerebrospinal
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fluid, and cognitive levels [49,52]. It might be interesting to look at targeting DHA to
the brain by using nanotechnology-based drug delivery systems to counteract the low
penetration efficiency of drugs to the central nervous system due to the presence of the
BBB. Two possibilities exist to reach the brain: either a direct passage that will damage the
BBB, or an indirect passage via nanomedicines targeting the brain either orally or by nasal
delivery through a spray. The results presented in this section will focus on those obtained
on microglia, whether from primary culture, lineages, or animal models, in the context of
neurodegenerative diseases.

6.1. Nanoparticles

For this purpose, nanoparticles (size ranging from 1 to 100 nm) have been developed,
which are 3D encapsulation systems that allow the transport of a molecule, and which can
be functionalized by ligands, antibodies, or other molecules for targeting toward a target
organ. These nanoparticles can be made from natural or synthetic polymers, metals, or
from lipids.

6.1.1. Lipid-Based Nanoparticles

These lipid-based nanoparticles have the advantages of being non-toxic and having a
high loading capacity for hydrophilic or non-hydrophilic molecules of interest, as well as a
capacity to get through the BBB (Figure 3).

Figure 3. Representation of different delivery systems for therapeutic molecules. Different systems are used to deliver
therapeutic molecules: lipidic nanoparticles, dendrimers and dendrigrafts, quantum dots and metallic nanoparticles, and
exosomes. AM: adhesion molecules; TP: transmembrane proteins; APM: antigen presenting molecules; NA: nucleic acid;
CP: cytosolic proteins; CyP: cytoskeletal proteins; LR: lipid rafts.

Nanoparticles have been formed from DHA and its hydroxylated derivative (DHAH);
these are directly active without the need to load other molecules. These nanoparticles were
tested on primary cultures of microglia obtained from rats. The viability of the cells is not
affected by the use of these DHA/DHAH nanoparticles; however, an anti-inflammatory
action of these nanoparticles is noted when the microglial cells are stimulated by LPS,
with a decrease in the release of TNFα, IL-6, and IL-1β [63]. This work allowed us to
show in vitro that these DHA/DHAH nanoparticles were not toxic and could reduce the
release of proinflammatory cytokines by microglial cells [63]. This approach must still be
validated in vivo in animals before testing in humans. This same team had already used
lipid nanoparticles coated with chitosan, with the surface modified with a transactivator of
transcription (TAT) peptide and loaded with GDNF (glial cell-derived neurotrophic factor)
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(CS-NLC-TAT-GDNF) [64]. In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced Parkinson’s mouse model, intranasal administration of CS-NLC-TAT-GDNF led
to modulation of microglial activation [64]. The use of lipid nanoparticles can induce
toxicity and induce activation of brain microglia (involvement of the P2X7/caspase-1/IL-1β
pathway). It has been shown that by modifying these lipid nanoparticles with PEGylation,
this microglial activation could be reduced [65]. Nanoparticles can pass through the nasal
epithelium and reach the brain by two different routes: (a) the extracellular route, the most
common mechanism of delivery of therapeutics to the brain, via passive transport through
the nasal epithelium, and (b) the intracellular route, involving endocytosis in the branches
of the olfactory and trigeminal nerves followed by axonal transport in the brain [66].

Nanoparticles were synthesized from high-density lipoprotein (HDL) associated
with apolipoprotein E [67,68]. These nanoparticles are able to enter cerebral vessels and
accumulate around Aβ aggregates. First, ApoE-associated nanoparticles were shown to
reduce Aβ deposition, attenuate microgliosis, improve neurological changes, and reduce
memory deficits in an animal model of AD [67]. In a second step, α-Mangostin (α-M), a
polyphenolic agent capable of inhibiting the formation of Aβ oligomers and fibrils and
accelerating the cellular degradation of Aβ, was added to these nanoparticles [68]. These
α-M-loaded nanoparticles are able to promote the uptake and degradation of Aβ1-42
by microglia more than unloaded nanoparticles [68]. This same system of reconstituted
and modified HDL was used with monosialotetrahexosylganglioside (GM1), possessing
high Aβ binding affinity [69]. This nanosystem promotes Aβ degradation by microglia
following intranasal administration. This structure was used to load a neuroprotective
peptide NAP, αNAP-GM1-rHDL, which was able to reduce Aβ deposition more efficiently
than the nanostructure alone or α-NAP alone, in mouse models of AD after intranasal
administration [69].

