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Editorial

Oxidative Stress-Induced Neurodegeneration and Antioxidative
Strategies: Current Stage and Future Perspectives

Ana-Maria Buga and Carmen-Nicoleta Oancea *

Department of Biochemistry, University of Medicine and Pharmacy of Craiova, 200349 Craiova, Romania;
ana.buga@umfcv.ro
* Correspondence: carmen.oancea@umfcv.ro

Neurodegenerative diseases (NDs) are the leading cause of neurological disorders,
constituting a public health problem with an exponentially growing incidence rate [1]. By
2024, NDs are estimated to become the second-leading cause of mortality in the world [2].
The ageing population are at increased risk of NDs and stroke. Among the tissues, the
brain is more susceptible to neurodegeneration. This process increases with age, and
many researchers have asked whether the neurodegeneration process is a hallmark of
ageing. However, major NDs affect people over 65 years old. Alzheimer’s disease (AD) and
Parkinson’s disease (PD) are the leading NDs. According to the World Health Organization
(WHO), Alzheimer’s disease (AD) is the most common form of dementia worldwide and
affects more than 50 million people over the age of 65. AD is misdiagnosed due to the fact
that many people with mild cognitive impairments (MCIs) progress to AD [3]. In addition,
ischemic stroke is not currently recognized as a neurodegenerative disorder, but a chronic
neurodegenerative process appears after the initial phase of ischemic stroke in brain areas
far away from the lesion [4,5]. Preclinical and clinical data show that post-stroke brains
undergo long-term structural changes that lead to brain atrophy [5,6]. These structural
changes represent the hallmark of neurodegenerative diseases, but it remains to be estab-
lished whether there is a direct link between ischemic stroke survivors and an increased
risk of AD. Neurodegeneration is not only an old-age health problem; it also affects young
adults. Diseases such as multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS) are
accompanied by neurodegeneration. MS and ALS affect the young, active population with
a cumulative incidence of 3 million people worldwide (2.8 million for MS and 200.000 for
ALS) [7]. However, brain tissue is not the only part of the human body that can be damaged;
age-related macular degeneration (AMD) and glaucoma are characterized by neurode-
generation and permanent damage to the eyes [8]. There are currently no therapeutic
interventions available to cure these disorders. Despite research efforts to cure NDs, the
majority of promising interventions have failed in clinical trials. A common feature of many
NDs is the enhancement of oxidative stress and inflammation that trigger mitochondrial
disfunction and cellular death. In NDs, OS promotes the propagation of pathophysiological
processes that determine the progression of most neurodegenerative states.

At the end of 2022, PubMed found that over 400,000 articles had been published
regarding neurodegenerative diseases, and about 18,000 of these included references to
oxidative stress along with mechanisms interconnected with NDs [9]. In this Special Issue
(SI) of Antioxidants, entitled “Novel Therapies of Oxidative-Stress-Induced Age-Related
Neurodegenerative Diseases”, we highlighted the latest findings regarding neurodegenera-
tion, antioxidants, nutrigenetics, nutraceuticals, or mitochondrial dysfunction. Since there
is wide diversity in the ways neuroprotection can be obtained and in the ways neurodegen-
erative conditions can be treated, achieving neuroprotection and treating NDs, according to
statistics, will become increasingly easy. This SI is well balanced and comprises five critical
reviews and four original articles. These articles aim to review the recent findings in the
ND field and highlight the gaps in knowledge and future research directions. The reviews
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cover important directions such as (i) the identification of new potential biomarkers for
age-related ND disease progression that can be modulated for therapeutic purposes [10];
(ii) the development of a new preclinical model for PD to test new potential drugs, with an
increased potential to limit disease progression or cure it [11]; (iii) the role of nutraceuticals
and physical exercise in controlling oxidative balance and improving functional outcomes
in NDs [12,13]; (iv) mitochondrial function and oxidative stress in relation to successful
cellular therapy for stroke [14].

Juan Segura-Aguilar and his colleagues studied a KEAP1/NRF2 transcriptional acti-
vation preclinical model for PD, because no current treatments for PD are guaranteed to
work, and no one has studied the effect of antioxidants on idiopathic PD [11]. This model
will be useful for the development of new potential antioxidant therapies [11]. This is an
interesting study that led to the discovery of several phytochemical activators of KEAP1
(Kelch-like ECH-associated protein (1)/NRF2 (nuclear factor erythroid-derived 2-like (2),
which can inhibit or decrease aminochrome-induced neurotoxicity [11]. In addition, Llido
and colleagues provided evidence in relation to serum bilirubin levels as a predictor for the
evolution of neurodegenerative diseases [10]. Bilirubin is a potent antioxidant molecule,
and decreasing its concentration can predict disease progression.

The therapeutic potential of nutraceuticals, such as catechins, to limit the neurodegen-
erative process in glaucoma was reviewed by Tsz Kin Ng and colleagues, and the potential
clinical benefits were emphasized [12]. They studied the pharmacokinetic aspects and
therapeutic properties of catechins that underlie the possibility of using catechins, phenolic
compounds particularly found in green tea, as adjuvants in clinical treatments of neurode-
generative diseases due to their antioxidant and anti-inflammatory properties [12]. New
approaches to oxidative-stress-related to physical activity and nutraceuticals in normal
ageing and neurodegenerative ageing were highlighted by Manuela Violeta Bacanoiu and
colleagues. Physical exercise and nutraceuticals display a protective antioxidant effect by
decreasing free radicals and proinflammatory markers [13].

Also, four original articles were published, with the aim of better understanding the
role of oxidative stress in NDs and identifying new potential therapeutic interventions
in order to restore redox balance. One study published in this SI by [15] and colleagues
evaluated the neuroprotective mechanisms exerted by black pepper extract. Black pepper,
native to South Africa and also called “Black Gold”, is commonly used to treat colds,
neuropathic pain, and respiratory diseases [15]. It has been shown to have anti-AChE
and anti-amyloid activity and can restore antioxidant enzyme levels. It has also been
shown to reduce ROS production and maintain mitochondrial membrane integrity in
neuroblastoma cell cultures. ROS production is considered an important mediator of
oxidative stress, neuroinflammation, and cell death [15]. Piperine, the main alkaloid of
black pepper, has demonstrated anti-AChE and anti-amyloid activity. The study also
showed competitive acetylcholine esterase (AchE) inhibition with promising cytotoxicity
(IC50) values, the significant inhibition of Aβ fibrilization, and strong anti-glycation activity
with the prevention of advanced glycation end-product (AGE) formation. Black pepper,
through its multitarget neuroprotective mechanism, may represent a first step in the
development of neurodegenerative disease therapies [15].

Another nutraceutical compound with antioxidant activity that was demonstrated in
an article published in this Special Issue by Lee and colleagues is Dipterocarpus tuberculatus
Roxb. Through its seven bioactive components, the methanolic extract of Dipterocarpus
(MED) was able to strongly capture free radicals of 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and 2,2′-azono-bis-3-ethylbenzthiazoline-6-sulphonate (ABTS) [16]. MED treatment sup-
presses the increases in nitric oxide (NO) concentrations and reactive intracellular oxygen
species (ROS), with a significant increase in superoxide dismutase (SOD) enzyme activity
and recovery of antioxidant capacity. Protective effects have been demonstrated in retinal
degeneration such as improving retinal thickness, the inner nuclear layer (INL), the photore-
ceptor layer (PL), and the outer nuclear layer (ONL) in Balb/c mice [16]. The well-known
vitamin, vitamin C, with proven antioxidant properties, was studied by Nery Jara and
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colleagues in terms of the worldwide deficiency [17]. The study highlighted significantly
higher prevalences of deficiency in developing countries with negative consequences in
human neurogenesis.

The complexity of the theme of this SI also brought to light the study conducted by
Franziska T. Wunsch and colleagues, who studied defects in the glutathione system in
an animal model of ALS [18]. The study, with an impressive bibliography, revealed that
the reduced amount of glutathione obtained in the cervical spinal cord of wobbler mice
is due to a decrease in glutathione synthesis due to a decrease in the expression of the
speed-limiting enzyme glutamyl-cysteinyl-ligase. For the first time, evidence has been
provided for impaired glutathione metabolism in ALS in wobbler mice, not limited to
motor areas of the CNS, with the need to study whether reduced glutathione is a causative
factor or consequence of neurodegeneration into ALS, but with the opening of a possible
targeted therapy for ALS by specifically improving glutathione synthesis [18].

The significant importance of functional mitochondria in reducing oxidative damage
by restoring mitochondrial integrity suggests a revolutionary effect in treating stroke with
reduced neuroinflammation and reperfusion injury, which has been studied and published
by Molly Monsour and colleagues [14]. With a better understanding of how important
functional mitochondria are in recovering from a stroke, big improvements can be made in
promoting mitochondrial transfer and making stem cells more useful for therapy.

This Special Issue, “Novel Therapies of Oxidative-Stress-Induced Age-Related Neu-
rodegenerative Diseases,” published nine papers, including four original research papers
and five review articles, all of which addressed different aspects of neurodegenerative
diseases, innovative therapies in NDs, and correlations of oxidative stress in their induction.

We would like to express our full appreciation to the authors who contributed papers
to this Special Issue. The remarkable quality of these studies will certainly add new content
and generate new openings in multidisciplinary research into the role of oxidative stress
and the complex mechanisms underlying potential therapeutic benefits in neurodegenera-
tive diseases.
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Effects of Acetyl-L-Carnitine on Oxidative Stress in
Amyotrophic Lateral Sclerosis Patients: Evaluation on Plasma
Markers and Members of the Neurovascular Unit

Elena Grossini 1, Fabiola De Marchi 2, Sakthipriyan Venkatesan 1, Angelica Mele 2, Daniela Ferrante 3

and Letizia Mazzini 2,*

1 Laboratory of Physiology, Department of Translational Medicine, Università del Piemonte Orientale,
28100 Novara, Italy; elena.grossini@med.uniupo.it (E.G.); sakthipriyan.venkatesan@uniupo.it (S.V.)

2 ALS Center, Neurology Unit, Department of Translational Medicine, Università del Piemonte Orientale,
28100 Novara, Italy; fabiola.demarchi@uniupo.it (F.D.M.); 20011892@studenti.uniupo.it (A.M.)

3 Statistic Unit, Department of Translational Medicine, Università del Piemonte Orientale, 28100 Novara, Italy;
daniela.ferrante@uniupo.it

* Correspondence: letizia.mazzini@uniupo.it; Tel.: +39-03213733962

Abstract: Oxidative stress, the alteration of mitochondrial function, and the neurovascular unit
(NVU), play a role in Amyotrophic Lateral Sclerosis (ALS) pathogenesis. We aimed to demonstrate
the changes in the plasma redox system and nitric oxide (NO) in 32 new ALS-diagnosed patients
in treatment with Acetyl-L-Carnitine (ALCAR) compared to healthy controls. We also evaluated
the effects of plasma on human umbilical cord-derived endothelial vascular cells (HUVEC) and
astrocytes. The analyses were performed at the baseline (T0), after three months (T1), and after six
months (T2). In ALS patients at T0/T1, the plasma markers of lipid peroxidation, thiobarbituric acid
reactive substances (TBARS) and 4-hydroxy nonenal (4-HNE) were higher, whereas the antioxidants,
glutathione (GSH) and the glutathione peroxidase (GPx) activity were lower than in healthy controls.
At T2, plasma TBARS and 4-HNE decreased, whereas plasma GSH and the GPx activity increased in
ALS patients. As regards NO, the plasma levels were firmly lower at T0–T2 than those of healthy
controls. Cell viability, and mitochondrial membrane potential in HUVEC/astrocytes treated with
the plasma of ALS patients at T0–T2 were reduced, while the oxidant release increased. Those results,
which confirmed the fundamental role of oxidative stress, mitochondrial function, and of the NVU in
ALS pathogenesis, can have a double meaning, acting as disease markers at baseline and potential
markers of drug effects in clinical practice and during clinical trials.

Keywords: astrocytes; vascular endothelial cells; glutathione; mitochondria; nitric oxide; oxidants;
disease progression

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by
a progressive deterioration of upper and lower motorneurons (MNs), whose underlying
mechanism has not yet been clarified [1,2]. Indeed, various targets, such as neurotoxic
microglia, astrocytic excitotoxicity, impaired DNA repair, protein misfolding/aggregation,
impaired proteolysis, mitochondrial dysfunction, and axonal transport defects, appear to be
involved in the ALS pathogenesis [3–5]. Regarding the widely known existence of a genetic
basis in about 10–20% of ALS cases [6], environmental factors could also account for its
onset. In addition to age and male sex, smoking, exposure to β-N-methylamino-L-alanine,
physical activity, trauma, and agricultural chemicals could play a role as directly causative
or as risk factors for developing ALS [7,8].

The uncertainties relating to the pathogenetic mechanisms may account for the lack
of a truly effective treatment. To date, only riluzole [2,9,10] and edaravone have been
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approved by the Food and Drug Administration (FDA) as therapeutic agents for ALS
patients [11,12]; however, they have shown only limited benefits in slowing the disease
progression. Given the lack of effective drugs and the ALS severity, the use of complemen-
tary and alternative therapies, such as special diets, nutritional integrators, and energy
healing, is quite widespread [13]. Among these, the use of acetyl-L-carnitine (ALCAR) is
undoubtedly relevant. ALCAR, one of the most common metabolites of carnitine in plasma
and tissues [14,15], has anti-inflammatory and antioxidant properties [16]. The actions of
ALCAR as an enhancer of the ATP synthesis from beta-oxidation of long-chain fatty acids
and neurotransmitters like acetylcholine can explain its protective effects on the central
nervous system (CNS) [17].

In addition, many experimental findings showed that ALCAR could protect mitochon-
dria against oxidative stress [18]. With regard to this issue, ALCAR administration was able
to induce mitochondrial biogenesis in hypoxic rats [19] and to increase mitochondrial mass
after spinal cord injury [20]. In neurons and ALS animal models, ALCAR was found to
exert protective effects through the modulation of mitochondrial function and neurotrophic
activity [21]. Anti-apoptotic effect of acetyl-l-carnitine and I-carnitine in primary cultured
neurons was reported, as well [22]. In relation to the clinical effects, however, only one
study agrees on ALCAR supplementation in functional improvement [23].

A lack of detailed information about the ALCAR mechanisms of action can limit the
clinical application. Indeed, a better understanding of the actions of ALCAR could be
useful in clarifying its role in the management of patients affected by ALS. A possible target
could be represented by the neurovascular unit (NVU), which is a network of vascular cells,
glial cells, and neurons, whose alteration could hamper the blood–brain barrier (BBB) or
blood–spinal cord barrier (BSCB), and lead to MNs damage due to harmful factors entering
the CNS [24–26]. The existence of an altered balance between oxidants and antioxidants in
the plasma of ALS patients has recently been demonstrated; moreover, plasma from ALS
patients was found to exert deleterious effects on vascular endothelial cells and astrocytes in
terms of cell survival, mitochondrial function, and oxidative stress [27]. It could, therefore,
be hypothesized that the administration of ALCAR could modulate the plasma redox state
and the response of the NVU to the unknown circulating mediating factors of the damage
mentioned above.

In this study, we have therefore focused on the analysis of the plasma redox state in
ALS patients treated with ALCAR, and on the effects of plasma on cell viability, mitochon-
drial membrane potential, nitric oxide (NO), and mitochondrial ROS (mitoROS) release by
members of the NVU unit, such as vascular endothelial cells and astrocytes.

2. Materials and Methods

2.1. Patients

The study was performed on 32 consecutive patients diagnosed with ALS, according
to the El Escorial criteria [28,29] at the Tertiary ALS Center at the “Maggiore della Carità
University Hospital”, Novara, Italy, in the period September 2020–September 2022. The
comparison was performed with an age (65.5 (54–71)) and sex-matched (3 males and
2 females) control group (n = 5) collected from unrelated healthy patients’ caregivers. The
study was conducted following the Good Clinical Practice guidelines and the Declaration
of Helsinki principles. The study was approved by the Hospital Ethical Committee (CE
54/17); each participant signed written informed consent for the handling of their clinical
data and use of plasma samples for experimental purposes.

We adhered to the following inclusion criteria for the patients’ recruitment: (1) aged
18–75 years; (2) defined, clinically probable, and probable laboratory-supported ALS (El
Escorial Criteria); (3) within 24 months of symptoms onset; (4) patients on riluzole treatment
from at least one month before starting the ALCAR treatment; that is, T0; (5) patients
without relevant comorbidities (e.g., other neurological, oncological, autoimmune diseases);
(6) patients were able to provide informed consent or had a legally authorized representative
willing to do so.
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For each participant, we collected demographic and clinical features, including age
at onset, sex, phenotype (spinal vs. bulbar) and diagnostic delay. We also collected
the ALS Functional Rating Scale–Revised (ALSFRS-R) score, the Forced Vital Capacity
percentage (FVC%), Body Mass Index (BMI), and the mutational status (including C9orf72,
SOD1, TARDBP, and FUS). Data were collected from clinical records using an anonymous
data form. An alpha-numeric code was randomly assigned to each patient to keep data
collection and analysis anonymous. Patients received acetyl-L-carnitine as per clinical
practice 3 g/day per os. The clinical and laboratory investigations were conducted at the
time of recruitment before starting the ALCAR treatment (T0) and after six months of
treatment (T2). For the plasmatic dosage of the oxidants/antioxidants and NO, we also
collected blood after three months (T1). In particular, at each timing point, clinical data
and plasma samples were collected. For healthy controls, plasma sample collection was
executed at T0, only.

2.2. Collection of Blood Samples

We collected blood samples at 9 am in ALS patients and healthy controls who were
fasting, using specific tubes (BD Vacutainer, containing sodium heparin to prevent clotting).
The centrifugation of the plasma samples was performed by means of a centrifuge (Ep-
pendorf, mod. 5702, rotor A-4-38), at 3100 rpm, 4 ◦C, for 10 min. Thereafter, we aliquoted
plasma into 5 tubes, which were kept at −80 ◦C at the Physiology Laboratory, Univer-
sità del Piemonte Orientale. We used the samples to quantify the redox state markers
and to stimulate the human vascular endothelial cells (HUVEC) and the astrocytes. A
pseudonymized condition was followed when handling plasma samples.

2.3. Measurements of the Plasma Oxidants/Antioxidants and NO
2.3.1. Quantification of Thiobarbituric Acid Reactive Substances (TBARS) in
Plasma Samples

Plasma lipid peroxidation was quantified by means of the TBARS assay Kit (Cay-
man Chemical, Ann Arbor, MI, USA), that examines the production of malondialdehyde
(MDA) [27,30]. In order to perform this quantification, we added sodium dodecyl sulfate
solution (100 μL) and Color Reagent (2 mL) to plasma samples (100 μL), which were boiled
(1 h) and put on ice (10 min) to block the reaction. After centrifugation (10 min at 1600× g;
4 ◦C), 150 μL of each sample was transferred to a 96-well plate to quantify MDA, by means
of a spectrophotometer (VICTOR™ X Multilabel Plate Reader; PerkinElmer; Waltham, MA,
USA), at 530–540 nm excitation/emission wavelengths. A reference standard curve with
the TBARS Standard was prepared to perform an accurate analysis of TBARS in the sam-
ples. The levels of TBARS were expressed as MDA (μM). We executed each measurement
in triplicate.

2.3.2. Quantification of the 4-Hydroxy Nonenal (4-HNE) in Plasma Samples

Plasma lipid peroxidation was also examined through the 4-HNE ELISA Kit (FINE
TEST; Wuhan Fine Biotech Co., Ltd., Wuhan, China), in which the sample or standard
competes with a fixed amount of 4-HNE on the solid phase supporter for sites on the
Biotinylated Detection Antibody specific to 4-HNE [31]. Briefly, 50 μL standard or sample
was added to each well, together with 50 μL Biotin-labeled Antibody, and left to incubate for
45 min at 37 ◦C. After washing the plate, 100 μL of SABC working solution was added and
left to incubate for 30 min at 37 ◦C. After washing again, 90 μL of TMB substrate solution
was added and left in incubation for 10–20 min at 37 ◦C. Thereafter, 50 μL stop solution was
added and the reading was performed at 450 nm through a spectrophotometer (VICTOR™
X Multilabel Plate Reader). A reference standard curve with the 4-HNE Standard was
prepared to perform an accurate analysis of 4-HNE in the samples. The concentration of
4-HNE was expressed as pg/mL. We executed each measurement in triplicate.
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2.3.3. Quantification of Glutathione (GSH) in Plasma Samples

The plasma GSH levels were measured by means of the Glutathione Assay Kit (Cay-
man Chemical) [27,31], which utilizes a carefully optimized enzymatic recycling method
using glutathione reductase for the quantification of GSH. In this assay, the sulfhydryl
group of GSH reacts with 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB; Ellman’s reagent) and
produces a yellow-colored 5-thio-2-nitrobenzoic acid (TNB). The mixed disulfide, GSTNB
(between GSH and TNB) that is produced is reduced by the glutathione reductase to recycle
the GSH and produce more TNB. The rate of TNB production is directly proportional to this
recycling reaction, which, in turn, is directly proportional to the concentration of GSH in the
sample. Because of the use of glutathione reductase in the Cayman GSH assay kit, both the
reduced (GSH) and the oxidized glutathione (GSSG) are measured and the assay reflects the
total GSH. In order to perform the GSH quantification, we deproteinated plasma samples
through the addition of a meta-phosphoric acid solution in an equal volume. Thereafter, we
centrifuged the samples at 2000× g for 2 min, then we collected the supernatants and added
50 μL /mL of TEAM reagent to increase the pH. Then, we transferred 50 μL of each sample
to a 96-well plate for the quantification of GSH by means of a spectrophotometer (VICTOR™
X Multilabel Plate Reader), at 405–414 nm excitation/emission wavelengths. In order to
execute an accurate analysis of GSH plasma levels (as μM), we prepared a standard curve,
as suggested by the Glutathione Assay Kit, and executed each measurement in triplicate.

2.3.4. Quantification of the Glutathione Peroxidase Activity (GPx) in Plasma Samples

The plasma glutathione peroxidase activity was measured by means of the Glutathione
Peroxidase Assay Kit (Cayman Chemical), which measures the GPx activity via a coupled
reaction with glutathione reductase [32]. Briefly, samples (20 μL) were incubated in an
assay buffer (100 μL Tris-EDTA) and in a co-substrate mixture, which contained NADPH,
glutathione, and glutathione reductase (50 μL). The reaction was initiated by adding 20 μL
cumene hydroperoxide. After mixing for a few seconds, the reaction was read at 340 nm
using a spectrophotometer (VICTOR™ X Multilabel Plate Reader) every min for five time-
points. A standard curve was built to compare the GPx activity, which was expressed as
nmol/min/mg protein after normalization to the total protein amount. We executed each
measurement in triplicate.

2.3.5. Evaluation of Plasma NO

We analyzed the plasma NO as both nitrites and nitrites/nitrates (NOx) through
the Nitrate/Nitrite Fluorometric Assay Kit (Cayman Chemicals). Briefly, the plasma
samples were ultrafiltered through the Amicon® Ultra filter (30kDa MWCO Merck KGaA,
Darmstadt, Germany) in order to remove proteins. For the NOx measurement, 10 μL of
each sample was mixed with 70 μL assay buffer in a 96-well plate, followed by addition
of the enzyme cofactor and of the nitrate reductase mixture. After incubation for 2 h,
2,3–diaminonaphthalene (DAN) and NaOH were added in each well and the absorbance
was read through a spectrophotometer, as specified below. In order to measure the nitrites,
after the addition of 10 μL of sample and 70 μL assay buffer, the DAN Reagent was
immediately added in the 96-well plate and left in incubation for 10 min. After the addition
of NaOH, the plate was immediately read at the excitation wavelength of 365 nm and
emission wavelength of 430 nm through a spectrophotometer (VICTOR™ X Multilabel
Plate Reader). Standard curves were built to compare the nitrites and NOx, which were
expressed as μM. We executed each measurement in triplicate.

2.4. In Vitro Experiments
2.4.1. Effects of Plasma Samples on HUVEC and Astrocytes

For the in vitro experiments, the plasma of 10 patients at T0 and T2 and of 5 healthy
controls at T0 was used. Non-treated cells were also included in the analyses. In particular,
we used specific Transwell inserts in order to analyze cell viability (MTT assay), mitochon-
drial membrane potential, mitochondrial ROS (mitoROS), and NO release in HUVEC and
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astrocytes treated with plasma samples (Figure 1). As in previous experiments [27], plasma
samples (10% of the total volume of each insert), were placed in the apical surface of the
insert for 3 h, while HUVEC cells or astrocytes were plated in the basal one. After 3 h
stimulation with plasma, we removed the inserts and executed various assays, as described
below. Different pools of HUVEC and astrocytes were used to perform the experiments,
which were executed in triplicate and repeated three times.

Figure 1. In vitro experimental protocol.

2.4.2. Cell Cultures

HUVEC (ATCC, catalog. no. CRL-1730TM), and mice immortalized astrocytes (kindly
provided by prof. Dmitry Lim) [33], were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma-Aldrich, Milan, Italy) with 10% fetal bovine serum (FBS; Euroclone, S.p.A.;
Pero, Milan, Italy), 2 mM L-glutamine (Euroclone) and 1% penicillin/streptomycin (Sigma-
Aldrich).

2.4.3. Cell Viability

In HUVEC and astrocytes, the viability was examined using the 1% 3-[4,5-dimethylthiazol
-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Life Technologies Italia, Monza, Italy)
dye [27,34,35]. To perform this analysis, 50,000 HUVEC/astrocytes/well were plated
in 24-Transwells plates in complete medium (DMEM supplemented with 10% FBS). After
stimulation with plasma as described above, the medium was replaced with fresh culture
medium (0% red phenol and 0% FBS). Then, the MTT dye was added to the well plates and
left to incubate for 2 h at 37 ◦C. Thereafter, the medium was replaced with an MTT solubi-
lization solution (dimethyl sulfoxide; Sigma) and mixed in order to dissolve the formazan
crystals. In each sample, the absorbance was read at 570 nm through a spectrophotometer
(VICTOR™ X Multilabel Plate Reader). The viability of HUVEC/astrocytes was compared
with that of control cells (non-treated cells), which was set as 100%.

2.4.4. Mitochondrial Membrane Potential Measurement

We used the JC-1 assay in order to examine the mitochondrial membrane potential of
HUVEC/astrocytes, as was the case in previous experiments [27,34,35]. Briefly, HUVEC
and astrocytes (50,000 cells/well) positioned in 24-Transwells plates in complete medium
were stimulated with plasma for 3 h, as described for the MTT assay. After stimulation,
the medium was removed and cells were incubated for 15 min at 37 ◦C with the 5,51,6,61-
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tetrachloro-1,11,3,31 tetraethylbenzimidazolyl carbocyanine iodide (JC-1) 1X diluted in
Assay Buffer 1X (Cayman Chemical). After washing twice using the Assay Buffer 1X, the
red (excitation 550 nm/emission 600 nm) and green (excitation 485 nm/emission 535 nm)
fluorescence was read through a spectrophotometer (VICTOR™ X Multilabel Plate Reader;
PerkinElmer). Data were normalized in relation to non-treated cells, taken as control.

2.4.5. MitoROS Release

The MitoROS release was examined using the Cayman’s Mitochondrial ROS Detection
Assay Kit (Cayman Chemical) [27,35,36]. In particular, 50,000 HUVEC/astrocytes/well
were positioned in 24-Transwells plates in complete medium and they were stimulated
with plasma, as was the case for cell viability and mitochondrial membrane potential
quantification. After stimulation, we blocked the reactions by replacing the culture media
with 120 μL of Cell-Based Assay Buffer. Then, we aspirated the Buffer and added 100 μL
of Mitochondrial ROS Detection Reagent Staining Solution to each well. After incubation
at 37 ◦C, with protection from light for 20 min, we removed the Staining Solution and
washed each well three times with 120 μL of PBS. In each sample, the absorbance was
read at excitation/emission wavelengths of 480 nm and 560 nm, respectively, through
a spectrophotometer (VICTOR™ X Multilabel Plate Reader). Data were normalized in
relation to non-treated cells taken as control.

2.4.6. NO Release

We used the Griess assay (Promega), to quantify the NO release in HUVEC and
astrocytes [27,34]. To examine the NO release through the Griess assay, HUVEC and
astrocytes (50,000 cells/well) were plated in 24-Transwells plates in complete medium and
stimulated with plasma, as performed for MTT, JC-1 and mitoROS assays. At the end, we
added an equal volume of Griess reagent in the sample’s supernatants and the reading
of each sample was performed at 570 nm, through a spectrophotometer (VICTOR™ X
Multilabel Plate Reader). The NO release was quantified in relation to a standard curve,
and the production of NO was expressed as nitrites (μM).

2.5. Statistical Analysis

The Research Electronic Data Capture software (REDCap 13.7.18, Vanderbilt Uni-
versity, Nashville, TN, USA) was used to collect data. For each patient, the mean of the
multiple measurements was considered for the analysis. The median and interquartile
range (IQR) were used to summarize quantitative variables. The Mann–Whitney test was
used to test the differences between two groups and the difference between two time points
was evaluated using the Wilcoxon signed-rank test. The correlation between quantitative
variables was evaluated using the Spearman’s correlation coefficient. A p-value < 0.05
was considered statistically significant. STATA software (StataCorp. 2021. Stata Statistical
Software: Release 17. College Station, TX: StataCorp LLC) and Graph PAD (GraphPad 6.0
Software, San Diego, CA, USA) were used for statistical analysis.

3. Results

3.1. Clinical Data

Thirty-two patients (19 males and 13 females), with a median age of 67.00 (IQR: 58–70),
were recruited for this study. The demographic and phenotypic features of enrolled patients
are shown in Table 1. We did not observe any difference in sex and age between ALS patients
and healthy controls (p-value > 0.05). At T1 (after three months), five patients left the study
(due to death or loss at follow-up) and at T2, 11 patients left the study. In total, we analyzed
32 patients at T0, 27 patients at T1, and 21 patients at T2.
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Table 1. ALS patients’ demographic and phenotypic features. ALSFRS-R: Amyotrophic Lateral
Sclerosis Functional Rating Scale—Revised; FVC: forced vital capacity; BMI: body mass index.
The rate of disease progression was calculated as (ALSFRS-R at baseline—last available ALSFRS-
R/months) and considered fast progressors if the rate was >0.8.

Patients’ Features (n = 32)

Sex (male/female) 19 (59%)/13 (41%)

Age at onset (median, IQR) 67 (58–70)

Phenotype (spinal/bulbar, %) 22 (69%)/10 (31%)

ALSFRS-R baseline (median, IQR) 39 (35–43)

FVC% baseline (median, IQR) 72 (49–94)

BMI baseline (median, IQR) 23.2 (20.0–26.0)

Rate of progression (fast/slow, %) 19 (59%)/13 (41%)

At T1, the median ALSFRS-R was 37 (IQR: 30.50–41.00), with an FVC% of 72 (IQR:
55–95) and BMI of 22.25 (IQR: 19.98–25.88). At T2, the median ALSFRS-R was 33 (IQR:
31.00–38.00), with an FVC% of 69 (IQR: 51–90) and BMI of 23.45 (IQR: 19.93–26.88).

3.2. Plasmatic Quantifications

In ALS patients at T0 and T1, the plasma TBARS and 4-HNE were higher (Figure 2A,B),
whereas the plasma GSH levels and the GPx activity were lower than those found in healthy
controls (Figure 2C,D). After six months of treatment with ALCAR (T2), plasma TBARS
and 4-HNE decreased (Figure 2A,B) and plasma GSH and GPx activity increased in ALS
patients (Figure 2C,D). Notably, regarding the lipid peroxidation markers, the TBARS levels
measured at T2 were similar to those found in healthy controls at T0, whereas the 4-HNE
levels were still higher.

Regarding NO evaluated as nitrites and NOx, the plasma levels were significantly
lower at T0 and T1 than those measured in healthy controls. Despite the improvement
observed at T2, however, they continued to be very low even 6 months after the start of
ALCAR treatment (T2; Figure 2E,F).

Figure 2. Cont.
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Figure 2. Plasma thiobarbituric acid reactive substances (TBARS), expressed as malonyldialdeide
(MDA), (A), 4-hydroxy nonenal (4-HNE), (B), glutathione (GSH), (C), glutathione peroxidase activity
(GPx), (D) and nitric oxide (NO) as nitrites (E) and nitrites/nitrates levels (NOx), (F) in ALS patients and
healthy controls (CS) at recruitment (T0), after three months (T1) and six months (T2) Acetyl-L-Carnitine
(ALCAR) treatment. Square brackets indicate significance between groups as p-value < 0.05.

3.3. In Vitro Experiments

We used the plasma of 10 ALS patients taken at T0 and T2 to stimulate HUVEC. We
examined the effects on cell viability, mitochondrial membrane potential, mitoROS, and NO
release compared with those elicited by plasma of five healthy controls at T0. As shown in
Figure 3, plasma of ALS patients taken at T0 reduced cell viability, mitochondrial membrane
potential, and NO release by HUVEC, while it increased mitoROS release. Meanwhile, the
plasma of healthy controls did not have any effects on viability and mitochondria function,
whereas it was able to increase NO release (Figure 3).

After 6 months of ALCAR treatment (T2), the plasma of ALS patients was still able
to reduce viability and mitochondrial membrane and to increase the release of mitoROS
in HUVEC compared with what was observed for the plasma of healthy controls. How-
ever, the effects were lower than those found with the plasma of the same patients at T0
(Figure 3A–C). It should be noted that the release of NO caused by ALS patients’ plasma
taken at T2 in HUVEC was even lower than that observed at T0 (Figure 3D).
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Figure 3. Effects of plasma of ALS patients and healthy controls (CS) on cell viability (A), mitochon-
drial membrane potential (B), mitochondrial reactive oxygen species (mitoROS) release (C), nitric
oxide release (NO), (D) in human umbilical cord-derived endothelial vascular cells (HUVEC). T0:
recruitment; T2: after six months of Acetyl-L-Carnitine (ALCAR) treatment. Square brackets indicate
significance between groups as p-value < 0.05. * indicates p-value < 0.05 vs. C.

Similar results to those found in HUVEC were observed in astrocytes (Figure 4).
In fact, also in this case the plasma of ALS patients at T0 reduced the viability and the
mitochondrial membrane potential and increased the release of mitoROS. As observed in
HUVEC, those effects were reduced when plasma of ALS patients at T2 was used to treat
astrocytes. In the case of NO, it should be noted that while with the plasma of ALS patients
at T0, we did not observe any particular effect, with plasma taken 6 months after starting
ALCAR (T2), it was possible to observe an increase in the release of NO from the astrocytes
(Figure 4D).
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Figure 4. Effects of plasma of ALS patients and healthy controls (CS) on cell viability (A), mitochon-
drial membrane potential (B), mitochondrial reactive oxygen species (mitoROS) release (C), nitric
oxide release (NO), (D) in astrocytes. T0: recruitment; T2: after six months of Acetyl-L-Carnitine (AL-
CAR) treatment. Square brackets indicate significance between groups as p-value < 0.05. * indicates
p-value < 0.05 vs. C.

3.4. Clinical Correlations

No statistically significant correlation was found between clinical and demographic
features (e.g., age, sex, site of onset, ALSFRS-R, FVC%, and BMI at baseline) and plasmatic
values of TBARS, 4-HNE, GSH, GPx activity and NO at baseline and over time. Similarly,
comparing the sporadic patients vs. a group of patients’ carriers of the C9Orf72 mutation,
we did not observe any difference between the two groups at baseline and over the course
of the disease in terms of oxidative stress markers. Interestingly, at T1, we observed higher
levels of TBARS and 4-HNE in fast-progressing patients compared to slow progressors
(p-value: 0.02). No other variables were associated with functional progressions.
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4. Discussion

This study confirms that the balance between oxidants and antioxidants is affected in
ALS and demonstrates that the treatment with ALCAR can improve the altered redox state
condition in ALS patients. As has already been highlighted, the levels of MDA, expressed
as TBARS, and the amount of 4-HNE in the plasma of patients affected by ALS at the time
of recruitment were higher than those found in the group of healthy controls. A reduction
in the plasma GSH rate and of the GPx activity accompanied this observation.

It is noted that the assays we used to quantify the plasma lipid peroxidation and the
amount of the antioxidants in ALS patients and healthy controls are those widely used to
conduct this type of investigation [27,30,31,37–42].

Regarding MDA, its levels have been shown to predict worse clinical outcomes in
patients with cardiovascular diseases, Alzheimer’s, and multiple sclerosis, and they are
taken as a marker of ferroptosis [36]. Also, the TBARS assay is considered as a consistent
and reproducible method for measuring MDA in biological fluids and cell lysates [43].
Notably, the procedure we followed in our study is the same used in recent papers to
evaluate lipid peroxidation in plasma [37–39,44,45]. Moreover, we followed the same
procedure to examine the plasma MDA levels in a previous study about ALS [27].

In addition, the 4-HNE levels, which we found to be increased in plasma, although
with a decreasing trend in all time-points in ALS patients, have been associated with a
greater clinical decline over an 18-month follow-up period [40].

Also, in this study, we used the DTNB-based spectrophotometric method for the
quantification of the GSH levels, which was found to provide similar results to those of the
chromatography-based method [46] and has been widely adopted to analyze the amount
of plasma GSH [27,44,45,47,48].

Overall, therefore, our data confirm the previous conclusions relating to the presence
of an alteration in the balance between oxidants and antioxidants in patients affected by
neurodegenerative diseases, such as ALS. Hence, an increased level of protein carbonyl in
the spinal cord and motor cortex of patients with sporadic ALS was shown [49,50]. Also,
the activity/expression of SOD, catalase, glutathione reductase and glutathione transferase
were found to be reduced in the cerebrospinal fluid or peripheral blood mononuclear cells
of patients with familial or sporadic ALS [51–53].

Regarding GSH, which is well known to non-enzymatically react with ROS, a reduction
in the GSH/oxidized glutathione (GSSG) ratio and of GSH levels has been observed in the
cerebrospinal fluid of ALS patients [54]. In particular, the dysregulation of GSH homeostasis
is believed to contribute to the development and progression of ALS [46,55].

In order to better investigate the level of antioxidants, in this study, we examined the
activity of the GPx, as well. The results obtained confirm those relating to GSH, since the
GPx activity was much lower than that found in plasma of controls at all time-points. Our
data are also in agreement with previous observations found in plasma of ALS patients
and in postmortem brain homogenates [42,52,56].

That alteration in the redox state could be associated with cellular dysfunction with
particular regard to mitochondria. This was confirmed by the in vitro studies we per-
formed by stimulating HUVEC and astrocytes with plasma of ALS patients. As previously
found [27], the results obtained showed a reduction in viability of both cell types, which
was accompanied by a decrease in mitochondrial membrane potential and an increased
mitoROS release. We used the Mitochondrial ROS Detection Assay to investigate this, since
we were focused on the analysis of the mitochondrial function of HUVEC and astrocytes.
Those findings evidenced not only the role of unknown circulating factors capable of caus-
ing cellular damage through mitochondria dysfunction, but also of the members of the
NVU in the onset of ALS.

Our data would support the knowledge that compromised mitochondria and oxidative
stress could act as contributing factors for ALS pathology. Changes in mitochondria morphol-
ogy have been shown in neurons and glial cells from ALS patients and animal models [57,58].
These alterations were also observed in both SOD1 and TDP43 ALS mice, indicating that

15



Antioxidants 2023, 12, 1887

they are common denominators of different genetic forms of ALS [59,60]. Those changes
could lead to a cascade of events capable of altering mitochondrial respiration and ATP
production, thus causing an increase in oxidative stress [61]. The fact that in our study,
the reduction in the mitochondrial membrane potential of HUVEC and astrocytes was
accompanied by an increase in mitoROS release corroborates the above issues.

The treatment of ALS patients with ALCAR was able to improve the redox state of
ALS patients. Hence, the levels of TBARS and 4-HNE were, in fact, reduced, whereas those
of GSH and the GPx activity were already increased at 3 months after the initial ALCAR
administration, compared to T0. The improvement in the oxidative stress condition was
maintained even after 6 months after the onset of ALCAR treatment.

The beneficial effects found in plasma of patients were also observed in vitro, where
we obtained a reduction in the harmful effects elicited by plasma of ALS patients. In fact,
our results showed a decrease in mitochondrial damage and of mitoROS production in
HUVEC and astrocytes. It could be underlined that the data we obtained can provide
information on the protective effect of ALCAR. Currently, little knowledge is available
regarding its actions on astrocytes and existing research mainly refers to the damage
induced by ethanol or caused by spinal cord injury [62,63].

In addition, our findings corroborate the role of ALCAR as a protective agent in ALS
through the modulation of the mitochondria function and oxidative stress [18–20]. More-
over, the data we obtained highlight the members of the NVU as a possible pharmacological
target of ALCAR, which could be relevant knowledge with regard to ALS management.
Indeed, the NVU may play a role in the pathophysiology of ALS by preventing unknown
circulating factors from entering the CNS [64]. Indeed, studies in animal models and
ALS patients have shown the degeneration of endothelial cells and astrocytes end-feet
processes surrounding microvessels [65,66]. In addition, vascular dysfunction could repre-
sent an early pathogenic event in ALS as shown in SOD1 mutant mice and rats, in which
brain–blood barrier alterations were reported before MNs degeneration [24–26,67].

Interestingly, at T1, throughout the disease course, we observed a difference in lipid
peroxidation markers (TBARS and 4-HNE) between fast-progressing patients and slow
progressors, which could indicate a stronger dysfunction in the oxidative stress in patients
with a more severe disease and, likely, a minor beneficial effect of the available treatment.
Our data on 4-HNE are, therefore, in agreement with the previous data, which showed a
correlation between the aforementioned marker and a greater disease severity [40].

The results about plasma NO, which was evaluated based on nitrites and NOx levels,
are worthy of discussion. They showed that plasma nitrites and NOx levels were lower not
only in ALS patients than those of the healthy controls at T0, but even at T1, which was
at 3 months from the start of ALCAR treatment. An increase in those plasma values was
observed at T2, but it settled at levels much lower than those observed in healthy controls.

Our data, therefore, highlighted the presence of an endothelial dysfunction in ALS
patients, which was not affected by the treatment with ALCAR.

This finding was confirmed by the in vitro experiments, since the plasma of ALS
patients was able to reduce the NO release by HUVEC at both T0 and, in this case, more
strongly, at T2.

Those results could add information about the role of endothelium in the ALS genesis,
which has not yet been well investigated. Endothelial cell degeneration and vascular leak-
age was reported in SOD1 mutants prior to MNs damage and neurovascular inflammatory
response, indicating that this damage plays a central role in ALS initiation. Also, reduced
levels of tight junction proteins ZO-1, occludin, and claudin-5 were demonstrated before
ALS onset, as was a reduction in blood flow through the cervical and lumbar spinal cord in
pre-symptomatic G93A SOD1 mice [67]. Finally, circulating endothelial cells were found to
be reduced in ALS patients [68].

In this way, therapeutic approaches aiming to protect the endothelium either as
direct cytoprotection or through eliminating microenvironment influences should be im-
proved [68,69].
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In astrocytes treated with ALS plasma, we observed an increased NO release at T2,
which is in agreement with previous data about this issue [70–73]. NO is well known to
act both as a mediator of physiological and neuroprotective actions and as an effector of
neural damage [70] depending on its concentration, its oxidative/reductive status, cellular
specificity, and the nature of downstream target molecules [74–76].

Even if this aspect has not been analyzed, we could hypothesize a different activation–
expression of various NO synthase (NOS) isoforms in HUVEC and astrocytes in response
to plasma from ALS patients, which would be related to the condition of oxidative stress
and/or inflammation. It is well known, in fact, that while the endothelial NOS isoform
is involved in the physiologic and low amount of NO release, the inducible NOS isoform
is responsible for the increased NO production which could be observed in conditions
characterized by oxidative stress/inflammation [77]. It could therefore be hypothesized
that the presence of unknown factors in the plasma of ALS patients is capable of having
the opposite effect on the above NOS. The fact that the modulation of NO release we have
observed in HUVEC and astrocytes was not counteracted by ALCAR could represent a
crucial factor in drug-protective actions. Hence, our data would show that on the one
hand, ALCAR would act as a protective factor on the redox state and on the mitochondrial
function of the NVU members, while on the other hand it would not be so effective at
maintaining the balance in NO release in the NVU. If the maintenance of endothelial
function and the regulation of NO release are crucial to the pathophysiology of ALS and
patients’ management, the lack of ability of ALCAR to interfere with the aforementioned
mechanisms could represent a bias.

Regarding the effects on oxidative stress and mitochondria, it was shown that ALCAR
can be metabolized in neuronal mitochondria to free carnitine and acetyl-CoA [15]. The
latter can be used as a substrate for lipids and neurotransmitters synthesis. Instead, free
carnitine can be turned into products, such as carnitine derivatives of acyl-CoA conjugates,
in the mitochondrial matrix, which could represent a valuable tool for reducing toxicity
in oxidative stress conditions through the prevention of accumulation of long-chain fatty
acids and long chain acyl-CoAs [78]. Furthermore, free carnitine has been reported to
play a key role in the mitochondrial functions, fatty acid metabolism, and the production
of ATP [79]. Moreover, many experimental findings demonstrated that ALCAR could
protect mitochondria against oxidative stress. Also, ALCAR administration induced mito-
chondrial biogenesis in hypoxic rats and increased mitochondrial mass after spinal cord
injury [15]. Considering what was reported above, our data corroborate the previous
findings about the antioxidant effects of ALCAR, which are related to the modulation of
mitochondrial function.

Our study has limitations: firstly, all patients were taking ALCAR and riluzole, al-
though administration of these medications started one month before the baseline. As
riluzole is the only drug approved to treat ALS in Europe, from an ethical point of view,
it is not possible to hypothesize a control arm without riluzole and, similarly, in clinical
practice, most of our patients routinely take ALCAR. Moreover, in this study, we used
the same methods for assessing plasma oxidative stress as those adopted in the previous
study, which focused on the evaluation of the same markers in ALS patients at T0 (before
ALCAR treatment), in order to come to more meaningful conclusions about the effects of
ALCAR treatment. However, it could be helpful to broaden the analysis of the oxidative
stress markers by adding the quantification of hydrogen peroxide or superoxide. Also, the
NO levels could be examined through a flow injection analysis. In addition, it could be
useful to investigate the intracellular pathways implicated in plasma effects in HUVEC
and astrocytes, particularly concerning NO release, and perform cross talk experiments
between members of the NVU.

5. Conclusions

From the above analysis, we observed a fundamental role of oxidative stress, the
alteration of mitochondrial function, and of the NVU in ALS pathogenesis at baseline
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and over time. We also reported a significant improvement in these parameters over time
during the concomitant ALCAR treatment. These results can have a double meaning, acting
both as disease markers at baseline and as potential markers of drug effects in clinical
practice and during clinical trials.
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Abstract: Amyotrophic lateral sclerosis (ALS) is a progredient neurodegenerative disease character-
ized by a degeneration of the first and second motor neurons. Elevated levels of reactive oxygen
species (ROS) and decreased levels of glutathione, which are important defense mechanisms against
ROS, have been reported in the central nervous system (CNS) of ALS patients and animal models.
The aim of this study was to determine the cause of decreased glutathione levels in the CNS of the
ALS model wobbler mouse. We analyzed changes in glutathione metabolism in the spinal cord,
hippocampus, cerebellum, liver, and blood samples of the ALS model, wobbler mouse, using qPCR,
Western Blot, HPLC, and fluorometric assays. Here, we show for the first time a decreased expression
of enzymes involved in glutathione synthesis in the cervical spinal cord of wobbler mice. We provide
evidence for a deficient glutathione metabolism, which is not restricted to the nervous system, but
can be seen in various tissues of the wobbler mouse. This deficient system is most likely the reason
for an inefficient antioxidative system and, thus, for elevated ROS levels.

Keywords: ALS; oxidative stress; wobbler mice; liver; hippocampus; cerebellum; glutamate cysteine
ligase (GCL); glutathione synthetase (GSS); multidrug resistance protein (MRP); gamma-glutamyl
transpeptidase (GGT)

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease char-
acterized by the rapid degeneration of motor neurons in the motor cortex, brain stem, and
spinal cord. To date, the pathogenesis and pathomechanisms of ALS have not been fully
elucidated, with the majority of patients exhibiting signs of oxidative stress [1–5]. Similar to
other neurodegenerative diseases, ALS is thought to be caused by a combination of genetic
and environmental factors as well as age-related dysfunction [6]. The understanding of
these genetic and pathophysiological mechanisms of ALS has led to the identification of
promising therapeutic targets. However, over the past half-century, more than 50 random-
ized controlled trials (RCT) for proposed disease-modifying drugs have been negative [7].
Thus, no causative therapy exists so far [8].

Genetic studies of ALS have led to the development of numerous mouse models,
which are highly relevant for understanding the pathophysiology of the disease and for the
development of therapeutic targets. Among others, the wobbler mouse (WR) that sponta-
neously emerged in a C57BL/Fa strain is used as an ALS animal model [9]. These mice
exhibit a spontaneous autosomal-recessive point mutation in the vacuolar–vesicular protein
sorting 54 (VPS54) gene, which was soon linked to the degeneration of upper and lower mo-
tor neurons [10,11]. The point mutation results in a destabilization of the Golgi-associated
retrograde protein (GARP) complex, which leads to an impairment of the retrograde vesicle
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transport and a missorting of endosomal and Golgi-associated proteins [12]. Golgi dysfunc-
tions in wobbler mice have been related to various pathological abnormalities in motor
neurons [13]. Recently, mutations in the VPS54 gene have been discovered in ALS patients
within Project MinE (http://databrowser.projectmine.com/, accessed on 24 April 2023) [14].
However, the exact role of Golgi dysfunction in the development of ALS remains to be
investigated [12]. In homozygous wobbler mice, motor neuron death develops over time,
and these mice mimic ALS symptoms, as seen in ALS patients [13]. The course of disease in
wobbler mice can be divided into three phases [15]. In the pre-symptomatic phase, starting
postnatal (p0), no clinical symptoms are present. Clinical symptoms arise during the evolu-
tionary phase from p20 until p40. Here, wobbler mice progressively develop an unsteady
gait, muscle weakness, and characteristic head tremors. In addition to this, wobbler mice
remain smaller than their healthy littermates [16]. In the following symptomatic phase or
distinct clinical stage, starting from p40, all symptoms fully develop and stagnate. The
mice ultimately die from insufficiency of the respiratory musculature [15].

Elevated levels of reactive oxygen species (ROS) have been reported in the spinal cord
tissue of wobbler mice [17,18] as well as in different cells derived from ALS patients [3,4,19].
The consequences of oxidative stress, such as damage to DNA, proteins, and lipid mem-
branes, can be found in ALS patients [1,5,20–23] as well as in different ALS mouse mod-
els [18,24–27].

For maintaining the cells’ redox balance, an antioxidant detoxification system is vitally
important [28]. This includes endogenous antioxidant enzymes and co-enzymes, such as
glutathione and ubiquinone, as well as exogenous dietary antioxidant molecules, such
as ascorbic acid and tocopherols. Glutathione is the most abundant antioxidant in the
cell [28]. Reduced levels of glutathione are not only present in apoptosis but also pre-
cede neurodegeneration [29]. The bulk of plasma glutathione originates from the liver as
hepatocytes export glutathione into plasma for inter-organ glutathione homeostasis [30].
Plasma glutathione has been reported to influence glutathione uptake at the blood–brain
barrier [31–33]. Unlike astrocytes, neurons do not have an uptake mechanism for glu-
tathione and, therefore, rely on their own synthesis to maintain adequate concentrations.
Astrocytes play an essential role in providing neurons with substrates for glutathione
synthesis [34]. In the central nervous system (CNS), glutathione is cleaved into its con-
stituent amino acid in the extracellular space by enzymes located in the plasma membrane
of different cell types of the CNS [35]. The generated cysteine and glycine can then be
imported into other cells, such as neurons and oligodendrocytes, via different amino acid
transporters [36]. Notably, cysteine has been reported to be the rate-limiting precursor
for glutathione synthesis in neurons [37,38]. In the first step of glutathione synthesis, the
enzyme γ-Glutamyl-cysteinyl-ligase (GCL), which consists of a catalytic (GCLC) and a
modifier subunit (GCLM), creates γ-glutamyl-cysteine from the amino acids glutamate
and cysteine under consumption of adenosine triphosphate (ATP). This first step of GSH
synthesis is considered to be rate-limiting [39]. The next step is catalyzed by the glu-
tathione synthetase (GSS). It adds glycine to the precursor γ-glutamyl-cysteine under the
consumption of ATP, and glutathione is formed.

