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A growing body of evidence suggests the alteration of the
reduction-oxidation (redox) homeostasis in the brain grown
with the increasing of the age. The brain is composed of
highly diﬀerentiated cells that populate diﬀerent anatomical
regions and requires about 20% of body basal oxygen for its
functions [1]. Thus, it is not surprising that oxidative stress,
as well as alterations in brain energy metabolisms, have been
implicated in the pathogenesis of several neurodegenerative
diseases, including Alzheimer’s disease (AD), Parkinson’s
disease (PD), and amyotrophic lateral sclerosis (ALS). These
neurodegenerative disorders are typically characterized by
the progressive loss of neuronal cells and compromised
motor or cognitive functions. It has been shown that neuronal cells are particularly vulnerable to oxidative damage due
to their high polyunsaturated fatty acid content in membranes, high oxygen consumption, and weak antioxidant
defence. Cellular energy is mainly produced via oxidative
phosphorylation taking place within mitochondria, which
are crucial organelles for numerous cellular processes, such
as energy metabolism, calcium homeostasis, lipid biosynthesis, and apoptosis [2, 3]. Glucose oxidation is the most relevant source of energy in the brain because of its high rate of
ATP generation needed to maintain neuronal energy
demands [1]. Thus, neurons rely almost exclusively on the
mitochondria, which produce the energy required for most
of the cellular processes, including synaptic plasticity and
neurotransmitter synthesis [4].
This special issue contributes to original articles that
highlight and unravel mechanisms by which oxidative stress

and mitochondrial damage are implicated in neurodegenerative diseases and provide new strategies that may counteract
these pathological processes.
The manuscript by A.A. Abubaker et al. highlights the
importance of NADPH oxidase activation and platelet oxidative responses in the prothrombotic responses induced by
Aβ1-42, which is the β-amyloid peptide accumulating in
the brain of Alzheimer’s and Cerebral Amyloid Angiopathy
(CAA) patients. In addition to giving us some direction in
the elucidation of the molecular mechanisms underlying
platelet activation by β-amyloid peptides, this study suggests
a potential therapeutic opportunity aiming at limiting the
vascular component of Alzheimer’s disease by targeting
NADPH oxidase activity.
C.C. Cai et al. provides the ﬁrst evidence that glycine, a
common substance present in numerous biomolecules,
attenuated hypoxic-ischemic injury in neurons or nervous
systems by decreasing mitochondria–mediated autophagy
through regulating the AMPK pathway.
J. Budziosz et al. investigated the eﬀects of low-frequency
electromagnetic ﬁeld (LFEMF) on the human body as electromagnetic sensitivity syndrome is commonly associated
with the rapid development of wireless technologies. Several
researchers have emphasised that exposure to EMF might
also cause increased ROS production and lead to oxidative
stress, which has been implicated in the pathogenesis of neurodegenerative diseases. Regardless, the researchers did not
ﬁnd any diﬀerences in lipid peroxidation, total oxidant status, and antioxidant systems between the experimental and
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control groups, suggesting that LFEMF did not aﬀect oxidative stress in the investigated brain structures.
K-I Tanaka et al. examined the eﬀect of Ni2+ on Zn2+induced neurotoxicity, focusing on the endoplasmic reticulum
(ER) stress response, and found that carnosine (an endogenous peptide) attenuated Ni2+/Zn2+-induced neuronal cell
death and ER stress occurring before cell death. Based on their
results, Ni2+ treatment signiﬁcantly enhances Zn2+-induced
neuronal cell death by priming the ER stress response. Thus,
compounds that decrease the ER stress response, such as
carnosine, may be beneﬁcial for neurological diseases.
The role of mitochondrial quality control (MQC) was
investigated by X. Jiang et al. This review focused on three
main aspects, that is, mitochondrial biogenesis, mitochondrial dynamics, and mitochondrial autophagy showing how
genetic and environmental factors result in PD pathogenesis
by interfering with MQC pathways, thereby hopefully contributing to the discovery of novel potential therapeutic
targets for PD.
J. Han et al. examined the eﬀects of paraquat (PQ), an
herbicide considered an environmental contributor to the
development of PD, inducing dopaminergic neuronal loss
through reactive oxygen species (ROS) production and oxidative stress by mitochondrial complex I. Their ﬁndings indicate
that the inhibition of mitochondrial complex I with chloramphenicol (CP) protects dopaminergic neurons and may provide a strategy for preventing neurotoxin-induced PD.
Z. Wang et al. quantitatively pooled data on levels of
blood oxidative stress markers in ALS patients from the literature using a meta-analytic technique. They showed signiﬁcantly increased blood levels of 8-hydroxyguanosine,
malondialdehyde, and advanced oxidation protein product
as well as decreased glutathione and uric acid levels in the
peripheral blood of ALS patients. Thus, this meta-analysis
clariﬁes the oxidative stress marker proﬁle in the blood of
ALS patients and strengthens the clinical evidence that prooxidative imbalances contribute to ALS pathophysiology.
H-S. Lim et al. investigated the protective eﬀects of Cicadidae Periostracum (CP), the cast-oﬀ skin of Cryptotympana
pustulata Fabricius, on 1-8 methyl-4-phenyl-1,2,3,6-tetrahydropyridine- (MPTP-) induced PD in mice and investigated
the underlying mechanisms of action, focusing on Nuclear
receptor-related 1 protein (Nurr1), a nuclear hormone receptor implicated in limiting mitochondria dysfunction, apoptosis, and inﬂammation in the central nervous system and
protecting dopaminergic neurons. They showed that CP
might contribute to neuroprotective signalling by regulating
neurotrophic factors primarily via Nurr1 signalling, neuroinﬂammation, and mitochondria-mediated apoptosis.
J.H. Cater et al. reviewed the ability of hypochlorite, an
oxidant that is generated during inﬂammation, to regulate
alpha-2-macroglobulin (α2M). This tetrameric protein is
constitutively abundant in biological ﬂuids and is involved
in several biological processes, including the clearance of
the Aβ peptide.
In the end, the role of mitochondrial oxidative stress in
the aging process and neurodegenerative diseases has been
further explored by G. Cenini et al. The review tried to
summarize the molecular mechanisms involving mitochon-
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dria and oxidative stress in the aging process with the aim
at identifying new strategies for improving a healthy and
extending lifespan.
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Parkinson’s disease (PD) is characterized by dopaminergic neuronal loss in the substantia nigra pars compacta (SNPC) and the
striatum. Nuclear receptor-related 1 protein (Nurr1) is a nuclear hormone receptor implicated in limiting mitochondrial
dysfunction, apoptosis, and inﬂammation in the central nervous system and protecting dopaminergic neurons and a promising
therapeutic target for PD. Cicadidae Periostracum (CP), the cast-oﬀ skin of Cryptotympana pustulata Fabricius, has been used
in traditional medicine for its many clinical pharmacological eﬀects, including the treatment of psychological symptoms in PD.
However, scientiﬁc evidence for the use of CP in neurodegenerative diseases, including PD, is lacking. Here, we investigated the
protective eﬀects of CP on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine- (MPTP-) induced PD in mice and explored the
underlying mechanisms of action, focusing on Nurr1. CP increased the expression levels of Nurr1, tyrosine hydroxylase, DOPA
decarboxylase, dopamine transporter, and vesicular monoamine transporter 2 via extracellular signal-regulated kinase
phosphorylation in diﬀerentiated PC12 cells and the mouse SNPC. In MPTP-induced PD, CP promoted recovery from
movement impairments. CP prevented dopamine depletion and protected against dopaminergic neuronal degradation via
mitochondria-mediated apoptotic proteins such as B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X, cytochrome c, and cleaved
caspase-9 and caspase-3 by inhibiting MPTP-induced neuroinﬂammatory cytokines, inducible nitric oxide synthase,
cyclooxygenase 2, and glial/microglial activation. Moreover, CP inhibited lipopolysaccharide-induced neuroinﬂammatory
cytokines and response levels and glial/microglial activation in BV2 microglia and the mouse brain. Our ﬁndings suggest that
CP might contribute to neuroprotective signaling by regulating neurotrophic factors primarily via Nurr1 signaling,
neuroinﬂammation, and mitochondria-mediated apoptosis.

1. Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative
disease characterized by bradykinesia, resting tremor, postural instability, and rigidity [1]. The disease aﬀects 1–2% of
the global population over the age of 65. In the brain of
patients with PD, loss of dopamine-producing neurons in
the substantia nigra pars compacta (SNPC) and the striatum
(ST) may occur even prior to the onset of the symptoms of
neurodegeneration [1, 2]. Available treatments work by
relieving the symptoms of PD by increasing dopaminergic
signaling through one of the three mechanisms: (1) increas-

ing the dopamine levels by increasing the levels of its biosynthetic precursor (L-3,4-dihydroxyphenylalanine (L-DOPA)),
(2) blocking the breakdown of dopamine by inhibiting its
metabolic enzymes (monoamine oxidase, catechol-O-methyltransferase), and (3) mimicking the activity of dopamine
by directly agonizing dopamine receptors [1, 3]. However,
there is still an unmet clinical need to develop mechanismbased and/or disease-modifying medications to treat both
the symptoms and progression of PD.
Nuclear receptor-related 1 protein (Nurr1) is a transcription factor that regulates the expression of genes that are
critical for the development, maintenance, and survival of
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dopaminergic neurons [4, 5]. In particular, Nurr1 plays a
fundamental role in maintaining dopamine homeostasis by
regulating the transcription of genes governing dopamine
synthesis, packaging, and reuptake [4]. Nurr1 also regulates
the survival of dopaminergic neurons by stimulating the
transcription of genes coding for neurotrophic factors, antiinﬂammatory responses, and oxidative stress and mitochondrial dysfunction management, as well as repressing the
transcription and expression of proinﬂammatory genes
[4, 6, 7]. A lack of Nurr1 in embryonic ventral midbrain
cells hinders their migration into striatal areas [8]. In
microglia and astrocytes, Nurr1 represses proinﬂammatory
responses and protects dopaminergic neurons from
inﬂammation-induced neuronal toxicity or death in the
midbrain [5, 9]. In patients with PD, the expression of
Nurr1 is reduced compared to age-matched controls, and
a few, yet rare, Nurr1 polymorphisms appear to be associated with the disease [10, 11]. Stimulation of Nurr1 activity may combat both the reduced dopamine levels and the
increased oxidative stress and inﬂammation associated
with PD [12–14]. Together, these ﬁndings strongly suggest
that disrupted function/expression of Nurr1 is related to
neurodegeneration of dopaminergic neurons and alleviates
inﬂammation and mitochondrial dysfunctions; thereby, it
may improve the pathogenesis of PD.
Cicadidae Periostracum (CP), the cast-oﬀ skin of
Cryptotympana pustulata Fabricius (also known as cicada
or Sun-Tae), was originally described in the Chung-bu category of Dongui Bogam, an ancient Korean medical book
[15, 16]. In Korean traditional medicine, CP has been used
to treat epilepsy, shock, smallpox, sedation, edema, and night
terror symptoms. In traditional Chinese medicine, CP is
known as chantui and has long been used to treat soreness
of the throat, hoarseness, itching, spasms, and other symptoms [17]. Since then, it has been used in traditional medicine
for its many pharmacological eﬀects. In 2003, a World Health
Organization (WHO) international expert meeting to review
and analyze the clinical reports on severe acute respiratory
syndrome (SARS) treatment noted that the Chinese were
using a combination of cicada and silkworm droppings to
treat SARS-associated fever [18, 19]. Recently, several studies
have conﬁrmed the pharmacological eﬀects of CP, including
its anti-skin aging, anti-kidney injury, anticonvulsive,
sedative, antiallergy, and antianaphylactic shock actions
[20–23]. However, scientiﬁc evidence for the use of CP in
neurodegenerative diseases, including PD, is lacking.
Therefore, in this study, we investigated the protective
eﬀects of CP on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine- (MPTP-) induced neurotoxicity in mice and explored
the underlying mechanisms of action, focusing on Nurr1.

2. Materials and Methods
2.1. Preparation of the CP Extract. CP was purchased from
Kwong-Mung-dang Company (Ulsan, Korea) and authenticated by Dr. Goya Choi (Herbal Medicine Resources
Research Center, Korea Institute of Oriental Medicine, Naju,
Korea), and a voucher specimen (3-18-0038) was deposited
at the Herbal Medicine Resources Research Center, Korea
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Institute of Oriental Medicine. Brieﬂy, CP was extracted in
distilled water for 3 h under reﬂux (100 ± 2° C). Then, the
extract was ﬁltered, evaporated on a rotary vacuum evaporator, and lyophilized (yield, 6.30%). The powder was kept at
4°C until use.
2.2. Animals. Male C57BL/6 mice (8 weeks, 23–24 g) were
purchased from Doo Yeol Biotech (Seoul, Korea) and maintained under temperature- and light-controlled conditions
(20–23°C, 12 h light/12 h dark cycle) with food and water
provided ad libitum. All animals were acclimatized for 7 days
prior to drug administration. The experimental protocol was
approved by the institutional animal care committee of
KIOM (KIOM-18-056) and performed according to the
guidelines of the Animal Care and Use Committee at KIOM.
2.3. Drug Administration. Mice were assigned to 1 of 11
groups: (1) control (n = 11), (2) MPTP (n = 11), (3)
MPTP+CP 1 mg/kg/day (n = 11), (4) MPTP+CP
10 mg/kg/day (n = 11), (5) MPTP+CP 25 mg/kg/day
(n = 11), (6) MPTP+ropinirole 1 mg/kg/day (n = 11), (7)
CP 5 mg/kg/day (n = 5), (8) CP 25 mg/kg/day (n = 5), (9)
control (n = 7), (10) lipopolysaccharide (LPS, n = 7), and
(11) LPS+CP 25 mg/kg/day (n = 7). CP, dissolved in normal
saline, was administered for 5 days consecutively. The control group received an equal volume of normal saline for
the same duration. MPTP (Sigma-Aldrich, St. Louis, MO,
USA) or LPS (Sigma-Aldrich) were administered acutely as
described previously [24–29]. On day 3 of CP treatment,
MPTP (20 mg/kg, dissolved in saline) was injected intraperitoneally four times at 2 h intervals. Vehicles of equal volume
(0.25 mL) were given to the control group (Figure 1(a)). In
the LPS group, 3 h after the last administration of CP, LPS
was dissolved in saline and injected intraperitoneally at a
dose of 5 mg/kg (Figure 1(b)). Since MPTP is a very dangerous chemical, we conducted the experiment in compliance
with previously described procedures [30]: (1) we used laboratory clothing and boots made of nonabsorbable material,
(2) we wore a mask with a HEPA ﬁlter, (3) 1% bleach was
used to clean all equipment used in the experiments, and
(4) all waste was disposed in a biohazard safety bin.
2.4. Rotarod Test and Pole Test. The rotarod test and pole test
were assessed according to previously published methods
[25, 29, 31]. The rotarod test is a useful method for measuring hypokinesia in a mouse model of PD [32]. Mice were
evaluated on the rotarod 1 day after the last MPTP injection
to assess sensorimotor coordination. The rotarod unit (Ugo
Basile, Comerio, Varese, Italy) consisted of a rotating spindle
(diameter 3 cm) and ﬁve individual compartments, which
allowed ﬁve mice to be tested simultaneously. After two successive days of twice-daily training (4 rpm rotation speed on
the ﬁrst day and 20 rpm on the second day), the test rotation
speed was increased to 25 rpm on the third day in a test session. The time each mouse remained on the rotating bar was
recorded over three trials per mouse, at 5 min intervals and a
maximum trial length of 300 s per trial. Data are presented as
mean time on the rotating bar over the three test trials.
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Figure 1: Summary of the experimental design.

The pole test is a useful method to measure bradykinesia
in a mouse model of PD [32]. We performed the pole test on
days 5 and 7 after the last MPTP injection. The mice were
held on the top of the pole (diameter 8 mm, height 55 cm,
with a rough surface). The time that mice needed to turn
down completely was recorded as the time to turn (T-turn).
The time needed for the mice to climb down and place four
feet on the ﬂoor was recorded as the time for locomotion
activity (T-LA). Each trial had a cut-oﬀ limit of 50 s.
2.5. Brain Tissue Preparation. On days one and seven after
MPTP treatment or at 3 h after LPS treatment, mice were
anesthetized immediately and perfused transcardially with
0.05 M phosphate-buﬀered saline (PBS, Sigma-Aldrich),
followed by cold 4% paraformaldehyde (PFA, SigmaAldrich) in 0.1 M phosphate buﬀer. Brains were removed
and postﬁxed in 0.1 M phosphate buﬀer (Sigma-Aldrich)
containing 4% PFA overnight at 4°C and then immersed in
a solution containing 30% sucrose in 0.05 M PBS for cryoprotection. Serial 15 or 30 μm thick coronal sections were cut on
a freezing microtome (Leica Instruments GmbH, Nussloch,
Germany) and stored in a cryoprotectant (25% ethylene

glycol, Sigma-Aldrich), 25% glycerol (Sigma-Aldrich), and
0.05 M phosphate buﬀer at 4°C until use for immunohistochemistry (IHC) study. For western blotting mRNA analysis,
and kit-based analyses, in brief, the SNPC and ST were rapidly dissected, homogenized, and centrifuged using standard
laboratory techniques. The ﬁnal supernatant was stored at
70°C until use [33].
2.6. Immunohistochemistry (IHC) and Immunoﬂuorescence
Analysis. For IHC analysis, the assessment of dopaminergic
neurons in the SNPC was made by analyzing coronal sections
at approximately 3.28 mm behind the bregma [34]. Brain
sections were rinsed brieﬂy in PBS and treated with 1%
hydrogen peroxide (Sigma-Aldrich) for 15 min. The sections
were incubated with rabbit anti-tyrosine hydroxylase (TH)
(1 : 1000) overnight at 4°C in the presence of 0.3% Triton
X-100 (Vector Laboratories, Burlingame, CA, USA) and normal goat serum (Vector Laboratories) or normal horse serum
(Vector Laboratories). After rinsing in PBS, the sections
were incubated with biotinylated anti-rabbit IgG (Vector
Laboratories) (1 : 200) for 90 min, rinsed, and incubated
with ABC (Vector Laboratories) (1 : 100) for 1 h at room

4
temperature. Peroxidase activity was visualized by incubating
sections with DAB (Sigma-Aldrich) in 0.05 M Tris-buﬀered
saline (Sigma-Aldrich). After several rinses with PBS, sections were mounted on gelatin-coated slides, dehydrated,
and cover-slipped using histomount medium. For immunoﬂuorescence analysis, brain sections were rinsed brieﬂy in
PBS and treated with 0.5% BSA (Sigma-Aldrich) for
30 min. The sections were incubated with mouse anti-TH
(1 : 100) or rabbit anti-glial ﬁbrillary acidic protein (GFAP),
ionized calcium-binding adaptor molecule 1 (Iba-1), Nurr1,
or cyclooxygenase (Cox)-2 (1 : 200) overnight at 4°C in the
presence of 0.3% Triton X-100 and normal serum. Next, they
were incubated for 1 h with Alexa Fluor-conjugated secondary antibodies (1 : 500). The sections were ﬁnally washed in
PBS and mounted using Vectashield mounting medium
containing DAPI (Vector Laboratories). Images were
photographed at 40x and 100x magniﬁcation using an optical light microscope (Olympus Microscope System BX53;
Olympus, Tokyo, Japan) equipped with a 20x objective lens.
Further, to analyze the intensity of striatal TH-positive
nerve ﬁbers, brain sections were sampled at approximately
0.62 mm ahead of the bregma. Primary antibodies are listed
in Supplementary Table 1.
2.7. RNA Extraction and Real-Time Reverse Transcription
Polymerase Chain Reaction. Homogenization of SNPC tissue
was conducted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). After homogenization, 0.2 mL of chloroform
was added to each sample. The tubes were shaken vigorously
by hand for 15 s and then incubated at room temperature for
3 min. Next, the mixture was centrifuged at 14,000 rpm for
15 min at 4°C, after which the resulting upper aqueous phase
(400 μL) was transferred to a fresh tube into which 0.5 mL of
2-propanol was also added. After incubation for 10 min at
4°C, the mixture was centrifuged again at 14,000 rpm for
10 min at 4°C. After separation, the supernatant was
removed, washed with 1 mL of 75% ethanol, and centrifuged
again at 10,000 rpm for 5 min at 4°C. The resulting RNA
pellet was then dried, and the puriﬁed RNA was dissolved
in diethyl pyrocarbonate- (DEPC-) distilled water. Equal
amounts of RNA (200 ng) were reverse transcribed (RT)
into cDNA using an iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA, United States) according to the manufacturer’s
protocol. Real-time RT polymerase chain reaction (PCR)
analysis was performed for selected genes using the CFX96
real-time PCR system (Bio-Rad) and the SYBR green ﬂuorescence quantiﬁcation system (Bio-Rad) to quantify the
amplicons. The PCR conditions were 50 cycles of 95°C
(30 s) and 58°C (30 s) and a standard denaturation curve.
The primer sequences are listed in the 5 ′ to 3 ′ orientation in
Supplementary Table 2. The PCR conditions for each target
were optimized according to the primer concentration, the
absence of primer dimer formation, and the eﬃciency of
ampliﬁcation of both the target genes and the housekeeping
control gene. PCR reaction mixture comprised 1 μL of
cDNA and 9.5 μL of PCR master mix, which contained 2×
SYBR Green, 10 pmol each of the forward and reverse
primers, and 4.5 μL of DEPC-distilled water in a ﬁnal volume
of 15 μL. To normalize the cDNA content of the samples, we
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used the comparative threshold (CT) cycle method, which
includes normalization of the number of target gene copies vs.
the endogenous reference gene glyceraldehyde 3-phosphate
dehydrogenase. The CT is deﬁned as the fractional cycle
number at which the ﬂuorescence generated by cleavage
of the probe passes a ﬁxed threshold baseline when
ampliﬁcation of the PCR products is ﬁrst detected.
2.8. Diﬀerentiated PC12 Cell and Microglial BV2 Cell Culture.
The pheochromocytoma PC12 cell line, derived from the rat
adrenal medulla, was obtained from the Korean Cell Line
Bank (#21721). PC12 cells were maintained in Roswell Park
Memorial Institute medium (Gibco, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum
(Gibco) and 1% penicillin/streptomycin (Gibco) in an atmosphere of 95% air and 5% CO2 at 37°C. The PC12 cells were
seeded on 96-well plates or 6-well plates at a density of 1 or
2 × 105 cells/mL and treated with CP (0–1000 μg/mL) for
24 h (Figure 1(c)). For diﬀerentiated PC12, culturing media
were renewed every 2 to 3 days. Cultured PC12 cells were
treated with nerve growth factor (Sigma-Aldrich) for 7 days,
with fresh medium and reagents supplied every 24 h. The differentiated PC12 cells were treated with CP (1–200 μg/mL)
for 1 h. Then, they were stimulated with MPP+ (100 μM)
for an additional 23 h (Figure 1(d)).
The mouse microglial BV2 cell line was kindly donated
by Prof. Jung at Seoul National University Hospital in Korea.
The cells were kept in Dulbecco’s modiﬁed Eagle’s medium
(Gibco) supplemented with 10% heat-inactivated fetal bovine
serum and 1% penicillin/streptomycin in an atmosphere of
95% air and 5% CO2 at 37°C. The BV2 cells were seeded on
24-well plates at a density of 1:5 × 105 cells/mL and treated
with CP (0–1000 μg/mL) for 24 h (Figure 1(c)).
2.9. Measurement of Living Cells. Living cells were evaluated
using the Cell Counting Kit (CCK-8; Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocol. In brief,
cells were seeded on 96-well plates and treated with CP.
The CCK-8 reagent was added to each well, and the mixture
was incubated for 4 h. The absorbance was read at 450 nm
using the SpectraMax i3 Multi-Mode Detection Platform
(Molecular Devices, Sunnyvale, CA, USA). Cell viability
was calculated using the following equation: %of living cells
left after CP treatment = ðmean absorbance in CP − treated
cells/mean absorbance in untreated controlsÞ × 100.
2.10. Western Blotting Analysis and Measurement of
Mitochondrial Membrane Potential. Western blotting was
performed according to previously published methods
[28, 35, 36]. Moreover, Δψm was monitored with the lipophilic cationic probe tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) reagent, supplied with the Δψm detection
kit, according to the manufacturer’s instructions. Diﬀerentiated PC12 cells were seeded on coverslips in 96-well
plates and treated simultaneously with CP at concentrations of 1, 10, or 50 μg/mL and 100 μM MPP+ for 24 h.
Then, the cells were rinsed with PBS and incubated with
the diluted lipophilic cationic probe 5,5 ′ ,6,6 ′ -tetrachloro1,1 ′ ,3,3 ′ -tetraethylbenzimidazol-carbocyanine iodide (JC-1)
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Figure 2: Eﬀects of CP on MPTP-induced movement impairment in mice. CP was administered for 5 days. On day 3, at 2 h after CP
administration, MPTP was injected four times. One day after MPTP injection, latency time on the rotating rod was recorded with a 300 s
cut-oﬀ limit (a). At days 5 and 7 after MPTP injection, time to turn completely downward (b, d) and time to fall oﬀ the rod onto the ﬂoor
(c, e) were recorded with a 60 s cut-oﬀ limit. Values shown represent means ± S:E:M. ∗ p < 0:05, ∗∗ p < 0:01, and ∗∗∗ p < 0:001 compared
with the control group and # p < 0:05 and ## p < 0:01 compared with the MPTP-treated group.

at 37°C for 30 min, after which the cells were washed and
transferred to 96-well plates. The ratio of red (585/590 nm)
and green (510/527 nm) ﬂuorescence was determined using
a ﬂuorescence plate reader.
2.11. Small Interfering RNA Transfection. Diﬀerentiated
PC12 cells were used at a conﬂuence of 80–85% in 100 mm
dishes. Cells were transfected with stealth small interfering
RNA (siRNA) using Lipofectamine 2000 (Invitrogen).
Lipofectamine 2000 (10 μL) was mixed with 40 μM siRNA
solution (an equimolar mix of both Nurr1 siRNA and
scrambled siRNA) and 2.5 mL of Opti-MEM (Gibco). After
30 min at room temperature, 300 μL of the mix was added
to 300 μL of serum-free RPMI in each dish and incubated
for 24 h.
2.12. Dopamine and Cytokine Array Levels. The dopamine
contents in the ST of the mouse brain were assessed using a
commercially available ﬂuorometric assay kit, following the
protocol supplied by the manufacturer (Rocky Mountain
Diagnostics). Moreover, cytokine proteins were determined
using a cytokine membrane array kit following the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA).
2.13. Statistical Analyses. All statistical parameters were calculated using the GraphPad Prism 7.0 software (GraphPad
Software, San Diego, CA, USA). Values are expressed as
means ± standard error of the mean (S.E.M.). Statistical comparisons between the diﬀerent treatments were performed
using one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison posttest. A p value < 0.05 was considered to be statistically signiﬁcant.

3. Results
3.1. Eﬀect of CP on MPTP-Induced Movement Impairment.
To examine the eﬀect of CP on MPTP-induced poor motor
coordination and postural balance, a rotarod test was performed. We found that MPTP signiﬁcantly decreased the
retention time to 13:71 ± 2:06 s on day 1, compared with
the control. However, retention times were signiﬁcantly
increased in the MPTP+1–25 mg/kg/day CP and ropinirole
groups from 27:14 ± 4:31 to 56:86 ± 13:99 s and 55:86 ±
14:81 s, respectively, on day 1 (Figure 2(a)). In addition, to
evaluate the eﬀects of CP on MPTP-induced bradykinesia, a
pole test was performed. T-turn and T-LA were signiﬁcantly
prolonged to 7:17 ± 1:10s and 14:13 ± 1:72 s, respectively, on
day 5, compared with the control. However, T-turn was
signiﬁcantly shortened in the MPTP+1–25 mg/kg/day CP
and ropinirole groups from 5:70 ± 1:41 to 3:83 ± 0:76 s
and 5:91 ± 0:81 s, respectively, on day 5. However, T-LA
was signiﬁcantly shortened in the MPTP+1–25 mg/kg/day
CP and ropinirole groups from 13:58 ± 2:34 to 7:97 ± 0:63 s
and 12:09 ± 1:02 s, respectively, on day 5 (Figures 2(b)
and 2(c)). T-turn and T-LA were signiﬁcantly prolonged
to 9:18 ± 2:23 s and 16:12 ± 2:66 s, respectively, on day 7,
compared with the control. However, T-turn and T-LA
were signiﬁcantly shortened in the MPTP 25 mg/kg/day
CP groups to 2:52 ± 0:40 s and 7:79 ± 0:40 s, respectively,
on day 7 (Figures 2(d) and 2(e)).
3.2. Eﬀects of CP on MPTP-Induced Dopaminergic Neuronal
Loss and Dopamine Depletion. To conﬁrm the eﬀects
of CP on dopaminergic neuronal death, we performed
TH-speciﬁc immunohistochemistry in the SNPC and ST
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Figure 3: Eﬀects of CP on MPTP-induced dopaminergic neuronal death. Dopaminergic neurons were visualized by TH-speciﬁc
immunostaining. The number of TH-immunopositive neurons in the SNPC (a) was counted, and the optical density in the ST (b) was
measured. Dopamine levels in the ST were measured using ELISA (c). MAO-B inhibition rate in a cell-free system was measured using
ELISA (d). Representative photomicrographs of the SNPC and ST were taken (e). Values are presented as means ± S:E:M. ∗ p < 0:05,
∗∗
p < 0:01, and ∗∗∗ p < 0:001 compared with the control group and # p < 0:05, ## p < 0:01, and ### p < 0:001 compared with the
MPTP-treated group (a, b, or c) or control group (c in the cell-free system).

of mouse brains. In MPTP-treated mice, the number of
TH-positive cells in the SNPC and the optical intensity in
the ST were decreased by 48:51 ± 3:85% and 38:20 ± 3:37%,
respectively, compared with the control group. However,
these values were signiﬁcantly increased by 1–25 mg/kg CP
or ropinirole treatment (82:64 ± 1:31% to 91:50 ± 1:31%
and 91:61 ± 7:30% and 88:88 ± 4:75% to 79:01 ± 18:21%
and 91:64 ± 6:30%, respectively, compared with the control
group) (Figures 3(a), 3(b), and 3(e)). Moreover, to measure
the eﬀects of CP on dopamine levels, we determined striatal
dopamine levels in the ST of mouse brains (Figure 3(c)).
Treatment with MPTP signiﬁcantly decreased striatal dopamine (by 8:47 ± 0:25 nmol/mL) compared with the control
group, while treatment with 1–25 mg/kg CP or ropinirole
reduced MPTP-induced striatal dopamine (by 12:84 ± 1:36
to 15:20 ± 1:18 nmol/mL and 16:94 ± 0:93 nmol/mL). Moreover, only the treatment with 5–25 mg/kg CP increased striatal dopamine (by 16:86 ± 0:21 to 17:65 ± 0:29 nmol/mL)
compared with the control group (Figure 3(c)). We also
investigated the eﬀect of CP on MAO-B activity. Selegiline
(positive control, 0–1 μM) inhibited MAO-B activity in a
dose-dependent manner; in contrast, CP had no eﬀect on
MAO-B activity (Figure 3(d)).
3.3. Eﬀects of CP on the Induction of Nurr1 and Its Regulating
Proteins and Dopamine Depletion. Treatment with CP at

100 μg/mL, but not at 1–50 μg/mL, increased neuronal
shrinkage and damage and decreased dendritic length of
PC12 and diﬀerentiated PC12 cells 24 h after treatment
(Figures 4(a) and 4(b)). Thus, all further experiments were
performed with CP at 1–50 μg/mL. To investigate the eﬀects
of CP on Nurr1 and its regulating proteins, we determined
the levels of Nurr1, TH, DDC, DAT, and VMAT2 in diﬀerentiated PC12 cells. The protein expression levels of Nurr1, TH,
DDC, DAT, and VMAT2 were increased 20 h after CP treatment (Nurr1: 95:42 ± 8:31% to 226:96 ± 22:30%, TH:
152:26 ± 14:77% to 272:45 ± 29:81%, DDC: 128:03 ± 2:89%
to 173:43 ± 22:66%, DAT: 118:17 ± 6:47% to 278:32 ±
29:55%, and VMAT2: 147:26 ± 3:32% to 203:69 ± 31:21%
compared with the control group) (Figures 4(c) and 4(f)–
4(j)). We conﬁrmed the eﬀects of CP on Nurr1 and its regulating proteins in the mouse SNPC (Nurr1: 201:02 ± 32:55%,
TH: 197:50 ± 33:64%, DDC: 161:74 ± 27:33%, DAT: 140:97
± 14:67%, and VMAT2: 142:77 ± 22:56% compared with
the control group) (Figures 4(d) and 4(f)–4(j)).
To investigate whether ERK activation contributed
to CP-induced increased Nurr1 expression, we used
SCH772984, a selective inhibitor of ERK. SCH772984
inhibited a CP-induced increase in Nurr1, TH, DDC, DAT,
and VMAT2 in diﬀerentiated PC12 cells (Nurr1: 196:24 ±
30:19% and 94:31 ± 11:10%, TH: 258:87 ± 33:33% and
111:47 ± 19:10%, DDC: 166:88 ± 23:84% and 68:21 ± 7:94%,
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Figure 4: Eﬀects of CP on cell viability and Nurr1 and its regulating neurotrophic factors. Eﬀects of CP on PC12 and diﬀerentiated PC12 cell
neuronal damage (a, b). The protein levels of Nurr1 and its regulating neurotrophic factors were measured by western blotting in
diﬀerentiated PC12 cells (c) and the mouse SNPC (d). Diﬀerentiated PC12 cells were pretreated with CP and an ERK inhibitor (SCH) for
10 h, and the protein levels of Nurr1 and its regulating neurotrophic factors were measured by western blotting (e). β-Actin protein was
used as an internal control. Bar graphs represent the relative expression of Nurr1 (f), TH (g), DDC (h), DAT (i), and VMAT2 (j) for
(c)–(e). Values are presented as means ± S:E:M. ∗ p < 0:05, ∗∗ p < 0:01, and ∗∗∗ p < 0:001 compared with the control group and # p < 0:05
and ## p < 0:01 compared with the CP-treated group.

DAT: 350:47 ± 56:53% and 187:24 ± 16:89%, and VMAT2:
224:09 ± 36:33% and 89:09 ± 10:16% compared with the
control group) (Figures 4(e) and 4(f)–4(j)).

3.4. Eﬀects of CP on MPTP-Induced Nurr1 Expression
in Dopaminergic Neurons. To evaluate the eﬀects of
CP on Nurr1 expression, we performed Nurr1-speciﬁc
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Figure 5: Eﬀects of CP on MPTP-induced Nurr1 and neurotrophic proteins. Seven days after the last MPTP treatment, Nurr1 levels were
measured by IHC in dopaminergic neurons (a, b) and western blotting in the SNPC (a). Representative photomicrographs of the SNPC
were taken (c). The expressions of Nurr1, TH, DDC, DAT, and VMAT2 were detected by western blotting using speciﬁc antibodies in the
SNPC (d). β-Actin protein was used as an internal control. Bar graphs represent the relative expression of Nurr1 (a), TH (e), DDC (f),
DAT (g), and VMAT2 (h) for (d). Values shown represent means ± S:E:M. ∗ p < 0:05 and ∗∗∗ p < 0:001 compared with the control group
and # p < 0:05 and ## p < 0:01 compared with the MPTP-treated group.

immunoﬂuorescence staining and western blotting. MPTP
signiﬁcantly decreased Nurr1 (by 71:49 ± 1:27%) in
shrunken dopaminergic neurons (by 33:40 ± 3:17%) compared with the control, and treatment with 5–25 mg/kg CP
reduced MPTP-induced Nurr1 (by 76:08 ± 1:15% to

82:67 ± 1:30%) and Nurr1 in dopaminergic neurons further
(by 30:06 ± 2:40% to 95:06 ± 7:22%) (Figures 5(a)–5(c)).
Moreover, we conﬁrmed Nurr1 expression levels by
western blotting, and MPTP signiﬁcantly decreased Nurr1
(by 33:40 ± 3:13%) in the SNPC, compared with the control,
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(e)

Figure 6: Eﬀects of CP on MPTP-induced mRNA levels of Nurr1 and its regulating neurotrophic factors. Real-time RT-PCR was performed
to see the eﬀects of CP on mRNA expression of Nurr1 (a), TH (b), DAT (c), and VMAT2 (d). Then, eﬀects of Nurr1 on upregulating
neurotrophic factors (TH, DAT, and VMAT2) in Nurr1 siRNA-transfected diﬀerentiated PC12 cells (e). Values shown represent means ±
S:E:M. ∗∗∗ p < 0:001 compared with the control group and ## p < 0:01 and ### p < 0:001 compared with the MPTP-treated group.

and treatment with 5–25 mg/kg CP reduced MPTP-induced
Nurr1 (by 30:06 ± 2:34% to 95:06 ± 7:07%) (Figures 5(a)–
5(d)). Representative photomicrographs were taken of
double-labeled immunoﬂuorescence staining with antiNurr1 and anti-TH antibodies in the SNPC (Figure 5(c) and
Supplementary Fig. 1).
3.5. Eﬀects of CP on MPTP-Induced Expression of Nurr1
Regulating Proteins. To evaluate the eﬀects of CP on
MPTP-induced expression of Nurr1 and its regulating proteins, we assessed the levels of TH, DDC, DAT, and
VMAT2 in the mouse SNPC by western blotting. MPTP
signiﬁcantly decreased TH (by 49:87 ± 5:21%), DDC (by
36:73 ± 8:28%), DAT (by 36:17 ± 0:97%), and VMAT2
(by 69:12 ± 10:67%) levels, compared with the control,
while treatment with 1–25 mg/kg CP reduced MPTPinduced expression of TH (by 46:31 ± 3:94% to 95:71 ±
10:59%), DDC (by 53:45 ± 16:29% to 140:27 ± 15:04%),
DAT (by 34:98 ± 7:3% to 60:85 ± 1:08%), and VMAT2
(by 42:14 ± 9:55% to 149:34 ± 43:42%), compared with the
control group (Figures 5(d)–5(h)). In addition, we measured
the mRNA expression levels of Nurr1 and its regulating proteins using real-time RT-PCR analysis. MPTP signiﬁcantly
decreased Nurr1 (by 0:82 ± 0:01), TH (by 0:01 ± 0:01),
DAT (by 0:01 ± 0:003), and VMAT2 (by 0:05 ± 0:003) levels,
while treatment with 25 mg/kg CP reduced MPTP-induced
expression of Nurr1 (by 2:20 ± 0:08), TH (by 0:04 ± 0:001),
DAT (by 0:08 ± 0:01), and VMAT2 (by 0:08 ± 0:01)
(Figures 6(a)–6(d)). Moreover, to further verify whether
CP-induced TH, DAT, and VMAT2 were mediated through
Nurr1 activation, we transfected diﬀerentiated PC12 cells
with siRNA targeting Nurr1. Results showed that TH,

DAT, and VMAT2 levels were not aﬀected by CP in Nurr1
siRNA-transfected cells (Figure 6(e)).
3.6. Eﬀects of CP on MPTP-Induced Mitochondrial
Dysfunction and Mitochondria-Mediated Apoptosis. To
investigate whether CP aﬀects mitochondrial dysfunction
and mitochondria-mediated apoptosis, we assessed the mitochondrial membrane potential in diﬀerentiated PC12 cells
and the levels of Bcl-2, Bax, Cyt-c, poly (ADP-ribose) polymerase (PARP), cleaved caspase-9, and cleaved caspase-3 in
the mouse SNPC. MPTP caused a signiﬁcant decrease in
Bcl-2 and an increase in Bax, Cyt-c, PARP, cleaved caspase9, and cleaved caspase-3, while 1, 5, or 25 mg/kg CP increased
Bcl-2 and decreased Bax, Cyt-c, PARP, cleaved caspase-9,
and cleaved caspase-3 (Figure 7(a)). Green ﬂuorescence
(monomeric form, low Δψm) and red ﬂuorescence (aggregate
form, high Δψm) indicate Δψm depolarization. MPP+induced toxicity decreased Δψm (by 4:64 ± 0:08 ratio),
whereas CP pretreatment prevented depolarization of the
mitochondrial membrane (by 1:99 ± 0:05 to 1:42 ± 0:07 ratio)
(Figures 7(b) and 7(c)).
3.7. Eﬀects of CP on MPTP-Induced Expression of Glial Cell
Line-Derived Neurotrophic Factor (GDNF) and Ret in the
SNPC. To investigate whether CP aﬀects dopaminergic production, we assessed the levels of GDNF and Ret in the
mouse SNPC. MPTP signiﬁcantly decreased the expression
of GDNF and Ret, while 5 or 25 mg/kg CP treatment
increased the levels of GDNF and Ret (Figure 7(d)). Using
an enzyme-linked immunosorbent assay (ELISA) kit, we
found that MPTP decreased GDNF in the SNPC (by 1:80 ±
0:54 pg/mL) and ST (by 2:45 ± 1:30 pg/mL), while treatment
with 1–25 mg/kg CP reduced the MPTP-induced expression
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Figure 7: Eﬀects of CP on MPTP-induced mitochondria-mediated apoptosis. Seven days after the last MPTP treatment, mitochondriainduced apoptotic factors (Bcl-2, Bax, Cyt-c, cleaved caspase-9, cleaved caspase-3, and PARP1) were measured by western blotting (a).
Diﬀerentiated PC12 cells were treated with CP and exposed to MPP+ for 48 h. Moreover, red and green (b) and the ratio (c) of
these ﬂuoresces of mitochondrial membrane potential were expressed as a percentage of control. Eﬀects of CP on MPTP-induced
survival-related GDNF signaling. Its factors (GDNF and Ret) were measured by western blotting (d) and ELISA kit (e). Values are
presented as means ± S:E:M. ∗∗∗ p < 0:001 compared with the control group and # p < 0:05 or ### p < 0:001 compared with the MPP+- or
MPTP-treated group.

of GDNF in the SNPC (by 3:01 ± 0:63 to 7:51 ± 1:55 pg/mL)
and ST (by 3:08 ± 0:56 to 14:30 ± 1:35 pg/mL) (Figure 7(e)).
3.8. Eﬀects of CP on MPTP- or LPS-Induced Glial/Microglial
Activation and Neuroinﬂammatory Factor Production. To
investigate whether CP aﬀects the neuroinﬂammatory
response, we assessed glial/microglial activation and the
levels of neuroinﬂammatory factors in microglial BV2 cells
and the mouse SNPC. We measured the expression levels
of GFAP, Iba-1, iNOS, and Cox-2, which are released following inﬂammatory stimuli, by western blotting. Western
blotting analysis revealed that the levels of GFAP, Iba-1,
iNOS, and Cox-2 were signiﬁcantly increased (by 482:97 ±
28:90%, 384:06 ± 65:22%, 264:07 ± 77:82%, and 179:78 ±
11:50%, respectively) in the SNPC of the MPTP-treated
group. In contrast, CP suppressed this decrease in GFAP,
Iba-1, iNOS, and Cox-2 (by 381:29 ± 19:15% to 52:02 ±
24:48%, 407:13 ± 85:73% to 124:79 ± 19:71%, 164:17 ±
23:04% to 63:20 ± 24:39%, and 109:09 ± 23:71% to 92:02 ±

2:36%, respectively) (Figures 8(a)–8(f)). Representative photomicrographs were taken of immunoﬂuorescence staining
with anti-Cox-2, GFAP, and Iba-1 antibodies in the SNPC
(Figures 8(b) and 8(g)). Microglial BV2 cell cytotoxicity was
not aﬀected by 1–62.5 μg/mL CP, as assessed by the MTT
assay at 24 h after treatment. However, 125–1000 μg/mL CP
increased cytotoxicity (data not shown). Thus, all further
experiments were performed with CP at 1–62.5 μg/mL.
Cytokine array kits revealed that the levels of intercellular
adhesion molecule 1 (ICAM-1), interleukin-6 (IL-6), KC,
MCP-5, and RANTES were signiﬁcantly increased (by
205:03 ± 4:24%, 3468:59 ± 51:63%, 687:96 ± 6:04%, 336:64
± 0:07%, and 192:58 ± 1:65%, respectively) in LPS-treated
microglial BV2 cells. In contrast, CP suppressed the
increase in ICAM-1, IL-6, KC, monocyte chemotactic protein 5 (MCP-5), and RANTES (by 62:45 ± 12:28%, 2185:72
± 11:60%, 102:53 ± 2:19%, 168:26 ± 3:22%, and 104:78 ±
0:46%, respectively) (Figures 9(a)–9(f)). The levels of iNOS
and Cox-2 were also signiﬁcantly increased (by 235:75 ±
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Figure 8: Eﬀects of CP on MPTP-induced neuroinﬂammatory signaling factors. One day after the last MPTP treatment, glial activation
proteins (GFAP and Iba-1) and neuroinﬂammatory signaling factors (iNOS and Cox-2) were measured by western blotting or IHC (a, b).
Levels of neuroinﬂammatory signaling factors were normalized to β-actin (c–f). Moreover, representative photomicrographs of the SNPC
were taken (g). Values shown represent means ± S:E:M. ∗ p < 0:05, ∗∗ p < 0:01, and ∗∗∗ p < 0:001 compared with the control group and
#
p < 0:05, ## p < 0:01, and ### p < 0:001 compared with the MPTP-treated group.