Oridonin, a natural diterpenoid compound isolated from the Chinese herb Rabdosia
rubescens, was loaded into commercial lipid nanocarriers, Lipofundin® (MCT, 10% for
infusion, B. Braun AG, Melsungen, Germany), and then given orally or injected into mice
constituting an animal model of cerebral amyloidosis for AD, transgenic APP/PS1 mice.
Regardless of the mode of injection, oridonin-loaded nanoparticles were able to attenuate
microglia activation [66]. In an in vitro model of microglia (line N9) stimulated by LPS,
these nanoparticles are able to inhibit the inflammatory response by reducing the NO
concentration and decreasing mRNA expression of iNOS, IL-1β, and IL-6 [70].

Nanoparticles with a lipid core (capric/caprylic triglycerides) were loaded with in-
domethacin (a non-steroidal, anti-inflammatory drug) and their impacts on neuroinflam-
mation were evaluated on organotypic rat hippocampal cultures after treatment with
Aβ1-42 peptide, mimicking AD [71]. The use of these nanoparticles allows for the decrease
of the TNF-α and the increase of IL-6 induced by Aβ1-42, but also the increase of the
release of interleukin-10 [68]. The activation of microglia is reduced by the use of these
nanoparticles [71].

The use of lipid nanoparticles seems to be a promising way to deliver molecules of
interest to the brain by targeting microglia, while controlling their possible toxicity via
surface modifications.

6.1.2. Metal Nanoparticles

Different types of metals can be used to create nanoparticles, such as titanium, gold,
or silver (Figure 3).

Regarding titanium nanoparticles, in vitro experiments on BV-2 microglia cells showed
that titanium dioxide nanotubes, which were functionalized with 3-aminopropyl tri-
ethoxysilane (APTES), allowing the addition of amine functions for drug molecule conjuga-
tion, do not induce toxicity or activation of these cells [72]. Titanium dioxide nanoparticles
are able to move in the brain by decreasing the transendothelial electrical resistance and
by disrupting the tight junctions between the endothelial cells of the brain capillaries [73].
Titanium dioxide (TiO2) nanoparticles are able, without being functionalized by other
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molecules, to drive microglia toward the proinflammatory activation phenotype [74]. This
change of phenotype would be specific to microglia, as astrocytes do not change their
phenotype following the use of these nanoparticles [74].

Gold nanoparticles have also been developed. Some have been tested on primary
cultures of microglia. They consist of 18 atoms of gold and are stabilized with glutathione
ligands. The authors of this study showed that these Au18 gold nanoclusters (NCs) have,
at low concentrations, anti-inflammatory signaling (reduction of (IL1-β) levels, unchanged
levels of TNF-α or Ym1/2) but, at higher concentrations, they can have pro-inflammatory
activity [75]. The authors suggested that the presence of glutathione could be the source
of this anti-inflammatory activity. Gold nanoparticles (AuNCs) were functionalized with
dihydrolipoic acid (DHLA-AuNCs), a neuroprotective antioxidant. The BV2 microglial line
was used to evaluate their effects on microglial polarization. These nanoparticles induced
a polarization toward the M2-like phenotype as well as a decrease of oxidative stress,
a reduction of NF-kB signaling, and an increase of cell survival (increase of autophagy,
inhibition, of apoptosis) [76]. Microglial changes also impacted neuronal cells by improving
neurogenesis and reducing astrogliosis [76]. Another team used the root extract of Paeonia
moutan, woody trees which are used in traditional Chinese medicine, to functionalize gold
nanoparticles. Still, on a BV2 cell model, it was shown that these nanoparticles were able to
decrease oxidative stress and inhibit the synthesis of pro-inflammatory cytokines following
stimulation by LPS [73]. The effect of these nanoparticles on oxidative stress and inflamma-
tion was found in a model of parkinsonian mice, associated with an improvement in motor
disorders [77]. An extract of Ephedra sinica Stapf was used to functionalize gold nanopar-
ticles. These nanoparticles were able to decrease the production of pro-inflammatory
mediators and cytokines (TNF-α, IL-1β, and IL-6) following primary microglia and BV-2
microglial cells induction by LPS (decrease of IκB kinase-α/β, NF-κB, Janus-activated
kinase/signal transducers and activators of transcription, mitogen-activated protein kinase,
and phospholipase D signaling pathways) [78]. Gold nanoparticles were synthesized with
quercetin and then used on BV2 cells stimulated with LPS. The release of pro-inflammatory
prostaglandin, prostaglandin E2, NO, upregulation of COX, inducible NO synthase mRNA,
and protein levels were strongly inhibited by gold/quercetin nanoparticles [79]. The effects
of these nanoparticles are superior to the use of quercetin alone. The use of these gold-
quercetin nanoparticles could thus decrease the activation of microglia. A gold cluster with
a positively charged tridecapeptide Sv (Au25Sv9) (peptide Sv: (H2N-CCYGGPKKKRKVG-
COOH)) was produced, and it was shown that these particles were able to attenuate the
cytotoxicity of stimulated microglia cells toward neuronal cells [80]. These nanoparticles
inhibited IL-6, TNF-α, and NO secretions by suppressing the activation of NF-κB and p38
pathways. The action of these nanoparticles was also observed directly on neuronal cells,
indicating that these nanoparticles could target microglia and neurons and could be an
effective therapeutic approach [80].