Accumulating evidence suggests that aberrant glutathione homeostasis is linked to the
development and progression of ALS, as recently reviewed by Kim [40]. This includes low
levels of glutathione in erythrocytes of ALS patients [41] and, importantly, the detection of
reduced levels of glutathione by 31% in the precentral gyrus of ALS patients compared to
healthy volunteers, using a magnet resonance (MR) spectroscopic technique [42]. Another
MR spectroscopic imaging study revealed that glutathione levels in the motor cortex
and corticospinal tract of ALS patients inversely correlate with time from diagnosis to
imaging [43]. On the molecular level, reduced levels of glutathione and a decreased ratio of
reduced glutathione (GSH)/oxidized glutathione (GSSG) in whole blood and the lumbar
spinal cord have been reported in G93A-SOD1 transgenic mice [44,45] as well as in cervical
spinal cord of wobbler mice [18].
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In this study, we aim to determine the cause of glutathione depletion in the cervical
spinal cord of wobbler mice. Therefore, we compared factors of glutathione synthesis and
ROS levels in different organ systems (liver, blood) and different CNS areas (spinal cord,
hippocampus, cerebellum) to clarify whether defects in glutathione homeostasis in wobbler
mice are restricted to motor areas of the CNS.

2. Materials and Methods

2.1. Animals

All animal experiments were performed in accordance with EU guidelines 2010/63/EU
concerning the protection of animals used for scientific purposes. Animal experiments
were conducted according to German animal welfare regulations and approved by the
local authorities (registration number Az. 84-02.04.2017.A085). Breeding, handling, and
genotyping were carried out as described previously [16]. Mice always had free access to
food and water and were kept at a 12-h night-and-day cycle. For each experiment, three
to six homozygous wild-type (wt/wt) and wobbler (wr/wr) mice in the distinct clinical
phase (p40) were used. Both genders were used.

2.2. Sample Collection

For qPCR, Western Blot, glutathione, and ROS analysis, mice were sacrificed by
decapitation. The cervical part of the spinal cord, liver, hippocampus, and cerebellum
were isolated, snap-frozen in liquid nitrogen, and stored at −80 ◦C. For the collection of
whole blood, erythrocyte, and plasma samples, mice were deeply anesthetized with a
combination of Ketamin (100 mg/kg) and Xylazin (10 mg/kg). After thoracic dissection,
blood was collected from the left ventricle in a K3EDTA laminated vessel (#20.1341, Sarstedt,
Nümbrecht, Germany). For erythrocyte and plasma collection, samples were centrifuged at
2000× g at 4 ◦C for 15 min. Afterward, the plasma and erythrocyte fraction were transferred
to a clean tube. Blood samples were stored at −80 ◦C.

2.3. RNA-Isolation, Reverse Transcription, and Quantitative PCR

Total ribonucleic acid (RNA) was isolated from 15–20 mg of frozen tissue using the
ReliaPrep™ RNA Tissue Miniprep System (#Z6111, Promega, Madison, WI, USA) following
the manufacturer’s protocol. Afterward, 500 ng of purified RNA was transcribed into
complementary desoxyribonucleic acid (cDNA) using the GoScript™ Reverse Transcription
Mix, Oligo(dT) (#A2791, Promega, Madison, WI, USA) according to the manufacturer’s
instructions. The quantitative real-time polymerase chain reaction (qPCR) was conducted
with 400 ng of cDNA. qPCR was performed using the GoTaq® qPCR Master Mix (#A6001,
Promega) on a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
Specific primers used are shown in Table 1. Gene expression was investigated in triplicates
and normalized to Glyceraldehyde–phosphate dehydrogenase (GAPDH). The analysis was
performed with tissue samples collected from at least four wild-type (WT) and four wobbler
mice (WR). The obtained cycle threshold (Ct)-values were analyzed using the 2−ΔΔCt—
method [46].

Table 1. Specific primers used for quantitative PCR.

Gene (Gene ID) Sense Primer Antisense Primer

Anpep (16790) 5′-TGGAGGATCTTTCTCCTTTGCC-3′ 5′-GTGGCTGAGTTATCCGCTTT-3′
Eaat3 (20510) 5′-TTCCTACGGAATCACTGGCTG-3′ 5′-TGTGTCCTCGAACCACGACT-3′
Gapdh (14433) 5′-GGAGAAACCTGCCAAGTATGA-3′ 5′-TCCTCAGTGTAGCCCAAGA-3′
Gclc (14629) 5′-ACAAGGACGTGCTCAAGTGG-3′ 5′-GTCTCAAGAACATCGCCTCCA-3′
Gclm (14630) 5′-CCCCGATTTAGTCAGGGAGTTT-3′ 5′-TTTCATCGGGATTTATCTTCTCCAC-3′
Ggt1 (14598) 5′-GAAGCCCGACCACGTGTACT-3′ 5′-CCACGGAACCACCTTCCTGT-3′
Ggt6 (71522) 5′-ACAAGCTACAACTCTGGGAGC-3′ 5′-CTCCTTAGGGAGAGGACCAG-3′

Ggt7 (207182) 5′-TTCGTCGTCATCGGAGATGG-3′ 5′-GCAGCTGAGAATGGGTCCTT-3′
Gls1 (14660) 5′-GGTCTTCCTGCAAAATCTGGA-3′ 5′-CCTTAACACTGTTGCCCATCT-3′
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Table 1. Cont.

Gene (Gene ID) Sense Primer Antisense Primer

Gls2 (216456) 5′-ACAAGACCGTGGTGAACCTG-3′ 5′-GGCTGTGCGGGAATCATAGT-3′
Gss (14854) 5′-AGGACGACTATACTGCCCGT-3′ 5′-AATCTGAGCGATTCAGGCCC-3′

Mrp1 (17250) 5′-GCTGGGCAGACCTCTTCTAC-3′ 5′-CAGTGTTGGGCTGACCAGTA-3′
Mrp4 (239273) 5′-CGTTTGCTGACCTCATTGCC-3′ 5′-ACGCCATGTTCATCCCTCTG-3′
Slc3a2 (17254) 5′-TGGTTATCATCGTTCGGGCG-3′ 5′-GCCTACAAAGGCCTGAAGGT-3′
Slc7a11 (26570) 5′-CACTTTTTGGAGCCCTGTCC-3′ 5′-CCAGCAAAGGACCAAAGACC-3′

Slc25a11 (67863) 5′-CTGGTGCATTTGTGGGAACG-3′ 5′-ACATTTTTGTAGCCACGGCG-3′

2.4. SDS-PAGE and Western Blot

For protein isolation, 15–20 mg of frozen tissue was used. Tissue samples were
subjected to Radioimmunoprecipitation Assay (RIPA) buffer (#9806, Cell Signaling Tech-
nology, Danvers, MA, USA), supplemented with protease inhibitor (#11873580001, Roche,
Mannheim, Germany) and homogenized with a clearance pestle and a 27G syringe. Sam-
ples were kept on ice the whole time. Next, samples were centrifuged at 12,700× g for
15 min at 4 ◦C, and the supernatant was transferred to a clean tube. Protein concentration
was determined by PierceTM BCA Protein Assay Kit (#23225, Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s protocol. A 4× Laemmli sample buffer
(#161-0747, BioRad, Hercules, CA, USA) was added to the samples. For detection of
GCLC, GSS, and gamma-glutamyl transferase 1 (GGT1), 50 μg and for multidrug resistance
protein 4 (MRP4), 100 μg of total protein per lane were separated by sodium dodecyl–
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). Next, proteins were transferred to
membranes (Table 2) via Trans-Blot Turbo Transfer System (BioRad, Hercules, CA, USA).
All membranes were blocked for 2 h at room temperature. Next, the primary antibodies
(Table 2) were incubated at 4 ◦C overnight. For GCLC and MRP4, actin was chosen as a
housekeeper. For protein detection of GSS and GGT1, Calnexin was chosen as a house-
keeper. The next day, membranes were washed with Tris-Buffered Saline with 0.1%TritonTM

X-100 (TBS-T) and incubated with the appropriate horseradish–peroxidase-conjugated sec-
ondary antibody (Table 2) for two hours at room temperature. After four washes with
TBS-T and two washes with Tris-Buffered Saline (TBS), protein bands were visualized with
Western Blotting Luminol Reagent (#sc-2048, Santa Cruz, Dallas, TX, USA) in an imaging
system (ChemiDoc XRS+, Bio-Rad, Hercules, CA, USA). For semiquantitative analyses,
the band intensities of the proteins of interest were normalized to the loading control. All
values were then normalized to the mean value of the normalized WT signals and plotted
as a percentage in a bar chart. Western Blot analysis was performed with tissue samples
obtained from at least four wild-type (WT) and four wobbler mice (WR).

Table 2. Primary and secondary antibodies used for Western Blotting.

Antibody Order Number Dilution Membrane

Anit-γGCSc mouse
monoclonal IgG2a antibody #sc-390811, Santa Cruz, USA 1:200 in ROTI®-Block (#A151,

Roth, Karlsruhe, Germany)
Nitrocellulose membrane

(#1704270, biorad)

Anti-GSS mouse monoclonal
IgG1 antibody #sc-166882, Santa Cruz, USA 1:200 in ROTI®-Block (#A151,

Roth, Karlsruhe, Germany)
Nitrocellulose membrane

(#1704270, biorad)

Anti-MRP4 rabbit monoclonal
IgG antibody

#12705, Cell Signaling
Technology, USA

1:1000 in 5% BSA (#8076.2,
Roth) in TBS-T

PVDF membrane (#1704272,
biorad)

Anti-GGT1 mouse
monoclonal IgG2b antibody #sc-374495, Santa Cruz, USA 1:1000 in 5% BSA (#8076.2,

Roth) in TBS-T
Nitrocellulose membrane

(#1704270, biorad)

Anti-Actin rabbit polyclonal
IgG antibody

#A5060, Sigma, St. Louis,
MO, USA

1:250 in ROTI®-Block (#A151,
Roth, Karlsruhe, Germany)

Nitrocellulose membrane
(#1704270, biorad) or PVDF

membrane
(#1704272, biorad)
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Table 2. Cont.

Antibody Order Number Dilution Membrane

Anti-Calnexin rabbit
polyclonal IgG antibody #sc-11397, Santa Cruz, USA 1:200 in ROTI®-Block (#A151,

Roth, Karlsruhe, Germany)
Nitrocellulose membrane

(#1704270, biorad)

Horse anti-mouse IgG (H +
L)-Horseradish Peroxidase

antibody

#PI-2000, Vector Laboratories,
Bulingame, CA, USA 1:10,000 in TBS-T

Goat anti-rabbit IgG (H +
L)-Horseradish Peroxidase

conjugate

#1706515, BioRad, Hercules,
CA, USA 1:10,000 in TBS-T

2.5. HPLC

Total glutathione (tGSH) concentrations in whole blood were assessed by high-per-
formance liquid chromatography (HPLC) separation and fluorescent detection using a
glutathione HPLC kit (#KC 1800, Immundiagnostik, Bensheim, Germany), according to
manufacturer’s instructions. In brief, ethylenediaminetetraacetic acid (EDTA) whole blood
samples were treated with an internal standard and a reducing agent. Samples were
derivatized, precipitated, and treated with a reaction buffer. Then, 20 μL was injected
into an HPLC system. The separation via HPLC followed an isocratic method at 30 ◦C
and a flow rate of 1 mL/min using a reversed-phase column (NUCLEODUR 100-3 C18
ec, 3 μm, 125 × 4 mm, #760051.40, Macherey–Nagel, Düren, Germany). Chromatograms
were recorded by a fluorescence detector using an excitation wavelength of 385 nm and
an emission wavelength of 515 nm. Quantification was performed with an EDTA-blood
calibrator included in the kit. Low-concentration and high-concentration control samples
also included in the kit, were measured as reference material. Samples, controls, and
calibrators were measured twice. Reference values: tGSH 763–1191 μmol/L. Intra-assay
coefficient of variation (CV): tGSH 3.9%. Inter-assay CV: tGSH 4.2%. tGSH concentrations
were calculated via the peak height by the internal standard method. HPLC analysis was
performed with whole blood drawn from six wild-type and six wobbler mice.

2.6. Glutathione Assay

For measurement of glutathione in tissue, erythrocyte, and plasma samples, a GSH/
GSSG Ratio Detection Assay Kit (#ab205811, Abcam, Cambridge, UK) was used, according
to the manufacturer’s instructions. In brief, 20 mg of tissue, 3 μL of erythrocytes, and 6 μL of
plasma were diluted 1:20, 1:100, and 1:35, respectively, in ice-cold phosphate-buffered saline
(PBS) containing 0.5% Nonidet P40 (PBS/0.5% NP40). Tissue samples were homogenized
and centrifuged at 13,000× g at 4 ◦C for 15 min. Fifty μL of each sample were plated in
duplicates in a 96-well plate suitable for fluorescence measurement. For measurement
of reduced GSH only, 50 μL of GSH Assay mixture (GAM) was added to each well. For
measurement of tGSH, 50 μL of total glutathione Assay mixture (tGAM) was added to each
well. With the aid of tGAM, which contains nicotinamide adenine dinucleotide phosphate
(NADPH) and Glutathione reductase, GSSG is converted to tGSH in an enzymatic reaction
with a ratio of 1 mole GSSG to 2 moles of GSH. After an incubation of 25 min at room
temperature, protected from light, fluorescence was read with a CytationTM 5 imaging
reader (BioTek Instruments, Winooski, VT, USA) at 490 nm excitation and 520 nm emission
with a reading time of 100 ms. The concentration of reduced GSH can be calculated from a
GSH standard curve. The concentration of oxidized GSSG is calculated as follows:

[GSSG] =
(tGSH − GSH)

2
(1)

The glutathione assay was performed with tissue, erythrocyte, and plasma samples
obtained from at least four wild-type and four wobbler mice.
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2.7. ROS Assay

For the detection of ROS in tissue samples, OxiSelectTM ROS/RNS In Vitro Assay
Kit (#STA-347, Cell Biolabs, San Diego, CA, USA) was used. In brief, 10 mg/mL of tissue
was homogenized in ice-cold 1xPBS and centrifuged at 10,000× g for 5 min at 4 ◦C right
after extraction. Homogenates were stored at −80 ◦C until use. The assay was performed
according to the manufacturer’s instructions. In brief, 50 μL of each sample was plated in
triplicates in a 96-well plate suitable for fluorescence measurement. Then, 50 μL of catalyst
was added to each well and incubated for 5 min at room temperature. Afterward, 100 μL
of 2′-7′dichlorofluorescin diacetate (DCFH) solution was added to each well. Fluorescence
was measured after an incubation of 20 min at room temperature, protected from light,
using a CytationTM 5 imaging reader (BioTek Instruments, Winooski, VT, USA) at 480 nm
excitation and 530 nm emission with a reading time of 100 ms. ROS assay was conducted
with tissue samples collected from four wild-type and four wobbler mice.

2.8. Statistical Analysis

Prism 6 (GraphPad Inc., La Jolla, CA, USA) was used for statistical analysis. Data
represent mean values of at least three independent experiments ± standard error of the
mean (SEM). Data were tested for significance using Student‘s t-test, and results with
p-values < 0.05 were considered statistically significant.

3. Results

There is accumulating evidence pointing toward the involvement of reactive oxygen
species in the neurodegenerative processes of ALS [1,3–5,19–23]. As glutathione is an
important defense system against ROS and previous studies have reported reduced glu-
tathione levels in ALS [41–43], we aimed to analyze glutathione metabolism in symptomatic
wobbler mice in detail.

3.1. Physiological Glutathione Synthesis in Liver of Wobbler Mice

First, we aimed to investigate whether deficits already exist in the global glutathione
production of the main organ for GSH synthesis, the liver. Therefore, we investigated
mRNA and protein expression of enzymes involved in glutathione synthesis in the liver
during the distinct clinical stage (p40) via qPCR and Western blot.

Gene expression of the catalytic (Gclc) and the modifier (Gclm) subunit of GCL was
significantly upregulated in wobbler mice, while mRNA expression of Gss was not altered
(Figure 1a). However, on the protein level, GCLC showed no alteration in wobbler mice
compared to wild-type mice (Figure 1b), presumably resulting in an unaltered produc-
tion of GSH precursor γ-glutamyl-cysteine. Interestingly, protein expression of GSS was
significantly increased (Figure 1b). Protein expression of the cleaving enzyme GGT1 was
also unaltered in the liver tissue of p40 wobbler mice compared to wild-type littermates
(Figure 1b). Measurements of total GSH (tGSH), reduced form of glutathione (GSH), and
oxidized form of glutathione (GSSG) levels showed no significant differences in liver tissue
of p40 wobbler mice compared to wild-type mice (Figure 1c,d). The observed unaltered
levels of tGSH and the GSH/GSSG ratio indicate that the liver of wobbler mice is not
exposed to oxidative stress. This was confirmed by the following measurement of the
levels of reactive oxygen species within the two genotypes. ROS levels in liver tissue of p40
wobbler and wild-type mice showed no significant alteration (Figure 1e).
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Figure 1. Physiological glutathione synthesis in liver of p40 wobbler mice. (a) mRNA expression
levels of Glutaminase 2 (Gls2), Gclc, Gclm, and Gss from the distinct clinical phase (p40) of wild-type
(WT) and wobbler (WR) liver were investigated by qPCR. Significantly increased mRNA levels of
Gls2, Gclc, and Gclm were observed in the liver of WR, while mRNA expression levels of Gss were not
significantly altered. For relative quantification, the 2−ΔΔCt method was performed using GAPDH
for normalization. FC = Fold Change; N = 4. (b) Left: Semiquantitative analysis of protein expression
levels in the liver of p40 WT and WR mice. GSS protein expression is increased in liver of WR, while
protein expression of GCLC and GGT1 remains unchanged. Right: Representative Western Blots
of GCLC (73 kDa), GSS (52 kDa), and GGT1 (55 kDa) in the liver of p40 WT and WR mice. Actin
(42 kDa) and Calnexin (97 kDa) were used as loading controls, respectively. Bar charts represent the
semiquantitative analysis of protein expression levels; N = 6. (c,d) Levels of tGSH (c) as well as the
ratio of GSH/GSSG (d) in liver of p40 WR mice show no significant alterations compared to WT.
tGSH, GSH, and GSSG levels of p40 WR mice compared to WT mice were analyzed via a fluorometric
glutathione assay; N = 4. (e) ROS levels in liver tissue of p40 WR mice are unchanged compared to
age-matched WT controls. ROS levels in liver tissue of p40 WR and WT mice were analyzed via a
fluorometric assay; N = 4. All data are provided as mean ± SEM. Data were tested for significance
using Student‘s t-test. Significant differences are indicated by ns. p ≥ 0.05, * p < 0.05, ** p < 0.01,
**** p < 0.0001.

3.2. Decreased Levels of Glutathione in Plasma and Erythrocytes of Wobbler Mice

Based on our findings in the liver tissue of wobbler mice, we hypothesized that
physiological amounts of glutathione are released into the plasma by hepatocytes. For this
reason, we analyzed glutathione amounts in whole blood, plasma, and erythrocytes of
wobbler mice during the distinct clinical stage (p40). In whole blood, tGSH levels were
analyzed with the aid of HPLC separation and fluorometric detection. tGSH levels in whole
blood of p40 wobbler mice showed no significant alterations compared to age-matched wild-
type controls (Figure 2a). A fluorometric glutathione assay was used for the measurement
of tGSH, GSH, and GSSG levels in plasma and erythrocytes. In plasma, wobbler mice
displayed significantly lower levels of tGSH as well as a significantly decreased ratio of
GSH/GSSG compared to p40 wild-type mice (Figure 2b,c). tGSH levels were unaltered in
the erythrocytes of wobbler mice compared to wild-type mice at the age of p40 (Figure 2d).
In line with the findings in plasma, the ratio of GSH/GSSG in erythrocytes of p40 wobbler
mice was significantly decreased compared to age-matched controls (Figure 2e).
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Figure 2. Decreased levels of glutathione in plasma of wobbler mice (p40). (a) HPLC measurement of
tGSH displayed unaltered levels in whole blood of WR mice compared to WT mice; N = 6. (b) WR
mice exhibit significantly lower levels of tGSH in plasma compared to WT mice; N = 7. (c) The ratio
of GSH/GSSG is significantly decreased in plasma of WR mice compared to WT; N = 4. (d) Unaltered
levels of tGSH in erythrocytes of p40 WR mice compared to WT mice; N = 4. (e) The ratio of
GSH/GSSG is significantly decreased in erythrocytes of WR compared to WT; N = 4. All data
are provided as mean ± SEM. Data were tested for significance using Student‘s t-test. Significant
differences are indicated by ns. p ≥ 0.05, ** p < 0.01, **** p < 0.0001.

3.3. Altered Expression of Enzymes Involved in Transport of Glutathione and Its Components in
the Cervical Spinal Cord

In the next step we aimed to find out how the detected deficiency of plasma glutathione
in wobbler mice is linked to the glutathione deficit in the cervical spinal cord reported
by our group before [18]. First, we investigated gene expression of enzymes involved in
transport of glutathione and its components in the cervical spinal cord of wobbler mice in
the distinct clinical stage (p40) via qPCR (Figure 3a). mRNA expression of Mrp4, which
has been assumed to transport glutathione across the blood–brain barrier [31,47], was not
significantly altered (Figure 3a). However, multidrug resistance protein 1 (Mrp1), which is
involved in glutathione export from astrocytes [48], showed a significantly elevated gene
expression (Figure 3a). Unfortunately, we were unable to obtain a reliable Western Blot for
MRP4 protein expression in spinal cord.

Besides the transport of glutathione itself, the import of amino acids is crucial for
glutathione synthesis in order to achieve adequate glutathione concentrations in cells of the
CNS. The cystine/glutamate exchanger system Xc- consists of a light chain xCT, encoded
by Solute carrier (Slc) 7a11 (Slc7a11), and a heavy chain 4F2hc, encoded by Slc3a2 [49].
mRNA levels of Slc7a11 were significantly elevated in wobbler mice, while mRNA levels
of Slc3a2 were not altered (Figure 3a). As glutathione synthesis takes place in the cytosol,
GSH is imported into mitochondria via 2-oxoglutarate/malate carrier protein, which is
encoded by Slc25a11 [50]. mRNA levels of Slc25a11 in the cervical spinal cord of wobbler
mice showed no alterations compared to wild-type mice (Figure 3a). Unlike astrocytes,
neurons do not contain an uptake mechanism for glutathione and, therefore, rely on their
own synthesis [34]. We analyzed mRNA expression of excitatory amino acid transporter
3 (Eaat3), the major transporter for the import of cysteine into neurons [36]. Remarkably, we
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found a significant downregulation of Eaat3 mRNA in the cervical spinal cord of wobbler
mice (Figure 3a).

Figure 3. Altered glutathione metabolism and synthesis in the cervical spinal cord of wobbler
mice. (a) mRNA expression levels of Mrp4, Mrp1, Eaat3, Slc7a11, Slc3a2, and Slc25a11 in the cervical
spinal cord of WT and WR mice from the distinct clinical stage (p40) were investigated by qPCR.
mRNA levels of Mrp1 and Slc7a11 are significantly increased, while mRNA expression levels of
Eaat3 are significantly decreased. Unaltered mRNA levels of Mrp4, Slc3a2, and Slc25a11; N = 4–8.
(b) Upregulation of genes involved in glutathione cleavage in the cervical spinal cord of wobbler
mice (p40). Significantly increased mRNA levels of Anpep and Ggt6 were measured, while mRNA
expression levels of Ggt1 and Ggt7 are unaltered; N = 4. (c) Decreased mRNA expression levels of
Gclc and Gss, alongside unaltered mRNA expression levels of Gls1 and Gclm in the cervical spinal
cord of WR mice compared to WT mice age p40. For relative quantification, the 2−ΔΔCt method was
performed using GAPDH for normalization. FC = Fold Change; N = 4. (d) Left: Semiquantitative
analysis of protein expression levels in the spinal cord of p40 WT and WR mice. Right: Representative
Western Blots of GCLC (73 kDa),GSS (52 kDa), and GGT1 (55 kDa) in the cervical spinal cord of p40
WT and WR mice. Actin (42 kDa) and Calnexin (97 kDa) were used as loading controls, respectively;
N = 4–8. All data are provided as mean ± SEM. Data were tested for significance using Student‘s
t-test. Significant differences are indicated by ns. p ≥ 0.05, * p < 0.05, ** p < 0.01.

3.4. Upregulation of Enzymes Involved in Glutathione Cleavage in the Cervical Spinal Cord of
Wobbler Mice

GSH released by astrocytes is cleaved to its constituent amino acids, which are later
imported into neurons. For this reason, we next analyzed the gene expression of enzymes
involved in glutathione cleavage in the cervical spinal cord of wobbler mice via qPCR
(Figure 3b). First, GSH is hydrolyzed by the ectoenzyme γ-glutamyl-transferase (GGT) in
the extracellular space [38]. Interestingly, the gene expression of Ggt6 was significantly
upregulated, while the gene expression of Ggt1 and Ggt7 was unaltered (Figure 3b). How-
ever, on the protein level, we found a significantly upregulated expression of GGT1 in
the cervical spinal cord of p40 wobbler mice (Figure 3d). In the next step, the ectoenzyme
aminopeptidase N (Anpep) further cleaves the resulting cysteinyl–glycine [35]. Remarkably,
gene expression of Anpep was significantly upregulated (Figure 3b).
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3.5. Decreased Levels of GCLC in the Cervical Spinal Cord of Wobbler Mice

The results described above demonstrate an upregulation of up to 40% of the investi-
gated genes of enzymes involved in glutathione metabolism in the cervical spinal cord of
p40 wobbler mice. Therefore, we next analyzed the gene expression of enzymes involved in
glutathione synthesis in the cervical spinal cord of wobbler mice in the distinct clinical stage
(p40) via qPCR. mRNA expression levels of Glutaminase1 (Gls1) and Gclm were unaltered,
while mRNA expression levels of Gclc and Gss were significantly decreased in wobbler mice
compared to wild-type (Figure 3c). To confirm whether this also applies to the protein level,
a Western Blot analysis was performed. Here, protein expression of GCLC was significantly
decreased in the cervical spinal cord of p40 wobbler mice (Figure 3d). However, Western
Blot analysis of GSS displayed significantly increased protein expression in the cervical
spinal cord of p40 wobbler mice compared to wild-type mice (Figure 3d).

3.6. Physiological Glutathione Metabolism in Hippocampus and Cerebellum of Wobbler Mice

To verify whether the observed changes in glutathione metabolism are specific to
the spinal cord or if they also occur in other areas of the CNS of the wobbler mice, we
performed the same analysis on hippocampal and cerebellar tissue from p40 wobbler and
wild-type mice.

In the hippocampus, qPCR revealed an upregulation of all analyzed genes involved in
the transport of glutathione and its components in wobbler mice compared to wild-type
mice (Figure 4a), whereas Western Blot analysis of MRP4 indicated an unaltered protein
expression (Figure 4b). mRNA expression levels of genes involved in glutathione cleavage
in the hippocampus were not significantly altered or even decreased (Figure 4a). Protein
expression of the cleaving enzyme GGT1 was unchanged in the hippocampus of p40 wob-
bler mice compared to wild-type mice (Figure 4b). For enzymes involved in glutathione
synthesis in the hippocampus, qPCR showed significantly increased mRNA expression
levels of Gclc, besides unaltered mRNA expression levels of Gclm and Gss (Figure 4a).
However, on the protein level, Western Blot analysis revealed an unaltered expression
of GCLC and a significantly upregulated expression of GSS (Figure 4b). Measurements
of glutathione level in hippocampal tissue of p40 wobbler mice confirmed the assump-
tion of unaltered glutathione synthesis in the hippocampus, as no significant alterations
compared to wild-type mice were obtained (Figure 4c,d). Nevertheless, ROS assays of
hippocampal tissue detected a modest but significant increase of reactive oxygen species in
the hippocampus of wobbler mice compared to wild-type mice (Figure 4e).

In the cerebellum of p40 wobbler mice, qPCR showed a significant upregulation of all
analyzed genes involved in the transport of glutathione and its components (Figure 5a).
For enzymes involved in glutathione cleavage, only Anpep and Ggt6 showed a significantly
upregulated gene expression (Figure 5a). In contrast to mRNA expression, Western Blot
analysis revealed a significantly decreased protein expression of MRP4 and a significantly
increased protein expression of the cleaving enzyme GGT1 in the cerebellum of p40 WR
mice compared to wild-type mice (Figure 5b). We also analyzed enzymes involved in
glutathione synthesis in the cerebellum of p40 wobbler and wild-type mice. Here, mRNA
levels of Gclc were significantly increased (Figure 5a). However, protein expression of
GCLC was not significantly altered, while GSS was significantly increased (Figure 5b). The
hypothesis of a sufficient metabolism and synthesis of glutathione in the cerebellum of
p40 wobbler mice was confirmed by glutathione and ROS assays, which showed neither
alterations in glutathione (Figure 5c,d) nor in ROS (Figure 5e) levels in cerebellum of p40
wobbler mice compared to wild-type mice.
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Figure 4. Physiological glutathione metabolism in hippocampus of wobbler mice. (a) mRNA ex-
pression levels of GSH transport relevant genes, Mrp4, Mrp1, Slc7a11, Eaat3, GSH cleavage relevant
genes, Ggt1, Ggt6, Anpep, and GSH synthesis relevant genes, Gclc, Gclm, Gss, in the hippocampus
of WT and WR mice from the distinct clinical stage (p40) were investigated by qPCR. Significantly
increased mRNA levels of GSH transport-relevant genes were measured, while mRNA expression
levels of Ggt6 were significantly decreased. For relative quantification, the 2−ΔΔCt method was
performed using GAPDH for normalization; N = 4. (b) Left: Semiquantitative analysis of protein
expression levels in the hippocampus of p40 WT and WR mice. Right: Representative Western Blots
of MRP4 (159 kDa), GCLC (73 kDa), GSS (52 kDa), and GGT1 (55 kDa) in the hippocampus of p40
WT and WR mice. Actin (42 kDa) and Calnexin (97 kDa) were used as loading controls; N = 4. (c,d)
tGSH (c) as well as [GSH/GSSG]-ratio (d) in hippocampus of p40 WR mice compared to WT mice
was analyzed via a fluorometric glutathione assay. Neither tGSH nor the ratio of GSH/GSSG in
hippocampus of WR mice is significantly altered compared to WT mice, age p40. N = 4. (e) ROS levels
in hippocampus of WR and WT mice were detected via a fluorometric assay at the developmental
stage p40. WR hippocampus shows significantly elevated levels of ROS compared to WT; N = 4. All
data are provided as mean ± SEM. Data were tested for significance using Student‘s t-test. Significant
differences are indicated by ns. p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 5. Physiological glutathione metabolism in cerebellum of WR mice. (a) mRNA expression
levels of GSH transport relevant genes, Mrp4, Mrp1, Slc7a11, Eaat3, GSH cleavage relevant genes, Ggt1,
Ggt6, Anpep, and GSH synthesis relevant genes, Gclc, Gclm, Gss, in the cerebellum of WT and WR
mice from the distinct clinical stage (p40), were investigated by qPCR. Significantly increased mRNA
levels of GSH transport, some cleavage relevant genes, as well as Gclc but no other GSH synthesis
relevant genes. For relative quantification, the 2−ΔΔCt method was performed using GAPDH for
normalization; N = 4. (b) Left: Semiquantitative analysis of protein expression levels in the cerebellum
of p40 WT and WR mice. Right: Representative Western Blots of MRP4 (159 kDa), GCLC (73 kDa),
GSS (52 kDa), and GGT1 (55 kDa) in the cerebellum of p40 WT and WR mice. Actin (42 kDa) and
Calnexin (97 kDa) were used as loading controls; N = 4. (c,d) tGSH (c) as well as [GSH/GSSG]-ratio
(d) in cerebellum of p40 WR mice compared to WT mice was analyzed via a fluorometric glutathione
assay. Neither tGSH nor the ratio of GSH/GSSG in cerebellum of WR mice is significantly altered
compared to WT mice at the age of p40; N = 4. (e) Unaltered levels of reactive oxygen species
in cerebellum of wobbler mice compared to wild-type were detected via a fluorometric assay at
the developmental stage p40; N = 4. All data are provided as mean ± SEM. Data were tested for
significance using Student‘s t-test. Significant differences are indicated by ns. p ≥ 0.05, * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

Increasing evidence points to a disturbed glutathione redox balance in regard to the
development and progression of ALS [40]. As the glutathione system is an important
antioxidant system within the cells, any change in homeostasis can have severe con-
sequences for the well-being of the cells [51]. Since it is meanwhile known that signs
of oxidative stress are present in both tissue and motor neurons of ALS animal mod-
els [17,18,24–27] as well as in postmortem tissue, plasma, urine, and cerebrospinal fluid
of ALS patients [1,3–5,19,20,22,23,52], the intrinsic antioxidative systems seem to be func-
tioning insufficiently. Furthermore, our previous study showed a reduced amount of
total glutathione in the spinal cord of wobbler mice, lacking adequate protection against
oxidative stress [18]. However, the precise mechanism leading to glutathione depletion
remains to be determined. In our current study, we demonstrated that glutathione level
is reduced in the spinal cord tissue of the ALS model wobbler mouse due to a decreased
expression of the rate-limiting enzyme of the glutathione synthesis, GCLC, in addition to
defective glutathione metabolism.

33



Antioxidants 2023, 12, 1014

The liver has been reported to mainly determine the plasma glutathione concentra-
tion [30], which is positively correlated to the glutathione uptake across the blood–brain
barrier [31–33]. Furthermore, ultrastructural changes in the liver of ALS patients have been
reported before [53,54]. For this reason, the liver and plasma were examined for defects in
glutathione content and synthesis. Our results show an unaltered or even increased protein
expression of GGT1, GCLC, and GSS, respectively, leading to an unaltered glutathione
cleavage and synthesis in the liver of symptomatic wobbler mice compared to wild-type
mice. In accordance with the unaltered glutathione levels as well as unaltered ROS lev-
els measured in the liver of symptomatic wobbler mice, we concluded that appropriate
contents of glutathione are produced and hypothesize a physiological release of GSH by
hepatocytes into the plasma. In whole blood and erythrocytes, we detected unchanged
levels of total glutathione amount. Approximately 98% of glutathione in whole blood is
localized inside erythrocytes as plasma glutathione is utilized for interorgan glutathione
homeostasis [55,56]. Our results show a decreased ratio of GSH/GSSG in erythrocytes of
symptomatic wobbler mice, indicating increased oxidation of GSH due to oxidative stress.
As a result, GSH is decreased, which is in line with the finding of Babu et al., who reported
decreased levels of GSH in erythrocytes of ALS patients [41]. Blasco et al. reported com-
parable results as they found an increased ratio of GSSG/GSH in the whole blood of ALS
patients [52]. The unchanged total glutathione levels in erythrocytes of wobbler mice sug-
gest a physiological glutathione synthesis in these cells. Interestingly, plasma glutathione
levels were decreased in symptomatic wobbler mice compared to wild-type mice. Not only
the total glutathione content in plasma was decreased, but also the ratio of GSH/GSSG,
indicating a defective redox balance. Glutathione is sustainably exported from erythrocytes
into plasma under physiological circumstances [56]. We assume a functioning export of
glutathione from the liver into plasma as described above. This leaves us with two possible
explanations for the decreased levels of total glutathione in the plasma of symptomatic
wobbler mice: firstly, due to the disturbed redox balance in erythrocytes described above,
their export of glutathione into plasma might be restricted [56]. Secondly, a considerable
amount of plasma glutathione might be utilized to support glutathione homeostasis in
neighboring cells and tissue [55]. It, thus, appears that changes in glutathione metabolism
are not limited to the CNS in wobbler mice but also occur in other tissues. It is tempting
to speculate that due to decreased levels of plasma glutathione, not enough glutathione is
available for uptake across the blood–brain barrier [33]. Nevertheless, the impact of plasma
glutathione on glutathione levels in the CNS remains controversial [57]. Interestingly,
López-Blanch et al. reported that in isolated hepatocytes of two other ALS mouse models,
SOD1G93A and FUS-R521C mice, GSH synthesis and efflux significantly increased while
GSH concentration decreased in whole blood in both models at an advanced state of disease
progression [58]. Considering the reported decreased levels of glutathione in the blood
of ALS patients and different mouse models, including our results, alterations in blood
glutathione appear to apply to more than one ALS genotype as a promising therapeutic
approach in the future [41,52,58].

Glutathione transport across the blood–brain barrier is likely mediated by Multidrug
Resistance Protein 4 (MRP4) [31,47]. Quantitative proteomics of MRP expression in brain
capillary endothelial cells showed that only MRP4 is expressed at quantifiable levels at
the blood–brain barrier [47,59]. In addition to glutathione, cysteine, and cystine uptake
have been reported to influence glutathione contents in the central nervous system [34].
Cysteine, which is considered the rate-limiting amino acid for glutathione synthesis [60],
can be imported into cells directly or in its oxidized form cystine via the cystine/glutamate
exchanger system Xc- [61]. System Xc- is mainly expressed in glial cells [62] and is highly
inducible by oxidative stress [63]. Astrocytes play an essential role in providing neurons
with substrates for GSH synthesis [34]. GSH is released by astrocytes via MRP1 [48] and
gap junction hemichannels [64]. In the extracellular space, glutathione is hydrolyzed by the
ectoenzyme γ-glutamyl-transferase [38], located in the plasma membrane of non-neuronal
cells [65]. In the next step, the ectoenzyme aminopeptidase N further cleaves the resulting
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cysteinyl–glycine [35]. The generated cysteine and glycine can then be taken up by other
cells, such as neurons and oligodendrocytes, via different amino acid transporters.

In the current study, we provide evidence that the reduced total glutathione contents
in the cervical spinal cord of symptomatic wobbler mice reported earlier by our group [18]
are caused by a reduced glutathione synthesis due to decreased protein expression of the
rate-limiting enzyme in glutathione synthesis GCLC [39]. We assume this leads to reduced
production of GSH precursor γ-glutamyl-cysteine, resulting in a decreased GSH produc-
tion, although protein expression of GSS is upregulated. Similar to Junghans et al. [18],
we studied tissue samples of the cervical spinal cord of wobbler mice and, thus, cannot
differentiate between the different cell types, which should be addressed in the future.
However, we can assume a possible mechanism based on the specific expression of the
different proteins involved in glutathione metabolism in the cervical spinal cord (Figure 6).
We hypothesize that less GSH is released by astrocytes due to reduced synthesis. Pre-
sumably compensatory, Mrp1 mediating GSH export from astrocytes [48] is upregulated,
resulting in less GSH available for cleavage in the extracellular space. We suspect that, as a
compensatory mechanism, the cleaving enzymes Anpep and GGT1 are upregulated in the
cervical spinal cord. GGT plays an essential role in the astrocytic supply of components
for glutathione synthesis to neurons [38,66]. Inhibition of GGT decreased intracellular glu-
tathione contents by about 25% in dissociated neuronal cultures [66]. Similarly, in transient
neuron-astroglia co-cultures, glutathione content in the neuronal compartment increased
by 165% after the application of astrocytes, while inhibition of GGT completely prevented
this effect [38]. Moreover, several studies have demonstrated that GGT mRNA and pro-
tein expression, as well as its activity, increase after exposure to oxidative stress [67–69].
Aminopeptidase N is involved in the degradation and modulation of several peptides,
including glutathione precursor cysteinyl–glycine [35,70]. As GGT is more specifically
involved in GSH degradation, we focused on its protein expression. However, our results
are limited to the fact that we cannot discuss protein activity. Finally, decreased GSH
synthesis and release by astroglial cells lead to a decreased supply of amino acids essential
for glutathione synthesis in neurons. In accordance with our result of reduced mRNA levels
of Eaat3, decreased protein expression of EAAT3 has been reported in the cervical spinal
cord of symptomatic wobbler mice [71]. As EAAT3 has been described to be the major
transporter for cysteine import in neurons [36], its downregulation aggravates the deficient
cysteine supply to neurons [37]. In cultured neurons, cysteine uptake and intracellular
GSH contents were reduced by inhibition of EAAT3 but not by inhibition of other cysteine
transporters [72]. EAAT3 null mice display reduced glutathione contents, increased oxidant
levels, and suffer from age-dependent neurodegeneration along with cognitive impair-
ments [36]. These changes could be reversed by treating the mice with N-Acetylcysteine, a
membrane-permeable cysteine precursor [36]. We hypothesize that overall, the decreased
glutathione synthesis due to a decreased expression of the rate-limiting enzyme GCLC
and the release by astrocytes, as well as a decreased cysteine uptake in neurons, lead
to an impaired glutathione synthesis in the cervical spinal cord. Due to the inadequate
glutathione contents, neurons’ and astrocytes’ defense against ROS is severely impaired.
Consecutively, this leads to elevated levels of ROS in the cervical spinal cord [17] and
particularly in motor neurons of wobbler mice [18].

Interestingly, Riluzol, the only drug approved by the European Medical Agency for the
treatment of ALS with a small significant effect on survival, has been reported to augment
EAAT3 expression and decrease ROS in C6 astroglial cells [73]. In neurons, glutamate and
cysteine transport capacities are regulated by EAAT3 recycling [74,75]. EAAT3 recycling
from the plasma membrane is mediated by clathrin-dependent endocytosis, followed
by recycling through Rab11-positive vesicles, from which transporter molecules can be
dynamically mobilized to the cell surface to mediate cysteine uptake [76,77]. Defects in
Rab11-dependent trafficking of EAAT3 to the cell surface have been reported in primary
cortical neurons in a knock-in mouse model of Huntington’s disease and result in impaired
cysteine uptake and glutathione biosynthesis [78]. The wobbler mouse displays a point
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mutation affecting VPS54, a component of the Golgi-associated retrograde protein (GARP)
complex, tethering endosome-derived vesicles to the trans-Golgi network [12]. Recently,
Wilkinson discovered that the specific disruption of both scattered (scat), the fly VPS54
ortholog, and Rab11 gene expression result in muscle atrophy and reduced climbing ability
in Drosophila [79]. Thus, there might be a connection between the VPS54 mutation and
disturbed EAAT3 recycling at the plasma membrane, aggravating an impaired cysteine
supply and glutathione synthesis in neurons. However, the exact mechanism of how the
VPS54 mutation results in the ALS seen in wobbler mice remains to be explored.

 

Figure 6. Proposed mechanism of dysregulated glutathione metabolism and synthesis in cervical
spinal cord of wobbler mice. Glutathione metabolism between astrocytes and neurons: astrocytes
import glutathione (GSH) via MRP4 (Multidrug Resistance Protein 4), while neurons do not contain
an uptake mechanism for GSH and therefore rely on their own GSH synthesis. Both astrocytes
and neurons can synthesize GSH from its constituent amino acids. Astrocytes can import cystine
via the cystine/glutamate exchanger system Xc-. Astrocytes supply neurons with substrates for
GSH synthesis. They export GSH via MRP1 (Multidrug Resistance Protein 1). In the next step, the
ectoenzyme GGT (Gamma-Glutamyl Transferase) hydrolyzes GSH. The resulting Cysteinyl–Glycine
(Cys-Gly) is cleaved by the ectoenzyme Aminopeptidase N (ANPEP). Next, the resulting amino acids
are imported into neurons by different transporters, where they can be used for GSH synthesis. The
main transporter for cysteine uptake in neurons is EAAT3 (Excitatory Amino Acid Transporter 3).
Proposed mechanism of dysregulated glutathione metabolism and synthesis in the cervical spinal
cord: a decreased protein expression of GCL (γ-Glutamyl-cysteinyl-ligase) leads to a decreased
synthesis of γ-Glu-Cys (γ-Glutamyl-Cystein), resulting in a decreased GSH synthesis, even though
protein expression of GSS (glutathione synthetase) is increased. Thus, less GSH is available for export
from astrocytes via MRP1 and cleavage by GGT and ANPEP. As a compensatory mechanism, GGT1 is
upregulated. However, EAAT3 is downregulated, which aggravates the deficient cysteine supply to
neurons. Overall, this leads to an insufficient GSH synthesis in neurons. Due to the inadequate GSH
levels, neurons’ and astrocytes’ defense against ROS (reactive oxygen species) is severely impaired.
In astrocytes, increased levels of ROS lead to an increased expression of Slc7a11 encoding for the
light chain of system Xc-, enhancing cystine import in astrocytes. Legend: Green arrows indicate an
upregulation; red arrows indicate a downregulation of corresponding enzyme on protein or mRNA
levels. Cys-Cys: Cystine; Glu: Glutamate; Gln: Glutamine.
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Based on the findings in the cervical spinal cord, we wondered whether deficits in
glutathione homeostasis are limited to motoric areas of the CNS in wobbler mice. For this
reason, we analyzed tissue samples of the cerebellum and hippocampus of p40 wobbler
mice. Fifty percent of ALS patients suffer from additional extra motor manifestations,
among them progressive cognitive abnormalities [6]. Fifteen percent of ALS patients meet
the diagnostic criteria for frontotemporal dementia [80]. Repeat expansions in chromosome 9
open reading frame 72 (C9ORF72) are currently the most important genetic cause of familial
ALS and frontotemporal dementia, accounting for approximately 34.2% and 25.9% of the
cases [81]. In accordance with this, hippocampal abnormalities have been identified in ALS
patients [82] and wobbler mice [83]. Our results show unaltered glutathione levels besides
an unaltered glutathione synthesis in the hippocampus of p40 wobbler mice compared
to wild-type mice. Nevertheless, ROS levels were modestly elevated in the hippocampus
of p40 WR mice. This gives rise to two possible interpretations: either the glutathione
system is balanced in the hippocampus, and there is another cause for ROS production, or
there is a glutathione deficit in some hippocampal cells, which is counterbalanced by other
cells, leading to the measurement of unaltered levels of the bulk glutathione concentrations.
As we measured the bulk of ROS and glutathione content in hippocampal tissue, we
could not differentiate these levels in the different cell types and the extracellular space.
For this reason, our measurements are likely to underestimate the degree of glutathione
deficiency in neurons because a large share of brain glutathione is located in astrocytes [84].
Therefore, we cannot exclude a glutathione deficiency specifically in neurons nor in other
cell types in the hippocampus of wobbler mice leading to oxidative stress. The upregulated
gene expression of enzymes involved in glutathione transport in hippocampus might
point towards this hypothesis. For this reason, future studies are needed to specifically
differentiate glutathione and ROS levels in the different cell types.

Previous studies have revealed alterations in the cerebella of p40 wobbler mice [85,86].
Besides inflammatory processes, such as astrogliosis and microgliosis, no signs of neurode-
generation have been detected [86]. In addition to this, there is accumulating evidence of
cerebellar involvement in ALS [87]. Focal cerebellar degeneration and cerebro–cerebellar
connectivity alterations have been described in ALS patients in vivo via magnetic reso-
nance imaging [88]. However, it remains unclear if cerebellar involvement is a primary
or rather secondary compensatory mechanism as the motor cortex degenerates [89]. Our
results demonstrate unaltered levels of ROS and glutathione in the cerebella of p40 wobbler
mice compared to wild-type littermates. These results are in line with previous findings
concerning the cerebellum of ALS mouse models. Aguirre et al. detected no oxidative
DNA damage in the cerebellum of G93A SOD1 mice [27]. In symptomatic wobbler mice,
Saberi et al. observed an inflammatory response but did not identify evidence of neuron
cell death, while Klatt et al. identified a downregulation of proapoptotic factors linked to
neuroprotection [85,86]. In addition to this, we report upregulated mRNA expression of
enzymes involved in glutathione transport and cleavage, as well as upregulated protein
levels for MRP4 and GGT1. We hypothesize this is an adaption due to the inflammatory
processes described earlier [86]. This result is limited to the fact that for some genes, the
verification remains to be determined on the protein level. Interestingly, these upregu-
lated genes encode stress-inducible GSH metabolic enzymes whose induction is mediated
by Nrf2 (nuclear factor erythroid 2-related factor 2) via ARE (antioxidant responsive ele-
ment) [63,90,91]. The Nrf2 signaling pathway regulates the cellular response to stress and
inflammation [92]. This might be the reason for the detected upregulation of genes and
proteins encoding stress-inducible metabolic enzymes. Overall, we conclude that in the
cerebellum of symptomatic wobbler mice, redox homeostasis is balanced.

Our data present decreased levels of GCLC in the cervical spinal cord but not in
the cerebellum or hippocampus of wobbler mice. Key transcription factors involved in
the regulation of Gclc gene expression are Nrf2 via ARE, NFκB (nuclear factor kappa
B), and AP-1 (activator protein-1) [93]. Usually, oxidative stress leads to the induction
of genes involved in antioxidative defense, including Gclc [93]. However, expression
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of Gclc and Gclm can become dysregulated if oxidative conditions persist, as reported
in liver injuries [94]. Therefore, we hypothesize that a decreased mRNA and protein
expression of GCLC in the cervical spinal cord is due to prolonged oxidative stress. Feng
et al. reported that selective deficiency of Gclc in mouse CNS leads to neurodegeneration,
specifically progressive motor neuron loss marked by mitochondrial dysfunction [95].
Consistent with this finding, a previous study of our group presents abnormal morphology
of mitochondria in motor neurons of p40 wobbler mice [96]. Interestingly, in G93A SOD1
mice, a reduced protein expression of Nrf2 and GCLC in the cervical spinal cord has
been reported [97]. Target genes of the Nrf2-ARE signaling pathway include Gclc, Gclm,
Gss, Ggt, Mrp1, Eaat3, and Slc7a11 [90,91]. Importantly, our results show tissue-specific
dysregulations in most Nrf2 target genes. Reduced mRNA and protein levels of the
antioxidant regulator Nrf2 have been reported in the postmortem primary motor cortex
and spinal cord tissue of ALS patients [98]. For this reason, the Nrf2-ARE pathway has
been estimated as a promising therapeutic target [99]. Numerous Nrf2 activators are being
tested in pre-clinical studies for the treatment of ALS [100]. Edaravone, approved for
the treatment of ALS in the US and Japan, has also been reported to activate the Nrf2
signaling pathway [101]. Nevertheless, Edaravone has been shown to clinically benefit
only a small subset of ALS patients [102,103]. In addition to this, different Nrf2 activators,
Fingolimod and Dimethyl fumarate, showed no observable benefit on ALS functional
rating scale (ALSFRS) in Phase II randomized controlled trials [104,105]. Moreover, clinical
trials aiming to improve glutathione contents in ALS by supplementation of glutathione
or Acetlycysteine have been negative so far [106,107]. Consistent with these previous
approaches, our study suggests that glutathione homeostasis is disrupted in the ALS model
of the wobbler mouse and, thus, may be a therapeutic target. However, our data cannot
be explained by Nrf2 activation or inactivation alone; as for the cervical spinal cord, some
Nrf2 target genes are upregulated, while others are downregulated or unaltered. Our data
suggest that future studies are needed to differentiate defects in glutathione metabolism and
synthesis in the different cell types, especially astrocytes and neurons, with the objective of
finding cell-specific therapeutic targets.

Unexpectedly, in all analyzed tissues, protein levels of GSS were significantly up-
regulated, independent of mRNA levels of Gss. A proteome-wide quantitative survey of
in vivo ubiquitylation sites mapped 11.054 putative endogenous ubiquitylation sites on
more than 4000 human proteins [108]. Among them, they identified a ubiquitylation side
on human GSS. Ubiquitinylated TDP-43 containing aggregates have been reported in the
spinal cord of wobbler mice [109], and extensive oxidative stress impairs the proteasome
leading to protein aggregation, as reviewed by Shang and Taylor [110]. Given these facts,
we hypothesized that GSS protein levels might be elevated in the examined tissues due to
ubiquitylation and impaired proteasomal degradation. However, our preliminary results
from the investigation of free ubiquitin and polyubiquitinylated proteins via Western Blot
in the liver, cervical spinal cord, hippocampal, and cerebellar tissue of p40 wild-type and
wobbler mice do not support this hypothesis (Figure S1). Thus, there has to be a different
cause of the significant upregulation of GSS protein expression in all four tissues examined.
Nefedova et al. reported that all-trans retinoic acid (ATRA) selectively induced expres-
sion of GSS via extracellular signal-regulated kinase 1/2 (ERK1/2) in myeloid-derived
suppressor cells (MDSC) [111]. As GSS promoter activity was not affected in this process,
post-transcriptional regulation of GSS is most likely [93,111]. However, the exact mecha-
nism of ERK 1/2 on GSS expression and if this applies to the observed elevated protein
levels in the respective tissues in wobbler mice remains to be examined.