18:69% and 555:89 ± 55:49%, respectively) in the SNPC of
the LPS-treated group. Moreover, CP treatment suppressed
this increase in iNOS and Cox-2 (by 118:92 ± 10:06% and
301:61 ± 58:46%) (Figures 9(g) and 9(h)).

4. Discussion
Many intrinsic signals and extrinsic transcription factors
have been identiﬁed to play critical roles in dopaminergic

neuronal development in the midbrain in PD. This process depends on two major signaling pathways: (i) Sonic
hedgehog/FoxA2 and (ii) wingless-type MMTV integration
site family, member 1/Lmx1a, and their downstream signaling molecules [37, 38]. These two signaling pathways merge
to control the expression levels of Nurr1, suggesting Nurr1
as a key regulator of dopaminergic neurons [39, 40]. Indeed,
dopaminergic neurons fail to develop in mice lacking the
Nurr1 receptor [12]. We used the VOSviewer software to
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Figure 9: Eﬀects of CP on LPS-induced neuroinﬂammatory signaling factors. Microglial BV2 cells were treated with CP for 2 h and with LPS
for an additional 22 h. After 24 h incubation, the cultures were subjected to a cytokine antibody array assay (h). Densitometric ratios of the
arrays showed diﬀerences in the cytokine markers (ICAM-1, KC, IL-6, MCP-5, and RANTES) (i–m). The glial activation markers (GFAP
and Iba-1) and neuroinﬂammatory signaling factors (iNOS and Cox-2) were measured using western blotting (n). Bar graphs represent
the relative expression of GFAP, Iba-1, iNOS, and Cox-2 (o) for (n). Values shown represent means ± S:E:M. ∗ p < 0:05, ∗∗ p < 0:01, and
∗∗∗
p < 0:001 compared with the control group and # p < 0:05, ## p < 0:01, and ### p < 0:001 compared with the LPS-treated group.

visualize network similarities [41, 42]. We found a cluster of
keywords across publications related to Nurr1, Alzheimer’s
disease pathology, PD, dopaminergic neurons, GDNF,
alpha-synuclein, canonical ligand-binding pocket, and cilostazol (Supplementary Fig. 2). These results led us to think that
Nurr1 may be a promising target in the treatment of PD.
According to the WHO, as much as 80% of the world’s
population relies primarily on animal- and plant-based medicines [43–45]. Animal-assisted therapy is known as zootherapy (ZT) [45]. The phenomenon of ZT is marked both by a
broad geographical distribution and very deep historical origins [45]. Despite its importance, studies on ZT have been
neglected, when compared to those on plant-based therapies.
However, in modern societies, ZT constitutes an important
alternative to other therapies practiced worldwide [45]. Wild
and domestic animals and their by-products (e.g., hooves,
skins, bones, feathers, and tusks) provide important ingredi-

ents to curative, protective, and preventive medicine [46–48].
Recently, there has been increased interest in animal-based
medicines, and several animals have been tested by pharmaceutical companies as potential sources of modern drugs
[49]. Based on the previous study on Nurr1, we screened a
Korean traditional medicine library composed of clinically
used drugs (Chung-bu category in Dongui Bogam) and
identiﬁed one hit drug. A previous report showed that Nurr1
promotes dopaminergic neuronal development by inducing
the expression of neurotrophic factors, such as TH, DDC,
DAT, and VMAT2 [4, 27]. Dopamine is transported into
synaptic vesicles by VMAT2, a major factor in maintaining
dopamine homeostasis in dopaminergic presynaptic terminals [50, 51]. It has also been demonstrated that Nurr1 gene
expression in peripheral blood lymphocytes of patients with
PD is decreased compared to that of healthy people [10]. In
the present study, CP increased the levels of Nurr1 and its
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regulating proteins, TH, DDC, DAT, and VMAT2, in diﬀerentiated PC12 cells and the mouse SNPC. Moreover, Nurr1
knockdown using siRNA blocked a CP-mediated increase
in TH, DAT, and VMAT2 protein expression, suggesting
that Nurr1 activation is crucial for CP-induced TH, DAT,
and VMAT2 upregulation. Recently, studies have shown that
two regions in Nurr1, the N-terminal and C-terminal
regions, are important for its transcriptional activation [52].
The Nurr1 N-terminus is important for regulating transcription in a mitogen-activated protein kinase- (MAPK-) dependent manner [52]. It has been reported that Nurr1 can be
phosphorylated by ERK1/2 and translocate to the nucleus,
where it upregulates TH expression [52–54]. In the present
study, an ERK inhibitor inhibited a CP-induced increase in
Nurr1, TH, DDC, DAT, and VMAT2 in diﬀerentiated
PC12 cells. We also found that CP can regulate striatal
dopamine levels in the mouse ST. MAO-B is mainly
involved in dopamine metabolism [55]. To conﬁrm that
the disease-modifying actions of CP could not be ascribed
to the prevention of conversion of MPTP to MPP+, we
also measured the activity of MAO-B [25, 55]. However,
CP had no eﬀect on MAO-B activity. These results suggest
that CP increases neurotrophic factors by upregulating
Nurr1 expression via ERK phosphorylation. It has been
recently suggested that Nurr1 inducers exert neuroprotective eﬀects in experimental models of PD; thus, possible
future therapeutic strategies for PD may include inducing
Nurr1 signaling by CP.
The above-described ﬁndings prompted us to test
whether CP can ameliorate motor behavior deﬁcits in a
mouse model of MPTP-induced PD. This animal model is
used widely because dopaminergic neuronal loss in the SNPC
and ST is associated with the onset of motor symptoms, and
there is a direct relationship between the extent of dopamine
loss and motor dysfunction [28, 56]. The pole test assesses
animal agility and includes measures of muscle rigidity and
bradykinesia [57]. The rotarod test can be used to assess
motor coordination and postural balance [57]. In the pole
test, CP-treated mice showed a signiﬁcant improvement in
T-turn and T-LA, with measurements similar to those in
the control group. In addition, in the rotarod test, CP prolonged the duration spent by the mice on the rotarod. Similar
to our study, Hsieh et al. reported that CP increases hypomotility induced by a TH inhibitor or 5-hydroxytryptophan
(a precursor of serotonin) [21]. Moreover, our results showed
that CP signiﬁcantly increased MPTP-induced dopamine
levels. CP can stabilize central catecholaminergic and serotonergic activity and is expected to be eﬀective in various disorders, such as convulsion and insomnia [21]. Therefore, we
think there is a need to focus on further studies on catecholamine and behavioral changes. Furthermore, we conﬁrmed
these eﬀects by TH-speciﬁc IHC, which demonstrated that
CP protected both dopaminergic neurons in the SNPC and
their ﬁbers in the ST, compared with mice treated with
MPTP only. In the present study, the number of TH/Nurr1
double-positive neurons and Nurr1 and its regulating proteins in the SNPC declined in the MPTP group compared
with the control group, while colocalization and expression
levels were increased in the CP-treated groups. GDNF
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and its canonical receptor Ret can signal together or independently to fulﬁll many important functions in the midbrain’s dopaminergic system [58, 59]. Nurr1 and Ret, its
downstream target, were found to be transcriptionally
downregulated by α-synuclein accumulation [60]. Reduced
Ret protein levels might prevent GDNF-induced survival
response in midbrain dopaminergic neurons [61]. Thus, this
rationale linked GDNF/Ret signaling to Nurr1, another
protein found to be mutated in a rare familial form of PD
(autosomal recessive loss-of-function mutation). In this
study, CP signiﬁcantly protected MPTP-induced GDNF/Ret
signaling in mice. Taken together, the present study showed
that CP signiﬁcantly improved MPTP-induced PD-like
movement problems and protected against dopaminergic
neuronal damage and neurotrophic response activity in
mouse dopaminergic neurons.
Finally, because Nurr1 has proapoptotic as well as
antiapoptotic eﬀects, we also analyzed the eﬀects of CP on
mitochondrial dysfunction and mitochondria-mediated
apoptosis. The Bcl-2 protein family contains key apoptosisregulating proteins that can promote cell survival or induce
cell death [62]. Bcl-2 appears to directly or indirectly preserve
the integrity of the outer mitochondrial membrane, thus
preventing Cyt-c release and mitochondria-mediated cell
death initiation [62, 63]. On the other hand, the proapoptotic
protein Bax promotes Cyt-c release from the mitochondria,
with subsequent cleaved caspase-9/caspase-3 and PARP
[63]. Recently, Nurr1 has been shown to downregulate the
expression of the proapoptotic protein Bax, which is directly
transactivated by the tumor suppressor p53 [64]. Microarray
analysis revealed that overexpression of Nurr1 downregulates cleaved caspase-3 and other apoptotic factors in neural stem cells [65]. In this study, MPTP induced a slight
decrease in Bcl-2 expression and an increase in Bax
expression; CP protected against these changes. Moreover,
MPTP-induced toxicity increased Cyt-c, whereas CP inhibited Cyt-c release. The induction of Cyt-c-mediated cleaved
caspase-9/caspase-3 and PARP levels by proapoptotic agents,
including MPTP, appears to be essential for apoptosis, and
treatment with CP prevented the MPTP-induced increase
in cleaved caspase-9/caspase-3 and PARP levels. Because
Nurr1-induced antiapoptotic eﬀects are associated with
pro- as well as anti-inﬂammatory responses, we also checked
the eﬀects of CP on proinﬂammatory cytokines and signaling
molecules. Moreover, Xu et al. demonstrated that CP can
decrease inﬂammatory-related proteins such as IL-6, iNOS,
and Cox-2 in LPS-induced Raw 264.7 macrophage cells
[20]. Moreover, according to Chang et al., CP inhibits
inﬂammation-related proteins such as IL-6 and NF-κB via
modulating reactive oxygen species induced by ultraviolet B
irradiation on keratinocyte HaCaT cells [23]. Therefore, it
was possible to have an anti-inﬂammatory eﬀect. In our
study, CP repressed neuroinﬂammatory signaling molecules,
such as iNOS and Cox-2, and glial/microglial activation in
MPTP- or LPS-treated mice. Moreover, when microglial cells
were treated with inﬂammation-inducing LPS for 24 h,
the expression of proinﬂammatory genes (cytokine array:
G-CSF, GM-CSF, sICAM-1, IL-1ra, IL-2, IL-3, IL-5, IL-6,
IL-7, IL-12 p70, IL-16, IL-17, IL-23, IP-10, I-TAC, KC,
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Figure 10: Schematic of the mechanism proposed for the eﬀects of CP on Nurr1 activation and Parkinson’s disease pathogenesis.

M-CSF, MCP-5, MIP-2, RANTES, SDF-1, TARC, and TNF-α)
was increased more than 2-fold. Remarkably, CP reduced the
expression of ICAM-1, KC, IL-6, MCP-5, and RANTES
(>30%). However, further studies using Nurr1 transgenic
mice will be required to conﬁrm our ﬁndings. Next, we
analyzed protein-protein interactions using the STRING
database and potential molecular mechanisms using the
KEGG database (Supplementary Fig. 3). We found functional relationships among the proteins primarily related to
inﬂammatory and neuronal death mechanisms, including
small-cell lung cancer, tuberculosis, AGE-RAGE signaling
pathway in diabetic complications, apoptosis, amyotrophic
lateral sclerosis, hepatitis B, inﬂuenza A, platinum drug
resistance, pathways in cancer, colorectal cancer, Kaposi’s
sarcoma-associated herpesvirus infection, toxoplasmosis,
TNF signaling pathway, PD, legionellosis, and p53 signaling
pathway. Taken together, our data showed that CP enhanced
the dual role of Nurr1: CP (i) increased the expression of
Nurr1 and its regulating proteins in dopaminergic neurons
and (ii) inhibited mitochondria-mediated apoptosis and proinﬂammatory cytokine gene expression.
This study has some limitations. First, we did not investigate the eﬀects of CP on MPTP-induced PD in mice lacking
Nurr1. Studies using Nurr1-lacking mice are being carried
out; however, more research is still needed because these
studies are in their screening stages. Therefore, we conﬁrmed
it using siRNA as a pilot study, and we believe that more
detailed research is needed through knockout animal models.
Second, doses of CP in human were 3-6 g daily [15, 16].
According to human equivalent dose calculation, for body
weight of 60 kg, the corresponding human dose of the extract
of CP was 121.8 mg/day. Among our unpublished studies, we
evaluated the safety of the CP extract using a standard toxicological study design to assess the potential oral dose toxicity.
During the study period of 2 weeks, C57BL/6 mice were
orally administered once daily with doses of 50, 150, or
450 mg/kg/day of the CP extract after which several study
parameters of mortality, clinical signs, changes in body
weight, gross ﬁndings, organ weight, histopathological

examinations, and hematology were assessed. We demonstrated that the CP extract did not have any adverse eﬀects
in mice up to a dose of 450 mg/kg/day for a 2-week
administration period (data not shown). The human
equivalent dose calculated as 121.8 mg/day is 18-fold lower
than the 450 mg/kg/day (2189.1 mg/day in human) of the
CP extract used in our unpublished study. Therefore, this
study provides an important reference for the safety of the
CP extract for humans. However, more detailed research on
clinicians will not be available until further studies are conducted. Lastly, we did not identify the active compounds of
CP that are responsible for its anti-PD eﬀects. In this study,
we mainly analyzed and separate catecholamine compounds,
focusing on the various neurohormonal changes in insect
metamorphosis (Supplementary Fig. 4) [66–68]. This is
because we expected a large amount of neurohormones to
be released and left in the skin when the insect was exterminated. However, since this study was only a pilot, screening
study, we think that more research is needed to reveal more
accurate mechanisms. Future studies are needed to analyze
the speciﬁc contribution of the various active compounds
of CP.
In conclusion, we demonstrated that CP increased the
expression of Nurr1 and its regulating proteins (TH, DDC,
DAT, and VMAT2) in vitro and in vivo (Figure 10). Further,
CP protected dopaminergic neurons against MPTP-induced
neurotoxicity via regulating mitochondria-mediated apoptotic molecules, such as Bcl-2, Bax, Cyt-c, cleaved caspase-9,
caspase-3, and PARP; neuroinﬂammatory signaling molecules, such as cytokines, iNOS, and Cox-2; and glial/microglial activation. Our ﬁndings suggest that CP might
contribute to neuroprotective signaling by regulating neurotrophic factors via Nurr1, mitochondria-mediated apoptosis,
and neuroinﬂammation.
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Paraquat (PQ), an herbicide considered an environmental contributor to the development of Parkinson’s disease (PD), induces
dopaminergic neuronal loss through reactive oxygen species (ROS) production and oxidative stress by mitochondrial complex I.
Most patients with PQ-induced PD are aﬀected by chronic exposure and require a preventive strategy for modulation of disease
progression. To identify drugs that are eﬀective in preventing PD, we screened more than 1000 drugs that are currently used in
clinics and in studies employing PQ-treated cells. Of these, chloramphenicol (CP) showed the most powerful inhibitory eﬀect.
Pretreatment with CP increased the viability of PQ-treated SN4741 dopaminergic neuronal cells and rat primary cultured
dopaminergic neurons compared with control cells treated with PQ only. CP pretreatment also reduced PQ-induced ROS
production, implying that mitochondrial complex I is a target of CP. This eﬀect of CP reﬂected downregulation of the
mitochondrial complex I subunit ND1 and diminished PQ recycling, a major mechanism of ROS production, and resulted in
the prevention of cell loss. Notably, these eﬀects of CP were not observed in rotenone-pretreated SN4741 cells and Rho-negative
cells, in which mitochondrial function is defective. Consistent with these results, CP pretreatment of MPTP-treated PD model
mice also ameliorated dopaminergic neuronal cell loss. Our ﬁndings indicate that the inhibition of mitochondrial complex I
with CP protects dopaminergic neurons and may provide a strategy for preventing neurotoxin-induced PD.

1. Introduction
Epidemiological studies have suggested that chemical pesticides are associated with the development of Parkinson’s
disease (PD) [1–3]. However, the underlying mechanism
by which pesticides might contribute to PD pathogenesis
remains unclear. A primary characteristic of PD is that

clinical symptoms arise when a majority (~60–70%) of
dopaminergic neurons in the substantia nigra pars compacta
(SNpc) are lost. The exact cause of this cell loss, which is
referred to as idiopathic Parkinson’s disease and accounts
for ~90% of the total burden of PD, is unknown. Typically,
PD treatments, which include levodopa (L-DOPA), MAO-B
inhibitors, and dopamine agonists, focus on maintaining

2
dopamine levels in the body [4]. L-DOPA, a dopamine precursor, is particularly eﬀective in relieving short-term behavioral
disturbances but does not prevent the death of dopaminergic
neurons [5]. Ultimately, curing Parkinson’s disease will
require going beyond maintenance of the body’s dopamine
levels (symptomatic therapy) to the prevention of the death
of dopamine neurons (causal therapy).
A meta-analysis of PD sought to establish a relationship
between exposure to pesticides and the onset of idiopathic
PD. Among the various pesticides examined, only paraquat
(PQ), which increased the risk of PD by ~2.2-fold, showed
a signiﬁcant association with the onset of Parkinson’s disease
[6, 7]. PQ is classiﬁed as viologen, a family of very strong
reducing agents, and produces large amounts of reactive
oxygen species (ROS) through a continuous oxidationreduction process in mitochondrial complex I [8, 9]. This
excessive production of ROS damages cellular macromolecules, including proteins, nucleic acids, carbohydrates, and
lipids, and constitutes the main cause of the death of dopaminergic neurons exposed to PQ. Clinical studies have shown
that the total amount of reduced glutathione, an important
cellular component that relieves oxidative stress, is decreased
in patients with PD, leading to increased ROS and dysfunction of dopaminergic neurons [10, 11]. Consistent with this,
it has been conﬁrmed that the inhibition of excessive ROS
production by treatment with antioxidants or by overexpression of antioxidant enzymes protects against the loss of
dopaminergic neurons in a PD model [12, 13]. Collectively,
these observations suggest that a mitochondrial-targeting
strategy to inhibit ROS production might be quite eﬀective
in controlling the progression of PQ-induced PD.
To test this hypothesis, we screened 1040 therapeutic
agents currently on the market for drugs that increase the viability of PQ-exposed dopaminergic neurons. Notably, the
greatest protection against the PQ-induced loss of dopaminergic neurons was provided by chloramphenicol (CP), an antibiotic that inhibits mitochondrial protein synthesis. Other
antibiotics, such as ceftriaxone, rapamycin, and rifampicin,
exerted possible neuroprotective eﬀects through attenuation
of neuroinﬂammation [14–16]. Although the phenomenon of
antibiotic-mediated protection against dopaminergic neuronal
loss in PD has been reported, these previous studies mainly
focused on inﬂammation and the primary eﬀects of antibiotics;
however, the metabolic eﬀects of these drugs on mitochondria
are not well known. In the current study, we sought to ﬁll these
gaps in our knowledge, investigating how CP aﬀects the mitochondria of dopaminergic neurons and protects against dopaminergic neuronal cell loss induced by PQ.

2. Materials and Methods
2.1. MPTP-Induced PD Mouse Model. Male C57Bl/6 mice
(21-25 g; age 8 weeks) were intraperitoneally injected
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, SigmaAldrich, M0896, MO, USA) as 4 times injections of 20 mg/kg
at 2 h intervals and were sacriﬁced at day 7 after the ﬁnal
injection of MPTP. Control animals were injected an equal
volume of 0.9% sterile saline. Mice were divided into three
groups (n = 5): group 1, vehicle control; group 2, vehicle
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and MPTP 20 mg/kg i.p.; group 3 was treated MPTP
20 mg/kg i.p. with chloramphenicol at a dose of 50 mg/kg
at 3 times by oral gavage (-1, 0, and 1 day based on MPTP
injection).
2.2. Immunohistochemistry on MPTP-Induced PD Mouse
Brain Tissues. Saline- and MPTP-injected mice were perfused with perfusion solution and postﬁxated with 4%
paraformaldehyde for 1 day. The perfusion solution was
made with NaCl, NaNO3, and heparin (Sigma-Aldrich) in
dissolving distilled water. The brains stored in 30% sucrose
for cryoprotection were cut to a thickness of 30 μm.
Dissection of the brain to obtain the SNpc and striatum
regions was performed as previously described [17]. Brain
slices were ﬁxed with tissue stock solution and rinsed three
times in phosphate-buﬀered saline (PBS pH 7.4). 0.3% Triton
X-100 and 2% donkey serum (GeneTex, Irvine, CA, USA) in
PBS were used for blocking for 90 min, then brain slices were
incubated with primary antibodies against anti-tyrosine
hydroxylase (Millipore, AB152) at 4°C overnight. For immunohistochemistry, brain slices were incubated with rabbit secondary antibodies (Dako EnVision+ System-HRP, USA) for
90 min, and then, reacting with DAB+ substrate buﬀer. After
mounting by ﬂuorescent mounting medium (Dako North
America Inc., Santa Barbara, CA, USA) on cover slides, immunoﬂuorescent images were acquired using an Olympus™
microscope (Olympus, Hachioji-shi, Tokyo, Japan).
2.3. Rat Primary Dopaminergic Neuron Culture and TH
Immunoﬂuorescence Staining. Primary dopaminergic neurons were prepared from E14 rat embryos obtained from pregnant dams using a previously described isolation method [18].
Isolated primary dopaminergic neurons in Minimal Essential
Medium (MEM; Welgene, Dalseo-gu, Daegu, South Korea)
supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientiﬁc Inc., MA, USA), 2 mM glutamine, 10 units/ml
penicillin, and 2 μM Ara-C (Invitrogen, Carlsbad, CA, USA)
were plated in gelatin-coated coverslips in a 24-well plate
and allowed to attach for 6–8 h. Thereafter, the medium was
replaced with growth medium containing diﬀerent concentrations of PQ (Sigma-Aldrich, 36541, MO, USA) or CP (SigmaAldrich, C0378), and cells were incubated as described in the
text. For immunoﬂuorescence staining, primary dopaminergic
neurons were collected 24 h after pharmacological treatment,
rinsed three times in phosphate-buﬀered saline (PBS;
pH 7.4), and then blocked by incubating with PBS containing
0.3% Triton X-100 and 2% donkey serum (GeneTex, Irvine,
CA, USA) for 90 min. After blocking, primary dopaminergic
neurons were incubated ﬁrst with primary anti-TH antibodies
(EMD Millipore, AB152, Burlington, MA, USA) at 4°C overnight and then with Alexa Fluor 488-conjugated anti-rabbit
secondary antibodies (Abcam, 150081, Cambridge, MA,
USA) at room temperature for 90 min. Slides were coverslipmounted using ﬂuorescent mounting medium (Dako North
America Inc.), and immunoﬂuorescence images were
acquired using a ﬂuorescence microscope (Olympus).
2.4. Cell Culture. The dopaminergic neuronal progenitor cell
line (SN4741) was cultured as described before [19–22].
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SN4741 cells were grown in RF medium containing Dulbecco’s modiﬁed Eagle’s medium (DMEM, Welgene) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientiﬁc Inc.), 1% glucose (Amresco, Solon, OH, USA), 1%
penicillin-streptomycin, and 2 mM L-glutamine (Invitrogen)
at 33°C with 5% CO2. And wild-type 143B, Rho-positive
(Rho+), and Rho-negative (Rho0) cell lines were grown in
medium containing DMEM (Welgene) supplemented with
10% FBS (Thermo Fisher Scientiﬁc Inc.), 1% glucose
(Amresco), 1% penicillin-streptomycin, and 100 μg/ml
sodium pyruvate (Invitrogen) at 37°C with 5% CO2. In addition, Rho0 cells were supplemented with 200 μg/ml sodium
pyruvate and 50 μM uridine (Invitrogen) to grow cells
through the provision of exogenous electron acceptors. The
Rho0 cell lines were generated as previously described [23].
CP (Sigma-Aldrich) was initially diluted from powder in
EtOH (Millipore) to the stock concentration of 20 mM. PQ
(Sigma-Aldrich) was initially diluted from powder in distilled
water to the stock concentration of 10 mM. This stock was
further diluted with medium to 100 μM, which was used for
the cell treatments. All the used cell lines have been routinely
checked in the laboratory for mycoplasma contamination
with the MycoProbe detection kit (R&D Systems, MN,
USA). Only cells negative for mycoplasma contamination
were used.
2.5. Cell Viability Assay. Cell viability was determined by the
Cell Counting Kit-8 (CCK-8) purchased from Dojindo
(Rockville, MD, USA). The CCK-8 assay was used to measure cytotoxicity and SN4741, Rho+, and Rho0 cells were
plated at 1 × 104 cells per well in 96-well culture plates in
37°C for 24 h under conditions at various concentrations of
PQ and CP (Sigma-Aldrich). CCK-8 solution was added to
each well, and the absorbance was measured at 450 nm wavelength by MultiSkan Ascent microplate spectrophotometer
(Thermo Fisher Scientiﬁc Inc., MA, USA).
2.6. Protein Isolation and Western Blot. Proteins were
extracted from SN4741 cells using RIPA lysis buﬀer
(100 mM Tris-HCl (pH 8.5), 200 mM NaCl, 5 mM EDTA,
0.2% SDS, phosphatase, and a protease inhibitor cocktail)
(iNtRON Biotechnology, Gyeonggi, South Korea). After
centrifugation at 15000×g for 20 min at 4°C, supernatants
were collected. Protein levels were measured using the
Bradford (Bio-Rad, CA, USA) method. Isolated proteins
(20 μg) were resolved using 10-12% SDS-PAGE and transferred onto polyvinylidene ﬂuoride (PVDF, Millipore,
ISEQ00010) membranes, which were blocked with 5% BSA
in TBST (10 mM Tris-HCl (pH 7.6), 150 mM NaCl, and
0.1% Tween 20). The membranes were incubated overnight
at 4°C with primary antibodies against NDUFA9 (Invitrogen,
459100), NDUFA8 (Invitrogen, 459210), SDHA (Invitrogen,
459200), UQCRC2 (Invitrogen, A11143), COX4 (Invitrogen,
A21348), ATP5A1 (Invitrogen, A21350), Mn SOD (MA1106), Cu-Zn SOD (Novus Biologicals, NBP2-24915), HSP60
(Santa Cruz, sc-1052), and actin (Santa Cruz, sc-8432) and
then with a horseradish peroxidase-coupled secondary
antibody for 1 h at room temperature (RT). Finally, the
antibody-labeled proteins were detected using an ECL
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system (iNtRON Biotechnology, Gyeonggi, South Korea).
All antibodies were validated by the manufacturer. Band
quantiﬁcation was performed with the ImageJ software
(http://imagej.nih.gov/ij; v.1.47b).
2.7. Measurement of Cellular Oxygen Consumption Rate
(OCR). Oxygen consumption rate (OCR) was measured
using a Seahorse Bioscience XF24 analyzer (Seahorse Bioscience, MA, USA). The XF24 biosensor cartridge (Seahorse
Bioscience) was activated overnight with 1 ml of XF24
calibration buﬀer per well and incubation at 37°C without
CO2. Thereafter, SN4741, Rho+, and Rho0 cells were seeded
to the XF24 cell culture microplates (Seahorse Bioscience) at
2 × 104 cells in 4.5 ml DMEM medium per well and incubated at 37°C without CO2 for at least 1 hour. For measurements, each port in the well of the XF24 biosensor
cartridge was ﬁlled with 20 μg/ml oligomycin (an ATPase
inhibitor, Sigma-Aldrich, O4876), 25 μM CCCP (an uncoupler, Sigma-Aldrich, C2759), and 20 μM rotenone (a mitochondrial complex I inhibitor, Sigma-Aldrich, R8875), and
the XF24 analyzer was operated under the manufacturer’s
basal protocol at 37°C.
2.8. RNA Isolation and qPCR Analysis. Total RNA was
extracted using TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions, and real-time quantitative
PCR was performed using cDNA, a Rotor-Gene 6000 realtime instrument (Qiagen, Valencia, CA, USA), and SYBR
Green PCR Master Mix (iCycleriQ Real-Time PCR Detection
System; Bio-Rad, Hercules, CA, USA). All primers were
designed using the Primer3 program (http://bioinfo.ut.ee/
primer3-0.4.0/) and are listed in Supplementary Table 2.
Relative gene expression was quantiﬁed and normalized
with respect to that of 18s ribosomal RNA (endogenous
control) using Rotor-Gene 6000 real-time Rotary Analyzer
software (Qiagen). Each experiment was repeated at least
three times.
2.9. Mitochondrion Isolation. Mitochondria were isolated as
previously described [24]. Brieﬂy, SN4741 cells were suspended in buﬀer A (250 mM sucrose, 2 mM HEPES pH 7.4,
and 0.1 mM EGTA) and centrifuged at 320 × g for 10 min.
Cell pellets were homogenized in buﬀer A using a glassTeﬂon homogenizer. The homogenate was centrifuged at
570 × g for 10 min, and the supernatant was retained. For
crude mitochondrion preparation, the supernatant was centrifuged at 14000 × g for 10 min. The pellet (mitochondria)
was resuspended in buﬀer B (25 mM potassium phosphate
pH 7.2, 5 mM MgCl2) and centrifuged at 15000 × g for
10 min. The mitochondrial pellet was used or stored at
-70°C for BN-PAGE and assay of mitochondrial complex
activity.
2.10. Blue Native Polyacrylamide Gel Electrophoresis (BNPAGE). BN-PAGE analyses were performed as previously
described [24] using isolated mitochondria lysed with
n-dodecyl-β-D-maltoside using the Native PAGE Novex
Bis-Tris Gel system (Invitrogen) according to the manufacturer’s instructions. Brieﬂy, 30 μg of isolated mitochondria
was solubilized using sodium dodecyl maltoside. Digitonin
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was included in the lysis buﬀer for detection of mitochondrial supercomplexes. The suspensions were centrifuged at
20000 × g for 10 min at 4°C, after which proteins in the
resulting supernatants were resolved by PAGE on a native
polyacrylamide Novex 3–12% Bis-Tris gel (Invitrogen) and
then transferred to a polyvinylidene ﬂuoride (PVDF)
membrane. After ﬁxing with 8% acetic acid, the membrane
was blocked with 5% skim milk in TBS-T (10 mM Tris-HCl
pH 7.6, 150 mM NaCl, 0.1% Tween 20) for 1 h and immunoblotted using Anti-OxPhos Blue Native WB Antibody
Cocktail (Invitrogen, 457999).
2.11. Enzymatic Assay for Mitochondrial Complex Activity
and PQ-Recycling Rate. Mitochondrial respiratory chain
enzyme activity was measured as previously described [25].
Brieﬂy, isolated mitochondrial pellets were suspended in
hypotonic buﬀer (25 mM potassium phosphate pH 7.2,
5 mM MgCl2) and then subjected to three freeze-thaw cycles.
The concentration of mitochondrial proteins was measured
by the Bradford assay using bovine serum albumin (BSA)
as a standard. Complex I activity (NADH:CoQ oxidoreductase) was measured in the presence of decylubiquinone as
the rotenone-sensitive decrease in NADH at 340 nm. The
activity of complex II (succinate:DCIP oxidoreductase) was
measured in the presence of decylubiquinone plus rotenone
as the antimycin A-sensitive reduction of 2,6-DCIP at
600 nm, using 520 nm as the reference wavelength. Complex
III activity (ubiquinol:cytochrome C oxidoreductase) was
measured in the presence of rotenone and decylubiquinol
by following the rate of reduction of cytochrome C at
550 nm, using 580 nm as the reference wavelength. Complex
IV activity (cytochrome C oxidase) was measured as the
disappearance of reduced cytochrome C at 550 nm. All
absorbance measurements were performed in a Beckman
DU650 (Beckman Coulter, Fullerton, CA, USA) spectrophotometer. The absorbance of mitochondrial complex I was
determined with PQ-recycling assays, performed in the same
manner as experiments for measuring the activity of mitochondrial complex I, using PQ instead of CoQ as the electron
acceptor in isolated mitochondria.
2.12. ROS Quantiﬁcation. ROS generation was analyzed
using the ﬂuorescent dyes, MitoSOX (Invitrogen, M36008),
MitoTracker Red CM-H2XRos (Invitrogen, M7513), and
DCF-DA (Invitrogen, C6827), according to the manufacturers’ instructions. SN4147 cells were incubated with
MitoSOX (5 μM), MitoTracker Red CM-H2XRos (1 μM), or
DCF-DA (5 μM) in Krebs-HEPES buﬀer (pH 7.4) at 37°C
for 25 min and then washed twice with Hank’s Balanced
Salt Solution (HBSS; pH 7.4, Welgene, Dalseo-gu, Daegu,
South-Korea). ROS generation was measured using a
FACScan ﬂow cytometer (BD Biosciences, CA, USA) and
a Twinkle LB 970 Microplate Fluorometer (Berthold Technologies, Oak Ridge, TN, USA) and analyzed using FACSDiva software (BD Biosciences).
2.13. Ethics Approval and Consent to Participate. The mice
were housed in an environment controlled at 22°C temperature, 50% humidity, and 12 h light/dark cycle. Mice
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were maintained at 3-4 per cage in an environment suitable for water and food ad libitum. All mouse experiments
were performed in the animal facility according to institutional guidelines (SOP; standard operating procedure), and
the experimental protocols were approved by the institutional review board of Chungnam National University
(CNU-00356).
2.14. Statistical Analysis. All results are presented as mean
values + SD (error bars). Data were analyzed using one-way
analysis of variance (ANOVA) with Tukey’s post hoc analysis or 2-tailed, unpaired Student’s t-test, as appropriate for
the experiment, using GraphPad Instat (GraphPad Software
Inc., San Diego, CA, USA). A P value < 0.05 was considered
statistically signiﬁcant; individual P values are indicated in
ﬁgure legends.

3. Results
3.1. CP Eﬀectively Protects against PQ-Induced Dopaminergic
Neuronal Loss. Dopaminergic neurons are well known to be
susceptible to damage and loss of function upon exposure
to exogenous harmful stimuli such as ROS [26]. In an
attempt to ﬁnd new applications of existing medicines in
the prevention of PD, we screened 1040 drugs that had
already demonstrated drug safety in clinical tests and that
are expected to have direct and indirect eﬀects on mitochondria. We sorted the candidate drugs according to how eﬀectively they protected against the PQ-induced loss of cell
viability using the MN9D dopaminergic neuronal cell line.
Supplementary Table 1 lists the top 100 most eﬀective
drugs, which include antibiotics and NSAIDs (nonsteroidal
anti-inﬂammatory drugs). In particular, antibiotics known
to inhibit mitochondrial protein synthesis were detected in
the top ranking in protecting the viability of dopaminergic
neurons against PQ. Among all drugs tested, CP provided
the strongest protective eﬀect against PQ cytotoxicity,
maintaining a 96.8% cell survival rate. Accordingly, CP was
selected for use in subsequent experiments designed to
test the eﬃcacy of the mitochondrial-targeting strategy in
protecting against PQ-induced dopaminergic neuronal
damage.
To investigate the protective eﬀect of CP on dopaminergic neuron loss, we examined the survival rate of rat primary
dopaminergic neurons obtained from the ventromedial area
of the mesencephalic region at embryonic day 14 (E14)
following treatment with CP and/or PQ. In the group treated
with PQ alone, the number of neurons positive for the
dopaminergic marker, tyrosine hydroxylase (TH), started to
decrease at a PQ concentration of 8 μM, which reduced
viability to 45 5% ± 4 6%, less than 5% of cells survived at a
PQ concentration of 16 μM. In contrast, the survival rate
of TH-positive neurons in the group treated with PQ
and 1 μg/ml CP remained as high as 80% (Figures 1(a)
and 1(b)). Although the unique characteristics of the tissue
are well preserved, the heterogeneous cell population and
the lack of proliferation of the primary dopaminergic neuron are obstacles to the study of molecular mechanisms
[18, 27–29]. We further validated the protective eﬀect of
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Figure 1: CP protects against neuronal cell loss induced by PQ in rat primary dopaminergic neurons and the SN4741 dopaminergic neuronal
cell line. (a, b) Primary dopaminergic neurons isolated from the ventromedial area of the mesencephalic region of E14 rats were pretreated
with 1 μg/ml CP for 24 h and then treated with 0–16 μM PQ for 24 h. Dopaminergic neurons were identiﬁed by immunoﬂuorescence
staining with an anti-TH antibody. (a) Immunoﬂuorescence-stained TH+ cells were conﬁrmed by ﬂuorescence microscopy TH+ cells,
green; nuclei, blue. Scale bars, 100 μm. (b) Bar graph showing quantiﬁcation of TH+ cells, conﬁrmed by ﬂuorescence microscopy (n = 12).
(c) SN4741 cells were pretreated with 2.5 or 10 μg/ml CP for 24 h. Cells were further treated with 0–800 μM PQ for 24 h, and the survival
rate of dopaminergic neurons was conﬁrmed using CCK8 (n = 15). (d) Bar graph showing cell viability (n = 15). All data are representative
of three independent experiments. ∗∗∗ P < 0 001 by 2-tailed unpaired Student’s t-test in (b) and by one-way ANOVA in (c, d). Error bars
represent +SD.

CP in the SN4741 dopaminergic neuronal cell line, a previously used immature dopaminergic neuronal cell line
that is easier to culture than primary cells and is suitable
for mechanism studies [19–22]. To examine the toxicity
of CP, we treated SN4741 cells with diﬀerent concentrations of CP alone for 48 h and found no evidence for
cytotoxicity at concentrations up to 80 μg/ml (Figure S1).
Consistent with results obtained using primary embryonic
dopaminergic neurons, PQ induced a concentrationdependent decrease in the survival rate of SN4741 cells;
notably, treatment with 2.5 or 10 μg/ml of CP restored
survival of PQ-treated cells to 75% and 90%, respectively

(Figures 1(c) and 1(d)). Concentrations of CP greater than
10 μg/ml did not produce any additional survival beneﬁt;
accordingly, we used 10 μg/ml CP as an ideal concentration
in subsequent mechanistic studies.
3.2. CP Reduces the Total Amount of Intracellular ROS
Generated by PQ. ROS, produced as byproducts of the
operation of the mitochondrial respiratory chain, are known
to mediate PQ-induced neuronal toxic eﬀects. Mitochondrial
complexes I and III are involved in the oxidation-reduction
process of PQ and sequentially generate superoxide and
hydrogen peroxide (H2O2) as the primary ROS [30, 31]. To
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determine whether the modulation of intracellular ROS is
involved in CP-mediated protection of dopaminergic neurons from PQ-induced toxicity, we measured intracellular
ROS generation using the ROS-detecting dye DCF-DA (as
an indicator of total ROS), MitoTracker Red CM-H2XRos,
and MitoSOX (as an indicator of mitochondrial superoxide)
in conjunction with ﬂuorescence microscopy, microplate
ﬂuorometer, and ﬂuorescence-activated cell sorting (FACS)
analysis. The DCF-DA and MitoSOX intensities measured
by ﬂuorescence microscopy were signiﬁcantly increased after
treatment with 400 μM PQ for 16 h in the SN4741 cell line,
while the DCF-DA and MitoSOX intensities were decreased
to the control level in the PQ-treated group after CP pretreatment (Figure 2(a), Figure S2(a)). As a result of quantiﬁcation
of mitochondrial superoxide through FACS analysis and
microplate ﬂuorometer, median ROS values, expressed in
arbitrary units (A.U.), were shifted to higher levels in
the PQ-treated group (14 62 ± 0 2 × 102 A U ) compared
with the control group (5 12 ± 0 1 × 102 A U ) but were
restored to normal values in the CP pretreatment group
(10 84 ± 0 3 × 102 A U ), conﬁrming that CP decreased ROS
production (Figures 2(b) and 2(c) and Figure S2(b)). Thus,
we conclude that CP decreases total intracellular ROS
content, a key element in PQ-induced neuronal cell defects.
3.3. CP Reduces the Production of ROS through Inhibition of
PQ Recycling. There are two mechanisms by which CP might
reduce the total amount of ROS generated by PQ: inhibition
of ROS production and increased capacity of antioxidants to
remove ROS. To verify the ROS-lowering eﬀect of CP, we
ﬁrst examined how CP aﬀects intracellular antioxidant
enzymes, focusing on superoxide dismutase (SOD) enzymes,
which remove ROS by converting superoxide to H2O2
(Figures 2(d)–2(f)). Intracellular antioxidant capacity was
assessed by Western blot analysis using antibodies against
manganese SOD (MnSOD) and copper/zinc SOD (Cu/
ZnSOD), which represent mitochondrial and cytosolic antioxidant enzymes, respectively. Interestingly, there was no
change in the expression of MnSOD in the PQ-treated group
compared with HSP60 or actin, endogenous controls for
mitochondrial and cytosolic proteins. Contrary to our
expectations, we found that the expression of Cu/ZnSOD in
dopaminergic neurons treated with PQ administration
was decreased slightly after CP pretreatment rather than
increased. These results suggest that ROS removal by antioxidant enzymes is not involved in the protective eﬀect of CP
treatment. In addition, we examined whether CP was capable
of preventing the loss of dopaminergic neurons treated exogenously with H2O2 (Figure 2(g)). In contrast to the eﬀects of
treatment with PQ alone, cotreatment with CP and H2O2
accelerated the decrease in the viability of dopaminergic neurons compared with H2O2 alone. Next, to determine whether
CP inhibits ROS generation, we measured the rate of PQ
recycling, a key step in the generation of ROS by PQ
(Figure 2(h)). For this, we used isolated mitochondria from
the SN4741 cell line, allowing us to focus on the mitochondrial respiratory chain as a speciﬁc target for PQ recycling.
These experiments showed that the PQ-recycling rate in the
group treated with CP decreased to ~20% of that in the
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control group. Taken together, these results indicate that,
instead of reﬂecting an increase in ROS removal, the decrease
in the total amount of intracellular ROS caused by CP treatment results from suppressing ROS generation through a
reduction in PQ recycling.
3.4. CP Inhibits Mitochondrial Oxidative Phosphorylation
(OxPhos) and Supercomplex Formation in Dopaminergic
Neurons. CP is known to act as an antibacterial medicine
by inhibiting protein synthesis through binding to the
ribosomal 50S subunit, which has a structure similar to that
of the corresponding mitochondrial ribosomal subunit in
eukaryotes [32]. Since CP eﬀectively inhibited PQ recycling
in isolated mitochondria (Figure 2(h)), we hypothesized that
CP could reduce the function of mitochondrial complex I in
dopaminergic neurons. To investigate the eﬀect of CP on the
function of mitochondria, we measured the oxygen consumption rate (OCR) of SN4741 cells using an XF24 analyzer (Figures 3(a)–3(c)). We found that CP induced a
concentration-dependent decrease in the overall oxygen
uptake rate, including basal oxygen consumption. This
reduction in oxygen consumption rate reﬂects a decrease
in electron transfer to O2 in the mitochondrial respiratory
chain. Treatment with oligomycin, an inhibitor of ATPase,
also decreased proton leak in the CP-treated group compared with the control group, consistent with a reduction
in ROS production by CP (Figure 3(c)). Interestingly, an
assessment of mitochondrial complex activity, performed
to determine how CP decreased oxygen consumption,
showed that complex I activity was decreased to ~50% of
that in controls, whereas the activity of complexes II–V
was not signiﬁcantly changed (Figure 3(d)).
The maintenance of mitochondrial OxPhos function
depends on the integrity of the composition of all respiratory
chain complexes, which are produced within mitochondria
by the operation of mitochondrial transcription and translation machinery. To assess changes in mitochondrial transcription induced by treatment with CP, we performed
quantitative polymerase chain reaction (qPCR) for a subset
of mitochondrial complexes (Figure 3(e)). For this, we
selected ND1, SDHA, CytB, COX1, and ATP8 as representative subunits of mitochondrial complexes I, II, III, IV, and V,
respectively. We found no change in mRNA expression levels
for subunits belonging to complexes I–V in SN4741 cells.
However, unlike the mRNA results, protein expression of
the complex I subunit ND1 was dramatically reduced
(~90%) compared with controls (Figures 3(f) and 3(g)).
The loss of ND1, which acts as a column within the 42subunit mitochondrial complex I, can lead to structural
changes in this complex [33, 34]. To assess the formation of
native mitochondrial complex I, we probed for supercomplexes using blue native polyacrylamide gel electrophoresis
(BN-PAGE), which can identify proteins larger than
300 kDa. As expected, we found that treatment with CP
decreased mitochondrial complex I formation without
changing complex II formation (Figures 3(h) and 3(i)). These
results demonstrate that CP inhibits the translation and formation of mitochondrial complex I, resulting in diminished
mitochondrial function.
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Figure 2: CP eﬀectively reduced PQ recycling and decreased total ROS levels in SN4741 cells by inhibiting ROS production. (a–c) SN4147
cells were treated with 10 μg/ml CP and PQ, and mitochondrial superoxide was measured by staining with the ﬂuorescent dye MitoSOX
and MitoTracker Red CM-H2XRos. (a) The amount of mitochondrial superoxide production was visually conﬁrmed by ﬂuorescence
microscopy. Scale bars, 100 μm. (b) The total amount of ﬂuorescently stained by MitoSOX was quantiﬁed by FACS analysis (n = 15).
(c) MitoTracker Red CM-H2XRos intensity was quantiﬁed by microplate ﬂuorometer (n = 12). (d–f) SN4741 cells were treated with
10 μg/ml CP and 400 μM PQ for 24 h. (d) Western blotting revealed the expression of MnSOD and Cu/ZnSOD proteins, which can
remove superoxide (n = 9). MnSOD: mitochondrial SOD; Cu/ZnSOD: cytosolic SOD. (e) Quantiﬁcation of mitochondrial SOD (n = 9).
(f) Quantiﬁcation of cytosolic SOD (n = 9). (g) CP potentiated the dopaminergic neuron-killing eﬀect of H2O2, an exogenous ROS, in
SN4741 cells (n = 15). (h) The rate of PQ recycling, a key step in the production of ROS by PQ, was conﬁrmed by enzymatic assay
using mitochondria isolated from the SN4741 cell line (n = 9). All data are representative of three independent experiments. ∗ P < 0 05;
∗∗∗
P < 0 001 by 2-tailed unpaired Student’s t-test in (c, h) and by one-way ANOVA in (e–g); ns: not signiﬁcant. Error bars represent +SD.