Complex nanoparticles combining a metallic part and a polymer were produced in
the following way: diblock polymer Man-PCB-PB was synthesized and then assembled
to form nanoparticles to enclose the hydrophobic part fingolimod and zinc [81]. These
nanoparticles were named Man-PCB-PB/ZnO/fingolimod NPs or MCPZF NPs. They
were then linked to a signal transducer and activator of transcription 3 small interfering
RNA (siSTAT3) to give Man-PCB-PB/ZnO/fingolimod/siSTAT3 NPs or MCPZFS NPs [81].
These nanoparticles promote phagocytosis of Aβ by microglia and decrease the release of
pro-inflammatory cytokines [81].

Magnetic iron oxide (maghemite, γ-Fe2O3) nanoparticles (high surface-to-volume
ratio, diameter 21 ± 3.5 nm, magnetic, biocompatible, relatively non-toxic, biodegradable)
were used to deliver the following peptide: fibrin γ377–395 peptide [82]. The effect
of these nanoparticles is different depending on the age and the state of AD. Indeed,
in the early stages, the reduction of microglial cell activation following the action of
these nanoparticles increases the number of neurons with hyperphosphorylated tau in
transgenic mice [82]. Abnormal hyperphosphorylation of tau protein in sites that are
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not normally phosphorylated leads to the formation of neurofibrillary tangles (NFTs)
in neuronal cell bodies and sometimes in glial cells. Hyperphosphorylation and NFT
formation induce an inability for tau protein to bind to microtubules, resulting in alterations
in axonal trafficking leading to changes in neuronal function and viability. These processes
participate in synaptic dysfunction and neurodegeneration. On the other hand, in older
mice, the reduction of microglial cell activation reduces the severity of tau pathology [82].
The number of neurons with hyperphosphorylated tau and the number of neurons with
tangles are reduced in animals receiving the γ377–395 fibrin peptide-nanoparticle conjugate
compared with control animals [82].

6.1.3. Polymer Nanoparticles and Mesoporous Silica Nanoparticles

Nanoparticles can be synthesized from synthetic or natural polymers. One team has
developed poly(carboxybetaine) (PCB)-based zwitterionic nanoparticles (MCPZFS NP).
These nanoparticles decrease microglia priming by lowering the levels of pro-inflammatory
mediators and contributing to brain-derived neurotrophic factor (BDNF) secretion [81].
They also enhance Aβ recruitment to microglia, contributing to improved Aβ phago-
cytosis [81]. Beyond the action on microglia, these nanoparticles can also play on Aβ