5. Conclusions

Our results are in line with findings of oxidative stress and dysregulated glutathione
levels in other ALS animal models [24,44,45] and ALS patients [1,42,43]. Our study indicates
that the reduced glutathione amount obtained in the cervical spinal cord of wobbler mice
is due to a decreased glutathione synthesis due to a decreased expression of the rate-
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limiting enzyme GCLC. For the first time, we provide evidence for a defective glutathione
metabolism in the ALS in wobbler mice, which is not limited to motoric areas of the CNS.
The detected decreased levels of glutathione in erythrocytes and plasma, besides alterations
in glutathione metabolism and synthesis in all analyzed tissues of symptomatic wobbler
mice, point toward the systemic character of ALS, as suggested before [112]. Although
accumulating evidence suggests a direct or indirect involvement of aberrant glutathione
homeostasis and metabolism in ALS [40], it remains unclear whether reduced glutathione
is a causative factor or a result of neurodegeneration in ALS. So far, clinical trials aiming to
improve glutathione contents in ALS by supplementation have been ineffective [106,107],
as well as clinical trials targeting Nrf2 activating substances [102–105,113]. In consideration
of our results, the dysregulations observed cannot be reversed by Nrf2 activation alone.
Future studies are needed to differentiate defects in glutathione metabolism and synthesis in
different cell types, especially astrocytes and neurons, in ALS. We conclude that the specific
enhancement of glutathione synthesis might be a promising therapeutic target for ALS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12051014/s1, Figure S1: No changes in the ubiquitinylation
of proteins in different tissues of the p40 wobbler mouse.
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Abstract: Natural products with significant antioxidant activity have been receiving attention as one
of the treatment strategies to prevent age-related macular degeneration (AMD). Reactive oxygen
intermediates (ROI) including oxo-N-retinylidene-N-retinylethanolamine (oxo-A2E) and singlet
oxygen-induced damage, are believed to be one of the major causes of the development of AMD.
To investigate the therapeutic effects of methanol extracts of Dipterocarpus tuberculatus Roxb. (MED)
against blue light (BL)-caused macular degeneration, alterations in the antioxidant activity, apoptosis
pathway, neovascularization, inflammatory response, and retinal degeneration were analyzed in A2E-
laden ARPE19 cells and Balb/c mice after exposure of BL. Seven bioactive components, including
2α-hydroxyursolic acid, ε-viniferin, asiatic acid, bergenin, ellagic acid, gallic acid and oleanolic
acid, were detected in MED. MED exhibited high DPPH and ABTS free radical scavenging activity.
BL-induced increases in intracellular reactive oxygen species (ROS) production and nitric oxide (NO)
concentration were suppressed by MED treatment. A significant recovery of antioxidant capacity by
an increase in superoxide dismutase enzyme (SOD) activity, SOD expression levels, and nuclear factor
erythroid 2–related factor 2 (NRF2) expression were detected as results of MED treatment effects. The
activation of the apoptosis pathway, the expression of neovascular proteins, cyclooxygenase-2 (COX-
2)-induced inducible nitric oxide synthase (iNOS) mediated pathway, inflammasome activation, and
expression of inflammatory cytokines was remarkably inhibited in the MED treated group compared
to the Vehicle-treated group in the AMD cell model. Furthermore, MED displayed protective effects
in BL-induced retinal degeneration through improvement in the thickness of the whole retina, outer
nuclear layer (ONL), inner nuclear layer (INL), and photoreceptor layer (PL) in Balb/c mice. Taken
together, these results indicate that MED exhibits protective effects in BL-induced retinal degeneration
and has the potential in the future to be developed as a treatment option for dry AMD with atrophy
of retinal pigment epithelial (RPE) cells.

Keywords: age-related macular degeneration; D. tuberculatus; A2E; antioxidant; oxidative stress;
inflammatory response

1. Introduction

Age-related macular degeneration (AMD) is characterized by the deposition of lipo-
fuscin and drusen and the development of abnormal blood vessels in the retina and macula,
which eventually lead to the total loss of central vision [1,2]. Specifically, an important
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component of lipofuscin, N-retinylidene-N-retinylethanolamine (A2E), which is produced
from the reaction between phosphatidylethanolamine and vitamin A, plays an important
role in the pathological progression of AMD. A2E accumulates in the retinal pigment ep-
ithelial (RPE) cells during the aging process [3]. Accumulated A2E can cause cellular injury
due to its amphiphilic structure and photoreactivity and this is believed to be the patho-
physiological process leading to atrophic AMD [4]. In the RPE cells, A2E contributes to
the production of reactive oxygen species (ROS) and several by-products after exposure to
blue light (BL) [5,6]. These products induce chronic inflammation through the activation of
the complement system, cause lysosomal damage, increase cellular damage by destroying
DNA and disrupt the intracellular autophagy process [7–9]. Several natural products with
high antioxidant activities are being used for treatment and protection against A2E-induced
damage in AMD. Significant protective effects against oxidative damage, apoptosis, and
inflammatory response were detected in cells and animal models with retinal disorders
and AMD phenotypes after treatment with Aronia melanocarpa [10], bilberry [11], Shihu
Yeguang Pill [12], triphala [13], Solanum melongena L. [14], bilberry and lingonberry [15,16],
Vaccinium uliginosum [17] and Spirulina maxima [18].

Dipterocarpus tuberculatus Roxb. is a species of flowering plant widely distributed
in Southeast Asia including Bangladesh, Cambodia, Laos, Myanmar, Thailand, and Viet-
nam [19]. The therapeutic effects of this plant as an anti-inflammatory, anti-photoaging, and
in promoting osseointegration have been reported recently. Ethanol (EtOH, 90%) extracts
of this plant suppressed the lipopolysaccharide (LPS)-mediated inflammatory response
in RAW264.7 cells and improved acute inflammatory symptoms in EtOH/HCl-induced
gastric lesions of ICR mice through the regulation of 3′-phosphoinositide–dependent ki-
nase 1/Nuclear factor kappa-light-chain-enhancer of activated B cells (PDK1/NF-κB),
MyD88/TIR-domain-containing adaptor protein inducing IFN-β (TRIF-mediated) acti-
vated protein (AP)-1 and AP-1 signaling pathways [20,21]. Additionally, some significant
anti-photoaging effects of the methanol extract of Dipterocarpus tuberculatus Roxb. (MED)
in apoptosis, the cell cycle, extracellular matrix structure, and inflammation were detected
in ultraviolet (UV)-irradiated primary normal human dermal fibroblasts (NHDF) cells and
nude mice [22]. MED, coated on the surface of a titanium plate stimulated the proliferation
and cell adhesion of MG63 cells as well as new bone formation and regeneration in tibia
implantation models [23]. However, no study to date has elucidated the protective effects
and the mechanism of action of Dipterocarpus tuberculatus Roxb. in retinal cells and animals
with AMD phenotypes.

In this study, we investigated the protective effects of MED and the mechanisms
involved in A2E-laden ARPE-19 cells and Balb/c mice after exposure to blue light (BL) to
evaluate its potential as a treatment for AMD.

2. Materials and Methods

2.1. Preparation and Extraction of MED

The lyophilized sample of MED (FBM 213-075) was supplied from the International
Biological Material Research Center of the Korea Research Institutes of Bioscience and
Biotechnology (KRIBB, Daejeon, Korea). To collect the extract solution of MED, a ground
dried powder was first prepared from dry stem samples of Dipterocarpus tuberculatus Roxb.
using a blender. After mixing a 1:10 ratio of MED powder and methanol solution, they
were subjected to two steps: (1) sonication for 15 min and (2) incubation for 2 h at room
temperature, and these steps were repeated 10 times per day for 3 days. After that, the
extracted solution was filtered through a filter with a 0.4 μm pore size and lyophilized
using a Rotary Evaporator (EYELA, Bohemia, NY, USA). The lyophilized MED samples
were deposited as voucher specimens of Dipterocarpus tuberculatus Roxb. (WP-20-001)
at the functional materials bank of the Wellbeing RIS Center, Pusan National University
(PNU). These lyophilized samples were prepared by dissolving them in dimethyl sulfoxide
solution (DMSO; Duchefa Biochemie, Haarlem, The Netherlands) before treatment.
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2.2. Determination of Bioactive Compounds in MED

The bioactive compounds in MED were determined in accordance with methods laid
out in a previous study [22]. Seven bioactive compounds were identified in MED namely 2α-
hydroxyursolic acid, ε-viniferin, asiatic acid, bergenin, ellagic acid, gallic acid, and oleanolic
acid, using ultra-high-performance liquid chromatography (UHPLC)-electrospray ioniza-
tion (ESI)-tandem mass spectrometry (MS/MS) (UHPLC-ESI-MS) analysis. Among these,
three compounds with high content were quantified using the liquid chromatography-
mass spectrometry (LC-MS) quantification method. The observed peak area ratios were
calculated from the detected peak area in total running time (Supplementary Figure S1A).

2.3. Free radical Scavenging Activity of MED

The scavenging activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals was
determined using a previously described method [22,24]. Briefly, various solutions of MED
(1 to 1000 μg/mL) were mixed with 0.1 mM DPPH (Sigma-Aldrich Co., St. Louis, MO,
USA). After incubation at room temperature for 30 min, the absorbance of each mixture
was determined at 517 nm using a VersaMaxTM microplate reader (Molecular Devices,
Sunnyvale, CA, USA). Finally, the scavenging activity of MED against DPPH radicals was
expressed as the reduction percent in absorbance. The IC50 value was defined as the MED
concentration that gives a 50% decrease in the scavenging activity against DPPH radicals.

Additionally, the 2,2′-azono-bis-3-ethylbenzthiazoline-6-sulphonate (ABTS) radical
scavenging activity was determined using an ABTS decolorization assay as described in
a previous study [25]. A total of 25 μL of eleven different concentrations of MED (1 μg to
500 μg/mL) were mixed with 250 μL of ABTS working solution and incubated at room
temperature for 4 min. Their absorbance was read at 734 nm in a UV-visible (UV–VIS)
spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA). The data have
been presented as ascorbic acid equivalent (Sigma-Aldrich Co., St. Louis, MO, USA), which
was used as a standard.

2.4. Synthesis and Purification of A2E

To synthesize A2E, all-trans-retinal (100 mg, 352 μmol), ethanolamine (9.5 mg, 155 μmol)
in ethanol (3 mL), and acetic acid (9.3 μL, 155 μmol) were mixed by vigorous vortexing
for 2 min. The mixture was incubated for 48 h under dark conditions. Subsequently, the
mixture was concentrated at 20 ◦C using a nitrogen evaporator (Biotage, TurboVap-LV,
USA). An A2E sample was separated and purified using silica gel and HPLC. Separation
on a Sep-Pak C18 cartridge (WAT023635, Waters, Milford, MA, USA) was performed using
a step gradient elution with 5:95 MeOH/CH2Cl2, 5:95 MeOH/CH2Cl2, and 8:92:0.001
MeOH/CH2Cl2/TFA. Additionally, the fractions were further purified using a multi-
ple preparative HPLC (LC-forte/R, YMC Co., Kyoto, Japan) with a YMC-Triart Prep
C18 column (250 mm × 10.0 mm, 10 μm). The purity of the A2E was analyzed using
the gradient HPLC method with a YMC-Triart C18 column (4.6 mm × 250 mm, 5 μm)
(Supplementary Figure S1B).

2.5. Cell Culture and Cell Viabilities Assay

ARPE19 cells, derived from the human RPE, were sourced from the American Type
Culture Collection (ATCC), (Manassas, VA, USA), and grown in an incubator maintained
with a 5% CO2, 95% atmosphere and 37 ◦C temperature using Dulbecco’s Modified Eagle
Medium (DMEM, Welgene, Gyeongsan, Korea) containing 10% fetal bovine serum (FBS).

To determine the optimal concentration of MED, ARPE19 cells (3 × 104 cells) were
briefly seeded into each well of a 96-well plate. When the cells were up to 70–80% conflu-
ence, they were treated with various concentrations of MED (50, 100, 200, and 400 μM) for
24 h. Supernatants were discarded after incubation for 24 h, followed by the addition of
fresh DMEM (200 μL) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (20 mg/mL and 50 μL) to each well. After incubation for 4 h, the formazan
precipitates in the cells were dissolved in DMSO (Duchefa Biochemie, Haarlem, The Nether-
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lands), and their absorbance was determined at 570 nm using a VersaMaxTM microplate
reader (Molecular Devices, San Jose, CA, USA). Based on the above results, the optimal con-
centration of MED was determined at 50, 100, and 200 μg/m (Supplementary Figure S2).

Next, we determined an optimal dosage for A2E at specific BL irradiation levels to
prepare the AMD cell model. To achieve this, ARPE19 cells cultured in the same manner as
above were treated with various concentrations of A2E (5, 10, 20, 40, and 80 μM) for 24 h
and irradiated with BL (430 nm, 6000 Lux) (SL-S2500, S tech LED, Gyeonggido, Republic of
Korea) for 10 min. After further incubation for 24 h, the viability of cells was measured by
an MTT assay as described in the section above. The non-irradiated group (Non treated
group) did not receive any BL radiation, but the Vehicle + A2E treated group received only
BL irradiation without A2E loading. Based on the above results, the optimal concentration
of A2E was determined at 20 μM (Supplementary Figure S3).

To assess the protective effects of MED on the oxidative stress-induced cell death
caused by BL in A2E-laden ARPE-19 cells, they were briefly divided into two groups; Not
treatment group (Non treated group) and the A2E + BL treated group. The A2E + BL
treated group was further classified into the following five groups; Vehicle (DMSO) treated
group (Vehicle + A2E + BL treated group), Vitamin C (100 μM, positive control) treated
group (Po + A2E + BL treated group), low concentration (50 μg/mL) MED treated group
(LMED + A2E + BL treated group), medium concentration (100 μg/mL) MED treated group
(MMED + A2E + BL treated group) and high concentration (200 μg/mL) MED treated
group (HMED + A2E + BL treated group). Vitamin C was used as a positive control because
it has been proven to have high antioxidant activity and a protective effect on macular
degeneration [26]. When ARPE19 cells were up to 70–80% confluence, they were treated
with three different concentrations of MED (50, 100, and 200 μg/mL), Vitamin C or DMSO
of the same volume for 24 h, and then treated with 20 μM of A2E for 24 h. Subsequently,
the cells were irradiated by BL (430 nm, 6000 Lux) for 10 min. After further incubation for
24 h, the viability of cells was measured by an MTT assay as described in the section above.
Additionally, these cells were further subjected to a real-time-quantitative polymerase chain
reaction (RT-qPCR), the Western blot test, and apoptotic cell analyses.

2.6. Analysis of Apoptotic Cells

The distribution of apoptotic and live cells was analyzed using a MuseTM Annexin
V and Dead Cell Kit (Millipore Co., Billerica, MA, USA). After harvesting ARPE19 cells
treated with MED, A2E, or BL, they (1 × 104 cells/mL) were mixed with the MuseTM

Annexin V and Dead Cell Kit (Millipore Co., Billerica, MA, USA) reaction reagent and
subsequently incubated for 20 min. These cells were analyzed using the MuseTM Cell
Analyzer (Millipore Co., Billerica, MA, USA). Briefly, they were gated based on their size,
their population was classified into four populations: live cells [Annexin V (−) and 7-AAD
(−) population], early apoptotic cells [Annexin V (+) and 7-AAD (−) population], late
apoptotic cells [Annexin V (+) and 7-AAD (+) population], mostly nuclear debris [Annexin
V (+) and 7-AAD (+) population].

2.7. Determination of Intracellular ROS Levels

The intracellular ROS levels determined using 2′,7′-dichlorofluorescein diacetate stain-
ing analysis (DCFH-DA; Sigma-Aldrich Co., St. Louis, MO, USA) based on this probe can
be deacetylated by intracellular esterase to nonfluorescent 2′,7′-dichlorodihydrofluorescein
(DCFH). This chemical reacted with intracellular hydrogen peroxide or other oxidizing ROS
and was consequently changed into fluorescent 2′,7′-dichlorofluorescein (DCF). ARPE19
cells were subsequently treated with MED, A2E, or BL as described previously. After
the final incubation, the cells were treated with 10 μM DCF-DA for 30 min at 37 ◦C and
subsequently washed with 1× PBS. The green fluorescence in ARPE19 cells was observed
using a fluorescent microscope (Evos m5000, Thermo Fisher Scientific Inc., Waltham, MA,
USA) at 400× magnification.

68



Antioxidants 2023, 12, 329

2.8. Analysis of Nitric Oxide (NO) Concentrations

The level of nitrite in the ARPE19 cells was determined as an indicator of NO produc-
tion using the Griess reagent as in a previous study [22]. Briefly, the culture supernatants
were collected from subset groups of ARPE19 cells after subsequent treatment with MED,
A2E, or BL. These supernatants (100 μL) were mixed with 100 μL of modified Griess
reagent (Invitrogen Co., Carlsbad, CA, USA) in 96-well plates. After incubation for 5 min,
the absorbance at 540 nm was detected using a VersamaxTM microplate reader (Molecular
Devices, San Jose, CA, USA).

2.9. Analysis of Superoxide Dismutase (SOD) Activity

The SOD activity in the ARPE19 cells was assessed using a SOD assay kit (Dojindo
Molecular Technologies Inc., Rockville, MD, USA) according to the procedure suggested
by the manufacturer. Briefly, ARPE19 cells were harvested from the subset groups after
treatment with MED, A2E, or BL. They were lysed by repetitive freezing and thawing in
100 μL of 1× PBS, and then their lysates were collected by centrifugation at 5000× g for
5 min. After diluting with 1× PBS in seven ratios (1/1, 1/2, 1/22, 1/23, 1/24, 1/25, and
1/26), these samples (20 μL each) were divided into individual wells of a 96-well plate. The
solution in each well was thoroughly mixed with water-soluble tetrazolium salt-1 (WST-1)
working solution (200 μL) and enzyme working solution (20 μL). After incubation at 37 ◦C
for 20 min, their absorbance was measured at 450 nm using a VersaMaxTM microplate
reader (Molecular Devices, San Jose, CA, USA). Finally, the SOD activity of each group was
determined using the following equation:

SOD activity (inhibition rate %) = [(A blank 1 − A blank 3) − (A sample − A blank 2)]/(A blank 1 − A blank 3) × 100 (1)

where, A blank 1, 2, and 3 represented the absorbance level of blanks 1, 2, and 3, and ‘A
sample’ indicated the absorbance level of sample.

2.10. Western Blot Analysis

The total cellular proteins were prepared from ARPE19 cells, using the Pro-Prep Pro-
tein Extraction Solution (Intron Biotechnology Inc., Seongnam, Republic of Korea). After
lysis of ARPE19 cells, total proteins were harvested, and their concentration was sequen-
tially determined using a SMARTTM Bicinchoninic Acid Protein Assay Kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Then, proteins bound to the nitrocellulose membranes
were incubated with the specific primary antibodies (Supplementary Table S1) overnight
at 4 ◦C. The intensity for each protein was analyzed on the membrane, which developed
with an Amersham ECL Select Western Blotting detection reagent (GE Healthcare, Little
Chalfont, UK) using the Fusion Solo-2 (Vilber, San Leandro, Collégien, France). Finally, the
density of each protein was quantified using the AlphaView Program (Cell Biosciences Inc.,
Santa Clara, CA, USA).

2.11. RT-qPCR Analysis

The relative quantities of inflammatory cytokines (TNF-α, IL-6, IL-1β and NF-κB)
mRNA were determined by RT-qPCR analyses [27,28]. After isolating total RNA molecules
using RNA Bee solution (Tet-Test Inc., Friendswood, TX, USA), complement DNA (cDNA)
was synthesized with reverse transcriptase (Superscript II, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Four specific genes were amplified with 2× Power SYBR Green (Toy-
obo Co., Osaka, Japan) [29] using specific primers (Supplementary Table S2). Finally, the
expression of each gene was quantified at a relative level to that of the actin (housekeeping
gene) by comparing the Cts at a constant fluorescence intensity [30].

2.12. Experimental Design for Animal Study

The study protocol for the AMD animal model was carefully reviewed and approved
by the Pusan National University-Institutional Animal Care and Use Committee (PNU-
IACUC) (Approval Number PNU-2022-0103). Male Balb/c mice (5 weeks old) were pro-
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vided from Samtako BioKorea Inc. (Osan, Korea), and bred in the barrier facility of the
PNU-Laboratory Animal Resources Center (PNU-LARC), accredited by the AAALAC
International (Unit Number; 001525) and the Korea Food and Drug Administration (KFDA)
(Unit Number; 000231). They were supplied, ad libitum, with filtered tap water and a
standard irradiated chow diet (Samtako BioKorea Co., Osanm, Korea). All mice were main-
tained in a specific pathogen-free (SPF) state, strict regulation of the light cycle, constant
temperature (22 ± 2 ◦C) and relative humidity (50 ± 10%).

The therapeutic effects of MED in the AMD model were analyzed as described in a
previous study [14]. Briefly, the 7-week-old Balb/c mice (Male, n = 24) were allocated to one
of two groups; a non-irradiated group (Non treated group, n = 8) and a BL irradiated group
(n = 16). The latter group was further assigned into four groups; the Vehicle-treated group
(1× PBS, Vehicle + BL treated group, n = 8), the low-concentration MED-treated group
(100 mg/kg, LMED + BL treated group, n = 8), or high-concentration MED-treated group
(200 mg/kg, HMED + BL treated group, n = 8). However, only the Vehicle treated group
was not assigned to the Non treated group based on the 3R principle of PNU-IACUC to
reduce the number of animals because there was no significant difference between the Non
treated group and the Vehicle treated group in the preliminary experiment. After adapting
to the dark conditions for three days, they were orally administrated with the same volume
of vehicle solution (1× PBS), or MED solution (100 mg/kg or 200 mg/kg) once a day
for 4 days in dark cages. The dosages for MED treatment used in the AMD model were
decided based on the results from previous research on the anti-AMD effects of natural
products [11,31] and the therapeutic effects of Dipterocarpus tuberculatus Roxb. [21,22]. At
24 h after the final administration, they were exposed to BL for 2 h and subsequently bred
for 24 h under dark conditions. Subsequently, all mice were sacrificed using CO2 and their
eye samples were collected for histopathological analyses.

2.13. Histopathological Analysis

After the collection of the eyeballs from the Blab/c mice, the entire eye was fixed in
10% formalin and then embedded in paraffin wax. After sectioning into 4 μm thick slices,
they were stained using hematoxylin and eosin solution (H&E, Sigma-Aldrich Co., St. Louis,
MO, USA). The histological features on these sections were observed by optical microscopy,
after which the thickness of the whole retina, outer segment of the photoreceptors (OS), the
outer nuclear layer (ONL), inner nuclear layer (INL), and inner plexiform layer (IPL) for
photoreceptor degeneration in the retina was observed using the Leica Application Suite
(Leica Microsystems, Glattbrugg, Switzerland)

2.14. Immunohistochemical (IHC) Staining Analysis

The tissue distribution of nuclear factor erythroid 2–related factor 2 (Nrf2), cyclooxygenase-2
(COX-2), and inducible nitric oxide synthase (iNOS) proteins were detected by IHC as
described in a previous study [32]. After deparaffinization of tissue sections, anti-Nrf2
(Abcam, Cambridge, UK), anti-COX-2 (Cell Signaling Technology Inc., Danvers, MA, USA),
anti-iNOS (Thermo Fisher Scientific Inc., Waltham, MA, USA) and goat alkaline phos-
phatase (AP) conjugated anti-rabbit IgG (1:200, Thermo Fisher Scientific Inc., Waltham,
MA, USA), antibodies were sequentially treated onto these sections. Finally, the distri-
bution of each protein in the retina was detected using stable diaminobenzidine (DAB)
(Invitrogen Co., Waltham, MA, USA) and evaluated using the Leica Application Suite
(Leica Microsystems).

2.15. Statistical Analysis

One-way ANOVA was used to determine the statistical significance between the
Vehicle + A2E + BL (or Vehicle + BL) treated group and MED + A2E + BL (or MED + BL)
treated group, and only a p value less than 0.05 was reported as statistically significant. All
values in the results are represented as the means ± standard deviation (SD).
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3. Results

3.1. Bioactive Compounds and Antioxidative Activity of MED

Firstly, we evaluated the antioxidative activity of MED based on its bioactive com-
pound composition to predict its potential as a therapeutic drug for AMD. Seven bioactive
compounds were detected in MED using HPLC analyses. Among these, asiatic acid
was present in the highest amounts, followed by 2α-hydroxyursolic acid, oleanolic acid,
bergenin, ε-viniferin, gallic acid, and ellagic acid (Figure 1a and Supplementary Figure
S1A). Additionally, inhibitory activity against DPPH and ABTS radicals was significantly
increased at 1–1000 μg/mL of MED, and the IC50 value for DPPH and ABTS radicals was
determined to be 7.48 μg/mL and 505.12 μg/mL (Figure 1b,c). Specifically, the IC50 value
for DPPH radicals was remarkably higher than that of the ABTS radicals (Figure 1b,c).
These results suggest that MED shows strong antioxidative activity and has the potential
for application as a protective drug for AMD.

 
(a) 

 
(b) (c) 

Figure 1. Main components and free radical scavenging activity of MED. (a) Concentration of
asiatic acid, 2α-hydroxyursolic acid and oleanolic acid in MED. (b) DPPH radical scavenging activity
of MED. This activity was measured in the concentration ranges from 1 to 1000 μg/mL of MED.
Scavenging activity analysis for DPPH radicals was conducted with three MED samples. (c) ABTS
radical scavenging activity of MED. This activity was measured in the concentration ranges from
1 to 500 μg/mL of MED. Scavenging activity analysis for ABTS radicals was conducted with three
MED samples. All values in the results are represented as the means ± standard deviation (SD).
Abbreviations: DPPH, 2,2-diphenyl-1-picrylhydrazyl; IC50, half maximum inhibitory concentration;
ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid); MED, methanol extracts of Dipterocarpus
tuberculatus Roxb.

3.2. Protective Effects of MED on the Oxidative Stress Caused by A2E + BL Treatment in ARP19 Cells

To investigate whether the treatment of MED can protect against the oxidative stress
caused by AMD, changes in intracellular ROS production and NO concentration were
measured in MED +A2E + BL treated ARPE19 cells. The number of DCF-stained cells
representing intracellular ROS was remarkably higher in the Vehicle + A2E + BL treated
group compared to the Non treated group. However, the above high values were signifi-
cantly decreased by 18.2%, 50%, and 66.7% in the LMED + A2E + BL, MMED + A2E + BL,
and HMED + A2E + BL treated groups, respectively, compared to the Vehicle + A2E + BL
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treated group (Figure 2a,b). Additionally, a similar recovery pattern with a decrease rate
of 8.6%, 20%, and 33.3%, respectively, was detected in the NO concentrations in the same
groups although the rate of decrease was greater in the DCF stained cells (Figure 2c).
Thus, these results indicate that MED may contribute to the decrease in oxidative stress in
A2E + BL treated ARPE19 cells through the suppression of ROS and NO production.

 

 
(b) 

 
(a) (c) 

Figure 2. Detection of ROS and NO concentration in MED + A2E + BL treated ARPE19 cells. (a) Flu-
orescence image of DCF stained cells. The morphology of cells was detected using an optical and
fluorescent microscope at 200× magnification. (b) Number of DCF stained cells. (c) NO concentration.
NO concentration in the culture supernatants was determined using Griess reagent. DCFH-DA
staining and NO assay were conducted using three wells per group, and these assays for each sample
were analyzed in duplicates. All values in results are represented as the means ± standard deviation
(SD). * indicated statically significance compared to the Non treated group, while # indicated statically
significance compared to the Vehicle + A2E + BL treated group. Abbreviations: ROS, reactive oxygen
species; NO, Nitric oxide; DCFH-DA, 20,70-Dichlorofluorescin diacetate; MED, methanol extracts of
Dipterocarpus tuberculatus Roxb.; A2E, N-retinylidene-N-retinylethanolamine; BL, Blue light.

3.3. Protective Effects of MED against the Loss of Antioxidant Capacity Caused by A2E + BL
Treatment in ARPE19 Cells

To examine whether the treatment of MED can protect against the reduction in antiox-
idative capacity in AMD, we measured the alterations in the SOD activity and expression,
and the Nrf2 expression in MED + A2E + BL treated ARPE19 cells. Three parameters
related to the antioxidative capacity exhibited a similar pattern in the three MED-treated
groups. SOD activity was lower by 37% in the Vehicle + A2E + BL treated group com-
pared to the Non treated group. However, this level was remarkably enhanced only in the
HMED + A2E + BL treated group compared to the Vehicle + A2E + BL treated group (Fig-
ure 3a). However, a remarkable recovery in the expression level of antioxidative proteins
was observed in all the MED-treated groups. The expression level of SOD and the Nrf2
proteins were decreased in the Vehicle + A2E + BL treated group compared to the Non
treated group. However, the above decreased values were significantly increased in the
three MED + A2E + BL treated groups. Especially, the levels of these proteins were higher
than that of the Non treated group in the MMED + A2E + BL and HMED + A2E + BL
treated groups (Figure 3b). Taken together, the data of the present study indicate that the
protective effects of MED may be tightly associated with the recovery of antioxidative
capacity loss caused by A2E + BL treatment in ARPE19 cells.
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(a) (b) 

Figure 3. Determination of SOD and Nrf2 expression in MED + A2E + BL treated ARPE19 cells.
(a) Measurement of SOD activity. SOD activity was measured in total cell lysate of ARPE19 cells using
SOD assay kit. One SOD unit was defined as described in materials and methods. (b) Expression
of SOD and NRF2 protein. After preparing total cell lysate from MED + A2E + BL treated ARPE19
cells, the expression level of SOD and Nrf2 protein was measured by Western blotting analysis. The
total proteins homogenates were prepared from two to three samples per group, and Western blot
analyses for each sample was analyzed in duplicate. All values in results are represented as the
means ± standard deviation (SD). * indicated statically significance compared to the Non treated
group, while # indicated statically significance compared to the Vehicle + A2E + BL treated group.
Abbreviations: SOD, Superoxide dismutase; Nrf2, Nuclear factor erythroid 2–related factor 2; MED,
methanol extracts of Dipterocarpus tuberculatus Roxb.; A2E: N-retinylidene-N-retinylethanolamine;
BL, Blue light; WST-1, water-soluble tetrazolium salt-1.

3.4. Protective Effects of MED against Cell Death Caused by A2E + BL Treatment in ARPE19 Cells

To examine whether the treatment of MED can protect against cell death in AMD, the
alterations of the cell viability were first analyzed in the MED + A2E + BL treated ARPE19
cells. A significant decrease in cell viability was successfully induced in the A2E + BL
treated ARPE19 cells, and these levels were remarkably protected in a dose-dependent
manner in the MED + A2E + BL treated group (Figure 4). Additionally, these cells were
stained with Annexin V and PI to analyze the distribution of apoptotic cells. The total
number of apoptotic cells remarkably increased 7.5-fold in the Vehicle + A2E + BL treated
group compared to the Non treated group. However, these enhanced values gradually
decreased in the three MED + A2E + BL treated groups, although the highest rate of
decrease was detected in the HMED + A2E + BL treated group (Figure 5). Moreover,
the alterations in the number of apoptotic cells were well reflected in the expression of
proteins responsible for the regulation of apoptosis. The increased levels of the Bax/Bcl-
2 ratio and the cleaved Cas-3/Cas-3 ratio in the A2E + BL treated cells, significantly
decreased with MED pretreatment. Bax/Bcl-2 expressions decreased in a dose-dependent
change in the MED-treated groups (Figure 6). Therefore, the above results suggest that the
protective effect of MED on A2E + BL-induced cell death may be related to the suppression
of apoptosis in ARPE19 cells.
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Figure 4. Determination of cell viability in MED + A2E + BL treated ARPE19 cells. After pretreatment
of three different dosage MED for 24 h, their viability was determined using MTT assay. Two to
three wells per group were used for the MTT assay, and optical density was measured in duplicates.
All values in results are represented as the means ± standard deviation (SD). * indicated statically
significance compared to the Non treated group, while # indicated statically significance compared
to the Vehicle + A2E + BL treated group. Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; MED, methanol extracts of Dipterocarpus tuberculatus Roxb.; A2E:
N-retinylidene-N-retinylethanolamine; BL, Blue light.

 
Figure 5. Apoptotic cell analysis in MED + A2E + BL treated ARPE19 cells. After staining with
Annexin V and 7-AAD, the distribution of apoptotic cells was analyzed as described in materials and
methods. All values in results are represented as the means ± standard deviation (SD). * indicated
statically significance compared to the Non treated group, while # indicated statically significance com-
pared to the Vehicle + A2E + BL treated group. Abbreviations: 7-AAD, 7-aminoactinomycin D; MED,
methanol extracts of Dipterocarpus tuberculatus Roxb.; A2E: N-retinylidene-N-retinylethanolamine;
BL, Blue light.
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Figure 6. Expression of apoptotic proteins in MED + A2E + BL treated ARPE19 cells. After preparing
total cell lysate from MED + A2E + BL treated ARPE19 cells, the expression level of Bax, Bcl-2,
Cas-3 and Cleaved Cas-3 protein was measured by Western blotting analysis. The total proteins
homogenates were prepared from two to three samples per group, and Western blot analyses for each
sample was analyzed in duplicate. All values in results are represented as the means ± standard
deviation (SD). * indicated statically significance compared to the Non treated group, while # indicated
statically significance compared to the Vehicle + A2E + BL treated group. Abbreviations: Bax, Bcl-
2-associated X protein; Bcl-2, B-cell lymphoma 2; Cas-3, Caspase-3; MED, methanol extracts of
Dipterocarpus tuberculatus Roxb.; A2E: N-retinylidene-N-retinylethanolamine; BL, Blue light.

3.5. Protective Effects of MED on the Regulation of Angiogenesis Caused by A2E + BL Treatment
in ARPE19 Cells

To investigate the therapeutic effect of MED on the regulation of angiogenesis caused
by AMD, the alteration in the expression levels of matrix metalloproteinase (MMP) 2, 9 and
vascular endothelial growth factor (VEGF) proteins in the MED + A2E + BL treated ARPE19
cells were analyzed. Treatment with MED led to a decrease in the expression levels of the
three proteins, but there was a clear difference in the pattern of decrease. The expression
level of MMP2 was significantly reduced equally in all MED-treated groups compared
to the Vehicle + A2E + BL-treated group. However, the levels of MMP9 expression were
significantly reduced in only the HMED + A2E + BL treated group. The decrease in
expression was seen in both the LMED and MMED + A2E + BL treated groups; however,
this decrease was not statistically significant. A significant dose-dependent decrease was
seen in the expression of the VEGF proteins (Figure 7). These results suggest that MED may
protect against the dysregulation of angiogenesis caused by A2E + BL treatment through
the suppression of MMPs and VEGF expressions in ARPE19 cells.

3.6. Protective Effect of MED against the Inflammatory Response Caused by A2E + BL Treatment
in ARPE19 Cells

To investigate the protective effects of MED against AMD-induced inflammatory
response, alterations in the expression of the iNOS-induced COX-2 mediated pathway and
inflammasome were measured in the MED + A2E + BL treated ARPE19 cells. The expression
of iNOS and COX-2 were greater in the Vehicle + A2E + BL treated group than in the control
group. The decrease in the expression of these proteins was dose-dependent in the MED-
treated groups; however, their rate was different (Figure 8). Additionally, the protective
effect of MED on the regulation of iNOS and COX-2 was well reflected in the inflammasome
activation. The expression levels of three key members including NLR family pyrin domain
containing 3 (NLRP3), apoptosis-associated speck-like protein containing a CARD (ASC),
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and the cleaved of Cas-1 proteins, were higher in the Vehicle + A2E + BL treated group
than the Non treated group. However, the above-increased values were significantly
decreased in the LMED, MMED and HMED + A2E + BL treated groups compared to the
Vehicle + A2E + BL treated group. Especially, the expression levels of NLRP3 and ASC
in the MED + A2E + BL treated groups were lower than that of the Non treated group,
while the cleaved Cas-1/Cas-1 ratio was completely recovered in the Non treated group
(Figure 9). Furthermore, the protective effects of MED on the regulation of iNOS-induced
COX-2 mediated pathway and inflammasome were well reflected in the regulation of
inflammatory cytokine expressions. The MED + A2E + BL treated groups exhibited a
significant decrease in the mRNA levels of TNF-α, IL-6, IL-1β and NF-κB compared to the
Vehicle + A2E + BL treated group (Figure 10). Therefore, the above results for inflammatory
responses suggest that MED can protect against the increased inflammatory response seen
in A2E + BL treated cells through the regulation of the iNOS-induced COX-2 mediated
pathway and NLRP3 inflammasome activation in ARPE19 cells.

 
Figure 7. Expression of angiogenic proteins in MED + A2E + BL treated ARPE19 cells. After
treatment with MED for 24 h, the expression levels of angiogenic proteins, including MMP2, MMP9,
VEGF and actin were measured in total cell lysates using Western blot analysis. The total proteins
homogenates were prepared from two to three samples per group, and Western blot analyses for each
sample was analyzed in duplicate. All values in results are represented as the means ± standard
deviation (SD). * indicated statically significance compared to the Non treated group, while # indicated
statically significance compared to the Vehicle + A2E + BL treated group. Abbreviations: MMP, Matrix
metalloproteinase; VEGF, Vascular endothelial growth factor; MED, methanol extracts of Dipterocarpus
tuberculatus Roxb.; A2E: N-retinylidene-N-retinylethanolamine; BL, Blue light.
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Figure 8. Expression of iNOS and COX-2 proteins in MED + A2E + BL treated ARPE19 cells. After
treatment with MED for 24 h, the expression level of key regulators in iNOS-induced COX-2 mediated
pathway, including iNOS, COX-2 and actin were measured in total cell lysates using Western blot
analysis. The total proteins homogenates were prepared from two to three samples per group, and
Western blot analyses for each sample was analyzed in duplicate. All values in results are represented
as the means ± standard deviation (SD). * indicated statically significance compared to the Non
treated group, while # indicated statically significance compared to the Vehicle + A2E + BL treated
group. Abbreviations: COX-2, Cyclooxygenase-2; iNOS, Inducible nitric oxide synthase; MED,
methanol extracts of Dipterocarpus tuberculatus Roxb.; A2E: N-retinylidene-N-retinylethanolamine;
BL, Blue light.

 

Figure 9. Expression of inflammasome in MED + A2E + BL treated ARPE19 cells. After treatment
with MED for 24 h, the expression level of key regulators in inflammasome, including NLRP3, ASC,
Cas-1, Cleaved Cas-1 and actin were measured in total cell lysates using Western blot analysis.
The total proteins homogenates were prepared from two to three samples per group, and Western
blot analyses for each sample was analyzed in duplicate. All values in results are represented
as the means ± standard deviation (SD). * indicated statically significance compared to the Non
treated group, while # indicated statically significance compared to the Vehicle + A2E + BL treated
group. Abbreviations: NLRP3, NLR family pyrin domain containing 3; ASC, Apoptosis-associated
speck-like protein; Cas-1, Caspase-1; MED, methanol extracts of Dipterocarpus tuberculatus Roxb.;
A2E: N-retinylidene-N-retinylethanolamine; BL, Blue light.
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Figure 10. mRNA expression of inflammatory cytokines in MED + A2E + BL treated ARPE19 cells.
The levels of TNF-α, IL-1β, IL-6, and NF-κB transcripts were measured in the total mRNA of ARPE19
cells by RT-qPCR using specific primers. The relative level of each transcript was determined based
on the level of β-actin. The total RNAs were prepared from two to three samples per group, and
RT-qPCR analyses for each sample were analyzed in duplicate. All values in results are represented
as the means ± standard deviation (SD). * indicated statically significance compared to the Non
treated group, while # indicated statically significance compared to the Vehicle + A2E + BL treated
group. Abbreviations: TNF-α, tumor necrosis factor α; IL, Interleukin; NF-κB, Nuclear factor kappa
light chain enhancer of activated B; MED, methanol extracts of Dipterocarpus tuberculatus Roxb.;
A2E: N-retinylidene-N-retinylethanolamine; BL, Blue light.

3.7. Protective Effect of MED against the Photoreceptor Degranulation Caused by BL in the Retina
of Balb/c Mice

Finally, we investigated the protective effects of MED against photoreceptor degenera-
tion in the retina of the AMD mice model to confirm the protective effects of MED detected
in the A2E + BL treated ARPE19 cells. To achieve this, the alterations of the thickness
of the whole retina, OS, ONL, and INL were measured in the retinas of the Balb/c mice
treated with MED + BL. As shown in Figure 11, the retinal thickness was lower in the
Vehicle + BL treated group than in the Non treated group. However, the thickness was
significantly increased in the LMED + BL and HMED + BL treated groups compared to
the Vehicle + BL treated group. Additionally, a similar pattern of increase was detected in
the thickness of the OS, ONL, and INL although the thickness of the IPL was maintained
constant. Furthermore, the expression of antioxidative proteins and iNOS-induced COX-2
mediated pathway-related proteins were analyzed in the retinas of BL-exposed Balb/c
mice to investigate whether the protective effect of MED against retinal degeneration has
an association with the alteration of the antioxidative activity and inflammatory response.
The tissue density of the Nrf2 proteins was lower in the retinas of Vehicle + BL treated
mice than in the Non treated group. This level gradually recovered in the LMED + BL
and HMED + BL treated groups although it did not recover to the level of the Non treated
group (Figure 12a). A reverse pattern was detected in the COX-2 and iNOS-stained retinal
tissues. The increase in their density in the Vehicle + BL treated group was remarkably
decreased after the MED treatment (Figure 12b,c). Therefore, these results suggest that
MED administration can protect against the retinal degeneration of BL-exposed Balb/c
mice through the regulation of antioxidative activity and the inflammatory response.

78



Antioxidants 2023, 12, 329

 
Figure 11. Histopathological structures in the retina of MED + BL treated Balb/c mice. H&E-stained
sections of the retina were observed at 200× magnification using an optical microscope. The degree
of histopathological changes in the retina tissue was measured by Image J program. The H&E-
stained slides were prepared from three to five mice per group, the histopathological parameter
analyses for each sample were measured in duplicate. All values in results are represented as the
means ± standard deviation (SD). * indicated statically significance compared to the Non treated
group, while # indicated statically significance compared to the Vehicle + A2E + BL treated group.
Abbreviations: OS, Outer segment, ONL, Outer nuclear layer; INL, Inner nuclear layer; IPL, Inner
plexiform layer; MED, methanol extracts of Dipterocarpus tuberculatus Roxb.; BL, Blue light.

  
(a) (b) 

Figure 12. Cont.
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(c) 

Figure 12. Tissue distribution of (a) Nrf2, (b) COX-2 and (c) iNOS protein in the retina of MED + BL
treated Balb/c mice. After staining specific antibodies, the stained section of retina was observed
at 200× magnification using light microscopy. Brown or dark brown indicates the expression of
three proteins, and dark blue indicates the nucleus. The immunostained slides were prepared from
three to five mice per group, the color density analyses for each sample were performed in duplicate.
Abbreviations: Nrf2, Nuclear factor erythroid 2–related factor 2; COX-2, Cyclooxygenase-2; iNOS,
Inducible nitric oxide synthase; MED, methanol extracts of Dipterocarpus tuberculatus Roxb.; BL,
Blue light.

4. Discussion

Photochemical damage is induced by exposure of the retina to high-energy radia-
tion [4]. During this process, the phagocytosis of the outer segment of photoreceptors
and the production of superoxide anions are remarkably increased, leading to photo-
oxidative stress in the retina [6,33]. Therefore, the administration of ROS scavengers can
be considered one of the therapeutic strategies to protect or delay the progression of early
AMD [34]. As part of a study aimed at identifying novel natural products with protective
effects against AMD, we investigated the therapeutic effects and mechanism of action of
MED in ARPE19 cells and Balb/c mice with AMD phenotypes. The results of our study
provide novel scientific evidence that MED treatment may contribute to the protection
against BL-induced retinal damage through the regulation of oxidative stress, apoptosis,
neovascularization, and inflammatory response.

In the present study, the antioxidant properties of Dipterocarpus tuberculatus Roxb.
are an important scientific and logical reason for its selection for evaluation as a potential
therapeutic option for the treatment of AMD. As shown in Figures 1–3, MED showed
high free radical scavenging activity, ROS suppressive activity and NO production, and
stimulatory activity for SOD and Nrf2 expressions. Similar activities of other natural
products have been reported in a few previous studies. The ethanol extract of Dipterocarpus
tuberculatus Roxb. leaves and twigs suppressed the release of NO and prostaglandin E2
(PGE2) from LPS-stimulated RAW264.7 cells through the inhibition of COX-2 and iNOS
transcriptions as well as the NF-κB signaling pathway [20]. NO concentrations, SOD activity,
and Nrf2 expressions improved significantly in UV-irradiated NHDF cells after treatment
with MED [22]. Studies also show that natural products with good antioxidative activity
slow down the progression of AMD. A2E photo-oxidation-induced damages of ARPE19
cells significantly improved after treatment with procyanidins B2, Arctium Lappa L., Prunella
vulgaris var. L., Solanum melongena L. through the suppression of oxidative stress and high
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antioxidative activity [14,35–37]. Our study adds to the current body of evidence that
suggests that natural products with high antioxidant activity can be considered potential
treatments for a variety of diseases that occur due to oxidative damage.

Furthermore, in our study, asiatic acid, 2α-hydroxyursolic acid and ellagic acid are
reported as the principal bioactive compounds as shown in Figure 1. They have high
antioxidant activity and several biological functions even as a single compound. Asiatic
acid is widely distributed in many fruits and vegetables and has various therapeutic effects
on oxidative stress, inflammation and fulminant hepatic failure [38]. Similar to asiatic acid,
2α-hydroxyursolic acid has been discovered in a variety of medicinal herbs and fruits [39].
This compound shows also various pharmacological effects including antidiabetic activity,
anti-inflammation, anti-obesity, anti-atherosclerosis, and anticancer [39–43]. Ellagic acid
with high antioxidative activity is produced as a second metabolite through the hydrolysis
of ellagitannins in various plants [44]. It has recently received a lot of attention because of
its potential in the treatment of human diseases including diabetes, cancer, cardiovascular
disease, and neurodegenerative diseases [45–48]. However, we believe that the protective
effects of MED against AMD may be related to the synergistic effect of three compounds
rather than the effect of a single component, although these effects include the effects of
other unknown compounds.

Lipofuscin granules contain A2E and its oxidized forms (A2E-ox and A2E-2ox) ac-
cumulate in the retinal pigment epithelium with age, and this leads to macular degener-
ation [49,50]. During this process, the cumulative damage to the retina is accompanied
by an increase in apoptosis, oxidative stress, and inflammation [51]. Based on the above
scientific evidence, an in vitro model for AMD was established in ARPE19 cells laden with
A2E and exposed to BL [49]. This model has been used to investigate the therapeutic effect
of various natural products on AMD. Grape skin polyphenols, Vaccinium uliginosum L.
extract, and procyanidins B2 significantly inhibited photo-oxidation-induced apoptosis in
ARPE19 cells. Additionally, this inhibition involved the recoveries of the Bc1-2/Bax ratio,
Cas-3, and Cas-9 cleavage, and recovery from endoplasmic reticulum (ER) stress [35,52,53].
Polyphenol-enriched Vaccinium uliginosum and norbixin reduced cell death, inhibited A2E
accumulation, and resulted in improved photoprotection in ARPE19 cells and the primary
culture of retinal cells, while the extract of Curcuma longa L. and curcuminoids protected
against photo-oxidative damages and apoptosis in ARPE19 cells [17,54,55]. Similar ef-
fects of A2E accumulation, cell death, apoptosis, and cytokine expression were detected
in ARPE-19 cells after treatment with Arctium lappa L., Prunella vulgaris var L., Solanum
melongena L., and Centella asiatica [14,36,37,56]. In the present study, we investigated the
therapeutic effects and the action mechanism of MED in A2E-laden ARPE19 cells after
exposure to BL. MED treatment protected the cells by suppressing ROS and NO production,
restoring antioxidant activity, suppressing the inflammatory response, and inhibiting apop-
tosis and angiogenesis. These results are consistent with previous research findings which
investigated the therapeutic effects of various natural products in mammalian cells with
AMD phenotypes. Therefore, our results provide the first evidence of the novel therapeutic
function of MED against BL-induced macular degeneration in A2E-laden ARPE19 cells.

Meanwhile, the Nrf2 protein is well known as one of the important transcription
factors that regulate the transcription of genes related to xenobiotics response and oxidative
stress response to maintain cellular hemostasis [57]. Additionally, these responses involve
many enzymes for detoxification including phase I, II and II drugs as well as the elimination
of pro-antioxidants such as glutathione synthetase (GSS), SOD and catalase [58]. Recently,
the regulatory mechanism of Nrf2 has been investigated in RPE cells by mimicking the onset
of different eye diseases. Nrf2 overexpression improves the morphological structure of
RPE cells and survival rate in mouse models of retinal degeneration through the regulation
of multiple oxidative defense pathways and glutathione pathways [59]. Furthermore, the
expression level of Nrf2 increased in the diabetic retinopathy conditions and is significantly
recovered by treatment of polyunsaturated docosahexaenoic acid (DHA) in RPE cells [60].
A similar activation in the Nrf2 signaling pathway was induced in ARPE19 cells after
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treatment with hydrogen peroxide. This activation was ameliorated with idebenone, a
ubiquinone short-chain synthetic analog which has high antioxidant properties [61]. The
activation of Nrf2 and transcriptional upregulation of its downstream genes were induced
by tertbutyl hydroperoxide (t-BHP)-mediated oxidative stress in human RPE cells although
these responses were attenuated by pretreatment of Ginkgo biloba extracts (GBE) [62]. In
the present study, the expression level of Nrf2 was increased in A2E-laden ARPE19 cells
after treatment with BL. Therefore, the results of the present study suggest that the action
mechanism of Nrf2 may be considered a common mechanism involved in oxidative stress
response triggered by various chemical and physical agents including hydrogen peroxide, t-
BHP and BL as well as mimicking the condition of eye diseases such as diabetic retinopathy
and retinitis pigmentosa. Furthermore, it is believed that this mechanism of Nrf2 has the
potential to be useful for evaluating the efficacy of antioxidants.

Finally, the protective effects and action mechanism of natural products against AMD
in retinal epithelial cells were verified in the experimental animal model with retinal damage
although these cases are very rare. Among them, most of this damage in Balb/c mice was
induced by exposure to BL at 10,000 Lux for 1 h/day for 2 weeks [14,17,36,54]. However,
only one AMD model with an increase in the photoreceptor thickness and ONL was
produced by intraperitoneal injection of N-methyl-N-nitrosourea (MNU) at a concentration
of 50 mg/kg [56]. In the AMD models, the retinal cells recovered from the damage with the
administration of several natural products. The polyphenol-enriched Vaccinium uliginosum
L. fraction inhibited the decrease in ONL thickness and nuclei, while the administration
of norbixin reduced the A2E accumulation in the retina of Abca4-/-Rdh8-/- mice [17,54].
Similar improvement effects were observed in AMD model animals after treatment with
Arctium lappa L., Prunella vulgaris var. L., and Solanum melongena L. [14,36,37]. Moreover, the
thickness of the photoreceptors, ONL, and nuclei numbers in MNU-induced AMD model
animals recovered when treated with Centella asiatica [56]. The results seen with MED
administration on the retina of BL-exposed Balb/c mice were also similar. The thickness of
the OS, ONL, and INL significantly improved after the administration of MED. The present
study demonstrated the protective effects of MED against photo-oxidative damages in the
retina of AMD animal models. These results suggest a new therapeutic role for MED that
has not been investigated previously.

5. Conclusions

In the present study, we attempted to demonstrate the novel therapeutic effects of MED
against AMD using a mammalian cell and an experimental animal model. To achieve this
objective, the antioxidant activity of MED as well as changes in antioxidant capacity, anti-
apoptosis, anti-angiogenesis, and anti-inflammatory response in A2E-laden ARPE19 cells
after exposure to BL were investigated. Additionally, these effects were further assessed in
the retinas of BL-exposed Balb/c mice. Our results provided the first scientific evidence
that the high antioxidant activity of MED has the potential to prevent AMD and relieve
symptoms related to the condition (Figure 13). However, our study had some limitations in
that it did not directly compare all the results obtained in vitro to those at all layer levels of
the retina due to restrictions on the collection of eye tissue samples. Moreover, the lack of
any mechanism analyses in relation to lysosomal damage and disruption of the autophagy
process in MED + A2E + BL treated ARPE19 cells and MED + BL treated mice should
be considered as a drawback of our study. Therefore, further research involving animal
models will be needed on some processes of cell damage to understand the mechanisms of
action of MED and components.