3.5. Cells with Reduced Mitochondrial Function Exhibit
Resistance to PQ Toxicity. To verify the involvement of mitochondrial respiration in the sensitivity to PQ toxicity, we
tested the eﬀects of PQ (1) in Rho-negative (Rho0) cells,
characterized by a deﬁciency in mitochondrial protein and
DNA, using prolonged treatment with a low concentration
of ethidium bromide (EtBr), which depletes mitochondrial
DNA and (2) in SN4741 cells treated with rotenone, which
speciﬁcally inhibits mitochondrial complex I. We ﬁrst treated
wild-type Rho-positive (Rho+) and mitochondria-deﬁcient
Rho0 cell lines with CP and PQ alone or in combination.
OCR measurement revealed that the mitochondrial function
of the Rho0 cell line was reduced (Figure S3). The Rho0 cell
line was more resistant to PQ toxicity than the Rho+ cell
line following treatment with PQ alone. In Rho+ cells
treated with PQ and CP in combination, the toxicity of PQ
was decreased compared with that in PQ-treated (control)
Rho+ cells, whereas Rho0 cells showed no diﬀerence
between CP-treated and CP-untreated groups (Figures 4(a)
and 4(b)). In a second experiment performed in the same
manner, rotenone alone reduced PQ toxicity in the SN4741
cell line compared with the control group, but cotreatment
with CP did not produce any additional protective eﬀect
(Figures 4(c) and 4(d)). If CP targeted cytosolic ROS or
other mitochondrial complexes in exerting its protective
eﬀect against PQ, pretreatment with rotenone and CP
would be predicted to exert synergetic eﬀects on cell
viability. However, the fact that there was no signiﬁcant

diﬀerence in PQ toxicity between CP-only treatment and
the CP/rotenone-combination treatment groups implies
that PQ and CP act on the same mitochondrial target.
Taken together, these results indicate that PQ toxicity
results from the disruption of mitochondrial respiration
function and that CP protects dopaminergic neurons from
PQ toxicity by inhibiting mitochondrial complex I.
3.6. CP Prevents Dopaminergic Neuronal Loss in the Nigral
Pathway in the MPTP-Induced PD Mouse Model. Based on
the above results, we evaluated whether CP protects against
dopaminergic neuronal cell loss in vivo in a mouse model
of MPTP-induced PD. MPTP (1-methyl-4-phenyl-1,2,3,6tetrahydropyridine), which is converted to MPP+ by astrocytes, is known to cause dopaminergic neuronal loss by
inducing ROS production and mitochondrial dysfunction
[2]. After oral administration of CP into the MPTP mouse
model, we monitored the survival of TH+ (dopaminergic)
neurons. In these experiments, CP was injected three times
before and after MPTP treatment (Figure 4(f)). After 7 days,
mice were sacriﬁced and TH+ neurons were quantiﬁed. In
the MPTP-treated group, the number of TH+ cells in the
SNpc and the intensity of TH staining in the striatum
decreased to 40% and 60%, respectively, compared with
those in the control group; however, in mice treated with
CP, the corresponding values were 60% and 85%
(Figures 4(g)–4(i)). These results suggest that treatment
of a MPTP-induced PD mouse model with CP attenuates
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Figure 3: CP decreases mitochondrial function in SN4741 cells by reducing the amount of mitochondrial complex I. (a–c) Oxygen
consumption rate (OCR), a direct indicator of mitochondrial function, was measured using an XF24 analyzer after treating SN4741 cells
with 2.5 or 10 μg/ml CP for 24 h. (a) Measurement of changes in OCR (n = 15). (b) Bar graph showing basal OCR (n = 15). (c) Bar graph
showing proton leak (n = 15). (d) Activity of mitochondrial complex I-V isolated from SN4741 cells, determined by enzymatic assay (n = 9).
(e) The amount of mRNA for mitochondrial complex I–V subunits, determined by qPCR (n = 12). (f) Expression levels of mitochondrial
complex I–V subunit proteins were measured by Western blotting (n = 9). (g) Bar graph showing quantiﬁcation of mitochondrial
complex I-V subunit expression, measured by Western blotting (n = 9). (h) Expression levels of mitochondrial supercomplex I, II
proteins were measured by BN-PAGE (n = 3) (i) A bar graph (n = 3) showing quantiﬁcation of mitochondrial supercomplex protein
expression. All data are representative of three independent experiments. ∗∗∗ P < 0 001 by one-way ANOVA in (a–c) and by 2-tailed
unpaired Student’s t-test in (d, e, g, i); ns: not signiﬁcant. Error bars represent +SD.

toxin-induced dopaminergic neuronal loss by blocking the
target site of PQ action.

4. Discussion
Current treatments for PD, such as L-DOPA, MAO-B inhibitors, and dopamine agonists, cannot prevent the process of
dopaminergic neuronal cell loss [5]. For this reason, ~80%
of PD patients who have taken L-DOPA for 5 to 10 years will
be faced with levodopa-induced dyskinesia (LID), termed a
“wearing oﬀ” period. Because the pathogenesis of LID is
considered to reﬂect a profound loss of the dopaminergic
neurons that respond to L-DOPA, delaying or inhibiting
dopaminergic neuronal cell loss is important for reducing
the side eﬀects of current PD drugs and extending their
eﬃcacy beyond 10 years. The production of ROS by defective
or inhibited mitochondrial respiration is considered a causative factor for dopaminergic neuronal loss and the pathogenesis of PD [30, 31]. Unlike toxic environmental factors
that inhibit mitochondrial complex I, CP does not induce
mitochondrial ROS production. Moreover, it appears to be
superior in preventing dopaminergic neuronal cell death,
especially in a setting in which mitochondrial dysfunction
is induced by an environmental toxin.
A key to the protective eﬀect of CP on dopaminergic
neuronal cell loss is its ability to eﬀectively block the target
of PQ toxicity in mitochondria without aﬀecting cell viability.
The administration of PQ after CP pretreatment increased
the viability of SN4741 cells and rat primary cultured
dopaminergic neurons compared with cells in the PQ-only
control group. ROS production induced by PQ treatment

was also reduced by CP pretreatment, implying that mitochondrial complex I is a target of CP. The decreased activity
of mitochondrial complex I caused by the CP-induced
reduction in the synthesis of ND1 protein decreased PQ recycling—a mechanism of ROS production—thereby preventing
cell loss; notably, these CP eﬀects were not observed in
rotenone-pretreated SN4741 cells and mtDNA-deﬁcient
Rho0 cells. Treatment with exogenous ROS, H2O2, and CP
caused greater cell loss than what was observed in the control
group, and the expression of SOD, which is capable of
removing ROS, was decreased in the CP treatment group.
This implies that CP does not increase ROS-removal ability
but instead suppresses ROS generation by inhibiting PQ
recycling. Consistent with in vitro and ex vivo results,
dopaminergic neuronal cell loss was also ameliorated by
CP pretreatment in MPTP-treated PD model mice. Our
ﬁndings indicate that the inhibitory eﬀect of CP treatment
on mitochondrial complex I may provide a strategy for
protecting dopaminergic neurons and preventing neurotoxininduced PD.
An important major diﬀerence between CP and drugs
that induce PD is that CP eﬀectively inhibits mitochondrial
protein translation and complex formation but only to an
extent that does not result in intracellular toxicity. This is
exempliﬁed by CP-induced reductions in mitochondrial
functions, such as oxygen consumption rate, mitochondrial
activity, mitochondrial super-complex formation, and subunit protein expression, in the absence of eﬀects on the total
amount of ATP (data not shown) in cells or cell viability.
Although some previously published studies reported
that CP induces mitochondrial dysfunction and causes
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Figure 4: In vitro experimental models with reduced mitochondrial function exhibit higher resistance to PQ, and CP protects against
dopaminergic neuronal loss in the MPTP-induced PD mouse model. (a, b) To conﬁrm the mitochondrial dependence of PQ and the
additional protective eﬀects of CP, we examined the survival rates of wild-type Rho+ and mtDNA-deﬁcient Rho0 cells following treatment
with PQ or PQ plus CP. (a) Viability of Rho+ and Rho0 cell lines after treatment with 10 μg/ml CP and PQ was conﬁrmed using CCK8
assays (n = 15). (b) Bar graphs showing quantiﬁcation of cell viability following treatment with 2 mM PQ (n = 15). (c, d) Treatment with
the mitochondrial complex I inhibitor, rotenone, decreased mitochondrial function and cell viability, as conﬁrmed by PQ treatment in
SN4741 cells. (c) Cell viability, determined using CCK8 assays (n = 15). (d) Bar graphs showing quantiﬁcation of cell viability in 800 μM
PQ (n = 15). (f–h) MPTP and CP treatment conditions used in MPTP-induced PD mouse model experiments (n = 9). (e) A schematic
overview of the protective role of CP against PQ-induced neuronal cell loss on the basis of our results. (f) Mice were administered MPTP
four times per day and CP (50 mg/kg) was orally administered three times. One week after MPTP administration, mice were sacriﬁced
and the brain tissue was immunostained. (g) Dopaminergic neurons in the SNpc and striatum regions in brain tissue from MPTP-induced
PD mouse models were conﬁrmed by TH immunostaining (n = 9) (scale bars, left panel; 100 μm; right panel; 250 μm). (h, i) Bar graph
showing quantiﬁcation of the total number of dopaminergic neurons in the striatum region (n = 9). All data are representative of three
independent experiments. ∗∗∗ P < 0 001 by one-way ANOVA in (c, e) and by 2-tailed unpaired Student’s t-test in (h, i); ns: not signiﬁcant.
Error bars represent +SD.

neurotoxicity, they used a higher (cytotoxic) concentration of
CP than that used in our study [35].
We used two types of experimental models of PD: an
in vitro model using PQ-treated cell lines and an MPTPtreated mouse (in vivo) model of PD. Although these two
experimental models are not identical, both PQ and MPTP
cause toxicity by targeting the mitochondria of dopaminergic
neurons [1, 36]. PQ produces ROS through PQ recycling in
mitochondrial complex I, whereas MPTP is converted to
MPP+ to generate ROS via mitochondria; in both cases, the
result is neurotoxicity. Thus, both PQ and MPTP induce

dopaminergic neuronal cell loss through the eﬀects on mitochondria, and the protective eﬀect of CP was evident in both
models. Extending the eﬀectiveness of CP to sporadic PD
would require veriﬁcation of our results using an animal
model of PD-related gene mutants, such as the α-synuclein
A53T mutant model.
Ongoing research seeks to identify new and eﬃcacious
drugs for the growing world market for PD therapeutics.
One representative example is axitinib, a tyrosine kinase
inhibitor identiﬁed as part of the “Discovering New Therapeutic Uses for Existing Molecules” program that has been
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used to treat renal cell cancer [37]. Such drug repurposing,
deﬁned as the use of existing drugs that have passed numerous toxicity and clinical safety tests for new indications, can
identify new uses for old compounds and facilitate the introduction of new treatment strategies. This approach has
revealed that CP is a promising candidate for the treatment
of PD. The development of new therapies is a timeconsuming and extremely expensive process. By comparison,
new therapeutic applications of commercially available
therapeutic agents bypass extensive regulatory requirements since the safety of the therapeutic agent has already
been demonstrated.

5. Conclusions
Some studies have shown that protection of neuronal cells
by antibiotics, typically including ceftriaxone, rapamycin,
and rifampicin, is eﬀective in neurodegenerative diseases
[14–16]. Although antibiotics are used in PD to protect
neurons, previous studies have focused on inﬂammationbased mechanisms related to the known bactericidal/
bacteriostatic actions of these antibiotics, but little is
known in terms of their eﬀects on intracellular metabolism,
such as mitochondrial respiration. We have shown that CP
eﬀectively reduces mitochondrial damage within a concentration range that does not aﬀect cell survival and thus
eﬀectively protects against drugs that cause toxicity through
mitochondrial-dependent cell loss. PQ and MPTP are
widely used in the third world as herbicides. Clinical statistics indicate that many patients with PD, especially in rural
areas that use large amounts of pesticides, would beneﬁt
from a new treatment option that targeted mitochondrial
dysfunction, highlighting the importance of the current
study. If the diagnosis of presymptomatic PD patients is
possible through the development of PD biomarkers in
the future, CP could be beneﬁcial in delaying disease progression and reducing the severity of behavioral symptoms.
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Parkinson’s disease (PD), clinically characterized by motor and nonmotor symptoms, is a common progressive and multisystem
neurodegenerative disorder, which is caused by both genetic and environmental risk factors. The main pathological features of
PD are the loss of dopaminergic (DA) neurons and the accumulation of alpha-synuclein (α-syn) in the residual DA neurons in
the substantia nigra pars compacta (SNpc). In recent years, substantial progress has been made in discovering the genetic factors
of PD. In particular, a total of 19 PD-causing genes have been unraveled, among which some members have been regarded to be
related to mitochondrial dysfunction. Mitochondria are key regulators of cellular metabolic activity and are critical for many
important cellular processes including energy metabolism and even cell death. Their normal function is basically maintained by
the mitochondrial quality control (MQC) mechanism. Accordingly, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
kind of neurotoxin, exerts its neurotoxic eﬀects at least partially by producing its toxic metabolite, namely, 1-methyl-4phenylpyridine (MPP+), which in turn causes mitochondrial dysfunction by inhibiting complex I and mimicking the key
features of PD pathogenesis. This review focused on three main aspects of the MQC signaling pathways, that is, mitochondrial
biogenesis, mitochondrial dynamics, and mitochondrial autophagy; hence, it demonstrates in detail how genetic and
environmental factors result in PD pathogenesis by interfering with MQC pathways, thereby hopefully contributing to the
discovery of novel potential therapeutic targets for PD.

1. Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s disease (AD), from
which over 1% of the population older than 60 years of age
worldwide has suﬀered from related serious and even fatal illness [1]. The progressive loss of dopaminergic (DA) neurons
and the accumulation of α-synuclein (α-syn) in the residual
DA neurons in the substantia nigra pars compacta (SNpc)
are the main pathological features of the disease [2]. The clinical features of PD are generally subdivided into motor and
nonmotor symptoms. Motor symptoms mainly include muscle rigidity, bradykinesia, posture disorders, and resting
tremors. These symptoms are traditionally considered to
largely result from the loss of DA neurons in the SNpc [3].
Comparatively, the nonmotor symptoms of PD include
depression, cognitive impairment, hallucinations, sleep dis-

orders, olfactory disorders, and autonomic dysfunction.
Besides the fact that some of these nonmotor symptoms
may appear as early as one decade prior to the appearance
of motor dysfunction [1], more intriguingly, some of these
nonmotor symptoms in PD cannot be simply ascribed to
the loss of DA neurons in the SNpc. As a matter of fact, the
etiology of PD is yet to be fully deﬁned, which is generally
related to either genetic or environmental factors [4].
During the past two decades, substantial progress has
been made in genetic mapping and understanding the roles
of related genes in PD pathogenesis, especially single-gene
causative genes. About 15% of the patients with PD have a
family history, and 5-10% have been identiﬁed to have
genetic susceptibility factors known as Mendelian forms
[5]. To date, 19 pathogenic genes have been uncovered to
be involved in PD pathogenesis, including 10 autosomal
dominant genes and 9 autosomal recessive ones [6]. At
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present, SNCA (PARK1), LRRK2 (PARK8), CHCHD2
(PARK22), Parkin (PARK2), PINK1 (PARK6), and other
gene mutations are widely studied in PD pathogenesis [7, 8].
Although PD pathogenesis remains elusive, multiple
essential processes have been found to contribute to the higher
incidence among patients, including protein aggregation,
impairment of the ubiquitin-proteasome pathway, oxidative
stress, mitochondrial dysfunction, and neuroinﬂammation
[9]. Accumulated evidence from PD models in vitro and
in vivo suggested that mitochondrial dysfunction plays a
major role in the pathogenesis of PD [8, 10–12]. The connection between mitochondrial dysfunction and PD was originally inspired by the administration of the neurotoxin 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a byproduct of the chemical synthesis of pethidine that may
induce syndromes of PD [13, 14]. The neurotoxicity of
MPTP is derived from its toxic metabolite 1-methyl-4-phenylpyridine (MPP+), which has a suppressive capacity over
the electron transport chain by inhibiting the accumulation
of complex I in the mitochondria, thus leading to mitochondrial dysfunction [15, 16]. Toxicants such as rotenone and
paraquat, which are structurally similar to MPTP, further
demonstrated the vital role of MPTP in mitochondrial dysfunction [17]. Given the indispensability of mitochondria
within eukaryotic cells for energy metabolism, which is
mainly driven by oxidative phosphorylation (OXPHOS),
along with their involvements in many other physiological
processes such as programmed cell death, innate immunity,
autophagy, redox signaling, calcium homeostasis, and stem
cell reprogramming, the role of mitochondria has received
increasing attention during the pathogenesis of PD. Accordingly, its proper functioning is basically maintained by the
mitochondrial quality control (MQC) machinery, a highly
integrated network of signaling pathways, which is constantly involved in mitochondrial dynamics, biogenesis, and
mitophagy [18]. Conversely, a variety of key biosynthetic
processes such as ATP production, Ca2+ buﬀering, and apoptosis can be drastically undermined by impaired mitochondrial quality control pathways, which may in turn interfere
with overall cellular homeostasis [19]. Reactive oxygen species (ROS) are by-products of biological aerobic metabolism,
which include oxygen free radicals (such as superoxide anion
radical (O2⋅) and hydroxyl radical (⋅OH)), nonradical oxidants (such as hydrogen peroxide (H2O2)), and oxygencontaining free radicals (such as nitric oxide (NO) and peroxyl radical (⋅OOH)) [20]. ROS are mainly produced by
mitochondria, and maintaining low levels of ROS is critical
for normal cellular function [21]. When the steady state equilibrium between ROS and the antioxidant defense system is
destroyed, oxidative stress occurs, which not only causes
harmful oxidation of biological macromolecules such as
lipids, DNA, and proteins, but also causes the destruction
of dopaminergic neurons [20–23]. Antioxidants include antioxidant enzymes (e.g., superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase, and glutathione-S-transferase) and nonenzymatic antioxidant factors (e.g., melatonin,
carotenoid and some microelements) [24]. Thus, ROS
homeostasis plays a key role in maintaining the stability of
mitochondrial quality control. Therefore, a detailed under-
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standing of the precise role of the mitochondrial quality control pathways that underlie the pathogenesis of PD is
conducive to the discovery of novel therapeutic targets for
PD. In this review, we mainly focused on mitochondrial biogenesis, mitochondrial dynamics, and mitochondrial
autophagy in order to gain a better understanding of the latest advances in mitochondrial quality control in PD pathogenesis, based on both genetic and environmental risk
factors (see Figure 1).

2. Mitochondrial Biogenesis and PD
2.1. Mitochondrial Biogenesis. Mitochondrial biosynthesis
plays an important role in mitochondrial quality control by
creating new mitochondria to replace damaged mitochondria. Mammalian mitochondria are semiautonomous organelles containing products expressed from both mitochondrial
genomes and nuclear genomes [25–27]. Despite the fact that
the mitochondrial genome consists of circular doublestranded DNA (mtDNA), mitochondria still rely heavily on
the expression of the nuclear genome to achieve most of its
biological functions, possibly due to the limited coding
capacity of mtDNA [28]. Mitochondrial biogenesis is activated by numerous diﬀerent signals at the time of cellular
stress or in response to environmental stimuli (nutrient availability, growth factors and hormones, toxins, temperature
and oxygen ﬂuctuations, among others) to form new mitochondria to maintain and restore mitochondrial structure,
quantity, and function. Mitochondrial biogenesis is a complex and multistep cellular process, which not only involves
the synthesis of either the inner or outer mitochondrial
membrane but also involves the synthesis of mitochondrialencoded proteins, the synthesis and import of nuclearencoded mitochondrial proteins, and the replication of
mtDNA [29]. Furthermore, the normal development of
mitochondria requires coordinated expression of both the
mitochondrial genome and the nuclear genome [30]. Currently, the mitochondrial biogenesis process is considered
to be mainly regulated by peroxisome proliferator-activated
receptor-gamma (PPARγ) coactivator-1 alpha (PGC-1α)
[31]. Adenosine monophosphate protein kinase (AMPK)
and silent information regulator 1 (Sirt1) act as upstream
regulators of PGC-1α, which activate PGC-1α by phosphorylation and deacetylation, respectively [32]. Upon activation
of PGC-1α by phosphorylation or deacetylation, activated
PGC-1α in turn activates nuclear respiratory factors 1 and
2 (NRF1 and NRF2), resulting in increased levels of NRF1
and NRF2 expression and their activities [33]. Subsequently,
NRF1 and NRF2 activate mitochondrial transcription factor
A (Tfam) to drive the transcription and replication of mitochondrial DNA, inducing mitochondrial biogenesis [34].
ROS, functioning as intracellular signaling messengers, play
a key role in cell proliferation, apoptosis, and cellular oxidative damage [35]. Studies have shown that PGC-1α expression is regulated by ROS, thereby forming a potential
network between PGC-1α and ROS [36–38]. It was found
that NO can increase the expression of PGC-1α by activating
AMPK and SIRT1, and H2O2 can also regulate the expression
of PGC-1α through the AMPK pathway [32, 39]. At the same
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Figure 1: A schematic illustration of mitochondrial quality control in Parkinson’s disease. (a) Mitochondrial biosynthesis plays an important
role in mitochondrial quality control by creating new mitochondria to replace damaged mitochondria. (b) Mitochondrial dynamics include
both mitochondrial division and mitochondrial fusion, which are critical for maintaining mitochondrial homeostasis and normal function.
(c) Autophagy is generally a process by which cells degrade harmful or excessive cellular components and thus recycling components to
maintain the homeostasis.

time, PGC-1α can also potently reduce the generation of
mitochondrial-driven ROS, and loss of PGC-1α activity will
lead to an increase in ROS [36, 40]. These regulatory factors
play an important role in the maintenance of organelles and
the expression of nuclear and mitochondrial genes required
for biogenesis.
2.2. Abnormalities in Mitochondrial Biogenesis and Their
Implications for PD. PGC-1α dysregulation aﬀects mitochondrial biogenesis, leading to mitochondrial dysfunction, which
will cause disease. Next, we will mainly discuss the relationship between PD and PGC-1α imbalance. A decrease in
PGC-1α and the downregulation of various PGC-1α target
genes were observed in DA neurons of PD [11, 41], suggesting that dysfunctional PGC-1α is involved in the clinical
pathogenesis of PD. DA neurons in PGC-1α knockout mice
are more sensitive to the neurodegenerative eﬀects of MPTP
and other stressors [36]. The importance of PGC-1α in the
pathogenesis of PD was further revealed by the generation
of PGC-1α deﬁcient mice. PARIS is a transcriptional repressor that inhibits the expression of PGC-1α and its target gene
NRF1 [42, 43]. PINK1/Parkin not only promotes mitochondrial biosynthesis by inducing the proteasomal degradation
of PARIS to enhance PGC-1α transcription, but also directly

interacts with Tfam to induce mtDNA replication and transcription of mitochondrial genes [44]. It has been widely
accepted that the PINK1/Parkin gene acts as a major neuroprotective gene whose mutation is most likely to result in
abnormal mitochondrial biogenesis. Besides, its mutation is
the most common autosomal recessive form of PD. Quite a
few studies have shown that α-syn binds to the PGC-1α promoter under oxidative stress and leads to PGC-1α suppression, for which mitochondrial biogenesis is in turn
compromised [45]. In fact, it has been demonstrated in animal models that the inhibition of PGC-1α may sensitize
experimental models to the neurodegenerative eﬀects of
MPTP, α-syn, and other stressors [36, 46], whereas the overexpression of PGC-1α has been shown to rescue either
synaptic abnormalities caused by α-syn mutations or dopaminergic neuron loss induced by acute MPTP administration
[36, 47, 48]. Studies have reported that PGC-1α is a broad
and powerful regulator of ROS metabolism, and the expression of ROS antioxidant enzymes increases with the increase
of PGC-1α [37–39]. Oxidative damage caused by the deletion
of PGC-1α aggravates the degeneration of dopaminergic
neurons [36]. Epidemiological studies have shown that high
saturated fat diet is a risk factor for sporadic PD [49, 50].
The administration of palmitate to ICV in alpha-synuclein
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transgenic mice results in the hypermethylation of the PGC1α promoter in the substantia nigra (SN), which in turn
reduces PGC-1α gene expression and decreases mitochondrial content [51]. This further provides evidence that
PGC-1α inhibition can promote sporadic PD. At the same
time, research on PGC-1α is increasing in the search for PD
treatment methods. cAMP response element binding protein
(CREB) and activating transcription factor 2 (ATF2) are
transcriptional activators of PGC-1α. Studies have found that
metformin acts as a potential upstream regulator of mitochondrial gene transcription, stimulating PGC-1α promoter
activity via the CREB and ATF2 pathways [52]. Collectively,
previous studies indicated that PGC-1α, as a major regulator
of mitochondrial biogenesis, is indeed a pivotal component
involved in the pathogenesis of PD and may become a potential therapeutic target for PD.

3. Mitochondrial Dynamics and PD
3.1. Mitochondrial Dynamics. Mitochondria are dynamic
organelles that are continuously undergoing ﬁssion and
fusion in addition to organelle redistribution within the cytosol [53]. This property of mitochondria is collectively
referred to as mitochondrial dynamics, which is essential
for maintaining mitochondrial homeostasis and normal
function. For instance, the length, shape, size, and number
of mitochondria are basically controlled by their fusion and
ﬁssion [54]. Mitochondria normally comprise the outer
mitochondrial membranes (OMM) and the inner mitochondrial membranes (IMM), which constitute the border of the
intermembrane space (IMS) and the matrix [55]. Mitochondrial fusion is a dynamic process in which two mitochondria
not only fuse to form elongated mitochondria but also
undergo component exchange, resulting in the renewal of
the macromolecule as well as the ions [56, 57]. Furthermore,
mitochondrial fusion requires a coordinated operation
between the outer and inner membranes. In particular, mitochondrial fusion proteins in mammals are primarily composed of three members of the actin-related guanosine
triphosphatase (GTPases) family, i.e., mitochondrial proteins
(MFN) 1 and 2 and optic atrophy 1 (OPA1) [58]. MFN1 and
MFN2 are involved in OMM fusion, while OPA1 is involved
in IMM fusion [53, 59].
Mitochondrial division refers to the process of redistributing the mitochondrial matrix and mitochondrial DNA
into two new mitochondria by separating the mitochondrial
membrane, thereby isolating severely damaged mitochondria
or protecting mitochondria against irreversible damages
[60]. The dynein-related GTPase protein (DRP1) and mitochondrial ﬁssion (FIS1) are the major proteins responsible
for ﬁssion [56].
Moreover, mitochondrial dynamics not only maintains
the integrity of mitochondrial DNA and the balance of
oxidative respiration, intracellular biosynthesis, and intracellular calcium signaling pathways but also underlies
many essential processes, including neuronal remodeling
and apoptosis. Imbalances of mitochondrial division and
fusion often lead to structural alterations and dysfunction
of mitochondria. Abnormalities in mitochondrial fusion
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often cause mitochondrial fragmentation, whereas the formation of megamitochondria usually results from defects
in mitochondrial division. One of the most basic functions
of mitochondrial fusion is the functional complementarity
between mitochondria through the exchange of key components such as proteins from respiratory complexes as
well as mtDNA [61–64]. Drastic alterations in mitochondrial fusion are most likely to lead to an increased
mutation rate and genomic loss, which are deﬁnitely not
conducive to maintaining the integrity of mtDNA [65].
3.2. Environmental Factors for Mitochondrial Dynamics. The
kinetic defects within mitochondria usually become increasingly prominent during neurodegeneration, especially in
the pathogenesis of PD [66, 67]. In particular, imbalances
in the kinetic properties of neuronal mitochondria show
strong association with PD through both environmental
and genetic factors. For instance, an in vitro study using primary neurons showed that high concentrations of rotenone
eﬀectively induce mitochondrial division, whereas either
exogenous overexpression of MFN1 or dominant inactivation of DRP1 results in a higher incidence of mitochondrial
fusion, thus potentially preventing mitochondrial rupture as
well as rescuing neurons from injury-induced dendrite
degeneration and even neuronal death [68]. Similarly, Wang
et al. established a PD model by MPP+ administration in
order to determine the eﬀect of MPP+ on mitochondrial
dynamics. Their results have revealed that in neuronderived SH-SY5Y cells, MPP+ accelerates mitochondrial
fragmentation by increasing DRP1 expression levels and promoting the recruitment of DRP1 within mitochondria [69].
This study also showed that genetic inactivation of DRP1
completely blocks MPP+-induced mitochondrial fragmentation, and hence almost completely blocks downstream events
such as MPP+-induced bioenergy homeostatic disruption,
ROS production, and neuronal death, suggesting that
DRP1-dependent mitochondrial fragmentation is mediated
by MPP+-induced mitochondrial abnormalities. Excessive
mitochondrial fragmentation is associated with the pathology of sporadic PD. Santos et al. demonstrated that only
the inhibition of Drp1-induced ﬁssion and not Opa1induced fusion rescues mitochondrial deﬁcits in sporadic
cases [70]. Thus, cellular dysfunction caused by kinetic
defects within mitochondria plays a crucial role and may
become a novel therapeutic target for PD.
3.3. Genetic Risk Factors for Mitochondrial Dynamics. In
addition to toxins, speciﬁc mutations in the PD-related gene
also play a role in the imbalance of mitochondrial dynamics.
The α-syn protein is normally encoded by the SNCA
gene, while alterations in the genetic locus of the SNCA
gene have been found to encode dominant α-syn mutations (A53T, A30P, and E46K) besides having SNCA
gene duplication and triplication. Furthermore, the overexpression of pathogenic α-syn (A53T or A30P) induces
mitochondrial fragmentation by increasing the cleavage
of OPA1 to inhibit mitochondrial fusion, which either
MFN2 overexpression or DRP1 inhibition/elimination
does not improve, suggesting that pathogenic α-syn-
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mediated mitochondrial fragmentation is possibly caused
by defects in mitochondrial fusion/ﬁssion [71]. However,
other studies have shown that, by synthesizing PINK1,
Parkin, and DJ-1, fragmentation induced by pathogenic
α-syn can be successfully rescued [72]. In addition, a
recent study of rats overexpressing human A53T-α-synuclein (hA53T-α-syn) in the nigrostriatal pathway showed
that, consistent with the ﬁndings of Guardia-Laguarta
et al. [71], mitochondrial fragmentation induced by αsyn overexpression is at least partially reversed as well
via the administration of small molecule mitochondrial
division inhibitor-1 (mdivi-1) [73]. Nevertheless, whether
mdivi-1 has a therapeutic potential for PD is poorly
understood; hence, further exploration is needed.
Given that PINK1 and Parkin genes, as autosomal
recessive genes, encode a mitochondrial serine/threonine
protein kinase and a cytosolic E3 ubiquitin-protein ligase,
respectively, they are currently regarded as being commonly associated with susceptibility to PD [74, 75]. Under
normal conditions, the PINK1/Parkin signaling pathway
regulates mitochondrial homeostasis by promoting DRP1dependent mitochondrial division [76]. Based on the fact
that MFN1, MFN2, and DRP1 are substrates for the ubiquitination of Parkin [77], mitochondrial fragmentation
can be abolished simply by interfering with the calcium/calmodulin/calcineurin pathway, through which the
involvement of Parkin signaling is indeed required for
the dephosphorylation of DRP1 at serine 637 [78]. Moreover, the overexpression of PINK1/Parkin promotes
mitochondrial division, resulting in an increase in the
number of mitochondria, whereas the inactivation of
PINK1/Parkin suppresses MFN ubiquitination, leading to
the formation of megamitochondria [79]. The mutation
of the PARK7 gene encoding DJ-1 is associated with the
autosomal recessive form of early-onset PD [80, 81]. For
instance, the loss of the normal DJ-1 function may result
in mitochondrial fragmentation by an apparent decrease
in the level of mitochondrial fusion. Conversely, mitochondrial rupture caused by DJ-1 deﬁciency is eﬀectively
rescued by the overexpression of PINK1/Parkin [82].
These ﬁndings suggested that DJ-1 is most likely to be
directly involved in the PINK1/Parkin pathway, or at least
regulates their corresponding activity. The LRRK2
mutation is one of the most common genetic factors for
autosomal dominant parkinsonism, based on the fact that
the LRRK2 mutant generally increases the level of mitochondrial DRP1 through mutual interaction with DRP1,
thereby leading to severe mitochondrial rupture [83].
Together, alterations in mitochondrial dynamics are highly
likely to be involved in a common pathogenic pathway for
various genetic risk factors for PD, and may thus have
great potential to become novel therapeutic goals.

4. Mitochondrial Autophagy and PD
4.1. Mitochondrial Autophagy. Autophagy is generally a process by which cells degrade harmful or excessive cellular
components and thus recycle components to maintain
homeostasis. Similarly, the removal of damaged mitochon-
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dria by autophagy is deﬁned as mitochondrial autophagy
(mitophagy) [84]. On the other hand, autophagy is also subdivided into three categories as follows: macroautophagy,
microautophagy, and chaperone-mediated autophagy [85,
86]. Among them, macroautophagy is currently regarded as
being the most essential subtype of autophagy, which is
mainly composed of endoplasmic reticulum membranes, in
order for the formation of cellular components, e.g. the cytoplasm, organelles, and protein aggregates. Thus, autophagosomes are basically a result of their recruitment, and then
autophagosomes are normally transported to lysosomes for
further degradation [87–89]. Autophagy can be induced by
various forms of stress outside the cells such as starvation,
growth factor deprivation, hypoxia, DNA damage, protein
aggregates, damaged organelles, and intracellular pathogens
[90, 91]. Autophagy can simply be subdivided into selective
autophagy and nonselective autophagy depending on the
selectivity of degraded subjects. Mitochondrial autophagy is
a type of selective autophagy, meaning that mitochondria
are selectively recruited into isolation membranes, which
are sealed and then fused with lysosomes to eliminate the
trapped mitochondria [92, 93]. Diﬀerent steps of autophagy,
including the ampliﬁcation of the separation membrane and
the production of autophagosomes, are mediated by
autophagy-associated (Atg) proteins. More than 30 Atg proteins have so far been identiﬁed in yeast, among which Atg110, 12-14, 16, and 18 are regarded as “core Atg proteins,” and
are hence required for autophagosome formation [94–96].
The autophagosome marker MAP1 light chain 3 (LC3; a
homolog of yeast Atg8) in mammals is an ubiquitin-like protein covalently linked to phosphatidylethanolamine [97, 98].
LC3, normally located on the separating membrane and
autophagosome, is deﬁnitively required for the formation of
autophagosomes [99]. In yeast, Atg32 positioned on the
OMM can be directly (the cytosolic domain of Atg32 contains a WXXL-like Atg8-binding motif) or indirectly (when
bridged by Atg11) associated with Atg8 bound to the separation membrane to recruit mitochondria into the autophagosome [87, 100]. The homolog of Atg32 in mammals is BCL2-like protein 13 (BCL2L13), which binds to LC3 during
mitochondrial stress [101]. Mitochondrial autophagy is a
type of macroautophagy that selectively removes damaged
or nonessential mitochondria and hence plays an important
role in mitochondrial quality control. Impaired mitochondrial autophagy disrupts mitochondrial function and results
in the accumulation of defective organelles, inevitably leading to cell and tissue damages.
4.2. PINK1/Parkin Pathway and Mitochondrial Autophagy.
Among the identiﬁed signaling pathways that underlie mitochondrial autophagy, the PINK1/Parkin pathway and
receptor-mediated mitochondrial autophagy are more
closely related to PINK1/Parkin [102]. The PINK1 protein
encoded by PINK1 (PARK6) is a serine/threonine kinase,
and the Parkin protein encoded by the Parkin (PARK2) gene
is a RING ﬁnger containing the E3 ligase, which ubiquitinates
many mitochondrial outer membrane proteins [75, 103].
Mitochondrial depolarization-induced mitochondrial
autophagy is dependent on the PINK1/Parkin pathway,
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which is mediated by mitochondrial ubiquitination, which
allows mitochondria-induced ubiquitination and adaptor
proteins (p62, OPTN, and NDP52) to recognize each other
and recruit adaptor proteins to mitochondria [104–107].
LC3 then recognizes and interacts with the adaptor protein
to recruit ubiquitinated mitochondria to LC3-conjugated
phagocytic cells (precursors of autophagosomes) to initiate
autophagosome formation, and the depolarized mitochondria are ultimately degraded by lysosomal hydrolase [108].
Regarding normal mitochondrial function, PINK1 is
expressed and introduced into the mitochondria and then
rapidly passes through proteolysis; its expression level is
maintained at a rather low level. When mitochondria are
damaged, PINK1 proteolysis is inhibited, leading to the accumulation of PINK1 in damaged mitochondria, followed by
speciﬁc recruitment of Parkin from the cytoplasm into damaged mitochondria in order for ubiquitinated mitochondria
to initiate mitochondrial autophagy [109–112]. Therefore,
mitochondrial depolarization, ROS production, and protein
misfolding can trigger PINK1-mediated mitochondrial
autophagy [113].
Receptor-mediated mitochondrial autophagy is mediated
by mitochondrial autophagy receptors (BNIP3, NIX, and
FUNDC1), and mitochondrial autophagy receptors localized
on OMM interact directly with LC3 to mediate mitochondrial elimination [102]. Among them, Parkin-dependent ubiquitination of NIX and BNIP3 highlights the intricate
crosstalk between receptor-mediated mitochondrial autophagy and the PINK1/Parkin pathway [108]. Mutations in
PINK1 or Parkin cause defects in mitochondrial autophagy,
and accumulation of damaged mitochondria causes oxidative
stress and loss of nerve cells, which may be closely related to
the pathogenesis of PD [107, 109, 114–116]. Chen et al. conﬁrmed the role of Parkin and PINK1 in mitochondrial
autophagy by the α-synuclein (A53T) transgenic mouse
model [117]. When PINK1 or Parkin is deleted, these mice
have increased the size and number of inclusion bodies,
including neuronal inclusions of mitochondrial residual DA
neurons and autophagosome, accumulated in the early stages
prior to neurodegeneration, which further conﬁrms the
involvement of PINK1 and Parkin in mitochondrial clearance in vivo [117]. The PINK1/Parkin pathway is involved
in mitochondrial autophagy, so neurons lacking PINK1 or
Parkin are most likely to have defects in mitochondrial clearance and easily result in neuronal degeneration.
4.3. Other Genetic Risk Factors and Mitochondrial Autophagy.
ERK signaling regulates mitochondrial autophagy, and DJ-1
activates ERK2 independently of the PINK1/Parkin pathway
[118]. Previous studies have shown that the loss of DJ-1 leads
to a decrease in basal autophagy, which is associated with
decreased levels of phosphate-activated ERK2 [119]. The
LRRK2 encoded by the PARK8 gene is a member of the
leucine-rich repeat kinase family whose mutations are associated with autosomal dominant PD [120, 121]. Mutations in
LRRK2 are a common cause of familial and sporadic PD
[122]. Miro is an outer mitochondrial membrane protein,
which serves to anchor mitochondria to microtubule motors
[123, 124]. Mitochondria are highly mobile organelles whose
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movement should stop before mitochondrial autophagy
begins [125]. In the early stages of clearance of damaged mitochondria, Miro is removed from the mitochondrial outer
membrane, causing mitochondrial motion to cease, preparing
for subsequent mitochondrial autophagy [126]. Some studies
have previously shown that the PINK1/Parkin pathway
induces Miro degradation and releases kinesins from mitochondria [125]. Others have shown that LRRK2 promotes
the removal of Miro from damaged mitochondria by the formation of a complex with Miro, whereas the pathogenic
LRRK2 mutation, mainly LRRK2G2019S, disrupts the structural integrity of the complex, thereby slowing Miro removal
and causing mitochondrial stagnation as well as delaying subsequent mitochondrial autophagy [127].
4.4. Sporadic PD and Mitochondrial Autophagy. At present,
the research on the mitochondrial autophagy of PD mainly
focuses on familial PD, and there are few reports on sporadic
PD and mitochondrial autophagy. Since sporadic PD
accounts for 80%-85% of PD patients [128], it is particularly
important to further explore the link between sporadic PD
and mitochondrial autophagy. Many studies have already
mentioned that Miro-related mitochondrial clearance disorders have a strong relationship with mutations in the
PINK1/Parkin and LRRK2 genes. Recent studies have found
that there is some correlation between mitochondrial
autophagy and Miro in sporadic PD. Hsieh et al. found that
Miro deﬁciency also causes mitochondrial autophagy defects
in sporadic PD cases [127]. Studies have shown that lipid
synthesis plays a role in PINK1-PARK2-mediated mitochondrial autophagy, and SREBF1, which is part of the lipogenesis
pathway, has been shown to be a risk locus for sporadic PD
[129]. Miro and SREBF1 link the pathogenesis of familial
PD and sporadic PD, providing new ideas for exploring the
pathogenesis of PD, especially the pathogenesis of sporadic
PD. Miro and SREBF1 have also become potential targets
for PD therapy. At the same time, more and more scientists
have realized the importance of exploring the pathogenesis
of sporadic PD for PD prevention and treatment, and more
and more research will be done in this area.