loading, neuronal damage, memory deficits, and neuroinflammation in APPswe/PS1dE9
mice [81]. Poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), and lipid chains
as building blocks were used to synthesize 200 nm spherical polymeric nanoconstructs
(SPNs) and 1000 nm discoidal polymeric nanoconstructs (DPNs). SPNs are more rapidly
absorbed than DPNs and were used to encapsulate curcumin in the PLGA core. These
curcumin-loaded nanoparticles decrease the production of proinflammatory cytokines-IL-
1β, IL-6, and TNF-α in amyloid-β fiber-stimulated macrophages [83]. The α-M, previously
used in a lipid nanoparticle, was encapsulated in the core of poly(ethylene glycol)-poly(l-
lactide) (PEG-PLA) nanoparticles [NP(α-M)] [84]. This nanoformulation reduced Aβ

deposition in AD and attenuated neuroinflammatory responses by microglia (using the
BV-2 line) [84]. Apart from these effects on microglia, nanoencapsulation has improved the
biodistribution and clearance of these molecules [84]. PLGA nanoparticles were used to
deliver SurR9-C84A, a survivin mutant belonging to the inhibitors of the apoptosis protein
family [85]. For this study, neuron monocultures and co-cultures of neurons and THP-1
(monocytes/macrophages) were used. These cultures were treated with LPS or β-amyloid
to mimic the pathological inflammatory conditions of AD. Following this stimulation
by LPS or β-amyloid, a decrease in THP-1 secretions was observed by the use of these
nanoparticles [85]. This inhibition of secretions decreased the neuronal cell death induced
by them.

Amphiphilic sugar-based molecules (AM) derived from mucic acid were synthesized
to exhibit high affinity to scavenger receptors, allowing internalization of α-synuclein at
the microglia [86]. Internalization of monomeric α-synuclein and formation of intracellular
α-synuclein oligomers were decreased in microglial cells treated with these amphiphilic
molecules. Following this observation, the antioxidant poly(ferric acid) was added to the
core of these amphiphilic molecules by performing nanoprecipitation [86]. Microglial cells
treated with these nanoparticles and stimulated by α-synuclein saw a decrease in their
activation as well as in the neurotoxicity induced by α-synuclein aggregated at the level of
microglia [86]. In vivo, the activation of microglia is also decreased after injection of these
nanoparticles in the substantia nigra of mice stimulated by fibrillar α-synuclein. Targeting
the receptors responsible for α-synuclein entry into microglia and adding an antioxidant
may represent an interesting therapeutic approach via nanotechnology [86].

Polylactic acid (PLA)-coated mesoporous silica nanoparticles were loaded with resver-
atrol, which exhibits antioxidant activities among others. The PLA coating protects the
resveratrol and prevents its systematic release. In the presence of oxidative stress, PLA is
degraded and resveratrol can be released. Following this release, resveratrol was able to
effectively reduce the activation of microglia cells stimulated by phorbol-myristate-acetate
or lipopolysaccharide [87].
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6.1.4. Cell-Derived Nanoparticles

Extracellular vesicles are membrane-containing vesicles from the endocytic pathway
or plasma membrane, released into the extracellular space by virtually all cells. Three types
of extracellular vesicles exist: (a) exosomes, the smallest vesicles (30–150 nm), derived
from the inward budding of multivesicular bodies; (ii) microvesicles, or ectosomes (50 nm–
1 μm), result from outward budding of the plasma membrane, released under physiological
conditions or in response to specific stimuli; and (c) apoptotic bodies (50 nm–5 μm), which
are produced by cells undergoing apoptosis.

Exosomes contain cellular proteins, lipids, nucleic acids, mRNAs, and microRNAs
(miRNAs) from host cells (Figure 3). Exosomes can be internalized by cells and functionally
modify the cells that internalize them. Exosomes can be derived from activated or non-
activated cells or loaded with therapeutic molecules to be used as cargo.