82



Antioxidants 2023, 12, 329

Figure 13. Suggested mechanism of prevention for AMD in the retinal cells. In this scheme, the
treatment of MED is thought to inhibit apoptosis, angiogenesis and inflammatory response through
enhancing antioxidant activity and suppressing oxidative stress retinal cells with photooxidative
damages. Abbreviations: ROS, Reactive oxygen species; Nrf2, Nuclear factor erythroid 2–related
factor 2; COX-2, Cyclooxygenase-2; iNOS, Inducible nitric oxide synthase; NLRP3, NLR family
pyrin domain containing 3; ASC, Apoptosis-associated speck-like protein; Cas-1, Caspase-1; Bax,
Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Cas-3, Caspase-3; BL, Blue light; MED, methanol
extracts of Dipterocarpus tuberculatus Roxb.
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Abstract: Although scurvy, the severe form of vitamin C deficiency, has been almost eradicated, the
prevalence of subclinical vitamin C deficiency is much higher than previously estimated and its
impact on human health might not be fully understood. Vitamin C is an essential molecule, especially
in the central nervous system where it performs numerous, varied and critical functions, including
modulation of neurogenesis and neuronal differentiation. Although it was originally considered to
occur only in the embryonic brain, it is now widely accepted that neurogenesis also takes place in
the adult brain. The subventricular zone (SVZ) is the neurogenic niche where the largest number
of new neurons are born; however, the effect of vitamin C deficiency on neurogenesis in this key
region of the adult brain is unknown. Therefore, through BrdU labeling, immunohistochemistry,
confocal microscopy and transmission electron microscopy, we analyzed the proliferation and cellular
composition of the SVZ and the lateral ventricle (LVE) of adult guinea pigs exposed to a vitamin-C-
deficient diet for 14 and 21 days. We found that neuroblasts in the SVZ and LVE were progressively
and significantly decreased as the days under vitamin C deficiency elapsed. The neuroblasts in the
SVZ and LVE decreased by about 50% in animals with 21 days of deficiency; this was correlated
with a reduction in BrdU positive cells in the SVZ and LVE. In addition, the reduction in neuroblasts
was not restricted to a particular rostro–caudal area, but was observed throughout the LVE. We also
found that vitamin C deficiency altered cellular morphology at the ultrastructural level, especially
the cellular and nuclear morphology of ependymal cells of the LVE. Therefore, vitamin C is essential
for the maintenance of the SVZ cell populations required for normal activity of the SVZ neurogenic
niche in the adult guinea pig brain. Based on our results from the guinea pig brain, we postulate that
vitamin C deficiency could also affect neurogenesis in the human brain.

Keywords: vitamin C; ascorbic acid; subventricular zone; lateral ventricle extensions; adult neurogenesis

1. Introduction

Scurvy is a disease caused by severe vitamin C deficiency produced in humans and
animal models that cannot produce endogenous vitamin C and must obtain it from the
diet [1]. Although the incidence of scurvy has been declining for decades, the prevalence
of subclinical vitamin C deficiency is much higher than previously estimated [2,3] and
the impact on human health might not be fully appreciated. Vitamin C is an essential
antioxidant molecule, especially in the central nervous system, where it performs numerous
and varied functions [4]. For example, vitamin C, which is taken up through specialized
membrane transporters [5], modulates neurogenesis (i.e., the genesis of new neurons or
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neuroblasts) [6] and neuronal differentiation (i.e., maturation of neuroblasts into fully
functional neurons) [5,6].

The vitamin C transporter, SVCT2, is expressed in precursor cells of different embry-
onic and postnatal brain regions. During the beginning of the embryonic neurogenic period
(E13), SVCT2 is expressed in the ventricular zone (VZ) and in the subventricular zone (SVZ),
specifically in the radial glia cell body, and its high expression is maintained throughout
the neurogenic period [7]. SVCT2 is also expressed in precursor cells during postnatal
development of the cerebellum [8]. In postnatal cerebellum-derived neurospheres, the
expression of nestin is correlated with SVCT2, demonstrating the transporter expression in
cerebellar neural stem-like cells [8]. In addition, transient progenitors of adult mouse SVZ
and RMS also express SVCT2, suggesting that vitamin C may be involved in a function
along these neurogenic regions [9]. Treatment with vitamin C or its deficiency has also
shown interesting findings. Initially, vitamin C treatment of embryonic stem cells and
mesencephalic precursor cells was shown to increase the expression of genes involved in
neurogenesis, differentiation and neurotransmission [10,11]. In vitro treatment of adult
SVZ-derived neurospheres [9] and postnatal cerebellum-derived neurospheres [8] with
vitamin C potentiates the neuronal phenotype by increasing expression of the neuronal
markers. Moreover, the overexpression of SVCT2 in the mouse N2a cell line, through
the incorporation of vitamin C and the subsequent phosphorylation of MAP-ERK1/2,
induces the appearance of a differentiated phenotype, characterized by the development of
filopodia and MAP-2-positive processes [12]. Furthermore, in the subgranular zone (SGZ),
vitamin C deficiency reduces the number of neurons in the hippocampus of guinea pigs,
altering spatial memory [13].

Although initially considered to occur only during infancy, it is now widely recognized
that neurogenesis also takes place in the adult brain, mainly in two neurogenic niches: the
SVZ in the lateral walls of the lateral ventricles (LV) [14,15] and the SGZ in the dentate
gyrus of the hippocampus [16]. Of these regions, the SVZ stands out as the most extensive
neurogenic area that harbors a greater number of neural stem cells (NSCs) [17]. The
cellular architecture and composition of the SVZ has been described in several species. In
mice, it consists mainly of four types of cells. The SVZ astrocytes or B cells correspond
to NSCs, proliferating and originating transient progenitors or C cells. C cells, in turn,
proliferate rapidly and differentiate into neuroblasts. Finally, ependymal cells correspond
to a simple cuboidal epithelium that separates the ventricular cavity from the other cells of
the SVZ [17,18].

Neuroblasts that originate from the SVZ are destined to form interneurons in the olfac-
tory bulb (OB) [19]. To reach the OB, neuroblasts must migrate through a pathway known
as the rostral migration stream (RMS) [19,20]. In humans, there is controversy regarding
the existence of an RMS; however, neuroblasts migrating around a small ventricular cavity
that connects the LV with the OB, named the lateral ventricle extension (EVL), have been
described [21,22].

Numerous studies show that the SVCT2 transporter is expressed in progenitor cells
and that vitamin C influences differentiation and neurogenesis [7–9,12]; however, the effect
of this molecule or its deficiency on the adult neurogenesis that occurs in the SVZ as well as
the effect on the cellular architecture and composition of this neurogenic region is unknown.
Thus, in the present study, we describe the in vivo effect of vitamin C deficiency on adult
neurogenesis in the SVZ, to later describe the in situ effects on the cellular architecture
and composition of SVZ and EVL of the guinea pig brain. We use this model because the
cellular architecture of SVZ and the presence of an EVL in the guinea pig brain is similar
to that described in the human brain [23]. Additionally, guinea pigs do not synthesize
vitamin C and must acquire it from their diet in a fashion similar to humans, which allows
for modeling of vitamin C deficiency [1,24,25].
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2. Materials and Methods

2.1. Animals

The animal care procedures were performed in accordance with the “Manual de
Normas de Bioseguridad” (Comisión Nacional de Ciencia y Tecnología, CONICYT) and
the Animal Care and Use Committee of the University of Concepcion (Concepción, Chile).
Eighteen adolescent (1 month-old) male Pirbright guinea pigs (Instituto de Salud Pública,
Santiago, Chile) were used in this study. The animals were housed under a 12-h light/dark
cycle with food and water available ad libitum. No hierarchical fights were observed.
Control animals (n = 7) were fed rabbit pellet and vegetables, whereas vitamin-C-deficient
animals were not fed vegetables for 14 (n = 4) or 21 days (n = 7). All animals were kept under
observation after scurvy induction according to the experimental animal care guidelines
of the University of Concepcion to evaluate possible animal suffering before sacrifice. A
loss of over 20% of the animal’s weight was considered to be the human endpoint of the
study. The experimental protocols were approved by the Concepción University Licensing
Committee, grant numbers 1181243 and 1140477.

2.2. Tissue Processing

After they were anesthetized with a mixture of ketamine (60 mg/kg), xylazine (10 mg/kg)
and acepromazine maleate (10 mg/kg), guinea pigs were perfused transcardially with 0.9%
saline and then with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) (n = 2)
or Bouin’s fixative (n = 12) for light microscopy, or 2% PFA/2.5% glutaraldehyde in 0.1 M
PB (n = 4) for electron microscopy. Brains were removed and post-fixed by immersing in
the same fixative overnight at 4 ◦C. Bouin-fixed tissues were embedded in paraffin and cut
into sequential 7 μm frontal sections. PFA-fixed tissues were cryo-protected by immersion
in 30% sucrose for 24 h and then embedded in NEG50TM (Thermo-Scientific, Waltham, MA,
USA) to cut 50 μm frontal sections using a cryostat (MICROM HM520, Walldorf, Germany).
PFA/glutaraldehyde-fixed tissues were cut into 150 μm frontal sections using a vibratome
(Leica VT 1000S, Deer Park, IL, USA). For histological and immunohistochemical analysis,
the tissues from 14 animals were analyzed, and tissues from four animals were analyzed for
electron microscopy (Table S1).

2.3. Immunohistochemistry

After the 7 μm-thick sections were deparaffinized and rehydrated, endogenous per-
oxidase activity was inhibited by treatment with 3% H2O2 in methanol for 15 min. The
sections were rinsed in Tris-HCl phosphate buffer (10 mM Tris, 120 mM NaCl, 8.4 mM
Na2HPO4 and 3.5 mM KH2PO4; pH 7.8) and then incubated overnight at room temper-
ature with the following primary antibodies diluted in 1% bovine serum albumin (BSA)
in Tris-HCl phosphate buffer: anti-βIII-tubulin (1:1000, Promega, Madison, WI, USA),
anti-PCNA (1:400, DAKO, Carpinteria, CA, USA) and anti-4-bromo-2′-deoxyuridine (BrdU;
1:200 Roche, Penzberg, Germany). The sections were rinsed and subsequently incubated for
2 h at room temperature with HRP-conjugated mouse anti-IgG (Jackson ImmunoResearch,
West Grove, PA, USA). The peroxidase activity was developed using diaminobenzidine
and H2O2. For immunohistochemical analysis of BrdU, the sections were treated with 2N
HCl for 30 min at 37 ◦C and incubated with 5% BSA for 30 min before being incubated
with the primary antibody. The images were obtained using an Axioplan 2 microscope
(Carl Zeiss, Oberkochen, Germany) connected to a digital camera (Nikon, Digital Camera
DXM1200, Melville, NY, USA). In all cases, omission of the primary antibody served as the
negative control (Figure S1).

2.4. Multi-Labeling Immunofluorescence and Confocal Microscopy

Sections (50 μm-thick) were rinsed in Tris-HCl phosphate buffer and then co-incubated
overnight at room temperature with lectin-diluted with 1% BSA in Tris-HCl phosphate
buffer or with the following primary antibodies: anti-vimentin (1:200, Millipore, Darmstadt,
Germany); anti-βIII-tubulin (1:1000, Promega) and FITC-conjugated isolectin B4 (1:10,
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Sigma, St. Louis, MO, USA). After the sections were rinsed, they were co-incubated for 2 h
at room temperature with the following fluorophore-conjugated secondary antibodies: Cy5-
conjugated chicken anti-IgG (1:200, Jackson ImmunoResearch, Baltimore Pike, West Grove,
PA, USA) and DyLight 547-conjugated mouse anti-IgG (1:200, Jackson ImmunoResearch).
The sections were also incubated in Hoechst 33258 (Sigma, St. Louis, MO, USA) as a nuclear
stain. Multi-labeled images were obtained by confocal spectral microscopy (LSM 780,
Carl Zeiss). Z-sectioning was performed at 1 μm intervals, and optical stacks of at least
30 images were used for the analysis. Digital three-dimensional (3D) reconstructions were
created using Zeiss LSM software (ZEN, Carl Zeiss Microscopy GmbH, Aalen, Germany).

2.5. Transmission Electron Microscopy

The 150 μm sections were washed in PB and immersed in 2% osmium tetroxide in
PB for 1 h. After a washing step, samples were stained with 2% uranyl acetate in 70%
ethanol for 3 h at 4 ◦C, dehydrated in ascending ethanol concentrations and incubated with
propylene oxide for Araldite embedding. Then, sections were cured for 3 days at 60 ◦C.
Serial semi-thin sections (1.5 μm) were cut on an ultramicrotome (Leica, Deer Park, IL,
USA) and further stained with 1% toluidine blue. Finally, ultrathin (60 nm) sections were
cut using a diamond knife on the ultramicrotome and examined under a Jeol Jem-1400
electron microscope (Jeol, Dearborn Road, Peabody, MA, USA).

2.6. In Vivo BrdU Labeling

Control and vitamin-C-deficient guinea pigs received an intraperitoneal (i.p.) injection
of BrdU (Sigma) (100 mg/kg body weight per injection). Four hours after the injection,
animals were sacrificed for the proliferation analysis.

2.7. Cell Quantification and Statistical Analysis

For each marker of interest (anti-βIII-tubulin and anti-BrdU), five sections (every
210 μm) from each region (LVE and SVZ) from each animal were immunolabeled. Sections
were chosen from the same area within each region. After images around the entire
ventricular cavity were obtained using a 20× objective, the ventricle was reconstructed
using Canvas X software (ACD Systems International Inc, Victoria, BC, Canada) and
the total number of positive cells around the ventricular cavity in one hemisphere was
quantified using Image J software (ImageJ 1.53a, National Institute of Health, Bethesda,
MD, USA). Data represent the mean ± SD of each region for three animals. Statistical
comparisons between two or more groups of data were carried out using analysis of
variance (ANOVA) followed by Bonferroni post-tests. A p-value < 0.05 was considered to
be statistically significant. GraphPad software (Prism 9, GraphPad Software, Inc., La Jolla,
CA, USA) was used for all data analyses.

3. Results

3.1. Decreased Number of Neuroblasts and Proliferative Cells in SVZ and LVE with Vitamin C
Deficiency in Adult Guinea Pigs

To determine if vitamin C deficiency alters the production of neuroblasts in the SVZ
and its presence in the LVE, coronal sections of the SVZ and LVE of vitamin-C-deficient
and control animals were immunolabeled with anti-βIII tubulin to detect neuroblasts.
In the SVZ, neuroblasts were found in the subependymal area (Figure 1A–C, arrows)
with progressively reduced numbers coinciding with the days of deficiency (Figure 1A–C,
arrows). In the LVE, neuroblasts maintained their subependymal location; however, their
amount gradually decreased as the days of vitamin C deficiency elapsed (Figure 1D–F,
arrows). To confirm these changes, neuroblasts in the SVZ (Figure 1G) and in the LVE
(Figure 1H) were quantified. Both in the SVZ and LVE, the decrease in neuroblasts was
significant and progressive with the days of vitamin C deficiency. Moreover, the decrease
reached 41.67 ± 0.05 % in the SVZ (Figure 1G) and 49.92 ± 0.19% in the LVE (Figure 1H) in
animals with 21 days of vitamin C deficiency.
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Figure 1. Analysis of neuroblasts in the brain of adult vitamin-C-deficient guinea pigs. Coronal sections
of the brain of control guinea pigs (A,D) and the brain of guinea pigs with 14 (B,E) and 21 days (C,F) of
vitamin C deficiency, labeled with anti-βIII tubulin (1:1000) to identify neuroblasts. In the SVZ (A–C) and
LVE (D–F), neuroblasts progressively decreased with increasing days of vitamin C deficiency (arrows).
(G,H) Neuroblasts were quantified in the SVZ (G) and LVE (H) of control and vitamin-C-deficient
animals. The number of neuroblasts decreased progressively from the control animals to the 21-day
deficient animals in both the SVZ and LVE. Data are presented as mean ± SD. Statistical analysis was
performed using one-tailed ANOVA test and Bonferroni post-test; * p < 0.05, ** p < 0.01. n = 4. SVZ:
subventricular zone. LV: lateral ventricle. LVE: lateral ventricle extension. Scale bar: 100 μm.

To determine whether the decrease in neuroblasts found in deficient animals was
associated with a reduction in the number of proliferative cells in the neurogenic regions,
coronal sections of the SVZ and LVE of vitamin-C-deficient and control animals were
immunolabeled with anti-PCNA to identify proliferative cells. In the SVZ, PCNA-positive
cells were found in the subependymal area (Figure 2A, arrows) and their number decreased
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progressively (Figure 2A–C, arrows). Likewise, a decrease in PCNA-positive cells was
also observed in the LVE of deficient animals (Figure 2D–F). To corroborate the results
obtained through the anti-PCNA labeling, in vivo bromodeoxyuridine (BrdU) labeling was
performed to specifically detect cells in the S-phase of the cell cycle. Then, coronal sections
of the SVZ and LVE of vitamin-C-deficient and control animals were immunolabeled
with an anti-BrdU antibody to detect proliferative cells and, subsequently, the number of
BrdU-positive cells was quantified. In both the SVZ (Figure 3A–C) and LVE (Figure 3D–F),
the number of BrdU-positive cells decreased in vitamin-C-deficient animals. In the SVZ,
there was a significant decrease in BrdU-positive cells at 21 days of vitamin C deficiency
(Figure 3G), while there was only a downward trend in the LVE (Figure 3H). Both PCNA
and BrdU analysis demonstrated a decrease in the number of proliferative cells, suggesting
a reduction in the proliferation of SVZ and LVE cells.

 

Figure 2. Analysis of PCNA-positive cells (B-type and C-type cells) in the brain of adult vitamin-
C-deficient guinea pigs. Coronal sections of the brain of control guinea pigs (A,D) and the brain of
guinea pigs with 14 (B,E) and 21 days (C,F) of vitamin C deficiency, labeled with anti-PCNA (1:100) as
a proliferation marker. In the SVZ (A–C), PCNA-positive cells (arrows) progressively decreased with
increasing days of vitamin C deficiency. In the LVE (D–F), PCNA-positive cells (arrows) decreased
in vitamin-C-deficient animals (E,F). LVE: lateral ventricle extension. LV: lateral ventricle. SVZ:
subventricular zone. n = 4. Scale bar: 100 μm.

To define whether vitamin C deficiency alters the cellular distribution of SVZ, coronal
sections of the SVZ from control animals and from animals with 21 days of vitamin C defi-
ciency were immunolabeled with anti-βIII tubulin to detect neuroblasts, anti-B4 isolectin
to identify ependymal cells and anti-vimentin to identify ependymal cells and glial cells.
Afterwards, 3D projections of Z-stacks of high-resolution confocal spectral images were
generated (Figure 4). Although the neurogenic niche, and consequently, the clusters of
neuroblasts, have always been associated with the most dorsal part of the LV, it is also
possible to observe them in the medial and ventral areas of the LV (Figure 4A–D with higher
magnification). In the vitamin-C-deficient animals, however, neuroblasts persisted in the
dorsal part of the LV (Figure 4E,F) but practically disappeared in the medial (Figure 4E,G)
and ventral (Figure 4E,H) parts of the LV, suggesting that the extent of neuroblast decrease
could vary in different areas of the LV. This observation could apply not only in the dorso–
ventral direction, but also in the rostro–caudal direction. For its part, the ependymal line
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was observed without changes between both conditions, but this was not so in glial cells,
which seemed to have been redistributed. In control animals, glial cells seemed to cover a
larger space in the SVZ (Figure 4C,D); however, in deficient animals, they seemed to be
mostly distributed in the area closer to the ventricle cavity (Figure 4G,H), an area where
neuroblasts are usually found in control conditions.

 

Figure 3. Analysis of BrdU-positive cells (B-type and C-type cells) in the brain of adult vitamin-C-deficient
guinea pigs. Coronal sections of the brain of control guinea pigs (A,D) and the brain of guinea pigs with
14 (B,E) and 21 days (C,F) of vitamin C deficiency, labeled with anti-BrdU (1:200) as a proliferation marker.
(A–C) In the SVZ, many BrdU-positive cells are observed in control animals (A) but they progressively
decreased in guinea pigs with 14 (B) and 21 days (C) of vitamin C deficiency (arrows). (D–F) In the
LVE, few BrdU-positive cells are observed in control animals (D) and even fewer in vitamin-C-deficient
animals (E,F, arrows). (G,H) BrdU-positive cells were quantified in the SVZ (G) and LVE (H); their number
decreased in the condition of vitamin C deficiency. Data are presented as mean ± SD. Statistical analysis
was performed using one-tailed ANOVA test and Bonferroni post-test; ** p < 0.01. n = 3. LV: lateral
ventricle. LVE: lateral ventricle extension. SVZ: subventricular zone. Scale bar: 100 μm.
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Figure 4. Multi-labeling analysis of neuronal and glial distribution in the SVZ of adult vitamin-C-
deficient guinea pigs. Z-stacks projections, 3D reconstruction and tile scanning, using multiple markers:
anti-βIII tubulin (1:1000, red), anti-vimentin (1:100, yellow), B4 isolectin (1:10, green) and Hoechst 33258
(1:1000, blue). (A) Glial and neuronal distribution in the SVZ of control guinea pigs. (B–D) Higher
magnification of dorsal (B), medial (C) and ventral (D) areas of the LV in image A. (E) Glial and neuronal
distribution in the SVZ of guinea pigs with 21 days of vitamin C deficiency. (F–H) Higher magnification
of dorsal (F), medial (G) and ventral (H) area of the LV in image E; distribution of glial cells was different
and the amount of neuroblasts (red) was lower along the LV of vitamin-C-deficient guinea pigs regarding
control animals. LV: lateral ventricle. SVZ: subventricular zone.

Analysis of the LVE showed that apart from the evident decrease in the density of
neuroblasts surrounding the LVE, an increase in the number of glial cells was observed in
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deficient animals (Figure 5E,F). Regarding the size of the LVE (Figure 5A,D), it is important
to note that its diameter can vary notoriously from one animal to another [23].

 

Figure 5. Multi-labeling analysis of neuronal and glial distribution in the LVE of adult vitamin-
C-deficient guinea pigs. Z-stacks projections, 3D reconstruction and tile scanning, using multiple
markers: anti-βIII tubulin (1:1000, red), anti-vimentin (1:100, yellow), B4 isolectin (1:10, green) and
Hoechst 33258 (1:1000, blue). (A) Distribution of glial and neuronal cells in the LVE of control guinea
pig brain. (B) Higher magnification of the LVE in image A. (C) Same image as in panel B, without
blue (nuclei) and yellow (glial cells) channels. (D) Glial and neuronal distribution in the LVE of the
brain of guinea pigs with 21 days of vitamin C deficiency. (E) Higher magnification of the LVE in
image D. (F) Same image as in panel E, without blue (nuclei) and yellow (glial cells) channels. Here,
the density of neuroblasts (red) was much lower than in the control (C, dotted lines); however, the
number of glial cells (yellow) was similar. LVE: lateral ventricle extension.

To demonstrate that the decrease in neuroblasts is not restricted to a particular rostro–
caudal area and can be observed throughout the entire LVE, a 3D reconstruction of 560 μm
throughout the LVE was performed. One out of every five sections (serial sections) of the
brain of vitamin-C-deficient and control animals were immunolabeled with anti-βIII-tubulin;
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then, the images obtained were stacked using IMARIS® (Figure 6). The results confirmed that
the decrease in neuroblasts occurred throughout the entire LVE of the vitamin-C-deficient
guinea pig (Figure 6F–H) relative to the control guinea pig (Figure 6B–D).

 

Figure 6. Three-dimensional reconstruction of the LVE and surrounding neuroblasts of control and
vitamin-C-deficient guinea pigs. 3D reconstruction of Z-stacked coronal sections of the LVE of con-
trol guinea pigs and guinea pigs with 21 days of vitamin C deficiency labeled with anti-βIII tubulin
(red, 1:1000) and hematoxylin (blue). (A) Z-stacked coronal sections of the LVE of control guinea pig.
(B–D) Three different rotations of the 3D-reconstruction of the Z-stacked coronal sections in image A.
(E) Z-stacked coronal sections of the LVE of guinea pigs with 21 days of vitamin C deficiency. (F–H)
Three different rotations of the 3D-reconstruction of the Z-stacked coronal sections in image E. LVE:
Lateral ventricle extension. Scale bar for images (A) and (E): 50 μm.

3.2. Vitamin C Deficiency Alters Cell Morphology and Cell Composition of the SVZ and LVE in
Adult Guinea Pig Brain

To determine if vitamin C deficiency induces changes in the cytoarchitecture of the
SVZ and LVE or in the morphology of their cells, their ultrastructure was explored through
transmission electron microscopy, and SVZ and LVE cell types were identified according
to their ultrastructural features [23]. In the SVZ, ependymal cells were identified by cilia
and microvilli on their apical surface by their irregular nucleus and their electron-dense
cytoplasm (Figure 7A–G, asterisks); neuroblasts were identified by their sparse electron-
dense cytoplasm and their heterochromatic nucleus (Figure 7B–G, cells in red). Astrocytes
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were identified by their electron-lucid cytoplasm and euchromatic nucleus (Figure 7B–G,
cells in green), and type C cells by their electron-lucid cytoplasm and their irregular and
large nucleus with numerous small clusters of condensed chromatins. However, it is worth
mentioning that no type C cells were found in the images selected for the figure.

 

Figure 7. Ultrastructural analysis of the SVZ in vitamin-C-deficient guinea pigs. (A–G) Ultrathin
sections of the SVZ in control guinea pigs; the ciliated ependymal cell line (dotted line) and different
cell types in the subependymal area are observed (A). The ependymal cells (white asterisks) show
cilia and apical microvilli, an irregular nucleus and an electron-dense cytoplasm (B–G). In the
subependymal zone, neuroblasts (in red) have a heterochromatic nucleus and a scanty, electron-dense
cytoplasm (B–G). Astrocytes (in green) have a euchromatic nucleus, an electron-lucent cytoplasm
and often contact the ventricle (G, arrow). C-type cells are not detected in this set of images. (H–N)
Ultrathin sections of the SVZ of vitamin-C-deficient guinea pigs showed that the cell distribution
was similar to control SVZ; however, the number of cells was altered. A decline in the number of
neuroblasts was observed and, consequently, cells in the subependymal area were mainly astrocytes
(I–N). In addition, fewer astrocytes were observed contacting the ventricle (M, arrow). Apoptotic cell
(dashed line) (L). LV: lateral ventricle. BV: blood vessel.

When the SVZ ultrastructure of control and vitamin-C-deficient animals were com-
pared, no significant changes in cell morphology were observed. In the SVZ of deficient
animals (Figure 7H–N), the ependymal cells maintained their apical cilia and microvilli,
and their nuclei (asterisks) were observed as irregular as in the SVZ of control animals.
Furthermore, neuroblasts (Figure 7H–N, cells in red) and astrocytes (Figure 7H–N, cells
in green) also retained their distinctive ultrastructural features. Regarding the cellular
composition of the SVZ in deficient animals, the number of cells forming part of the cellular
architecture was notoriously lower when compared with the control (Figure 7H–N). Al-
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though the number of astrocytes and ependymal cells seemed to remain unchanged, there
was a marked decline in the number of neuroblasts.

Unlike that observed in the SVZ, differences between control and vitamin-C-deficient
animals were found in the cell morphology of the LVE. In control animals, the ependymal
cells had a flat shape and a regular nucleus (Figure 8A–G, asterisks), while the LVE of de-
ficient animals had a cubic shape and an irregular nucleus (Figure 8H–N, asterisks). In the
subependymal area of the LVE, the morphology of the cells was also different; nuclei with
a more regular size and shape were observed in the control LVE (Figure 8A–G) compared
with the LVE of a deficient animal (Figure 8H–N). The cytoarchitecture of the LVE of defi-
cient animals also showed important differences compared with the control. Specifically, a
large decrease in the number of neuroblasts was observed in the LVE of deficient animals
(Figure 8H–N, cells in red), while astrocytes seemed to increase their number (Figure 8H–N,
cells in green). Consequently, variation in the number of cells resulted in changes to their
location. In the control LVE, neuroblasts were situated below the line of ependymal cell
(Figure 8A–G, cells in red); however, in deficient animals, astrocytes were observed in that
location (Figure 8H–N, cells in green).

 

Figure 8. Ultrastructural analysis of the LVE of vitamin-C-deficient guinea pigs. (A–G) Ultrathin
sections of the LVE of control guinea pigs; the ciliated ependymal cell line (dashed line) and a large
number of cells in the subependymal area is identified (A). Neuroblasts (in red) and astrocytes (in
green) exhibit a similar morphology to that described in the control SVZ; however, the ependymal
cell nucleus (white asterisks) is more regular in the LVE (B–G) compared with the control SVZ. Most
of the subependymal cells correspond to neuroblasts (B–G). (H–N) Ultrathin sections of the LVE of
vitamin-C-deficient guinea pigs show that the cell distribution was similar to control LVE. However, the
number of cells was dramatically decreased and the morphology of the ependymal cell nuclei (white
asterisks) was significantly altered (H–N). Neuroblasts were reduced in number (cells in red), while the
number of astrocytes (cells in green) increased (I–N). BV: blood vessel. LVE: lateral ventricle extension.
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4. Discussion

In the present work, we described the effect of vitamin C deficiency on neurogenesis,
and the cellular composition and morphology of the SVZ and LVE from adult guinea
pig brain. We found that neuroblasts and proliferating cells in the SVZ and LVE are
progressively and significantly reduced in proportion with the number of days under
vitamin C deficiency. This reduction is not restricted to a particular area and is observed
throughout the LVE. We also found that vitamin C deficiency alters the cellular morphology
at the ultrastructural level, especially in cells from the LVE.

Vitamin C deficiency in adult guinea pig induced a progressive reduction in neurob-
lasts in the SVZ and LVE. This reduction was higher in 50% of the animals consuming
a deficient diet for 21 days, which is consistent with a previous study from our group
in which we showed that neurospheres isolated from the SVZ of adult rat brain treated
with 200 μM vitamin C induced the production of new neurons through differentiation
towards a neuronal lineage [9]. Thus, we hypothesized that reducing vitamin C produces
the opposite effect (i.e., a decline in the production of neuroblasts). In addition, another
study showed a significant reduction in the number of neurons in three different regions of
the hippocampus from animals under vitamin C deficiency [13]. Overall, these findings
show a vital role of vitamin C in adult brain neurogenesis.

We also showed that vitamin C deficiency progressively reduced the number of
proliferating cells in SVZ and LVE, suggesting that the decrease in neuroblasts is directly
associated with the lower proliferation. A previous study described that prenatal vitamin
C deficiency induced a significant reduction in the volume of the postnatal hippocampus,
attributed to reduced migration of neuroblasts towards the granular layer of the dentate
gyrus [26], without considering a decrease in the proliferation of precursor cells nor reduced
survival rate of new neurons [26]. The discrepancies between this [26] and the present
study may be due to the inherent differences of the neurogenic niches. For instance, the
proliferative capacity of the hippocampal dentate gyrus is lower at the SVZ [27,28], making
this zone more likely to be affected. Furthermore, in the rat, BrdU-positive proliferative
cells at the SVZ and RMS express the vitamin C transporter, SVCT2 [9], suggesting a role
for vitamin C in the regulation of proliferative cells in the SVZ and LVE.

In the SVZ, NSCs proliferate to give rise to transient precursors, which in turn, and
depending on the environment signals, can differentiate into cells of glial lineage, such as
astrocytes and oligodendrocytes, or neuronal lineage, such as neuroblasts [27,28]. Based on
this, the reduction in neuroblasts induced by vitamin C deficiency may be explained by
(i) apoptosis of NSCs, transient precursors and/or neuroblasts; (ii) increased differentiation
into the glial lineage in detriment of the neuronal lineage; and/or (iii) reduction in the pro-
liferation of NSCs and/or transient precursors. First, we were unable to evaluate apoptosis
because Bouin’s fixative is not compatible with the TUNEL assay and immunostaining of
cleaved caspase-3 did not work as expected. Nevertheless, we paid special attention to the
presence of cells with apoptotic morphology during the ultrastructural analysis, finding
no differences between control and deficient animals. Second, even when we observed
a subtle increase in the number of glial cells in the EVL, it is unlikely that this increase
could be due to an increase in glial cells generation, either by proliferation or differentiation
from NSCs, since NSCs have not been detected in this area [23]. It is more likely that the
increase was related to a redistribution of cells, triggered by the absence of neuroblasts that
occupy the areas closest to the ventricular cavity. Thus, we propose that vitamin C defi-
ciency reduces the number of neuroblasts via lower proliferation of NSCs and/or transient
precursors, therefore impacting the genesis of neuroblasts. This hypothesis fits our findings
of reduced proliferation and number of neuroblasts, without any significant variation in
the number of glial cells, which is further supported by previous studies describing the
positive effect of vitamin C on the proliferation and differentiation of NSCs, precursors and
neuroblasts [29–31].

Many mechanisms could account for the effect of vitamin C deficiency on the reduced
proliferation of NSCs and/or precursor cells: (i) a direct action over the expression of proteins
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regulating proliferation and differentiation of NSCs, (ii) an indirect action due to increased
oxidative stress and/or (iii) an indirect action due to reduced collagen synthesis. Regarding
the first possibility, vitamin C is known to affect the epigenetic landscape of human embryonic
stem cells through inducing specific histone demethylation events and the expression of cer-
tain genes [32]. This function could be related with the capacity of vitamin C to modulate the
activity of Fe(II)/2-oxoglutarate-dependent oxygenases [33]—among them, histone demethy-
lases Jhdm1a/1b [34] and DNA demethylase TET1 [35–37]. Regarding oxidative stress, it is
widely documented that vitamin C deficiency increases reactive oxygen species (ROS) [38–41],
which has a negative effect on NSC proliferation through inhibition of ERK1/2 [42]. Moreover,
embryos from SOD2-null mice, which exhibit high levels of superoxide in the brain, are char-
acterized by reduced neurogenesis in the SVZ, attributed to a reduced proliferative capacity
of NSCs [42]. Lastly, in relation to collagen modulation, it is known that the basal lamina of
blood vessels in the SVZ is mainly composed of collagen and laminin and is projected towards
the subependymal zone [43], where collagen and laminin integrate diverse factors modulat-
ing neurogenesis through the astrocytic foot processes [44] (Mercier y col., 2002). Therefore,
vitamin C deficiency could affect synthesis and deposition of collagen, reducing neurogenesis.

At the ultrastructural level, we observed that vitamin C deficiency is associated with a
reduction in neuroblasts and a subtle increase in astrocytes in the SVZ and LVE, whereas
ependymal cells remain unaffected. These changes also impact the distribution of these
cells in a way that neuroblasts are localized immediately under the ependymal line in the
LVE from control animals, while astrocytes occupy this place in LVE from deficient animals.
Moreover, we observed relevant morphological differences in the LVE, but not in the SVZ,
from deficient animals compared with the controls. The ependymal cells are flatter and
show regular nuclei in control animals, whereas they show a cuboidal shape with irregular
nuclei in deficient animals. Ependymal cells also show pleomorphic nuclei in the LVE
from deficient animals. Evidence suggests that vitamin C deficiency induces nuclear and
cellular morphological changes through increased oxidative stress and reorganization of
the actin cytoskeleton [45]. In addition, oxidative stress promotes telomere shortening
and chromosomic instability, in turn, altering the nuclear morphology [46]. Nevertheless,
the fact that the morphological alterations in deficient animals were more evident in the
LVE may be due to a lower availability of vitamin C from the CSF, contributing to higher
oxidative damage.

5. Conclusions

Our data show the relevance of vitamin C in proliferation, differentiation and neuroge-
nesis in the SVZ from adolescent guinea pig brain and how these processes impact on the
maintenance of the normal cytoarchitecture of the SVZ and LVE. Vitamin C deficiency re-
mains a serious health problem for a high percentage of the world population. For instance,
in the United Kingdom, 46% of men and 35% of women within the low-income population
had vitamin C deficiency [47]. In the U.S., the prevalence of vitamin C deficiency, adjusted
by age, is ~7% of the population, which is reduced with a higher socioeconomic status [2].
In the Canadian youth between 20 and 29 years old, 14% have vitamin C deficiency [3].
Considering that these data come from developed countries, we infer that the prevalence
of vitamin C deficiency could be significantly higher in developing countries. Based on our
results observed in guinea pig brain and given the well-known similarities between guinea
pig and human brains, we propose that vitamin C deficiency could have important negative
consequences in human neurogenesis, especially for children and pregnant women.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox11102030/s1, Figure S1: Negative controls without primary antibody in the SVZ of
guinea pig brain, Table S1: Total number of animals used in the experiments.
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Abstract: Despite a relatively developed understanding of the pathophysiology underlying primary
and secondary mechanisms of cell death after ischemic injury, there are few established treatments to
improve stroke prognoses. A major contributor to secondary cell death is mitochondrial dysfunction.
Recent advancements in cell-based therapies suggest that stem cells may be revolutionary for treating
stroke, and the reestablishment of mitochondrial integrity may underlie these therapeutic benefits. In
fact, functioning mitochondria are imperative for reducing oxidative damage and neuroinflammation
following stroke and reperfusion injury. In this review, we will discuss the role of mitochondria in
establishing the anti-oxidative effects of stem cell therapies for stroke.
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1. Introduction

The central nervous system is a highly active, energy intensive organ system that
relies on careful homeostasis to maintain smooth function. The high energy demand
places mitochondria in the forefront as the pivotal organelle maintaining and supplying
neuronal energy demands [1]. Mitochondria are multi-functional organelles found in
eukaryotic cells, with roles, such as energy production, regulation of apoptosis, buffering
intracellular calcium, and the development of reactive oxygen species [2–4]. They are
integral to functions within the central nervous system because they produce a majority of
the energy needed for membrane ATPases, the influx and efflux of neurotransmitters, and
the formation of new neural circuits [1,5].

Mitochondria exhibit an adaptive response to the fluctuating needs of their host cell
in an effort to maintain bioenergetic and oxidative homeostasis [6,7]. In large, complex
cells such as neurons, mitochondrial distribution plays a critical role in supplying the
cell with needed energy [8,9]. The organelle may even move around the cell in response
to metabolic demand. For example, certain mitochondria can move along axons using
kinesin or dynein motors to reach areas with higher energy needs [10]. Other mitochondria
are anchored into the membrane and remain stationary to supply a continuous source of
energy to a local structure within the cell such as in dendrites [11]. Mitochondria may also
fuse or undergo fission in order to respond to fluctuating energy demands. For example,
mitochondrial fission allows the organelles to travel into growing spines and dendrites to
promote neurogenesis and plasticity while blocking mitochondrial fission that results in
neuronal degeneration and disruption of neuronal morphology [12,13].

Although neurons are typically lifelong cells and do not regenerate, mitochondria ex-
perience regular turnover to remove damaged organelles and minimize the unintentional
release of proapoptotic signals and accumulation of reactive oxygen species [14]. This process
is called mitophagy and occurs in cells all over the body. In the setting of neurodegenerative
disease, mitophagy decreases and injured mitochondria accumulate. Normally, upon damage
to mitochondria, there is a subsequent elevation of PTEN-induced kinase 1 (PINK1) in the
mitochondrial outer membrane, which phosphorylates, and thus activates E3 ubiquitin ligase
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Parkin [15,16]. In one mechanism, Parkin ubiquitinates and thus eliminates mitochondrial
fusion proteins mitofusin1 and mitofusin2, resulting in mitochondrial fission, separating
diseased mitochondrial components [17]. Additionally, Parkin ubiquitinates mitochondrial
surface proteins; the ubiquitin moieties attract a battery of autophagy receptors, including
optineurin and nuclear dot protein 52, among others. The autophagy receptors bind to LC3, a
protein embedded in the autophagosome, thus connecting the two organelles, and allowing
for mitophagy [18]. There is a careful balance of mitophagy that must be struck; too much can
be detrimental to cell life and too little can be factorial in the etiology of neurodegenerative
disease [19]. Defects in mitophagy are implicated in the development of neurodegenerative
diseases, such as Alzheimer’s and Parkinson’s disease, and restoring this essential function
may offer a therapeutic target for these diseases [20].

2. Mitochondrial Impairment in the Oxidative Stress following Stroke and
Reperfusion Injury

Ischemic stroke is defined as a sustained lack of blood flow to an area of the brain
resulting in local inflammation, oxidative stress, and cellular death. While the primary
mechanisms of cell death relate to ischemic injury, mitochondrial damage is a primary
component of secondary cell death, contributing to excitotoxicity, oxidative stress, free
radical accumulation, impaired neurogenesis, angiogenesis, vasculogenesis, and inflam-
mation [21,22]. Within the mitochondria, the Krebs cycle transfers energy from glycolytic
molecules to electron carriers, propagating the oxidative phosphorylation pathway of
maximal ATP production [23]. Mitochondria are vital to energy production via this ox-
idative phosphorylation; however, oxidative phosphorylation also notoriously results in
free radical accumulation [24]. Thus, if malfunctioning, mitochondrial damage can result
in reduced energy production and excessive accumulation of free radicals and oxidative
stress following ischemic injury [25]. Furthermore, ischemic injury to mitochondria leads
to their programmed death and release of cytochrome C. Cytochrome C then perpetuates
neuronal death via apoptosis, furthering the release of ROS [26]. As oxidative phosphory-
lation requires oxygen, and ischemic stroke is defined by a lack of oxygen to neurons, it
is incredibly logical to target underlying mitochondrial damage to ameliorate further cell
death secondary to oxidative stress. Furthermore, reperfusion following ischemic stroke
generates a large number of ROS, contributing to oxidative stress [27].

3. Repair of the Damaged Mitochondria in Stroke: Astrocytes-to Neurons Transfer
of Mitochondria

As mitochondria are, by nature, functioning within eukaryotic cells, many groups have
examined the role mitochondria play in the successful treatment of stroke with stem cells [28].
More mysterious, however, is whether the mitochondria mitigate ischemic damage via direct
transfer or signaling molecules (Figure 1). Some research suggests stem cells physically transfer
healthy mitochondria to deteriorating neuronal cells, similar to astrocytic aid in neuronal
survival following stroke [29,30]. Others, however, perceptualize that direct mitochondrial
energy metabolism within stem cells can modulate the stem cells’ differentiation, ageing,
immune regulation, apoptosis, proliferation, migration, and chemotaxis [31].

The immediate impacts of mitochondrial repair are extended via downstream antioxi-
dant effects. ROS inhibit the Nuclear factor erythroid 2-related factor 2 (Nrf2) anti-oxidant
pathway. Thus, by blocking the accumulation of ROS via mitochondrial transfer, the Nrf2
pathway can be restored following stroke and implement its anti-inflammatory and anti-
oxidant pathways. Regarding cell-based therapies, the downstream reduction in ROS can
also amplify stem cell viability and function. For instance, upregulation of Nrf2 and down-
stream antioxidant genes such as HO-1 augments neurogenesis and increases NSC viability
via decreased apoptosis [32,33]. Thus, successive cell-based therapies may be synergistically
effective due to the downstream antioxidant effects of restoring mitochondrial viability
with the first cell dose. Alternatively, pre-emptive treatment with antioxidant agents may
lower the workload of stem cells and their mitochondrial progenies [26]. Thus, there is a
promising tie between enhancing mitochondrial efficacy and mitigating oxidative stress
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following ischemic stroke. Ultimately, the profound impacts of restoring mitochondria
functionality can contribute to neurological repair via its downstream anti-inflammatory
and antioxidant impacts.

Figure 1. This figure exemplifies the neuroinflammatory and oxidative stress which occurs following
an ischemic stroke. Using cell-based therapies, direct mitochondrial transfer theory and mitochon-
drial metabolite theories are demonstrated here. Mitochondrial restoration promotes recovery by
decreasing ischemic damage, inflammation, and ROS.

4. Stem Cell-Neural Cell Crosstalk: Rescue of Mitochondria by Stem Cells

Mitochondria play a mitigating role in neuroinflammation, such as in the setting of ischemic
cerebrovascular accident. This is of particular interest with the use of stem cell therapy. Stem
cells exert their effects on endogenous cells in a variety of ways; they can release molecules to
communicate in a paracrine fashion [34], release exosomes [35], and even alter energetic efficacy,
inflammation, and oxidative stress via mitochondrial adaptations. After treatment with human
bone marrow endothelial progenitor cells, rat models of ischemic stroke had restored endothelial
cell, pericyte, and astrocyte morphology. Upon closer analysis, mitochondrial morphology was
restored in these cells as well, suggesting changes to mitochondrial integrity may be responsible
for this therapy’s beneficial effect [36]. Regarding stem cell impacts on mitochondria, various
theories have been proposed, such as direct mitochondrial transfer and mitochondrial metabolite
transmission (Tables 1 and 2).

Table 1. In Vivo Stem Cell Studies Investigating the Role of Mitochondria in Ischemic Stroke. This
table outlines cell-based preclinical trials finding improved functional outcomes attributed to the
impact of mitochondrial activity in the background of ischemic insult.

Sample Cell Type Route Dosage Outcome

MCAO rats Human Bone Marrow Endothelial
Progenitor Cells Intravenous 4 × 106 cells/mL

Endothelial cells, pericytes, and astrocytes demonstrate near
normal morphology without perivascular edema. Mitochondrial

morphology in endothelial cells and perivascular astrocytes
shows near normal morphology and pinocytic vessels are
observed in engrafted cells, which ameliorates post-stroke

vasculature [36].

MCAO rats Miro1-overexpressing Multipotent
MSCs Intravenous 3 × 106 cells/kg

Miro1, normally upregulated in the presence of ROS, promotes
mitochondrial transfer to neural cells and reduces neurologic

deficits after ischemic stroke [37].

MCAO rats MSCs Intra-arterial 5 × 105 cells

Mitochondrial transfer to injured cells of the cerebral
microvasculature improves mitochondrial activity, upregulates

angiogenesis, improves neurologic function, and decreases
infarct volume [38].

MCAO rats hUC-MSC-derived mitochondria Intraventricular Isolate from 3 × 107 cells

Transplanted mitochondria improve ischemic injury exemplified
through inhibition of apoptosis, decreased astrogliosis,

microglial downregulation, reduced infarct size, and enhanced
preservation of motor function [39].

MCAO rats Ischemic-hypoxic preconditioned
olfactory mucosa MSCs Intravenous 1 × 106 cells

Mitochondrial function is preserved through upregulation of
downstream target genes (GRP78 and Bcl-2) by miR-181a and the

presence of ROS is significantly reduced. Apoptosis and
pyroptosis of neurons are inhibited [40].

Photothrombotic
mPFC stroke mice BM-MSC-derived mitochondria Intranasal 12 μL

Mitochondrial transplant significantly reduced the presence of
ROS in the mPFC following ischemia. Transplant also

ameliorates memory impairment, upregulates ATP generation,
improves mitochondrial membrane potential, and upregulates

expression of synaptic markers (GAP-43 and PSD-95) [41].
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Table 2. In Vitro Stem Cell Studies Investigating the Role of Mitochondria under Oxidative Stress.
This table describes in vitro models of oxidative stress pertaining to various elements of mitochondrial
function in stroke reperfusion.

Model of Injury Cell Type Outcome

Hypoxia-reperfusion Rat Neural Stem Cells
Coenzyme Q10 achieves an antioxidant effect through interaction with the
electron transport chain, increasing expression of survival proteins (pAkt,

pGSK3-β, and Bcl-2) and reducing levels of cleaved caspase-3 [42].

OGD Primary Rat Neural Cells
DJ-1, a protein involved in neuroprotection through regulation of oxidative

stress, translocated to mitochondria and enhanced both cell viability
mitochondrial activity while reducing ROS concentrations [43].

OGD Primary Rat Neural Cells Ischemic conditions promote the uptake of astrocyte-released mitochondrial
particles by adjacent neurons, which increases survival signaling [29].

OGD Human Endothelial Progenitor Cell-derived Extracellular
Mitochondria

Incorporation of extracellular mitochondria promotes angiogenesis, decreases
BBB permeability, and increases expression of TOM40, mtDNA copy number,

and intracellular ATP [44].

Metabolic Switching Paradigm, OGD Human MSCs, Primary Rat Neurons

Metabolic switching in MSCs yields greater energy generation, respiratory
capacity, and ATP production. Co-culture with ODG neurons enhances
cellular metabolism, decreases mitochondrial ROS mRNA, and overall

improves cell viability [30].

Metabolic Switching Paradigm Human MSCs Metabolic switching in MSCs results in mitochondria with enhanced
capability for oxidative phosphorylation [25].

Stem cells can form intercellular bridges named tunneling nanotubes [45], or directly fuse;
these latter two mechanisms allow the exchange of cellular contents including organelles such as
mitochondria [46]. The exchange of healthy mitochondria into an ischemic cell is very promising.
Indeed, Babenko et al. found that mitochondrial transfer from multipotent mesenchymal
stem cells (MMSC) to astrocytes is more robust in the setting of elevated reactive oxygen
species (ROS) secondary to ischemic insult, compared to normal conditions. Mitochondrial
Rho-GTPase 1 (Miro1) is a calcium-sensitive adaptor protein, assisting in the intracellular and
intercellular transport of neuronal mitochondria [47], and when Miro1 is overexpressed in
MMSCs, the mitochondrial donation to astrocytes is markedly increased [37]. Additionally, rats
who underwent the middle cerebral artery occlusion (MCAO) stroke model and were then
treated with MMSC-Miro1 had improved neurological function compared to MMSC therapy
alone. Similarly, Liu et al. found that grafted MSCs in rats who underwent MCAO/reperfusion
offered mitochondria to injured endothelial cells, rescuing mitochondrial activity and improving
angiogenesis and neurologic function [38].

Direct implantation of mitochondria may surpass the cell-exudation step and pro-
vide equally beneficial results. In an OGD brain endothelial model, human endothelial
progenitor cell-derived extracellular mitochondria promoted angiogenesis, blood brain
barrier (BBB) impermeability, and increased ATP [44]. These results are incredibly pertinent
to recent theories regarding BBB permeability as a major contributor to secondary cell
death in stroke due to peripheral inflammatory and ROS influx [48,49]. In vivo, human
umbilical cord-MSC-derived mitochondria also improved ischemic injury in rats, with
treated rats showing decreased apoptosis, astrogliosis, neuroinflammation, and infarct
size. Furthermore, some motor functional recovery was notable [39]. On a similar note,
BM-MSC-derived mitochondria given to mice models of stroke reduced ROS, improves
memory, enhanced energy efficacy, and increases synaptic marker expression. Interest-
ingly, this study used an intranasal route for mitochondrial treatment, introducing a less
invasive and possibly more direct mechanism of cell-based therapy administration [41].
A more direct route to the ischemic region would likely amplify cell survival and induce
a more potent anti-inflammatory and antioxidant effect. Further studies should examine
whether this administration method is superior to the more standard intravenous or in-
traarterial routes of administration. Whether exuded by stem cells themselves or extracted
and implanted artificially, mitochondrial transfer demonstrates a clear benefit to reducing
secondary mechanisms of cell death following stroke.

Of additional interest are the potential antioxidant roles of mitochondria. While direct
mitochondrial transfer was not noted in the following studies, variations in mitochondrial
function may lead to mitochondrial metabolite transmission and reduced ischemic damage.
Coenzyme Q10 (CoQ10) is a component of the electron transport chain in mitochondria,
and when applied to neural stem cells in the setting of hypoxia-reperfusion, defends
them from injury. CoQ10 attenuates free radical formation and increases the expression of
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antiapoptotic phosphorylated Akt (pAkt), phosphorylated glycogen synthase kinase 3-β
(pGSK3-β), and B-cell lymphoma 2 (Bcl-2), while simultaneously decreasing proapoptotic
cleaved caspase-3 [42]. DJ-1 is another molecule associated with antioxidant activity. DJ-1
promotes nuclear factor erythroid 2–related factor 2 (Nrf2) [50], which is a master switch
for antioxidant genes, and decreases the expression of proapoptotic Bax [51]. In the oxygen-
glucose deprivation (OGD) in vitro stroke model, it was observed that DJ-1 located to intact
mitochondria, and when anti-DJ-1 antibody was administered, glutathione concentrations
increased, and mitochondrial activity diminished [43].

Intriguingly, pre-conditioning stem cells may further exacerbate the beneficial impact
of mitochondria in cell-based therapies for stroke. In one study, growing mesenchymal
stem cells (MSC) under a metabolic switching paradigm (three days in a galactose medium
and three days in a glucose medium) resulted in enhanced therapeutic effects of SCs in an
in vitro OGD model of stroke. The MSCs grown under a metabolic switching paradigm
generated more ATP, shifted their metabolism to favor oxidative phosphorylation, had a
higher basal energy production, had a greater spare respiratory capacity, and leaked less
hydrogen ions. Thus, these cells demonstrated greater efficiency during energy production
and a superior ability to respond to stressful conditions (i.e., ischemic energy) compared to
the MSCs cultured with a standard glucose medium. When applied to the in vitro stroke
model, the switched MSCs showed greater cell viability, enhanced metabolism, reduced
ROS from stem cell mitochondria, and elevated mitochondrial ATP production by the MSCs
compared to the standardly cultured cells [25,30]. Since the only difference between the
MSC groups involved metabolism, which is predominantly moderated by mitochondria, it
is theorized that the superior efficacy of metabolically switched MSCs is due to the genera-
tion of “super mitochondria”. It is plausible that the MSCs transferred these mitochondria
to the damaged cells, allowing for greater recovery of ATP and metabolic recovery. Other
groups have shown that, in vitro, co culture of PGD neurons with astrocyte conditioned
media (including mitochondrial particles), restores neuronal viability and ATP production.
Using fluorescent staining, the transfer of astrocytic mitochondria to ischemically stressed
neurons was confirmed. In vivo, these results held true, showing that astrocytes use a
CD38/cyclic ADP ribose signaling pathway to facilitate mitochondrial transfer to neurons
following stroke in mice models [29]. Other studies have elucidated the amplification of
stem cells’ antioxidant properties following pre-conditioning as well. In rats treated with
ischemic-hypoxic pre-conditioned olfactory mucosa MSCs, mitochondrial function was
preserved, and ROS levels were significantly reduced [40].