5. Conclusions
Both environmental and genetic risk factors are involved in
various aspects of mitochondrial quality control (mitochondrial biogenesis, kinetics, and autophagy) during the pathogenesis of PD. Although its complexity is not fully
understood, recent studies have started to unravel the role
of speciﬁc signaling pathways (e.g., the PINK1/Parkin pathway) in biosynthesis, kinetics, and autophagy during the regulation of mitochondrial quality control processes. This
review summarized the current understanding of the mitochondrial quality control pathways that underlie the pathogenesis of Parkinson’s disease and evaluated whether each
signaling pathway and the related components could be
potential targets of the prevention, diagnosis, and treatment
of PD, based on both environmental and genetic risk factors
for the mitochondrial quality control pathways at the forefront of translational research in PD. Hopefully, our study
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provides researchers with insightful opinions, and even
points out promising general research directions, since each
potential target has not been explained in detail in each section. Given the continuous progress in understanding the
basic mechanism underlying the involvement of mitochondrial quality control pathways, it is widely believed that precision therapy in PD is most likely to precede breakthrough
in the near future.
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Alpha-macroglobulins are ancient proteins that include monomeric, dimeric, and tetrameric family members. In humans, and
many other mammals, the predominant alpha-macroglobulin is alpha-2-macroglobulin (α2M), a tetrameric protein that is
constitutively abundant in biological ﬂuids (e.g., blood plasma, cerebral spinal ﬂuid, synovial ﬂuid, ocular ﬂuid, and
interstitial ﬂuid). α2M is best known for its remarkable ability to inhibit a broad spectrum of proteases, but the full gamut of its
activities aﬀects diverse biological processes. For example, α2M can stabilise and facilitate the clearance of the Alzheimer’s
disease-associated amyloid beta (Aβ) peptide. Additionally, α2M can inﬂuence the signalling of cytokines and growth factors
including neurotrophins. The results of several studies support the idea that the functions of α2M are uniquely regulated by
hypochlorite, an oxidant that is generated during inﬂammation, which induces the native α2M tetramer to dissociate into
dimers. This review will discuss the evidence for hypochlorite-induced regulation of α2M and the possible implications of this in
neuroinﬂammation and neurodegeneration.

1. Structure and Function
α2M is a secreted protein that is present at 1.5–2 mg mL−1
and 1.0–3.6 μg mL−1 in human blood plasma and cerebral
spinal ﬂuid, respectively [1, 2]. The cage-like structure of
α2M (720 kDa) is formed by the assembly of four 180 kDa
subunits into two disulﬁde-linked dimers, which noncovalently associate to complete the tetrameric quaternary structure of the protein [3]. A bait region that contains a large
number of protease cleavage sites is responsible for the
incredibly diverse range of proteases that interact with α2M
[4]. Cleavage of the α2M bait region, which is in close physical proximity to a reactive thioester bond, results in covalent
trapping of proteases within a steric cage [5]. This process
involves a substantial conformational change that generates
a compact tetrameric form [6] and reveals the binding site
for the low-density lipoprotein receptor-related protein-1
(LRP1) [7, 8] (Figure 1(a)). For the purpose of this review,
the compact tetrameric protease-bound form of α2M is

referred to as transformed α2M. Transformed α2M (covalently bound to up to two protease molecules) is rapidly
cleared from the circulation via LRP1-facilitated endocytosis
(Figure 1(a)). As such, α2M can eﬃciently inhibit a myriad
of extracellular processes that are dependent on proteolysis.
Consistent with having an ancient origin in innate immunity, α2M is a promiscuous protein that noncovalently binds
to a diverse range of nonprotease ligands including cytokines
[9, 10], growth factors [9–14], apolipoproteins [15], and misfolded proteins [16–20]. Many noncovalent ligands of α2M
including the Alzheimer’s disease-associated Aβ peptide
[21], neurotrophins [14], and tumour necrosis factor-alpha
(TNF-α) preferentially bind to transformed α2M which is
generated following the reaction of native α2M with a protease or with small nucleophilic compounds that also target the
α2M thioester bond [6]. In these cases, it is proposed that
transformed α2M acts to limit the activities of noncovalently
bound ligands by facilitating their disposal via LRP1 [10, 22]
(Figure 1(a)). On the other hand, α2M can control signalling

2

Oxidative Medicine and Cellular Longevity

(a) Functions of tetrameric 훼2M
(i) Regulation of growth factors and cytokines
(ii) Protease trapping
(iii) Stabilisation of misfolded proteins
(iv) Clearance of protease-transformed tetrameric 훼2M via LRP1

(b) Functions of hypochlorite-modiﬁed dimeric 훼2M
(i) Diﬀerential regulation of growth factors and cytokines
(ii) Loss of protease trapping
(iii) Strongly enhanced binding of misfolded proteins
(iv) Clearance of hypochlorite-modiﬁed 훼2M dimers via LRP1

Extracellular
Cytokine and growth factor binding

Hypochlorite

Protease trapping
Altered cytokine and growth factor binding

훼2M

transformation

Misfolded protein stabilisation

Loss of protease trapping
Enhanced binding to misfolded proteins

LRP1-mediated clearance of transformed 훼2M

LRP1-mediated clearance of dimeric 훼2M

Cell signalling
Receptor-mediated endocytosis and lysosomal degradation
Intracellular

Figure 1: Schematic diagram showing the function consequences of hypochlorite-induced modiﬁcation of α2M. (a) Native α2M, a tetramer
(shown in green), is constitutively present in biological ﬂuids and covalently binds to a broad range of proteases. Binding to proteases results
in a conformational change that exposes the binding site on α2M for LRP1, which is responsible for the clearance of the protease-transformed
α2M complex (shown in dark blue). α2M also binds to a large number of noncovalent ligands including cytokines and misfolded proteins. In
many cases, noncovalent binding of ligands occurs preferentially to the protease-transformed conformation (not shown). In the instance that
native α2M binds noncovalently to a nonprotease substrate, protease interaction is required to enable clearance of the complex via LRP1.
(b) Reaction with hypochlorite induces the dissociation of the native α2M tetramer into dimers. This process abolishes the protease-trapping
activity of α2M; however, the binding to some cytokines (i.e., TNF-α, IL-2, and IL-6) and misfolded proteins is enhanced. On the other hand,
the binding of α2M to other noncovalent ligands (i.e., β-NGF, PDGF-BB, TGF-β1, and TGF-β2) is reduced. The dissociation of the
native α2M tetramer into dimers reveals the binding site on α2M for LRP1. Therefore, α2M dimers can facilitate the clearance of
substrates in a protease-independent manner. N.B.: Inﬂammatory processes potentially elevate levels of protease-transformed α2M and
hypochlorite-modiﬁed α2M dimers, concomitantly.

pathways via alternative mechanisms. For example, the binding of α2M to phosphorylated insulin-like growth factor
binding protein-1 abrogates its inhibitory eﬀects on insulinlike growth factor-1 (IGF-1); therefore, in some scenarios,
α2M can potentiate growth factor signalling [13]. Another
example whereby α2M is reported to potentiate growth factor
signalling involves the pronerve growth factor (pro-NGF),
which induces the expression of TNF-α via stimulating the
neurotrophin receptor p75 [11]. Although α2M potentiates
pro-NGF signalling in vitro, α2M is reported to inhibit the
activity of mature NGF by binding either to NGF or to Trk
receptors [12, 23, 24].
The accumulation of misfolded proteins is inherently
deleterious to living organisms and underlies the pathology
of many human diseases including Alzheimer’s disease,

Parkinson’s disease, and motor neuron disease. α2M is
one of a small number of secreted proteins that are known
to possess holdase-type chaperone activity, which is the
ability to stabilise misfolded proteins and prevent their
aberrant aggregation [16–20, 25]. The chaperone function
of α2M has been demonstrated in vitro using a broad
range of misfolded clients including denatured globular
proteins and aggregation prone, intrinsically disordered substrates (e.g., Aβ peptide and Parkinson’s disease-associated
alpha-synuclein). Furthermore, it has been shown that
α2M preferentially binds several plasma proteins in situ following experimentally-induced shear stress which causes
plasma protein aggregation [18, 19]. The likely fate for
complexes formed between native α2M and misfolded
proteins is clearance via LRP1 following interaction with a
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protease [16, 22, 25–27] (Figure 1(a)). However, proteasetransformed α2M can also inhibit Aβ aggregation via
degrading the peptide because trapped proteases remain
active following covalent binding to α2M [18, 19]. The neuroprotective activity of α2M against the toxicity induced by
misfolded proteins has been demonstrated using several
in vitro models [17, 25, 27, 28] and has also been demonstrated in rats directly injected with toxic Aβ oligomers
[29]. Taken together, the results of these studies support
the conclusion that the functions of α2M are broadly
important to extracellular proteostasis.

2. α2M and Neurodegenerative Diseases
Interest in the role of α2M in Alzheimer’s disease spans
several decades. In part, this stems from early reports that
polymorphisms in α2M are associated with increased risk of
Alzheimer’s disease in some populations [30–36]. However,
opposing results have also been presented [37, 38], and more
recent genome-wide association studies have not found any
association [39]. It has recently been reported that serum
α2M is elevated in men with preclinical Alzheimer’s disease,
which potentially represents a general response to neuronal
injury [40]. The signiﬁcance of elevated levels of α2M is hard
to determine, because aside from inﬂuencing Aβ aggregation
and clearance, there are many other relevant biological
processes that α2M potentially inﬂuences. For example, apolipoprotein E (ApoE) is an endogenous ligand of α2M in
blood plasma, and the binding of α2M to the ε4 isoform
(the strongest known genetic risk factor for Alzheimer’s disease) is much less compared to the binding of α2M to the ε2
and ε3 ApoE isoforms [15]. The functional importance of
this interaction has yet to be solved.
There is strong evidence that native α2M can inhibit the
aggregation and toxicity of Aβ peptide (the major constituent
of extracellular plaques in Alzheimer’s disease). Furthermore,
the widely documented ability of α2M to facilitate the clearance of the Aβ peptide is central to its neuroprotective action
[17, 25, 27–29]. α2M is found colocalised with the Aβ peptide
in the brain in Alzheimer’s disease [41, 42], which supports
the idea that the LRP1-mediated clearance of α2M-Aβ complexes is impaired or overwhelmed. Similar to α2M, there
are conﬂicting reports regarding an association between
polymorphisms in LRP1 and the risk of Alzheimer’s disease
(reviewed in [43]). Given that the accumulation of the Aβ
peptide in the brain in Alzheimer’s disease appears to be
the result of a defect in clearance, rather than elevated production of the peptide [44], it is important to understand
the contribution of α2M to the clearance of the Aβ peptide
in greater detail.
Roles for α2M in preventing or promoting neurodegeneration independent of Alzheimer’s disease are less clear.
Nevertheless, α2M is reported to bind to a broad range of
misfolded proteins including the infectious prion protein
that is responsible for transmissible spongiform encephalopathies [45] and α-synuclein, the major constituent of misfolded protein deposits in Parkinson’s disease [17]. In the
case of the prion protein, it has been reported that binding
to α2M in vitro facilitates the conformational change in the
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prion protein that is responsible for its infectious characteristics [45]. On the other hand, similar to the protective eﬀect of
α2M on Aβ toxicity, the binding of α2M to α-synuclein is
cytoprotective [17]. α2M also potentially inhibits neurodegeneration by inﬂuencing the activity of neurotrophins such
as NGF and pro-NGF or by inhibiting the activity of neurotrophin receptors directly [12, 23, 24]. The latter could have
relevance in a range of neurodegenerative diseases including
Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease in which aberrant neurotrophin signalling is implicated [46]. Moreover, the ability of α2M to bind to proinﬂammatory mediators such as TNF-α, IL-6, and IL-1β [47–49]
supports the idea that α2M has generalised importance in
controlling inﬂammatory processes including in the central
nervous system.

3. Hypochlorite, a Novel Regulator of
α2M Functions
Hypochlorite (OCl-) is a powerful oxidant that is produced
by the action of the enzyme myeloperoxidase during inﬂammation. Myeloperoxidase is not detected in the brains of
healthy individuals; however, in neuroinﬂammatory disorders, myeloperoxidase is generated by activated microglia
and astrocytes [50–54]. Inﬁltrating monocytes/macrophages
and neutrophils can also contribute to myeloperoxidase
production in the brain [50, 55]. Although the reasons for
this are unclear, myeloperoxidase-immunoreactivity is also
detected in neurons in Alzheimer’s disease [50, 51]. Interestingly, in a mouse model of Parkinson’s disease, ablation of
the myeloperoxidase gene is protective, which supports the
conclusion that myeloperoxidase is a major contributor to
the oxidative damage generated by pathological neuroinﬂammatory processes [56].
Hypochlorite production is primarily considered important for defence against invading microbes [57]. The eﬀectiveness of hypochlorite as a microbicidal agent is linked to
the potency with which hypochlorite damages proteins,
inducing their misfolding [58, 59]. Given that reaction with
hypochlorite is not speciﬁc to molecules of microbial origin,
the generation of hypochlorite is associated with collateral
damage to the host organism. As a result of aberrant inﬂammatory activity, hypochlorite-modiﬁed proteins accumulate
in a large number of pathologies including Alzheimer’s
disease [51], atherosclerosis [60], kidney disease [61], rheumatoid arthritis [52] and in experimental animal models of
Parkinson’s disease [56] and multiple sclerosis [62].
Hypochlorite-induced modiﬁcation can directly cause proteins to adopt immunostimulatory and cytotoxic properties.
For example, hypochlorite-induced modiﬁcation of apolipoprotein B-100, the major protein component of low-density
lipoprotein particles, promotes macrophage foam cell formation and triggers platelet aggregation [63]. Additionally,
hypochlorite-modiﬁed albumin is known to promote proinﬂammatory signalling [64], endothelial cell dysfunction
[65], and apoptosis [66].
It is well-known that antioxidants are the ﬁrst line of
defence that protects the host from excessive oxidative damage during inﬂammation. However, evidence has emerged
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(i) Native 훼2M tetramer

(ii) Transformed 훼2M tetramer

+ Protease

(iii) 훼2M dimers

(iv) Native PZP dimer

+ Hypochlorite

(a)

(b)

Figure 2: Theoretical model showing the binding sites for monomeric Aβ on native α2M and PZP. (a) The binding sites for monomeric Aβ
(magenta; centred at amino acids 1314–1365 according to [21]) are normally concealed at the noncovalent interface of the (i) native α2M
tetramer. (ii) Binding to proteases (yellow triangles) results in the partial opening of the noncovalent interface between α2M dimers and
exposes the binding sites for monomeric Aβ on each subunit of transformed α2M. (iii) The binding sites for monomeric Aβ are also
exposed by hypochlorite-induced dissociation of the native α2M tetramer into dimers. (iv) Native PZP (a disulﬁde-linked dimer) shares
82.7% sequence identity with α2M in the Aβ binding region (magenta). The dimeric quaternary structure of native PZP results in surface
exposure of the binding sites for monomeric Aβ. Although the binding sites for other misfolded proteins are not known, intuitively, they
are also located at the normally buried hydrophobic interface of noncovalently associated α2M dimers. (b) Image of the crystal structure of
the transformed α2M tetramer from PBD 4ACQ [3] with the binding sites for monomeric Aβ shown in magenta, which is comparable to
the model shown in (a (ii)). The crystal structures of native α2M or hypochlorite-modiﬁed α2M dimers have not been solved.

that supports the conclusion that specialised hypochloriteinducible systems are also important. Around a decade ago,
it was demonstrated that the activity of the bacterial chaperone Hsp33 is directly enhanced following reaction with hypochlorite and the chaperone activity of hypochlorite-modiﬁed
Hsp33 protects bacteria from hypochlorite-induced death
[59]. More recently, it has been demonstrated that reaction
with hypochlorite induces the dissociation of the native
α2M tetramer into dimers that have dramatically enhanced
chaperone activity compared to the native α2M tetramer
[25] (Figure 1(b)). The mechanism responsible for the
enhanced chaperone activity of hypochlorite-modiﬁed
α2M dimers involves the exposure of the normally buried
hydrophobic surfaces that are situated at the interface of
noncovalently-associated dimers in the native α2M tetramer [25] (Figure 2). It has been reported that methionine
oxidation is largely responsible for the hypochloriteinduced dissociation of α2M into dimers [67]; however,
aromatic amino acids are also modiﬁed by physiologically
relevant levels of hypochlorite [25, 68, 69]. The results of
biophysical analyses show that physiologically-relevant
levels of hypochlorite also alter the secondary structure of
α2M subunits [25, 68]. Precisely how hypochlorite-induced
modiﬁcation of the secondary structure of α2M inﬂuences
its functions is not known.
During inﬂammation, extracellular protease activity
and the generation of hypochlorite are both elevated;
therefore, it is plausible that protease-transformed α2M

and hypochlorite-induced α2M dimers are concomitantly
generated in vivo. Hypochlorite-induced modiﬁcation of
native α2M exposes its LRP1 binding sites ([25, 70]); therefore, during inﬂammation, α2M and its cargoes are potentially cleared via two distinct mechanisms involving LRP1
(Figure 1(a): protease-transformed α2M and Figure 1(b):
hypochlorite-induced α2M dimers). The dissociation constant
for the binding of hypochlorite-modiﬁed α2M to LRP1 is
reportedly ~0.7 nM [70] compared to 40 pM—2 nM for the
transformed α2M [71]. Unlike native α2M, reaction with
hypochlorite does not induce transformed α2M (generated
using methylamine) to dissociate into dimers, and the resultant hypochlorite-induced damage reduces the binding of
transformed α2M to LRP1 [70]. Therefore, during inﬂammation, the generation of hypochlorite potentially enhances the
delivery of hypochlorite-modiﬁed α2M dimers that are generated from the native α2M tetramer to LRP1, while impeding
the delivery of transformed α2M to the same receptor.
Although the chaperone activity of native α2M is
enhanced following hypochlorite-induced modiﬁcation, similar levels of hypochlorite-induced modiﬁcation abolish the
protease trapping function of α2M [72, 73]. Collectively, the
evidence suggests that reaction with hypochlorite is a rapid
switch that regulates the activities of α2M during inﬂammation. Supporting this idea, it has been reported that
hypochlorite-induced modiﬁcation of α2M also regulates its
binding to cytokines and growth factors in a manner that
increases its binding to TNF-α, IL-2, and IL-6 (involving
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preferential binding to hypochlorite-induced α2M dimers)
and decreases its binding to β-NGF, PDGF-BB, TGF-β1,
and TGF-β2 in vitro [74] (Figure 1(b)). Furthermore,
hypochlorite-induced dissociation of α2M enhances its cytoprotective eﬀect against TNF-α in vitro [74]. Interestingly, it
has been reported that the complement system, which
includes several proteins that are closely related to α2M,
is also activated by reaction with hypochlorite [75, 76].
Therefore, it is tempting to speculate that hypochloriteinduced regulation is a characteristic that is shared by this
family of proteins.
Studies of the hypochlorite-induced regulation of α2M are
currently limited to in vitro systems; however, using the speciﬁc marker for reaction with hypochlorite 3-chlorotyrosine,
it has been shown that α2M is modiﬁed by hypochlorite in
synovial ﬂuid from inﬂamed joints [69]. Moreover, considering that hypochlorite levels are predicted to reach the low
millimolar range in tissues during inﬂammation [77], it
is plausible that hypochlorite-modiﬁed α2M dimers are
generated in biological ﬂuids during inﬂammation. Of the
studies reporting an association between mutation in α2M
and risk of Alzheimer’s disease, one study has reported that
there is a synergistic eﬀect between polymorphisms in α2M
and myeloperoxidase and an increased risk of Alzheimer’s
disease [36]. The results of the latter study support the idea
that the functions of these two proteins might interrelate in
a way that is important to neurodegeneration. It is not currently known if any of the other identiﬁed extracellular chaperones (e.g., clusterin and haptoglobin) might also have their
activities regulated by hypochlorite-induced modiﬁcation,
but this is an area worthy of future investigation.

4. PZP, a Dimeric α2M-like Molecule
The major structural modiﬁcation induced by reaction with
hypochlorite that is responsible for functionally controlling
α2M is the dissociation of the native α2M tetramer into
dimers. Strikingly, many mammals are capable of generating
large amounts of a dimeric α2M-like protein known as pregnancy zone protein (PZP). In humans, α2M and PZP share
very high sequence homology in all domains (71% amino
acid identity), with the exception of the bait region [4, 78].
As a result, the ability of PZP to inhibit proteases is much
more restricted compared to that of α2M. Few in vitro
studies have focused on characterising the functions of
PZP; however, it has been proposed that PZP contributes
to regulating glycodelin-A (a paracrine mediator in early
pregnancy) and TGF-β2 (important for embryonic development) [12, 79–81]. Consistent with this idea, PZP is usually
lowly abundant in biological ﬂuids but is markedly upregulated in pregnancy [82]. On the other hand, glycodelin-A
and TGF-β2 are also ligands for constitutively abundant
α2M ([12, 79–81]); therefore, the precise importance of PZP
as a modulator of these signalling pathways remains unclear.
Similarly, several neurotrophins are shared ligands of PZP
and α2M, but the precise biological importance of these interactions is not known [12]. Pregnancy-independent expression of PZP is widely reported in diseases such as
Alzheimer’s disease [83, 84], Parkinson’s disease [85],
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rheumatoid arthritis [86], Behcet’s syndrome [87], psoriasis [88, 89], Chagas disease [90], viral infection [91, 92],
inﬂammatory bowel disease [93], and cancers [94, 95]. The
latter observations support the idea that the upregulation of
PZP could be a general stress response that is related to
chronic inﬂammation. This limits the usefulness of PZP as a
diagnostic marker; however, the results of studies of lymphoma and arthritis patients suggest that PZP levels are potentially useful for monitoring disease progression [95, 96].
The ability of native tetrameric α2M to inhibit Aβ aggregation is restricted to binding to soluble Aβ oligomers formed
early during the aggregation pathway [20]. In contrast, transformed α2M and hypochlorite-modiﬁed α2M dimers bind to
monomeric Aβ [21, 25], presumably via the hydrophobic
binding site (centred at amino acids 1314–1365) identiﬁed
by [21] (Figure 2). Intuitively, surface exposure of this site contributes to the eﬃciency with which hypochlorite-modiﬁed
α2M dimers inhibit Aβ amyloid formation compared to native
α2M [25]. Similarly, the results of recent studies show that PZP
binds to the monomeric Aβ peptide and prevents the aggregation of the Aβ peptide much more eﬃciently than native α2M
[97]. Whether or not PZP contributes to the clearance of the
Aβ peptide in vivo is currently unknown; however, it has
been demonstrated that PZP levels are elevated in women
with presymptomatic Alzheimer’s disease and PZP is found
colocalised with microglia around Aβ plaques in the brain
in Alzheimer’s disease [83, 84]. Combined, these observations suggest that PZP is likely to participate in Aβ homeostasis. Whether or not the role of PZP overlaps with or is
discrete from that of α2M remains to be determined.

5. Concluding Remarks
α2M is a remarkably multifunctional protein that can inﬂuence a broad range of biological processes. Direct injection
of α2M into inﬂamed joints has been shown to have protective
eﬀects in a rodent model of osteoarthritis ([98]); however, the
eﬃcacy and safety of this as a human therapy is not yet
known. An alternative α2M-based anti-inﬂammatory strategy
involves the oral administration of proteases, which is proposed to increase levels of transformed α2M in blood plasma
[99, 100]. This strategy is clearly limited by the poor bioavailability of orally administered proteases, but this problem
could potentially be overcome by the identiﬁcation of
bioavailable small molecule modiﬁers of α2M function.
Growing evidence suggests that hypochlorite-induced
dissociation of α2M into dimers is a rapid switch that
enhances the ability of α2M to facilitate the clearance of
disease-associated misfolded proteins and proinﬂammatory
cytokines during inﬂammation. This is potentially a broadly
important process that occurs in response to inﬂammation,
including in neurodegenerative disorders in which neuroinﬂammation is known to be an early event that precedes other
pathological changes (reviewed in [101]). A deeper understanding of the physiological relevance of hypochloriteinduced α2M dimers has the potential to shed much
needed light on the participation of α2M in controlling
inﬂammatory processes and extracellular protein homeostasis during neuroinﬂammation.
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Trace metals such as zinc (Zn), copper (Cu), and nickel (Ni) play important roles in various physiological functions such as
immunity, cell division, and protein synthesis in a wide variety of species. However, excessive amounts of these trace metals
cause disorders in various tissues of the central nervous system, respiratory system, and other vital organs. Our previous analysis
focusing on neurotoxicity resulting from interactions between Zn and Cu revealed that Cu2+ markedly enhances Zn2+-induced
neuronal cell death by activating oxidative stress and the endoplasmic reticulum (ER) stress response. However, neurotoxicity
arising from interactions between zinc and metals other than copper has not been examined. Thus, in the current study, we
examined the eﬀect of Ni2+ on Zn2+-induced neurotoxicity. Initially, we found that nontoxic concentrations (0–60 μM) of Ni2+
enhance Zn2+-induced neurotoxicity in an immortalized hypothalamic neuronal cell line (GT1-7) in a dose-dependent
manner. Next, we analyzed the mechanism enhancing neuronal cell death, focusing on the ER stress response. Our results
revealed that Ni2+ treatment signiﬁcantly primed the Zn2+-induced ER stress response, especially expression of the CCAATenhancer-binding protein homologous protein (CHOP). Finally, we examined the eﬀect of carnosine (an endogenous peptide)
on Ni2+/Zn2+-induced neurotoxicity and found that carnosine attenuated Ni2+/Zn2+-induced neuronal cell death and ER
stress occurring before cell death. Based on our results, Ni2+ treatment signiﬁcantly enhances Zn2+-induced neuronal cell
death by priming the ER stress response. Thus, compounds that decrease the ER stress response, such as carnosine, may be
beneﬁcial for neurological diseases.

1. Introduction
In many organisms, trace metals such as zinc (Zn), copper
(Cu), and nickel (Ni) play important roles in various physiological functions such as immunity, cell division, and protein
synthesis. Indeed, these trace metals are well-known cofactors for hundreds of enzyme proteins [1]. Thus, deﬁciency
of these trace metals causes immune system dysfunction,
physical development retardation, dwarﬁsm, learning disabilities, and taste and olfaction disorders in humans [2, 3].
However, excessive amounts of these trace metals cause disorders of various organs, such as the central nervous system
and respiratory system.

In particular, disorders involving excessive amounts of
zinc in the central nervous system have been attracting
keen attention. Zn binds ﬁrmly to certain metalloproteins
and enzymes in their steady state but has also been shown
to exist in the form of free Zn ions (Zn2+) or loosely bound to
proteins in a subset of excitatory neurons [4]. In pathological
situations such as stroke or transient global ischemia,
interrupted blood ﬂow induces excessive release of Zn via
long-lasting membrane depolarization [5]. The released Zn
accumulates in neurons and induces neuronal cell death
[6, 7]. These ﬁndings suggest that Zn is a key modulator of
delayed neuronal cell death after ischemic injury, and moreover, Zn neurotoxicity is central to the pathogenesis of
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poststroke dementia [8]. Furthermore, Zn is reportedly
involved in the progression of Alzheimer’s disease [9].
We previously examined molecular mechanisms underlying Zn2+-induced neurotoxicity using an immortalized
hypothalamic neuronal cell line (GT1-7) and found that
Zn2+ induced a marked upregulation of endoplasmic reticulum (ER) stress-related genes, especially CCAAT-enhancerbinding protein homologous protein (CHOP) and growth
arrest and DNA damage-inducible gene 34 (GADD34), and
loss of mitochondrial membrane potential (mitochondrial
injury) [10]. These results suggested that Zn2+ induces neuronal cell death via the ER stress response and mitochondrial
injury. We also identiﬁed compounds capable of decreasing
Zn2+-induced neurotoxicity and neuronal cell death, including carnosine (an endogenous dipeptide), pyruvic acid (an
organic acid involved in glycolysis and the tricarboxylic acid
cycle), and thioredoxin-albumin fusion protein (HSA-Trx;
an antioxidative protein) [10–12].
Other trace metals, such as Cu2+, Ni2+, iron (Fe2+, Fe3+),
and manganese (Mn2+), are also present in the brain and/or
cerebrospinal ﬂuid [13, 14]. Recent studies suggest that intracellular Cu2+ accumulates in synaptic vesicles and is then
released into the synaptic cleft during neuronal excitation,
with a reported concentration of Cu2+ in the synaptic cleft
of 2–15 μM [15–17]. The translocated Cu2+ inﬂuences various receptors, including AMPA-type glutamate and GABA
receptors, and contributes to the modulation of neuronal
excitability [16]. Mn2+ is important both for neurotransmitter synthesis and as a component of superoxide dismutase 2
in mitochondria [18]. However, excessive amounts of Mn2+
are thought to induce neurotoxicity and cause a Parkinson’slike syndrome [19]. Ni2+ also reportedly causes neurotoxicity,
reactive oxygen species (ROS) production, and mitochondrial dysfunction in neuronal cells [20]. Considering these
reports, other trace metals may interact with Zn2+ in brain
tissue and synaptic clefts, to act together in neuronal cells.
Therefore, we recently examined the eﬀects of various metal
ions on Zn2+-induced neurotoxicity in GT1-7 cells and found
that Cu2+ or Ni2+ enhanced Zn2+-induced neurotoxicity [21].
Moreover, we found that Cu2+ enhanced Zn2+-induced neurotoxicity by activating oxidative stress, the ER stress
response, and mitochondrial injury [11, 21, 22]. However,
the mechanisms by which Ni2+ enhanced Zn2+-induced neurotoxicity have not been examined.
Based on the results of our previous study [21], we ﬁrst
examined whether Ni2+ enhanced Zn2+-induced neurotoxicity using GT1-7 cells in the current investigation. As a result,
we found that Ni2+ (nontoxic concentrations by single treatment) enhanced Zn2+-induced neurotoxicity in GT1-7 cells
via a mechanism involving the ER stress response. Furthermore, we examined the eﬀect of carnosine, an endogenous
peptide, on neuronal cell death induced by cotreatment with
Ni2+ and Zn2+.

2. Materials and Methods
2.1. Chemicals and Reagents. An antibody against actin
(SC-47778) was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies against CHOP (#5554) and
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goat anti-rabbit IgG (horseradish peroxidase- (HRP-) conjugated, #7074) were purchased from Cell Signaling Technology Japan (Tokyo, Japan). Tauroursodeoxycholic acid
(TUDCA) was purchased from Tokyo Chemical Industry
(Tokyo, Japan). The Zinc Assay Kit was purchased from
Metallogenics Co. Ltd. (Chiba, Japan). HRP-conjugated donkey anti-mouse IgG was purchased from GE Healthcare
Japan (Tokyo, Japan). Carnosine, ZnCl2, NiCl2, and RIPA
buﬀer (20 mmol/L Tris-HCl (pH 7.4), 0.05 w/v% NP-40 substitute, 2.5 mmol/L MgCl2, and 200 mmol/L NaCl) were purchased from Wako Pure Chemicals (Tokyo, Japan). Protease
and phosphatase inhibitors (87786 and 78420), NuPAGE®
Novex 4–12% Bis-Tris Protein Gel, iBlot™ Transfer Stack,
and SuperSignal™ West Dura Extended Duration Substrate
were from Thermo Fisher Scientiﬁc K.K. (Tokyo, Japan).
2.2. Cell Culture. GT1-7 cells, which were provided by Dr. R.
Weiner, University of California San Francisco, were grown
in Dulbecco’s Modiﬁed Eagle’s Medium/Ham’s Nutrient
Mixture F-12 supplemented with 10% fetal bovine serum.
After trypsin digestion, cells were resuspended in serumfree medium, distributed into culture dishes, and cultured
in a humidiﬁed incubator (7% CO2) at 37°C [12].
2.3. Measurement of Cell Viability, Cytotoxicity, and Reactive
Oxygen Species (ROS) Levels. Cell viability was measured
as described previously [21, 23]. Brieﬂy, dissociated GT17 cells were distributed into 96-well culture plates at a density
of 3 × 104 cells per well in 200 μL of culture medium.
After 24 h incubation, cells were treated with or without
N-acetylcysteine (NAC: 0–250 μM), carnosine (0–4 mM),
or TUDCA (0–100 mM) prior to the addition of NiCl2 and
ZnCl2 to the medium. After 24 h exposure, cell viability
was quantiﬁed using CellTiter-Glo® 2.0 (Promega Corporation, Madison, WI). Cytotoxicity was quantiﬁed using an
LDH-Glo™ Cytotoxicity Assay kit (Promega Corporation,
Madison, WI) after exposure for 24 h.
GT1-7 cells were precultured in black 96-well microplates (3 × 104 cells/well). After incubation for 24 h, cells
were incubated with 2 ′ ,7 ′ -dichlorodihydroﬂuorescein diacetate (DCFHDA, 100 μM), an indicator of ROS, in the
absence (control) or presence of NiCl2 and/or ZnCl2 for 2
h. ROS levels were then measured using a microplate reader
(Tecan, Kawasaki, Japan) (Ex: 480 nm; Em: 530 nm).
2.4. Real-Time RT-PCR. Dissociated GT1-7 cells were distributed into 6-well culture plates at a density of 7 5 × 105 cells
per well in 1.5 mL of culture medium. After 24 h incubation,
cells were treated with or without carnosine (0–4 mM) prior
to the addition of NiCl2 and ZnCl2 to the medium. After 4 h
exposure, total RNA was extracted using an RNeasy kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. Samples were reverse-transcribed using a
PrimeScript® First Strand cDNA Synthesis Kit (Takara
Bio, Otsu, Japan). Synthesized cDNA was used in real-time
RT-PCR experiments with Thunderbird® SYBR qPCR
Mix (Toyobo, Osaka, Japan) and analyzed with a CFX96™
Real-Time System and CFX Manager™ software (Bio-Rad,
Hercules, CA). Speciﬁcity was conﬁrmed by electrophoretic
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Table 1: Sequences of primers.

Name
Gapdh
Chop
Gadd34
Grp78
Edem
Atf4
Grp94
Pdi
Hif1a
Nrf2
Ho1
Gstm1

Forward

Reverse

AACTTTGGCATTGTGGAAGG
CCACCACACCTGAAAGCAGAA
TCCCTCATGGGGAGACTGAA
TTCAGCCAATTATCAGCAAACTCT
CTACCTGCGAAGAGGCCG
GGGTTCTGTCTTCCACTCCA
AAGAATGAAGGAAAAACAGGACAAAA
GGATTGCACTGCCAACACAA
CAAGATCTCGGCGAAGCAA
TGGAGAACATTGTCGAGCTG
GAACCCAGTCTATGCCCCAC
GCTCATCATGCTCTGTTACAACC

ACACATTGGGGGTAGGAACA
AGGTGAAAGGCAGGGACTCA
AGCTGTGCGTTCCATTTCCT
TTTTCTGATGTATCCTCTTCACCAGT
GTTCATGAGCTGCCCACTGA
AAGCAGCAGAGTCAGGCTTTC
CAAATGGAGAAGATTCCGCC
AGCTGGTCCTGCTTGTTTCT
GGTGAGCCTCATAACAGAAGCTTT
CTGAGCCGCCTTTTCAGTAG
GGCGTGCAAGGGATGATTTC
GCCCAGGAACTCAGAGTAGAG

analysis of reaction products and template- or reverse
transcriptase-free controls. To normalize the amount of total
RNA present in each reaction, glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) mRNA was used as an internal standard. Primers were designed using Primer-BLAST. Primer
sequences are listed in Table 1.
2.5. Western Blotting Analysis. Zn-induced expression of
CHOP and actin was assessed by Western blotting analysis.
GT1-7 cells grown in 6-well culture plates (7 5 × 105 cells
per well) were lysed with RIPA buﬀer containing protease
and phosphatase inhibitors. Protein concentrations were
measured using a Bradford Protein Assay Kit (Takara Bio).
Samples were applied to a NuPAGE® Novex 4–12% BisTris Protein Gel and electrophoresed at a constant voltage
of 180 V, and then, proteins were transferred to an iBlot™
Transfer Stack (PVDF membranes) using the iBlot® 7Minute Blotting System (Thermo Fisher Scientiﬁc K.K.).
Membranes were blocked with 5% nonfat dry milk at room
temperature for 1 h and then incubated with rabbit antiCHOP antibody (1 : 1000 dilution) or mouse anti-actin antibody (1 : 1000 dilution) in 5% BSA, 1x Tris-buﬀered saline
(TBS), and 0.1% Tween-20 overnight. The following day,
membranes were incubated with goat anti-rabbit IgG
(1 : 2000 dilution) or donkey anti-mouse IgG (1 : 4000 dilution) HRP-conjugated secondary antibodies in 1x TBS containing 0.1% Tween-20 for 1 h, and ﬁnally, bands were
visualized using SuperSignal™ West Dura Extended Duration Substrate. Band intensities were quantitated using ImageJ software (version 1.39u), and the band intensity of each
protein was determined and normalized with respect to
actin intensity.
2.6. Statistical Analysis. All data are expressed as mean ± S
E M Signiﬁcant diﬀerences among groups were examined
using a one-way of analysis of variance (ANOVA) followed
by Tukey’s multiple comparison. SPSS 24 software was used
for all statistical analyses. A probability value of P < 0 05
was considered to indicate statistical signiﬁcance.

3. Results
3.1. Ni2+ Enhanced Zn2+-Induced Neuronal Cell Death. We
previously examined the eﬀect of various metal ions on
Zn2+-induced neurotoxicity in GT1-7 cells and revealed that
sublethal concentrations of Cu2+ markedly enhanced Zn2+induced neurotoxicity [21]. We also discovered that Ni2+
enhances Zn2+-induced neurotoxicity, but its mechanism
was not determined. In this study, we therefore examined
the eﬀect of Ni2+ on Zn2+-induced neurotoxicity in GT1-7
cells. As shown in Figure 1(a), Zn2+ induced neurotoxicity
in GT1-7 cells in a dose-dependent manner. The viability
of cells exposed to 20, 30, or 40 μM of Zn2+ was 98 4% ±
0 6%, 79 8% ± 2 0%, and 48 0% ± 2 7% (mean ± S E M ,
n = 4) of the control, respectively. In contrast, the indicated
concentrations of Ni2+ (0–40 μM) in Figure 1(b) did not
reduce the viability of GT1-7 cells.
The eﬀect of Ni2+ on Zn2+-induced neurotoxicity in GT17 cells is shown in Figure 1(c). At a constant Zn2+ concentration of 25 μM, Ni2+ enhanced Zn2+-induced neurotoxicity in
GT1-7 cells in a dose-dependent manner within the tested
Ni2+ concentration range (0–60 μM), whereas Ni2+ treatment
alone did not cause any neurotoxicity. The viability of cells
exposed to 0, 20, 40, or 60 μM of Ni2+ in the presence
of 25 μM Zn2+ was 95 9% ± 0 8%, 72 0% ± 1 5%, 39 7% ±
1 6%, and 7 1% ± 3 2% (mean ± S E M , n = 4) of the control,
respectively. We then measured LDH release from GT1-7
cells to monitor cytotoxicity. As shown in Figure 1(e), Ni2+
enhanced Zn2+-induced LDH release from GT1-7 cells in a
dose-dependent manner within the tested Ni2+ concentration range (0–60 μM). Based on the results shown in
Figure 1, Ni2+ exacerbated Zn2+-induced neuronal cell death.
3.2. Activation of the ER Stress Response by Cotreatment
with NiCl2 and ZnCl2. We previously showed that Zn2+
and Cu2+ increase the expression of ER stress-related genes
in GT1-7 cells and that Cu2+ enhances Zn2+ induced neurotoxicity by activating the ER stress response [21]. Thus, we
monitored whether Ni2+ primes Zn2+-induced ER stressrelated gene expression using real-time RT-PCR. ZnCl2
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Figure 1: GT1-7 cells (96-well culture plates at a density of 3 × 104 cells per well) were incubated with the indicated concentrations
(μM) of ZnCl2 (a) or NiCl2 (b) for 24 h. GT1-7 cells (96-well culture plates at a density of 3 × 104 cells per well) were incubated
with the indicated concentrations (μM) of NiCl2 in the absence (control) or presence of ZnCl2 (25 μM) for 24 h (c). Cell viability
was determined using CellTiter-Glo® 2.0. Values represent mean ± S E M P values are described in the ﬁgure when P < 0 05 (black:
vs. control, red: vs. ZnCl2 alone).
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Figure 2: GT1-7 cells (6-well culture plates at a density of 7 5 × 105 cells per well) were incubated with NiCl2 (Ni, 40 μM) in the absence
(control) or presence of ZnCl2 (Zn, 25 μM) for 4 h. Total RNA was extracted from GT1-7 cells and subjected to real-time RT-PCR using
primer sets speciﬁc for each gene. Values were normalized to Gapdh and expressed relative to the control. Values represent mean ± S E M
P values are described in the ﬁgure when P < 0 05 (black: vs. control, red: vs. ZnCl2 alone).

(25 μM) treatment induced the expression of Chop and activating transcription factor 4 (Atf4) mRNA (Figure 2). Moreover, Ni2+ treatment primed the expression of Chop, Gadd34,
and Atf4; in particular, the relative expression of Chop was
most signiﬁcantly increased by cotreatment with Ni2+ and
Zn2+. The relative expression of Chop after cotreatment with
Ni2+ and Zn2+ was 28 6 ± 0 3 − fold (mean ± S E M , n = 3),
which was signiﬁcantly increased compared with Zn2+

alone (2 3 ± 0 1 − fold). In contrast, other ER stress-related
genes including glucose-regulated protein 78 (Grp78), ER
degradation-enhancing α-mannosidase-like protein (Edem),
glucose-regulated protein 94 (GrpP94), and protein disulﬁde
isomerase (Pdi) were not increased in this experimental
condition. Ni2+ treatment alone did not increase expression of these genes (Figure 2). Next, we used Western
blotting analysis to quantify the amount of CHOP protein.
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Figure 3: GT1-7 cells (6-well culture plates at a density of 7 5 × 105 cells per well) were incubated with NiCl2 (Ni, 40 μM) in the absence
(control) or presence of ZnCl2 (Zn, 25 μM) for 7 h. Whole-cell extracts were analyzed by immunoblotting with an antibody against
CHOP or actin (a). Band intensity was determined using ImageJ software (b). GT1-7 cells (96-well culture plates at a density of 3 × 104
cells per well) were pretreated with the indicated concentrations (μM) of TUDCA just before Ni2+/Zn2+ treatment. Next, GT1-7 cells were
incubated in the absence (control) or presence of NiCl2 (20 or 40 μM) and ZnCl2 (25 μM) for 24 h (c, d). GT1-7 cells (96-well culture
plates at a density of 3 × 104 cells per well) were treated with the indicated concentrations of TUDCA for 24 h (e). Cell viability was
determined using CellTiter-Glo® 2.0 (c–e). Values represent mean ± S E M P values are described in the ﬁgure when P < 0 05: (black:
control, red: vs. ZnCl2 alone (b)) or (black: vs. control, red: vs. Zn(25)/Ni(20 or 40) (c, d)).