The most commonly used cells for the use of exosomes as therapeutic cargo are mes-
enchymal stromal cells (MSCs). Exosomes derived from MSCs or MSCs preconditioned
by hypoxia (increased miR-21 expression) were systemically administered to APP/PS1
transgenic mice mimicking AD [88]. In both cases, the use of MSC-derived exosomes
or hypoxia-preconditioned MSCs had positive effects. Administration of exosomes from
hypoxia-preconditioned MSCs improved memory and learning abilities; decreased plaque
deposition and Aβ levels; increased expression of growth-associated protein 43, synapsin-1,
and IL-10; and decreased levels of GFAP, Iba-1, TNF-α, IL-1β, and activation of STAT3
and NF-κB [85]. The use of these exosomes would correct synaptic dysfunction as well
as inflammatory responses, which would lead to improvement of cognitive decline ob-
served in AD via miR-21 signaling [88]. Human umbilical cord mesenchymal stem cells
(hucMSC-exosomes) were injected into mouse models of AD and were found to improve
cognitive decline and decrease Aβ deposition [89]. These hucMSC-exosomes also mod-
ulated microglial activation with a decrease in the number of activated microglia and a
shift toward an M2 anti-inflammatory profile (increase in IL-10 and TGF-β cytokines) with
an increase in Aβ-degrading enzymes [89]. Brain perfusion of neuroblastoma-derived
exosomes may mediate Aβ clearance in an AD mouse model. Indeed, Aβ peptides can
be taken up and transported by exosomes for presentation to microglia, resulting in their
degradation [90,91].

Exosomes can also be loaded with a therapeutic molecule. The exosomes can be
passively incubated with the therapeutic molecule, followed by purification. Curcumin
was incubated at 22 ◦C for 5 min with exosomes, and the mixture was then effectively
administered to the brain by intranasal route [92,93]. This decreased inflammation via
microglia targeting [92,93]. Other exosome loading strategies exist, such as electroporation,
incubation at room temperature, permeabilization with saponin, freeze/thaw cycles, son-
ication, and extrusion, and have been tested in neurodegenerative diseases but without
microglia targeting or in other pathologies like cancer.

Exosomes are able to modulate the inflammatory response and phagocytosis activity
of microglia and can be considered as a very interesting possibility in therapy.

6.1.5. Antioxidant Nanoparticles

Nanoparticles could also be synthesized directly from an antioxidant like quercetin.
Authors have obtained quercetin nanoparticles with a very heterogeneous size ranging
from 520 to 750 nm. In a model of AD, these quercetin nanoparticles were able to reduce
neuronal damage, decrease the formation of amyloid plaques and neurofibrillary tangles,
and modulate the activity of microglia [94].

In the context of PD, a nanoparticle (NP) formulation containing two polyphenol
antioxidants, tannic acid (TA) and a ferulic acid diacid molecule, was proposed. These
antioxidant nanoparticles inhibited α-synuclein fibrillation and lowered intracellular α-
synuclein oligomerization in the BV-2 microglial line subjected to a high concentration of
extracellular α-synuclein, thereby ameliorating microglial oxidative stress [95]. Microglial
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activation is also reduced with a modulation of the production of the pro-inflammatory
cytokines TNF-α and IL-6 [95].

6.2. Dendrosomal Nanoparticles

An Iranian team used the dendrosome, a neutral, amphipathic, and biodegradable
nanomaterial, to transport a molecule of interest such as curcumin. In a cuprizone-induced
model of MS, these curcumin-loaded dendrosomes suppressed the accumulation of mi-
croglia and astrocytes, highlighting their possible use in therapy [96].

6.3. Dendrimers and Other Dendritic Polymers

Dendritic polymers belong to the synthetic polymers with linear, cross-linked, and
branched polymers. Among these are the dendrimers which are obtained after generational
synthesis (Figure 3), resulting in the formation of theoretically monodisperse structures
with a narrow molecular weight distribution. In contrast to dendrimers, hyperbranched
polymers are polydisperse, with a broad molecular weight distribution. The third members
are dendrigrafts and have a configuration that shares commonalities between dendrimers
and hyperbranched polymers (Figure 3).