Although the antioxidant and antiapoptotic properties of stem cells and mitochondria
are exciting fields to investigate further, the deleterious effects of ROS on cells are indisputable.
Prakash et al. investigated the effects of hydrogen peroxide on human dental pulp and MSC.
Hydrogen peroxide triggered oxidative stress, prompting autophagy and mitophagy [19].
As discussed earlier, mitophagy is beneficial in clearing injured mitochondria, but there is a
health balance that must be maintained. Ultimately, the ideal cell-based therapy would be
able to withstand these toxic impacts of ROS, while simultaneously reducing ROS induced
secondary cell death. Ongoing studies on mechanisms of mitochondrial repair following
cell-based therapies show promise for uncovering this lucrative therapeutic goal.

5. Non-Cell-Based Approaches to Mitochondrial Repair in Stroke

Recent advancements in cell-based therapies encourage researchers to explore the
processes of mitochondrial transfer from stem cells, however, other approaches to restor-
ing mitochondrial integrity following stroke may involve pharmaceutical or life style
changes [52]. Resveratrol, a SIRT1 activator, for instance, reduces ROS and ultimately im-
proves mitochondrial glucose utilization and restoration [53,54]. Considering 54 studies of
stroke rodent models, resveratrol decreased infarct volumes and improved neurobehavioral
scores, likely via its enhancement of mitochondrial function [55]. Moreover, in an effort to
reduce oxidative stress by restoring mitochondrial function, methylene blue can enhance
the transfer of electrons along the oxidative phosphorylation pathway to reduce ROS and
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increase ATP production efficiency [56]. In rats, methylene blue treatment normalized
blood flow, decreased ischemic burden, and enhanced rodent functionality [57].

Oxidative burden may be effectively reduced by pharmaceuticals following stroke, but
simple dietary additives such as ubiquinone, N-acetylcysteine, and/or anti-oxidant vita-
mins (i.e., C and E) may also reduce ROS following ischemic stroke [52]. Diet changes may
also harbor potential to strengthen mitochondrial integrity following stroke. As previously
discussed, stem cells cultured under metabolic switching conditions showed increased
mitochondrial ATP production and decreased mitochondrial ROS mRNA when used to
treat OGD neurons. These stem cells amplified oxidative phosphorylation over glycolytic
metabolism to enhance the efficiency of energy metabolism. Metabolic switching in vitro
may be mirrored by a ketogenic diet, which similarly minimizes glucose availability and
could shift cells to generate more powerful mitochondria [25,30]. Yet another lifestyle
adjustment includes exercise, as increased physical activity may improve mitochondrial
function by enhancing oxidative phosphorylation and reducing oxidative stress [52]. Ulti-
mately, while cell-based therapies are an exciting and rapidly developing field, alternative
therapeutics may harbor benefits by similarly restoring mitochondrial integrity after stroke.

A number of clinical trials have been conducted with the goal of reducing oxida-
tive stress following stroke [27]. Lipoic acid, involved in vitamin C and E recycling, is
being tested in an ongoing clinical trial on reperfusion therapies for ischemic stroke in
patients with diabetes (NCT 04041167). Salvianolic acid is also being studied as an antiox-
idant following stroke, as it is a potent oxidation, coagulation, and platelet aggregation
inhibitor (NCT04931628). Edaravone, a ROS scavenger, has shown reduced mortality
when administered with alteplase therapy or after endovascular revascularization [58,59].
Importantly, not all preclinical successes are translatable to clinical settings, however, and
further investigation is needed [27,60–66].

6. Mitochondrial Repair in Other Disorders of the Central Nervous System

While the rescue of mitochondria has therapeutic promise in the treatment of stroke,
mitochondrial damage plays a significant role in other degenerative CNS disorders, such
as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis
(ALS) [67]. As such, these conditions may also benefit from mitochondrial repair (Table 3).

Table 3. In Vitro and In Vivo Studies Targeting Mitochondrial Transfer in Neurodegenerative Diseases.
This table delineates the utility of experimental agents to promote mitochondrial transfer in models
of neurodegenerative disease.

Sample Treatment Route Dosage Outcome

Sigmar1(-/-) mice

BAPTA-AM, a selective
intracellular calcium chelator or an

endoplasmic reticulum stress
inhibitor salubrinal

- -

Restoration of calcium homeostasis and endoplasmic
reticulum stability recovered mitochondrial movement and

morphology, ultimately reducing motor neuron
degeneration [68].

6-hydroxydopamine-induced selective
parkinsonian rats

PC12 cell- and Human
Osteosarcoma cybrid-derived

mitochondria
Intracranial 1.05 μg

Peptide-mediated allogeneic mitochondrial delivery
maintains mitochondrial function in the setting of oxidative
stress and apoptotic death. Motor activity is improved up

to three months following transplantation, and
dopaminergic neuron loss is reduced [69].

G93A ALS mice neurons ADSC-derived exosomes - 200 μg/mL
Transplanted exosomes reduce aggregation of superoxide

dismutase 1 and normalize mitochondrial
phospho-CREB/CREB ratio and PGC-1α expression [70].

MPTP-HCL-induced parkinsonian mice HepG2-derived mitochondria Intravenous 0.5 mg/kg

Transplanted mitochondria distributed to the brain, liver,
kidney, muscle, and heart. PD progression is halted

through increased electron transport chain activity, reduced
levels of reactive oxygen species, and prevention of

apoptosis [71].

Aβ-ICV Alzheimer’s Disease mice HeLa cell-derived mitochondria Intravenous 200 μg

Treated mice show enhanced cognitive performance,
reduced loss of neurons, and reduced hippocampal gliosis.
Mitochondrial function is further ameliorated peripherally

in organs such as the liver [72].

Rotenone-induced Parkinson’s neurons iPSC- and hESC-derived DA
neurons and astrocytes - -

iPSC-derived astrocytes and astrocytic conditioned media
reduce degeneration of dopaminergic neurons and reverse

axonal pruning through mitochondrial transfer [73].

5 x Familial Alzheimer’s Disease mice VBIT-4 (Voltage-Dependent anion
channel-1 inhibitor)

PO (in drinking
water) 20 mg/kg

VBIT-4 reduces neuronal cell death, downregulates
neuroinflammation, and ameliorates metabolic dysfunction,

leading to improved cognitive outcomes in behavioral
assessments [74].
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Alzheimer’s disease is a neurodegenerative disorder often associated with the accu-
mulation of amyloid-β plaques in the brain, although the true etiology of the disease is
unclear and increasingly seems to be multifactorial in nature. The exact molecular cause of
mitochondrial dysfunction in AD increasingly appears to be complex and not relegated to
a single pathway. Early stages of the disease are characterized by degradation of mitochon-
drial function, such as a loss of calcium homeostasis, dysregulated neuronal apoptosis, and
a significant increase in the abundance of reactive oxygen species [75,76]. The accumula-
tion of (NH(2))-derived tau protein and amyloid-β plaques in mitochondria inhibits the
function of the mitochondrial adenine nucleotide translocator-1, which suggests a potential
mechanism for early mitochondrial dysfunction in AD [77]. Amyloid-β plaques also seem
to inhibit mitochondrial transport, fission, and fusion, leading to neural degeneration and
significantly decreased neuroplasticity [75]. Additionally, p9 mitochondrial tRNA hyper-
methylation seems to play a role in the pathogenesis of Alzheimer’s disease by impairing
RNA stability, translational processes and disrupting downstream pathways within the
mitochondria [78]. For example, impaired protein translation as a result of hypermethy-
lated p9 may cause a disruption in the folding of proteins involved in the electron transport
chain, signaling dynamics, and homeostasis. On a macro scale, astrocytes seem to increase
their rate of transmitophagy in AD mouse models, suggesting yet another mechanism
for neurodegeneration. This disrupts the function of affected astrocytes by increasing
reactive oxygen species and altering the supportive relationship between astrocytes and
neurons [79]. More research must be performed to assess the role of transmitophagy in the
initiation of neurodegenerative disease, although this finding suggests that the factors at
play are not limited to intracellular and intra-mitochondrial processes. In fact, mitochon-
drial transfer in mice models of AD demonstrates improved cognition, decreased neuronal
loss and gliosis in the hippocampus, and improved mitochondrial functionality [72]. Mito-
chondrial integrity in AD may also be restored by inhibiting the voltage-dependent anion
channel-1 (VDAC-1), a mitochondrial protein overexpressed in AD. In vitro and in vivo
inhibition of VDAC-1 resulted in reduced neuronal apoptosis, decreased inflammation, and
repaired metabolic function. Cognitive decline was also ameliorated in treated mice. While
metabolic homeostasis was restored, likely by restoring normal mitochondrial protein
function, the Amyloid-β and hyperphosphorylated tau burdens were not decreased [74].
This is of interest as it suggests mitochondrial dysfunction may be equally pertinent to
AD pathology as the well-recognized plaque and tangle pathologies. Stem cell therapy for
AD is a focus of current research and early studies show that the transplantation of neural
stem cells from mouse embryos may rescue the spatial learning and memory function and
enhance the long-term potentiation of APP/PS1 transgenic mice [80]. Human neural stem
cells also display a similar benefit by enhancing synaptogenesis and offer the benefit of a
lower chance of rejection after implantation into humans [81]. Furthermore, human embry-
onic stem cells transplanted into the basal forebrain of AD mouse models differentiated
into mature cholinergic neurons and subsequently rescued the mice’s cognitive deficits and
improved spatial learning [82].

The hallmark of Parkinson’s disease is the degeneration of dopaminergic neurons
in the substantia nigra. Its pathogenesis is multifactorial, but many associated genes,
such as SNCA, LRRK2, VPS35, PINK1, DJ-1, and Parkin have been identified and linked
to mitochondrial dysfunction [83]. For example, mutations in the SNCA gene cause
overexpression of α-synuclein, which can disrupt mitochondrial membrane tethers and
result in loss of ATP production and calcium homeostasis [84]. Gains of function in
LRRK2, another commonly mutated gene, play a role in neurotransmitter release and arrest
mitochondrial fission within the substantia nigra [85]. Loss-of-function mutations in Parkin,
the most common genetic cause of autosomal recessive PD, allow for the accumulation of
damaged mitochondria by removing the ability to degrade and ubiquitin-tag mitochondrial
proteins [86]. Loss of Parkin also leads to the accumulation of parkin interacting substrate
(PARIS), which causes a decrease in mitochondrial biogenesis and quantity [87]. Most
therapeutics for PD focus on alleviating symptoms and there is currently no effective cure
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for the disorder. Due to the major role of mitochondria in PD pathology, mitochondrial
transfer may attenuate symptomology [88,89]. In 6-OHDA rat models of PD, mitochondria
injected into the medial forebrain bundle improve mitochondrial function within substantia
nigra neurons. These new mitochondria reduced dopaminergic cell death, improved cell
functionality, and reduced oxidative DNA damage [69]. In mice, similar mitochondrial
administration decreased ROS levels, cell apoptosis, and necrosis [71]. Stem cell therapy
is a promising path because it may replace diseased cells and slow down or halt the
progression of the disease. For example, human embryonic stem cells transplanted into
PD rat models improve long-term survival and restore motor function [90]. Induced
pluripotent stem cell (iPSC)-derived dopaminergic (DA) neurons have the most promising
results in preclinical studies, where they successfully induced gradual improvement in
motor function after implantation into primate models [91]. In an astrocytic conditioned
media, iPSCs cultured with dopaminergic neurons demonstrate active mitochondrial
transfer. Using a phopho-p38 pathway, the mitochondria from astrocytes were internalized
by the neurons and dopaminergic degenerating neurons were salvaged. When the astrocyte
media was ultrafiltered to remove mitochondria, these restorative effects were abolished,
suggesting that the primary mechanism of dopaminergic neuronal recovery was due to
mitochondrial transfer [73]. These are the preferred line of stem cells for transplantation
because they reduce any risk for immunological response. Several clinical trials are ongoing
in China, Australia, and Japan to evaluate the efficacy of this treatment.

Amyotrophic Lateral Sclerosis is another neurodegenerative disease heavily influenced
by mitochondrial dysfunction. It is largely a sporadic disease without a clear hereditary
genetic cause. However, many of the identified genes that do contribute to ALS have roles
in impacting mitochondrial function and thus cause the dysfunction of mitochondria as a
part of the progression of the disease. For example, mutations in SOD1 and TDP43 in mouse
models significantly hinder of mitochondrial transportation and subsequently cause mor-
phological defects and neuronal dysfunction during the early stages of ALS [92]. Sigmar1
mutations, a protein involved in endoplasmic reticulum and mitochondrial communication
and calcium balance, also decreases mitochondrial ATP production and impairs neuronal
function [68,93]. Using calcium scavenging and inhibiting the stress on the endoplasmic
reticulum, mitochondrial dysfunction can be repaired in Sigmar1 mutant mice models
of ALS. In addition to restored mitochondrial function, motor neuron degeneration was
also diminished [68]. Stem cell therapy for ALS has shifted from attempts to replace lost
motor neurons to a goal of providing a neuroprotective local environment for diseased
cells [94]. A study examining exosomes from adipose derived stem cells effectively reduced
pathological SOD1 levels in mice models of ALS. Furthermore, abnormally phosphory-
lated CREB and PGC-1α within mitochondria were normalized, proposing that stem cells
may be capable of ameliorating ALS pathology via improved mitochondrial function [70].
Studies remain largely in the preclinical or early clinical phase, but results are increasingly
promising. For example, the transplantation of human umbilical cord blood cells signifi-
cantly increases the survival of and delay motor deterioration in SOD1 mouse models [95].
This may be due to the modulation of autoimmune processes to create a neuroprotective
environment [96]. Recently, clinical trials aiming to assess the safety of stem cells in humans
showed no significantly accelerated deterioration and overall safe clinical outcomes [94].
More studies need to be performed to assess potential benefits to human patients.

7. Conclusions

The paucity of effective therapies for stroke alongside our vast knowledge of the mech-
anisms of secondary cell death following ischemic injury is perplexing. The revolutionary
strides in cell-based therapies have revamped treatment goals for stroke. However, the
underlying mechanisms of success are frequently contemplated. With a better understand-
ing of how stem cells modulate secondary cell death, these properties can be amplified to
strengthen the efficacy of cell-based therapies. As the vitality of functioning mitochondria for
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stroke recovery is better understood, greater strides in promoting mitochondrial transfer or
metabolite exudation from stem cells may significantly magnify their therapeutic benefits.
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Abstract: Cellular redox status has a crucial role in brain physiology, as well as in pathologic
conditions. Physiologic senescence, by dysregulating cellular redox homeostasis and decreasing
antioxidant defenses, enhances the central nervous system’s susceptibility to diseases. The reduction
of free radical accumulation through lifestyle changes, and the supplementation of antioxidants as a
prophylactic and therapeutic approach to increase brain health, are strongly suggested. Bilirubin is a
powerful endogenous antioxidant, with more and more recognized roles as a biomarker of disease
resistance, a predictor of all-cause mortality, and a molecule that may promote health in adults. The
alteration of the expression and activity of the enzymes involved in bilirubin production, as well as
an altered blood bilirubin level, are often reported in neurologic conditions and neurodegenerative
diseases (together denoted NCDs) in aging. These changes may predict or contribute both positively
and negatively to the diseases. Understanding the role of bilirubin in the onset and progression
of NCDs will be functional to consider the benefits vs. the drawbacks and to hypothesize the best
strategies for its manipulation for therapeutic purposes.

Keywords: Alzheimer’s disease; dementia; sclerosis; schizophrenia; ataxia; therapy; brain cancers;
NRF2; AHR; heme oxygenase

1. Introduction

The redox status of the brain plays a relevant role in brain physiology and functioning,
from regulating post-natal central nervous system (CNS) development to contributing to
the diseases characterizing aging (e.g., Alzheimer’s disease, Parkinson’s disease, dementia,
ataxia, tumors). Both direct oxidative damage and redox-induced alterations of cellular
signaling (most of them shared with bilirubin and its metabolic enzymes) have been
documented in the so-called physiologic senescence, when a reduction in the antioxidant
capability and an increase in mitochondrial dysfunction, cytochrome C release, genome
instability, and telomere attrition, are reported and contribute to the onset and progression
of neurologic conditions and neurodegenerative diseases (NCDs) [1–5].

Bilirubin, a heme metabolite (Figure 1a), is not only a recognized powerful cellular
antioxidant [6–8] but its level has been repeatedly correlated with the risk of developing
chronic diseases typical of adult and eldered life (Figure 1c). Bilirubin is now considered
as a biomarker of disease resistance, a predictor of all-cause mortality, and a molecule
that may promote health in adults [9–12]. A large body of evidence comes from epi-
demiologic studies. A low total serum bilirubin (TSB) level (Figure 1b), with a possible
cut-off of 0.4 mg/dL (0.7 uM), has emerged as a possible risk factor or as a biomarker
for diseases characterized by oxidative impairment. Among them, the list of neurologic
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and neurodegenerative diseases is long [11,12] (Figure 1c). The moderately elevated TSB
present in Gilbert syndrome (GS) subjects, a population with genomic variants partly
reducing the activity of the hepatic uridine diphosphate glucuronosyltransferase (UGT)
1A1 enzyme responsible for bilirubin conjugation (Figure 1a), has been correlated with
a reduced prevalence of cardiovascular diseases (CVD), diabetes, metabolic syndrome,
and certain cancers (Figure 1c) [9–11]. In agreement, GS subjects have increased antiox-
idant status (FRAP—ferric reducing ability potential), as well as reduced pro-oxidant
and pro-inflammatory markers (apolipoprotein B—ApoB; C-reactive protein—CRP;
interleukin—IL6; and IL1β) than normobilirubinemic subjects. In addition, a stronger
protective effect in the fourth to the sixth decade of life was demonstrated [13]. Similarly,
it has been suggested that a mild increase of TSB in neonates—the so-called physiologic
hyperbilirubinemia leading to jaundice in 60–80% of newborns—may protect them from
the oxidative challenge due to birth. In agreement, phototherapy, used to decrease the
TSB level in severely hyperbilirubinemic neonates, has been reported to reduce the blood
antioxidant capability [14–16]. On the contrary, a further increase in TSB may be toxic to
the brain [17–20] (Figure 1c).

In addition to the “yin” and “yang” properties of serum bilirubin concentration, the
presence of the enzymes involved in bilirubin metabolism (the yellow players—YPs, see
Figure 2), has been reported in extra-hepatic cells, including the brain. At the cellular level,
the YPs will not only produce but also recycle bilirubin. This recycling process accounts
for the capability of nM amounts of bilirubin to counteract 10000 times higher amounts of
reactive oxygen species (ROS) [6–8,21,22]. Additionally, YPs can act on multiple signaling
pathways, enter the nucleus, activate the transcription of genes, and act as hormones,
amplifying potential biologic functions. Moreover, the promoter of both HMOX1 and
BLVRA possesses multiple binding sites for transcription factors (Figure 2a), making
them ready to react on demand to stressors and inducers [3,9,11,12,23–44]. This finding
definitively opened a new way of viewing the YPs as homeostatic factors and as part of the
cellular defense system [12,23,45].

The YPs contribute to oxidative balance, antioxidant response, detoxification, the
lowering of DNA damage and lipid peroxidation, and reducing mitochondrial dysfunc-
tion (Figure 2b). Due to bilirubin’s lipophilic nature and its affinity for membrane lipids,
a moderate level of bilirubin is known to act as an antioxidant complementary to the
cytosolic GSH system in protecting transmembrane proteins and lipids from reactive
oxygen species (ROS) and reactive nitrogen species (RNS) attack [7,21], and reducing
the platelet prothrombotic phenotype [10] (see also Section 2.6). Moreover, bilirubin
blunts inflammation by preserving the mitochondrial transmembrane potential, express-
ing cytochrome oxidase complex IV, blocking IL1β (interleukin 1 beta) release from
macrophages, reducing the level of pro-caspase 1, and inhibiting the NLRP3 inflamma-
some [46] (see also Section 2.8).

The discussion on the advantages of modulating YPs or delivering exogenous biliru-
bin to tissues for therapeutic purposes is still ongoing. Of relevance to the discussion,
bilirubin has already been used as a constituent on the shells of nanoparticles to exploit
its anti-inflammatory and antioxidant properties [3,35,41–44,51,58,59]. On the other
hand, excessive activation of YPs may worsen redox stress, mainly by increasing Fe2+

deposition at the site of the lesion and by disrupting the enzymatic activity of BLVRA
(see later for details) [3,35,60]. Thus, the use of YPs for therapeutic purposes needs to be
further explored and validated.

YPs are also involved in the level of neuronal calcium and glutamate balance by inhibit-
ing excitotoxicity and acting on glucose and insulin homeostasis, lipid profile, cell energy,
synaptic transmission and voltage control, circadian rhythms, immunity and inflammation,
cell cycle, proliferation, differentiation, and apoptosis, and they are anti-microbial and can
be used as a pain desensitizer (Figure 2b) [1,3,8,9,11,12,19,23–42,47–50]. The connections
with the senescence of aging are strong. Moreover, in the context of NCDs, the YPs’ antioxi-
dant activity may be of particular importance due to the low intrinsic antioxidant defenses

118



Antioxidants 2023, 12, 1525

of the CNS [4,51–53], combined with the lipid-rich environment requiring high levels of
O2, making the brain prone to oxidative stress [2,4,54–57].

 

Figure 1. Bilirubin metabolism and clinical correlations among the blood bilirubin level and diseases.
(a) Systemic bilirubin metabolism. Heme is oxidized to biliverdin (BV), a hydrophilic molecule, by
the action of heme-oxygenase 1 (HMOX1), with the concomitant production of CO and Fe2+. BV is
then converted to bilirubin (at this point unconjugated bilirubin—UCB) by the action of biliverdin
reductase A (BLVRA). UCB is highly hydrophobic and requires albumin to stay in solution in the
blood and reach the liver. The liver is the deputy organ of body bilirubin clearance. In the liver,
UCB is bound to glucuronic acid, becoming conjugated bilirubin (CB), by the action of the uridine
diphosphate glucuronosyltransferase (UGT) 1A1 enzyme, making back CB hydrophilic, and easily
excreted out the body in form of uro- and stercobilinogen. In red the most relevant to the review
intermediated/enzymes. (b) The bilirubin species present in blood. Total serum bilirubin (TSB)
accounts for UCB bound to albumin (or indirect bilirubin), CB (or direct bilirubin), and a minor
part of UCB not bound to albumin (free bilirubin: Bf). Bf is the only circulating bilirubin that can
diffuse across cellular bilayers and the blood-brain barrier entering the brain and the cells. When
not differently stated, in this paper bilirubin means UCB, and we will focus only on the condition
affecting it. (c) A resume of the correlation between TSB and chronic oxidative diseases (for references
see text). Notably, the review focus on the changes in TSB due to UCB alterations. Reference on panel
(c) “Low TSB”: 9–12, 23, 48, 72, 176; “Gilbert like TSB”: 9–13, 23, 48, 136, 145, 152, 153, 177, 220; and
“Hyperbilirubinemia”: 10, 17, 18, 20, 49, 50, 185–189, 193, 196, 197.
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Figure 2. The yellow players (YPs) and their known biologic functions. (a) Both HMOX1 (heme
oxygenase 1) and BLVRA (biliverdin reductase A) may react on demand under stressor thanks to
the multiple binding sites for nuclear transcription factors on their promoter region. StRE: stress-
responsive elements; STAT: signal transducer and activator of transcription; NFkβ: nuclear factor-
kappa-B; RE: responsive element; AP1/2: AP2: activating enhancer binding protein; CRE: cAMP
response elements; NRF2: NF-E2–related factor 2; ARE: antioxidant response elements; HIF: hypoxia-
inducible factor; HRE: Hypoxia-responsive element; AHR: aryl hydrocarbon receptor; XRE/DRE:
xenobiotic responsive element/DNA replication-related element; ER: estrogen receptor; ERE: estrogen
responsive element; ATF6: activating transcription factor6; CREB: cyclic AMP response element
binding protein; Elk/ERK: a member of ETS oncogene family/extracellular signal-regulated kinase;
SRE: Serum Response Element; HSF: heat-shock factor; VDR: vitamin D receptor. (b) In turn, the
YPs modulate numerous signaling pathways and transcription factors with potential effects on a
plethora of biological functions relevant to the brain and to redox homeostasis. Heme: hemoglobin;
BV: biliverdin; UCB: unconjugated bilirubin; ROS: reactive oxygen species (for references see text).

In this review, we will summarize the potential cross-play between redox imbal-
ance in the age-dependent NCDs and the YPs, and discuss the pros and cons of their
therapeutic modulation.

2. Oxidative Stress and the Role of Bilirubin in NCDs

2.1. Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is the most frequent neurodegenerative disease that causes
gradual cognitive and memory deficits. Brain atrophy, amyloid-β (Aβ) plaques, and neurofib-
rillary tangles (NTF) in the brain are among the hallmarks of AD [61]. These features of AD are
mainly induced by an imbalance between antioxidant defenses and the pro-oxidant status, ei-
ther due to the increase of a free radical or the lack of antioxidants [62]. Protein carbonyls, lipid
peroxidation, and RNA oxidation are increased in the human AD brain [63–65]. Oxidative
stress is closely linked with pathological events in AD, including mitochondrial dysfunction,
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impaired calcium homeostasis, metal dysregulation, protein misfolding, impaired autophagy,
and inflammation. A single-cell transcriptomic study from an NFT-bearing neuron of the
human AD brain revealed that oxidative phosphorylation and mitochondrial dysfunction
are highly cell-type-dependent [66]. Oxidative stress leads to metabolic alterations in the AD
brain, including glycolysis, calcium regulation, lipid metabolism, mitochondrial processes,
and the activation of mTOR (mammalian target of rapamycin) complex 1, which results in
reduced autophagy and the emergence of insulin resistance [67].

Both HMOX1 and BLVRA protein levels have been found to increase in the hippocam-
pus of AD and mild-cognitive-impairment subjects. Belonging to the antioxidant cellular
defense, their up-regulation has been interpreted as a reaction to the ongoing redox stress.
Notably, the activity of BLVRA was decreased. The increased HMOX1 activity, combined
with a decreased BLVRA activity, was suggested to lead to the accumulation of CO and iron,
enhancing the nitrosative/oxidative stress and inducing changes in the BLVRA protein
structure, leading to a non-functional enzyme and finally preventing the conversion of
biliverdin into the cytoprotective bilirubin [60,68].

Low BLVRA activity has been demonstrated in an in vivo model of AD, where the reduc-
tion of BLVRA activity resulted in not only an increase in BACE1 phosphorylation (BACE1:
beta-secretase 1, also known as beta-site amyloid precursor protein cleaving enzyme 1), which
increased the Aβ deposits, but also in the induction of insulin resistance by down-regulating
the insulin receptor (IR) and inhibiting insulin receptor substrate 1 (IRS1—illustrated in
Figure 3), supporting the link between insulin resistance and AD pathology [69,70]. The mod-
ulation of BLVRA activity in insulin-mediated AD has been evaluated in a canine AD model in
which subjects were treated with atorvastatin [69,70]. Atorvastatin increased BLVRA protein
level and activity in the parietal cortex, followed by the increase of UCB, with a negative (pro-
tective) correlation with oxidative stress markers and cognition [70], confirming the intimate
link between AD, redox stress, and the YPs. Also supportive of the molecular mechanisms
of action of the YPs are the results obtained in the diet-induced obesity (DIO) mouse model.
Bilirubin treatment induced a persistent improvement of insulin sensitivity and an increase
in the expression of IR, SREBP1 (sterol regulatory element-binding protein), and PPARγ
(peroxisome proliferator-activated receptor gamma) [71]. All of these are known targets of the
bilirubin biological functions [11,12], implicating the possibility that UCB counteracts insulin
resistance in AD.

 

Figure 3. The role of BVRA in BACE-1 mediated insulin resistance in Alzheimer’s disease. Left
figure: Oxidative stress promotes BVRA protein modification leading to the increase of its protein
level but decreasing its activity including BACE-1 phosphorylation which increases Aβ deposits
and UCB production. BVRA impairment also limits IRS1 activation and down-regulates the insulin
receptor. Right figures: Atorvastatin target BVRA by restoring its function and mediating the BACE-1
phosphorylation and increasing the production of UCB. Right figure: atorvastatin restores BLVRA
function, prevents BACE phosphorylation, decreases Aβ deposits, and up-regulates the IR. Figures
are adapted from Triani et al. [69] and Barone et al. [70]. BLVRA: biliverdin reductase A, the adult
isoform of the enzyme, BACE1: β-site amyloid precursor protein cleaving enzyme 1, Aβ: amyloid
beta, UCB: unconjugated bilirubin IR: insulin receptor, IRS: insulin receptor substrate 1.
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In the clinic, TSB levels are reduced in AD patients, as they are in the majority of
neurological diseases (Figure 1c) [72]. It is hypothesized that the transition from mild
cognitive impairment to obvious AD is aided by reduced UCB concentration [73], pointing
to the possible role of UCB in an early event of AD.

In the context of AD, increasing the level of bilirubin in the brain looks protective
in three ways: (1) reducing redox stress; (2) reducing Aβ deposits; and (3) reverting
insulin resistance.

2.2. Parkinson’s Disease

Parkinson’s disease (PD) is the fastest-growing neurological disorder and is characterized
by tremors, rigidity, and bradykinesia due to dopaminergic neuron (DOPAn) loss in the
substantia nigra. Nonmotor symptoms are also common [74,75]. Among the mechanisms
involved in PD, oxidative stress has been recorded in both human samples and experimental
models [76,77]. The deficiency and impairment of mitochondrial complex-I activity were
found in postmortem studies, and the dopaminergic cell loss induced in animals by toxins
and pesticides suggested acting by impairing mitochondrial function [78,79]. Moreover,
neuro-inflammation, genetic involvement, and protein disruption that leads to α-synuclein
aggregation are listed among the pathologic mechanisms of PD [80].

The hyperactivity of HMOX1 and BLVRA and their potential protection in PD have
been reported in detail by Jayanti et al. [80]. In short, the overexpression of HMOX1
has been recorded both in human and PD models [3,81]. PD patients have significantly
lower bilirubin/biliverdin ratios than controls, and the ratio is significantly linked with the
disease severity [82,83], suggesting a disequilibrium among BV production/conversion
to bilirubin and bilirubin production/consumption. TSB has been reported to be higher
in the early stages, in patients with less-severe symptoms, and in patients with less need
for levodopa (L-Dopa) [80], suggesting an early enhanced antioxidative potential [84].
Moreover, a decrease in TSB accompanies the progression to the late, more-severe stages
of PD [80] (Figure 4). Even referring to the state-of-the-art, it is not known if the early
increase and then the reduced level of TSB might be explained by the same mechanism of
HMOX1/BLVRA activity described previously for AD [60].

Of relevance to the review, in a cellular model of PD, the use of BRUP1, an inducer
of bilirubin production via the NRF2-HMOX1 axis (NRF2: nuclear factor erythroid
2-related), was found to counteract rotenone-induced neurotoxicity by suppressing
ROS production and protein aggregation [85]. Supportive of this are the results of a
recent study using a low-dose of bilirubin, which was able to prevent DOPAn loss in an
organotypic brain culture model of the disease [86]. Even though the study found the
involvement of oxidative stress in DOPAn demise, as well as the antioxidant activity
of bilirubin by modulating the glutathione level, TNFα was demonstrated to be the
determinant both in damage and bilirubin-conferred protection [86]. Of importance,
redox stress and inflammation are intimately linked and the inhibition of one of them
can repress the other [62,87]. Notably, the above-mentioned HMOX1 hyperactivation
may enhance ROS production by iron accumulation, a well-known contributor in
NCDs [88–90]. In this respect, supplying the brain with UCB may be an efficient and
safe approach, as demonstrated by Jayanti et al. [86].
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Figure 4. Cartoon summarizing the data on redox stress and YPs interplay in the context of the
neurologic conditions. TSB: total serum bilirubin; UCB: unconjugated bilirubin; BVLRA: biliverdin
reductase A; DOPAn: dopaminergic neurons; HMOX1: heme oxygenase 1; SOD: superoxide dismutase;
TDP43: TAR DNA-binding protein 43; ANG: angiogenin; FUS: FUS RNA binding protein; C9orf72:
chromosome 9 open reading frame 72 protein; NRF2: NFE2L2 NFE2 like bZIP transcription factor 2;
ARE: antioxidant responsive elements; NFEL2: the gene encoding for the nuclear factor, erythroid 2;
PPARs: peroxisome proliferator-activated receptor; AGE: advanced glycation end products; RAGE:
receptor for advanced glycation end products; YPs: yellow players; ROS: reactive oxygen species; GSH:
reduced glutathione; NCDs: neurologic and neurodegenerative diseases; NMDA: N-methyl-D-aspartate
receptor; AHR: aryl hydrocarbon receptor; HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; LDL:
low density lipoprotein; Gpx: glutathione peroxidase; GRM1: metabotropic glutamate receptor 1;
CACNG8: calcium voltage-gated channel auxiliary subunit gamma 8; CACNA2D4: alpha-2/delta
voltage-dependent calcium channel; CAMLG: calcium modulating ligand; SLC39A12: solute carrier 39
member 12; TNR: tenascin receptor. References used: Oxidative stress/YP’s interplay. MS, multiple
sclerosis: 52, 93–96/97–101. AD, Alzheimer disease: 63–67/60, 68–70, 72, 73. HD, Huntington’s disease:
126–128, 133, 134/12, 135–137, PD, Parkinson’s disease: 76–80/3, 80–83, 85, 86. ALS, amyotrophic lateral
sclerosis: 105–107, 110–115, 117–119/120–123. TS, telomere stability: 216, 217/218–220. VaD, vascular
dementia: 149–151, 155/9, 136, 152, 153, 156–158. DLB, dementia with Lewy bodies: 139–143/144, 145.
A-MSA, ataxia and multiple system atrophy: 201/32, 37, 202. SCZ: schizophrenia: 164–172/173–177,
185–190. BT, brain tumors: 207–209, 212, 213/210, 211, 214, 215.
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2.3. Multiple Sclerosis (MS)

Multiple sclerosis (MS) is mainly referred to as a chronic inflammatory immune-mediated
disease. MS patients can develop motor, sensory, and cognitive impairments depending on
the location of demyelinating lesions [91]. Due to MS’s inflammatory nature, targeting the
immune response is the most widely used therapeutic approach but none of the drugs
currently used prevents or counteracts progressive neurological deterioration [92].

Several pieces of evidence have linked oxidative damage with MS pathology [93].
Oxidized protein, lipids, and DNA are frequently present in MS plaques and are linked to
oligodendrocyte apoptosis and neuronal death in the brains of MS patients [94,95]. In 2020,
the relationship between oxidative stress and neuro-inflammation in MS was provided
through a single-cell RNA-seq transcriptional profiling strategy in an experimental autoim-
mune encephalomyelitis (EAE) animal model of the disease. The study revealed that the
resident immune cells, as well as the infiltrating monocyte/macrophage clusters, shared
an oxidative stress core-gene signature (e.g., CYBB: cytochrome b-245 beta chain; NCF2:
neutrophil cytosolic factor 2; NCF4: neutrophil cytosolic factor 4, all of them a sub-unit of
the NADPH oxidase; and GPx1: glutathione peroxidase 1) [96] (Figure 4).

Studies on bilirubin protection in EAE started with the induction of HMOX1 and
BLVRA, which led to a reduction in the symptoms as well as the inflammatory manifesta-
tion in the spinal cords of EAE animals [97,98]. Liu et al. then demonstrated that bilirubin
prevents EAE by alleviating oxidative injury [99]. In the clinic, a reduction of TSB is often
reported in MS subjects [72]. Notably, MS patients were found to have significantly lower
serum total antioxidant capacity, and antioxidant capability is associated with disease
severity [100], stressing the potential correlation between bilirubin, the antioxidant defense,
and MS. Additionally, higher (more similar to control) TSB was found to be significantly cor-
related with lower disability status, lower MRI lesions, and shorter disease duration [101].
In the brain, hypertrophic astrocytes and foamy macrophages on the site of the lesion
presented an increased nitrotyrosine staining, indicative of redox stress [52,94]. HMOX1
was up-regulated in the microglia—the resident macrophages [94].

Altogether these data show not only a tight link between inflammation and oxidative
stress in MS but support the protective role of bilirubin in this condition. Therefore, next to
the anti-inflammation and immune-modulator approach, targeting oxidative stress with
UCB may provide more benefits. Final data on the pros and cons of the possible alternatives
available deserve further, targeted evaluations, to achieve our goal.

2.4. Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease (MND) characterized
by progressive and painless muscle weakness due to the degeneration of both upper and
lower motor neurons [102]. The disease is rare and is usually diagnosed late because of its
clinical presentation heterogeneity and its similarity with other neurological diseases [103].
Death generally occurs 4 years after diagnosis due to respiratory failures [104]. Exposure
to environmental factors, including electromagnetic fields, solvents, heavy metals, and
pesticides has been linked with enhanced oxidative stress in ALS [105].

Since the life expectancy of ALS patients is relatively short, it is impossible to evaluate
oxidative stress biomarkers over a long period. Nevertheless, an increasing number of studies
have reported the elevation of protein and lipid oxidation levels, as well as DNA damage from
various sample sources, including post-mortem neuronal tissues [106,107] and CSF [108,109],
as well as plasma and urine from ALS patients [110]. Indeed, mutations in genes involved in
oxidative stress defense have been reported in ALS cases, among them: superoxide dismutase
1 (SOD1), transactive response (TAR)-DNA binding protein (TARDBP, previously called
TDP43—possibly by sequestrating miRNA and proteins relevant to mitochondrial functioning
and leading to redox stress—[111]), angiogenin (ANG—involved in cell survival against
oxidative stress [112,113]), fused-in sarcoma RNA binding protein (FUS—regulating the
transcription of oxidative stress protein protection genes [114,115], and chromosome 9 open
reading frame 72 (C9ORF72—associated with redox, mitochondrial, and NRF2 pathway
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imbalance [105,116]). Most of them play their biological action by the transcription factor
NRF2. NRF2 modulates redox homeostasis by activating the antioxidant response elements
(ARE) system and up-regulating the gene expression of multiple antioxidants, including genes
involved in glutathione homeostasis such as cysteine uptake transporter (xCT), glycine uptake
transporter (GLY1), and γ-glutamyl-cysteine ligase catalytic and modulatory subunits (γ-GCL-
c and γ-GCL-m, respectively) (Figure 4) [29]. For this reason, NRF2 has been considered a
therapeutic target both in preclinical and clinical trials of ALS [116]. Nevertheless, the aim
of modulating NRF2 as a therapy is hampered by its malfunctioning [117,118]. Genomic
variations of NFEL2, the gene encoding for NRF2, have been associated with ALS risks and
disease onset [119].

The progressive decrease of TSB level associated with the duration of ALS [120] and
the absence of HMOX1 up-regulation despite the induction of NRF2/ARE [121,122] support
gene malfunction. Notably, NRF2 is also a major inducer of HMOX1 [29], and the activation
of the NRF2/HMOX1 pathway exerts neuroprotection in ALS in vivo models, where the
pathway is fully functional [123], supporting the bilirubin-mediated protection in ALS.

The impossibility of modulating HMOX1 as a therapy in the clinic points to the need to
deliver bilirubin in the brain in ALS patients. Alternatively, HMOX1 inducers via different
signaling pathways (Figure 2) must be developed/used.

2.5. Huntington’s Disease (HD)

Huntington’s disease (HD) is an autosomal dominant neurological condition charac-
terized by the expansion of CAG trinucleotide repeat in the gene encoding the huntingtin
protein [124,125]. The mutant huntingtin protein disrupts cellular processes, inducing
protein aggregation, transcriptional impairment, oxidative stress, and inflammation [126],
leading to neurotoxicity (Figure 4). A GWAS study has identified the involvement of genes
belonging to the DNA damage-repair system in HD triggered by the presence of ROS [127].
The production of PAR (poly APD-ribose) by PARPs is one of the first steps in the repair of
DNA damage. The increase of PARP1 (PAR polymerase-1) and damaged DNA have been
detected in the caudate nucleus of severely affected HD brains [128]. Therefore, targeting
PARPs is probably one of the promising treatment strategies for HD [129–132]. PPARα has
been identified as a substrate of PARP1 [133]. In addition to controlling energy homeostasis,
mitochondrial fatty acid metabolism, excitatory glutamatergic neurotransmission, and also
cholinergic/dopaminergic signaling in the brain, PPAR-α also regulates oxidative stress,
energy balance, and fatty acid metabolism (Figure 4) [134].

Bilirubin is a direct ligand for PPAR-α, activating its pathway and increasing gene
responsiveness [12,135,136]. The induction of HMOX1 has been demonstrated in an in vivo
model of HD to be protective by reducing lipid oxidation, inducing antioxidants, and
ameliorating inflammation [137], suggesting the protective role of UCB as the end product
of HMOX1, through the PARP pathway. Moreover, the pharmacologic modulation of
HMOX1 ameliorated the increased lipid peroxidation, nitrite concentration, and decreased
endogenous antioxidants, with an improvement of the behavior, especially when combined
with lithium chloride administration [137]. Data are still too few to draw a sound conclusion,
but an enhancement of YP activity looks to be a promising therapeutic option.

2.6. Dementia with Lewy Bodies (DLB)

Dementia with Lewy bodies (DLB) is the second-most-frequent type of dementia
after AD, and its typical symptoms include visuoperceptual dementia, which manifests
as visual hallucinations, attention disturbances, and Parkinsonism [138]. Amyloid depo-
sition, α-synuclein aggregates, and neuronal loss are among the pathological features of
DLB [139,140]. Similar to AD, oxidative stress and mitochondrial dysfunction play a role
in DLB pathogenesis. Protein and lipid oxidation as well as DNA damage are signifi-
cantly increased in the parietal and temporal lobe cortex of DLB patients [141]. Moreover,
lipo-oxidation, advanced glycation (AGE), and AGE receptor (RAGE) protein levels are
up-regulated in the SN and frontal cortex in the early stages of DLB [142]. Meanwhile,
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mitochondrial dysfunction is marked by low mitochondrial oxygen uptake and complex I
activity in the brain cortex of DLB subjects (Figure 4) [143].

Zhong et al. reported an increased blood level of unconjugated bilirubin and low albumin
concentration in DLB patients and suggested a worsening role of bilirubin in dementia as it
enhances αβ deposition in the brain; this was supported by their in vitro experiments [144].
On the contrary, Kalousovà recorded low plasma levels of AGEs, particularly pentosidine
and nepsilon carboxymethyl lysine, in GS subjects, in agreement with bilirubin-induced
antioxidant protection [145]. To the best of our knowledge, data on the prevalence of DLB in
the GS population, on HMOX1 and BLVRA expression, or on activity in DLB patients are not
available, thus preventing conclusions from being made. Additional research is needed to
understand whether the modulation of YPs might be beneficial or not in DLB.

2.7. Vascular Dementia (VaD)

Vascular dementia (VaD) is an umbrella term comprising dementia, caused by a large
group of heterogeneous vascular brain lesions [146]. Cognitive alterations in VaD are
different than in AD and are highly dependent on the neuronal region affected by vascular
pathology [147]. VaD can be caused directly by having a stroke due to small vessel dis-
eases such as cerebral micro-bleeds and cerebral micro-infarct, which is associated with
atherosclerosis (fatty deposits accumulate to restrict vascular luminal diameter) forma-
tion [148]. The involvement of oxidative stress in VaD has been marked by the increase
of malonaldehyde (MDA, a lipid peroxidase marker) and the oxidative DNA damage
repair markers (e.g., SOD, CAT, GPx, GR, and/or oxo-guanine) in CSF and urine of VaD
subjects (Figure 4) [149,150]. A 20-year prospective study revealed the association between
atherosclerosis with the development of VaD [151].

Even if studies on the correlations between VaD and YPs are not available, bilirubin
is known to be an anti-atherogenic molecule modifying cholesterol oxidation [152] and
inhibiting cholesterol synthesis [153], thus reducing plaque formation [153]. Moreover,
the antioxidant activity of bilirubin at the cellular membrane level has been reported
to reduce the mean platelet volume and hyper-reactivity, as well as the prothrombotic
phenotype, which is of possible relevance to VaD [10]. Bilirubin also affects AHR (aryl
hydrocarbon receptor), a ligand-activator transcription factor. AHR is overexpressed
in human atherosclerosis vessels [154] and is known to mediate oxidative stress and
inflammation in atherosclerosis [155]. Interestingly, the activation of AHR by bilirubin
is believed to have an athero-protective effect [9,136,156] via an anti-inflammatory
action [157,158]. This confirms the complexity of the AHR pathway and supports the
anti-atherogenic roles of bilirubin in VaD. Notably, due to the systemic nature of VaD,
the increase of TSB might be a practicable approach.

2.8. Schizophrenia (Scz)

Schizophrenia (Scz) is a serious mental disorder characterized by the impaired per-
ception of reality and corresponding changes in behavior [159,160]. Symptoms include
psychosis (hallucinations, delusions, thought disorder, movement disorder) and negativity
(loss of motivation, loss of interest or enjoyment in daily activities, withdrawal from social
life), and are cognitive (attention, concentration, and memory) [161–163].

The role of oxidative stress in schizophrenia has been well-described, and several patho-
physiological mechanisms including lipid peroxidation-induced neuronal damage, reduced
antioxidant defenses, redox dysregulation of transcriptional factors, noncoding RNAs, epige-
netic mechanisms, mitochondrial dysfunction, neurotransmitter alterations (e.g., glutamate,
dopamine), metabolic abnormalities, and genetic variants associated with the previous mech-
anisms (e.g., on GSTs; glutathione cysteine ligase –GCL; Cacna1c—calcium voltage-gated
channel subunit alpha1 C) have been documented (Figure 4) [164–172].

The correlation between TSB and Scz is debated [173]. Becklén et al. found a reduced
TSB level in first-episode psychosis Scz patients (FEP, average 0.64 mg/dL) with respect
to healthy subjects (average 0.88 mg/dL). The lower TSB was associated with a longer
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duration of the untreated psychotic crisis. The author hypothesizes that the decreased
bilirubin level resulted in reduced antioxidant protection [174]. Further supporting the role
of bilirubin in Scz is the observation of a higher level of the pigment in patients in relapse
(0.38 mg/dL) versus partial remission (0.34 mg/dL) [175]. Other studies reported a higher
frequency of Scz in GS subjects where TSB is higher, suggesting either that a higher concen-
tration of the pigment is a cofactor of the diseases or the existence of a genetic sub-type of
Scz [176]. The last hypothesis might explain the opposite results obtained by Vitek et al.,
who reported in GS subjects a lower risk of Scz by up to 19% [177]. The causal connection be-
tween the pigment and Scz is not understood, and more studies are required. Of relevance,
at high levels, bilirubin is known to bind to cellular membranes and modify their fluidity, in-
terfering with mitochondrial cellular respiration and inducing a cellular energetic crisis and
the production of ROS [178–180]. Moreover, highly elevated bilirubin activates microglia
and the NLRP3 inflammasome and induces the release of pro-inflammatory molecules
and glutamate, causing calcium imbalance, affecting neurotransmission, cellular division
and differentiation, migration and myelination [10,49,181]. Furthermore, low physiologic
concentrations of bilirubin have been reported to inhibit the inflammasome and related
cytokine release in in vitro experiments on macrophages [182]. The relevance to microglia,
the CNS resident macrophages, is not known. Notably, Scz is also considered a neurode-
velopmental disease. In the neurodevelopmental hypothesis of Scz, perinatal challenges
alter the synaptic formation and/or functioning, leading to manifestations at an adult
age [183,184]. It is noteworthy to mention that the frequency of Scz is higher in subjects ex-
periencing neonatal hyperbilirubinemia [185–189]. Alterations of schizophrenia-associated
genes (GRM1—metabotropic glutamate receptor 1; CACNG8—calcium voltage-gated chan-
nel auxiliary subunit gamma 8; CACNA2D4—voltage-dependent calcium channel complex
alpha-2/delta subunit; CAMLG—calcium modulating ligand; SLC39A12—solute carrier
family 39 member 12; and TNR—tenascin R) were reported in the Gunn rat [190]. All of
them are involved in the formation of the synaptic circuits, supporting the concept of Scz
as neurodevelopmental disorder [191–193]. Moreover, most of these genes belong to the
glutamate system, with glutamate perturbation being a shared characteristic of Scz and
bilirubin-induced neurotoxicity [194–197]. This supports the interplay of excitotoxicity,
calcium, and mitochondria in the triad in synaptic neurodegeneration [198].

In conclusion, the interplay of Scz and bilirubin is still confusing due to the lack of relevant
information on the threshold of bilirubin differentiating protection from toxicity. Focused
studies are needed to unravel the role of YPs in Scz and suggest their therapeutic application.

2.9. Ataxia and Multiple System Atrophy (A-MSA)

Ataxia (A-) is a group of symptoms of poor muscle control that usually results from
cerebellar or brainstem damage, which can cause problems with walking, balance, coordi-
nation, speech, and eye movements [199,200]. Although the causes, onset, and progression
of ataxia remain to be fully understood, oxidative stress via the excess generation of ROS
and/or disruption of the antioxidant system results in cellular damage (Figure 4) [201].
It has to be mentioned that HMOX1 hyper-activation and Fe2+ accumulation have been
reported to contribute to specific forms of ataxia, namely Friedreich and posterior column
sensory ataxia [32,37]. TSB, namely UCB, was significantly lower, while homocysteine
level, an oxidant biomarker, was higher in multiple system atrophy (MSA) patients than
in healthy controls [202]. These data are essential because they simultaneously support
the inverse correlation between TSB and a pro-oxidant status (homocysteine) and support
bilirubin as a systemic antioxidant effector. In addition, the negative correlation between
a low UCB and the presence of MSA indicates that bilirubin is a predictor, risk factor, or
marker for developing the disease.

Solid clinic and research data are still needed, but the preliminary information suggests
that the supplementation of bilirubin appears to be a safe and indiscriminate approach to
treating A-MSA.
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2.10. Brain Tumors in the Elderly

Brain tumorigenesis is favored in the elderly population by a progressive decrease of
the antioxidant mechanisms, increasing the susceptibility to developing genetic mutations,
oncogene activation, loss of tumor-suppressor gene function, angiogenesis, and a micro-
tumor environment [203–206] (Figure 4).

The malignancy and response to treatments strongly depend on the delicate equilib-
rium between the oxidant and antioxidant environment of the tumor [207–209]. Menin-
giomas and low- and high-grade gliomas—the two most common brain cancers—present
an increased protein and lipid peroxidation level and a decreased antioxidant capacity
compared to control samples.

The BLVRA level was reduced, with a decreasing trend from the most-benign to the
most-malignant brain tumors, in agreement with the increased pro-oxidant status of the
cancer cells. The correlational studies among BLVRA expression and redox markers re-
vealed a negative correlation with the advanced oxidation protein products; but a positive
correlation with the ferric-reducing antioxidant power [210]. Due to the well-known an-
tioxidant actions of the YPs, BLVRA down-regulation in brain tumors has been suggested
as a biomarker [210]. Moreover, the induction of a hypoxia-mediated pro-oxidant environ-
ment in a human glioblastoma cell line was reported to enhance chemoresistance. BLVRA
level was also up-regulated. Depletion of the BLVRA gene enhanced chemoresistance
and intracellular ROS levels, supporting the protective role of the YP’s induction as an
antioxidant [211]. Chemotherapy efficacy is also limited by the low brain/tumor accessi-
bility due to multidrug resistance transporters (MDRs), Pgp (P-glycoprotein), and BCRP
(breast cancer resistance protein) expressed at the blood–brain barrier and in glioblastoma
cells [212,213]. Both transporters are up-regulated by bilirubin [214,215].

Further information is needed before we are able to balance the two opposite effects.
The successful delivery of UCB pegylated nanoparticles loaded with chemotherapeutic
agents to glioma in mice offers preliminary data on a promising approach [51].