As shown in Figure 3(a), we found signiﬁcantly increased
amounts of CHOP protein after cotreatment with Ni2+ and
Zn2+ (78 2 ± 1 3 − fold), compared with Zn2+ alone (10 3 ±
0 2 − fold). Ni2+ treatment alone did not increase the
expression of CHOP protein (Figure 3(b)). Furthermore,

we examined whether the ER stress inhibitor, TUDCA,
attenuates Ni2+/Zn2+-induced neurotoxicity. As shown in
Figures 3(c) and 3(d), TUDCA signiﬁcantly attenuated
Ni2+/Zn2+-induced neurotoxicity in GT1-7 cells in a dosedependent manner. For example, the viability of cells
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exposed to Ni2+/Zn2+ (20 μM/25 μM) or Ni2+/Zn2+ plus
TUDCA (100 μM) was 58 5% ± 0 7% or 80 3% ± 1 0%
(mean ± S E M , n = 4), respectively. Treatment with TUDCA
alone did not aﬀect the viability of GT1-7 cells (Figure 3(e)).
These results suggest that Ni2+ enhanced Zn2+-induced neurotoxicity by priming the ER stress response.
3.3. Activation of Oxidative Stress by Cotreatment with NiCl2
and ZnCl2. We next examined the involvement of oxidative stress on Ni2+/Zn2+-induced neurotoxicity or the ER
stress response. As shown in Supplementary Figure S1A,
cotreatment with Ni2+ and Zn2+ induced ROS production.
In contrast, Ni2+ or Zn2+ treatment did not always induce
ROS production. Moreover, Ni2+/Zn2+ treatment induced
the expression of oxidative stress-related genes, as indicated
by increases in hypoxia-inducible factor (Hif)1α, nuclear
factor-erythroid 2-related factor 2 (Nrf2), heme oxygenase 1
(Ho1), and glutathione S-transferase m1 (Gstm1) mRNA
levels. In contrast, Ni2+ or Zn2+ treatment did not increase
expression of these genes (Supplementary Figure S1B). Thus,
we examined the eﬀect of N-acetylcysteine, an antioxidative
compound, on Ni2+/Zn2+-induced neurotoxicity. As shown
in Supplementary Figure S1C, N-acetylcysteine signiﬁcantly
attenuated Ni2+/Zn2+-induced neurotoxicity in GT1-7 cells
in a dose-dependent manner. The viability of cells exposed to
Ni2+/Zn2+ (40 μM/25 μM) or Ni2+/Zn2+ plus N-acetylcysteine
(250 μM) was 20 8% ± 6 5% or 71 5% ± 1 7% (mean ±
S E M , n = 4), respectively (Supplementary Figure S1C).
Treatment with only N-acetylcysteine did not aﬀect the
viability of GT1-7 cells (Supplementary Figure S1D).
Furthermore, N-acetylcysteine (250 μM) reduced the
amount of CHOP protein induced by Ni2+/Zn2+ (40 μM/25
μM) treatment (Supplementary Figure S1E and S1F).
These results suggested that Ni2+/Zn2+-induced ER stress
responses were mediated by upregulating ROS production.
3.4. Eﬀect of Carnosine on Cu2+/Zn2+-Induced Neurotoxicity
and the ER Stress Response. Carnosine (β-alanyl-L-histidine)
is a small dipeptide with numerous activities, including antioxidant eﬀects, proton buﬀering capacity, and inhibitory
eﬀects on protein carbonylation [24, 25]. Although we found
previously that carnosine protected against Zn2+-induced
neurotoxicity [10], we have not studied the eﬀect of carnosine
on neuronal cell death induced by cotreatment with Zn2+ and
other metals. Thus, we examined the eﬀect of carnosine on
Ni2+/Zn2+-induced neurotoxicity and the ER stress response
in GT1-7 cells. The concentration of the chosen carnosine
was according to a previous report [10]. As shown in
Figures 4(a) and 4(b), cotreatment of GT1-7 cells with NiCl2
(20 or 40 μM) and ZnCl2 (25 μM) induced neurotoxicity with
cell viabilities of 48 5% ± 0 7% and 25 5% ± 0 9% (mean ±
S E M , n = 4) of the control, respectively. In contrast,
carnosine signiﬁcantly attenuated Ni2+/Zn2+-induced neurotoxicity in GT1-7 cells in a dose-dependent manner. The
viability of cells exposed to Ni2+/Zn2+ (20 μM/25 μM) plus
carnosine (1, 2, and 4 mM) was 55 2% ± 0 7%, 61 6% ±
2 3%, and 70 0% ± 3 3% (mean ± S E M , n = 4), respectively, (Figure 4(a)). The viability of cells exposed to Ni2+/Zn2+ (40 μM/25 μM) plus carnosine (1, 2, and 4 mM) was

7
32 0% ± 4 9%, 39 9% ± 2 2%, and 51 1% ± 1 1% (mean ±
S E M , n = 4), respectively, (Figure 4(b)). Treatment with
carnosine alone did not aﬀect the viability of GT1-7 cells
(Figure 4(c)). Next, we examined the eﬀect of carnosine
on Ni2+/Zn2+-induced ER stress responses. As shown in
Figure 5, cotreatment of GT1-7 cells with Ni2 and Zn2+
increased the expression of Chop, Gadd34, and Atf4. In contrast, carnosine treatment signiﬁcantly decreased the expression of these genes in a dose-dependent manner (Figure 5).
Furthermore, the amount of CHOP protein observed after
cotreatment with Ni2+ and Zn2+ was reduced by carnosine
treatment (Figures 6(a) and 6(b)). These results suggest that
carnosine signiﬁcantly attenuated Ni2 and Zn2+-induced
neuronal cell death by decreasing the ER stress response.
Moreover, carnosine may decrease not just neuronal cell
death induced by Zn2+ alone but also neuronal cell death
induced by Zn2+ and other metals.

4. Discussion
Zn is the second most abundant trace metal and has essential
roles in many physiological functions such as the immune
system, cell cycle, DNA replication, and protein synthesis.
Moreover, Zn is a well-known cofactor for over 300 enzymes
and metalloproteins [1]. Deprivation of Zn in humans causes
atrophy, learning disorders, delayed physical development,
taste and olfaction disorders, and immune system diseases
[2, 3]. Thus, Zn supplementation reportedly exerts therapeutic eﬀects against various diseases such as cirrhosis, ulcerative
colitis, and asthma [26–28]. In the brain, Zn2+ accumulates in
the synaptic vesicles of excitatory synapses and is released
during neuronal excitation [29, 30]. Although Zn has essential roles in the brain and neuroprotective roles in normal
neuronal function, excessively high concentrations of Zn
are neurotoxic [6–8]. Although the amount of Zn2+ released
from synaptic vesicles still needs conﬁrmation, several studies estimate the concentration of Zn2+ in the synaptic cleft
to be 1–100 μM [31–34]. Therefore, Zn2+ may act on neuronal cells at the concentration used in this study (25 μM). Ni, a
component of enzymes such as urease and hydrogenase, is
a heavy metal widely used in industrial applications [35]. A
previous study showed that nickel concentration in the
brain is estimated to be 0.34–1.11 μmol/kg tissue [36].
Compared with this report, we consider that the nickel concentration used in our study is slightly higher. In contrast,
environmental and occupational exposure to Ni has been
reported to result in an increased nickel concentration
within the body [37]. Cempel and Janicka reported that
oral administration of Ni increases the amount of Ni in
the rat brain by approximately 7-fold [38]. Moreover, intranasal instillation of Ni reportedly reached the brain of rats
via olfactory neurons [39]. Therefore, we believe that the
enhanced activity of Zn2+ induced by Ni2+ in this study
may also occur in the brain.
The ER stress response is important in the pathogenesis
of several diseases, such as cancer, acute lung injury, and neurological disorders [40, 41]. ER stress induces the unfolded
protein response, which can be distinguished by three ER
stress sensors: protein kinase R-like ER kinase (PERK),
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Figure 4: GT1-7 cells (96-well culture plates at a density of 3 × 104 cells per well) were pretreated with the indicated concentrations (mM) of
carnosine just before Ni2+/Zn2+ treatment. Next, GT1-7 cells were incubated in the absence (control) or presence of NiCl2 (20 or 40 μM) and
ZnCl2 (25 μM) for 24 h (a, b). GT1-7 cells (96-well culture plates at a density of 3 × 104 cells per well) were treated with the indicated
concentrations of carnosine for 24 h (c). Cell viability was determined using CellTiter-Glo® 2.0. Values represent mean ± S E M P values
are described in the ﬁgure when P < 0 05 (black: vs. control, red: vs. Zn(25)/Ni(20 or 40)).

inositol-requiring enzyme-1 (IRE1), and ATF6 [41]. Various
signal transduction events are triggered by the activation of
these sensors. For example, the α subunit of eukaryotic translation initiation factor 2 (eIF2) is phosphorylated by PERK,
which aﬀects the translation of ATF4 (a member of the
ATF subfamily of the basic leucine zipper transcription factor
superfamily). ATF4 activates the transcription of CHOP and
GADD34. In contrast, IRE1 is phosphorylated and interacts
with the adaptor protein tumor necrosis factor receptorassociated factor-2, which promotes JNK phosphorylation
[40, 41]. As shown in Figure 2, Ni2+ treatment activated
Zn2+-induced increases in the expression of Chop, Gadd34,
and Atf4. Hence, it is likely that the PERK/eIF2α/ATF4 pathway is activated by cotreatment with Ni2+ and Zn2+.
However, we have been unable to determine the
upstream mechanism of ER stress response induction. Thus,
the mechanism by which Ni2+ treatment enhances Zn2+induced neuronal cell death needs clariﬁcation. As shown
in Supplementary Figure S1, we suggest that ROS is one

upstream mechanism of the ER stress response. As one
line of evidence, bisphenol A (an endocrine-disrupting
chemical) induced cellular apoptosis by activating the
ROS-triggered PERK/eIF2α/CHOP pathway [42]. Moreover,
hydrogen peroxide reportedly induced apoptosis by activating
ER stress responses in SH-SY5Y cells [43]. Furthermore,
luteolin-induced ER stress response (p-PERK/p-eIF2α/ATF4/
CHOP/caspase-12 pathway) was reversed in glioblastoma
cells by treatment with the antioxidant N-acetylcysteine [44].
In contrast, nickel chloride exposure induced behavioral
disorders, altered neuronal microarchitecture, and induced
neuronal cell death by upregulating intracellular ROS [20,
45]. Considering our results and these reports, we predict that
Ni2+ treatment enhances Zn2+-induced ER stress responses
by upregulating ROS production.
As shown in Figure 5, we investigated the eﬀect of carnosine on Ni2+/Zn2+-induced neurotoxicity using hypothalamic neuronal GT1-7 cells. To our knowledge, this is the
ﬁrst evidence that carnosine decreases neuronal cell death
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Figure 5: GT1-7 cells (6-well culture plates at a density of 7 5 × 105 cells per well) were pretreated with the indicated concentrations (mM) of
carnosine just before Ni2+/Zn2+ treatment. Next, GT1-7 cells were incubated in the absence (control) or presence of NiCl2 (Ni, 40 μM) and
ZnCl2 (Zn, 25 μM) for 4 h. Total RNA was extracted and subjected to real-time RT-PCR using primer sets speciﬁc for each gene. Values were
normalized to Gapdh and expressed relative to the control. Values represent mean ± S E M P values are described in the ﬁgure when P < 0 05
(black: vs. control, red: vs. Zn(25)/Ni(40)).
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and ZnCl2 (Zn, 25 μM) for 7 h. Whole-cell extracts were analyzed by immunoblotting with an antibody against CHOP or actin (a). The
band intensity of CHOP was determined using ImageJ software (b). Values represent mean ± S E M P values are described in the ﬁgure
when P < 0 05 (black: vs. control, red: vs. Zn(25)/Ni(40)).
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induced by the cotreatment of Zn2+ and other metal ions.
Because Zn2+ and other metal ions often coexist in vivo, we
believe that the results of this study are very important. As
described above, carnosine is an endogenous dipeptide with
various protective activities, such as antioxidant eﬀects and
metal ion chelation [24, 25]. Carnosine is abundant in the
skeletal muscle, cerebral cortex, kidney, spleen, and plasma
[25]. We previously reported that carnosine reduces Zn2+induced neuronal cell death by decreasing the ER stress
response [10]. Moreover, we revealed that carnosine exerts
its neuroprotective eﬀect without metal ion chelation [10].
Notably, the antioxidant activity of carnosine has been
described in many previous studies. For example, carnosine
treatment activated antioxidative enzymes (Cu/Zn superoxide dismutase and glutathione peroxidase) in an experimental subarachnoid hemorrhage model [46]. Other groups
showed that carnosine directly scavenges hydroxyl radicals
[47, 48]. Furthermore, we reported that carnosine prevented lipopolysaccharide-induced ER stress response by
suppressing LPS-dependent ROS production [23]. Considering these results, carnosine may counteract Ni and Zninduced ER stress responses and neuronal cell death by
exerting antioxidative eﬀects. Therefore, we believe that
examining the eﬀect of other antioxidants in these models
would be highly worthwhile.
The compounds 6-hydroxydopamine (6-OHDA, a neurotoxin) and rotenone (an electron transport system inhibitor), which are used to model Parkinson’s disease, induce
neuronal cell death and oxidative stress [49]. Several recent
studies have investigated potential interactions between these
compounds and trace metals on neurotoxicity. For example,
Cruces-Sande et al. demonstrated that copper increases the
capacity of 6-OHDA to generate oxidative stress, which
may contribute to the destruction of dopaminergic neurons
[50]. Another group reported that the cotreatment of iron

and rotenone induced a redox imbalance (increased malondialdehyde and decreased glutathione) in the substantia nigra
of rats [51]. Zn reportedly induces abnormal phosphorylation of tau by activating various phosphatases, and its phosphorylation is suggested to be involved in the development
of Alzheimer’s disease [9]. Therefore, we believe that it is
important to examine the neurotoxicity induced both by
interactions between metals and metals and by interactions
between metals and causative substances of diseases, such
as 6-OHDA or rotenone.

5. Conclusion
Synergistic neurotoxicity by Ni2+ and Zn2+ may cause neurological diseases such as vascular dementia, Alzheimer’s
disease, and Parkinson’ s disease. In this study, we demonstrated that Ni2+ enhances Zn2+-induced neurotoxicity by
priming the ER stress response. Furthermore, carnosine
was found to protect neuronal cells from Ni2+ and Zn2+dependent synergistic neurotoxicity by decreasing the ER
stress response. In conclusion, compounds that decrease
the ER stress response, such as carnosine, may be suitable
for treating neurological diseases.
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Oxidative stress has been reported to be involved in the onset and development of amyotrophic lateral sclerosis (ALS). Data
from clinical studies have highlighted increased peripheral blood oxidative stress markers in patients with ALS, but results
are inconsistent. Therefore, we quantitatively pooled data on levels of blood oxidative stress markers in ALS patients from
the literature using a meta-analytic technique. A systematic search was performed on PubMed and Web of Science, and we
included studies analyzing blood oxidative stress marker levels in patients with ALS and normal controls. We included 41
studies with 4,588 ALS patients and 6,344 control subjects, and 15 oxidative stress marker levels were subjected to randomeﬀects meta-analysis. The results demonstrated that malondialdehyde (Hedges’ g, 1.168; 95% CI, 0.812 to 1.523; P < 0 001),
8-hydroxyguanosine (Hedges’ g, 2.194; 95% CI, 0.554 to 3.835; P = 0 009), and Advanced Oxidation Protein Product
(Hedges’ g, 0.555; 95% CI, 0.317 to 0.792; P < 0 001) levels were signiﬁcantly increased in patients with ALS when compared
with control subjects. Uric acid (Hedges’ g, -0.798; 95% CI, -1.117 to -0.479; P < 0 001) and glutathione (Hedges’ g, -1.636;
95% CI, -3.020 to -0.252; P = 0 02) levels were signiﬁcantly reduced in ALS patients. In contrast, blood Cu, superoxide dismutase,
glutathione peroxidase, ceruloplasmin, triglycerides, total cholesterol, low-density lipoprotein, high-density lipoprotein,
coenzyme-Q10, and transferrin levels were not signiﬁcantly diﬀerent between cases and controls. Taken together, our results
showed signiﬁcantly increased blood levels of 8-hydroxyguanosine, malondialdehyde, and Advanced Oxidation Protein Product
and decreased glutathione and uric acid levels in the peripheral blood of ALS patients. This meta-analysis helps to clarify the
oxidative stress marker proﬁle in ALS patients, supporting the hypothesis that oxidative stress is a central component
underpinning ALS pathogenesis.

1. Introduction
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease caused by cell death of both upper and
lower motor neurons [1]. It is known that 90-95% of cases
are sporadic and the remaining 5-10% of cases are due to
genetic predisposition [2]. The onset of ALS usually begins
at the age of 50 years old for genetically inherited cases and
at the age of 60 years old for sporadic cases, although the disease can start at any age [2]. It is estimated that two to three
people out of 100,000 are aﬀected by ALS in the United States
and Europe every year [3, 4], while the incidence of the
disease in the rest of the world remains largely unknown.
Due to the poorly understood etiology of ALS, there is no

eﬀective treatment for the disease, and most patients survive
between 2 to 4 years after diagnosis [5]. FDA has approved
two drugs (riluzole and edaravone) for the treatment of
ALS, and riluzole is reported to increase the life expectancy
of patients by 2 to 3 months [6]. Therefore, it is critical to elucidate the etiology of ALS to facilitate the development of
novel therapies for this devastating disease.
Although little is known regarding the cause of ALS,
accumulating evidence suggests that increased inﬂammatory
responses and oxidative stress alongside glial cell dysfunction
play crucial roles in disease pathogenesis; this is supported by
clinical studies showing inﬁltration of immune cells and
heightened inﬂammatory cytokine proﬁles in the central nervous system of ALS patients [7, 8]. Although cytokine data
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are inconsistent across studies, a meta-analysis by Chen
et al. reported that granulocyte-colony stimulating factor,
interleukin-2 (IL-2), IL-15, IL-17, monocyte chemotactic
protein-1, macrophage inﬂammatory protein-1α, tumor
necrosis factor-α (TNF-α), and vascular endothelial growth
factor levels in the cerebrospinal ﬂuid were signiﬁcantly
elevated in patients with ALS when compared with controls
[9]. Another meta-analysis performed by our group including 25 studies clariﬁed the peripheral blood inﬂammatory
cytokine proﬁle in ALS, which revealed elevated blood
TNF-α, TNF receptor 1, IL-6, IL-1β, IL-8, and vascular endothelial growth factor levels in patients with
ALS relative to control subjects [10]. In addition, a
substantial number of clinical studies have analyzed
oxidative stress markers in ALS and demonstrated that levels
of prooxidative stress markers, malondialdehyde (MDA)
and 8-hydroxyguanosine (8-OHdG) were increased in the
peripheral blood of ALS patients [11, 12]. In contrast,
decreased antioxidant glutathione and uric acid levels were
observed in ALS patients [13, 14]. However, other studies
have reported unaltered levels of antioxidants in patients
with ALS compared to controls [15, 16]. Due to the heterogeneity of the clinical data on oxidative stress markers,
the proﬁle of oxidative stress markers in ALS patients
remains unclear.
To better understand the etiology of ALS and potentially
use oxidative stress markers for the diagnosis and prognosis
of ALS patients, we reviewed PubMed and Web of Science
systematically and pooled the data from the included studies to clarify the oxidative stress marker proﬁle in patients
with ALS.

2. Materials and Methods
This systematic review and meta-analysis was performed
according to the instructions that are recommended by the
PRISMA statement (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) [17].
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2.3. Statistical Analysis. The Comprehensive Meta-Analysis
Version 2 software (Biostat, Englewood, NJ, USA) was used
to pool the oxidative stress marker data on ALS patients.
The sample size, mean oxidative stress marker concentration,
and s.d. were primarily used to generate the eﬀective size
(ES). Sample size and P values were used to generate ES if
oxidative stress marker concentration data were not available. An ES was calculated as the standardized mean diﬀerence in oxidative stress marker concentrations between
cases and controls and then converted to Hedge’s g which
provides ES adjustment for sample size [18]. The 95% conﬁdence interval (95% CI) was used to estimate the statistical
signiﬁcance of the pooled ES. We performed randomeﬀects meta-analysis for this study because we estimated
that the true ES would be aﬀected by between-study and
within-study variations [19]. We also performed sensitivity
analysis by removing one study at a time to evaluate
whether the statistical signiﬁcance between cases and controls
for oxidative stress marker concentrations was inﬂuenced
by a single study.
The statistical diﬀerence of between-study heterogeneity
was evaluated using the Cochran Q test [20], whereby statistical signiﬁcance was set at P value < 0.1. The impact of
between-study heterogeneity was evaluated by the I 2 index,
and I 2 of 0.25, 0.50, and 0.75 suggested small, medium, and
high levels of heterogeneity, respectively. We then used unrestricted maximum-likelihood random-eﬀects metaregressions of ESs to analyze whether age, gender, or publication
year had moderating eﬀects on the outcomes of the metaanalysis. The publication bias for the included studies in this
meta-analysis was determined by Egger’s test [21], which
assesses the degree of funnel plot asymmetry. The statistical
signiﬁcance of this meta-analysis was set at P value < 0.05
unless stated otherwise.

3. Results

2.1. Literature Search. Two independent investigators manually reviewed English-language articles on PubMed and Web
of Science from May 2018 to September 2018. The search
terms for the systematic review were the following: (oxidative
stress or catalase or hydroxyguanosine or malondialdehyde
or uric acid or ceruloplasmin or glutathione or transferrin
or low density lipoprotein or copper or cholesterol) and
amyotrophic lateral sclerosis. We included original articles
that reported peripheral blood levels of oxidative stress
markers in ALS patients and control subjects.

Our initial search with the keywords produced 2,120 records
from PubMed and 2,162 records from Web of Science. After
screening the titles and abstracts of the records, 146 articles
were selected for full-text scrutiny. Of the 146 studies, 105
studies were excluded due to the following reasons: no necessary data (n = 77); without a control group (n = 8); oxidative
stress markers were analyzed in less than two studies (n = 7);
studies were single case reports (n = 4); studies were review
articles (n = 5); or data overlapped with other studies (n = 4).
A ﬁnal total of 41 articles with 4,588 ALS patients and 6,344
controls were included in this meta-analysis [11–16, 22–56]
(for the ﬂowchart, see Figure 1).

2.2. Data Extraction. We extracted sample size, mean oxidative stress marker concentrations, P values, and standard
deviation (s.d.) as the primary outcomes for this metaanalysis. We also extracted additional data on age, gender
(proportion of males), publication year, sampling source, disease duration, and diagnosis of potential moderator analyses.
The demographic and clinical variables of the included studies in this meta-analysis are presented in Supplementary
Table (available here).

3.1. Main Associations of Blood Oxidative Stress Markers
with ALS. Results from the meta-analysis showed that
blood MDA (Hedges’ g, 1.168; 95% CI, 0.812 to 1.523;
P < 0 001), 8-OhDG (Hedges’ g, 2.194; 95% CI, 0.554 to
3.835; P = 0 009), and Advanced Oxidation Protein Product
(AOPP, Hedges’ g, 0.555; 95% CI, 0.317 to 0.792; P < 0 001)
levels were signiﬁcantly elevated in patients with ALS when
compared with controls, whereas blood uric acid (Hedges’ g,
-0.798; 95% CI, -1.117 to -0.479; P < 0 001) and glutathione

Screening

Identiﬁcation
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Literature search through database
(1) PubMed: n = 2,120
(2) Web of Science: n = 2,162

Records screened (n = 4,282)

Records excluded (n = 4,136)

Included

Eligibility

Reasons for excluded studies (n = 105)

Full-text studies scrutinized for eligibility
(n = 146)

Study included (n = 41)

(i) No necessary data (n = 77)
(ii) No control group (n = 8)
(iii) Cytokines were analyzed in less
than two studies (n = 7)
(iv) Studies were single case reports
(n = 4)
(v) Studies were review articles (n = 5)
(vi) Overlapping data (n = 4)

Figure 1: PRISMA ﬂowchart of the literature search.

(Hedges’ g, -1.636; 95% CI, -3.020 to -0.252; P = 0 02) levels
were signiﬁcantly decreased in ALS patients (Figures 2
and 3 and Table 1). In addition, we did not observe signiﬁcant diﬀerences between ALS patients and controls for blood
Cu, superoxide dismutase (SOD), glutathione peroxidase,
coenzyme-Q10 (Co-Q10), ceruloplasmin, total cholesterol,
triglycerides, high-density lipoprotein (HDL), low-density
lipoprotein (LDL), and transferrin levels (Table 1).
3.2. Investigation of Heterogeneity. For the ﬁfteen oxidative
stress markers analyzed in the meta-analysis, AOPP and
ceruloplasmin did not show between-study heterogeneity.
MDA showed small levels of between-study heterogeneity,
Co-Q10 showed moderate levels of between-study heterogeneity, and high levels of heterogeneity among studies were
found for the other eleven markers (Table 1).
We next explored whether potential moderators
accounted for the heterogeneity for the ALS-associated ﬁve
oxidative stress markers. Given that blood MDA and AOPP
showed low levels of between-study heterogeneity, and due
to the limited number of studies with small size analyzing
8-OHdG and glutathione levels, we performed metaregression and subgroup analyses on uric acid. As shown in the
Supplementary Table, the information on disease duration
of ALS patients was limited. We therefore conducted metaregression analyses according to age, gender, and publication
year. Metaregression analyses suggested that publication
year, gender, and age did not signiﬁcantly aﬀect the results
of the meta-analysis (P > 0 05 in all analyses).
Next, we performed subgroup analyses based on the sampling source. Uric acid levels were reduced both in the serum
(Hedges’ g = −0 810, 95%CI = −1 190 to − 0 431, P < 0 001)
and the plasma (Hedges’ g = −0 764, 95%CI = −1 380 to −
0 148, P = 0 015) of ALS patients when compared with
those of the controls. However, between-study heterogeneity

was increased for the serum studies (Q = 53 542; df = 4;
I 2 = 92 529; P < 0 001) but reduced for the plasma studies
(Q = 2 478; df = 1; I 2 = 59 643; P = 0 115).
Furthermore, we performed sensitivity analysis and
showed that the signiﬁcant association between blood uric
acid and ALS was not inﬂuenced by any individual study.
Inspection of funnel plots visually indicated no publication bias for studies analyzing uric acid or MDA levels in
ALS patients (Figure 4); these were conﬁrmed by the Egger
test (Table 1, P > 0 1). However, the funnel plot suggested
there may be publication bias for studies analyzing glutathione levels in ALS patients (Figure 4). Further, the Egger test
suggested a trend for publication bias for glutathione
(Table 1, P = 0 061). To analyze the eﬀect of potential publication bias, we used the classic fail-safe N18 to compute the
number of missing studies (with mean eﬀect of zero) that
would require to bring the P value above 0.05 for glutathione,
and the analysis showed that 30 studies would need to be
added to generate a nonsigniﬁcant association between glutathione and ALS, suggesting that potential publication bias is
unlikely to signiﬁcantly aﬀect the positive outcome of the
present study. Due to the limited number of studies, we were
unable to perform publication bias analysis for 8-OHdG
and AOPP.

4. Discussion
This meta-analysis included 41 studies with 4,588 ALS
patients and 6,344 control individuals analyzing 15 oxidative
stress markers from the blood. The results suggest that MDA
(the important end product for lipid peroxidation), 8-OhdG
(a marker for DNA damage), and AOPP were signiﬁcantly
elevated in the blood of ALS patients when compared with
control individuals. In addition, we found that the levels of
antioxidant glutathione and uric acid were signiﬁcantly
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8-OHdG
Study name

Kihira et al. 2013
Blasco et al. 2016
Overall

Hedges' g and 95% Cl

Statistics for each study
Hedges'
g
3.020
1.346
2.194

Lower
limit
2.136
0.385
0.554

Upper
limit P value
3.904 0.000
2.307 0.006
3.835 0.009

−4.00

−2.00

0.00

2.00

8-OHdG decreased in ALS

4.00

8-OHdG increased in ALS

(a)

GSH
Study name

Hedges' g and 95% Cl

Statistics for each study
Hedges' Lower Upper
limit limit P value
g

Kihira et al. 2013
Blasco et al. 2016
Overall

3.020
1.346
2.194

2.136 3.904
0.385 2.307
0.554 3.835

0.000
0.006
0.009

−4.00

−2.00

0.00

GSH decreased in ALS

2.00

4.00

GSH increased in ALS

(b)

AOPP
Hedges' g and 95% Cl

Statistics for each study
Hedges' Lower Upper
g
limit limit P value
Pasquinelli et al. 2016 0.574 0.236 0.912 0.001
LoGerfo et al. 2014
0.536 0.201 0.870 0.002
Overall
0.555 0.317 0.792 0.000
Study name

−1.00

−0.50

AOPP decreased in ALS

0.00

0.50

1.00

AOPP increased in ALS

(c)

Figure 2: Studies of blood 8-OHdG, GSH, and AOPP in amyotrophic lateral sclerosis. Forest plot displaying random-eﬀects meta-analysis
results of the association between 8-OHdG (a), GSH (b), AOPP (c), and amyotrophic lateral sclerosis. GSH: glutathione; AOPP: Advanced
Oxidation Protein Product; 8-OHdG: 8-hydroxyguanosine.

downregulated in patients with ALS. However, other oxidative stress markers including Cu, SOD, glutathione peroxidase, ceruloplasmin, triglycerides, total cholesterol, LDL,
HDL, Co-Q10, and transferrin were not signiﬁcantly associated with ALS. For the ﬁve dysregulated oxidative stress
markers in ALS patients, the results associated with ESs of
8-OHdG, MDA, and GSH were large, and the ESs were
medium to large for AOPP and uric acid. Sensitivity analysis
indicated that no individual study inﬂuenced the signiﬁcantly
decreased blood uric acid levels in ALS patients, and no publication bias risks were observed for studies analyzing uric
acid and MDA concentrations as determined by funnel plots
and the Egger test, indicating the robustness of the results
from our present study.
Although our study is the ﬁrst to use a meta-analytic
technique to clarify the oxidative stress marker proﬁle in
patients with ALS, it is unclear whether oxidative stress has
causal eﬀect for ALS onset and/or development. However,
the important role of oxidative stress in the pathogenesis of
ALS is supported by the fact that the mutations in the gene

encoding the cytosolic antioxidant enzyme-SOD1 cause
ALS [57]. In addition, mutant SOD1 transgenic mice exhibited age-dependent motor neuron degeneration accompanied by the biochemical changes in the nerve cells [58].
Moreover, it has been reported that uric acid levels were negatively correlated with the disease progression in ALS
patients [44]. Collectively, these previous ﬁndings and our
pooled clinical data of the dysfunction between the oxidation
and antioxidant systems in ALS patients support the hypothesis that oxidative stress is central in the pathogenesis of ALS.
Our analyses further showed that most of the oxidative
stress markers had high levels of heterogeneity among studies. However, for the ﬁve oxidative stress markers that were
dysregulated in the patients with ALS, AOPP did not show
between-study heterogeneity and MDA showed small levels
of heterogeneity, suggesting the reproducibility of these
results. In addition, we conducted subgroup and metaregression analyses to address moderators that may explain heterogeneity for uric acid. The results indicated that gender, age,
and publication year did not contribute to the between-
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Uric acid

Study name

Hedges' Lower
g
limit
Ikeda et al. 2009
Oh et al. 2015
Zheng et al. 2014
Zoccolella et al. 2010
Keizman et al. 2009
Sohmiya et al. 2005
Nagase et al. 2016
Overall

Hedges' g and 95% Cl

Statistics for each study

–1.240
–0.843
–1.067
–0.202
–0.762
–0.420
–1.051
–0.798

–1.668
–1.090
–1.199
–0.404
–1.070
–1.034
–1.540
–1.117

Upper
limit
–0.813
–0.595
–0.936
–0.001
–0.454
0.195
–0.561
–0.479

P value
0.000
0.000
0.000
0.049
0.000
0.180
0.000
0.000
–2.00
–1.00
0.00
1.00
2.00
Uric acid decreased in ALS
Uric acid increased in ALS
(a)

MDA

Study name

Hedges' Lower
g
limit
Moumen et al. 1997
Baillet et al. 2010
Blasco et al. 2010

Hedges' g and 95% Cl

Statistics for each study

2.038
1.355

Upper
limit

P value

1.051
0.804

3.026
1.906

0.000
0.000

1.226

0.282

2.170

0.011

Oteiza et al. 1997
Rousselot et al. 2000

0.705
0.968

–0.039
0.560

1.449
1.379

0.063
0.000

Overall

1.168

0.812

1.523

0.000
–4.00

–2.00
MDA decreased in ALS

0.00

2.00

4.00

MDA increased in ALS

(b)

Figure 3: Studies of blood uric acid and MDA in amyotrophic lateral sclerosis. Forest plot displaying random-eﬀects meta-analysis results of
the association between uric acid (a), MDA (b), and amyotrophic lateral sclerosis. MDA: malondialdehyde.

study heterogeneity. Although subgroup analyses based on
sampling source revealed that between-study heterogeneity
was reduced in plasma studies analyzing uric acid levels,
the lower heterogeneity is likely due to the low power of the
test for heterogeneity used in meta-analyses with smaller
numbers of studies. Other clinical variables including medication status and disease duration may also contribute to
between-study heterogeneity. However, most of the studies
included in the meta-analysis did not provide this information, thus preventing us from performing subgroup or metaregression analyses to assess whether these factors contributed
to between-study heterogeneity. Indeed, a study reported
that lithium and valproate cotreatment increased the survival
of patients with ALS and the treatment also signiﬁcantly
increased blood glutathione levels in these patients [24].
The second limitation of this study is how much the alterations in oxidative stress markers in the peripheral blood
reﬂect changes in the central nervous system. However,
Djordjevic et al. reported that patients with ALS had signiﬁcantly increased cerebrospinal ﬂuid AOPP levels relative to
control subjects [59]. Moreover, Murata et al. demonstrated
that ALS patients had higher CSF 8-OHdG concentrations

than control subjects [60]. These results support the “peripheral as a window to the brain” hypothesis. Further studies are
necessary to translate these ﬁndings into practical clinical
use. The third limitation of this study is that some oxidative
stress markers analyzed in this study such as glutathione peroxidase had a limited number of studies with small sample
sizes; therefore, it is diﬃcult to determine signiﬁcant associations between these markers and ALS. In addition, several
other important oxidative stress markers such as catalase
were not analyzed in the meta-analysis due to the lack
of clinical studies on these markers. Future studies should
clarify the role of oxidative stress in the onset and development of ALS.
In addition to prooxidative stress imbalance observed in
ALS, a large number of studies have measured oxidative
stress markers in other neurodegenerative diseases including
Alzheimer’s disease [61] and Parkinson’s disease [62]. Due to
the heterogeneous etiologies of these diseases, it is not surprising that results are inconsistent across studies comparing oxidative stress marker levels between patients with
Alzheimer’s disease or Parkinson’s disease and controls. To
address the inconsistent clinical data, Schrag et al. performed
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Table 1: Summary of comparative outcomes for measurements of blood oxidative stress marker levels.
Main eﬀect

No. of
No. with
studies ALS/controls

Cytokine
Uric acid
8-OHdG
MDA
GSH
AOPP
Ceruloplasmin
Cu
Glutathione
peroxidase
Total cholesterol
HDL
LDL
SOD
Co-Q10
Transferrin
Triglyceride

7
2
5
4
2
3
10

961/1185
18/61
123/120
71/78
147/133
46/46
361/471

4

91/110

13
9
9
5
4
5
8

2161/3870
2024/3722
2024/3722
96/184
95/128
954/592
1743/1633

Hedges’ g (95% CI)

z
score

P
value

-0.798 (-1.117 to -0.479)
2.194 (0.554 to 3.835)
1.168 (0.812 to 1.523)
-1.636 (-3.020 to -0.252)
0.555 (0.317 to 0.792)
-0.052 (-0.475 to 0.372)
0.014 (-0.337 to 0.366)

-4.906
2.622
6.441
-2.318
4.571
-0.239
0.080

Heterogeneity
Q
P
I2
df
statistic
value statistic

<0.001 56.034
0.009 6.315
<0.001 5.793
0.020 36.112
<0.001 0.025
0.811 2.168
0.937 39.670

-0.679 (-1.732 to 0.373) -1.265 0.206

29.687

0.144 (-0.095 to 0.383) 1.184 0.236 160.185
-0.198 (-0.625 to 0.228) -0.912 0.362 345.128
0.121 (-0.283 to 0.524) 0.587 0.557 307.948
-0.203 (-0.904 to 0.497) -0.569 0.569 22.703
0.040 (-0.468 to 0.548) 0.156 0.876 9.953
0.244 (-0.219 to 0.707) 1.032 0.302 50.330
-0.154 (-0.622 to 0.314) -0.645 0.519 265.560

Publication bias
Egger
P value
intercept

6 <0.001 89.292
1 0.012 84.165
4 0.215 30.950
3 <0.001 91.692
1 0.875 0.000
2 0.338 7.742
9 <0.001 77.313

0.910
NA
1.61721
-7.014
NA
2.538
0.09686

0.750
NA
0.38172
0.061
NA
0.403
0.94797

3 <0.001 89.895

-4.92304

0.30857

12
8
8
4
3
4
7

1.50578
2.99958
2.74193
9.11205
-2.10679
5.24433
4.85477

0.44161
0.54140
0.55440
0.01197
0.75503
0.09393
0.32384

<0.001
<0.001
<0.001
<0.001
0.019
<0.001
<0.001

92.509
97.682
97.402
82.381
69.858
92.052
97.364

Abbreviations: df: degrees of freedom; ALS: amyotrophic lateral sclerosis; 8-OHdG: 8-hydroxyguanosine; MDA: malondialdehyde; SOD: superoxide dismutase;
AOPP: Advanced Oxidation Protein Product; LDL: low-density lipoprotein; HDL: high-density lipoprotein; Co-Q10: coenzyme-Q10; NA: not available.
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Figure 4: Funnel plots examining publication bias in studies comparing blood uric acid (a), GSH (b), and MDA (c) levels between cases and
controls. GSH: glutathione; MDA: malondialdehyde.
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a meta-analysis and reported that patients with Alzheimer’s
disease were accompanied by reduced uric acid levels and
increased MDA levels in the peripheral blood [63]. In addition, a systematic review and meta-analysis performed by
Wei et al. showed that blood 8-OHdG and MDA levels were
elevated in Parkinson’s disease patients, whereas uric acid
and glutathione levels were downregulated in these patients
[64]. The dysregulated proﬁles of oxidative stress markers
in Parkinson’s disease and Alzheimer’s disease were similar
to the ﬁndings from our meta-analysis on proﬁles of oxidative stress markers in ALS, suggesting a common pathway
that confers vulnerability to the development of these
neurodegenerative diseases.
In conclusion, the ﬁndings from the present study
revealed increased 8-OhdG, MDA, and AOPP levels and
reduced uric acid and glutathione levels in the peripheral
blood of ALS patients. Our results clarify the oxidative stress
marker proﬁle in the blood of ALS patients and strengthens
the clinical evidence that prooxidative imbalances contribute
to ALS pathophysiology.
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Age is the main risk factor for a number of human diseases, including neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis, which increasing numbers of elderly individuals suﬀer. These pathological
conditions are characterized by progressive loss of neuron cells, compromised motor or cognitive functions, and accumulation
of abnormally aggregated proteins. Mitochondrial dysfunction is one of the main features of the aging process, particularly in
organs requiring a high-energy source such as the heart, muscles, brain, or liver. Neurons rely almost exclusively on the
mitochondria, which produce the energy required for most of the cellular processes, including synaptic plasticity and
neurotransmitter synthesis. The brain is particularly vulnerable to oxidative stress and damage, because of its high oxygen
consumption, low antioxidant defenses, and high content of polyunsaturated fats very prone to be oxidized. Thus, it is not
surprising the importance of protecting systems, including antioxidant defenses, to maintain neuronal integrity and survival.
Here, we review the role of mitochondrial oxidative stress in the aging process, with a speciﬁc focus on neurodegenerative
diseases. Understanding the molecular mechanisms involving mitochondria and oxidative stress in the aging and
neurodegeneration may help to identify new strategies for improving the health and extending lifespan.

1. Introduction
Aging is the primary risk factor for a number of human
diseases, as well as neurodegenerative disorders [1], which
increasing numbers of elderly individuals suﬀer. These
pathological conditions, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS), and spinocerebellar
ataxia (SCA), are characterized by progressive loss of neuron
cells, compromised motor or cognitive functions, and accumulation of abnormally aggregated proteins [2, 3]. A growing
body of evidence highlights bioenergetic impairments as well
as alterations in the reduction-oxidation (redox) homeostasis
in the brain with the increasing of the age. The brain is composed by highly diﬀerentiated cells that populate diﬀerent
anatomical regions and requires about 20% of body basal
oxygen for its functions [4]. Thus, it is not surprising

that alterations in brain energy metabolisms lead to
neurodegeneration.
Cellular energy is mainly produced via oxidative phosphorylation taking place within mitochondria, which are crucial organelles for numerous cellular processes, such as
energy metabolism, calcium homeostasis, lipid biosynthesis,
and apoptosis [5, 6]. Glucose oxidation is the most relevant
source of energy in the brain, because of its high rate of
ATP generation needed to maintain neuronal energy
demands [4]. Thus, neurons rely almost exclusively on the
mitochondria, which produce the energy required for most
of the cellular processes, including synaptic plasticity and
neurotransmitter synthesis [7]. Furthermore, given the central role of mitochondria in energy metabolism and in the
regulation of the redox homeostasis, the study of agerelated mitochondrial disorders is becoming nowadays of
growing interest. Here, we review the role of mitochondria
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Figure 1: Schematic representation of oxidative stress in health, aging, and neurodegenerative diseases. In healthy conditions, the oxidant
levels mainly produced in mitochondria are kept under control due to eﬃcient mechanisms of defense that counterbalance the excessive
production of oxidants and keep the homeostasis. However during the aging, the oxidant levels increase, while the antioxidant eﬃciency
decreases generating an imbalance that leads to a noxious condition called oxidative stress and consequently to an oxidative damage of the
main biomolecules such as proteins, lipids, nucleic acids, and carbohydrates. The overall picture intensiﬁes in neurodegenerative
conditions such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis.

in the aging process, with a speciﬁc focus on mitochondrial
oxidative stress in neurodegenerative diseases.

2. What Is the Oxidative Stress?
Reactive oxygen species (ROS) are normally produced in the
cell of living organisms as a result of normal cellular metabolism and are fundamental in the maintenance of cellular
homeostasis. In physiological conditions, low to moderate
concentrations of ROS are involved in processes such as
immune response, inﬂammation, synaptic plasticity, learning, and memory [8]. However, the excess of ROS production
can be harmful, producing adverse oxidative modiﬁcations to
cell components including mitochondrial structures as the
ﬁrst targets of ROS-induced damage [9]. Nevertheless, the
human body is equipped with a variety of antioxidants that
serve to counterbalance the eﬀect of oxidants, including
superoxide dismutase (SOD) and the glutathione (GSH) system [10]. When an imbalance between free radical production and detoxiﬁcation occurs, ROS production may
overwhelm antioxidant defenses, leading to the generation
of a noxious condition called oxidative stress and overall to
the impairment of the cellular functions. This phenomenon
is observed in many pathological cases involving mitochondrial dysfunction, as well as in aging [11] (Figure 1). The
brain is particularly vulnerable to oxidative stress and damage, because of its high oxygen consumption, low antioxidants defenses, and high content of polyunsaturated fats
very prone to be oxidized [12].
Biological molecules such as proteins, lipids, nucleic
acids, and carbohydrates are generally prone to oxidation,
leading to a consistent oxidative damage of the biomolecules
like change of their structures and consequently to their functions. The resulting oxidative modiﬁcations of the biomolecules are quite stable and they could be used as markers of

oxidative and nitrosative stress. For example, the main products of protein oxidation are protein carbonyls and nitrated
proteins [13]. Protein carbonyls derive by the direct oxidation of certain amino acids by peptide backbone scission or
by Michael addition reaction with products of lipid peroxidation (e.g., HNE) or by glycoxidation reactions [14]. Detoxiﬁcation of protein carbonyls happens through enzyme such as
aldehyde dehydrogenase (ALDH) or by reduction of the carbonyl group to the corresponding alcohol group by carbonyl
reductase (CR) [15]. Protein nitration happens in particular
at tyrosine level (3-nitrotyrosine: 3-NT) through the action
of reactive nitrogen species (RNS) such as peroxynitrite and
nitro dioxide [16].
Another characteristic process of oxidative stress that
aﬀects lipids and leads to the formation of the relative
markers is the lipid peroxidation. More in speciﬁc, lipid peroxidation derives from the damage of cellular membranes by
ROS that generates a heterogeneous group of relatively stable
end-products such as malondialdehyde (MDA), 4-hydroxy2-nonenal (HNE), acrolein, and isoprostanes [17]. MDA,
HNE, and acrolein are able to bind proteins and DNA leading to the alteration of conformation and function [18].
Carbohydrates are also aﬀected by ROS. Indeed, reducing
sugars plays a pivotal role in modifying proteins through the
formation of advance glycation end-products (AGEs) in a
nonenzymatic reaction called glycation [19]. AGEs are
involved in the progress of some diseases such as diabetes
mellitus, cardiac dysfunction, and neurodegenerative diseases [20].
Between all the free radicals, the hydroxy radical (OH·) is
the most toxic because of its high reactivity and limitation on
its diﬀusion from their site of the formation. OH· has been
found to damage biological molecules including nucleic acid
[21]. 8-Hydroxyguanosine (8-OHG) and 8-hydroxy-2 ′
-deoxyguanosine (8-OHdG) are the most abundant among
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Figure 2: Rendition of the central role of mitochondrial deﬁciencies in aging. The ROS production in aged mitochondria is increased, the
membrane potential appeared lower, ATP synthesis is reduced, the activity of respiratory enzyme complexes is declined, and oxidized
proteins accumulate causing protein aggregation. Mitochondrial DNA (mtDNA) is also oxidized and deletions and mutations have found.

the oxidized bases, and they can be used as markers of RNA
and DNA oxidation [22]. The involvement of nucleic acid
oxidation in neurodegenerative diseases might cause not only
the reduction of protein level but also translation errors
in vivo with alteration of protein structure and function [23].
In the course of the evolution, the organisms have developed several mechanisms of protection against the noxious
eﬀects of ROS and RNS in such a way that the whole amount
of prooxidants is under control, and the negative consequences are limited. The antioxidant molecules are divided
into two groups: enzymatic and nonenzymatic compounds.
The enzymatic group includes superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), and
glutathione reductase (GR). SOD is one of the ﬁrst protective
mechanisms against ROS and catalyzes the conversion of O2·
to H2O2 and O2 [24]. The generated H2O2 is converted to
water and O2 by CAT. The nonenzymatic group involves glutathione (GSH), the most abundant antioxidant in most of
the brain cells, thioredoxin (Trx), vitamins A, E, and C, and
selenium. GSH reacts with ROS generating glutathione disulﬁde (GSSG) and enters a cycle together with GPx and GR.
Vitamin E (also called α-tocopherol) is a lipophilic molecule
acting against the lipid peroxidation [25]. Vitamin C (also
called ascorbic acid) is one of the most important watersoluble antioxidants. Selenium is a crucial cofactor for the
enzymes GPx and thioredoxin reductase (TrxR) and essential
trace elements. All together they act and balance the levels of
ROS and RNS to avoid the onset and the propagation of
harmful eﬀect in the nearby tissues.