Dendrimers, which are synthetic molecules with a tree-like structure, can be con-
structed by different methods: the hyperbranched structure can be built from the core,
layer by layer, or by attaching dendrons to a central core [97,98]. Among the best-known
dendrimers are poly(amidoamine) (PAMAM), poly(propylene imine) (PPI), phosphorus,
and dimethylolpropionic acid-based dendrimers. One team has developed a dendrimer
that targets the mitochondria (using triphenyl-phosphonium (TPP)) and delivers the antiox-
idant N-acetylcysteine (NAC):mitochondrial targeting hydroxyl PAMAM dendrimer-drug
construct (TPP-D-NAC) [99]. The authors had already shown in previous studies that
this PAMAM polymer was able to cross the BBB by selectively targeting activated mi-
croglia/macrophages and was able to deliver NAC to these cells (dendrimer D-NAC) [100].
These TPP-D-NAC dendrimers show preferential targeting to mitochondria (but not only)
of activated microglial/macrophage cells. They showed superior efficacy in terms of
oxidative stress inhibition to dendrimers developed from NAC but without organelle
targeting (D-NAC) and to NAC used alone [99]. Concerning the dendrimers, the func-
tionalization of the surface is an important factor to take into account, as it can play on
the toxicity of the molecule [101]. Peroxisome proliferator-activated receptor (PPAR) α
and PPARγ agonists can switch microglia from an M1-like to an M2-like phenotype. Be-
cause hydroxyl-terminated polyamidoamine dendrimers cross the altered BBB at the site
of neuroinflammation and accumulate in activated microglia, they are conjugated with
a PPARα/γ dual agonist [102,103]. The dual agonist dendrimer-PPARα/γ conjugate (D-
tesaglitazar) induced the following: (a) an “M1 to M2” phenotype change, (b) a decrease
in reactive oxygen species secretion, (c) an increase in the expression of phagocytosis and
enzymatic degradation genes of pathogenic proteins, and (d) an increase in phagocytosis
of β-amyloid [104].

Dendrigrafts have also been used to deliver treatment to the brain. Caspase-3 is
involved in cell death and inhibiting it could help prevent the progression of neurodegener-
ative diseases and, in this study, PD. For this purpose, RNA interference was used as well
as a vector constituted by dendrigraft poly-L-lysines, on which a peptide glycoprotein of
the rabies virus with 29 amino acids was bound, allowing it to cross the BBB by transcytosis
mediated by a specific receptor [105]. Plasmid DNA encoding the short hairpin RNA of
caspase-3 was complexed with this vector to give nanoparticles. Injection by weekly intra-
venous administration of the nanoparticles reduced the levels of activated caspase-3, which
decreased dopaminergic neuronal loss in the brains of rats with PD [105]. In addition, the
rat model was obtained by treating them with rotenone, which increases TNF-α and NO
levels in the brain. The use of these nanoparticles reduced the levels of TNF-α and NO in
the brain [105]. These nanoparticles would thus have an anti-inflammatory effect on the
microglia according to this study [105].
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6.4. Quantum Dots

Quantum dots are fluorophores constituted by clusters of atoms at the nanometric
scale containing a few hundred to a few thousand atoms of a semiconductor material
wrapped by an additional semiconductor layer to improve the optical properties of the
material (Figure 3). Quantum dots have been successfully used in immunocyto- and
histochemistry, in flow cytometry, and in confocal microscopy [106,107].

Amino(polyethylene glycol)-2000 molybdenum disulfide quantum dots conjugated to
(3-carboxypropyl)triphenyl-phosphonium bromide (TPP-MoS2 QDs) have been fabricated
and tested in mouse models of AD [108]. These TPP-MoS2 QDs have the ability to cross
the BBB and target mitochondria with TPP. These TPP-MoS2 QDs are able to induce a
change in the phenotype of the microglia from pro-inflammatory M1 to anti-inflammatory
M2 [108]. This contributes to the removal of Aβ aggregates [108].

7. Conclusions

DHA has shown cytoprotective effects on microglial cells but also on microglia ac-
tivation in vitro and in vivo in animal models. In clinical studies, positive effects on the
development of neurodegenerative diseases have been observed, but some conclusions are
divergent and require further investigation, since DHA has a systemic and not a targeted
release at the brain level. This may lead to the use of nanoparticles that could allow a
release at the brain level of DHA and improve its effectiveness at the level of the mi-
croglia, thus leading to better management of neurodegenerative diseases associated with
neuroinflammation.
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