2.11. Telomere Stability in Neurodegeneration

Aging can also be considered as the accumulation of senescent cells contributing to
body dysfunction. Telomeres—the genomic portions of TTAGGG repeats located at the
ends of linear chromosomes—are bound and protected by a sheltering protein complex
from being recognized as DNA damage that triggers a DNA damage response. Standard
DNA polymerases replicate DNA templates without telomerase and nucleolytic processing
generates chromosomes with progressively shortened telomeres after DNA replication. Be-
yond the critical length and stability, telomeres bind fewer capping proteins and are sensed
as exposed DNA ends and misinterpreted as DNA damage, resulting in cell cycle inhibition
and arrested proliferation. Telomere dysfunction, together with mitochondrial dysfunc-
tion (another hallmark of ageing) and oxidative stress, may accelerate the progression of
neurodegenerative disorders like PD and AD [216,217] (Figure 4).

A significant positive association exists between mildly increased TSB and telomere
length (TL) [218], similar to the longer telomeres observed in male individuals with mildly
elevated bilirubin (GS), as well as in Gunn rats [219]. While a decrease of the nuclear
anomalies reflecting DNA instability were reported in older individuals with GS, sug-
gesting a protective effect of bilirubin against the consequence of variation in the genetic
material [220], the opposite (increased chromosomal anomalies such as nucleoplasmatic
bridges and nuclear buds) were observed in an animal model [219].

The discrepancy may be due to the bilirubin level, the duration of the challenge, or
the model per se (human vs. rat).

3. Bilirubin as a Therapy

As we have discussed the potential of bilirubin’s protective role in oxidative stress-
mediated neurological diseases (Figure 4 and Table 1), the next question should be how we
modulate bilirubin to reach a neuroprotective concentration.
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The first way is by inducing the systemic concentration of total serum bilirubin by
HMOX1 inducers [41,107,221–223]. HMOX1 is easily induced by clinically used drugs
with a recorded increase of TSB (e.g., some NSAIDs and hypolipidemic agents) [58]. This
method will unfortunately provide no control regarding the amount of UCB that can enter
the brain.

The second option is to enhance the UCB production in the brain by inducing HMOX1
locally. However, the activation of HMOX1 is followed by the increase of its side products,
including iron, which will add more harm to already pre-existing HMOX1 hyper-activation
in several neurological diseases [3,35,72].

The third option is to deliver the desired amount of UCB into the brain and, even
better, into the targeted region. It is not an easy task, and the use of nanoparticles may
be a solution [224–226]. The use of bilirubin nanoparticles has been studied in glioma
in mice [51]. Interestingly, the future application of advanced technology such as the
magnetic nanoparticle can be a sophisticated tool given the possibility to control the
delivery in a paramagnetic field [227–229]. Further studies are needed to reach the use
of UCB at this point.

4. Conclusions

A considerable amount of evidence suggests that bilirubin might be beneficial to the
redox imbalance ongoing in aging. This supports the idea that increasing its level could be
a prophylactic or therapeutic approach, although the modulation of YPs in the brain might
also results in side effects. We still have a long way to go, but it is indubitable that bilirubin
looks a very promising natural compound for use in the treatment of several NCDs.
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Abstract: Investigations of the effect of antioxidants on idiopathic Parkinson’s disease have been
unsuccessful because the preclinical models used to propose these clinical studies do not accu-
rately represent the neurodegenerative process of the disease. Treatment with certain exogenous
neurotoxins induces massive and extremely rapid degeneration; for example, MPTP causes severe
Parkinsonism in just three days, while the degenerative process of idiopathic Parkinson´s disease
proceeds over many years. The endogenous neurotoxin aminochrome seems to be a good alternative
target since it is formed in the nigrostriatal system neurons where the degenerative process occurs.
Aminochrome induces all the mechanisms reported to be involved in the degenerative processes of
idiopathic Parkinson’s disease. The presence of neuromelanin-containing dopaminergic neurons in
the postmortem brain of healthy elderly people suggests that neuromelanin synthesis is a normal and
harmless process despite the fact that it requires oxidation of dopamine to three ortho-quinones that
are potentially toxic, especially aminochrome. The apparent contradiction that neuromelanin synthe-
sis is harmless, despite its formation via neurotoxic ortho-quinones, can be explained by the protective
roles of DT-diaphorase and glutathione transferase GSTM2-2 as well as the neuroprotective role of
astrocytes secreting exosomes loaded with GSTM2-2. Increasing the expression of DT-diaphorase and
GSTM2-2 may be a therapeutic goal to prevent the degeneration of new neuromelanin-containing
dopaminergic neurons. Several phytochemicals that induce DT-diaphorase have been discovered
and, therefore, an interesting question is whether these phytochemical KEAP1/NRF2 activators can
inhibit or decrease aminochrome-induced neurotoxicity.

Keywords: dopamine; Parkinson’s disease; neuromelanin; antioxidants; aminochrome; glutathione
transferase M2-2; DT-diaphorase; ferroptosis; KEAP1/NRF2; dopaminergic neurons

1. Mechanisms Involved in Neurodegeneration in Parkinson’s Disease

Although 65 years have passed since the discovery that the motor symptoms of
idiopathic Parkinson’s disease are related to the massive loss of neuromelanin-containing
neurons in the nigrostriatal system, it is still unclear what triggers the degenerative process
of this neuronal system [1,2]. The first widely studied mechanism was the role of oxidative
stress in this disease, then mitochondrial dysfunction, and, in the early 1990s, the existence
of a mutation in the alpha-synuclein gene was discovered in some families with genetic
Parkinson’s. This discovery was a major boost in basic research as it was the first gene
with mutations that induced familial or genetic Parkinson’s [3]. Subsequently, more genes
related to familial Parkinson’s disease were identified, such as the parkin gene, PINK-1,
LRRK2, VPS35, DJ1, ATP13A2, etc. [4]. Although the origin of neurodegeneration in
the nigrostriatal system is unclear, there is a general consensus that certain mechanisms
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are involved in the loss of neuromelanin-containing dopaminergic neurons. They are
related to the appearance of motor symptoms and involve oxidative stress, mitochondrial
dysfunction, aggregation of alpha-synuclein to neurotoxic oligomers, dysfunction of both
lysosomal and proteasomal protein degradation systems, endoplasmic reticulum stress,
and neuroinflammation [5–8].

2. Clinical Studies to Develop Antioxidant Therapies

The recognition of oxidative stress in the degenerative process of the nigrostriatal
system has been a focus for several decades. The discovery that the motor movements
of Parkinson’s disease are related to the loss of the neuromelanin-containing dopamin-
ergic neuron of the nigrostriatal system that generates a significant drop in the release
of dopamine has implied that preclinical models based on exogenous neurotoxins such
as 6-hydroxydopamine have played an important role in the investigation of this degen-
erative process and the development of potential therapies. There are two sources of
oxidative stress generation in dopaminergic neurons, one being the oxidative deamination
of dopamine catalyzed by the enzyme monoamine oxidase that generates ammonia and
hydrogen peroxide [9], which in the presence of reduced iron generates hydroxyl radicals
and therefore profuse oxidative stress within dopaminergic neurons. Another specific
source of oxidative stress within dopaminergic neurons arises during the synthesis of neu-
romelanin which requires the oxidation of dopamine to three ortho-quinones (dopamine
ortho-quinone, aminochrome, and 5,6-indolequinone). Aminochrome reduction with one
electron generates leukoaminochrome o-semiquinone radical that is extremely reactive with
oxygen [10] generating oxidative stress in neuromelanin-containing dopaminergic neurons
of the nigrostriatal system [11]. Another source of permanent oxidative stress, although not
specific for dopaminergic neurons, is the leakage of electrons from the mitochondrial elec-
tron transport chain during the generating of ATP through the oxidative phosphorylation
of ADP [12].

Toxicity due to oxidative stress has prompted major efforts to developing antioxi-
dant therapies using successful results in preclinical models with exogenous neurotoxins.
Coenzyme Q10 works as a scavenger of reactive species during oxidative stress [13] and
has also been shown to reduce the degenerative effects of MPTP in mice, supporting the
idea of conducting clinical studies in patients with Parkinson’s [14]. Coenzyme Q10 also
protects against 6-hydroxydopamine neurotoxicity [15]. Preclinical studies and a clin-
ical study phase with coenzyme Q suggested clinical benefits for Parkinson’s patients.
However, a randomized phase III clinical study was performed with 600 participants
administered placebo, 1200 mg/d of CoQ10, or 2400 mg/d of CoQ10, and in addition all
participants received 1200 IU/d of vitamin E. This study concluded that this treatment has
no benefits for patients with Parkinson’s disease [16]. Another study in 2015, involving
reduced coenzyme Q10, was carried out with 10 Parkinson’s patients and showed positive
effects [17]. However, we must take into account the chemical characteristics of reduced
coenzyme Q10 that after being administered to the patient will be oxidized again inside
the neuron. A coenzyme Q10 analogue (MitoQ10) obtained by binding coenzyme Q10
with triphenylphosphonium cation has been shown to have protective effects in preclinical
models of MPTP [18] and 6-hydroxydopamine [19,20]. However, a double-blind study
with 120 patients with newly diagnosed Parkinson’s disease without treatment did not
demonstrate clinical benefits [21].

Urate is another antioxidant that has been used in clinical studies with Parkinson’s
patients. Urate is a product of purine metabolism and, in preclinical studies with 1-methyl-
4-phenyl-1,2,5,6-tetrahydropyridine (MPTP)-induced oxidative stress, urate showed an
antioxidant effect. Urate is also neuroprotective in a 6-hydroxydopamine-lesioned rat
model linked to the Akt/GSK3β signaling pathway [22]. Protective effects were also shown
in preclinical models involving MPTP; urate increases the expression of γ-glutamate-
cysteine ligase catalytic subunit, heme oxygenase-1, and DT-diaphorase via NFR2 [23,24].
However, a phase 3 study with 298 pharmacologically untouched Parkinson’s patients
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treated with the urate precursor inosine for up to 2 years to increase urate levels showed
no clinical benefit [25].

3. Neurotoxins in Preclinical Models for Parkinson’s Disease

The lessons that we can draw from these preclinical models, based on exogenous
neurotoxins causing a massive and extremely rapid degeneration, are that: (i) A preclinical
model must resemble the extremely slow degenerative process in idiopathic Parkinson’s
has to be different. The triggering of all the mechanisms that have been observed to be
involved in this degenerative process occurs at different time scales. For this reason, the
neurotoxin for a preclinical model to study the mechanisms and be able to test new drugs
for idiopathic Parkinson’s must have other properties, presumably of endogenous origin.
(ii) The neuronal death induced by this endogenous neurotoxin cannot be expansive or
massive but must be focused on individual dopaminergic neurons containing neuromelanin.
Only such a model would mimic the extremely slow degenerative process and progression
of the disease that takes many years.

3.1. Exogenous Neurotoxins in Preclinical Models for Parkinson’s Disease

Most of the preclinical studies that have contributed to new clinical trials in the search
for new pharmacological treatments for modifying or halting the progress of Parkinson’s
disease have used 6-hydroxydopamine and subsequently MPTP. 6-hydroxydopamine has
high affinity to transporters of dopamine and noradrenaline, inducing neurotoxicity in both
dopaminergic and noradrenergic neurons, and its use in animals for Parkinson’s experimen-
tal models requires the presence of an inhibitor of the noradrenaline transporter to obtain
specificity for dopaminergic neurons [26,27]. A major characteristic of 6-hydroxydopamine
is that it is unstable in the presence of oxygen, which implies that its injection into the
striatum, substantia nigra, or the axonal bundle requires the use of ascorbic acid to prevent
its autoxidation before being transported to dopaminergic neurons. 6-hydroxydopamine
in the cytosol of dopaminergic neurons is autoxidized, generating a semiquinone radical
that is also extremely reactive with oxygen, generating oxidative stress [28,29]. This rela-
tionship of oxidative stress with the massive degeneration of neuromelanin-containing
dopaminergic neurons of the nigrostriatal system motivated the development of clinical
studies with antioxidants. 6-hydroxydopamine is the source of oxidative stress in this pre-
clinical model, but this molecule does not exist in the human brain. The difference between
6-hydroxydopamine and MPTP is that the latter has been shown to generate Parkinsonism
in humans when drug addicts have used illegal drugs contaminated with MPTP. However,
these two exogenous neurotoxins have in common that they cause extremely rapid and
massive degeneration of the nigrostriatal system. MPTP induced severe Parkinsonism to
drug addicts in just 3 days [30], which is in contrast to the extremely slow progression of
idiopathic Parkinson’s disease. The latter takes years to develop motor symptoms, which
emerge when 60% of the neuromelanin-containing neurons of the nigrostriatal system
have disappeared. After the onset of motor symptoms, at least 15 years may pass before
death. The question is whether investigations with exogenous neurotoxins can serve as a
preclinical model to study the mechanisms of the disease and also test possible drugs for a
treatment that can modify the course of the disease. The number of dopaminergic neurons
of the nigrostriatal system has been estimated to be between 800,000 to 1,000,000, counting
both sides of the brain [31]. If we consider that the motor symptoms appear when 60% of
the neuromelanin-containing dopaminergic neurons have degenerated, these patients have
between 360,000 to 400,000 surviving neurons. This implies that if a patient survives for
around 15 years, between 58 and 73 dopaminergic neurons that contain neuromelanin die
each day. By contrast, a subchronic animal model with one daily injection of MPTP for
5 days induces a 50% loss of dopaminergic neurons in only 28 days [32]. It is difficult to
apply the results of such an extremely rapid cell death as a preclinical model compared with
the extremely slow progression of nigrostriatal degeneration in idiopathic Parkinson’s dis-
ease. In a clinical study that, for example, uses coenzyme Q10, if it inhibited 100% oxidative
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stress and the death of dopaminergic neurons, this antioxidant would prevent the death of
0.0073% of these neurons per day or 1.3% in 6 months. The question is, can this result be
significant for delaying or halting the progression of idiopathic Parkinson’s disease? It is
doubtful whether successful results would be obtained in clinical studies using exogenous
neurotoxins that induce an extremely rapid and massive degenerative process that is the
complete opposite of what occurs in the development of idiopathic Parkinson’s disease.

3.2. Endogenous Neurotoxins as Preclinical Model for Parkinson’s Disease

The question is: what endogenous neurotoxins, formed in neuromelanin-containing
dopaminergic neurons, might serve in preclinical models for idiopathic Parkinson’s disease?
There are three endogenous neurotoxins that can be involved in the degeneration of
dopaminergic neurons containing neuromelanin:

3.2.1. Neurotoxic Oligomers of Alpha-Synuclein

Alpha-synuclein is a protein that exists in a monomeric form and, under certain condi-
tions, can aggregate to form fibrils, which are deposited in Lewy bodies seen in postmortem
tissue [33]. However, the formation of these neurotoxic oligomers requires the existence
of a mutation in familial Parkinson’s disease and, in the case of idiopathic Parkinson’s,
requires the existence of products of the oxidation of dopamine to neuromelanin, such
as aminochrome [34]. Another argument against alpha-synuclein as the neurotoxin that
triggers all the degenerative mechanisms reported in idiopathic Parkinson’s is that the ex-
pression of alpha-synuclein is not limited to the nigrostriatal system, since alpha-synuclein
is also expressed in other regions such as the cerebellum and the cortex [35]. It has been
postulated that the aggregation of alpha-synucleins to fibrils and their accumulation in
Lewy bodies could be responsible for the progression of the disease from one region to
another region of the brain. The neurons that form these Lewy bodies secrete them through
exosomes that penetrate neighboring neurons. This dissemination of Lewy bodies contain-
ing alpha-synuclein fibrils would allow spreading from one region to another region [33].
This hypothesis is controversial, because, if Lewy bodies were to participate in the spread
of the disease, why are these observed in postmortem tissues? When a neuron dies, it is
phagocytosed by the microglia, eliminating all traces of Lewy bodies formed through years
of degeneration [36]. Therefore, the postmortem tissue represents the neurons surviving the
degenerative process that has existed for years. This rather suggests that the formation of
Lewy bodies is a neuroprotective mechanism to prevent alpha-synuclein from aggregating
to neurotoxic oligomers [37]. An additional argument against the hypothesis of the spread
of idiopathic Parkinson’s disease through Lewy bodies migrating from one neuron to
neighboring neurons and subsequently from one region to another region of the brain is
the propagative process that not only affects a single neighboring neuron but hundreds of
neurons existing around the neuron that secretes exosomes containing Lewy bodies.

3.2.2. 3,4-Dihydroxyphenylacetaldehyde

3,4-Dihydroxyphenylacetaldehyde also known as DOPAL, is a product of the oxidative
deamination of dopamine catalyzed by the enzyme monoamine oxidase that generates hydro-
gen peroxide and ammonium [38]. The enzyme aldehyde dehydrogenase-1 participates in
the further degradation of dopamine, which converts DOPAL into 3,4-dihydroxyphenylacetic
acid. In a study of protein expression in postmortem material, it was observed that the levels of
aldehyde dehydrogenase-1 were lower in Parkinson’s patients than in controls [39]. DOPAL
accumulation could be neurotoxic because DOPAL induces oxidative stress and alpha-synuclein
aggregation [38]. The problem is that the postmortem tissue is the tissue surviving the degen-
erative process during many years of Parkinson’s disease and, if there is a low expression of
aldehyde dehydrogenase-1 in these tissues surviving years of a degenerative process, DOPAL
cannot play a neurotoxic role in dopaminergic neurons that contain neuromelanin.
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3.2.3. Aminochrome

Aminochrome is an endogenous neurotoxin formed in the synthesis of neuromelanin
in dopaminergic neurons that contain neuromelanin, which are precisely the neurons
that disappear in Parkinson’s disease. To synthesize neuromelanin, dopamine needs
to be oxidized sequentially to three transient ortho-quinones (dopamine ortho-quinone,
aminochrome, and 5,6-indolequinone), among which the latter is finally polymerized to
form the pigment neuromelanin. Neuromelanin is a dark pigment contained in mem-
brane vesicles called neuromelanin-containing organelles with a diameter of 200–600 nm
that, besides neuromelanin, contain lipids and metals such as S, Fe, and Cu in healthy
subjects [40]. A study carried out with infrared spectroscopy in different regions of the
human brain revealed that the neuromelanin of the regions that degenerate in Parkinson’s
disease, substantia nigra and locus coeruleus, have a similar structure but different from
those regions not affected by the disease [41]. The synthesis of neuromelanin is a normal
and harmless process that also has a neuroprotective role by preventing the neurotoxic ef-
fects of reactive metals. However, neuromelanin released from dead dopaminergic neurons
is able to activate microglia, generating proinflammatory molecules and reactive oxygen
and nitrogen species [42]. Neuromelanin injected into the substantia nigra of rats induces
microglia activation and loss of tyrosine hydroxylase-positive neurons [43]. All three
ortho-quinones derived from dopamine are neurotoxic, but the most neurotoxic and most
long-lived is aminochrome. Aminochrome induces oxidative stress, neuroinflammation,
mitochondrial dysfunction, alpha-synuclein aggregation to neurotoxic oligomers, dysfunc-
tion of both lysosomal and proteasomal protein degradation systems, and plasma reticulum
stress [11,34,44–51]. Due to the chemical characteristics of aminochrome, it does not induce
expansive neurotoxic effects such as alpha-synuclein fibrils. Aminochrome has been shown
to be stable for up to 40 min before its conversion to 5,6-indolequinone begins [52].

4. Preclinical Model for Idiopathic Parkinson’s Disease

The preclinical model for idiopathic Parkinson’s disease should use (i) an endogenous
neurotoxin that is formed within the neuromelanin-containing dopaminergic neurons of
the nigrostriatal system; (ii) a neurotoxin that induces a focal (non-expansive) degeneration;
(iii) it should trigger all the mechanisms involved in the degenerative process, such as
oxidative stress, mitochondrial dysfunction, alpha-synuclein aggregation to neurotoxic
oligomers, protein degradation dysfunction (lysosomal and proteasomal system), endo-
plasmic reticulum stress, and neuroinflammation. As we have seen previously, the only
one of the endogenous neurotoxins that we have previously described that meets these
requirements is aminochrome.

Aminochrome is neurotoxic by being one-electron reduced to leukoaminochrome o-
semiquinone radical by most flavoenzymes with the exception of DT-diaphorase (NADP(H):
quinone oxidoreductase), which is the unique flavoenzyme that reduces quinones with two
electrons [53]. In studies performed with electron spin resonance (ESR), NADPH cytochrome
P450 reductase was found to reduce both dopamine ortho-quinone and aminochrome to the
free radicals dopamine o-semiquinone and leukoaminochrome o-semiquinone, respectively. The
ESR spectrum of dopamine o-semiquinone and of leukoaminochrome o-semiquinone radical
was detected at 1 min. However, at 2 min only the dopamine o-semiquinone radical spec-
trum was detectable by ESR due to the high reactivity of leukoaminochrome o-semiquinone
radical with oxygen [10]. Aminochrome one-electron reduction to the leukoaminochrome
o-semiquinone radical induces oxidative stress due to the extremely rapid reaction with oxy-
gen, which causes re-oxidation to aminochrome. This generates a redox cycling between
aminochrome and leukoaminochrome o-semiquinone radical that functions until cellular dioxy-
gen and/or NAD(P)H are depleted. This redox cycling generates oxidative stress and the
depletion of cytosolic NADH for its use to generate ATP in the mitochondrial electron transport
chain (Figure 1).
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Figure 1. Aminochrome induces oxidative stress. Aminochrome can be reduced with one electron to
produce the leukoaminochrome o-semiquinone radical by flavoenzymes using the cytosolic NADH
generated to be used in the mitochondria to generate ATP through the transport chain coupled
to oxidative phosphorylation from ADP to ATP. The leukoaminochrome o-semiquinone radical is
extremely unstable in the presence of dioxygen and autoxidizes to regenerate aminochrome, which is
reduced again, creating a redox cycle between aminochrome and leukoaminochrome o-semiquinone
radical. This redox cycling is very fast and depletes as much oxygen as NADH with the concomitant
production of oxidative stress.

Aminochrome is also neurotoxic by forming covalent complexes with proteins such as
alpha-synuclein that induce the formation of neurotoxic oligomers [34]. Aminochrome forms
adducts also with actin and α- and β-tubulin disrupting the cytoskeleton architecture [54],
which plays an important role in microtubule formation [55]. Aminochrome inhibits complex I
of the mitochondrial respiratory chain, resulting in the inhibition of ATP production and
mitochondrial dysfunction [45,46]. Aminochrome induces protein degradation dysfunction
by inhibiting lysosomal and proteasomal systems [48–50]. Aminochrome induces lysosomal
dysfunction by inhibiting the vacuolar-type H+-ATPase that plays an essential role in main-
taining an acidic pH by pumping protons into lysosomes [56]. Aminochrome also induces
endoplasmic reticulum stress and neuroinflammation [44,47,48].

Aminochrome in vivo induces neuronal dysfunction as a consequence of a significant
decrease in dopamine release with concomitant enhanced GABA release [57]. Aminochrome
induces mitochondrial dysfunction with a significant decrease in ATP production, affecting
axonal transport of monoaminergic vesicles for neurotransmission to the terminals that
explain the significant decrease in the number of these vesicles in the terminals compared
with saline as control. Aminochrome induces a progressive degeneration of dopaminergic
neurons while the striatal dopaminergic fibers are intact, accompanied by a dramatic change
of tyrosine positive neuron morphology, a phenomenon known as cell shrinkage [57].

The ideal model for idiopathic Parkinson’s disease should consider that the neuro-
toxin that triggers the degenerative process is generated within the same neuromelanin-
containing dopaminergic neuron and induces a degenerative process focused on a single
neuron. This last requirement is practically impossible to achieve, since the injection of
aminochrome into the striatum or substantia nigra will affect all the neurons that are in
contact with aminochrome solution. However, if aminochrome is the neurotoxin that
triggers neurodegeneration in idiopathic Parkinson’s, this model could be a good target to
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search for possible pharmacological compounds that prevent, inhibit, or slow down this
degenerative process in idiopathic Parkinson’s.

There is a study in which the human enzyme tyrosinase was overexpressed in the
substantia nigra of rats, exacerbating the production of neuromelanin in this region of
the brain in all types of neurons and glial cells, inducing nigrostriatal neurodegeneration,
hypokinesia, and Lewy body-like formation [58]. The problem with this model is that
(i) this overexpression affects the majority of dopaminergic neurons, generating a massive
effect on the degenerative process; (ii) the oxidative effect of tyrosinase is not specific
for dopaminergic neurons since this overexpression affects all neurons and glial cells.
Tyrosinase catalyzes the oxidation of monophenols or diphenols in the presence of dioxygen
without the need for a cofactor; however, its catalytic activity with diphenols is higher than
with monophenols [59]. Therefore, indiscriminate overexpression in all types of neurons
and glial cells reduces the specificity of the model, since tyrosinase can oxidize monophenols
in other types of neurons or glial cells with unknown effects. In the case of overexpression
of tyrosinase in astrocytes, this enzyme can also oxidize dopamine, since this type of glial
cell can take up dopamine released during neurotransmission; (iii) the triggering agent
of the neurodegenerative process in this preclinical model is not a neurotoxin that can be
the target of new pharmacological drugs attempting to stop the degenerative process, but
rather it is tyrosinase, which is not expressed in the human substantia nigra. However,
there are some reports that suggest its expression in this tissue [60], but if it were true that
tyrosinase is normally expressed in neuromelanin-containing dopaminergic neurons, the
presence of the pigment would be observed from an early age in children. Several studies
have indeed shown that tyrosinase is not present in the human substantia nigra, even using
highly specific and sensitive mass spectroscopy [61,62] (Zucca et al., 2018; Tribl et al., 2007).
It has been proposed that animals that produce more neuromelanin and more closely
resemble the human brain such as sheep and goats are more appropriate as a preclinical
animal model for Parkinson’s disease [63] (Capucciati et al., 2021).

5. Transcriptional Gene Activation via KEAP1/NRF2

Transcriptional activation of genes encoding a battery of cellular defense enzymes that
provide protection against oxidative and electrophilic stress is affected by the transcription
factor NRF2 (nuclear factor (erythroid-derived 2)-like 2) binding to an antioxidant responsive
element or an electrophile responsive element (ARE/EpRE). Among the various cytoprotective
proteins are γ-glutamylcysteine ligase, GSTs, and DT-diaphorase [18,64]. NFR2 is bound to
KEAP1 (Kelch-like ECH-associated protein 1) in the cytosol, where it is directed to rapid
proteasomal degradation. KEAP1 senses reactions of its sulfhydryl groups with electrophiles
and oxidants and, as a consequence, NRF2 is released and targets ARE/ErRE elements of
DNA in the nucleus. KEAP1/NRF2 is recognized as the most prominent protective system
against electrophilic and oxidative insults; the upregulation of key enzymes in the defense
against toxicants implicated in Parkinson’s disease and other neurodegenerative conditions
is noteworthy. For obvious reasons, the KEAP1/NFR2 system has been considered for
pharmacological interventions in Parkinson’s disease [19,65], Figure 2.
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Figure 2. NFR2 activation to protect dopaminergic neurons from aminochrome neurotoxicity.

6. Neuroprotection against Neurodegeneration of Nigrostriatal System in
Parkinson’s Disease

Studies carried out with postmortem material from healthy elderly people show
intact neuromelanin-containing dopaminergic neurons, suggesting that neuromelanin
synthesis is a natural and harmless process. Neuromelanin has been observed to increase
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over the years in the human brain [66]. However, there is an apparent contradiction,
since the synthesis of neuromelanin requires the oxidation of dopamine to three ortho-
quinones that can be neurotoxic. Among these aminochrome is the most toxic that induces
oxidative stress, the formation of neurotoxic alpha-synuclein oligomers, dysfunction of
both lysosomal and proteasomal protein breakdown systems, plasma reticulum stress,
mitochondrial dysfunction, and neuroinflammation. The reason why the elderly have their
neuromelanin-containing dopaminergic neurons intact at the time of death is because there
are two enzymes that prevent the neurotoxic effects of aminochrome DT-diaphorase and
glutathione transferase M2-2.

6.1. DT-Diaphorase

DT-diaphorase (NAD(P)H: quinone oxidoreductase, NQO1) is a flavoenzyme with FAD
as a prosthetic group that transfers two electrons from either NADH or NADPH to quinones,
thereby reducing them to hydroquinones [53,61,67]. This enzyme is 90% located in the cytosol
and 5% associated with the endoplasmic reticulum and mitochondria. It is widely expressed in
different organs; in the brain it is expressed in the substantia nigra, striatum, cortex, hypotha-
lamus, and hippocampus. In rat substantia nigra, DT-diaphorase is responsible for 97% of
the total quinone reductase activity. DT-diaphorase is expressed in tyrosine hydroxylase posi-
tive neurons and in astrocytes. DT-diaphorase reduces aminochrome to leukoaminochrome,
preventing its neurotoxic effects in a catecholaminergic cell line [68], but DT-diaphorase also
prevents aminochrome induced-toxicity in a human astrocyte cell line [69]. DT-diaphorase
prevents aminochrome-induced oxidative stress, mitochondrial dysfunction, formation of
neurotoxic alpha-synuclein oligomers, proteasome dysfunction, autophagy dysfunction, and
lysosome dysfunction [11,26,34,40,47–49,51,54,56,62,64].

6.2. Glutathione Transferase M2-2

Electrophilic compounds such as epoxides, alkenals, and quinones can react with GSH
and thereby become inactivated and form glutathione conjugates suitable for export from
the cytosol [12,70]. The reactions are catalyzed by 20-odd enzymes, which are differentially
distributed in cells and tissues. In humans and other mammals, the GSTs have been grouped
into membrane-bound (microsomal) and soluble (cytosolic) proteins [13,71]. The former
are members of the MAPEG (membrane-associated proteins in eicosanoid and glutathione
metabolism) family [14,72]. The soluble GSTs are dimeric proteins occurring in eight classes
of homologous sequences, which are catalytically active as homodimers as well as het-
erodimers [15,73]. The dimers are thus denoted according to their subunit composition, for
example, as GST M1-1, GST M1-2, and GST M2-2 encoded by the GSTM1 and GSTM2 genes
of the Mu class. With respect to the large variety of compounds identified as substrates
for the various GSTs, it is noteworthy that only GST M2-2 has been found to catalyze with
high efficiency the conjugation of ortho-quinones derived from dopamine [17,74,75]. The
most active glutathione transferase catalyzing aminochrome conjugation is glutathione
transferase M2-2, which gives rise to 4-S-glutathionyl-5,6-dihydroxyindoline. Interestingly,
4-S-glutathionyl-5,6-dihydroxyindoline is not oxidized by physiologically occurring ox-
idants such as dioxygen, hydrogen peroxide, and superoxide. Glutathione transferase
M2-2 also catalyzes glutathione conjugation of the aminochrome precursor dopamine
ortho-quinone to 5-glutathionyl dopamine that is degraded to 5-cysteinyl dopamine, which
has been detected in human cerebrospinal fluid and neuromelanin [16,17,72–78] (Figure 3).

However, whether 5-cysteinyl is an end product is controversial as it has been reported
by in vitro experiments that 5-cysteinyldopamine may be neurotoxic by being oxidized to
5-cysteinyldopamine o-quinone, which is converted to a bicyclic o-quinone imine [76,79].
If this mechanism is correct, it remains to explain the presence of 5-cysteinyldopamine
in human cerebrospinal fluid and neuromelanin [77,78], since 5-cysteinyldopamine is
converted to bicyclic o-quinone imine [79].
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Figure 3. Glutathione transferase M2-2 catalyzes glutathione conjugation of ortho-quinones.

6.3. Astrocytes Protect Dopaminergic Neurons against Aminochrome Neurotoxicity

The brain is responsible for more than 20% of the energy consumption in the human
body. The organism derives ATP via oxidation of carbohydrates, fats, and proteins and by
coupling electron transport with phosphorylation of ADP to ATP. Neurons require ATP
to transport proteins and neurotransmission vesicles to neuronal terminals, and neuro-
transmission itself is completely dependent on ATP. In other words, neuronal function is
absolutely dependent on the presence of ATP, which, to a large extent, is generated in the
mitochondria. Electrons in the transport chain from NADH flowing through complex I
or complex II are further transmitted to ubiquinone Q10 (also known as coenzyme Q10),
which in turn transfers the electrons to complex III. In this transfer of electrons, ubiquinone
Q10 is reduced with one electron to the free radical ubiquinone Q10 semiquinone. The latter
is subsequently reduced to ubiquinone Q10 hydroquinone, which transfers the electrons to
complex III. However, the radical ubiquinone Q10 semiquinone is able to reduce dioxygen
to superoxide, generating electron transport leakage and oxidative stress. Superoxide
enzymatically or spontaneously can generate hydrogen peroxide, which, in the presence of
reduced iron, forms hydroxyl radicals. This leakage of electrons from the mitochondrial
electron transport chain permanently exposes neurons to conditions of oxidative stress.
Astrocytes play an important role in protecting neurons against oxidative stress since
astrocytes secrete precursors of glutathione, which is an important antioxidant [77,80,81].
Neuromelanin-containing dopaminergic neurons are also exposed to the neurotoxic effects
of aminochrome, leading to oxidative stress, mitochondrial dysfunction, formation of neu-
rotoxic alpha-synuclein oligomers, dysfunction of both lysosomal and proteasomal protein
degradation systems, neuroinflammation, and endoplasmic reticulum stress [44–49,62,63].
However, astrocytes also play a neuroprotective role for neuromelanin-containing dopamin-
ergic neurons by secreting exosomes loaded with the enzyme glutathione transferase M2-2
that penetrate dopaminergic neurons to, in concert with DT-diaphorase, prevent the neuro-
toxic effects of aminochrome [73,77,78,80–82] (Figure 4).
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Figure 4. Astrocytes protect dopaminergic neurons against aminochrome neurotoxicity.

6.4. Glutathione and Oxidative Stress

Glutathione (GSH) is a fundamental endogenous constituent of the molecular defense
that provides protection against electrophilic agents and oxidative stress [1,83]. GSH, L-
γ-glutamyl-L-cysteinylglycine, is formed by the sequential actions of γ-glutamylcysteine
ligase and glutathione synthetase, of which reactions the first is rate-limiting in GSH
biosynthesis [2,84]. It has been demonstrated that GSH is ubiquitously present in the brain
and that substantia nigra in Parkinson’s patients is selectively depleted in GSH content
compared with healthy individuals [3,4,85,86]. Whether the loss of GSH is a cause or an
effect of the disease remains unknown but attempts to raise the GSH concentration by
pharmacological intervention have been made under the premise that an elevated GSH
level would provide a therapeutic consequence [5,87]. In general, GSH cannot cross cell
membranes or penetrate the blood–brain barrier and oral administration has been ruled
out. Nasal spray delivery of GSH has been attempted, but the efficacy is unclear [6,88]. The
amino acid limiting the biosynthesis of GSH is cysteine, which is normally transported
into cells as the disulfide cystine via the system xc-cystine/glutamate antiporter [7,89].
Thus, intravenous administration of the precursor N-acetylcysteine has been reported
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to increase the GSH concentration in the brain [8,90]. The characteristic pathological
features of substantia nigra in Parkinson’s patients comprise enhanced iron deposition
and lipid peroxidation, as wells as defects in the transport system xc-. These attributes
are congruent with the hallmarks of ferroptosis, which is currently receiving attention
in various diseases [9,91]. Preventing the progressive loss of dopaminergic neurons by
interfering with ferroptosis is a new approach to treatment [6,10,88,92]. GSH can serve as
an antioxidant and five selenium-dependent peroxidases (GPXs) catalyze the reduction
of hydrogen peroxide and various lipid hydroperoxides [11,93]. The enzymes play a
prominent role in the protection against reactive oxygen species (ROS). GPX4 is particularly
active with phospholipid hydroperoxides and appears to play an essential function in
preventing ferroptosis [9,91].

7. Conclusions and Future Directions

It is clear that oxidative stress plays a role in the degenerative process of the nigrostri-
atal system in idiopathic Parkinson’s disease. In our opinion, the failure of clinical studies
with antioxidants is due to the fact that the preclinical models used to propose these clinical
studies are based on exogenous neurotoxins (MPTP and 6-hydroxydopamine) that do not
represent what happens in the neurodegenerative process of idiopathic Parkinson’s disease.
These neurotoxins induce massive and extremely rapid degeneration; for example, MPTP
induces severe Parkinsonism in just three days, while the degenerative process takes many
years. How to test a possible new drug for idiopathic Parkinson’s disease if the preclinical
model does not include what triggers the degenerative process? The drug examined for
potential use in the disease cannot inhibit the degenerative process, since these exogenous
neurotoxins do not exist in the human nigrostriatal system. Aminochrome seems to be
a good alternative, since it is formed in the nigrostriatal neurons where the degenerative
process occurs and induces all the mechanisms that have been reported to be involved in
the degenerative process of idiopathic Parkinson’s disease, such as oxidative stress, dys-
function mitochondrial, formation of neurotoxic alpha-synuclein oligomers, endoplasmic
reticulum stress, neuroinflammation, and dysfunction of both lysosomal and proteasomal
protein degradation systems. Unfortunately, aminochrome must be injected into the stria-
tum or substantia nigra and a neuron-in-neuron focal degeneration such as occurs in the
disease cannot be reproduced. However, although the injection of aminochrome affects
many neurons immediately, it produces a progressive neuronal dysfunction that progresses
slowly. In addition, if aminochrome is what triggers the degeneration of neuromelanin-
containing dopaminergic neurons in idiopathic Parkinson’s disease, this preclinical model
could serve to detect potential new drugs that change the progress of the disease or stop
the neurodegenerative process.

The presence of neuromelanin-containing dopaminergic neurons in the postmortem
brain of healthy elderly people suggests that neuromelanin synthesis is a normal and
harmless process, despite the fact that it requires the oxidation of dopamine to three ortho-
quinones that are potentially toxic, especially aminochrome. This apparent contradiction
that neuromelanin synthesis is harmless despite the formation of neurotoxic ortho-quinones
can be explained by the neuroprotective role of DT-diaphorase and GSTM2-2 and the neu-
roprotective role of astrocytes secreting exosomes loaded with GSTM2-2. However, the
neuroprotective capacity of DT-diaphorase and GSTM2-2 is not infinite but depends on their
Km with respect to aminochrome. Excess aminochrome formation that exceeds the neuro-
protective capacity of these enzymes may explain the degenerative process in idiopathic
Parkinson’s disease. Aminochrome is neurotoxic by inducing the formation of neurotoxic
alpha-synuclein oligomers, mitochondrial dysfunction, oxidative stress, dysfunction of both
lysosomal and proteasomal protein degradation systems, endoplasmic reticulum stress, and
neuroinflammation. Therefore, increasing the expression of DT-diaphorase and GSTM2-2
may be a therapeutic modality to prevent the degeneration of new neuromelanin-containing
dopaminergic neurons. The activation of NFR2 induces the expression phase 2 enzymes,
including both DT-diaphorase and GST [79,92], and therefore its activation may be the
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target of potential new drugs that slow down the neurogenerative process in idiopathic
Parkinson’s disease. Several phytochemicals in natural products that have different bi-
ological actions have been shown to be activators of NFR2. Sesamol is a component of
sesame oil having an anti-inflammatory and antioxidant effect that has been proposed as a
cardioprotector [80,93]. A component of Rhododendron l. is farrerol that has been shown
to have an anti-inflammatory, antioxidant, and neuroprotective effect [81,94]. Oxyphylla
A is a component of Alpinia oxyphylla that is used in traditional Chinese medicine to
treat memory loss and has been shown to decrease cognitive deficits and improve muscle
strength [82,95]. Sargahydorquinoic acid, isolated from the marine alga Sargassum ser-
ratifolium, has been shown to be a potent antioxidant [83,96]. Ginsenoside Re has been
isolated from the stem, berry, leaf, flower bud, and root of Panax ginseng and has exhib-
ited a long list of pharmacological effects including neuroprotective effects [84,85,97,98].
Sulforaphane, found in cruciferous vegetables such as broccoli, Brussels sprouts, cabbage,
and cauliflower, has anti-apoptotic, antioxidant, and anti-inflammatory properties [86,99].
Protopanaxatriol, present in Panax ginseng Mayer, protects against oxidative stress [87,100].
The flavonoids naringin and naringenin, present in tomatoes, bergamots, and various citrus,
have anti-inflammatory, antioxidant, and neuroprotective properties [88,101–105]. Several
phytochemicals inducing DT-diaphorase have been reported that include farrerol, sesamol,
oxyphylla A, sargassum serratifolium, ginsenoside Re, sulforaphane, protopanaxatriol, and
naringin [80–95,99]. Therefore, an interesting question is whether these phytochemical NFR2
activators can inhibit or decrease aminochrome-induced neurotoxicity.
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Abstract: Oxidative stress (OS) plays, perhaps, the most important role in the advanced aging process,
cognitive impairment and pathogenesis of neurodegenerative disorders. The process generates tissue
damage via specific mechanisms on proteins, lipids and nucleic acids of the cells. An imbalance
between the excessive production of oxygen- and nitrogen-reactive species and antioxidants leads
to a progressive decline in physiological, biological and cognitive functions. Accordingly, we need
to design and develop favourable strategies for stopping the early aging process as well as the
development of neurodegenerative diseases. Exercise training and natural or artificial nutraceutical
intake are considered therapeutic interventions that reduce the inflammatory process, increase
antioxidant capacities and promote healthy aging by decreasing the amount of reactive oxygen
species (ROS). The aim of our review is to present research results in the field of oxidative stress
related to physical activity and nutraceutical administration for the improvement of the aging process,
but also related to reducing the neurodegeneration process based on analysing the beneficial effects
of several antioxidants, such as physical activity, artificial and natural nutraceuticals, as well as
the tools by which they are evaluated. In this paper, we assess the recent findings in the field of
oxidative stress by analysing intervention antioxidants, anti-inflammatory markers and physical
activity in healthy older adults and the elderly population with dementia and Parkinson’s disease.
By searching for studies from the last few years, we observed new trends for approaching the
reduction in redox potential using different tools that evaluate regular physical activity, as well
as antioxidant and anti-inflammatory markers preventing premature aging and the progress of
disabilities in neurodegenerative diseases. The results of our review show that regular physical
activity, supplemented with vitamins and oligomolecules, results in a decrease in IL-6 and an increase
in IL-10, and has an influence on the oxidative metabolism capacity. In conclusion, physical activity
provides an antioxidant-protective effect by decreasing free radicals and proinflammatory markers.

Keywords: oxidative stress; older adults; normal aging; physical activity; neurodegenerative
pathology aging; redox potential

1. Introduction

Concern for a healthy lifestyle in older adults and delaying the evolution of deficiencies
in neurodegenerative diseases represent two of the most important problems in healthy
people. The decline that accompanies normal aging and pathological aging involves
socioeconomic and psychosocial determinants that must be limited. Elderly people’s quality
of life deteriorates owing to the lowering of motor functions and mental health, problems
that require solutions. Improving these functions not only requires financial interventions
both in specialised medical units and at home, but also the active involvement of health
policies with governmental participation. From this point of view, the independence of
elderly people in apparent good health or with neurodegenerative disabilities must be
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stimulated, personal identity needs to be strengthened and confidence in participating
in independent daily activities must be increased. In the last decade, premature aging
was one of the most important concerns because this phenomenon is accompanied by a
decline in physical functions and increased cognitive impairment. At the same time, quality
of life and wellbeing are affected, and the recovery and treatment procedures require
rehabilitation, institutionalisation and hospitalisation, with large financial implications.
Thus, the advancement in age with the related decline has prompted massive research
due to a need for new strategies that allow as much delay as possible in the alteration
of elderly adults’ state of health. Age-related morphological and functional changes
induce changes in mobility, balance and joint flexibility, and increase the risk of falls,
as well as functional cognitive decline. Therefore, aging is a biological and irreversible
process that is often accompanied by multiple comorbidities, especially neurodegenerative
diseases, examples being dementia and Alzheimer’s disease. Accordingly, the impairment
of physical and intellectual capacities leads to an alteration in daily activities in terms of
wellbeing and quality of life and decreases independent living capability. The hallmarks of
aging include reduced physical capacities, altered cognitive status and, at the infrastructure
level, disrupted balance in homeostasis, genomic stability and mitochondrial functionality.
Since 1956, aging has been associated with oxidative stress, which is defined as an alteration
balance between oxidant and antioxidant biomolecules [1]. There are several factors that
contribute to the aging process, such as a sedentary lifestyle, poor diet, loss of intellectual
activity and an induced altered redox status. Continuous functional fitness activities and
low-, moderate- or high-intensity physical exercises improve the gait pattern, strength
and resistance of muscles, balance, flexibility of joints and the mobility in movements. In
this regard, physical interventions represent a preventive strategy for avoiding chronic
oxidative stress [2]. On the other hand, changes in variables such as lifestyle, behavioural
habits, intake of natural and artificial nutraceuticals and anti-inflammatory compounds
succeed in lowering oxidant agents and bio-inflammatory markers in healthy older adults
or seniors with neurodegenerative disorders.

2. Methods of the Literature Review

In order to create a narrative review, we browsed the PubMed database with the
keywords: “oxidative stress”, “older adults”, “normal aging”, “physical activity”, “aging
and neurodegenerative disorders” and “nutraceuticals”. Our research includes original
articles, review articles and case reports from the last five to six years. All original articles
and clinical trials, regarding physical training, functional fitness or supplementation with
natural and artificial antioxidants, demonstrated a decrease in oxygen- or nitrogen-reactive
species and inflammatory markers in elderly people. By applying these strategies, the
importance of physical training and positive nutraceutical intervention was proven to delay
premature aging as well as the progress of neurodegenerative diseases, thereby influencing
quality of life or wellbeing. Finally, only the most relevant studies, written in English,
were selected from the reference list. Our review proposes to present information about
the following important topics: oxidative stress and aging pathophysiology, the impact
of physical activity and nutraceutical compounds on oxidative stress for healthy aging,
the impact of physical activity and oxidative stress for older adults and the impact of
recovery methods using physical activity and nutraceutical compounds on oxidative stress
for neurodegenerative diseases.

3. Oxidative Stress and Aging Process Pathophysiology

Oxidative stress is the result of an imbalance between excessive production of reactive
oxygen species and reactive nitrogen species (ROS/RNS) and an antioxidant defence that
cannot neutralise them. Free radicals are markers of oxidative stress and are atoms or
molecules with one or more than one unpaired electron in an external shell. They are
formed from the interaction between oxygen and certain molecules [3].
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Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are two species of
reactive oxygen, both produced by aerobic cells and associated with the aging process, as
well as age-related diseases [4].

RONS (reactive oxygen and nitrogen species) have endogenous sources, including
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, myeloperoxidase (MPO),
lipoxygenase and angiotensin II, as well as exogenous sources such as air and water
pollution, tobacco, alcohol, heavy or transition metals, drugs, industrial solvents, cooking
and radiation, all of which result in metabolization into free radicals inside the body [5].

Methods for the assessment of oxidative stress are focused on the direct measurement
of reactive oxygen species—responsible for the deleterious effects of oxidative stress—using
fluorogenic probes [6]. The indirect measurement of ROS is also a method based on the
analysis of the oxidative damage these radicals cause to lipids (lipid peroxidation, malondi-
aldehyde and oxidised levels of low-density lipoproteins), proteins (protein carbonyl and
the detection of advanced oxidation protein products) and cell nucleic acids (8-hydroxy-
2′-deoxyguanosine, and thymidine glycol, which is a specific marker for oxidative DNA
damage) [7].

Regarding the treatment of oxidative stress, the administration of antioxidant molecules,
including nutritional supplements such as vitamin A (which modifies the effect of apolipopro-
teins on the risk of myocardial infarction), is the recommended treatment [8]. Vitamin
C can control endothelial cell proliferation and apoptosis and smooth muscle-mediated
vasodilation. Novel omega-3-based antioxidants and novel therapeutic strategies using
miRNA and nanomedicine are also being developed [9].

Oxidative stress alters macromolecules in the body, such as lipids, proteins and nucleic
acids. Finally, ROS and RNS can lead to chronic inflammation and to the activation of patho-
logical metabolic pathways that cause illness. Redox stress/oxidative stress is a complex
process. Its impact on the body depends on the type of oxidant, the place and intensity of
its production, the composition, the activities of various enzymatic or nonenzymatic antiox-
idants and the capacity of self-repair systems. The oxidative stress theory is currently the
most accepted explanation for aging, stipulating that excess ROS leads to genetic, molecular,
cell, tissue and systemic changes—the level of reactive oxygen species (ROS) increases and
is associated with an increased risk of tissue damage. This increase in oxidative activity gen-
erates impairments in nucleic acids (DNA/RNA), lipids and proteins, and affects metabolic
and biochemical pathways, modifying cell homeostasis, signal transduction and gene ex-
pression. Therefore, in the process of cell respiration in the mitochondria, organic peroxides,
reactive aldehydes such as malondialdehyde (MDA) and nitric oxide—which generates
pathological modifications in proteins, lipids and DNA/RNA and increases the chance
of genetic mutations—are produced [2]. Endogenous antioxidants include superoxide
dismutase (SOD), catalase (CAT), glutathione reductase (GSR) and glutathione peroxidase
(GPX) as a defence system. They cannot counteract the oxidizing action of free radicals
responsible for the appearance of heat-shock proteins (HSPs), inflammatory markers that
ultimately lead to cell apoptosis [10]. Oxidised proteins produce protein carbonyl (CP) via
lipid peroxidation related to isoprostanes (8-iso-PGF2α) or produce glycated compounds
that lead to neuron degeneration, damage synaptic networks, increase neuroinflammation
and result in subsequent memory loss with the onset and progression of neurodegenerative
diseases [11]. Oxidative stress can activate a variety of proinflammatory factors, such
as the tumour necrosis factor alpha (TNF-α), interleukins IL-6 and IL-8, thiobarbituric
acid-reactive substances (TBARS) and homocysteine (Hcy), all of which are associated
with a brain-level neuroinflammation response [12,13]. Oxidative stress in the brain is
mostly due to the production of the factor insoluble amyloid plaques (Aβ42), oligomers that
stimulate hyperphosphorylation of tau proteins (p-tau). Neuroinflammation is a key player
in Alzheimer’s disease (AD), with the active participation of proinflammatory cytokines
such as IL-1β and TNF-α, which promote neuronal and synaptic disorders [14]. For healthy
aging and delaying the evolution of the pathological neurodegenerative process in elderly
people, mechanisms must be promoted to adjust the imbalance between the excessive
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production of ROS and the decrease in the defensive enzyme system and, implicitly, the
attenuation of proinflammatory capacity. In this regard, the first favourable interventions
would be the promotion of constant physical activity accompanied by the addition of some
natural or artificial factors to dietary intake. Aging is an irreversible process that makes
alterations to physical capacity, current and autonomous activities and resistance to stress,
and promotes a decrease in physical and cognitive abilities with the onset of pathological
aging, especially neurodegenerative disabilities. Thus, by promoting regular physical
activity, one can maintain the elderly’s ability to carry out daily activities, to have an inde-
pendent, safe life, and thus ensure their wellbeing and quality of life. The functional fitness
approach represented a very good achievement for improving muscle strength and power,
flexibility and mobilisation of lower and upper limb joints, balance, endurance and agility,
decreasing the risk of falling and improving the performance of functional movements. In a
previous study, reducing training intensity and frequency led to the alteration of functional
fitness parameters and negatively modified antioxidant biomarkers [15]. Cognitive aging
represents one of the most common manifestations in the elderly, and increasing oxidative
stress, as demonstrated by high reactive oxygen metabolites (ROM) levels, remains the
biggest problem to be addressed. Furthermore, decreasing antioxidant capacity plays an
important role in the pathophysiology of neurodegenerative disorders such as AD, Parkin-
son’s disease (PD), multiple sclerosis, mild cognitive impairment, etc. [16]. Nutraceutical
intervention using natural and artificial compounds represents a new success in healthy
aging or delaying the progress of neurodegenerative impairment. Certain foods, rich in
flavonoids, proteins, polyphenols or vitamins, have demonstrated beneficial effects in terms
of ameliorating blood oxidative stress and inflammation biomarkers [17,18].

3.1. Instruments/Tools—Determinants of Oxidative Stress, Inflammation Status, Nutraceutical
Compounds and Scales of Assessment of Motor and Cognitive Functions on Normal Aging and
Aging Pathology

Age-related changes and the correlation with oxidative stress must be approached in
the context of the relationship between oxidative stress and inflammatory capacity. From
this point of view, there is a need to discuss the most relevant tools for limiting disorders at
both the macroscopic and the infrastructural levels. Therefore, the variables required to
evaluate and mitigate the impact of oxidative stress and, implicitly, inflammatory capacity,
need to be present. Knowledge of pathophysiological mechanisms such as oxidative
stress—which influences the installation and progression of motor and cognitive changes
for older adults—has led to finding means to limit them. Thus, the most relevant tools in
this area are: (1) oxidative stress biomarkers, (2) inflammatory markers, (3) nutraceutical
compounds and (4) motor and cognitive scales. All these indicators are used for both
normal aging and pathological aging and are presented below in Table 1.