3. Mitochondrial Damage in Aging
Aging is a degenerative physiological process induced by the
accumulation of cellular lesions leading progressively to

organ dysfunction and death. Although our knowledge of
the aging process remains far from being complete, understanding the basis of human aging is one of the great biomedical goals. The best known and most long-standing
hypothesis to explain aging is the “free radical theory of
aging” proposed by Harman and coworkers [26], which postulates that aging and age-associated degenerative diseases
are the result of free radical attacks on cells and tissues. This
theory was later extended by Miquel and coworkers [27] who
focused on mitochondria as the main source of ROS in aging
cells. In this relevant work, the authors explained how mitochondrial disorganization might be an important aspect of
the age-related changes of postmitotic cells such as neurons
and muscle cells. This view was based on electron microscopic and biochemical studies on insects and mammals.
Finally, they oﬀered a hypothesis on intrinsic mitochondrial
senescence and its possible relation to age-related changes
in other cell organelles. The theory is known nowadays as
“the mitochondrial theory of aging.” Since this early publication, experimental evidences of the implication of mitochondria in aging have increased.
In addition to the energy generation through oxidative
phosphorylation, mitochondria play an essential role in cell
metabolic homeostasis, signaling, diﬀerentiation, and senescence [28]. Mitochondrial dysfunction is one of the main features of the aging process [29] (Figure 2), particularly in
organs requiring a high-energy source such as the heart,
muscles, brain, or liver. Although a large amount of data support the role of mitochondrial ROS production in aging, it
has also recently been demonstrated the involvement of the
mitochondrial permeability transition in the mechanisms of
aging [30]. Indeed, the mitochondrial membrane potential
appeared originally lower in old animals, and cellular peroxide levels were higher in cells from old animals with respect
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to the young ones [31]. The age-associated decrease in mitochondrial membrane potential correlated with reduced ATP
synthesis in tissues of old animals [32] and also in human
ﬁbroblasts from elderly subjects [33]. The mitochondrial permeability transition is due to a nonspeciﬁc pore called the
mitochondrial permeability transition pore (mPTP) occurring when mitochondria become overloaded with calcium.
Indeed, it is well known that aging alters cytosolic calcium
pick-up and the sensitivity of the mPTP to calcium enhanced
under oxidative stress conditions [34].
Using isolated mitochondria, in the past few decades,
many studies revealed that the activity of respiratory enzyme
complexes in the electron chain transport gradually declines
with age in the liver, skin ﬁbroblasts, brain, and skeletal
muscle of humans [32, 33, 35, 36] (Figure 2). Moreover,
mitochondrial morphology changed with age. Electron
microscopic studies showed that mitochondrial disorganization accumulates with age in a variety of cells and tissues
[26]. Although mitochondria are very dynamic organelles
and can remodel their structure through fusion and ﬁssion
[37], abnormalities in the process have been related to senescence in mammalian cells [38].
Age-associated oxidative damage to mtDNA was shown
to correlate with mitochondrial GSH oxidation in the liver,
kidney, and brain of rats and mice [39]. mtDNA deletions
were also found to correlate with the level of oxidized guanosines in mtDNA [40]. Furthermore, mtDNA increasingly
accumulated mutations with age in a variety of human tissues, which include point mutations [41], large-scale deletions [42], and also tandem duplications [43] (Figure 2).
On the other hand, mitochondrial rRNAs were oxidized
and degraded under oxidative stress conditions [44].
Oxidized proteins also accumulate progressively during
aging, and an important consequence is the unfolding phenomenon that causes protein aggregation [45] (Figure 2).
Many respiratory enzymes are known to be the targets of
oxidation, such as complex I and ATPase [46] (Figure 2).
Finally, lipid peroxidation is particularly important in the
inner mitochondrial membrane due to the high content of
cardiolipin [47]. In fact, oxidative stress was found to
decrease cardiolipin levels more than other lipids and this
decline appeared directly related to the decrease of cytochrome oxidase activity [47].
Interestingly, a switch from glycolysis to respiratory
metabolism in yeast has been found to increase ROS production, activate the antioxidant response, and increase
NADPH production, causing lifespan extension and hormesis response [48].
Mitochondrial dysfunction has also been related to
another aging-related process, the telomere shortening [49].
PGC-1a/b are the principal regulators of mitochondrial biogenesis and function and establish the connection between
telomere shortening and mitochondria malfunction [50].
When DNA is damaged, p53 levels increase and PGC1a/b
are inhibited consequently leading to mitochondrial dysfunction [49, 50]. PGC-1a was also found to decrease its activity
inducing loss of SIRT1 activity and mitochondrial dysfunction, particularly in the muscle [51]. Interestingly, the overexpression of PGC-1a can improve aging muscle and plays

Oxidative Medicine and Cellular Longevity
a signiﬁcant role in longevity [52]. On the other hand,
DNA damage can also activate AKT and mTORC1, resulting
in PGC-1b-dependent mitochondrial biogenesis and ROS
generation [53].

4. Mitochondrial Oxidative Stress and Its
Role in Neurodegenerative Diseases
As already described above, mitochondria are key multifunctional organelles that play multiple important functions in
the cell. They are essential not only in energy production
but also in thermogenesis, calcium homeostasis, generating
and maintaining key cellular metabolites, and redox signaling [5]. Neurons are postmitotic highly diﬀerentiated cells
with a lifespan similar to that of the whole organism [54].
These excitable cells are more sensitive to the accumulation
of oxidative damages compared to dividing cells and are
more prone to accumulating defective mitochondria during
aging [54, 55]. Thus, it is not surprising the importance of
protecting systems, including antioxidant defenses, to maintain neuronal integrity and survival.
All the neurodegenerative disorders share several common features, such as the accumulation of abnormally aggregated proteins and the involvement of oxidative damage and
mitochondrial dysfunction. Many of the genes associated
with PD or ALS are linked to mitochondria. In addition, all
aggregated misfolded proteins (β-amyloid, tau, and α-synuclein) are known to inhibit mitochondrial function and
induce oxidative stress [56]. Therefore, the identiﬁcation of
common mechanisms underlying neurodegenerative diseases, including mitochondrial dysfunction, will increase
our understanding of the essential requirements for neuronal
survival that can inform future neuroprotective therapies.

5. Alzheimer’s Disease
Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder aﬀecting the aged population, which is characterized by progressive deterioration of behavior, cognition,
and functionality [57]. Although the pathophysiology is
extremely complex and heterogeneous, the main hallmarks
of AD are the senile plaques composed by extracellular
deposition of amyloid beta (Aβ) peptide and the presence
of intracellular tau neuroﬁbrillary tangles (NFT) [57]. The
aberrant protein aggregation results in multifactorial neuronal dysfunction aﬀecting synaptic signaling, mitochondrial
function, neuroinﬂammation, and neuronal loss [58, 59].
In particular, Aβ plaques were found to deplete Ca2+ ions
storage in the endoplasmic reticulum (ER), resulting in cytosolic Ca2+ overload, which causes a reduction in endogenous
GSH levels and ROS accumulation [60]. ROS-induced oxidative stress is one of the main important factors in the
pathogenesis of AD as ROS overproduction is thought to
play a critical role in the accumulation and deposition of
Aβ peptides in AD [61].
The relationship between mitochondria and AD pathology is not so direct compared to other neurodegenerative
disorders, although the role of oxidative stress and mitochondrial dysfunction is shown in diﬀerent AD models
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[62]. Thus, a reduction in complex IV activity has been demonstrated in mitochondria from the hippocampus and platelets of AD patients and in AD cybrid cells [63, 64].
Aggregation of Aβ peptides leads to oxidative stress, mitochondrial dysfunction, and energy failure prior to the
development of plaque pathology [65] and can reduce
mitochondrial respiration in neurons and astrocytes via
the inhibition of complexes I and IV, thus causing ROS
production [66]. The important role of mitochondrial
ROS has been also conﬁrmed by the results obtained with
the antioxidant MitoQ, which can prevent cognitive
decline, Aβ peptide accumulation, microglia inﬂammation,
and synaptic loss in a transgenic mouse model of AD [67]
and can extend lifespan and improve health in a transgenic
Caenorhabditis elegans model of AD [68]. In addition, the
inhibition of oxidative stress as a result of a polyunsaturated
fatty acid diet improved cognition and memory in mice [69],
rats [70], and protected worms from the paralysis by extending their lifespan [71].
It has been reported that the H2O2 production from synaptic mitochondria was more than ﬁvefold higher than that
from nonsynaptic mitochondria [72]. This fact indicates that
neurons are more susceptible to oxidative damage than glial
cells. Furthermore, isolated mitochondria from neurons
incubated with Aβ peptides caused a ﬁvefold increase in the
rate of H2O2 production [73]. Moreover, Aβ peptides
increased the aggregation of mitochondria isolated from neurons and caused cytochrome C release from mitochondria,
both proapoptotic signals [73]. Studies performed in AD
patients showed reduced cytochrome oxidase activity in
platelets of AD subjects when compared to controls [74],
and this mitochondrial defect was also demonstrated in the
brain of AD patients [75]. Mitochondria from platelets of
AD patients have been found depolarized, smaller on average, and less able to buﬀer calcium, showing lower ATP levels
and an increase of oxidative stress, stress signaling, and apoptosis, with respect to controls [7]. Subjects with mild cognitive impairment also revealed mitochondrial deﬁciencies
[76]. Fisar et al. have recently shown that both insuﬃciency
in substrates entering into the oxidative phosphorylation system and functional disturbances in the electron transport
system complex are responsible for the decrease in respiration observed in intact platelets of AD patients [77]. A very
early decrease in mitochondrial complex activity has also
been found in the entorhinal cortex of AD patients, but not
in the frontal cortex [78].
Recently, it has been suggested that an imbalance in
nuclear and mitochondrial genome-encoded oxidative phosphorylation transcripts may drive a negative feedback loop
reducing mitochondrial translation and compromising oxidative phosphorylation eﬃciency, leading to ROS production
[79]. Indeed, a deﬁciency of the mitochondrial oxidative
phosphorylation system can impact directly on mitochondrial function and result in several disease phenotypes [80].
It has recently been shown that cells from late-onset AD
patients exhibited an impaired mitochondrial metabolic
potential and an abnormal redox potential, associated with
reduced nicotinamide adenine dinucleotide metabolism and
altered citric acid cycle activity [81]. Moreover, AD
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ﬁbroblasts presented a signiﬁcant reduction in mitochondrial
length, changes in the expression of proteins that control
mitochondrial fusion, and dysfunction of mitochondrial bioenergetics [82]. Martín-Maestro et al. also showed that multiple genes that control mitochondrial homeostasis, including
ﬁssion and fusion, are downregulated in Alzheimer’s
patients. These defects lead to strong accumulation of aged
mitochondria in AD ﬁbroblasts [83]. Accordingly, the analysis from AD patients of genes involved in autophagy and
mitophagy demonstrated a downregulation, indicating that
the recycling mechanism of these aged mitochondria might
be impaired [83].
AD pathogenesis has also been linked to voltagedependent anion channel 1 (VDAC1) [84], which is
expressed in the mitochondrial outer membrane and regulates the main metabolic and energetic functions of the
cell, including Ca2+ homeostasis, oxidative stress, and
mitochondrion-mediated apoptosis. Indeed, VDAC1 levels
were found to increase in the AD brains and its inhibition
has been proposed as the target of a novel strategy for
diminishing cell death [84].
Mitochondria are highly abundant in synapsis cause of
their on-site energy provision and calcium modulation [85].
Via TOM import machinery [86] and/or by local production
by γ-secretase [87], Aβ peptides accumulate inside the synaptic mitochondria [88]. Then, it probably interacts with
the mitochondrial heme group [73] and/or with mitochondrial matrix proteins such as amyloid-binding alcohol dehydrogenase (ABAD) [188] and blocks the electronic transport
thereby compromising ATP production [89] and synaptic
function [64]. A recent study performed in isolated mammalian mitochondria showed that Aβ peptides impaired mitochondrial import of nuclear-encoded precursor proteins
due to a coaggregation process [90].
It has been showed from diﬀerent laboratories that oxidative and nitrosative stress markers were substantially
increased in AD, encouraging the idea about the crucial role
of these two pathways in the progression of the disease. In
several postmortem cortex areas not only from sporadic
and familiar AD patients but also from patients aﬀected by
mild cognitive impairment (MCI), the levels of protein carbonyls were substantially increased compared to agematched control subjects [91, 92]. In addition, the levels of
carbonyl reductase (CR) were also found to increase in the
AD brains, suggesting that the brain tries to counteract protein oxidation [15]. About markers of nitrosative stress in
AD, proteomic approaches have identiﬁed a large number
of proteins which are nitrated in the MCI and AD brains
[93, 94]. These proteins are involved in several cellular functions such as energy metabolism, structural maintenance, pH
regulation, and antioxidant.
Lipid peroxidation seems to play a particular role not
only in aging but also in the pathogenesis of AD [95] and
its products could be used as markers for AD identiﬁcation
since early stages (MCI). Indeed, in CSF and the brains from
AD and MCI subjects, it has been found elevated levels of
lipid peroxidation products such as HNE, malondialdehyde
(MDA), acrolein, F(2)-isoprostane, F(4)-isoprostane, and neuroprostane [96, 97], have been found elevated, while MDA
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levels was also found high in plasma and serum from AD
patients [98] and colocalized with neuroﬁbrillary tangles
and senile plaques [99]. The decrease of the detoxiﬁcation
system eﬃciency in MCI and AD caused the accumulation
of HNE protein adducts in neuronal cells [100]. Also in the
blood, a signiﬁcant increase of HNE levels has been found
in AD patients compared to healthy subjects [101]. Acrolein
has been reported to react with DNA bases leading to the formation of acrolein-deoxyguanosine in the AD brain [102].
Several papers published in the early nineties suggested
an important role of glycation in the formation of neuroﬁbrillary tangles and senile plaques [103, 104]. Like many
other markers of oxidative stress, AGEs were also found to
increase in CSF of AD patients, as well as their receptor levels
in microglia cells of the AD brains [104]. While the picture
in the brain is clear, the results about AGEs and soluble
RAGE levels obtained in the blood from AD patients are
controversial [105].
A considerable amount of evidences supports the early
involvement of nucleic acids and oxidation in the cascade
of neurodegeneration. DNA and RNA damage is a feature
of the AD brain as well as of peripheral tissue [106]. mtDNA
of cortical neurons in AD patients was found deleted with
respect to age-matched controls [107]. Later, sporadic mutations in the mtDNA control regions in AD patients were also
identiﬁed [108]. Interestingly, 8-OHdG levels in the mtDNA
of the cerebral cortex and cerebellum from AD patients were
threefold higher than in age-matched controls [109]. RNA
oxidation was observed in the postmortem brains of early
and latest stages of AD [110], a presymptomatic case with
familial AD mutation [111], and Down syndrome with AD
pathology [112], suggesting that mRNA is highly sensitive
to oxidative damage. Fivefold increase in oxidized RNA was
also observed in CSF of AD cases [113]. All this data suggests
that nucleic acid oxidation may be considered an early event
in the progression of AD.
The antioxidant levels in AD were found to change not
only in the brain but also in peripheral tissues. Most of the
studies have found an overall decrease in antioxidant amount
and activity in the blood of AD patients since the early
phases, suggesting that the physiological equilibrium
between ROS/RNS production and antioxidant is altered
and consequently the amount of antioxidant available is
strongly compromised. In particular, SOD levels, but not
the activity [114], were found to be elevated in the hippocampus and amygdala of AD patients [115], while a decrease in
SOD, GPx, and CAT levels was found in the frontal and
temporal cortex [116]. Nevertheless, CAT activity was
found to increase in AD erythrocytes [117], suggesting an
independence of the redox status between the periphery
and the brain.
GSH was also found to decrease in the MCI and AD brain
and erythrocytes [114, 118]. Another recent study showed
higher GSH levels in the anterior and posterior cingulated
from MCI patients [119]. In addition to GSH, the enzymes
involved in its metabolism were also analyzed. In particular,
glutathione-S-transferase (GST), a sensitive target of oxidative and nitrosative stress, was found to be carbonylated in
C. elegans expressing Aβ42 [120] and in canine model of
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aging [121]. GST was also found to be nitrated in inferior
parietal lobe (IPL) from MCI patients [122] and signiﬁcantly
elevated in the AD hippocampus, causing a decrease of its
activity [118]. Since GSTs catalyze the conjugation of HNE
to glutathione (GSH), the decline of its activity consequently
leads to the compromise of detoxiﬁcation process of HNE
[123] and an accumulation of HNE-modiﬁed proteins. All
these studies suggest that an alteration of GSH metabolism
at the early stages of the disease could be an early marker
for the detection of AD.
Another family of antioxidants particularly aﬀected by
oxidative and nitrosative stress is peroxiredoxins (Prxs),
which reduces H2O2 [124] and presents a redox-regulated
chaperone activity [125]. Prx2 oxidation was found Aβ42
dependent in SAMP8 mice [126]. However, Prx2 expression
was found to increase in the AD brains [127] and Prx6 is oxidatively modiﬁed in the MCI brains [122], suggesting the
presence of a compensatory mechanism.
Vitamins E and C were also found to decrease in
plasma from MCI and mild AD and in CSF from AD patients
[128–130]. In line with these results, another study showed a
positive correlation between plasma vitamin E levels and the
risk to develop AD in an advanced age [131].
Selenium levels were also aﬀected in AD plasma with an
association to the cognitive decline [132]. Nevertheless, the
plasma levels of selenium seem to be independent from those
of the brain [133]. The levels of seleno-containing enzyme
Trx1 were also found to increase in the AD brains [134], in
particular in glial cells, but not in neurons [135]. On the
contrary, the long cleavage product of Trx1, Trx80, was
drastically reduced in the brains and CSF from AD and
MCI patients and it could be used to distinguish the stable
MCI from the MCI that evolve later to AD [136].

6. Parkinson’s Disease
Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder, after AD, which is characterized
by the progressive degeneration of the dopaminergic neurons located in the substantia nigra (SN) pars compacta
[137]. The main neuropathological hallmark of PD is the
presence of intracellular inclusions known as Lewy bodies
(LBs) and neurites (LNs) [138], predominantly composed
by misfolded and aggregated forms of the presynaptic protein α-synuclein [139].
The implication of mitochondrial dysfunction in the
pathology of PD has been shown for a long time [140, 141].
The aging-related mitochondrial decline and the increasing
mtDNA damage/mutations are also been associated with
the increased risk for PD [142]. Indeed, it has been reported
that mtDNA can impair the capacity of the organelle quality
control mechanisms and thereby amplify the initial insult
through a progressively increase of metabolic dysfunction
and oxidative stress [143]. In particular, in some models
of PD, it has been shown that environmental xenobiotics
were extremely toxic and caused mitochondrial dysfunction in dopaminergic neurons leading to parkinsonian
phenotypes [144].
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Furthermore, the protein α-synuclein associated with PD
pathogenesis is known to target the mitochondria and to
decrease their function [140–142, 145, 146]. Notably, a
decline of complex I activity and elevated intracellular ROS
have been reported in the SN of the postmortem brain of
PD patients [140, 147]. The implication of the mitochondria
in PD is also supported by the presence of PD-related genes
such as PINK1, PARK2 (Parkin), DJ-1, and LRRK2 which
regulate mitochondrial and ROS homeostasis [148–151].
PINK1 deﬁciency results in impaired respiration with inhibition of complex I, and mutations in PINK1 gene cause a
recessive form of PD [152, 153]. Abnormal ROS production
in the mitochondria of PINK1 knockout neurons has been
found to inhibit the mitochondrial Na2+/Ca2+ exchanger or
glucose transporter and to be prevented by antioxidants
[152, 154]. Mitochondrial ROS play an important role not
only in the pathology of PINK1 (mutation or deﬁciency)
but also in the physiology of PINK1/Parkin-related mitophagy, by the induction of mitochondrial recruitment of Parkin [155]. In addition, it has recently been reported that
mitochondrial ROS production in familial and sporadic
forms of PD caused DNA damage and activated the PARP
enzyme-associated DNA repair mechanism [156].
Although monomeric α-synuclein is a physiological regulator of synaptic transduction and mitochondrial bioenergetics [157], the oligomeric species appeared toxic for cells
[62, 158], inhibited mitochondrial complex I [159], and
induced mitochondrial depolarization [160]. In addition,
oligomeric α-synuclein caused ROS production [158] independently of the known enzymatic pathways that aﬀected
mitochondrial function and induced lipid peroxidation
[161]. The role of α-synuclein in mitophagy, mitochondrial
ﬁssion/fusion, and protein traﬃcking to this organelle has
also been shown [162]. Neurodegenerative impairments were
also found in α-synuclein transgenic mice through the activation of mPTP [163]. The opening of mPTP appeared to be
induced by oligomeric α-synuclein with respect to the monomeric protein, due to their ability to induce calcium signal in
a structure-speciﬁc manner [164] and to produce ROS in the
presence of free metal ions [165].
In addition to the mitochondrial dysfunction and ROS
production, PD is characterized by an overall increase of
end-product markers of oxidative and nitrosative stress that
reﬂects an extensive damage on the biomolecules. This
strongly suggests that these three processes are interconnected and create a cascade of events promoting a neurodegenerative condition like PD. The SN from the postmortem
brains showed increased protein carbonyl levels at high
molecular weight compared to the control brains or other
brain regions [165]. The levels of protein nitration were also
found to increase in the PD brains [166]. A recent study
showed increased α-synuclein nitration levels in the brain
from individuals with synucleinopathy, suggesting a direct
link between nitrosative damage and the progression of neurodegenerative synucleinopathies [167]. Interestingly, an
in vitro study showed the nitration of mitochondrial complex
I that might trigger overtime a cascade of deleterious events
enhancing the overall oxidative damage in PD [168]. The
postmortem brains of PD patients showed increased levels
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of lipid peroxidation markers and oxidized proteins [169].
In particular, HNE adducts were identiﬁed in dopaminergic
cells of SN, CSF, and plasma from PD patients [170, 171]
and signiﬁcant diﬀerences were found in plasma of PD subjects treated with L-dopa therapy [171]. Moreover, MDA
levels were found to be high and attached to α-synuclein in
the SN and frontal cortex of PD cases [172] supporting the
idea that lipid peroxidation might precede and contribute
to α-synuclein aggregation. In PD plasma, MDA levels were
also found to be increased and inversely related to the age
of patients [173]. Glycation also showed a strong immunoreactivity in the SN and locus coeruleus of PD patients [174],
suggesting its involvement in the chemical cross-linking,
proteolytic resistance, and aggregation process. Overall, the
levels of glycated proteins were signiﬁcantly higher in the
cerebral cortex of PD patients compared to age-matched
controls [175]. Since in PD the catabolic pathway activity of
the most glycation agents is lower [176], the AGE concentration rises up leading to the death of dopaminergic neurons.
About DNA and RNA oxidation, the levels of 8-OHdG and
8-OHG were also found to be increased in diﬀerent brain
regions, including SN, in serum and CFS [177, 178].
The antioxidant status of PD was found signiﬁcantly
modiﬁed compared to age-matched healthy subjects, as well
as in AD. In particular, SOD levels, but not the activity, were
found to increase in the SN and basal ganglia from PD
patients [179]. In contrast, the levels of other antioxidant
enzymes such as CAT, GPx, and GR did not change in PD
compared to the age-matched healthy subject [179]. GSH
levels were found to decrease only in the SN [180]. Interestingly, blood GSH/GSSG ratio was found to increase when
the patients stopped to take PD medication such as dopamine receptor agonist suggesting how the medication could
strongly inﬂuence the peripheral redox status [181].
Anyway, studies in the animal models of PD showed different outcomes compared to the human sample analysis
with a degree of controversy [182, 183] probably due to the
temporal length of the experimental observation time.

7. Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by progressive loss of motor neurons
in the anterior horn of the spinal cord, leading to muscle
weakness, wasting, and spasticity [184]. ALS is classiﬁed as
either familial or sporadic depending on whether there is a
clearly deﬁned, inherited genetic element. The onset of sporadic (sALS) is unknown, and thus, the identiﬁcation of
causal genes and environmental factors remains elusive.
Mutations in the ﬁrst ALS gene superoxide dismutase 1
(SOD1) were found in 1993 to segregate in several fALS pedigrees [185] and subsequently in a small number of unrelated
sALS cases [186]. Fifteen years later, TAR DNA binding protein 43 (TDP-43) is found to be an important constituent of
protein aggregates frequently observed in postmortem material of ALS patients [187]. Although it is not yet clear how
such aggregates trigger neurodegeneration in ALS, mutations
in the TDP-43 gene were reported in 3% of fALS and 1-5% of
patients with sALS, suggesting that TDP-43 aggregates have a

8
central role in triggering ALS [188, 189]. The number of ALS
genes increases and it appears that the mutant proteins
encoded are involved in a variety of critical processes, including mitochondria function.
The link of mitochondria to ALS has been deﬁned by the
mutations in SOD1 gene since they were found in 20% of the
fALS [190]. SOD1 is an ubiquitous enzyme with several functions, including scavenger of excessive superoxide radical
(O2–·) into oxygen, modulation of cellular respiration, energy
metabolism, and posttranslational modiﬁcation [191]. Several SOD1 mutations were shown to aﬀect the folding of
the protein, and it is believed that the ensuing toxic gain of
function might be caused by the accumulation of misfolded
proteins inside the intermembrane space of mitochondria
[192] with generation of free radicals that eventually lead to
cell injury and death [193, 194]. Even if this may not be the
main triggering mechanism, it is nonetheless recognized that
mitochondrial dysfunction is central to SOD1 pathogenesis
[195]. Although SOD dysfunction leads to a loss of antioxidant capability, evidences have shown that the silencing of
SOD1 in mice does not lead to neurodegenerative conditions
[196]. In contrast, it has recently been reported that mutant
SOD1 can disturb the amino acid biosynthesis of cells in a
yeast model and mediate cellular destruction, accounting
for the neural degeneration in ALS [197]. In addition, the
reduction of the mitochondrial ROS in neurons of a double
UCP-SOD1 transgenic mouse model did not recover mitochondrial function and accelerated the progression of the disease [198]. The activity of SOD was also found to reduce in
red blood cells from ALS patients [199], while SOD1 activity
in the CSF showed conﬂicting results [200, 201].
Mitochondrial oxidative damage has also been demonstrated in patients aﬀected by sALS [202] and in a transgenic
mouse model expressing a fALS-linked mutant Cu/Zn SOD1
[203]. The spinal cord and motor cortex showed increased
levels of protein carbonyls, nitrosative stress, and NOS
[204, 205] suggesting selectivity about protein oxidation
and nitration in ALS. Mutations of other genes associated
with ALS, such as TDP-43, FUS/TLS, and p62, were also
found to increase mitochondrial ROS and oxidative stress
[206, 207]. In addition, exogenous-added TDP-43 aggregates
were found to accumulate in the cytosol of neuronal cells
causing intracellular ROS production [208].
Modiﬁcations in HNE-bound proteins have been
detected in ventral horn motor neurons [209], and high free
HNE levels were found high in CSF and serum of ALS
patients [210, 211] suggesting a diﬀusion of HNE from the
brain to the periphery. Proteomic analysis on the spinal cord
of an ALS mouse model and in CSF [212] revealed an
increase in lipid peroxidation, which was also found to
increase the levels of MDA-protein adducts in the lumbar
spinal and cervical cord before the onset of clinical motor
signs in a murine model of ALS [213]. Despite acroleinprotein adducts were not detectable in the spinal cord of
ALS patients, free MDA detection has been also conﬁrmed
in ALS subjects [205].
Glycation was ﬁrst detected in the spinal cord and brain
samples of both sALS and fALS [214, 215] as well as in
SOD1 transgenic mice. Surprisingly, the levels of soluble
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RAGE were found lower in serum of ALS patients with
respect to control subjects [216]. From a mechanistical point
of view, in vitro glycation aﬀected negatively the structure
and the activity of SOD1 [217]. The roles of mRNA and
DNA oxidation were showed for the ﬁrst time in a mouse
model of ALS, suggesting the presence of an early event
before the degeneration of the motor neurons and appearance of all the symptoms. ALS patients presented an increase
of nuclear 8-OHdG in the motor cortex and 10-fold higher in
the spinal cord tissue [205], as well as in plasma, urine, and
CSF, compared to healthy people [218].
In addition to SOD1, other antioxidants showed changes
in level and activity in peripheral tissues or CFS. Anyway, the
modiﬁcation of GSH, GPx, and GR activities appears ﬂuctuating in the analyzed samples, suggesting a grade of variability [219], together with the variability of the pathogenic
mechanisms that both lead to a ﬂuctuation in the antioxidant
proﬁles of ALS patients [220]. In some studies, the levels and
the activities of these enzymes were found to decrease in
erythrocytes [221] and in the motor cortex [222] from ALS
patients. However, in another study, the GSSG/GSH ratio
was found to decrease [223], and the GPx level and the GR
activity were enhanced in erythrocytes, serum, and CSF
[201, 224, 225]. Moreover, other studies showed that GR
activity in red blood cells from ALS patients did not change,
whereas CAT levels and activity were diminished [201, 224].
In addition, plasma levels of nonenzymatic antioxidants were
inconsistent, with some studies showing elevated levels [226]
and other with no change [227] proving again the grade of
variability of the disease.

8. Mitochondrial Dynamics
and Neurodegeneration
Mitochondria are organelles with high mobility inside the
cells. They can change size, morphology, and position and
can also suﬀer ﬁssion and fusion. Fission is the process to
obtain two or more daughter mitochondria from the division
of a single. Fusion is the opposite: the union of two or more
mitochondria to form a unique structure [228] (Figure 3).
Fission and fusion are normal processes that occur continuously in many cell types. Fission is facilitated by Drp1, a protein with GTPase activity which in the mitochondrial outer
membrane forms chains promoting the mitochondrial division. The chain is stabilized by MiD49 and MiD51 proteins
that previously form a complex with Mﬀ and Fis1
(Figure 3). Fusion is mediated by OPA-1 which controls the
mitochondrial inner membrane fusion and by Mfn1 and
Mfn2 which control the mitochondrial outer membrane
fusion [229] (Figure 3).
Mitochondrial dynamics were found to be impaired in
neurodegeneration. In particular, the AD brains showed
abnormal expression of mitochondrial fusion and ﬁssion
proteins [230], but the results are controversial. Indeed,
Wang et al. reported that levels of Opa1, Drp1, Mfn1, and
Mfn2 are signiﬁcantly decreased, whereas the levels of Fis1
increased in the hippocampus of AD patients [231]. However, another study found increased levels of Fis1 and Drp1
and decreased levels of Mfn1, Mfn2, and Opa1 in the AD
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Figure 3: Schematic representation of mitochondrial dynamics. Drp1 in mitochondrial outer membrane forms chains promoting ﬁssion. The
chain is stabilized by MiD49-Mﬀ/Fis1 and MiD51-Mﬀ/Fis1 complexes. Fusion is mediated by OPA-1 in the mitochondrial inner membrane
and by Mfn1 and Mfn2 in the mitochondrial outer membrane. Drp1: dynamin-related protein-1; Fis1: mitochondrial ﬁssion protein 1; Mﬀ:
mitochondrial ﬁssion factor; MiD49: mitochondrial dynamics proteins of 49 kDa; MiD51: mitochondrial dynamic proteins of 51 kDa; OPA-1:
optic atrophy 1; Mfn1: mitofusins 1; Mfn2: mitofusins 2.

frontal cortex [232]. Moreover, the knock-in mouse Drp1+/crossed with a mouse model of AD exhibited improved mitochondrial function [233].
Mitochondrial ﬁssion and fusion were also found to be
altered in PD patients, with increased levels of p-Drp1 in
white cells [234]. Moreover, α-synuclein induced the
inhibition of mitochondrial fusion [235] by interacting
with outer membrane lipids. Experiments performed in
Drosophila showed that Parkin and PINK1 regulate
mitochondrial dynamics in a Drp1-depending manner
[236]. Both proteins are implicated in mitophagy [237]
and also in mitochondrial distribution in axons [238].
DJ-1, another important PD-related protein, also regulates mitochondrial ﬁssion as consequence of a race in
ROS production and its eﬀects can be reversed by overexpression of Parkin and PINK1 [239]. Moreover, LRRK2
was also found to change Drp1 leading to mitochondrial
fragmentation [240].
Lastly, mitochondrial dynamics were also altered in ALS.
Indeed, an increase in mitochondrial ﬁssion is due to excessive Drp1 levels in the ALS models [241]. Moreover, changes
in the levels of Fis1, Mfn1, OPA1, and Drp1 preceded motoneuron loss and symptom onset in SOD1 mutant [242].
Mitochondrial fragmentation was also found to increase
both in mutant TDP-43 and FUS, and the expression of
mitochondrial ﬁssion and fusion regulators appeared modiﬁed [243, 244]. Moreover, the inactivation of Drp1 or
Mfn2 prevented the deﬁcits in mitochondrial traﬃcking
in motoneurons of mutant SOD1 or TDP-43 [243, 245].

Taking into account that mitochondrial ﬁssion and fusion
proteins regulate the assembly of respiratory complexes, the
direct involvement ofmitochondrialﬁssion and fusion dynamics in mitochondrial bioenergetics could be central [246].
Therefore, it is reasonable to point out that altered mitochondrial ﬁssion and fusion is probably a mechanism leading
to mitochondrial dysfunction in neurodegeneration.

9. Conclusion
Neurodegenerative diseases are becoming increasingly prevalent in our aged populations, thus representing a primary
health problem especially for this age group [4, 247]. Tremendous eﬀorts have been already made to identify neuropathological, biochemical, and genetic biomarkers of the
diseases for a diagnosis at earlier stages.
In the past thirty years, an extensive research has been
performed to understand the role of mitochondria and oxidative stress not only in physiological aging, but also in neurodegenerative diseases. The whole outcome clearly aﬃrms
that both processes get impaired during aging and are established features signiﬁcantly involved in the progress, if not
the onset, of neurodegenerative disorders. In this moment,
it is still not clear if mitochondrial dysfunction and oxidative
stress could be used as markers for an early detection of aging
dysfunctions or be a valid therapeutic target. However, a better knowledge of the mechanism involving mitochondria and
oxidative stress in the aging process and neurodegeneration
may elicit new strategies for improving the quality of life of
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the elderly and it would have a positive impact on the entire
modern society.
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The progression of Alzheimer’s dementia is associated with neurovasculature impairment, which includes inﬂammation,
microthromboses, and reduced cerebral blood ﬂow. Here, we investigate the eﬀects of β amyloid peptides on the function of
platelets, the cells driving haemostasis. Amyloid peptide β1-42 (Aβ1-42), Aβ1-40, and Aβ25-35 were tested in static adhesion
experiments, and it was found that platelets preferentially adhere to Aβ1-42 compared to other Aβ peptides. In addition,
signiﬁcant platelet spreading was observed over Aβ1-42, while Aβ1-40, Aβ25-35, and the scAβ1-42 control did not seem to
induce any platelet spreading, which suggested that only Aβ1-42 activates platelet signalling in our experimental conditions.
Aβ1-42 also induced signiﬁcant platelet adhesion and thrombus formation in whole blood under venous ﬂow condition, while
other Aβ peptides did not. The molecular mechanism of Aβ1-42 was investigated by ﬂow cytometry, which revealed that this
peptide induces a signiﬁcant activation of integrin αIIbβ3, but does not induce platelet degranulation (as measured by P-selectin
membrane translocation). Finally, Aβ1-42 treatment of human platelets led to detectable levels of protein kinase C (PKC)
activation and tyrosine phosphorylation, which are hallmarks of platelet signalling. Interestingly, the NADPH oxidase (NOX)
inhibitor VAS2870 completely abolished Aβ1-42-dependent platelet adhesion in static conditions, thrombus formation in
physiological ﬂow conditions, integrin αIIbβ3 activation, and tyrosine- and PKC-dependent platelet signalling. In summary,
this study highlights the importance of NOXs in the activation of platelets in response to amyloid peptide β1-42. The
molecular mechanisms described in this manuscript may play an important role in the neurovascular impairment observed
in Alzheimer’s patients.

1. Introduction
Alzheimer’s disease (AD) is a multifactorial age-related neurodegenerative disorder representing 60-80% of dementia
cases [1]. Prominent morphological hallmarks of the disease
include pathological accumulation of insoluble aggregates of
polymeric protein fragments known as β amyloid peptides
deposited in the brain parenchyma (amyloid plaques) and
within the cerebral vessel walls (cerebral amyloid angiopathy
(CAA)), formation of neuroﬁbrillary tangles within neurons

(tau pathology), oxidative stress and chronic neurovascular
inﬂammation resulting in blood hypoperfusion, and damages to the blood brain barrier (BBB) [2]. The manifestation
of these pathological conditions eventually lead to neurovascular dysfunction, neuronecrosis, cognitive decline, and ultimately death [3].
Epidemiological data, postmortem pathological examination, and experimental studies on both human and animal
AD brains have revealed signiﬁcant correlations and shared
pathophysiological mechanisms between Alzheimer’s and
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vascular diseases [4–9]. Common contributing causes
include conditions such as hypertension, diabetes mellitus,
hypercholesterolemia, apolipoprotein E (APOE) 4 polymorphism, and traumatic brain injury [10].
The potential role of platelets in Alzheimer’s disease has
been investigated in a number of studies. The initial work
of Rosenberg et al. in 1997 highlighted possible platelet activation in AD patients due to altered APP processing [11]. His
work was followed up by Sevush et al. in 1998 and by other
groups later on, and it was conﬁrmed that there is an aberrant
and chronic preactivation of platelets that can eventually
contribute towards atherothrombosis, CAA, and progression
of AD [12]. Several studies showed a correlation between AD
and platelet abnormalities, including abnormal membrane
ﬂuidity, increased β-secretase activity, and altered APP
metabolism [13]; α-degranulation, P-selectin surface expression, and integrin αIIbβ3 activation [14]; platelet adhesion
[15, 16]; formation of leukocyte-platelet complexes [12];
coagulation abnormalities [17–19]; and platelet adhesion
and accumulation at vascular β amyloid deposition sites,
where they were shown to modulate β amyloid complexation
into aggregates [20].
Several authors utilised both soluble and ﬁbril forms of β
amyloid peptides as agonists and demonstrated that Aβ peptides are able to promote platelet activation, adhesion, and
aggregation. For example, ﬁbrillar Aβ1-40 was shown to
induce platelet aggregation by binding to scavenger receptors
CD36 and GP1bα and activating p38 MAPK/COX1 pathways. This induces the release of the potent aggregation agonist thromboxane A2 (TxA2) [21]. Donner et al. more
recently showed that Aβ1-40 can bind to integrin αIIbβ3
and trigger the release of ADP and clusterin (a chaperone
protein), which promoted the formation of Aβ1-40 ﬁbrils
[22]. In addition, the use of synthetic Aβ25-35, which retains
the biological and toxic properties of the full length Aβ1-40
and Aβ1-42, has been shown to activate the PAR1 thrombin
receptor and stimulate an intracellular signalling cascade
involving Ras/Raf, PI3K, P38MAPK, and cPLA2 and TxA2
formation and release [23].
NADPH oxidases (NOXs) are the only enzyme family
recognized for their sole primary function of generating reactive oxygen species (ROS), and they have been proposed as
the main source of ROS in platelets during haemostasis
[24]. Recently, two types of NOXs have been identiﬁed in
human and mouse platelets (NOX1 and NOX2) [25], but a
comprehensive understanding of their activation signalling
pathways in response to β amyloid peptides remains elusive.
An interesting paper published by Walsh et al. demonstrated
that oligomeric and ﬁbrillar forms of Aβ1-42 can act as a
ligand for the GPVI receptor and activate platelets [26]. Since
NOX1 has been shown to play a key role in signalling for the
GPVI receptor [25, 27], this may suggest that Aβ1-42 acts
through a NOX1-dependent activation of platelets.
Recently, we demonstrated that upon stimulation of
platelets by both monomeric or ﬁbril forms of Aβ1-42, signiﬁcant intracellular superoxide anion formation can be
detected using a novel ﬂow cytometry method using the
molecular probe dihydroethidium (DHE) [28]. Here, we further investigate the eﬀects of diﬀerent Aβ (Aβ1-42, Aβ1-40,

Oxidative Medicine and Cellular Longevity
Aβ25-35, and scrambled Aβ1-42 control) on platelet activation and adhesion in static and physiological ﬂow conditions.
The use of pan-NOX inhibitor VAS2870 [28] allows the
assessment of the role of NOXs on platelet adhesion and activation. Our primary objective is to understand the mechanism underlining β amyloid peptide-dependent regulation
of platelets, which can potentially improve our understanding of AD and facilitate the development of pharmacological
tools to combat the progression of this disease.

2. Materials and Methods
2.1. Reagents. Dimethylsulfoxide (DMSO), indomethacin,
prostaglandin E1 (PGE1), bovine serum albumin (BSA),
sodium citrate solution (4% w/v), ﬁbrinogen, thrombin from
human plasma, 4% w/v paraformaldehyde, TRITCconjugated phalloidin, 3,3′-dihexyloxacarbocyanine iodide
(DiOC6), VAS2870, D-(+)-glucose monohydrate, and 4-(2hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES)
were from Sigma-Aldrich (Poole, UK). Fibrillar collagen
was from Chrono-Log Corporation (Havertown, PA US).
The anti-phosphotyrosine antibody (4G10) was from
Upstate Biotechnology Inc. (Lake Placid, US). Anti-PKC
phosphor-substrate antibody was from Cell Signaling Technology (Danvers, US). Anti-pleckstrin antibody was from
Abcam (Cambridge, UK). FITC-PAC1 and PE-Cy5-CD62P
(P-selectin) antibodies were from Becton Dickinson,
(Wokingham, UK). Peroxidase-conjugated anti-IgG antibodies were from Bio-Rad (Hercules, US). The chemiluminescent
substrate kit was from Merck Millipore (Burlington, US).
Amyloid peptides were synthesized by LifeTein (New Jersey,
US). The sequences of the peptides are as follows:
(i) Aβ1-40 (4.3 kDa): DAEFRHDSGYEVHHQKLVF
FAEDVGSNKGAIIGLMVGGVV
(ii) Aβ1-42 (4.5 kDa): DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAII GLMVGGVVIA
(iii) Scrambled Aβ1-42: (4.5 kDa): DEFAKNIGHHDGVAVHMYKGRQVEFIGSIALVFEDVGSAGLV
(iv) Aβ23-35 (1.0 kDa): GSNKGAIIGLM
2.2. Preparation of Washed Platelets. Human whole blood
was obtained from healthy volunteers following Royal Devon
and Exeter NHS Foundation Trust Code of Ethics and
Research Conduct and under NRES South West – Central
Bristol committee approval (Rec n. 14/SW/1089). 20–30 ml
of blood were drawn in the presence of the anticoagulant
sodium citrate (0.5% w/v). Platelet rich plasma (PRP) was
then isolated from whole blood by centrifugation at 200 × g
for 20 mins. PRP was then subjected to a second centrifugation at 500 × g for 10 mins in the presence of indomethacin
(10 μM) and PGE1 (40 ng/ml). Platelets were resuspended
in modiﬁed Tyrode’s HEPES buﬀer (145 mM NaCl, 2.9 mM
KCl, 10 mM HEPES, 1 mM MgCl2, and pH 7.3; 5 mM Dglucose was added before use).
2.3. Adhesion Assay. Round coverslips (22 mm) were placed
in a clear ﬂat-bottom 6-well plate and then coated overnight
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at 4°C with 10 μM Aβ1-42, Aβ1-40, Aβ25-35, scrambled
Aβ1-42, or 5 mg/ml BSA, all diluted in PBS. Excess solution
was then gently removed, and the coverslips were blocked
with 0.5% w/v BSA in PBS for 1 h at room temperature.
Coated dishes were then washed gently with PBS. Washed
platelets were resuspended at a density of 2 × 107 platelets/ml. 0.5 ml of washed platelets were incubated for 30 mins
at 37°C. Nonadherent platelets were discarded, and the
adherent ones were gently washed with PBS and then ﬁxed
with 4% w/v paraformaldehyde for 10 mins at RT. 0.1% v/v
Triton X-100/PBS was added to permeabilize the platelets.
After 5 mins, 0.1% Triton X-100/PBS was removed, and the
coated coverslips were washed with PBS and then blocked
with 5 mg/ml BSA in PBS for 30 mins. Fixed platelets were
then stained with 10 μM TRITC-conjugated phalloidin for
1 hour at RT and then washed with PBS. Coverslips were
mounted onto microscope slides using Vectashield. Evaluation of platelet adhesion and spreading was performed using
a Leica LED ﬂuorescence microscope, and digital images
were acquired at 10x and 100x magniﬁcation objectives.
Platelet coverage and surface area were measured using ImageJ (version 1.52e, Wayne Rasband, NIH).
2.4. Thrombus Formation Assay under Physiological Flow.
Human peripheral blood was anticoagulated with sodium
citrate 0.25% w/v. Platelets were ﬂuorescently labelled by
incubation with 1 μM 3,3′-dihexyloxacarbocyanine iodide
(DiOC6) for 10 minutes. ibidi Vena8 Fluoro+ microchips
(ibidi GmbH, Martinsried, Germany) were coated with
10 μM Aβ peptides or 0.1 mg/ml ﬁbrillar collagen. Nonspeciﬁc binding sites were saturated with 0.1% w/v BSA. Physiological ﬂow conditions (200–1000 sec−1) were applied
using an ExiGo pump (Cellix Ltd. Microﬂuidics Solutions,
Dublin, Ireland). Images of the thrombi formed after 10
minutes of ﬂow were obtained with an EVOS Fl microscope
(Thermo Fisher Scientiﬁc, Waltham, MA, US). Platelet coverage was measured using ImageJ (version 1.52e, Wayne Rasband, NIH).
2.5. Flow Cytometry. Platelets isolated as described above
were resuspended at 2 × 107 cells/ml density. After stimulation in suspension as described (5–20 μM Aβ1-42, Aβ1-40,
Aβ25-35, scrambled Aβ1-42, or 0.5 unit/ml thrombin) for
10 minutes at 37°C, platelets were incubated for a further
10 minutes with PAC1 and anti-P-selectin antibodies conjugated to FITC and PE-Cy5, respectively. 1 in 10 dilution in
Tyrode’s buﬀer was used to stop the immunolabelling of
the platelets. Surface ﬂuorescence was assessed using a FACSAria III ﬂow cytometer (BD Biosciences, San Jose, USA).
2.6. Immunoblotting. Platelet samples (0.2 ml, 1 × 109 platelets/ml) were stimulated at 37°C under stirring conditions
(1,200 rpm) with Aβ1-42, Aβ1-40, and Aβ25-35 (including
1 mM CaCl2) in a 490D aggregometer (Chrono-Log Corporation, Havertown, PA, US). Where indicated, the NOX
inhibitor VAS2870 (10 μM) was preincubated for 10 minutes
before treatments with Aβ peptides. The reaction was
stopped after 3 minutes by the addition of a half volume of
3x SDS sample buﬀer (37.5 mM Tris, pH 8.3, 288 mM
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glycine, 6% SDS, 1.5% DTT, 30% glycerol, and 0.03% bromophenol blue) followed by heating the samples at 95°C for 5
minutes. Platelet proteins were separated on SDS-PAGE gels,
transferred to a PVDF membrane, and analysed in immunoblotting using anti-phosphotyrosine antibody (4G10),
anti-phospho-PKC substrate antibody, and anti-pleckstrin
antibodies. Reactive proteins were visualized by ECL.
2.7. Statistical Analysis. Data were analysed by one-way
ANOVA with Bonferroni posttest using the statistical software GraphPad Prism. Results were expressed as the mean
± standard error (SEM). Diﬀerences were considered significant at P value < 0.05.

3. Results
Initial experiments were carried out to examine the eﬀect of
amyloidogenic peptides on human platelet adhesion in static
conditions by allowing platelet suspensions to rest on coverslips coated with scrambled Aβ1-42, Aβ1-42, Aβ1-40, and
Aβ25-35 for 30 minutes. Adhering platelets were then ﬁxed,
permeabilized, and stained with TRITC-phalloidin. Phalloidin is a poisonous molecule extracted from the mushroom
Amanita phalloides that binds strongly to ﬁlaments of actin
(F-actin), which is a major component of the cell cytoskeleton [29]. In these experiments, phalloidin allows eﬀective
visualization of adhered platelets. Figure 1(a) shows the high
number of adhered platelets to Aβ1-42. Adhesion to Aβ1-40,
or Aβ25-35 is higher than control scrambled Aβ1-42 peptide, but this diﬀerence is not statistically signiﬁcant. The
quantiﬁcation of adhered platelets from 4 independent
experiments is shown in Figure 1(b). The statistical analysis
(one-way ANOVA with Bonferroni posttest) shows signiﬁcance (P < 0 05) for the increase in platelet adhesion to
Aβ1-42 compared to scrambled Aβ1-42.
In order to assess platelet spreading on Aβ peptides,
Figure 2(a) displays the morphological changes in adhering
platelets at a higher magniﬁcation (100x). Initial adhesion is
characterised by shape change from discoid into irregular
or round shape and ﬁlopodia formation, while complete
adhesion and signalling activation is associated with extensive platelet spreading and formation of lamellipodia.
Aβ1-40 and Aβ25-35 induced only the morphological
changes of the early phase of platelet adhesion, with few ﬁne
processes extending into diﬀerent directions (ﬁlopodia). On
the other hand, platelets adhering to Aβ1-42 show full
spreading, with the formation of extensive lamellipodia and
a signiﬁcant increase in surface area coverage. Figure 2(b)
quantiﬁes the average surface area of the platelets conﬁrming
the eﬀectiveness of Aβ1-42 as a substrate for signalling activation and platelet spreading, while no platelet spreading is
observed for Aβ1-40 and Aβ25-35.
Since platelets demonstrated signiﬁcant adhesion and
spreading on Aβ1-42, we next investigated the eﬀects of the
NOX inhibitor VAS2870 on this substrate. Both platelet
adhesion and spreading were strongly impaired. In
Figure 3(a), we show the quantiﬁcation of platelets adhering
to Aβ1-42 in the presence or absence of VAS2870. Although
the number of adhering platelets is not completely abated by

4

Oxidative Medicine and Cellular Longevity
75 𝜇m

75 𝜇m

scA𝛽42

A𝛽42

75 𝜇m

75 𝜇m

A𝛽40

A𝛽25 − 35

Average number of adherent platelets

2500

2000

1500
⁎
1000

500

0
scA𝛽1–42

A𝛽1–42

A𝛽1–40

A𝛽25–35

A𝛽 peptides (10 𝜇m)
(b)

(a)

Figure 1: β amyloid peptides in static conditions support platelet adhesion. Human platelet suspensions were plated on glass coverslips
coated with 10 μM scrambled Aβ1-42 (scAβ42), Aβ1-42, Aβ1-40, and Aβ25-35. The adhered platelets after 30 minutes shown in (a) were
ﬁxed, permeabilized, and stained with TRITC-conjugated phalloidin and are representative images at 10x magniﬁcation. The
quantiﬁcation of the adhered platelets evaluated as the mean number of platelets per optical ﬁeld is shown in (b). Statistical signiﬁcance
for 4 independent experiments was analysed by one-way ANOVA with Bonferroni posttest (∗ P < 0 05), with bars representing standard
error of the mean (SEM).
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Figure 2: β amyloid peptides in static conditions support platelet spreading. Human platelet suspensions were plated on glass coverslips
coated with 10 μM scrambled Aβ1-42 (scAβ42), Aβ1-42, Aβ1-40, and Aβ25-35. The adhered platelets shown in (a) were ﬁxed,
permeabilized, and stained with TRITC-conjugated phalloidin and are representative images at 100x magniﬁcation. The quantiﬁcation of
the mean surface area of the adhered platelets (μm2/plt) is shown in (b). Statistical signiﬁcance for 4 independent experiments was
analysed by one-way ANOVA with Bonferroni posttest (∗ P < 0 05), with bars representing standard error of the mean (SEM).
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Figure 3: Eﬀect of NOX inhibitor VAS2870 on platelet adhesion to Aβ1-42. Human platelet suspension was preincubated with NOX
inhibitor VAS2870 (10 μM) for 30 mins then plated on glass coverslips coated with 10 μM Aβ1-42 and 5 mg/ml BSA in PBS. The numbers
of the adhered platelets ﬁxed, permeabilized, and stained with TRITC-conjugated phalloidin are shown in (a), and representative images
at 10x magniﬁcation are displayed. The quantiﬁcation of the adhered platelets evaluated as the mean number of the adhered platelets per
optical ﬁeld is shown (b). Statistical signiﬁcance for 4 independent experiments was analysed by one-way ANOVA with Bonferroni
posttest (∗ P < 0 05), with bars representing standard error of the mean (SEM).

VAS2870, there was a statistically signiﬁcant decrease in the
number of adhering platelets in the presence of this inhibitor
(Figure 3(b)).
When observing adhering platelets at a higher magniﬁcation (100x), VAS2870 appeared to signiﬁcantly reduce the
platelet spreading and the resulting surface area per platelet
was lower than in the absence of the NOX inhibitor
(Figure 4(a)). Statistical analysis revealed statistical signiﬁcance of the eﬀect of VAS2870 on platelet spreading
(Figure 4(b)).
Next, we tested whether Aβ peptides can stimulate platelet adhesion under physiological shear. We tested both arterial (1,000 sec−1) and venous shear (200 sec−1) [30]. At
1,000 sec−1, the tensile strength of the binding of platelets to
Aβ peptides is not suﬃcient to guarantee eﬀective adhesion
and thrombus formation (Figures 5(a) and 5(b)). At lower
shear rate corresponding to venous circulation (200 sec−1),
Aβ1-42 but not Aβ1-40, Aβ25-35, or scrambled Aβ1-42
induced convincing platelet adhesion and thrombus formation (Figures 5(c), 5(e) and 5(f)). Similarly to what was
observed in static conditions, the inhibition of NOX with
VAS2870 (10 μM) inhibited platelet adhesion (and thrombus
formation) in response to Aβ1-42 (Figures 5(d) and 5(g)).
As the mechanisms leading to platelet adhesion to
Aβ1-42 remain unclear, but previous work suggest a role
for integrin αIIbβ3 on the adhesion to Aβ1-40 [22, 31], we
tested the activation of this integrin using the antibody

PAC1 by ﬂow cytometry. These experiments suggested that
only Aβ1-42 (but not Aβ1-40, Aβ2535, or scrambled
Aβ1-42) induced a convincing activation of integrin αIIbβ3
(Figures 6(a)–6(g)). NOX inhibition with 10 μM VAS2870
abolished Aβ1-42-induced αIIbβ3 activation (Figure 6(d)).
Interestingly, no signiﬁcant translocation of P-selectin to
the surface of the platelets was observed, suggesting that Aβ
peptides (including Aβ1-42) cannot stimulate eﬀective platelet degranulation on their own.
We next investigated the eﬀect of Aβ1-42 on intracellular
platelet signalling using phosphospeciﬁc immunoblotting.
Both unstimulated and Aβ1-42-stimulated human platelets
were treated with either DMSO (control) or VAS2870. They
were then lysed, and the resulting protein extracts were separated by SDS-PAGE. Immunoblotting for phosphotyrosine
and phosphorylated PKC substrates is shown in Figure 7.
These antibodies are used to determine whether tyrosine
phosphorylation cascades and PKC are activated by Aβ1-42
treatment, but they do not allow the identiﬁcation of the targets of the phosphorylation events and function as a qualitative evidence of activation of the abovementioned signalling
pathways. In these experiments, pleckstrin is used simply as
a loading control. Tyrosine phosphorylation is one of the
key events that occur upon platelet activation, therefore
detecting tyrosine phosphorylation of platelet proteins provides a proof that Aβ1-42 induces platelet signalling activation. Figure 7(a) shows the phosphotyrosine proﬁle of
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Figure 4: Eﬀect of NOX inhibitor VAS2870 on platelet spreading on Aβ1-42. Human platelet suspension was preincubated with NOX
inhibitor VAS2870 (10 μM) for 30 mins then plated on glass coverslips coated with 10 μM Aβ1-42 and 5 mg/ml BSA in PBS. The surface
area of the adhered platelets ﬁxed, permeabilized, and stained with TRITC-conjugated phalloidin is shown in (a), and representative
images at 100x magniﬁcation are displayed. The quantiﬁcation of the surface area of the adhered platelets (μm2/plt) is shown in (b).
Statistical signiﬁcance for 4 independent experiments was analysed by one-way ANOVA with Bonferroni posttest (∗ P < 0 05), with bars
representing standard error of the mean (SEM).

resting and Aβ1-42-treated platelets in the absence or presence of VAS2870. Several bands are observed upon stimulation with Aβ1-42 (compared to DMSO-treated controls),
which suggests activation of tyrosine kinase-dependent pathways and generation of tyrosine-phosphorylated protein substrates. Very signiﬁcantly, the pretreatment with VAS2870
leads to the abolishment of tyrosine phosphorylation in
response to Aβ1-42, which suggests that the activity of
NADPH oxidases is necessary for the signalling induced by
this peptide.
PKC is an essential protein kinase enzyme that is activated by diacylglycerol (DAG) and Ca2+ released from internal stores. The activation of PKC is a well-known intracellular
event induced by platelet activation, which is usually accompanied by phosphorylation of regulatory serine/threonine
residues in PKC substrate proteins [32–34]. In Figure 7(b),
several bands corresponding to diﬀerent substrate proteins
for PKC appear more intensely upon Aβ1-42 stimulation,
suggesting that PKC is activated by this peptide. PKC activation is strongly associated to platelet activation and induction
of thrombus formation [34–36]. The abolishment of
phospho-PKC immunostaining by VAS2870 suggests that
NADPH oxidase activity is required for the Aβ1-42-dependent platelet signalling leading to PKC activation.

4. Discussion
The diﬀerential ability of the tested β amyloid peptides to
induce platelet adhesive responses in static and ﬂow conditions is extremely interesting, but it remains diﬃcult to
explain. Nonetheless, our observations are not isolated, as
Aβ1-42 has been identiﬁed as the most biologically active
of the amyloid peptides [37–39]. The biological activity of
Aβ1-42 is associated to a marked toxicity of this peptide
in several experimental systems [37–39]. One possible
explanation is the marked propensity of Aβ1-42 to form
ﬁbrils compared to Aβ1-40 [40], which is due to the promotion of intermolecular interactions between amyloid
monomers induced by the hydrophobic properties of the
extra amino acids of Aβ1-42 compared to Aβ1-40. Recent
studies have conﬁrmed the enhanced propensity of Aβ142 to form ﬁbrils compared to other Aβ peptides [41, 42].
This draws an interesting parallel with the eﬀect of collagen
on platelets. The activation of GPVI on platelets and induction of thrombus formation depends on the ﬁbrillary structure of collagen (i.e., monomeric collagen does not induce
platelet activation) [43]. Therefore, similarly to collagen,
the β amyloid peptides may also need to be in a ﬁbrillar
form to bind adjacent receptors and induce eﬀective
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Figure 5: Adhesion of platelets to amyloid peptides under physiological shear stress. Flow biochips (ibidi Vena8 Fluoro+) were coated with
0.1 mg/ml ﬁbrillary collagen or 10 μM scrambled Aβ1-42 (scAβ42), Aβ1-42, Aβ1-40, and Aβ25-35. Platelet adhesion was tested in human
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Pictures shown here are representative of 3 independent experiments. Surface coverage analysis was performed using ImageJ and
statistically analysed by one-way ANOVA with Bonferroni posttest (∗ P < 0 05).

8

Oxidative Medicine and Cellular Longevity
Dot plot

A𝛽42 (20 𝜇M)

600

18.7 %

11.6 %

104

400

103
102

200

101

0
101

102

103

104

Count

400
Count

SSC

A𝛽42 (5 𝜇M)

600

105

105

200
0

100

101

102

103

104

100

101

(b) Aβ42 (5 μM)

(a) Dot plot

103

104

Pac – 1

Pac – 1

FSC

102

(c) Aβ42 (20 μM)

Pac – 1
A𝛽42 (20 𝜇M) + VAS

A𝛽25 − 35 (20 𝜇M)

600

2.2 %

200

Count

200

100

104

101

102

P–selectin
(flourescence arbitrary units)

104

500

Thrombin

A𝛽42 + VAS

0
scA𝛽42

Thrombin

A𝛽42 + VAS

scA𝛽42

A𝛽25 − 35

0

1000

A𝛽25 − 35

200

A𝛽40

103

1500

A𝛽42

400

A𝛽42

102

(f) Aβ40 (20 μM)

A𝛽42

600

A𝛽42 + VAS

101

2000

800

scA𝛽42

100

Pac – 1

(e) Aβ25-35 (20 μM)

⁎

A𝛽25 − 35

0

104

Pac – 1

(d) Aβ42 20 μM + VAS

A𝛽40

103

A𝛽40

103

A𝛽42 + VAS

102

1000

A𝛽42

200

A𝛽25 − 35

101

Pac – 1

PAC1 staining
(arbitraty flourescence units)

400

0
100

A𝛽40

0

1.9 %

400

400

Count

Count

5.5 %

A𝛽40 (20 𝜇M)

600

scA𝛽42

600

5 𝜇m
20 𝜇m
0.5 unit/ml

5 𝜇m
20 𝜇m
0.5 unit/ml
(g)

(h)

Figure 6: Activation of integrin αIIbβ3 by Aβ1-42. Washed platelets were stimulated as indicated with Aβ1-42, Aβ1-40, Aβ25-35, or
scrambled Aβ1-42 or 0.5 units/ml thrombin for 10 minutes and then labelled with FITC-PAC1 (b-g) and PE-Cy5-P-selectin (h) for a
further 10 minutes. A side-scattering (SSC)/forward-scattering (FSC) dot plot is shown in (a) and suggests the high purity of the platelet
preparation. The histograms for the intensity of PAC1 staining in the diﬀerent conditions are shown in (b-f) (representative of 3
independent experiments). Data analyses are shown in (g) and (h). Statistical analysis by one-way ANOVA with Bonferroni posttest is
shown in (g) and (h) (n = 3, ∗ P < 0 05).

intracellular signalling in platelets. This seems to favour the
hypothesis that GPVI is the receptor for β amyloid peptides
on platelets, as this receptor preferentially binds substrates
in a ﬁbrillary form, which allows the contemporaneous

interaction of the same ﬁbril to diﬀerent receptors (GPVI
and integrin α2β1 in the case of collagen) [44, 45].
Our static adhesion results are in partial disagreement
with older studies describing the ability of Aβ25-35 and
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Figure 7: Aβ42-induced signalling in platelets. (a, b) Unstimulated and Aβ42-stimulated (20 μM) human platelets were treated with 10 μM
DMSO or VAS2870. Total proteins were separated by SDS-PAGE as described in the Materials and Methods, and protein phosphorylation
was analysed by immunoblotting with the indicated antibodies: (a) anti-p-Tyr and anti-pleckstrin antibody and (b) anti-PKC
phosphosubstrate and anti-pleckstrin antibody. The ﬁgure represents blots from three independent experiments.

Aβ1-40 to promote platelet adhesion [16, 22, 31, 46]. In reality, in our experiments, Aβ1-40 and Aβ25-35 coating led to a
noticeable increase in platelet adhesion (from less than 200
platelets per optical ﬁeld on scrambled peptides to around
400). Possibly because of the extent of the eﬀect of Aβ1-42
(over 800 platelets per optical ﬁeld), the eﬀect of these two
peptides did not have statistically signiﬁcant results. Analysis
of adhering platelets at a higher magniﬁcation revealed that
Aβ1-40 and Aβ25-35 did not induce extensive platelet
spreading, with most platelets adhering to these substrates
displaying a spherical morphology and modest ﬁlopodia formation, which is indicative of partial activation. These data
are therefore suggesting some ability of Aβ25-35 and
Aβ1-40 to induce platelet adhesion, but a signiﬁcantly higher
platelet adhesion to Aβ1-42, which is likely to induce more
extensive platelet intracellular signalling and full spreading
(as suggested by spreading data on Figure 3). The conditions
utilised for the resuspension of the peptides and the coating
of the surfaces in this and Canobbio et al.’s study of 2013
[16] are diﬀerent, which is likely to aﬀect the level of peptide
ﬁbrillation and ability to bind platelets. Further investigation
of this discrepancy is necessary to fully understand how
platelet binding of β amyloid peptides is regulated. As platelet adhesion under static conditions recapitulates platelet
adhesion in the bloodstream, these data suggest the possibility that microthrombosis observed in the neurovasculature of
AD patients is due to platelet adhesion to Aβ1-42 accumulating in the perivascular space and migrating into the bloodstream via endothelial cell transport [47].
We also tested Aβ peptides for their ability to induce
thrombus formation in whole blood under physiological

shear. In previous studies, it was shown that Aβ25-35 was
not able to induce thrombus formation on its own [35]. This
was conﬁrmed in the present study. The ability of amyloid
peptides to potentiate platelet adhesion on collagen that we
showed in previous studies was not investigated in this manuscript because the Aβ1-42 peptide showed a remarkable
ability to induce platelet adhesion on its own. Although
Aβ1-42 has been shown to potentiate platelet adhesion to
collagen and other substrates previously [14, 48], here we
present the ﬁrst evidence that this peptide alone is suﬃcient
to induce thrombus formation under ﬂow.
Integrin αIIbβ3 has been suggested as the receptor on
platelets for Aβ1-40 [22, 31]. Therefore, we analysed whether
this integrin is activated in the presence of Aβ peptides.
Integrins are adhesion receptors characterised by two activation states (active and inactive), with only the active state able
to interact and bind its substrates. The signalling leading to
integrin activation is known as inside-out signalling, while
the signalling triggered by the engagement of the integrin
with its substrate is known as outside-in signalling [49]. With
the PAC1 antibody, we were able to assess the activation of
αIIbβ3, which is signiﬁcant for Aβ1-42 (but not for
Aβ1-40, Aβ25-35, or scrambled Aβ1-42). This is a signiﬁcant
ﬁnding suggesting profound diﬀerences in the biological
eﬀect of Aβ peptides, with only Aβ1-42 inducing signalling
activation in platelets. This is in contrast with previous studies showing the signalling response induced by Aβ1-40 [22,
31] or Aβ25-35 [35]. This discrepancy remains diﬃcult to
explain, but the diﬀerences in the experimental conditions
and the preparation of the peptide are a likely explanation.
In addition, our current study cannot categorically exclude
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some level of platelet activation by other Aβ peptides (as
shown, e.g., in the static adhesion experiments where
Aβ1-40 and Aβ25-35 induce a moderate increase compared
to controls). Certainly, Aβ1-42 represents by far the most
active Aβ peptide in our hands.
One important question that remains unanswered relates
to the receptor responsible for the initial engagement of
Aβ1-42. Integrin αIIbβ3 is the most expressed and functionally crucial adhesion receptor in platelets [50]. Its activation
is the consequence of a signalling cascade known as insideout signalling, which requires receptor-dependent activation.
Therefore, although integrin αIIbβ3 is likely to participate in
platelet adhesion to Aβ peptides, an alternative receptor is
likely to exist. Diﬀerent receptors have been suggested, including protease-activated receptor 1 [23], GPVI [27], and CD36
[21]. Our current data do not help to resolve this impasse.
The intracellular signalling involved in platelet adhesion
and activation by β amyloid peptides has been studied by several groups. For example, Sonkar et al. showed that exposure
to Aβ25-35 resulted in increased myosin light chain (MLC)
phosphorylation and RhoA-GTP levels. This led to the conclusion that Aβ25-35 induces cellular activation via RhoAdependent modulation of actin and cytoskeletal reorganisation [51]. Our previous investigations also showed that
Aβ25-35 promoted intracellular calcium increase by entry
from the extracellular environment, which led to dense granule and ADP release, and in turn to the activation of the
P2Y12 receptor, the small GTPase Rap1b, and both PI3K
and MAP kinase pathways [35]. In this study, we utilised
tyrosine phosphorylation and PKC-dependent phosphorylation tested by immunoblotting (Figures 7(a) and 7(b)) as
markers of platelet activation and to conﬁrm that NOX
activity is crucial to trigger Aβ-dependent signalling in
platelets. No further detail on the signalling cascades triggered by Aβ peptides can be drawn from this study. The
activation of tyrosine phosphorylation and PKC-dependent
protein phosphorylation cascades are central to platelet activation and common to most platelet agonists [52, 53]. We
have shown previously the modulation of PKC activity by
NOX inhibitors, possibly via dampening of GPVI receptor
signalling [25]. Other investigators highlighted the link
between NOX activation and PKC activity. In fact, this
appears to be a bidirectional interaction, not only with different PKC isozymes showing the ability to activate NOXs
(e.g., [54]) but also with NOX-dependent ROS leading to
oxidation and activation of PKC enzymes [55]. The data
from our current study could be explained by either direct
PKC stimulation or triggering of cell signalling leading to
PKC activation.
Interestingly, although the eﬀect on αIIbβ3 by Aβ1-42
was very evident (i.e., similar to thrombin for 20 μM
Aβ1-42), there was no apparent platelet degranulation, as
measured by P-selectin immunostaining. This implies that
diﬀerently to canonical agonists such as thrombin, collagen,
or thromboxane A2, Aβ1-42 induces integrin activation
without full platelet activation (i.e., partial stimulation).
This may explain the poor activity of Aβ1-42 as a platelet
agonist in some traditional assays, such as platelet aggregation [28].
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In general, the variability in the peptides utilised (e.g.,
Aβ25-35, Aβ1-40, or Aβ1-42) and the focus of diﬀerent studies on diﬀerent receptors and signalling pathways led to
apparently contradicting results. For example, an intriguing
study reported the reduction of Aβ peptide-dependent platelet activation by ﬁbrinogen [56]. Although the underlying
mechanisms remain diﬃcult to explain, this observation
may be correlated to our data on Aβ peptide-dependent activation of integrin αIIbβ3 (which is the main ﬁbrinogen
receptor on platelets). The use by authors of the above study
of a diﬀerent Aβ peptide for their stimulations (i.e., Aβ25-35)
makes any comparison of our and their studies diﬃcult. Further studies are required to resolve these contradictions.
This study highlights the importance of NADPH oxidase
activation and platelet oxidative responses in the prothrombotic responses induced by Aβ1-42, which is the β amyloid
peptide accumulating in the brain of Alzheimer’s and cerebral amyloid angiopathy (CAA) patients. In addition to giving us some direction in the elucidation of the molecular
mechanisms underlying platelet activation by β amyloid peptides, these data suggest a potential therapeutic opportunity
aiming at limiting the vascular component of Alzheimer’s
disease by targeting NADPH oxidase activity.
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Hypoxic-ischemic encephalopathy (HIE) is detrimental to newborns and is associated with high mortality and poor prognosis.
Thus, the primary aim of the present study was to determine whether glycine could (1) attenuate HIE injury in rats and hypoxic
stress in PC12 cells and (2) downregulate mitochondria-mediated autophagy dependent on the adenosine monophosphate(AMP-) activated protein kinase (AMPK) pathway. Experiments conducted using an in vivo HIE animal model and in vitro
hypoxic stress to PC12 cells revealed that intense autophagy associated with mitochondrial function occurred during in vivo
HIE injury and in vitro hypoxic stress. However, glycine treatment eﬀectively attenuated mitochondria-mediated autophagy.
Additionally, after identifying alterations in proteins within the AMPK pathway in rats and PC12 cells following glycine
treatment, cyclosporin A (CsA) and 5-aminoimidazole-4-carboxamide-1-b-4-ribofuranoside (AICAR) were administered in
these models and indicated that glycine protected against HIE and CoCl2 injury by downregulating mitochondria-mediated
autophagy that was dependent on the AMPK pathway. Overall, glycine attenuated hypoxic-ischemic injury in neurons via
reductions in mitochondria-mediated autophagy through the AMPK pathway both in vitro and in vivo.

1. Introduction
Hypoxic-ischemic injury in the neonatal brain is associated
with detrimental and lethal consequences secondary to perinatal asphyxia [1]. Neonates diagnosed with hypoxicischemic encephalopathy (HIE) exhibit enhanced morbidity
with poor clinical outcomes, which have increased awareness
of this disorder worldwide [2]. In developed countries,
approximately 1–8 per 1000 live births are diagnosed with
HIE, while 26 per 1000 live births suﬀered from this serious
disease in developing countries [3]. The high cost and complicated therapeutic strategies associated with HIE typically
result in diﬃculties maintaining adherence to treatment for
patients and families. Even worse, severe cases of HIE often
result in poor prognoses that include lifelong issues, like cerebral palsy, epilepsy, mental retardation, learning and cognitive disabilities, and hearing loss [4]. Thus, the development

of inexpensive and eﬀective treatment modalities is necessary
to allow families to continue beneﬁcial treatments that
enhance the long-term prognoses of neonates.
It has been shown that autophagy is highly correlated
with the pathogenesis of HIE, although autophagy is an
important degradation process designed to protect intracellular homeostasis under conditions of hypoxic-ischemic
injury [5, 6]. To a large extent, this process also degrades a
signiﬁcant number of abnormal proteins, injured intracellular organelles, and degraded normal proteins to inﬂuence
neuronal function under conditions where fewer organelles
are working [7]. In particular, the selective degradation of
mitochondria is an important process in the nervous system.
Mitochondria are organelles that supply energy to the cell
and play important roles in the nervous system. Suﬀering
from the hypoxic or ischemic condition, mitochondria are
sensitive and becoming swelling or mitochondrial fusion
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[8]. Accumulating evidence suggests that mitochondrial
dysfunction also plays a central role in a variety of nervous
system diseases. For example, insults of hypoxic or ischemic
conditions to neurons may result from generation of reactive
oxygen species (ROS), particularly reactive oxygen-free radicals or other molecules, which act as crucial physiological
components of intracellular signaling pathways [9]. However,
most ROS are primarily generated by damaged mitochondria
[10] that typically exhibit abnormalities in mitochondrial
membrane potential (MMP). In parallel, MMP acts as an indicator of mitochondria-mediated autophagy [11]. For further
investigation to study mitochondria-mediated autophagy
among researches, cyclosporin A (CsA), as a traditional inhibitor, is widely used to suppress this autophagy process [12].
In addition to producing the majority of intracellular
adenosine triphosphate (ATP), mitochondria are also the
key factor to maintain the homeostasis within the intracellular environment. The adenosine monophosphate- (AMP-)
activated protein kinase (AMPK) pathway is a key sensor of
mitochondrial function and is sensitive to downward trends
in ATP. Under conditions of energy imbalance or ROS generation in which AMPK signaling is disrupted, ATP levels
decrease and intracellular AMP levels increase with particular subunits (α, β, and γ) of AMPK to activate the AMPK
pathway. α subunit of AMPK acts as a catalytic role and regulatory β and γ subunits keep the stable condition to AMPK.
Among these subunits, γ subunit contains nucleotide binding
domains, while β subunit should be stimulated allosterically
to activate AMPK. Furthermore, α subunit is pivotal to
AMPK activation, including phosphorylation [13]. In our
previous concepts, the AMPK pathway always beneﬁts recovery and plays a vital role in the cellular environment. For
example, the AMPK pathway exhibits a range of activation
such that it protects neurons under conditions of hypoxic
attack but does not beneﬁt neurons under hypoxic conditions
if it is overactivated [14]. In parallel, phosphorylation of
AMPK did not always play a protective role to maintain
the energy regeneration process. It may highly conserve
autophagy kinase like Atg1, which mostly stimulates
mitochondria-mediated autophagy [15]. Thus, the AMPK
signaling pathway reﬂects the condition of mitochondrial
function, such as ﬁssion or the recycling of the phospholipid
membranes of mitochondria [16]. Furthermore, to ﬁgure out
the relation between the AMPK pathway and mitochondriamediated autophagy, a classical agonist of the AMPK pathway, 5-aminoimidazole-4-carboxamide-1-b-4-ribofuranoside (AICAR) [17], preserves AMPK activation in vivo and
in vitro, which was conﬁrmed in the present study.
Cobalt chloride (CoCl2), as a chemical compound, is
widely acknowledged as a classical stimulator to hypoxicischemic condition, which triggers ROS generation and
transcriptional dysfunction of some genes, including
hypoxia-inducible factor 1 (HIF-1) and pCNA [18]. In particular, CoCl2-induced injury may destroy mitochondrial
membrane potential, ATP level, and increase mitochondrial
ﬁssion [19]. PC12 cell is a cell line derived from rat pheochromocytoma and its highly diﬀerentiated cell type is similar to
neuronal characteristics, which is widely used as an in vitro
model for observing neuronal pathogeneses [20]. Therefore,
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CoCl2-treated PC12 cell, as the hypoxic model, was used
in our study to observe the mitochondria insults related
with autophagy.
Glycine is a common substance present in numerous biomolecules where it plays a fundamental role in cellular
metabolism. Glycine also acts as a neurotransmitter or
N-methyl-D-aspartate receptor coagonist, which is reported
for its eﬀectiveness among neurodegenerative diseases, like
Alzheimer’s disease [21]. Moreover, mitochondria oxidatively decompose glycine into CO2, NH4+, NADH, and a
methylene group to create methylenetetrahydrofolate, which
sustains homeostasis [22]. However, the inhibition of oxidative phosphorylation and/or glycolytic energy production by
glycine may protect intracellular energy production, which
plays a protective role against neurological diseases, such as
stroke or intracerebral hemorrhage [23]. Indeed, glycine
protects against injuries mediated by hypoxia, hypoxiareoxygenation, ROS, and chemical energy depletion [24].
Moreover, glycine has been increasingly employed as an
eﬀective therapeutic strategy for the protection of mitochondria in preclinical experiments in the liver [25] and
kidney [26].
To date, few studies [27] have investigated whether
glycine protects against hypoxic-ischemic injury in the
brain by regulating mitochondria-mediated autophagy processes that are dependent on the AMPK pathway. Therefore, the present study is aimed at determining the role
that glycine plays in neuroprotection via the regulation
of mitochondria-mediated autophagy using both in vivo
and in vitro models to aid future research.

2. Material and Methods
2.1. Drug and Reagents. Glycine (assay ≥ 98.5%; G5417MSDS) and CoCl2·6H2O (C8661-25G) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modiﬁed
Eagle medium (DMEM; 10569044) and fetal bovine serum
(FBS; 10099141) were obtained from Gibco (Grand Island,
NY, USA). 2,3,5-Triphenyltetrazolium chloride (TTC;
17779-10X10ML-F) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). 2′,7′-dichlorodihydroﬂuorescein diacetate
(DCFH-DA; S0033) was purchased from Beyotime (Beijing,
China). 5-Aminoimidazole-4-carboxamide-1-b-4-ribofuranoside (AICAR; A9978-25MG) was acquired from SigmaAldrich (St. Louis, MO, USA) and cyclosporin A (CsA;
S2286) was obtained from Selleckchem (Houston, TX,
USA). Cell counting kit-8 (CCK-8; CK04) was gained from
Solarbio (Beijing, China). MitoSOX Red (40778ES50) was
delivered from Yeasen (Shanghai, China). Tetramethylrhodamine ethyl ester perchlorate (TMRE; 87917-25MG) and
Hoechst 33258 (94403-1ML) were also purchased from
Sigma-Aldrich (St. Louis, MO, USA). 4,6-Diamidino-2phenylindole (DAPI; C1002) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL; C1088)
were purchased from Beyotime (Shanghai, China).
Primary antibodies are as follows: mouse antihypoxiainducible factor 1-alpha (HIF-1α, Abcam, Cambridge, MA,
USA; H1alpha67), rabbit anti-Mitofusin 2 (Mfn-2, Cell
Signaling Technology, Danvers, MA, USA; 9482s), mouse
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anti-parkin (Abcam, Cambridge, MA, USA; ab77924), rabbit
anti-PINK1 (Abcam, Cambridge, MA, USA; ab23707), rabbit
anti-p62 (Cell Signaling Technology, Danvers, MA, USA;
23214), rabbit anti-LC3 B (Cell Signaling Technology,
Danvers, MA, USA; 3868), rabbit anti-Bnip3 (Abcam,
Cambridge, MA, USA; ab109362), rabbit anti-Thr172 phosphorylated AMPKα (Cell Signaling Technology, Danvers,
MA, USA; 50081), rabbit antiglyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Cell Signaling Technology,
Danvers, MA, USA; 5174T), rabbit anti-AMPKα (Cell Signaling Technology, Danvers, MA, USA; 5832), and rabbit antiSer2448 phosphorylated mTOR (Cell Signaling Technology,
Danvers, MA, USA; 5536). Secondary antibodies are as
follows: goat anti-rabbit secondary antibody (ab150077)
and rabbit anti-mouse secondary antibody (ab150125) were
purchased from Abcam.
2.2. Animal Care, Surgery, and Ethical Certiﬁcation. SpragueDawley (SD) rats were provided by the Animal Center of the
Chinese Academy of Sciences, placed in individual housing
of Wenzhou Medical University Animal Center (ethic
number: wydw2014-0058), allowed free access to water and
standard feed, and maintained in speciﬁc pathogen-free conditions under a 12/12 h light cycle at 23 ± 2°C and 60 ± 10%
humidity. The rats were then crossbred to generate neonate
SD rats that, on postnatal day 7 (P7), underwent minor surgery. Overall, 205 healthy neonatal 4-day-old rats were used
in this study. 125 4-day-old rats were randomly allocated in
5 experimental groups and 25 4-day-old rats in each experimental group, and 80 7-day-old rats used to ﬁgure out the
optimum dosage of glycine at a dose-dependent manner.
For searching the optimum dosage of glycine, series of
dose-dependent manner tests were used to ﬁgure out the
most eﬀective and economic dosage in order to gain the best
recovery [28]. Brieﬂy, 7-day-old pups in the HIE + glycine
group were pretreated with an optimum intraperitoneal
(i.p.) dose of glycine, while pups in the HIE + glycine + CsA
and the HIE + glycine + AICAR groups were treated with
CsA (5 mg/kg) [29] and AICAR (50 mg/kg) [30] started at
4-day-old rats, respectively, for 3 days, then followed by glycine administration at 7-day-old rats. The model employed
in the present study was adapted from Vannucci and
Vannucci [31]. For the surgery, the 7-day-old pups were
anesthetized with anhydrous ether and underwent an incision at the middle of the neck followed by unilateral ligation
of the left common carotid artery. Following suturing of the
incision, the pups were allowed to recover for 2 h. Then, they
were placed in a conﬁned space with an environment consisting of humidiﬁed nitrogen-oxygen mixture (92% nitrogen
and 8% oxygen, 3–4 l/min) for 2 h to induce further hypoxia.
Pups in the sham group were anaesthetized, and the same
midline incisions were performed without ligation of the
common carotid arteries, followed with saline (the same
volume, i.p.) pretreatment. This is aimed at guaranteeing
the same surgical stimulations in both sham and experimental animals in order to exclude unrelated variables
caused by surgery itself. All pups returned to their rearing
cages for subsequent experimental procedures. In the following days, the rats were given daily administration of
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the drugs or saline. All animal procedures and operations
were performed according to the animal use and care protocol based on the Guide for the Care and Use of Laboratory
Animals from the National Institutes of Health and
Wenzhou Medical University.
2.3. Evaluation of the Infarct Areas. To measure the infarct
areas alleviated by drug administrations, 7-day-old rats from
each group were anesthetized and sacriﬁced 24 h after surgery. 2,3,5-Triphenyltetrazolium chloride (TTC, SigmaAldrich, St. Louis, MO, USA) was used to quantify infarct
volume and ﬁgure out the optimum dosage of glycine. Each
brain was frozen at −20°C for 15 min and cut into 2 mm coronal slices. Next, the brain slices were immersed in a 1% TTC
solution in the dark for 30 min at 37°C and incubated in 4%
paraformaldehyde. Brain infarct areas were calculated using
the ImageJ software (National Institutes of Health, Bethesda,
MD, USA).
2.4. Measurement of Brain Water Content. To measure the
dropsy status of injured hemispheres under hypoxicischemic condition and drug eﬃcacy on the edema hemisphere, the 7-day-old rats were anesthetized with diethyl ether
and sacriﬁced for brain analyses, as previously described [32].
The ipsilateral hemispheres from the sham group, HIE group,
and HIE + glycine group were isolated to measure wet weight
(accurate to 0.1 mg), and each hemisphere was placed in a drying oven (100°C) for 48 h to measure the dry weight (accurate
to 0.1 mg) again. The percentages of brain water content in the
hemisphere were calculated using the following equation:
([wet weight − dry weight]/wet weight) × 100%.
2.5. Histopathological Analysis. From the observation on
pathological tissues, the isolated brains from each group
among 7-day-old rats were collected 24 h after surgery and
14-day-old rats were gained 7 days after surgery or drug
administration, perfused with phosphate-buﬀered saline
(PBS; pH 7.4, 20 ml) followed by 4% (w/v) paraformaldehyde
(20 ml). They were then embedded in paraﬃn and cut into
coronal sections (5 μm) for histological evaluation, which
showed directly about integrity of hemisphere or functional
neuron quantity between the cortex and hippocampus. The
paraﬃn-embedded brain sections were dewaxed, rehydrated,
and stained with hematoxylin and eosin (HE) or Nissl solution (Solarbio, Beijing, China). The results of the histological
procedures were measured using light microscopy.
2.6. Transmission Electron Microscopy. To further understand the inner autophagy process or mitochondrial status
among neurons, transmission electron microscopy (TEM,
H-600IV; HITACHI, Tokyo, Japan) was used to observe
directly this phenomenon. The 7-day-old pups were intracardially perfused with 2.5% glutaraldehyde and 2% paraformaldehyde in cacodylate buﬀer (0.1 mol/l, pH 7.4), and then the
brains were postﬁxed overnight at 4°C in the same ﬁxative.
The brains were rinsed in 1% osmium tetroxide, dehydrated
in an acetone series, inﬁltrated in Epon 812 for a longer
period, and ﬁnally embedded. Next, ultrathin sections were
cut with a diamond knife and stained with uranyl acetate
and lead citrate. The sections were examined using TEM