Table 1. Oxidative stress, inflammatory markers, nutraceuticals and motor/cognitive
scales/tools/instruments.

Oxidative Stress Tools Inflammatory Tools
Nutraceutical

Compounds Tools
Motor and Cognitive

Scales

SOD Lipid profile AX/AX + Sesamin IPAQ

TBARS
IL1/IL1b/IL6
/IL-8/IL-10

IL-12

Beetroot juice
(Nitrate dietary)

NO3−
MET

FRAP I CAM-3 Vitamin C HOMA-IR

ROS/iNOS
ROM

E/P-selectin
Adhesion molecules VAS/NPRS

TOS/TOC
TAS/TAC/TACV

Thrombomodulin
Endothelin-1 Capsinoids 1RM
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Table 1. Cont.

Oxidative Stress Tools Inflammatory Tools
Nutraceutical

Compounds Tools
Motor and Cognitive

Scales

3-NT TUBB Isoflavone POMS2/TMD

CP CRP Cryotherapy GDS/S-GDS

MDA TNFα N3 PUFA BDHQ

GPx
SOD/GPx ratio HCY

European/Spanish/
Majorcan/

dietary intake
PASE

PCOOH BNDF Vitamins A/C/D
Tocopherol PHQ-8

CAT 8-iso PGF2α Beta-carotene PSQI/OSA-MA

GSR
IL-12/IL-10 ratio

/IL-12-p70/
IL-8/IL-10 ratio

Acrylamide MMSE/
MoCA

HSPs Ferritin Cocoa beverage powder DS/DSF
/DSB

H2O2 Fibrinogen L-glutamine TMT/ATMT/CDT

BAP Ozone SF-36-HRQOL

TRX Vitamin E/Zn/Se RAPA/GPAQ

GRd Protein intake EQ-5D

AOPP Niacin COWAT

GSH/GSSG FST UPDRS/H&Y
/PDQ

NO PM-EE LOTCA

8-OHdG Melatonin D-KEFS–CWI

H2/Photo-modulation
RAVLT/

CVLT/AVLT
/LMT/SDMT

Benfotiamine IADL/ADL

Vitamin B WHODAS/DHQ/FFQ
Er-Med

NAC FFQ

Ladostigil BDI/BAI

Polyphenols/
Mind foods BBS

Kefir
Probiotics

EDSS
/SEP-59/MSQOL/

LF
ADAS–cog/

ADCS–ADL/DAD/
CERAD-K/CDR

CC NPI/RBANS/NTB

Oxidative stress markers: SOD—superoxide dismutase enzyme; TBARS—thiobarbituric acid-reactive sub-
stances; TOC—total oxidative capacity; TAC—total antioxidant capacity; TACV—total antioxidative capacity;
FRAP—plasma ferric reduction capacity; 3-NT—3 nitro-tyrosine; iNOS—nitric oxide synthase; CP—protein car-
bonyls; MDA—malondialdehyde; GPx—glutathione peroxidase; SOD/GPx ratio—stress score; PCOOH—plasma
phosphatidylcholine hydroperoxide; CAT—catalase; GSR—glutathione reductase; HSPs—heat-shock proteins;
H2O2—hydrogen peroxide; BAP—biological antioxidant potential; TRX—thioredoxin reductase; GRd—glutathione
reductase; AOPP—advanced oxidative protein products; GSH/GSSG—reduced/oxidised glutathione; NO—nitric
oxide; 8-OH-dG—8-hydroxy-deoxyguanosine. Inflammatory markers: lipid profile—total cholesterol;
HDL-cholesterol—high-density lipoprotein cholesterol; LDL-cholesterol—low-density lipoprotein cholesterol; triglyc-
erides; IL-1/IL-1b/IL-6/IL-8/IL-10/IL-12—interleukin 1, 1b, 6, 8, 10, 12; ICAM-3—intercellular adhesion molecule;
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TUBB—tubulin beta class I; CRP—C-reactive protein; TNF—tumour necrosis factor α; HCY—homocysteine;

BNDF—brain-derived neurotrophic factor; 8-isoPGF2α—8-isoprostaglandin F2α. Nutraceutical compounds:

AX/AX + Sesamin—astaxanthin/astaxanthin + sesamin; n3-PUFA—omega-3-polyunsaturated fatty acids;

FST—Laminaria japonica; PM-EE—PhytoMeal ethanol extract; NAC—N-acetyl cysteine; LF—lactoferrin;

CC—Cosmos caudatus. Motor and cognitive scales: IPAQ—International Physical Activity Questionnaire;

MET—physical activity score; HOMA-IR—homeostatic model for the assessment of insulin resistance; VAS/

NPRS—visual analogue scale/numeric pain rating scale; 1RM—test–retest reliability of one repetition, maxi-

mum assessment of the strength capacity of individuals; POMS2/TMD—profile of mood status/total mood

disturbance; GDS/S-GDS—geriatric depressive scale/short geriatric depressive scale; BDHQ—brief-type

dietary history questionnaire; PASE—Physical Activity Scale for the Elderly; PHQ-8/PSQ—Patient Health

Questionnaire 8, which evaluates depression status; PSQI—Pittsburgh Sleep Quality Index/Ogri–Shirakawa–

Azumi Sleep Inventory; MMSE/MoCA—Mini Mental State Examination test/Montreal Cognitive Assess-

ment; DS/DSF/DSB—digit span/digit span forwards/digit span backwards; TMT/ATMT/CDT—Trail-Making

Test/Advanced Trail-Making Test/Clock-Drawing Test using visuospatial memory; SF36-HRQ—short-form

health-related quality of life questionnaire with 36 items; RAPA/GPAQ—Rapid Assessment of Physical Activity

Questionnaire/Global Physical Activity Questionnaire; EQ-5D—Euro quality of life, which includes five dimen-

sions: self-care, usual activities, mobility, depression/anxiety, pain/discomfort; COWAT—Controlled Oral Word

Association Test; UPDRS/H&Y/PDQ—Unified Parkinson’s Disease Rating Scale/Hoehn and Yahr/Parkinson’s

Disease Questionnaire (39 items); LOTCA—Loewenstein Occupational Therapy Cognitive Assessment; D-

KEFS–CWI—Delis Kaplan executive function system–colour and word interference; RAVLT/CVLT/AVLT (IR,

SR, LR)—Rey Auditory–Verbal Learning Test/California Verbal Learning Test/Auditory Verbal Learning Test

(immediate recall, short recall, long recall); LMT/SMDT—Logical Memory Test/Symbol Digit Modalities Test;

IADL/ADL—instrumental activities of daily learning/activities of daily living; WHODAS/DHQ/FFQ/Er-

Med—WHO disability assessment schedule-related dietary intake (protein, fibre, fruits, vitamins)/dietary

history questionnaire/food frequency questionnaires/17-item questionnaire for Mediterranean foods; BDI/

BAI—Beck Depression Inventory (score ranges 0–63, with 21 items)/Beck Anxiety Inventory; BBS—Berg Bal-

ance Scale; EDSS/SEP-59/MSQOL—expanded disability status score/59-item multiple sclerosis quality of

life questionnaire; ADAS–cog/ADCS–ADL/DAD/CERAD-K/CDR—Alzheimer’s disease assessment scale–

cognitive subscale/Alzheimer’s disease cooperative study–activities of daily living/disability assessment in

dementia/consortium to establish a registry for Alzheimer’s disease/clinical dementia rating; NPI/RBANS/

NTB—neuropsychiatric inventory/repeatable battery for the assessment of neuropsychological status/

neuropsychological test battery.

3.1.1. Oxidative Stress Biomarkers/Tools

It is well-known that aging-related oxidative stress and free radicals can cause protein,
lipid and DNA molecule oxidation. The process is accelerated by the increase in protein
carbonyl molecules through protein oxidation, and large amounts of malondialdehyde
and isoprostanes are formed from lipid peroxidation. Thus, increased ROS and NOS
concentrations are generated, exceeding the body’s compensatory defence system [2,12].
Nitro-oxidative stress plays an important role in endothelial cell disorders and is implicit in
the inflammatory process [14,16]. Oxidative stress is determined by an imbalance between
the antioxidant enzyme defence system—represented by SOD, CAT, GPx, GRd—and free
radical monitoring through increasing MDA, CP and isoprostanes [2,19,20]. MDA repre-
sents lipid peroxidation and oxygen reactive species (ROS) indicators, which are generated
in excess when oxidative stress increases [19,21,22]. The increase in oxidative stress reduces
mitochondrial activity coupled with oxidative phosphorylation, and implicitly disrupts the
balance of redox homeostasis [23]. Cellular aging is the consequence of oxidative stress,
which later causes significant tissue damage. The enzymatic antioxidant system (SOD,
CAT, GSH, GPx, GR) acts against the oxidative reactive system. The enzymatic complex
superoxide dismutase represents the SOD family, which annihilates free radicals, such
as superoxide anions. Glutathione is one of the most powerful antioxidants found in all
body cells. When it is in small amounts in the body and peroxides increase, pathological
mechanisms that induce the inflammatory process are activated. ROS result from molecular
oxygen following the processes carried out at the cellular level. The most important endoge-
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nous oxidising agents are hydroxyl radicals, hydrogen peroxide and superoxide anions [24].
Therefore, the balances between TOS/TOC and TAS/TAC must be estimated to monitor
cellular stress [25]. The 3-NT represents a reactive nitrogen species marker that correlates
with the increase in oxidative status [14,21,26]. The accentuation of oxidative stress is
correlated with the increase in lipid peroxidation, and the relevant markers in this regard
are TBARS and MDA [2,13,22,27]. Protein oxidation represents one of the biggest causes
of damage from oxidative stress and can be monitored by determining AOPPs (advanced
oxidation protein products), which are an indirect biomarker of accentuated oxidative
status [28]. Alzheimer’s disease is one of the most common neurodegenerations and causes
progressive dementia, especially on older adults. From a pathophysiological point of view,
AD compromises inter-neuronal transmission at the synapse level through amyloid de-
posit accumulation, intracellular neurofibrillary tangles and pathological synthesis protein
generation [15]. Another OS biomarker is phosphatidylcholine hydroperoxide (PCOOH),
whose concentration increases by intensifying lipid peroxidation, which disintegrates cell
membranes and initiates cell apoptosis [29].

3.1.2. Inflammatory Markers/Tools

Oxidative stress triggers an inflammatory response directly involved in the pathogen-
esis of diseases. With increasing age, the lipid profile becomes unfavourable and increases
the inflammatory capacity, accentuating the imbalance between the antioxidant defence
system and prooxidative factors [1,2,13,21,23]. Therefore, the excess production of reactive
oxygen species induces mitochondrial dysfunction and maintains a proinflammatory status
that becomes chronic through the oxidation of lipids, proteins or DNA. Thus, trigger-
ing a cascade of events that initiates cytokine production, such as IL-1, IL-1b, IL-6 and
IL-8, which maintains the chronic inflammatory process [10,13–15,18,21,30]. Heightened
redox potential stimulates the tissue macrophages that produce and release TNF-α into
the circulation and upregulates inflammatory mediators, such as intercellular adhesion
molecule-3 and BDNF, leading to neuron degeneration [10,21,26]. Their release into the
circulation activates blood platelets that cause acute-phase reactants such as CRP and
prothrombotic vascular factors (homocysteine, fibrinogen, thrombomodulin, endothelin-1,
E/P selectin) [10,14,21,25,26,31].

3.1.3. Nutraceutical Compounds/Tools

The human body has several options for countering the effects of free radicals and
oxidative stress based on enzymatic antioxidant molecules, such as SOD, CAT, GPx and
GSH, but also nonenzymatic molecules (coenzyme Q10, L arginine) that are endogenous
products. Apart from these, there are exogenous antioxidant compounds of animal or
plant origin that can be introduced into the body using diet or nutritional supplementation.
Next, we discuss the most relevant nutraceutical antioxidants and their protective actions
for human health. Astaxanthin and sesamin are carotenoids found in seafoods and fish
that have a strong antioxidant effect, preventing muscle fatigue and improving aerobic
capacity [23,29]. Dietary nitrate supplementation, such as with beetroot juice, can enhance
NO bioavailability, which has favourable effects on peripheral and central haemodynamic
responses and metabolic health [26]. Vitamin C supplementation related to iron metabolism
change balances pro/antioxidative activity by decreasing proinflammatory cytokine gene
expression [2,22,25]. The anti-inflammatory and antioxidant effects of dietary supplemen-
tation with capsinoides, along with their improvement to metabolism and decrease in body
fat mass, is worth mentioning [32]. The activity of antioxidant enzymes in menopausal
women is improved by the addition of phytoestrogen-type flavonoids to the diet. They
reduce MDA activity, reactive species and the inflammatory effect of cytokines [13]. Reg-
ular cocoa powder that enriches flavonoid consumption has positive effects regarding
cardiovascular risk, neurodegeneration and quality of life in older adults [33]. It is also
beneficial in neuroprotection; for example, when mitigating mood status and cognitive
functions, Cosmos caudatus (CC) turned out to be the high flavonoid integrated in the
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power supply [34]. Repeated exposure to low temperatures reduces nitro-oxidative stress
by improving NO bioavailability and decreasing the activity of inflammatory markers [14].
Diets supplemented with n3-PUFA managed to reduce inflammatory phenomena by re-
ducing the triglycerides concentration and decreasing oxidative stress. Beneficial effects
were observed regarding function, muscle mass and anabolic responses. These external
antioxidants had positive results for redox homeostasis amelioration [35,36]. Vitamin de-
ficiencies can affect human health, especially cognitive and emotional status, behaviour
and personality, causing functional and mental disorders. Apart from the fact that they
intervene in numerous metabolic reactions as coenzymes, they play essential roles in main-
taining the antioxidant capacity/prooxidative capacity balance by actively participating
as supplements in European, Majorcan and Spanish dietary intakes. Vitamin C decreases
the inflammatory status by lowering free iron and ferritin levels and decreasing cytokine
mRNA expression [25]. Decreasing vitamin D levels can cause muscle impairments such
as weakness, pain and diminished adipogenesis [31]. Along with omegA-3, a reduced
mitochondrial DNA copy number (mtDNAcn) is considered an oxidative stress biomarker
and may improve muscle strength. Omega-3 intake enhances synaptic transmission at the
end plate, and it also modulates the contractility of the striated muscle fibre and strength
muscle [37,38]. The vitamin B group (vitamin B6, vitamin B12, folate) is associated with
a decline in mental disorders and dementia by decreasing HCY trans-sulphuration or
re-methylation. Consequently, hyper-homocysteinemia causes DNA metabolism alteration
and promotes cognitive impairment and dementia [31,39]. Diet intake supplemented with
niacin mitigates the cognitive frailty of dementia [40]. The vitamin E group comprises
lipophilic molecules synthesised by vegetal organisms, and the most representative of
them is α-tocopherol. Vitamin E inhibits monocyte invasion’s implicit inflammation and
depresses oxidative stress by preventing LDL-cholesterol oxidation [41]. Nutritional intake
supplemented with vitamin A, vitamin D and beta-carotene mitigates the formation of
reactive oxygen species through antioxidant and anti-inflammatory effects [2,25]. Neu-
roprotective effects associated with aging and with antioxidant potential were signalled
by supplementing diets with Laminaria japonica (FST) and desalted Salicornia europaea
(PM-EE). Bioactive molecules of FST such as GABA (gamma amino butyric acid) demon-
strated an improvement in antioxidant capacity with a protective effect against progressive
neurodegeneration. Using PhytoMeal ethanol extract would be safe for seniors with demen-
tia for improving cognitive performance [42,43]. Melatonin is a bioactive molecule with
neuroprotective and antioxidant properties. It regulates mitochondrial respiratory complex
1 activity and reduces reactive oxygen species [20]. Molecular hydrogen induced using
photo-biomodulation can mitigate cellular oxidative stress and improve mitochondrial
functionality, making it a potent and possibly therapeutic antioxidant with neuroprotective
effects for Parkinson’s disease [44]. Administration of N acetylcysteine (NAC)—known
as a glutathione precursor and an antioxidant agent—is associated with protective effects
on brain oxidative stress [45]. Diet intake with benfotiamine, a synthetic precursor of thi-
amine, can directly participle in multiple metabolic pathways related to oxidative stress or
inflammation. Benfotiamine is an antioxidant involved in glucose metabolism, and finally,
it decreases advanced glycation end products responsible for the enhancement of reactive
oxygen species. Moreover, it increases anti-inflammatory factors in microglia, having an
important role in delaying the decline of AD [46]. Ladostigil administration is correlated
with delayed dementia progression due to its decreasing effect on microglial activation and
reactive oxygen species production. Cerebral atrophy reduction, especially at the medial
temporal lobe level, was also mentioned [47]. Polyphenols represent a class of biomolecules
that can be natural or biosynthesised compounds. They have acquired strong antioxidant
roles and integration into the most diverse food sources due to their ability to reduce
free radical oxidation and chelate metal ions, such as iron and copper [10,34]. Symbiotic
supplementation such as with kefir improves cognitive decline by alleviating oxidative
stress, systemic inflammation and blood cell damage [28]. Lactoferrin, or lactotransferrin
(LF), is an iron-building glycoprotein with anti-inflammatory and antioxidative effects.
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Its presence in the brain is related to aging and neurological disorders. Its participation
in protein kinase modulation and tensin homolog pathways justifies the identification of
antioxidant and anti-neuroinflammation characteristics [15].

We also address nutraceuticals due to their important role in restabilizing digestion
and absorption of minerals and vitamins to prevent their deficiency, detoxify cells, in-
hibit harmful biochemical reactions, facilitate the growth of beneficial microbiota and
excrete waste.

The mechanism involving nutraceutical antioxidant effects is based on help from en-
dogenous enzymes when the antioxidant role is less than normal, i.e., the action mechanism
used to cure a particular ailment [48] of the human body possesses several antioxidant
compounds and enzymes, and their role is to maintain the reactive species’ level of func-
tion. Nutraceuticals contain vitamin C, zinc, selenium, vitamin E and enzymes such as
glutathione peroxidases and catalases, whose primary job is to scavenge reactive species.
This is possible due to nuclear factor erythroid-derived 2-related factor 2 (Nrf2) tran-
scription factor pathway activation. Other action mechanisms from these compounds
that have neuroprotective effects are signal transduction cascade modulation and gene
expression effects.

3.1.4. Motor and Cognitive Scales/Tools

The assessment of motor and cognitive functions for healthy elderly people and se-
niors with neurodegenerative disorders is performed using various scales or tools. The
investigation of motor skills is conducted using the following instruments: IPAQ, RAPA
and GPAQ, which evaluate physical activity based on questionnaires [17,26,27,49,50]. The
physical training score and confidence in balancing activities were evaluated using MET
and PASE [18,26,40]. Monitoring posture and balance, both static and dynamic, were
quantified using BBS [51]. ADL and IADL are tasks linked to personal care. They refer
to activities such as bed mobility, eating, toileting or transfer [40,52]. Power and mus-
cle strength were measured in physical training with weights using 1RM [13]. Apart
from the presence of difficulties in physical autonomy, aging speed and pathology are
accompanied by cognitive changes influenced by several variables. Instruments used
to appreciate degrees of mood, depression or sleep disorders are POMS2, TMD, GDS,
S-GDS, PHQ-8, PSQ and PSQI [18,29,30,32,37,50,53]. Disturbances in emotional status
have been observed with BDI or BAI scales [51]. For the assessment of mental disorders
or cognitive impairments, the following tools have been utilised: MoCA, MMSE and
LOTCA [17,28,34,36,39,42,43,46,47,49,49,53]. Neuropsychological profile evaluation has
been investigated using NPI, RBANS and NTB [13,14,34]. Instruments used to evaluate
quality of life related to independent living, mobility, pain, difficulties, self-care and di-
etary intake are SF-36-HRQOL, EQ-5D, VAS, NPRS, BDHQ, WHODAS, DHQ, FFQ and
Er-Med [16,18,32–34,39,40,49,51]. Regarding neurodegenerative disorders such as PD, AD
and SM, the tools used for assessing their progression are UPDRS, H&Y, EDSS, SEP-59,
MSQOL, ADAS–cog, ADCS–ADL, DAD, CERAD-K and CDR. All these variables evaluate
motor and cognitive disabilities as well as the progress of these diseases [15,42,44–47,54,55].
In addition to those that are specific to the respective neurodegenerative diseases, instru-
ments that evaluate motor status disorders, speech, hearing, vision or logic have been used,
such as DS, DSF, DSB, TMT, ATMT, CDT, COWAT, D-FEFS-CWI, RAVLT, CVLT, AVLT, LMT
and SDMT diseases [36,39,40,42,47,49,53].

3.2. The Impact of Interventions through Physical Activity and Nutraceutical Compounds on
Oxidative Stress for Healthy Aging

Concern for the development of autonomous physical activities, motor capacity and
muscular abilities in premature aging required finding new intervention strategies to main-
tain them. Functional autonomy is defined as the capacity to promote daily living activities
both at home and in the ambient environment, but also the maintenance of sensory and
mental capacities, implicitly promoting quality of life. In order to achieve these desires, it is
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necessary to find methods of action that mitigate the pathophysiological mechanisms devel-
oped in the muscle tissue and in the brain. Aging is often accompanied by disturbances in
skeletal muscle contraction and morphology. The characteristic infrastructural signs for the
establishment of dysfunction at the skeletal muscle level are protein synthesis alteration,
significant mitochondrial-level changes or genomic instability. All these muscular- or
nervous-level disturbances are the consequences of the imbalance between the reactive
oxygen species production and the body’s defence system in the sense of decreasing antioxi-
dant capacity. Physical activity, regardless of the intensity, frequency, endurance, volume or
type, is considered a therapeutic instrument for decreasing oxidative stress [11]. Therefore,
one of the strategies for addressing premature aging is the promotion of physical exercise in
its most varied forms, starting with daily routine activities and reaching sustained, regular
physical training necessary to maintain posture, balance, strength and muscle resistance.
In addition to exercise, supplementing the diet with natural or artificial antioxidant ex-
ogenous animal or vegetal biomolecules plays a significant role in improving the redox
potential and delaying premature aging. Nutraceutical antioxidants, such as vitamins B, C,
D, E, polyphenols, omega-3, proteins, flavonoids, oxygen or hydrogen therapy, showed
beneficial effects in the health of older adults.

Below, we present Table 2, showing previous studies describing aspects of physical
activity and nutraceuticals and oxidative stress according to different types of physical
activity and dietary intake.

Analysis of the references provided demonstrates the effects of endurance training
performed on the treadmill for 12 weeks, with 3 sessions/week, or physical tasks for
4 h/day with a cycle ergometer for 4 weeks. In addition, near-physical and mental tasks
were applied for 4 h/day in sets of 30 min, using an advanced trail-making test. In both
cases, a nutraceutical antioxidant diet with astaxanthin (AX) was administrated, repre-
sented by red, powerful, oceanic carotenoids found in algae, shellfish and fish, or AX with
sesamin, i.e., the oleaginous seed found in sesame. After the two interventions in both
sexes, through sustained physical activity and a supplemented diet, beneficial effects re-
garding the lipid profile through increased fat oxidation, decreased carbohydrate oxidation
and an anti-fatigue effect through lowered plasma phosphatidylcholine hydroperoxide
were observed during physical and mental tasks. By applying the trail-making test for
4 weeks, improvements were observed in the emotional status and quality of sleep in
older adults [23,29]. Moreover, some other authors have shown the effect of the physical
intervention, quantified by cycling 10 M with a pedalling cadence of 50 rpm with moderate
or intense effort. As a supplemented diet, 70 mL × 2/day of beetroot juice (dietary nitrate
NO3

−) was used for 7 days. The results did not show a favourable influence on haemody-
namic and cardiac parameters, but changes in inflammatory and oxidative markers such
as E/P selectin, thrombomodulin and ICAM-3 were observed. IL-6, 3-NT and glycaemic
levels were quantified in a positive sense using HOMA-IR [26]. In other writings, the
authors evaluated the results obtained after applying physical training and dietary intake
vitamins of type A, C, E, tocopherol and beta-carotene, or trace elements such as Zn and Se.
Physical exercises were carried out for 6 weeks, 3 times/week for 60 min, either using cycle
ergometer sessions or gyrokinesis, Nordic walking and stabilisation training. Other options
were physical fitness or intermediate and active exercise training. Vitamin therapy was ad-
ministrated using tablets (1000 mg/day, 6 weeks) or nutraceutical food with vitamins. The
studies showed that anthropometric index, muscle mass, fat mass and cardiorespiratory
parameters underwent favourable changes, such as a decreased BMI and increased muscle
mass. Beneficial effects were observed in oxidative stress and inflammatory marker levels.
Improved antioxidative/prooxidative balance and anti-inflammatory/proinflammatory ca-
pacity were monitored using SOD, CAT, GRx, GRd, 3-NT, MDA, TBARS, protein carbonyls
or isoprostanes, and IL-1, Il-6, IL-10, CRP, tubulin beta class 1 and CCL2 (chemokine ligand
2). In conclusion, a decrease of about 10% in oxidative stress and enhanced antioxidant
defence, changes in lipid profile and glycaemic level, decreased IL-6, increased Il-1 and
increased oxidative metabolism capacity after regular physical activity and supplementa-
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tion with vitamins and oligomolecules were noticed [2,22,25]. Physical activity of various
degrees, from low to moderate or vigorous, monitored using an activity meter together with
the consumption of 9 mg/day of capsinoids (CH-19 sweet) for 12 weeks, was determined in
terms of body composition, decreased waist circumference, visceral fat index and body fat
percentage through lipid oxidation, augmenting the physiological consequences of inges-
tion of capsinoids. The tools that quantified the effects were FAS, METs and parameters of
mood status such as POMS2 and TMD. Other effects of interventions were increased energy
expenditure in sedentary participants, homeostatic capacity regulation, with a lowered
occurrence of chilly sensation in older adults, and enhanced oxidative phosphorylation
in striated muscles. Capsinoid consumption stimulated physical activity in the sedentary
elderly of the CP group [32]. Another nutraceutical option alongside resistance and aerobic
training was supplementation with 100 mg/day of isoflavone for 10 weeks. This study
evaluated the effect of an isoflavone diet mixed with physical exercises and investigated
the lipid profile, oxidative stress and inflammatory markers in postmenopausal women.
The physical training comprised mixed aerobic (carried out with a treadmill) and resistance
activity over 30 sessions for 50 min/session, 3 times/week, mediated using the 1RM test
with eccentric and concentric phases. Beneficial results were registered, with increased IL-8
levels being an important angiogenic agent, and lowered total cholesterol, which is associ-
ated with the anti-inflammatory status [13]. By applying whole-body cryotherapy, over
24 exposures for 3 min, 7 times/week for 7 days, and endurance training (long-distance
runners), another author demonstrated no change in the 3 nitro-tyrosine level and no
change in nitro-oxidative stress in male seniors. The increasing iNOS concentration and
implicit enhancing bioavailability of nitric oxide demonstrated that WBC has a beneficial
effect on vascular vasodilatation and important antioxidant and anti-inflammatory results,
such as stimulating lipid oxidation through the metabolic effect of IL-6 and decreasing IL-6
levels in the RUN (long-distance runners) group. Nitro-oxidative stress and inflammation
markers did not change after exposure to WBC [14]. Aging is accompanied by progressive
loss of function and mass skeletal muscle-related frailty. Sarcopenia can cause mobility
disorders, risk of falls, lack of independence and alteration to metabolic health in the el-
derly through mitochondrial disturbances, insulin resistance and oxidative stress. Another
study demonstrated that the association between acute or resistance training with n3-PUFA
supplementation for six months determined a modest increase in skeletal muscle strength
by decreasing inflammatory effects and reducing oxidative stress at the mitochondrial
level. Improving the contraction energy level after n3-PUFA during exercise training and
decreasing the rate of protein synthesis attenuated functional disorders, sarcopenia and
chronic inflammation in skeletal muscle. The addition of omega-3 to diets improves mus-
cle strength in elderly adults with normal glycaemia [35,38]. Another paper, namely the
PHYSMED project, observed an association between physical fitness of different degrees
and blood biomarker levels associated with inflammatory status or oxidative stress. There-
fore, the lower physical fitness group obtained decreasing triglyceride and vitamin B12
concentrations and increased values outside the normal range for homocysteine, creatinine
and the lipid profile. In the vast majority of elderly Spanish people, vitamin D(OH) values
were low. In the three groups, low-, medium- and high-fitness dietary intake was seen in
European, Spanish or Majorcan food. Regular physical activity and a diet associated with a
healthy lifestyle and delayed premature aging were found for the high-fitness group [31]. A
study carried out based on the association between increased acrylamide consumption and
physical activity showed a poor capacity for effort and even negative effects regarding mus-
cle mass quality, implicitly accentuating sarcopenia and obesity in the elderly. Monitoring
was performed using walking training, chair stands repeated five times, FFQ and PASE [18].
A higher dietary intake of flavonoids (cocoa beverage powder, once/day, 12 weeks) showed
positive effects in muscle strength and resistance, increasing exercise capacity, and reducing
anti-inflammatory effects and oxidative stress. Physical performance, cognitive profile
and quality of life reflected through SMI and EQ-5 were improved in older adults [33].
Nutraceutical dietary supplementation with L-glutamine (Gln) for 30 days, demonstrated
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in another study, increased the physical capacity regarding knee muscle strength/power in
elderly women using endurance and strength training, 60–70 min/session, 3 times/week,
monitored using an isokinetic test. Glycaemic-level regulation using lower insulin concen-
trations and oxidative stress amelioration with increased oxidised glutathione (GSH, GSSG)
and lowered thiobarbituric acid-reactive substances were also mentioned [27]. In a large
study with 391 elderly participants (non-Hispanic white, Black and Hispanic populations)
and with habits such as cigarette smoking and alcohol consumption, physical activity test-
ing was carried out, graded in effort intensities. The diet was supplemented with vitamin D
and omega-3 (VITAL-DEP program). The mitochondrial DNA copy number is a biomarker
associated with premature aging, oxidative stress and behavioural habits. The monitoring
of the effect of low, intermediate and vigorous physical activity and the supplemented diet
was carried out using METs, PHQ-8 and mtDNAcn. A lowered mtDNA copy number for
smoking participants was registered as a negative impact for elderly Black people [37].
It is known that exposure to ozone causes endothelial and cardiovascular effects and is
correlated with inflammation and an increase in reactive oxygen species due to the absence
of the glutathione S-transferase Mu1 (GSMT1) gene. However, controlled exposures to
ozone with concentrations increasing from 0 ppb (parts per billion) to 120 ppb, together
with moderate exercise training in elderly adults, did not determine obvious inflammatory
effects, but increases in CRP 8-isoprostane and Il-6 and endothelin-1 were recorded in
another study. A decrease in 3-NT and nitrosative stress levels was reported as a positive
effect [21]. It is not clearly stipulated that dietary intake supplemented with protein can
improve muscle injuries and fatigue induced by prolonged walking exercises in elderly
adults. The study carried out on the target and placebo groups after walking training for
three consecutive days showed comparable increases in creatine kinase following intense
muscular effort, and protein supplementation in the study group did not demonstrate
faster elimination of muscle pain or fatigue compared to the control group. Inflammatory
markers such as CRP, IL-6 and Il-10 had comparable values in both groups because the
muscle protein synthesis response to anabolic stimuli was diminished [30].

Endurance training performed on a treadmill for 12 weeks with 3 sessions/week or
physical tasks for 4 h/day with a cycle ergometer for 4 weeks is recommended. Mental
tasks for 4 h/day with sets of 30 min, using an advanced trail-making test, have also been
applied. The administration of a nutraceutical antioxidant diet with astaxanthin (AX),
represented by powerful, red oceanic carotenoids found in algae, shellfish and fish, or AX
with sesamin, i.e., oleaginous seed found in sesame, is also recommended.

3.3. The Influence of Physical Activity on Oxidative Stress for Healthy Older Adults

Aging is traditionally accompanied by functional autonomy restriction, skeletal mus-
cles’ capacity decline, frailty, risk of falls and, often, cognitive disorders. Low muscle
strength found in older adults, legitimised by evidence of a slowed-down skeletal mus-
cle response to anabolic agents, accentuates motor disabilities and the risk of mortality.
Therefore, the intervention of strategies that address both the maintenance and recovery of
functional deficiencies as well as the slowing down of cognitive decline is required. The
concern for promoting a healthy lifestyle and maintaining quality of life must be made a
priority in order to prevent or delay premature aging. Physical activity (PA) in its various
forms, such as physical exercises, resistance or endurance training, or both, represents an es-
sential direction in promoting healthy aging at the motor level and in the cognitive domain.
One aspect of age progression is damage caused to the balance between the antioxidant
defence system and reactive oxygen species. Oxidative stress initiates proinflammatory
factors, which causes muscle frailty and motor function decline and affects mental health.
The main results regarding different PA program recommendations that could influence
the oxidative stress are presented in Table 3.
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Two references discussed the association between physical activity of different de-
grees of intensity (low, moderate and vigorous) and physical fitness (PF) associated with
muscular and cardiorespiratory endurance, muscular strength, flexibility and body com-
position. Within the wide PREDIMED program with 6874 participants, the results of the
interventions were monitored using MMSE and TMT, showing an improvement in neu-
rocognitive parameters linked to physical fitness. Enhanced scores for verbal and phonemic
verbal fluency were quantified using COWAT, CDT and DS, and increased quality of life
using SF36-HRQOL. Physical fitness was associated with better cognitive activity [49]. The
frailty index decreased and motor function, mental and emotional status and sleep quality
improved, as measured using IPAQ-SF, PSQOI and MMSE. PF levels together with PA
favourably contribute to motor and nonmotor skills and functions [50]. Moderate- or high-
level PA demonstrated a greater increase in plasma α- and γ-tocopherol and a decrease
in oxidative stress and homocysteine levels than in senior individuals who performed
low-intensity physical activities. Exercise training is associated with cognitive function;
thus, markers such as vitamin E, homocysteine level and free radical species can be used as
predictive factors for assessing mental health in elderly adults. Monitoring was evaluated
using GPAQ, LOTCA, METs and MMSE [17]. Regular low- or moderate-intensity physical
activity stimulates antioxidant and anti-inflammatory capacities, as evidenced by increased
SOD or GPx and decreased MDA, Il-6 and TNF-α levels. Moreover, 12 weeks of Taekwondo
martial art training for 60 min, 4 times/week, showed an improvement in motor function
and agility motions, and ameliorated depression, anxiety and sleep disorders in terms of an-
tioxidative and anti-inflammatory responses in postmenopausal women [19]. Multimodal
exercise training (back-scratch, chair sit-to-stand or grip strength), such as functional fitness
for 24 weeks, 1 hour/session, twice per week, improved flexibility motions, muscle strength,
dynamic balance and other biomechanical parameters. Regarding blood biomarker levels,
the study measured decreased reactive oxygen metabolites, prooxidant activity and hor-
mone stress concentrations (cortisol). Functional fitness by performing daily tasks increased
upper and lower limb flexibility, muscle strength, cognitive function amelioration, and
decreased body fat percentage and prooxidative status. Increased quality of life and mental
health was observed using EuroQol-5 [16]. Another study assessed the involvement of
daily physical activity from moderate-to-vigorous levels for 8 weeks on postmenopausal
women using an axial accelerometer. After exercise training, the observed findings were
an increased step count, brain-derived neurotrophic factor and serotonin levels. These
results demonstrated decreased oxidative stress quantified using biological antioxidant
potential (BAP) and prevented depression, measured using GDS [52]. Advancing age is
associated with suffering of the striated muscle mass and function regarding oxidative
damage biomarkers. In another study, the author demonstrated the influence of resistance
training for 6 weeks, twice/week, using 3 sets with 10–12 repetitions, on skeletal muscle
redox potential. Oxidative stress markers such as 4-hydroxynonenal, heat-shock proteins
(HSP60) and protein carbonyls (PC), using CAT, SOD, GDS and GAPDH, were investigated.
After resistance training carried out on many levels, positive results were identified from
muscle biopsies, mRNA and various endogenous antioxidants [11]. The risk of cognitive
disorders in elderly adults is a serious mental health problem. Another reference discussed
the contribution of a game-like dual-task exercise, named “synapsology” (SYNAP), which
improved physical and cognitive responses in older adults. Physical activity and cognitive
profiling were carried out over 8 weeks, 60 min/session, twice a week, and investigated
using timed up-and-go (TUG), the five-time sit-to-stand movement test (5XST), the Trail-
Making Peg Test (TMPT), reactive oxidative metabolites and brain-derived neurotrophic
factor (BNDF). Beneficial results have been observed after using the SYNAP program to
assess cognitive status, daily functional abilities and healthy life [54]. A hydrotherapy
program performed over 15 sessions stimulated the antioxidant profile by upregulating
glutathione reductase, peroxidase activity and superoxide dismutase enzymes, and decreas-
ing reactive oxygen species in the body. Thus, regular exercise training prevents disorders
caused by premature aging [24]. A sedentary lifestyle and behavioural factors such as
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smoking and coffee and alcoholic beverage consumption on older women is associated
with oxidative stress, and progressed aging was demonstrated in another study. OS was
measured using MDA, SOD, GPx and the SOD/GPx ratio. A stress score ranging from 0
to 7 was associated with marker modification. A stress score of ≤4 and physical activity
of <30 min/day in sedentary Mexican women were associated with increased oxidative
stress [1]. In the same sense, another author discussed the importance of moderate physical
activity associated with oxidative defence capacity on free radicals and progressed aging.
Increased SOD/GPx ratio, SOD, CAT and GPx levels in blood compared with decreased
MDA, carbonyl protein and isoprostane concentrations were noted in older adults who
participated in moderate exercise programs versus the sedentary elderly. In conclusion,
it was demonstrated that physical activity provides an antioxidant-protective effect by
decreasing free radicals and proinflammatory markers [12].

3.4. The Impact of Recovery Using Physical Activity and Nutraceutical Compounds on Oxidative
Stress for Neurodegenerative Diseases

Neurodegeneration is the result of cerebral metabolism disorders, glial system-level
changes, as well as neurotransmitter communication alterations in synaptic networks and
abnormalities at the blood–brain barrier, such as endothelial cell lesions. Oxidative stress
occurs in neurodegeneration disorders such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS). In AD, the
neuropathological mechanism is described as an amyloid protein accumulation outside
the cell and the presence of neurofibrillary tangles composed of hyper-phosphorylated
“tau proteins”. Thus, synaptic connection loss occurs in selective brain regions. Along
with OS, mitochondrial function is also affected by an increase in free radicals that leads
to nerve cell apoptosis. PD is defined as a loss of melanin-pigmented nigral neurons with
dopamine depletion in the basal ganglia and the presence of Lewy bodies. By increasing
oxidative stress, it accentuates the destruction of the substantia nigra and the accelera-
tion of cell death. In ALS, increased accumulations of carbonyl protein, nitro-tyrosine
and superoxide radicals lead to certain irreversible cellular alterations. In SM, intensive
lipid peroxidation is activated, which leads to demyelination, which causes severe neu-
ral destruction. Decreasing SOD levels and enhancing TBARS and nitrite concentrations
contribute to the amplification of oxidative stress, proinflammatory capacity and damage
to nervous cells. Therefore, the need to improve morphological and functional neuron
decline and delaying pathophysiological neurodegeneration mechanisms has prompted the
intervention of neurorehabilitation strategies and methods of prolonging the evolution of
neurodegenerative diseases. Thus, the combined promotion of physical activity in various
forms and intensities and nutraceutical compound diet participation has demonstrated
favourable effects in limiting the oxidative stress and inflammatory phenomena devel-
oped in neurodegenerative impairments. In Table 4, we present the relationship between
different types of PA, dietary intake and oxidative stress.

Usual and enhanced physical activity, such as aerobic exercise training using a tread-
mill for 26 weeks, 150 min/week, in 3 sessions/week, and dietary intake with phospho-
lipids and PUFAs, were performed on 23 older adults with familial and genetic risks of
AD. Blood systemic biomarker levels involved in cognitive function (memory, learning),
such as myokine cathepsin B (CTSB), BDNF, lipid profile and klotho, were adjusted after
physical training, which showed positive mental wellbeing and brain function effects [36].
In another study, the influence of physical fitness, ADL and IADL with a handgrip and
additional low-niacin dietary intake on mental health, depression or emotional disorders
was assessed. A total of 815 participants with frailty and pre-frailty cognitive status took
part in a LRGS-TUA study. They were monitored using nonmotor scales such as GDS,
MMSE, MoCA, RAVLT, digit span, WHODAS, DHQ and SOD, MDA, BDNF and DNA
damage. The telomerase level results demonstrated beneficial effects on oxidative stress
amelioration and cognitive frailty identification in elderly people with mild impairments
or dementia [40]. Aerobic training with low intensity carried out in an aquatic environment
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for 12 weeks, 2 times/week, 45 min/session, was credited with decreasing depression and
anxiety scores, functionally independently, and the implicit decrease in reactive oxygen
species. The quantification was carried out using the Borg scale, BAI, BDI, TUG, GSH, SOD
NO and protein carbonyl levels [51]. Dietary intake of a functional food such as Laminaria
japonica (FST) from seaweed—which has a six-week antioxidant effect—together with
physical fitness training provided protective action against progressive neurodegenera-
tion caused by free radicals. The results measured after the interventions were improved
physical autonomy, cognitive functions and antioxidant activity, indicated by increased
SOD, GSR and GPx levels, and the capping of oxidative stress markers such as TBARS,
8-oxoDG and BDNF. Mental health evaluation monitoring was used, including the MMSE,
the numerical memory test, Raven’s test, Flanker test and the iconic memory test, with
positive results [43]. High-intensity interval training performed using a cycle ergometer,
weights, a dynamometer and elastic bands for 12 weeks, with 1 session/week, demon-
strated a reduction in fatigue and spasticity, and an improvement in muscle strengthening,
resistance and aerobic performance, implicitly increasing the quality of life. The results
obtained using QOL, SEP-59 and MSQOL-54 demonstrated the possibility of carrying out
autonomous activities and improving living conditions [55]. AD dementia is associated
with both autonomous functional decline and that of cognitive status. Daily regularly exer-
cise in combination with desalted Salicornia europaea L. (SE), a species of halophytic plant,
was shown to improve frontal executive functions, such as oxidative stress amelioration,
proinflammatory biomolecule decrease and neuroprotective pathway stimulation. The
program was carried out for 12 weeks by administering PhytoMeal (SE) ethanol extract,
600 mg/day, with physical training. Notable performances were observed in cognitive
tasks assessing perception, attention, working memory and language using ADAS–cog,
CERAD-K, K-CWST and S-GDS. Beneficial results were registered regarding quality of life
in older adults with AD, such as an increased ability to perform daily living activities.

3.5. The Effects of Recovery Using Nutraceutical (Antioxidant) Biomolecules on Oxidative Stress
for Neurodegenerative Diseases

Neurodegenerative disorders are associated with oxidative stress and mitochondrial
dysfunction via protein aggregates, which compromises the activity of mitochondrial en-
zyme complex I, thus stimulating free radical production. Therefore, the use of natural
or artificial agents with antioxidant action capable of limiting and delaying motor and
cognitive disorders within the neurodegenerative process is required. Daily supplemen-
tation with 50 mg of melatonin for 3 months decreased reactive oxygen species through
increasing mitochondrial complex I and the respiratory ratio, catalase and superoxide dis-
mutase, and lowering glutathione, malondialdehyde and carbonyl protein levels in older
adults with Parkinson’s disease. The beneficial effects of melatonin refer to the reduction
in mitochondrial dysfunctions from oxidative stress and the proinflammatory effects [20].
The relationships between antioxidants and oxidative stress in neurodegenerative diseases
are presented in Table 5.
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A strong antioxidant effect on pathophysiology neurodegeneration has been men-
tioned for molecular hydrogen (H2). Molecular hydrogen intake was carried out through
the daily ingestion of H2—water associated with photo-biomodulation (PBM)—for 2 weeks,
or inhalation of 6.5 vol% H2 gas in 2 L/min for 16 weeks, twice/day, and mixed air was
obtained using electrolysis in patients with PD. The effects of molecular hydrogen ad-
ministration were decreased reactive oxygen species, stimulated mitochondrial activity
with enhanced ATP levels and mitigated cognitive function deterioration [44,54]. Another
author discussed the intravenous administration of N-acetylcysteine (NAC), a powerful
antioxidant that stimulates brain glutathione levels, 6000 mg/day for 28 days, in elderly
people with PD. Oxidative stress indicators such as MDA or 4-hydroxynonenal (4-HNE)
remained unchanged, while antioxidant biomarkers of the same type reduced the oxidised
ratio (GSH/GSSG), and catalase increased in the concentrations [45]. Another antioxidant
used as a supplement was benfotiamine, a synthetic thiamine derivative (pharmacokinetic
marker belonging to the vitamin B group) administered orally for 12 months, 300 mg
twice/day. Spectacular results were obtained in terms of cognitive and functional status,
demonstrated using ADAS–cog, CDR, MMSE, NPI and ADCS–ADL scales. Therefore,
ADAS–cog and CDR scores decreased by 43% and 77%, respectively, after benfotiamine
administration with amelioration of cognitive abilities, such as memory, praxis, language,
attention, orientation, judgement and verbal memory. In this sense, improvements were
observed in daily activities carried out independently and the ability to make one’s own
decisions and judgments. Decreased oxidative stress and proinflammatory activity were
demonstrated by lowered blood biomarkers such as advanced glycation end-product lev-
els [46]. Dietary intake of vitamins from group B, especially vitamin B12 and folate, was
used in an EMCOA study, showing decreased cognitive decline, especially with better
cognitive reserves and MDA, HCY, 8-OHdG and 8-isoPG2α oxidative stress marker types.
The results were monitored using mitigated MMSE, MoCA, AVLT, DSF, DSB and SDMT
scores [39]. Mild cognitive disorders represent a heterogeneous syndrome defined by a
decline in memory performance, with this being a transitional line between normal aging
and dementia in terms of neurodegenerative diseases. The addition of Cosmos caudatus, a
vegetable of the Cosmos-type annual plant, turned out to have beneficial effects on mood
status amelioration and global cognitive status improvement after 12 weeks with 250 mg
twice daily. Lowered lipid peroxidation reduced oxidative stress, proven by assessing
MDA, BNDF, SOD, iNOS, GSH and COX-2 levels. The scales used for measuring mild
cognitive impairment were MMSE, digit span, RAVLT and POMS [53]. Another author
discussed alleviating neurodegeneration, especially in medial temporal lobe atrophy after
low-dose ladostigil administration at about 10 mg/day for three years. The quantification
of favourable responses was performed using MMSE, WMS-RC CDR, DAD, RAVLT and
GDS scales [47]. Dietary intake with polyphenols combined with the MindFoods (cognitive
training) program was proven to decrease reactive oxygen species and proinflammatory
cytokines after supplementation for 12 weeks in older adults with AD. Improved neurobio-
logical health and enhanced anti-inflammatory cytokine levels were demonstrated using
MMSE, TMT, GDS and RBANS scores, and TBARS and mRNA markers [34]. The antioxi-
dant effects of probiotics such as kefir using nutraceutical supplementation for 90 days at
2 mL/kg/day were proposed in another study that measured systemic oxidative stress,
proinflammatory and anti-inflammatory cytokines, NO bioavailability and cognitive func-
tion or capping metabolic disorder improvements. The assessment was performed using
MMSE, immediate memory delay, TMT-A, the clock-drawing test, the delayed memory test
and the Boston test, whose scores improved in terms of visual–spatial function, language
abstraction, memory and conceptualisation skills. Oxidative stress (ROS, AOPP, PARP-1),
systemic inflammation (IL-8/IL-10 ratio, IL-12/Il-10 ratio, Il-6, TNF-α, IL-1b) and metabolic
cellular damage were modulated using the probiotic antioxidant intervention [28]. Another
study proved the antioxidant and anti-inflammatory role of lactoferrin, a multifunctional
glycoprotein iron fastener, after administration for 3 months at 250 mg/day. The favourable
intervention of lactoferrin using the modulation protein kinase B/phosphatase and tensin
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homolog (PTEN) pathway and acetylcholine (Ach) and serotonin (5-HT) serum levels was
demonstrated. Decreased MDA, IL-6, heat-shock proteins, cholesterol and tau proteins, and
increased SOD, GSH and IL-10 levels validated the antioxidative and anti-inflammatory
effects of lactoferrin. The positive cognitive function results were monitored using MMSE,
ADAS–cog 11 and CDR. Thus, lactoferrin administration seems to be a protective inter-
vention, modulating oxidant and proinflammatory pathological cascades and cognitive
decline [15].

4. Discussion

Biological aging is characterised by decreasing functional and cognitive abilities,
being much more pronounced in elderly adults’ motor impairments and cognitive decline.
Thus, functional autonomy loss as well as a decrease in mental and behavioural progress
accelerate the onset of motor decline and dementia. Hence, these aspects cause great
concern for the health and care systems. Although these disorders have multiple causes,
the most publicised hypothesis in this regard is that related to oxidative stress. Disturbing
the balance between the body’s antioxidant defence power and the production of free
radicals leads to mitochondrial dysfunctions and cellular metabolism damage. Reactive
oxygen species and proinflammatory cytokines are thus generated, which promote lipid
peroxidation, hyperphosphorylation or oxidised proteins, and DNA damage. Synthesis
of the relationship between oxidative stress markers and normal aging, physical activity,
pathological aging and nutraceutical compounds is presented in Figure 1.

Figure 1. Relationship between oxidative stress, physical activity and nutraceutical compounds in
the aging process. Legend: PA—physical activity; PF—physical fitness; ADL—activities of daily liv-
ing; IADL—instrumental activities of daily living; SOD—superoxide dismutase; CAT—catalase;
ROS—reactive oxygen species; MDA—malondialdehyde; GSH/GSSG—reduced/oxidised glu-
tathione; TBARS—thiobarbituric acid-reactive substances; CP—protein carbonyl; GPx—glutathione
peroxidase; GSR—glutathione reductase; 3-NT—3 nitro-tyrosine; NOS—nitric oxide synthase;
ROM—range of motion; AD—Alzheimer’s diseases; PD—Parkinson’s disease; ALS—amyotrophic
lateral sclerosis; MS—multiple sclerosis; N3-PUFA—omega-3-polyunsaturated fatty acids; PM-
EE—PhytoMeal ethanol extract.
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These processes create abnormal amyloid beta–peptide aggregations and intracellu-
lar neurofibrillary tangles, disturbing synaptic networks with changes in acetylcholine,
dopamine and serotonin levels, which generates neuroinflammation and neurodegen-
eration. In our study, we performed a review of the research findings in the literature
regarding how different types of physical activity and supplementation with natural and
artificial nutraceutical compounds could delay the aging process and the development of
neurodegenerative disorders. Physical activity, starting from ADL and IADL, and continu-
ing with walking training, resistance or endurance exercises, physical fitness, multimodal
exercises or physical tasks, managed to maintain and improve functional autonomy and
delay cognitive decline. Applying moderate-intensity training for six or twelve weeks,
such as habitual activities, Nordic walking, gyrokinesis, 400 m walking or chair stands
repeated five times, showed significant improvements in VO2 max, systolic and diastolic
blood pressure, BMI, muscle mass or fat mass, physical frailty, mental health, emotional
status and sleep disorders. MMSE, IPAQ-SF, PSQOI, PASE, MoCA WHODAS and GDS
scores demonstrated beneficial results in healthy elderly adults and seniors with neurode-
generation for both genders [1,18,25,33,40,50,52]. Promoting low, moderate or vigorous
physical activity (LMVPA) contributed to improving the gait pattern, strength, gait, physi-
cal mobility, skeletal muscle strengthening, body fat percentage, BMI and the visceral fat
index, including oxidised stress parameters.

In the lipidic modulation profile, decreased HCY, 3-NT, MDA, IL-6, CRP and mtDNA
copy number, or increased SOD, CAT, GRd and GPx, resulted after the physical training
intervention at different intensities applied for 6–8 weeks for 75 min/week, 150 min/week
or 5.5–30 MET hours/week. Increased functional autonomy, quality of life and enhanced
cognitive capacities, including neurocognitive parameters, were monitored using MMSE,
COWAT, DS, CDT, TMT, METS, LOTCA and GPAQ scores [12,14,17,21,22,32,35,37,38,49].
Endurance or resistance training were another form of physical activity, using devices such
as a treadmill, cycle ergometer or handgrip dynamometer, being applied 6–12 weeks for
60 min/session, 3 times/week. Improved antioxidant or anti-inflammatory status, cardio-
vascular, respiratory and immunological parameters, and implicitly increased motor and
cognitive functions, both for normal and pathological aging, were measured. The tools that
evidenced beneficial effects for both healthy older adults and seniors with neurodegenera-
tive impairments were MMSE, FFT, TUG, 5xST, POMS2, COWAT, DS, TMT, CDT, LOTCA,
PSQOI and GDS, with influence on motor functions, neurocognitive capacity and quality
of life [10,13,19,23,24,26,27,30,31,36,50–52,55]. Physical fitness is another way to evaluate
oxidative stress reduction and improved cognitive abilities by measuring the ameliorating
effects on neuromuscular integrity, sleep disorders, emotional and mental motor status and
cognitive scales, such as a lowered risk of frailty index. Positive results were demonstrated
for both genders and for healthy or neuropathological elderly adults using BDHQ, MMSE,
IPAQ-SF, PSQOI, PASE, RAVLT, DS, MOS-SS, GDS, numerical, the iconic memory test, TMT
or Raven’s test [2,40,43,50]. Multimodal exercises determined enhanced flexibility in upper
and lower limbs, and improvements in dynamic balance, endurance and muscle strength,
evidenced by alleviated oxidative stress and proinflammatory capacity [16]. A special
approach was the implementation of physical tasks using a visual display, a game-like
dual-task or ergometer task, with significant improvements in attention, working memory,
spoken language and motor functions [29,42,56]. Another direction for promoting normal
aging without unfavourable events and mitigating neurodegenerative disorders in older
adults is the promotion of nutraceutical dietary supplements with natural and artificial
antioxidants administered using diet or medication. The antioxidant power of vitamins A,
C, D, E, complex B, folate and their derivatives were recognised. Using these interventions
allowed to obtain increased antioxidant agents, demonstrated by the activation of potential
redox enzymes such as SOD, CAT, GSH, GRd, GPx and TOS/TOC and TAS/TAC, which
attenuated cellular and mitochondrial disruptions, and showed anti-inflammatory effects.
The beneficial action of vitamins is expressed by the modulation of pathophysiological
biomolecule synthesis pathways that act in free radicals and proinflammatory markers (IL-6,
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Il-8, IL-1, CRP, TNFα, BDNF). Antioxidant and anti-inflammatory effects improve func-
tional capacity and mental health in elderly adults of both genders [2,22,25]. Along with vi-
tamins D and E, other nutrients intervene in the same sense, such as omega-3 and n3-PUFA,
which strengthen the antioxidant effect, modulate lipid and carbohydrate profiles, increase
phospholipids and intracellular and mitochondrial ATP levels, and decrease concentrations
of inflammatory substances, such as BDNF and Klotho proteins. Enhanced motor and
cognitive function were demonstrated using these interventions in healthy older adults
and elderly patients with neurodegenerative diseases [35–38]. Other nutraceuticals were
supplemented using dietary proteins and N-acetyl cysteine. The results showed favourable
effects on antioxidant/oxidant agent balance by using CAT, GSH/GSSG, SOD/GSH, MDA,
4-HNE, protein carbonylation and scores of scales such as IPAQ, NPRS, UPDRS, H&Y,
BDI, BAI and BBS. They improved physical or neuromotor functions for normal aging
and ameliorated depression, anxiety and sleep disorders in seniors of both sexes with
neurodegeneration impairments [27,30,45,51]. European, Spanish or Majorcan foods have
made significant contributions to functional capacity and reactive oxygen species’ decrease.
The results were demonstrated using TDW, FFM, LET, QoL SEP-59 and MSQOL [14,31,55].
Supplementation with polyphenols, flavonoids, capsinoids, Laminaria japonica, Cosmos
caudatus or acrylamide showed the same aspects regarding oxidative stress and favourable
results regarding motor abilities and mental functions. PASE, SMI, EQ-5D, FFQ, VAS,
TMD, POMS2, LBM, MMSE, CERAD-K, K-CWST and GDS demonstrated progress in terms
of motor and cognitive autonomy effects [13,18,32,33,42,53]. Nitrate dietary supplemen-
tation had no favourable influences on neither cardiac and haemodynamic parameters,
nor oxidative stress. After taking small doses of ladostigil, neurodegeneration due to
dementia was mitigated. Quantification was carried out using MMSE, CDR, WMS-RC,
NTB, DAD, RAVLT and GDS, which estimated medial temporal lobe atrophy and showed
favourable evolution in mild cognitive impairment [47]. The proposal for supplementation
with ozone or molecular hydrogen did not provide effective results regarding oxidative
stress, but the administration of molecular hydrogen together with photo-biomodulation
stimulated mitochondrial activity with increased ATP levels, associated with alleviating
cognitive disorders [21,44,54]. The presence of probiotics such as kefir demonstrated mem-
ory improvement, language abstraction and conceptualisation skills and decreased reactive
oxygen species and proinflammatory biomarkers. A beneficial antioxidant effect was
proven in the progress reflected using cognitive scales such as MMSE, immediate and
delayed memory tests, TMT-A and the clock-drawing test [28]. The addition of melatonin
for three months at 25 mg/day proved beneficial in reducing oxidative stress biomarkers
when analysing CAT, mitochondrial complex I activity and the mitochondrial respiratory
control ratio [20]. Decreased free radicals and proinflammatory agents demonstrated by
assessing afferent blood biomarker levels and cognitive scales such as MMSE, CDR and
ADAS–cog 11, showed mental function alleviation in elderly patients with AD dementia.

5. Conclusions

The aging process reduces physical capacities, alters the cognitive status and is related
to oxidative stress, which is defined as an alteration in the balance between oxidant and
antioxidant biomolecules. This is because ROS leads to genetic, molecular, cellular, tissue
and systemic changes.

In the search for healthy aging and a delayed pathological neurodegenerative evo-
lution process in elderly people, mechanisms must be promoted to adjust the imbalance
between the excessive production of ROS and the decrease in the defensive enzyme system
and, implicitly, proinflammatory capacity attenuation. Therefore, the promotion of constant
physical activity accompanied by the addition of natural or artificial factors to dietary intake
is the first favourable intervention in this regard.

Protein oxidation represents one of the biggest damages caused by oxidative stress
and can be monitored by determining AOPPs (advanced oxidation protein products), being
an indirect biomarker for an accentuated oxidative status.
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Regular physical activity and supplementation with vitamins and oligomolecules elicit
decreased IL-6 and increased IL-1 oxidative metabolism capacity. In conclusion, this study
demonstrated that physical activity provides an antioxidant-protective effect by decreasing
free radicals and proinflammatory markers.

Author Contributions: M.V.B., conceptualisation, methodology, resources, writing—original draft
preparation; M.D., methodology, formal analysis, visualisation; L.R., methodology, supervision,
formal analysis; M.I.M., formal analysis, review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sánchez-Rodríguez, M.A.; Zacarías-Flores, M.; Correa-Muñoz, E.; Arronte-Rosales, A.; Mendoza-Núñez, V.M. Oxidative stress
risk is increased with a sedentary lifestyle during aging in Mexican women. Oxid. Med. Cell. Longev. 2021, 2021, 9971765.
[CrossRef] [PubMed]

2. Kawamura, T.; Tanisawa, K.; Kawakami, R.; Usui, C.; Ito, T.; Tabata, H.; Nakamura, N.; Kurosawa, S.; Choi, W.; Ma, S.; et al.
Determinants of Resting Oxidative Stress in Middle-Aged and Elderly Men and Women: WASEDA’S Health Study. Oxid. Med.
Cell. Longev. 2021, 2021, 5566880. [CrossRef] [PubMed]

3. Chandrasekaran, A.; Idelchik, M.D.P.S.; Melendez, J.A. Redox control of senescence and age-related disease. Redox Biol. 2017, 11,
91–102. [CrossRef]

4. Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363–383. [CrossRef]

5. To, T.; Terebessy, E.; Zhu, J.; Zhang, K.; Lakey, P.S.; Shiraiwa, M.; Hatzopoulou, M.; Minet, L.; Weichenthal, S.; Dell, S.; et al. Does
early life exposure to exogenous sources of reactive oxygen species (ROS) increase the risk of respiratory and allergic diseases in
children? A longitudinal cohort study. Environ. Health 2022, 21, 90. [CrossRef]

6. Katerji, M.; Filippova, M.; Duerksen-Hughes, P. Approaches and Methods to Measure Oxidative Stress in Clinical Samples:
Research Applications in the Cancer Field. Oxid. Med. Cell. Longev. 2019, 2019, 1279250. [CrossRef] [PubMed]

7. Murphy, M.P.; Bayir, H.; Belousov, V.; Chang, C.J.; Davies, K.J.; Davies, M.J.; Dick, T.P.; Finkel, T.; Forman, H.J.; Janssen-Heininger,
Y.; et al. Guidelines for measuring reactive oxygen species and oxidative damage in cells and in vivo. Nat. Metab. 2022, 4, 651–662.
[CrossRef]

8. Visioli, F.; Artaria, C. Astaxanthin in cardiovascular health and disease: Mechanisms of action, therapeutic merits, and knowledge
gaps. Food Funct. 2017, 8, 39–63. [CrossRef]

9. Cuadrado, A.; Manda, G.; Hassan, A.; Alcaraz, M.J.; Barbas, C.; Daiber, A.; Ghezzi, P.; León, R.; López, M.G.; Oliva, B.; et al.
Transcription Factor NRF2 as a Therapeutic Target for Chronic Diseases: A Systems Medicine Approach. Pharmacol. Rev. 2018, 70,
348–383. [CrossRef]

10. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.; Rahu, N. Oxidative stress and inflammation: What polyphenols can do for
us? Oxid. Med. Cell. Longev. 2016, 2016, 7432797. [CrossRef]

11. Mesquita, P.H.C.; Lamb, D.A.; Godwin, J.S.; Osburn, S.C.; Ruple, B.A.; Moore, J.H.; Vann, C.G.; Huggins, K.W.; Fruge, A.D.;
Young, K.C.; et al. Effects of resistance training on the redox status of skeletal muscle in older adults. Antioxidants 2021, 10, 350.
[CrossRef] [PubMed]
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Abstract: Glaucoma is the leading cause of irreversible blindness and visual impairment, affecting
more than 80 million individuals worldwide. Oxidative stress and inflammation-induced neurode-
generative insults to retinal ganglion cells are the main pathogenesis of glaucoma. Retinal ganglion
cells, the retinal neurons transmitting the visual signals to the visual cortex in the brain, have very
limited regeneration or recovery capacity after damages. Apart from intraocular pressure-lowering
treatments, there is still no clinically effective treatment to rescue the degeneration of retinal ganglion
cells in glaucoma. Dietary antioxidants are easily accessible and can be applied as supplements
assisting in the clinical treatments. Catechins, a chemical family of flavonoids, are the phenolic
compounds found in many plants, especially in green tea. The anti-oxidative and anti-inflammatory
properties of green tea catechins in vitro and in vivo have been well proven. They could be a potential
treatment ameliorating retinal ganglion cell degeneration in glaucoma. In this review, the chemistry,
pharmacokinetics, and therapeutic properties of green tea catechins were summarized. Research
updates on the biological effects of green tea catechins in cellular and animal experimental glaucoma
models were reviewed. In addition, clinical potentials of green tea catechins for glaucoma treatment
were also highlighted.

Keywords: green tea; EGCG; glaucoma; retinal ganglion cells; anti-oxidation; anti-inflammation

1. Green Tea Catechins: Chemistry and Pharmacokinetics

1.1. Chemistry of Green Tea Constituents

Tea is the most commonly consumed beverage worldwide. It comes from the leaves
of the tea plant, Camellia sinensis. Different harvesting, manufacturing, and fermentation
processes result in different types of tea, such as white, black, green, or oolong tea. Green
tea is obtained by steaming and roasting fresh tea leaves under strictly controlled con-
ditions so as to preserve the polyphenols from oxidation by polyphenol oxidase. Many
constituents are present in the green tea infusion, including polyphenol polymers, amino
acids, polysaccharides, saponins, alkaloids, and polyphenols (Figure 1). The compositions
depend on the Camellia species, harvesting process, storage conditions, and processing
methods. Polyphenol polymers, including theaflavins, thearubigins, and proanthocyanidin
polymers, are oxidized and polymerized products of catechins monomers. Their anti-
inflammatory and hepato-protective properties have been reported in experimental rodent
models [1,2]. The concentrations of polyphenol polymers, theaflavins, and thearubigins
are about 3–6% in green tea, 12–18% in black tea, and 8 to 20% of catechins in oolong tea,
respectively. Amongst the tea amino acids, L-theanine is known to possess relaxation and
cognitive improvement properties for humans [3]. Polysaccharides of glucose, galactose,
rhamnose, and arabinose in tea are conjugated with different chemical groups resulting in
diversified biological activities, including anti-oxidative and anti-diabetic activities [4,5].
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Tea saponins, the natural non-ionic surfactants extracted from the aqueous layer, have
displayed anticancer, antimicrobial, and cardiovascular protective properties in animal
studies [6]. Benefits to human have also been shown [7]. Tea alkaloids, including caffeine,
theobromine, and theophylline could improve cognition with antioxidative, anti-diabetic,
and anti-obesity effects according to animal studies [8,9]. Polyphenols in tea have been the
most extensively studied among the tea constituents due to their strong biological activity
and high abundance [10]. Polyphenols in green tea are mainly flavonoids. Based on their
nuclear structures, green tea flavonoids can be classified into flavanones, isoflavanones,
flavones, flavonols, flavan-3-ols (catechins), and hydroxycinnamic acid. Amongst the
polyphenols, catechins (flavan-3-ols) possess the most beneficial biomedical properties
for human health [11]. The main catechins in green tea are as follows: (+)-catechin (C),
(−)-epicatechin (EC), (−)-gallocatechin (GC), (−)-epigallocatechin (EGC), and their gallate
derivatives, (−)-catechin-3-gallate (CG), (−)-epicatechin-3-gallate (ECG), gallocatechin-
3-gallate (GCG), and (−)-epigallocatechin-3-gallate (EGCG), respectively (Figure 1). The
flavan-3-ol concentration is about 50% in green tea and 10% in black tea, respectively.

 

Figure 1. Structures of polyphenols, amino acids, and alkaloids that are present in green tea.

EGCG is the most abundant and biologically active catechin with proven health-
promoting properties [12,13]. Its biochemical activities are attributed to its structural moiety
and hydroxyl groups [14]. EGCG has eight hydroxyl groups that contribute hydrogen
radicals to reactive oxygen species and form stable resonance structures (Figure 2). Unlike
the other flavonoids of green tea polyphenols, the pro-oxidant activity of catechins is
relatively low as they do not have any double bonds in C2–C3, nor any ketone groups in C4
to form further resonance structures in the C ring [15]. Therefore, catechins can cross-link
with each other to form stable polymers, such as thearubin [16]. Consequently, catechins
are lower in toxicity compared toother tea polyphenols.
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Figure 2. Resonance structures of epigallocatechin-3-gallate after reaction with reactive oxygen species.

The standard reduction potential (E◦) is correlated to the cellular antioxidant activity
(CAA). Green tea catechins all have a lower reduction potential than the endogenous anti-
oxidant glutathione (GSH), thereby being indicative of a higher antioxidant activity. GSH
(0.310 V) < C (0.281 V) = EGC (0.287 V) < EC (0.277 V) < EGCG (0.104 V) < ECG (0.098 V) [17].

Besides its intrinsic antioxidative properties, the anti-inflammatory and antioxidative
activities of EGCG have been attributed to its interaction with the cellular membrane
protein receptor (Figure 3). It binds to 67 kDa laminin receptors (67 LR) to upregulate the
Toll-interacting protein (Tollip). Increased Tollip expression induces negative effects of
inflammatory associated Toll-like receptor (TLR) signaling, leading to the deactivation of
the NF-kB and MAPK pathways, which act on anti-oxidant response elements (AREs) in
the nucleus for both anti-inflammatory and anti-oxidant responses [18]. The subsequent
lowering of inflammatory mediators, such as inducible nitric oxide synthetase (iNOS)
decreases the production of reactive oxidative species. As the EGCG molecule possesses
multiple hydroxyl groups, it is potent in binding through hydrogen bonding with amino
acid residues including serine and tyrosine on the active sites of the membrane receptor to
change the structural conformation and exert various signaling and biological activities.
It interacts with the serine residue at the N-terminal domain of tumor suppressor p53,
which is a sensor of oxidative stress, to change the structural conformation and inhibit the
ubiquitination of p53 by murine double minute 2 (MDM2). The stabilized p53 can thus
be retained for anti-tumor activities [19]. The pleiotropic effects of EGCG have also been
attributed to its multiple binding properties. It can moderate the redox, inflammation,
and cell cycle status through its multiple receptor affinities. It activates the epidermal
growth factor (EGF) receptor in the absence of EGF but inhibits EGF-induced EGF receptor
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activation by affecting the topology of the EGF receptor transmembrane domain [20]. EGCG
can also inhibit the activation of the wild-type and some mutants of the EGF receptor in
non-small cell lung cancer cell lines [21].

 

Figure 3. Epigallocatechin-3-gallate interacts with various receptor/mediators to relieve inflamma-
tion and oxidation. The green arrow indicates the effects of EGCG on the oxidative stress.

Apart from binding to specific receptors, such as to 67LR for anti-inflammation,
pro-oxidation of catechins generate reactive oxygen species (ROS) to act as secondary
messengers to stimulate various signaling pathways, which may be mediated by receptors
from the cell surface to the nucleus. For example, EGCG can bind to the active sites of
thioredoxin (Trx) to inhibit the Trx/Trx receptor, which facilitates anti-oxidation to increase
the ROS level [22]. ROS in turn can serve as an anti-bacterial agent [23]. EGCG activates
calcium/calmodulin-dependent protein kinase β (CaMKKβ) to increase energy metabolism
and elevate cytosolic calcium levels, thereby contributing to increase NO production [24].
It increases cyclic adenosine 5′ monophosphate (cAMP) in endothelial cells and platelets to
promote the phosphorylation of eNOS and vasodilator=stimulated phosphoprotein [25]
to cause vaso-relaxation [26]. Furthermore, it activates adenosine 5′ monophosphate-
activated protein kinase (AMPK), which reduces endothelin-1 expression [27,28] to improve
vasodilation [29] (Table 1).
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Table 1. Summary of the biological properties of green tea catechins.

Biological Properties Mechanisms References

(1) Pro-oxidation Electron resonance within the phenolic moiety following abstraction
of proton by ROS. [15,16]

(2) Antioxidation/-reduction
High reduction potential of catechins compared to endogenous

antioxidants; reducing and recycling the oxidized
endogenous molecules.

[17]

(3) Anti-inflammation Binding to 67LR to increase Tollip expression, which negatively
regulates TLR signaling to suppress inflammatory mediators. [18]

(4) Anti-tumor, antioxidation, and
anti-inflammation

Binding to the active sites of p53 and changing the structural
conformation to prevent ubiquitination by MDM2; retaining the

biological level and activities of p53.
Inhibiting the activation of the wild-type and some mutant EGF

receptors in non-small cell lung cancer cell lines.

[19,21]

(5) Moderate redox, inflammation,
and cell cycle

Binding to the EGF receptor to change the topology and block EGF to
activate the receptor for subsequent inflammation activities. [20]

(6) Generation of secondary
messengers for vasodilation

Inhibiting anti-oxidative molecules, including the Trx/Trx receptor to
increase ROS, which acts as a secondary messenger for

various pathways
Activating CaMKKβ to increase energy metabolism; elevating

cytosolic calcium to increase nitric oxide production.
Increasing cAMP to promote the phosphorylation of eNOS and
vasodilator-stimulated phosphoprotein to cause vaso-relaxation.

Activating AMPK to reduce endothelin-1 expression for vasodilation.

[22,24–29]

67 LR: 67 kDa laminin receptors; AMPK: adenosine 5′ monophosphate-activated protein kinase; cAMP: cyclic
adenosine 5′ monophosphate; CaMKKβ: calcium/calmodulin-dependent protein kinase beta; EGF: epidermal
growth factor; eNOS: endothelial nitric oxide synthetase; MDM2: murine double minute 2; ROS: reactive oxygen
species; TLR: Toll-like receptor; Tollip: Toll-interacting protein; and Trx: thioredoxin.

1.2. Pharmacokinetics of Catechins in the Eye

Following oral administration, tea catechins are first absorbed by the small intestine,
where they are conjugated with glucuronic acid, sulfate, or O-methylation before passing to
the liver tissue cells for metabolism. Excess catechins are either secreted with the bile into
the small intestine for the enterohepatic recirculation or pass into the colon for degradation
by the resident microorganisms. The catabolites are either reabsorbed into plasma and
excreted into the urine or passed out through the feces. The catechins, conjugates, and
catabolites are distributed to various organs and tissues to exert various biological activities.
As the bioavailability of catechins depends on its absorption and metabolism, the extensive
metabolic processes render the levels of catechins to be very low, which is a limitation for
antioxidative treatment.

The absorption efficiency of the catechins depends on the physicochemical properties,
including molecular size, steric configuration, solubility, hydrophilicity, pKa, the presence
of galloylated derivatives, and the presence of food matrix [30]. As the absorption involves
efflux transporters, such as multidrug resistance-associated protein 2 (MRP2) in the small
intestine [31], this results in a low bioavailability [32,33] and variability of the absorption
rate. Co-administration of food and drugs can interact with the absorption of catechins [34].
The maximum plasma levels of free EGCG and EGC can increase more than 3.5-fold in
the fasting condition [35]. When food is co-administrated with catechins, the time of
maximum concentration (Tmax) of catechins would be prolonged for two times due to the
gastric emptying rate slowing down. This rendered the maximum concentration (Cmax)
of catechins to decrease by 3.5 times with breakfast. However, when catechins were co-
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administrated with carbohydrates, the oral bioavailability (AUC) of flavanol was found
to have increased by 140% [36], which was deemed to be possible by suppressing the
intestinal efflux and stabilizing the catechins in the lumen.

Catechin absorption is sterically and structurally dependent [37]. The levels of epi-
isomers are higher than its enantiomers, EGC > GC, EC > C, and EGCG > GCG, respectively
in the plasma of SD rats after oral administration. The plasma levels of non-gallated
catechins, including EGC, GC, EC, and C, are higher than the gallated catechins, EGCG,
GCG, and ECG. However, when green tea extract (GTE), with a higher proportion of EGCG
is administered, the relative AUC of C was higher than that of EC, suggesting an unknown
interaction between C and EGCG during absorption [38]. Although EGCG is a dominant
component of green tea extract, its relative AUC level is low, indicating that the absorption
ability of EGCG is poor.

After a single dose administration of 550 mg/kg GTE into the SD rats, the ingested
catechins are distributed across various ocular tissues, including aqueous humor, vitreous
humor, choroid–sclera, retina, lens, and the cornea (Figure 4) [37]. The Cmax of GC and ECG
can reach a hundred micromolar levels in the choroid–sclera and retina, but only 1.5 μM in
the lens, respectively (Table 2). These were the effective doses used in many in vitro studies.
GTE can exert antioxidative, anti-inflammatory, and anti-apoptotic effects on the ocular
tissues, especially for the retina [37–39]. Steric selectivity of distribution was also found in
different ocular compartments. Vitreous humor was selective to non-epimer catechins but
did not show a preference to the non-gallate derivatives preference as the plasma. Other
ocular tissues did not show any steric and structural specificity except for the finding that
GC was dominated. Catechins could also pass into various fetal tissues, including the
eye [40]. However, the Cmax levels of catechins were at the nanomolar level which may not
be biologically effective. On the other hand, the Cmax of EGCG in the fetal eye could reach
to 0.83 μM which may therefore affect or benefit various tissue developments.

Catechins are mainly eliminated through urine and biliary excretion. More water-
soluble non-gallated catechin derivatives, such as parent and conjugated compounds are
mainly excreted in the urine, while major gallated catechins, which are less water-soluble,
are excreted through the bile to the colon. A few epi- or gallocatechin-O-sulfate conjugates,
but not the gallated catechin conjugates from ECG and EGCG, have been found in the
urine [41]. This suggests that the gallated derivatives that undergo phase II metabolism
are minimal. The levels of flavan-3-ol metabolites, mainly from (−)-epigallocatechin and
(+)-gallocatechin, excreted into urine was calculated to be about 8.1–28.5% of the intake [42].
EGCG was excreted through the bile and eliminated through the feces but not through the
kidneys [43], possibly due to the hydrophobic gallated catechins bound to plasma protein
that limited renal excretion as a result [44,45].

The elimination rates of catechins in the ocular tissues were found to be higher than
in the humors and plasma of SD rats [38]. The elimination rate of GC was from 0.2 h−1

to 2.4 h−1 in the retina, whereas the elimination rate of ECG in the vitreous humor was
0.04 to 0.2, respectively. On the other hand, the EGCG level can affect the elimination rates
of other catechins in the ocular tissues (Table 2). Doubling the level of EGCG present can
lower the elimination rates of other catechins, particularly in the retina, and aqueous and
vitreous humors (Figure 4) [39]. Some active elimination or metabolic mechanisms, which
can be affected by EGCG, could also arise in the ocular tissues. This mechanism could be
associated with aqueous and vitreous humor elimination.

The elimination rates of catechins in the maternal plasma were faster than the fetal
tissue. The elimination rates of GC and EC were 0.26 and 0.3 h−1 for the maternal plasma
and 0.08 and 0.1 h−1 for the fetal kidney, respectively [41]. The fetal organs were not
well developed for the elimination process. Similarly, the levels of GC and EGCG in the
fetal eye were sustained at relative high levels (about 50 ρmol/g) without an apparent
elimination during the studying period, while the elimination rate of EC was very slow
(0.06 ± 0.06 h−1). It has been suggested that catechins can perfuse into the fetal eye and
remain there for a long time.
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Figure 4. The exposure level, maximum concentration, and elimination of total catechins in the
plasma, ocular fluid, and tissues of Sprague–Dawley rats. (A) Relative area under the curve (AUC)
levels of different catechins in the plasma after normalization by the corresponding input catechin
dose in the GTE. Non-gallated levels were higher than of the gallated derivatives while epimers were
higher than the non-epimers. (B) Relative AUC levels of catechins in vitreous and aqueous humor.
Vitreous humor was selective to non-epimer but showed no selectivity on gallated and non-gallated
catechins. No particular trend of catechin selectivity appeared in the aqueous humor. (C) Relative
AUC levels of catechins in the retina, lens, cornea, and choroid–sclera. (D) Maximum concentration
of catechins in the plasma, aqueous and vitreous humors, and (E) eye tissues after a single dose of
550 mg/kg of Sunphenon DCF-1 green tea extract administrated orally to rats. Star: the level of
an epimer was significantly higher than the corresponding non-epimer or vice versa in the same
ocular compartment (p < 0.05); Droplet: the level of a catechin was higher than the corresponding
gallate derivative or vice versa in the same compartment; Oval: the level of one of the catechins was
significantly higher in one compartment than the other compartment (p < 0.05). GC: (−)-gallocatechin;
EGC: (−)-epigallocatechin; C: (+)-catechin; EC: (−)-epicatechin; EGCG: (−)-epigallocatechin-3-gallate;
GCG: gallocatechin-3-gallate; and ECG: (−)-epicatechin-3-gallate.
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Steric structures of catechins also affect the metabolism [46]. Equal quantities of (−)-EC,
(−)-C, (+)-EC, and (+)-C fed to human males resulted in different bioavailabilities. Differ-
ent levels of stereoisomers, including (−)-EC > (+)-EC > (+)-C > (−)-C, non-methylated
conjugations, and 3′- and 4′-O-methylation of epimers were found in the plasma and urine.
Also, the conjugation of gallate derivatives, including ECG and EGCG, were not found
in the plasma and urine [47], which was deemed to probably be due to the inhibition of
phase II enzymes by the gallated moiety of the catechins. The extensive metabolism and
enzymatic resistance of some conjugates, including sulphates during sample processing
can lead to large variations in pharmacokinetics [37].

2. Therapeutic Properties of Green Tea Catechins: Antioxidation and
Anti-Inflammation in the Eye

Polyphenols, especially catechins, are known for their beneficial effects for health
maintenance, along with their therapeutic effects [48]. These effects have been attributed
to the powerful anti-oxidative and inhibition of lipid peroxidation through the chelation
of metal ions to prevent oxidation reactions [49], and the hydroxyl groups for free radical
scavenging. Therefore, the scavenging power of galloylated catechins, such as (−)-EGC,
are stronger than non-galloylated catechins such as (+)-C [50]. The gallate derivative,
(−)-EGCG, has the strongest radical scavenging capacity amongst the catechins [51]. More-
over, owing to the possession of a vicinal diol in the B-ring galloyl moiety, and an ortho-
hydroxyl group in the A-ring, catechins can chelate the catalytic metal ions to generate
free radicals. Since the hydroxyl groups in the catechins are essential for antioxidation,
methylation can subsequently reduce the anti-oxidation power.

In addition to the radical scavenging process, catechins and their conjugates can cover
or even incorporate themselves into the lipid membrane bilayer externally and internally
to block the access of free radicals and stabilize the membrane through decreased lipid
fluidity [52]. EGCG interacts with both the hydrophobic and hydrophilic regions of the
lipid bilayers to protect the membrane from attack by the hydrophilic and hydrophobic
oxidants [53]. Meanwhile, polyphenols can also induce various endogenous molecular
pathways to activate the expression of antioxidant enzymes and suppress the pro-oxidative
pathways. Catechins can activate glutathione S-transferase and deactivate xanthine oxidase
and nitric oxide synthase, respectively [54]. More recently, the oral administration of EGCG
to rats has been shown to increase ascorbic acid levels and oxygen radical absorbance
capacity in the plasma [55].

Whilst the anti-oxidative effects of catechins have been attributed as beneficial health
effects, the pro-oxidative effects and the subsequent stimulation of the relevant signaling
pathways may account for the in vivo protection mechanisms. EGCG can be oxidized
to produce hydrogen peroxide in cell culture medium, but these cellular actions can
be abolished by SOD and catalase [56]. The anti-tumor activity caused by hydrogen
peroxide generated from the pyrogallol moiety can reduce Fe (III) to Fe (II), triggering
ROS production [57,58]. In an in vivo study, GTE, EGCG, EGC, and gallic acid showed
pro-oxidative effects in that they significantly reduced GSH from 33.3–43.3% and increased
GSSG, methemoglobin, and plasma hemoglobin in GPD-deficient erythrocytes, which are
vulnerable to oxidative stress [59]. However, pro-oxidation has usually been demonstrated
under experimental conditions and non-physiologically high concentrations under in vitro
studies [58]. The concentration of EGCG and metabolites present in vivo (1–2 μM) can
produce low levels of intracellular ROS to promote signal transduction pathways [27,60].
Moreover, GTE containing a high concentration of EGCG could increase oxidative stress
in the plasma, aqueous humor, vitreous humor, cornea, and retina in SD rats even under
lower physiological levels (<1 μM in plasma); yet, the 8-isoprostane level was lower than
half of the EGCG level. GTE with a high EGCG content was found to induce superoxide
dismutase 1 and glutathione peroxidase-3 expression, but also suppressed catalase in the
retina. These pro-oxidation effects can occur at physiological level and is influenced by

199



Antioxidants 2023, 12, 1320

both chemical and biological activities of GTE, indicating that an optimal EGCG level is
needed if GTE is used for health remedies [38].

The inhibition of inflammation was accompanied with the elevation of oxidative
stress [61]. The increased ROS activates NF-κB and NF-E2-related factor 2 (Nrf2) to express
the antioxidative factors HO-1 and glutathione [62]. In many antioxidative and anti-
inflammatory studies, EGCG pre-treatment was required to protect against oxidative insult
and inflammation induction [63]. We have proposed that the protective actions against
oxidative stress and inflammation may be secondary to the induction of endogenous
antioxidant proteins, as influenced by the pre-conditioned, pro-oxidative effects under
physiological conditions [64].

Since EGCG can activate antioxidative nuclear translocation elements in the Nrf2/HO-1
pathway for both the antioxidative and anti-inflammatory responses, the antioxidation
and anti-inflammation effects of catechins are always simultaneous as a result. In the
retina of a rat model, GTE suppressed the activation of microglial cells, astrocytes, and
Müller glia in a dose-dependent manner following lipopolysaccharide (LPS) induction.
It also reduced the expression of the pro-inflammatory cytokines IL-1β, TNF-α, and IL-
6 in the retina and vitreous humor through the suppression of the phosphorylation of
STAT3 and NF-κB, and the binding of 67LR on the neurons and glia [65]. We also found
similar ocular anti-inflammatory effects in the anterior chamber of the eye following LPS
induction [39]. It ameliorated the expression of tumor necrosis factor-alpha (TNF-α),
interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) by CD43-positive
leucocytes and CD68-positive macrophages and reduced the infiltration of leucocytes and
macrophages into the iris and ciliary body. Our recent metabolomic analysis has shown
that the ocular anti-inflammation caused by GTE was indirect through induced systemic
phosphorylcholine lipids to suppress the inflammatory responses and alleviate the hepatic
damage and mitochondrial stress [66]. Furthermore, GTE was able to attenuate uveitis on
a murine model of experimental autoimmune uveoretinitis (EAU). It partially alleviated
uveitis phenotypes and recovered visual function. GTE and EGCG are also able to down-
regulate Th-17-associated pro-inflammatory genes, such as interleukin 1 beta (IL-1β), IL-6,
IL-17A, and tumor necrosis factor-alpha (TNF-α) [67]. These findings provide evidence for
the ocular anti-inflammatory effects of GTE and EGCG.

However, the bioavailability of EGCG is low, thereby limiting its capability for an-
tioxidation and anti-inflammation treatments, especially for neural tissues and retina that
are separated by various barriers. Nanotechnology may overcome such a limitation by a
flavonoid-containing nanoparticle formulation [68]. EGCG-loaded liposomes enveloped
with phosphatidylcholine or phosphatidylserine could improve the bioavailability. These
liposomes attenuated LPS-induced pro-inflammatory cytokines and restored motor impair-
ment in a Parkinsonian syndrome rat model, which was deemed to be possible through the
inhibition of murine BV-2 microglial cells [69]. Meanwhile, EGCG has been per-acetylated
as pro-EGCG to increase its tissue level and protect EGCG from oxidation before entering
the cell [70]. Pro-EGCG is a potent anti-angiogenesis agent that acts against angiogenesis-
dependent diseases, such as endometriosis [71]. In addition, the drug-delivery systems,
such as encapsulation, can also be used to improve the stability and bioavailability of green
tea catechins [72,73].

3. Pathophysiological Conditions in Glaucoma: Oxidative Stress and Inflammation

Glaucoma is a common and serious form of irreversible optic neuropathy, with ab-
normalities and dysfunction of the optic nerve estimated to affect over 100 million people
by the year 2040 [74]. Glaucoma is characterized by the progressive loss of retinal gan-
glion cells (RGCs) and their axon, thinning of the retinal nerve fiber layer, cupping of
the disc, and visual field defects [75]. The two major forms of glaucoma, primary open
angle glaucoma (POAG) and primary angle closure glaucoma (PACG), are complex and
multi-factorial in etiology involving genetic and environmental factors [76]. Risk factors
for POAG include older age, elevated intraocular pressure (IOP), sub-Saharan African
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ethnic origin, positive family history, and high myopia. PACG is affected by older age,
hyperopia, and east Asian ethnic origin [77]. Treatments based on topical eye drops, laser
therapy, and surgical intervention to lower IOP is a clinically proven approach to prevent
glaucoma progression [78]. RGC loss could arise happen in some patients who present
with a good control of IOP [79]. RGCs are responsible for transmitting image-forming
and non-image forming visual information from the retina to the brain. After optic nerve
injury, activation of apoptosis, autolysis, pyroptosis, and ferroptosis, together with the early
downregulation of autophagy and phagocytosis, are the major modes of cell death involved
in RGC death [80]. Besides the modes of cell death, oxidative stress and inflammation
are the major pathophysiological conditions that are implicated in the pathogenesis of
glaucoma [81,82].

Dysregulation in the ocular blood flow is another major pathological factor in glau-
coma. Unstable ocular blood flow causes chronic and repeated mild reperfusion, which
induces the peroxynitrite and superoxide production in the astrocytes and the mitochon-
dria of the RGCs [83]. Signs of chronic oxidative stress have been reported in the retinas
from glaucomatous donors with increased levels of oxidative by-products compared to
the control donors [81]. Increases in the superoxide dismutase (SOD) and glutathione
peroxidase (GPX) activities were found in the aqueous humor of POAG and PACG patients
compared to the cataract patients, while the levels of vitamin C and vitamin E were found
to be significantly lower in the aqueous humor of POAG and PACG [84]. Moreover, lower
levels of reduced and total glutathione were also found in POAG patients as compared
to the control subjects adjusted for age and sex [85]. A lower redox index was found in
the POAG patients than the age-matched controls [86]. Additionally, the immunostaining
for hypoxia-inducible factor-1α (HIF1A), which is tightly regulated by the cellular oxygen
concentration, was found to be increased in the retina and optic nerve head of glauco-
matous donor eyes compared to the control eyes. The retinal location of the increased
immunostaining for HIF1A was closely concordant with the location of the visual field
defects recorded in some of the glaucomatous eyes [87].

Retinal microglia, the resident yolk sac-derived macrophage cells in the retina, act as
the first and key active immune defense in the central nervous system, constantly scaveng-
ing for plaques, damaged or unnecessary neurons and synapses, and infectious agents [88].
Microglia are extremely sensitive to pathological changes to prevent pathological damage,
including glaucoma-related stress. Their intricate interactions affect the diverse outcomes
of the microglia–RGC relationship as either being neurosupportive or neurodestructive
in nature [89]. Histological studies on human specimens indicated the proliferation of
microglia in the optic nerve head from human donors with advanced glaucoma, including
the lamina cribrosa, along with the upregulation of immunomodulating (transforming
growth factor (TGF)-β2 and prostaglandin E2) and pro-inflammatory mediators (tumor
necrosis factor (TNF)-α and inducible nitric oxide synthase) [90]. Moreover, increased
levels of pro-inflammatory cytokines (TNF-α, interleukin (IL)-1β, IL-6, IL-8, and interferon
(IFN)-γ) [91] as well as inflammasome components (NOD-like receptor pyrin (NLRP)-3
and caspase-1) [92] were reported in human glaucomatous eyes/retinas. Our previous
animal experiments also demonstrated that acute IOP elevation upregulates inflammation
protein marker (IL-1β, TLR-4, and TNF-α) expression in the rat retina [93].

There is thus abundant evidence supporting oxidative stress and inflammation in
glaucomatous retina (Figure 5). Accordingly, oxidative stress and inflammation in the
retina should be targeted for treatments in order to ameliorate RGC death in glaucoma.
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Figure 5. Pathophysiological conditions in glaucoma and the retinal ganglion cell protective effect of
green tea catechins in glaucoma. RGC: retinal ganglion cell; and IOP: intraocular pressure.

4. Green Tea Catechins in Experimental Cellular Models of Glaucoma

Catechins attenuating oxidative stress and the inflammatory response could, in part,
account for their neuroprotective capabilities [94]. To investigate the in vitro effect of
green tea catechins, the primary culture of isolated RGCs [95], human stem cell-derived
RGCs [96,97], and the retinal explant culture [98] have been used as glaucoma-related
platforms on RGCs. However, these platforms have not been adopted to study the in vitro
effects of green tea catechins on RGCs. Instead, a transformed mouse cell line, RGC-
5 [99], was adopted in cellular studies, although this cell line later was characterized as the
mouse SV-40 T antigen-transformed photoreceptor cell line, 661 W [100]. Earlier studies
have demonstrated that 50 μM EGCG significantly reduces the apoptosis and ROS pro-
duction in RGC-5 cells caused by 400 μM hydrogen peroxide [101]. Consistently, EGCG
(2.5–10 μg/mL) was found to be able to improve the survival of RGC-5 cells upon hy-
drogen peroxide and ultraviolet radiation insults [102]. Moreover, EGCG (IC50: 0.8 μM)
was found to be able to attenuate the formation of thiobarbituric acid reactive substance
formation, a measure of lipid peroxidation, as induced by 20 μM sodium nitroprusside in
rat brain homogenates [103]. Similarly, an one-hour pretreatment of EGCG (50 μM) and
epicatechin (EC; 50 μM) was able to attenuate rotenone-induced toxicity in RGC-5 cells
and inhibit sodium nitroprusside-induced lipid peroxidation (EGCG IC50: 2.5 μM; EC IC50:
1.5 μM) [103]. EGCG at concentrations greater than 10 μg/mL has been proven to inhibit
RGC-5 cell growth [102]. This is consistent with our previous study on green tea extract
(Theaphenon E; ≥16.25 μg/mL) and EGCG (≥25 μM) attenuating cell proliferation and
migration [104,105]. For immunomodulation, EGCG treatment can cause immunosuppres-
sive alterations on human monocyte-derived dendritic cells by inducing cell apoptosis
and suppressing cell surface molecules and antigen presentation [106]. Administration of
EGCG can also increase IL-10 levels in cell culture supernatants [107].

5. Green Tea Catechins in Experimental Animal Models of Glaucoma

Green tea catechins are able to cross the blood-brain barrier [108]. Tea polyphenols
can reduce oxidative stress and IOP and stabilize ocular blood flow [109]. Glaucoma
and RGC-injury animal models have been applied to evaluate the treatment effects of
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green tea extract and EGCG on RGC survival after injury (Figure 5). In the study of
N-methyl-D-aspartate (NMDA)-induced excitotoxicity, NMDA-treated rats received two-
day prophylactic treatments of intraperitoneal EGCG injections (25 mg/kg) showed a
higher cell density in the ganglion cell layer and thickness of Thy-1 immunoreactivity
than those received intraperitoneal saline injections [110]. For the optic nerve axotomy
model, intraperitoneal injections of 50 mg/kg EGCG at 30 min before axotomy, and at Day
2 and 4 after axotomy were able to attenuate RGC loss by 12% in rat retina along with
reducing the upregulation of neuronal nitric oxide synthase and Bax protein expression,
and further enhancing ERK 1/2 and Akt activation after axotomy [111]. Inhibition of the
ERK and Akt pathways could attenuate the protection effects of EGCG on RGCs against
axotomy injury. In the optic nerve crush model, optic nerve-injured rats treated with
EGCG showed a significantly higher density of RGCs at Day 7, 14, and 28 post-optic nerve
crush, respectively, compared to those treated with the vehicle. Furthermore, there was a
significantly higher expression of the neurofilament triplet L protein observed in the optic
nerve-injured rats treated with EGCG than those treated with the vehicle [112]. Similarly,
our recent study demonstrated that rats with pre- or post-operative treatment of 275 mg/kg
green tea extract (Theaphenon E) showed a higher RGC survival and axonal regeneration
and improved pupillary light reflex post-optic nerve injury with the activation of Akt,
Erk p42/44, and Stat3, as well as the downregulation of inflammation, apoptosis, and
microglia activation genes, compared to the saline-treated rats [113]. Pre-treatment of 275 or
550 mg/kg green tea extract was also able to reduce the activation of microglia in rats with
an optic nerve injury.

In the chronic IOP elevation model induced by microbead injection into the anterior
chamber, the IOP-elevated mice fed with EGCG-supplemented drinking water showed
a higher RGC density than those fed with normal drinking water at Day 15 and 27 post-
injury [114]. Notably, in the acute IOP elevation model, intraperitoneal injections of
50 mg/kg EGCG at 30 min before ischemia injury (raising the IOP to 150 mm Hg for
60 min) was able to reduce RGC death by 10%. There were also improvements in the
TUNEL-positive cells observed in the inner retina, and neuronal NOS and nicotinamide
adenine dinucleotide phosphate diaphorase-positive cells in the rat retina at Day 3 post-
injury with the downregulation of ischemia injury-induced glial fibrillary acidic protein
and lipid peroxidation [115]. Similarly, the ischemia-injured (raising the IOP to 120 mm Hg
for 45 min) rats that received the EGCG treatment were determined to be able to attenuate
the reduction in the a-wave and b-wave amplitudes of the electroretinograms, decrease
Thy1 and neurofilament-L expression, increase retinal caspase-3 and caspase-8 expression,
and blunt the changes in the localization of the retinal Thy-1 and ChAT immunoreactiv-
ities [101]. EGCG present in the drinking water (0.5%, 200 mL/day for 3 days before
ischemia injury and 5 days after ischemia injury) was also able to ameliorate the ischemia
injury (120 mm Hg for 45 min)-induced thinning of Thy-1 and choline acetyltransferase
immunoreactivities, reduce a-wave and b-wave amplitudes of the electroretinograms, and
Thy1 and neurofilament-L expression in the rat retina [116]. Similarly, our previous study
on an experimental acute IOP elevation rat model (110 mm Hg for 2 h) demonstrated the
anti-oxidative and anti-inflammatory properties of the green tea extract on ischemia-injured
RGCs such that the oral administration of green tea extract (Theaphenon E; 275 mg/kg,
4 times within the first 2 days after the injury) ameliorated ischemic injury-induced RGC
apoptosis and promoted RGC survival by reducing caspase-3 and caspase-8 expression,
p38 phosphorylation, and inflammation marker (Il1β, Tlr4, and Tnfa) expression, as well as
enhancing Jak phosphorylation in the retina [116].

In addition to the studies conducted with rodents, a single intravenous injection dose
of 15 mg/kg EGCG in saline was found to reduce the TUNEL-positive and high-mobility
group box-1-positive cells in the retinal sections of the ischemia-injured (raising the IOP
to 100 mm Hg for 60 min) New Zealand male rabbits with the nuclear translocation of
Nrf2 and increase in HO-1 expression at 6 h after treatment [117]. Moreover, EGCG can act
directly on RGC axons in Xenopus embryos to increase the number of growth cone filopodia
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that responded to extrinsic signals in a Sema3a-independent manner and led to a dramatic
defect in the guided growth of RGC axons, whilst EGCG itself had no influence on RGC
axon behavior in Xenopus embryos [118].

6. Clinical Applications of Green Tea Catechins for Glaucoma Treatments

Antioxidants, including green tea components, have been proposed as biotherapies
for glaucoma prevention [119]. In young males with CrossFit training, green tea extract
supplementation (two capsules once daily for six weeks; 250 mg green tea extract per
capsule, containing 245 mg polyphenols (200 mg catechins, among which 137 mg EGCG,
<4 mg caffeine, microcrystalline cellulose, and magnesium stearate) doubled the total
antioxidant capacity in the venous blood test while also lowering the plasma concentration
of lipid peroxidation products [120]. Regular consumption of moderate quantities of green
tea could effectively modulate the antioxidant capacity in people subjected to oxidative
stress, along with lowering the glucose, lipid, and uric acid levels [121]. A combined
analysis from the Nurses’ Health Study and the Health Professionals Follow-up Study
in the United States reported that higher intakes of flavonols and monomeric flavanols
were nominally associated with a lower POAG risk, and consuming ~2 cups of tea per
day was associated with an 18% lower POAG risk [122]. Consistently, the United States
2005–2006 National Health and Nutrition Examination Survey reported that the participants
who consumed at least one cup of hot tea daily showed a 74% decreased odds of having
glaucoma compared with those who did not consume hot tea [123]. However, the Korea
National Health and Nutrition Examination Survey 2010 to 2011 reported no significant
associations between the frequency of tea consumption during the past 12 months and the
risk of POAG with adjusting for multiple covariates [124]. The Rotterdam Study in the
Netherlands also found no significant associations between flavonoid intake and the risk of
POAG [125].

There were 122 studies on EGCG and 890 studies on green tea in the registry of Clini-
calTrials.gov at the time of writing this manuscript. There was one study on EGCG and
five studies on green tea extract related to ocular health/disease (Table 3). A randomized,
placebo-controlled, double-blind, cross-over design clinical trial on EGCG in Italy (clin-
icaltrials.gov identifier: NCT00476138) reported that POAG patients who received oral
EGCG treatment (200 mg/day) for 3 months in addition to standard IOP-lowering therapy
showed increases in the amplitude of pattern-evoked electroretinograms as compared to the
baseline values or to the patients who received the placebo treatment [126]. The magnitude
of the pattern-evoked electroretinogram amplitude increments after EGCG treatment was
inversely related to the corresponding baseline amplitudes. However, standard automated
perimetry did not show significant changes after EGCG treatment. In addition, a recent
clinical study from Lithuania reported that young volunteers receiving 400 mg green tea
extract or EGCG capsules showed significant reductions in IOP after 2 h in the green tea
extract group and after 1 h in the EGCG group as compared to the baseline [127].
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A 6 month randomized, placebo-controlled clinical trial study in Washington (clini-
caltrials.gov identifier: NCT01646047) aimed to evaluate the effects of a multi-component
dietary supplement (containing vitamin C, mixed tocopherols/tocotrienols, vitamin D, fish
oil, lutein, zeaxanthin, pine bark extract, benfotiamine, green tea extract, and curcumin;
two capsules per day) on the visual function and retinal structure of the patients with
type 1 or type 2 diabetes without retinopathy, or with mild-to-moderate non-proliferative
retinopathy [123]. The study reported that study subjects on active supplement had a
significantly better visual function and displayed significant improvements in most serum
lipids, high-sensitivity C-reactive protein, and diabetic peripheral neuropathy compared
to those who received the placebo. However, no significant changes in retinal thickness,
hemoglobin A1c, total cholesterol, and TNF-α were found. A follow-up double-blinded,
randomized, placebo-controlled clinical trial study in Washington (clinicaltrials.gov iden-
tifier: NCT03866005) aimed to evaluate the effects of “Diabetes Visual Function Study”
softgels (containing lutein, zeaxanthin, vitamins B1, B12, C, D, and E, lipoic acid, coen-
zyme Q10, resveratrol, EPA/DHA, Pycnogenol™, grape seed extract, green tea extract,
and curcumin; two or four capsules per day) to standard anti-vascular endothelial growth
factor therapy for the subjects with diabetic macular edema. Another follow-up open-label,
single-arm clinical trial study in California and Oklahoma (clinicaltrials.gov identifier:
NCT04117022), which was estimated to be completed at the end of 2022, aimed to evaluate
the ability of the chromatic electroretinogram and the full-field flicker electroretinogram
in detecting the changes in global retinal function in diabetic retinopathy patients with
dietary supplement treatments (DVS formula, consisting of vitamins C, D3, and E, zinc
oxide, eicosapentaenoic acid, docosahexaenoic acid, α-lipoic acid, coenzyme Q10, mixed
tocotrienols/tocopherols, zeaxanthin, lutein, benfotiamine, N-acetyl cysteine, grape seed
extract, resveratrol, turmeric root extract, green tea leaf, and Pycnogenol; 2 softgels per day
for 6 months). In addition, a randomized double-blinded clinical trial study conducted in
Massachusetts (clinicaltrials.gov identifier: NCT00718653) aimed to measure the macular
pigments and plasma lutein concentrations in subjects with lutein (12 mg per day) plus
green tea extract (200 mg per day) treatment. Although this study was stated as completed,
no results from this study have been reported as of yet.

7. Summary, Challenges, and Future Prospects

The pathophysiological mechanisms for RGC degeneration in glaucoma are complex.
Although oxidation and inflammation are the major insults to RGCs, multiple modes of
cell death are involved in RGC loss after optic nerve injury [80]. Targeting oxidation and
inflammation alone do not adequately rescue RGCs from glaucomatous degeneration.
The combined treatment of neurotrophic factors with antioxidative and anti-inflammatory
agents should generate pronounced therapeutic effects against RGC degeneration [128,129].
Our study on sodium iodate-induced retinal degeneration model demonstrated that green
tea extract (Theaphenon E) showed better treatment effects than EGCG alone or custom-
made catechin mixture with EGCG [130], indicating that other constituents in green tea
extract also possessed neuroprotective effects on RGCs. Furthermore, EGCG has a poor
bioavailability, which could therefore affect its therapeutic effects on disease treatment. To
enhance the stability and bioavailability of EGCG, the prodrug of EGCG (pro-EGCG, EGCG
octaacetate) could be useful [71,131]. Further research is needed to delineate the stability,
bioavailability, and neuroprotective effects of each catechin and their constituents in green
tea extract as well as their metabolites. Currently, there has only been one double-blinded
randomized placebo-controlled clinical trial for EGCG on eye disease, and none for the sole
green tea extract treatment. Whether green tea extract and catechins could be a therapeutic
treatment prescribed for glaucoma patients still requires additional clinical trials to confirm
its clinical applications in glaucoma and different eye diseases. It has been reported that
an herbal product made of a dry aqueous extract of green tea containing 90% of EGCG
(one tablet per day) was prescribed by an ophthalmologist to treat a glaucoma patient.
However, green tea-related hepatotoxicity was suspected [132]. Therefore, the dosage and
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safety of green tea extract or EGCG treatment for glaucoma patients should be seriously
studied. Nevertheless, as multiple pre-clinical studies have proven the efficacy of green
tea extract and EGCG on ameliorating RGC degeneration, green tea catechins could be a
potential co-adjuvant counteracting the oxidation and inflammation in RGCs for glaucoma
management in addition to the IOP-lowering therapies.
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