4
and the mitochondrial forms in both the cortex and hippocampus of each group were assessed.
2.7. Hindlimb Suspension Testing. After observing pathological alterations and subcellular structures above, the further
neuronal functions or improvements should also be measured. Hindlimb suspension was performed to evaluate the
right hindlimb muscular strength while its ipsilateral hemisphere was damaged. Among 14-day-old rats, a hindlimb suspension test [33] was used to detect neuromuscular function
in the right hindlimb. Brieﬂy, a jar that was padded at the
bottom with medical cotton balls to mitigate the consequences of falling was used and hindlimbs of the rats were
placed on the edge of a tube. Behavior was scored as follows: 4, normal hindlimb separation with the tail raised;
3, hindlimbs were relatively weak and close together but
not touching each other; 2, hindlimbs were often touching; 1, apparent weakness of the hindlimbs with the tail
raised and limbs in a clasped position; and 0, a constant
clasped condition of the hindlimbs with the tail lowered
or failure to hold onto the edge for any period of time.
2.8. Berderson Behavioral Test. The Berderson behavioral test
[34] was employed to assess palsy in the contralateral limbs
of the 28-day-old rats. Brieﬂy, the rats were held gently by
the tail, suspended one meter above a platform, and their
forelimb ﬂexion was observed and scored as follows: 0
(normal), rats extend forelimbs toward the ﬂoor with no neurological deﬁcits; 1, the forelimb contralateral to the injured
hemisphere was often ﬂexed in diﬀerent postures including
slight wrist ﬂexion, shoulder adduction with extension at
the elbow, posturing with full ﬂexion of wrist and/or elbow,
and/or adduction with severe internal rotation of the shoulder; 2, rats were placed on a large paperboard that could be
gripped by the claws, gentle lateral pressure was applied
behind the shoulder until the forelimbs slid several inches
(which was frequently shown in each direction with their
tails held), and severely dysfunctional rats exhibited consistently reduced resistance to the lateral push toward the
paretic side; and 3, rats consistently circled toward the paretic
side. Each neurological examination was performed in a
3–5 min period using a double-blind procedure.
2.9. Longa Assessment. After 4 weeks after model surgery,
neuronal function among 28-day-old rats is ideally mature
among normal adult rats. Longa scores [35] are judged at
28-day-old rats; we observed each rat walking behaviors to
evaluate its ipsilateral hemisphere injury or improvement
by drug administration. Scores are as follows: 0, normal function, no neurologic deﬁcits; 1, ﬂexion of the right front paw
observed while the tail was raised, mild neurological deﬁcit;
2, spontaneous circling to the right when walking, moderate
neurological deﬁcit; 3, body slanted to the right when
walking, severe neurological deﬁcit; and 4, not able to walk
spontaneously without possible loss of consciousness. Each
neurological examination was performed three times using
a double-blind procedure.
2.10. Cell Cultures and Treatment. Diﬀerentiated PC12 cells
were provided by the Type Culture Collection of the Chinese
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Academy of Sciences (Shanghai, China). The cells were
cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% (vol/vol) FBS (Gibco, Grand Island, NY,
USA) in a humidiﬁed incubator with an atmosphere of 5%
CO2 at 37°C in 6-well plates (3 ml culture media per well)
or 96-well plates (200 μl culture media per well). In the CoCl2
group, the PC12 cells were only treated with CoCl2, whereas
the PC12 cells in the CoCl2 + glycine group were pretreated
with glycine (ps. 1 μM glycine: 1 ml culture media added with
1 μl 1 mM glycine, according to the dose-dependent manner)
and then underwent hypoxic injury in the same manner as
the CoCl2 group.
In another set of experiments, PC12 cells were pretreated
with CsA (1 μM, Selleckchem, Houston, TX, USA) for 24 h
prior to the glycine and CoCl2 treatments. To further assess
the functions of the AMPK pathway using in vitro experiments, PC12 cells were pretreated with AICAR (0.5 mM)
for 3 h prior to the operations mentioned above.
2.11. Cell Viability Assay. Cell viability was measured with
the nonradioactive cell counting kit-8 (CCK-8, Solarbio) to
understand PC12 cell conditions (activation or survival).
PC12 cells at a density of 1 × 104 were seeded on a 96-well
plate in DMEM supplemented with 10% (vol/vol) FBS and
administered CoCl2 or glycine in a dose- and timedependent manner after 12 h of cultivation. Next, a culture
medium supplied with the CCK-8 solution was added
for an additional hour and its absorbance was measured
with a microplate reader (Tecan Group Ltd., Männedorf,
Switzerland) at a wavelength of 490 nm.
2.12. Measurement of Intracellular ROS Production. To
analyze the ROS generation under the hypoxic-ischemic
environment, PC12 cells were digested with trypsin, washed
twice with PBS, and ﬁnally incubated with the ROS-speciﬁc
ﬂuorescent probe dye dichlorodihydroﬂuorescein diacetate
(DCFH-DA; Beyotime, Shanghai, China) for 30 min at
37°C. Following incubation, the cells were collected and
suspended in washing buﬀer, and ROS production was
detected using a ﬂow cytometer.
2.13. Detection of Mitochondrial ROS. Mitochondrial ROS
level was measured using MitoSOX Red (Yeasen, Shangai,
China), which was a ﬂuorescent indicator of mitochondrial
superoxide anions. Brieﬂy, PC12 cells were washed with
Hank’s balanced salt solution (HBSS) and incubated in
the dark with 5 μM MitoSOX Red for 20 min at 37°C.
Additionally, cell nuclei were stained with 4′,6′-diamidino2-phenylindol (DAPI, Beyotime) for 5 min at room temperature. The cells were washed with PBS and imaged using
ﬂuorescence microscopy (Olympus IX73) with excitation
and emission ﬁlters of 510 and 580 nm, respectively.
2.14. Measurement of the MMP. The MMP was measured
using confocal microscopy with tetramethylrhodamine ethyl
ester (TMRE) staining (Sigma-Aldrich). This technique is
aimed at discovering the function of mitochondria or indirectly reﬂecting the insults among mitochondria. Following
administration of the study drugs as described above, the
cells were treated with 50 nM TMRE and further incubated
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for 45 min at 37°C. Additionally, nuclei of the PC12 cells
were loaded with Hoechst dye to determine the position
of each cell.
2.15. Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling. Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL; Beyotime) assays were performed
following the administrations of each drug. Subsequent to
TUNEL staining, the cells were stained with a DAPI solution
in the dark for 5 min at room temperature to identify nuclei.
This tool helped to understand the apoptosis undergoing
among cellular environments. Fluorescence imaging was
performed with a ﬂuorescence microscope (Olympus IX73),
and the numbers of TUNEL-positive cells are presented as
the percentage of positive nuclei/total nuclei × 100%.
2.16. Immunoﬂuorescence Analysis. For the immunoﬂuorescence analyses, PC12 cells were washed three times with
PBS and incubated with 4% paraformaldehyde at 4°C for
25 min. Next, the cells were loaded with 0.3% Triton X-100
for 15 min and incubated in 5% bovine serum albumin
(BSA) at 37°C for 30 min. The primary antibody anti-Mfn-2,
an indicator of further ﬁguring out the outer membrane protein of mitochondria and indirect reﬂection of mitochondrial
situation, was applied to the cells at 4°C for 12 h, followed by
incubation with an appropriate secondary antibody at 37°C
for 1 h. Additionally, the nuclei were stained with DAPI;
images from each group were obtained with a ﬂuorescence
microscope (Olympus IX73) and the data were analyzed with
the ImageJ software.
2.17. Monodansylcadaverine Staining. Autophagic vacuoles
are frequently observed during autophagy and can be visualized by monodansylcadaverine (MDC) staining [36]. In the
present study, PC12 cells were seeded in six-well plates with
sterile cover slips and each group of PC12 cells was incubated
with 0.05 mM MDC (Sigma-Aldrich, USA) in culture medium
in the dark for 30 min at 37°C following pretreatment with a
drug or an operation. After the incubation, cells were washed
with PBS and analyzed with a ﬂuorescence microscope
(Olympus IX73; Olympus, Tokyo, Japan).
2.18. Western Blot Analysis. For Western blot analyses, the
cells were washed with PBS, loaded with radioimmunoprecipitation assay (RIPA) buﬀer with the PMSF protease inhibitor, and placed upon ice for 30 min. Tissue samples from
the cortex and hippocampus were isolated from the ischemic
hemisphere, and proteins were extracted using a mammalian
tissue extraction reagent. Additionally, the protein samples
were homogenized and analyzed as previously described
[37]. Brieﬂy, equivalent amounts of protein were separated
by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene diﬂuoride (PVDF) membranes (0.22 μm), and blocked with 5%
skim milk for 2 h at room temperature. Subsequently, the
membranes were incubated in the appropriate primary
antibodies overnight at 4°C followed by incubation with a
secondary antibody (at appropriate dilutions) for 2 h at room
temperature. The membranes were quantitatively analyzed
using the Image Lab software with densitometry after
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the addition of an enhanced chemiluminescence substrate
(Bio-Rad, Hercules, CA, USA).
2.19. Statistical Analysis. All data are expressed as the mean ±
standard error of the mean (SEM) and were analyzed with a
one-way analysis of variance (ANOVA) test followed by
Newman-Keuls tests for intergroup comparisons. P value less
than 0.05 was considered to indicate statistical signiﬁcance.
P value < 0.01 indicated that the probability of the experimental value falling into the control distribution was lower
than a P value < 0.05. P value < 0.001 indicated that the
probability of the experimental value falling into the control distribution was lower than a P value < 0.01. All data
were analyzed using the SPSS 17.0 software (SPSS Inc.,
Chicago, IL, USA).

3. Results
3.1. Glycine Attenuated Hypoxic-Ischemic Injury in the Brains
of Neonatal Rats. In the present study, infarct volume was
quantiﬁed in rats from the sham, HIE, and HIE + glycine
groups. In the HIE rats, glycine reduced the infarct area
at an optimum dose of 600 mg/kg (dose/body weight)
(Figures 1(a) and 1(b)). Western blot analyses assessing
expression of the transcription factor hypoxia-inducible
factor 1-alpha (HIF-1α) revealed that several diﬀerent
doses of glycine (200–1000 mg/kg) signiﬁcantly reduced
the expression of HIF-1α, indicating a rescue eﬀect of glycine
(Figures 1(c) and 1(d)). Therefore, all further experiments
were performed with 600 mg/kg of glycine as the treatment
standard. The rat brains of the sham, HIE, and HIE + glycine
(600 mg/kg) groups were collected and their wet and dry
ratios were measured. In the paraformaldehyde-ﬁxed brains
of each group, edema was easily identiﬁed in the left hemisphere of HIE rats but glycine administration attenuated
the aﬀected area to a certain extent (Figure 1(e)). Staining
procedures in the cortex and hippocampus of the HIE group
revealed more obvious edema than the sham group. However, these injuries were alleviated in the HIE + glycine group.
Nissl stainings of the cortex and hippocampus were analyzed
to assess neuronal viability (Figures 1(c)–1(k)). The number
of functional neurons in Nissl-stained images was assessed
to determine the eﬀectiveness of glycine for treating or protecting neurons against hypoxic-ischemic injury. TEM
images intuitively revealed the extent of mitochondrial injury
in tissues. The HIE group exhibited swelling symptoms of
injury in mitochondria, whereas the HIE + glycine group
showed relatively normal mitochondria in neurons from
the cortex and hippocampus (Figure 1(l)). Furthermore, the
HIE group contained the highest quantity of autophagosomes, whereas the HIE + glycine group greatly reduced the
quantity which exhibited the eﬀectiveness of glycine upon
alleviating autophagy.
3.2. Glycine Protected against Hypoxic-Ischemic Injury in
the Brains via Attenuation of Mitochondrial-Mediated
Autophagy. Following isolation of the cortex and hippocampus tissues, proteins were extracted for Western blot analyses.
The protein levels of Binp3, p62, and microtubule-associated
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Figure 1: Glycine attenuated hypoxic-ischemic injury in the brains of neonatal rats. (a) TTC staining of sham rats, rats of HIE, and HIE rats
with administration of glycine 200 mg/kg, 400 mg/kg, 600 mg/kg, 800 mg/kg, and 1000 mg/kg. (b) Calculation of infarct area shown by TTC
staining (of the sham group). ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus the HIE group. n = 5. (c) Protein expression level of HIF-1α
of sham rats, rats of HIE, and HIE rats with administration of glycine 200 mg/kg, 400 mg/kg, 600 mg/kg, 800 mg/kg, and 1000 mg/kg.
(d) Analyses of HIF-1α (of GAPDH). ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus the HIE group. n = 3. (e) The brains were isolated from
pups of the sham group, HIE group, and HIE with administration of the glycine group. Ratio of wet and dry is calculated in each group.
n = 5. The brains (ﬁxed with 4% paraformaldehyde) further showed dropsical areas and eﬀectiveness of glycine administration. (f) HE
staining of the cortex and hippocampus on the ipsilateral sides in rats of each group. (h) Nissl staining of the cortex on the ipsilateral
sides in rats of each group is shown. (i) The analysis of cell number of neurons in the cortex on each group. ∗∗∗ P < 0 001. n = 5. (j) Nissl
staining of the hippocampus on the ipsilateral sides in rats of each group. (k) Analysis of cell number of neurons in the hippocampus on
each group. ∗∗∗ P < 0 001. n = 5. (l) Transmission electron microscope reveals status of mitochondria happened in tissues. (m) Transmission
electron microscope discovers autophagosomes (red arrows) in tissues.

protein 1 light chain 3 (LC3 II/I) were assayed to determine
the extent of autophagy. Additionally, Bnip3, parkin, PINK1,
and Mfn2 protein levels were measured to evaluate how mitochondrial function mediated subsequent autophagy in the
brain. The results indicated that protein expression in the cortex and hippocampus showed the same tendencies. The
injured mitochondria exhibited dysfunction that was reﬂected
by parkin and PINK1. Once dysfunction occurred within
the mitochondria, PINK1 phosphorylated the parkin protein

and both proteins accumulated on the outer membranes of
mitochondria. Therefore, the expression of parkin and
PINK1 was the highest among the HIE group, whereas
Mfn-2 was expressed at a low level. Additionally, downstream autophagy-related proteins, such as Bnip3, parkin,
PINK1, and LC3II/I, were signiﬁcantly elevated in the tissues
from the HIE group, whereas the HIE + glycine group
showed signiﬁcant improvements. Brieﬂy, Bnip3 belongs to
Bcl-2 family proteins, which acted as a sensitive factor in
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hypoxic condition [38] or mitochondrial dysfunction [39].
The previous study also indicated that upregulation of Bnip3
was related with the autophagy induction [40]. The level of
LC3 was an important autophagic marker, which was widely
used to identify autophagy proceed. p62 protein also played a
role in autophagy that selectively decreased autophagy process [41]. Alteration of the protein expressions mentioned
above revealed that glycine administration improved or
recovered dysfunctional mitochondria and alleviated autophagy following hypoxic-ischemic injury. Following glycine
treatment, parkin and PINK1 expression levels were lower
than those of the HIE group and Mfn-2 protein expression
began to increase. Similarly, the autophagic process was
altered by glycine treatment and enhanced the recovery of
mitochondria. Compared to the HIE group, p62 protein
expressed at a higher degree while Bnip3 and LC3II/I protein
levels were decreased a lot following glycine treatment
(Figures 2(a)–2(d)).
To determine whether mitochondria-mediated autophagy played a role in the regulation of pathogenesis in the
nervous system, rat neonates were pretreated with CsA
beginning at P4 through the HIE operation and then received
daily doses of glycine only. The cortical and hippocampal
samples of the HIE + glycine + CsA group revealed a protective eﬀect of glycine. Compared to the HIE + glycine group,
Mfn-2 and p62 protein levels were enhanced by glycine,
whereas parkin, PINK1, Bnip3, and LC3 II/I levels were
lower, which illustrated that the brains exposed to hypoxicischemic injury exhibited extensive mitochondria-mediated
autophagy and glycine attenuated these insults by regulating
this autophagy (Figures 2(e)–2(h)). Moreover, histopathological analyses revealed that the cortex and hippocampus
structures in the HIE + glycine + CsA group exhibited the
best recovery among four groups (Figures 2(i) and 2(j)). Nissl
staining procedures were conducted to determine neuron
status among four groups and revealed that cortical neurons
in the HIE + glycine + CsA group preserved a better functional status than in the HIE and HIE + glycine groups. In
the hippocampus, neurons from CA1 and CA2–3 regions
also exhibited good recovery (Figures 2(k) and 2(l)).
3.3. Glycine Eliminated Mitochondria-Mediated Autophagy
via Regulation of the AMPK Pathway. Proteins in the AMPK
pathway, including p-AMPKα and p-mammalian target of
rapamycin (p-mTOR), were also assessed and showed
diﬀerences among groups in the cortex or hippocampus.
p-AMPKα proteins were expressed at the highest level in
the HIE group while p-mTOR expression decreased
greatly. In the HIE + glycine group, glycine treatment alleviated the increase in p-AMPKα protein expression and
improved p-mTOR expression, which conﬁrmed that glycine administration inﬂuenced the AMPK pathway in vivo
(Figures 3(a) and 3(b)).
To examine the relationships among HIE pathogenesis,
glycine, and the AMPK pathway, an agonist of the AMPK
pathway, AICAR, was employed to overactivate the AMPK
pathway in rats under HIE operations. In the HIE + glycine
+ AICAR group, p-AMPKα protein expression increased,
whereas p-mTOR protein expressions and other proteins
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associated with mitochondria-mediated autophagy exhibited poorer results than the HIE + glycine group. At the
same time, parkin, PINK1, Bnip3, and LC3 II/I protein
levels showed the highest degree, whereas Mfn-2 and p62
protein expressed the lowest level among four groups
(Figures 3(c)–3(f)). Taken together, these results indicate
that overactivation of AMPK blocked the eﬀectiveness of
glycine that downregulates the AMPK pathway and subsequently inﬂuences AMPK-regulated autophagy. In other
words, compared with the HIE group, glycine administration
could downregulate the AMPK pathway in the hypoxicischemic insult and alleviate mitochondria-mediated autophagy to gain the protection in the HIE + glycine group.
3.4. Glycine Improved Prognosis of Rats following HypoxicIschemic Injury. The bodyweights of the pups were assessed
at three diﬀerent ages: 7, 14, and 28 days. The bodyweights
did not diﬀer signiﬁcantly in each group at 7 days (before
operations). However, at 14 days, the HIE + glycine group
showed improvements in bodyweight, compared with the
HIE and HIE + glycine + AICAR groups. The HIE + glycine
+ CsA group exhibited the best weight gain among ﬁve
groups, whereas rats from the HIE + glycine + AICAR group
showed the lowest amount of weight gain. At 28 days, the rats
of the HIE + glycine + AICAR group exhibited the lowest
weight and two pups died. Following long-term glycine treatment, there was no signiﬁcant diﬀerence between the HIE +
glycine group and the HIE + glycine + CsA group, though
these two groups exhibited better weight gains than the HIE
group (Figure 4(a)).
At 7 days after surgery, three neonate rats from each
group were sacriﬁced to further investigate the protective
eﬀects of glycine. Atrophy in the left brain showed significant improvements following treatment with glycine or
glycine combined with CsA (Figure 4(b)). The HIE + glycine
+ AICAR group exhibited serious atrophy and had the worst
prognosis among ﬁve groups. HE staining revealed the eﬃcacy of glycine, especially in the HIE + glycine + AICAR
group, in that the cortex and hippocampus exhibited considerable atrophy and were diﬃcult to recognize. However, brain
tissues from the HIE + glycine group and the HIE + glycine +
CsA group exhibited better recovery than the HIE and
HIE + glycine + ICAR groups (Figure 4(c)).
The present study also assessed neuromuscular ability in
14-day-old pups after surgery (Table 1). Over a period of 28
days, Longa and Berderson tests (Tables 2 and 3, respectively) were performed to measure neurodeﬁciencies in neuromuscular behaviors. The HIE + glycine + CsA group had
the best scores on the behavioral test, whereas the condition
of the HIE + glycine + AICAR group did not diﬀer signiﬁcantly from the HIE group (Table 1). At 28 days of age,
the Longa test revealed that the HIE + glycine and HIE +
glycine + CsA groups showed better mobility compared
with the HIE and HIE + glycine + AICAR groups. Additionally, based on the results above, it was evident that
the HIE + glycine + AICAR group did not perform well
on the Longa test (Table 2). In parallel, the rats from this
group also did not perform well on the Berderson test
(Table 3).
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Figure 2: Glycine protected against hypoxic-ischemic injury in the brains via attenuation of mitochondrial-mediated autophagy. (a) Protein
expression level of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I on the cortex from ipsilateral sides of the sham group, HIE group, and
HIE with administration of the glycine group (of GAPDH). (b) Analyses of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I in each
group. (c) Protein expression level of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I on the hippocampus from ipsilateral sides of
each group (of GAPDH). (e) Analyses of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I in each group. (e) Protein expression level
of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I in each group from the cortex. (f) Analyses of Mfn-2, p62, parkin, PINK1, Bnip3,
LC3 II, and LC3 I in each group. (g) Protein expression level of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I in each group from
the hippocampus. (h) Analyses of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I in each group. (i) HE stainings of the cortex of
four groups. (j) HE stainings of the hippocampus among four groups. (k) Nissl stainings in the cortex from four groups and neuron
numbers were analyzed. ∗∗∗ P < 0 001. (l) Nissl stainings in the hippocampus from four groups and neuron numbers were analyzed.
∗
P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001. n = 5.
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(f)

Figure 3: Glycine eliminated mitochondria-mediated autophagy via regulation of the AMPK pathway. (a) Protein expression level of
p-AMPKα in the cortex from ipsilateral sides of each group and analysis of p-AMPKα (of AMPKα), p-mTOR (of GAPDH). (b) Protein
expression level of p-AMPKα on the hippocampus from ipsilateral sides of each group and analysis. (c) Protein expressions of p-mTOR,
p-AMPKα, AMPKα, Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I from the cortex. (d) Analyses of protein expressions above.
(e) Protein expressions of p-mTOR, p-AMPKα, AMPKα, Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I from the cortex. (f) Analysis
of protein expressions above. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001. n = 5.
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Figure 4: Glycine improved prognosis of rats following hypoxic-ischemic injury. (a) Weights of rats of 7 days, 14 days, and 28 days. ∗ P < 0 05
and ∗∗∗ P < 0 001. #P < 0 05, ##P < 0 01, and ###P < 0 001. (b) The brains isolated from 14-day-old rats of each group. Fresh brain tissue is
shown at the ﬁrst line and dehydrated brains tissue is shown at the second line. n = 3. (c) HE staining of the cortex and hippocampus
from ipsilateral sides of each group. n = 3.
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Table 1: Assessment of hindlimb suspension of 14-day-old pups.
Group

Number

Hindlimb suspension

Sham

11

HIE

11

4.00 ± 0.00
1.24 ± 0.11∗∗∗

HIE + glycine
HIE + glycine + CsA
HIE + glycine + AICAR

11
11
11

2.15 ± 0.12∗∗∗ ,###
2.60 ± 0.11∗∗∗ ,###,&&
1.30 ± 0.11∗∗∗ ,&&&

Dates were presented as mean ± SEM from rats from each group.
∗∗∗
P < 0 001 versus the sham group. ###P < 0 001 versus the HIE group.
&&
P < 0 01 and &&&P < 0 001 versus the HIE + glycine group.

Table 2: Longa scores of 28-day-old pups.
Group

Number

Hindlimb suspension

Sham

8

HIE

8

0.00 ± 0.00
1.75 ± 0.14∗∗∗

HIE + glycine
HIE + glycine + CsA
HIE + glycine + AICAR

8
8
6

1.00 ± 0.13∗∗∗ ,###
0.83 ± 0.13∗∗∗ ,###
1.70 ± 0.13∗∗∗ ,&&&

Dates were presented as mean ± SEM from rats from each group.
∗∗∗
P < 0 001 versus the sham group. ###P < 0 001 versus the HIE group.
&&&
P < 0 001 versus the HIE + glycine group.

Table 3: Berderson assessment of 28-day-old pups.
Group

Number

Hindlimb suspension

Sham

8

HIE

8

0.00 ± 0.00
2.08 ± 0.15∗∗∗

HIE + glycine
HIE + glycine + CsA
HIE + glycine + AICAR

8
8
6

1.45 ± 0.10∗∗∗ ,###
0.95 ± 0.11∗∗∗ ,###,&&
2.04 ± 0.14∗∗∗ ,&&&

Dates were presented as mean ± SEM from rats from each group.
∗∗∗
P < 0 001 versus the sham group. ###P < 0 001 versus the HIE group.
&&
P < 0 01 and &&&P < 0 001 versus the HIE + glycine group.

3.5. Glycine Attenuated CoCl2-Induced Cytotoxicity, Cellular
ROS, and Apoptosis in PC12 Cells. The initial eﬀects of CoCl2
on neurons were detected using the CCK8 method. In the
present study, CoCl2 (800–1000 μM) signiﬁcantly inhibited
cellular viability within 24 h in a dose- and time-dependent
manner compared with the control group (Figure 5(a)).
Moreover, the optimum dose of glycine (8–10 μM) eﬀectively protected PC12 cells against CoCl2-induced injury
(800–1000 μM) in the same manner as the CoCl2 group
(Figure 5(b)). DCFH-DA ﬂuorescence was used to detect
the level of ROS generation in each group and revealed that
glycine pretreatment decreased ROS generation and protected
against CoCl2-induced injury in PC12 cells (Figure 5(c)).
TUNEL staining indicated that glycine also downregulated
apoptosis to protect PC12 cells (Figure 5(d)).
3.6. Glycine Attenuated CoCl2-Induced Mitochondrial ROS
Generation, Restored the MPP, Improved Mfn-2 Protein
Levels, and Alleviated Autophagy in PC12 Cells. As an indication of injured status in cells, mitochondria largely generated

superoxide molecules by inﬂuencing various signaling
pathways. MitoSOX, which conﬁrmed the position of the
mitochondrial matrix and detected superoxide anions in
mitochondria, was used to assess oxidative stress in mitochondria of PC12 cells. Cells that underwent CoCl2 injury
showed a signiﬁcant increase in oxidative stress in mitochondria (Figure 6(a)), but the administration of an optimum dose
of glycine lowered ROS generation. Additionally, PC12 cells
were loaded with TMRE to evaluate the MMP, which reﬂected
mitochondrial function. CoCl2 impaired mitochondria by
decreasing the MMP, but glycine dramatically promoted the
MMP (Figure 6(b)). Furthermore, Mfn-2 expression was at a
low level in the CoCl2 group (Figure 6(c)), but glycine upregulated the Mfn-2 protein expression. According to the results
of MDC staining, which speciﬁcally identiﬁed autophagic vacuoles, showed that the CoCl2 + glycine group gained the lower
value of MDC immunoﬂuorescence than the CoCl2 group.
This result also illustrated that glycine could downregulate
autophagy (Figure 6(d)).
3.7. Glycine Protected PC12 Cells against CoCl2-Induced
Injury via Regulation of Mitochondria-Mediated Autophagy.
The present study examined the expression of parkin,
PINK1, Mfn-2, Bnip3, p62, and LC3II/I (Figures 7(a) and
7(b)) and found increased expression of parkin, PINK1,
Bnip3, and LC3II/I in the CoCl2 group. However, glycine
pretreatment before CoCl2 (CoCl2 + glycine) signiﬁcantly
reduced such eﬀect. At the same time, the expressions of
Mfn-2 and p62 decreased following CoCl2 injury, but glycine
pretreatment promoted the expressions of Mfn-2 and p62.
CsA, a conventional inhibitor of mitochondria-mediated
autophagy, was used to determine whether glycine regulated
autophagy. Following treatment with a combination of CsA
and glycine, the expressions of parkin, PINK1, Bnip3, and
LC3 II/I were largely inhibited, whereas the expression of
Mfn-2 and p62 was increased (Figures 7(c) and 7(d)). Additionally, the administration of CsA increased cellular viability
such that it was better compared with the CoCl2 + glycine
group (Figure 7(e)).
MDC staining revealed that the CoCl2 + glycine + CsA
and CoCl2 + glycine groups exhibited a less degree of
autophagy, particularly the CoCl2 + glycine + CsA group
(Figure 7(f)). TUNEL staining in PC12 cells further conﬁrmed that glycine protected PC12 cells (Figure 7(g)).
Assessments of mitochondrial function included measurements of mitochondrial ROS generation, MMP, and Mfn-2
expression (Figures 7(h)–7(j)). In all four groups, glycine signiﬁcantly decreased mitochondria-mediated autophagy,
especially via the parkin/ PINK1 pathway, which has been
linked to mitochondria-mediated autophagy.
3.8. Glycine Protected PC12 Cells against CoCl2 Injury via
Regulation of AMPK-Dependent Mitochondria-Mediated
Autophagy. Because AMPK is phosphorylated upon activation of the AMPK pathway, it acts an energy sensor that
reﬂects the condition of mitochondria. Analyses of p-AMPK
expression in PC12 cells revealed high levels of p-AMPKα in
the CoCl2-treated group, but glycine pretreatment reduced
the levels of p-AMPKα. The mTOR pathway is the
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Figure 5: Glycine attenuated CoCl2-induced cytotoxicity, cellular ROS, and apoptosis in PC12 cells. (a) PC12 cells treated with CoCl2 on
dose-dependent manner for 12 hours and 24 hours by CCK8. (b) PC12 cells were pretreated with diﬀerent concentrations of glycine for
12 hours and 24 hours. Then, PC12 cells were treated with CoCl2 (800–1000 μM) and cell viability was determined by CCK8. ∗ P < 0 05,
∗∗
P < 0 01, and ∗∗∗ P < 0 001 versus the control group. ##P < 0 01 and ###P < 0 001 versus the CoCl2 group. (c) ROS generation of
the control group, CoCl2 group, and CoCl2 + glycine group was determined by ﬂow cytometry assay of DCFH-DA. ∗ P < 0 05. n = 3.
(d) Apoptotic cells of each group were detected by TUNEL and DAPI staining. ∗∗∗ P < 0 001. n = 3.
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Figure 6: Glycine attenuated CoCl2-induced mitochondrial ROS generation, restored the MPP, improved Mfn-2 protein levels, and alleviated
autophagy in PC12 cells. (a) Mitochondrial ROS generation of each group was detected by MitoSOX and DAPI staining. (b) Mitochondrial
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Figure 7: Glycine protected PC12 cells against CoCl2-induced injury via regulation of mitochondria-mediated autophagy. (a) Protein
expression level of Mfn-2, p62, parkin, PINK1, Bnip3, LC3 II, and LC3 I in PC12 cells of each group. (b) Analyses of Mfn-2, p62, parkin,
PINK1, Bnip3, LC3 II, and LC3 I in each group. (c) After treatment of CsA, protein expression levels of Mfn-2, p62, parkin, PINK1,
Bnip3, LC3 II, and LC3 I in PC12 cells of four groups were determined by Western blotting. (d) Analysis of all protein expressions.
(e) Cell viability of four groups was detected by CCK8. (f) Apoptotic cells from each group were measured by TUNEL and DAPI staining.
(g) Mitochondrial ROS generations were detected by immunoﬂuorescence of MitoSOX and DAPI staining. (h) Mitochondrial membrane
potential was detected in each group by TMRE and Hoechst staining. (i) The Mfn-2, protein of mitochondrial outer membrane, was used
to measure function of mitochondria. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001. n = 3.

downstream of the AMPK pathway, and assessments in the
present study showed that CoCl2 injury had an adverse eﬀect
on this pathway as well (Figures 8(a) and 8(b)). To determine
whether the AMPK pathway modulated CoCl2-induced
mitochondria-mediated autophagy, AICAR, an AMPK pathway agonist was used to modulate protein expression. In the
CoCl2 + glycine + AICAR group, the expressions of parkin,
PINK1, Bnip3, LC3II/I, and p-AMPKα were evident at a high
degree while the expressions of Mfn-2, p-mTOR, and p62
were low (Figures 8(c) and 8(d)). At the same time, the group
administrated CsA in combination with glycine exhibited the
lowest viability (Figure 8(e)).
MDC staining revealed that the CoCl2 + glycine + AICAR
group had the highest intensity of autophagy of the four
groups, whereas the CoCl2 + glycine group exhibited attenuations in autophagy (Figure 8(f)). Moreover, TUNEL staining
revealed that glycine pretreatment protected against CoCl2

injury, whereas overactivation of the AMPK pathway in
the CoCl2 + glycine + AICAR group produced the highest
number of TUNEL-positive cells (Figure 8(g)). Immunoﬂuorescence analyses of the PC12 cells revealed that the mitochondrial function of the CoCl2 + glycine + AICAR group
did not show signiﬁcant improvements with the CoCl2 group
(Figures 8(h)–8(j)). However, the CoCl2 + glycine group
exhibited high levels of protection against CoCl2 injury. Parallel analyses conﬁrmed the overactivation of the AMPK
pathway by AICAR. This result suggests that the AMPK
pathway played an important role in CoCl2-induced
mitochondria-mediated autophagy.

4. Discussion
The present study was the ﬁrst to investigate whether glycine
could protect against hypoxic-ischemic injury in the nervous
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Figure 8: Glycine protected PC12 cells against CoCl2 injury via regulation of AMPK-dependent mitochondria-mediated autophagy.
(a) p-AMPKα protein expression was detected by Western blotting in each group. (b) Analyses of p-AMPKα protein (of AMPKα) and
p-mTOR (of GAPDH). (c) Agonist of the AMPK pathway, CsA, was used to overactivate proteins from the AMPK pathway. Protein
expressions of four groups were detected by Western blotting. (d) Analysis of all protein expressions. (e) Cell viability in four groups was
also measured by CCK8. (f) Autophagic vacuoles from each group were measured by MDC staining. (g) Apoptotic cells from each group
were measured by TUNEL and DAPI staining. (h) Mitochondrial ROS generations were detected by immunoﬂuorescence of MitoSOX
and DAPI staining. (i) Mitochondrial membrane potential was detected in each group by TMRE and Hoechst staining. (j) Mfn-2, protein
of mitochondrial outer membrane, was used to measure function of mitochondria. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001. n = 3.

system by regulating mitochondria-mediated autophagy via
the AMPK pathway using in vivo and in vitro experiments.
Pathogeneses of HIE have been studied a lot, such as endoplasmic reticulum stress [42], inﬂammation among white
matter [43], or neuron apoptosis [44]. In recent years, autophagy has become the new target in various systems. Without
exception, a few researches illustrated the relation between
HIE and autophagy. Previous studies have demonstrated that
autophagy is related to a wide variety of physiological and
pathological processes [45, 46]. Particularly in hypoxicischemic situations, autophagy plays a vital role in the metabolic regulation of diﬀerent organs [47–49]. Furthermore,
autophagy represents a signiﬁcant mechanism by which cellular homeostasis is maintained to allow for further adjustments
in HIE [50, 51]. Compared with some results about

autophagy, their opinions about appropriately increasing
proﬁtable autophagy gained the protection in HIE. It is true
that autophagy gains two extremes, protection and destruction [52]. An excessive degree of autophagy can be harmful
to the whole cell or tissues [53, 54], which was demonstrated
in the present study. Our results demonstrated that the
injured side of the brain was severely hydrophobic, exhibited
signs of cortical liquidation, and showed destruction of the
cortex and hippocampus following HIE operations. Additionally, there was a high level of LC3 protein expression, which is
a traditional indicator of autophagy in the HIE and CoCl2
groups. Bnip3, which can be used to measure autophagy,
was also expressed at a high level in the HIE and CoCl2 groups.
This is similar to the ﬁndings of previous studies showing that
Bnip3 is sensitive to hypoxic-ischemic pathogenesis and may
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potentially serve as a biomarker of excessive autophagy, which
has been veriﬁed in other studies [55]. CsA, a conventional
inhibitor of mitochondria-mediated autophagy, largely
decreased the intensity of autophagy compared with the
CoCl2 + glycine and HIE + glycine groups. In the in vivo
experiments, neonatal rats were pretreated with CsA to inhibit
autophagy and brain samples from these animals showed
good recovery when CsA was combined with daily glycine
administration. Similar results were obtained from the
in vitro experiments that revealed good cell viability and
MMP. Taken together, the present ﬁndings indicate that high
levels of mitochondria-mediated autophagy degraded abnormal proteins and digested organelles, particularly mitochondria but inﬂuenced normal functioning proteins and
organelles, which could be catastrophic to the cellular environment and body. The present TEM results easily identiﬁed
edematous mitochondria in all three groups of rats. Outer
membrane protein levels were also assessed to determine
mitochondrial function. The expression levels of Mfn-2 are
indicative of the dysfunction or fusion of mitochondria,
which, in turn, activates autophagy [56, 57]. Moreover,
PINK1 phosphorylates parkin and recruits it to the mitochondria, which damage these organelles. In the HIE group and
CoCl2 group, the high expression levels of parkin and
PINK1 indicated serious damage to the mitochondria. However, MDC staining in PC12 cells revealed that glycine treatment eﬀectively alleviated the autophagy process compared
with the CoCl2 and CoCl2 + glycine + AICAR groups. Therefore, novel treatments that immediately downregulate
mitochondria-mediated autophagy are urgently needed to
aid adjustment and recovery.
The administration of glycine is an eﬀective treatment
following hypoxic or hypoxic-ischemic injury in the liver
[58], kidney [26], and various cell types [59–61]. In the present study, there were signiﬁcant decreases in LC3 and Bnip3
protein levels following glycine pretreatment. At the same
time, electron microscopy analyses indicated that glycine
inhibited excessive autophagy. It is known that glycine protects against energy depletion by promoting the metabolism
of intracellular or mitochondrial functions [24]. In the present study, glycine attenuated hypoxic-ischemic injury in the
brain and improved mitochondrial function. HE and Nissl
staining procedures revealed that glycine decreased the number of dying neurons and ameliorated the expression of
related proteins while immunoﬂuorescent analyses showed
that outer membrane proteins in the mitochondria were
altered by glycine. Taken together, these ﬁndings indicated
that glycine could be an eﬀective strategy for the promotion
of mitochondrial function. Furthermore, glycine downregulated proteins related to mitochondria-mediated autophagy.
Moreover, seven consecutive days of treatment with glycine
resulted in a good prognosis in the behavioral test in
28-day-old rats. However, it has also been shown that glycine
regulates the basic states of function in astrocytes and
microglia by activating glycine receptors to promote recovery
in the nervous system [62]. The present study did not verify
the eﬀectiveness of glycine in nonneuronal cell types.
AMPK is an energy-sensing center activated by stress or
dysfunction in mitochondria [16, 63]. ATP deﬁciencies, or
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an increased ratio of AMP to ATP, usually originate from
dysfunction of mitochondria. Under the hypoxic-ischemic
insult, the mitochondria are sensitive (observing mitochondrial status), generating ROS and making chaos in energy
supply. Subsequently, activation of the AMPK pathway (activated by α subunit in the ATP/AMP disorder) modulates
mitochondrial function under conditions of stress, hypoxia,
and/or ischemia [64]. In this process, extensive phosphorylation of AMPK also maintains autophagy kinase, which
mostly induces mitochondria-mediated autophagy. Analyzing autophagy protein expressions among animal and
cell models, we will help to directly understand the condition of mitochondria-mediated autophagy in vivo and
in vitro.
Previous studies have demonstrated that mTOR protein
expression is inhibited by activation of AMPK and that
mTORC2 [65], as part of mTOR, plays a role to participate
in the autophagy process [66]. Under hypoxic attack and
other unfavorable conditions, AMPK activation inhibits the
mTOR signaling pathway. In the present study, there were
high levels of phosphorylation of AMPK expressed but low
levels of p-mTOR following the HIE group or CoCl2 injury.
One previous study reported that the suppression of
AMPK activity had no harmful eﬀects on the basic functions
of mitochondria and good recovery of cellular metabolism
was evident on following treatment [67]. However, the role
of the AMPK pathway is complex and may vary under conditions. Within a speciﬁc range, AMPK plays a protective
role; however, overactivation of the AMPK pathway can
worsen intracellular status, especially in neurons exposed to
a hypoxic environment [14]. To further understand the relationship of glycine with the AMPK pathway, AICAR, an agonist of AMPK, was administrated to measure autophagic
proteins. Glycine treatment inhibited AICAR-induced activation of the AMPK pathway and downregulated autophagy. Of the three groups in the present study, p-AMPK
expression levels were highest following HIE or CoCl2
injury. However, the administration of AICAR in combination with glycine demonstrated the activation of AMPK
proteins, ROS degeneration, and worsened mitochondrial
function, which then enhanced autophagy. Detailed molecular mechanisms underlying inactivation of the AMPK
pathway by glycine still require further investigation. However, previous studies have suggested several possibilities
[68]. For example, fatty acid oxidation increases and glucose oxidation suppressed following AMPK activation
[69, 70]. However, glycine pretreatment may attenuate
fatty acid oxidation and adjust glucose oxidation to normal levels, which would aid in recovery of the whole neuron and its functions. AICAR, as an agonist of the AMPK
pathway, revealed that activation of the AMPK pathway
had detrimental eﬀects. Rats that received daily treatments
of AICAR and glycine did not show good recovery in
terms of protection or further treatment. Similarly, PC12
cells pretreated with AICAR and glycine exhibited poor
recovery following overactivation of the AMPK pathway.
There are several limitations of the present study that
should be noted when interpreting the results. HIE models
typically use knockout rats to assess the manner in which

Oxidative Medicine and Cellular Longevity
glycine ameliorates HIE injury. Moreover, primary neurons
can be collected and analyzed to assess the eﬀects of glycine
but evaluation of various cell types would strengthen the
present results. Finally, it remains to be elucidated whether
glycine regulates fatty acid oxidation.
In summary, the present data provide the ﬁrst evidence
that glycine attenuated hypoxic-ischemic injury in neurons
or the nervous system by decreasing mitochondriamediated autophagy through regulating the AMPK pathway
using both in vitro and in vivo experiments. Since the pathogeneses of HIE are currently too complex to develop accurate
and eﬀective therapy, glycine may serve as a more inexpensive
and eﬀective alternative to other medicines. Additionally,
identifying the optimum dosage of glycine for improved
prognosis will be important.
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Objective.The aim of the study was to evaluate the eﬀects of a 28-day exposure to a 50 Hz electromagnetic ﬁeld of 10 kV/m on the
oxidative stress in selected rat central nervous system (CNS) structures. Material and Methods. Twenty male Wistar rats served as
experimental subjects. Ten rats were exposed to an electromagnetic ﬁeld with a frequency of 50 Hz, intensity of 10 kV/m, and
magnetic induction of 4.3 pT for 22 hours a day. The control group of ten rats was subject to sham exposure. Homogenates of
the frontal cortex, hippocampus, brainstem, hypothalamus, striatum, and cerebellum were evaluated for selected parameters of
oxidative stress. Results. Following the four-week exposure to a low-frequency electromagnetic ﬁeld, the mean malondialdehyde
levels and total oxidant status of CNS structures did not diﬀer signiﬁcantly between the experimental and control groups.
However, the activities of antioxidant enzymes in brain structure homogenates were decreased except for frontal cortex catalase,
glutathione peroxidase, and hippocampal glutathione reductase. The low-frequency electromagnetic ﬁeld had no eﬀect on the
nonenzymatic antioxidant system of the examined brain structures except for the frontal cortex. Conclusion. The four-week
exposure of male rats to a low-frequency electromagnetic ﬁeld did not aﬀect oxidative stress in the investigated brain structures.

1. Introduction
An electromagnetic ﬁeld (EMF) occurs naturally in our
environment. It is generated by geological structures in the
Earth’s crust, and all devices powered with alternating currents. Multihour use of such devices, including medical apparatus, results in a prolonged exposure to a low-frequency
EMF (≤50 Hz). This may lead to disturbances in homeostasis
and consequent disruption of the prooxidative-antioxidative
balance within the central nervous system (CNS) of people
permanently working in close proximity to devices generating electromagnetic ﬁelds [1].
In the last decade, the eﬀects of a low-frequency electromagnetic ﬁeld (LFEMF) on the human body have been

referred to as electromagnetic sensitivity syndrome commonly associated with the rapid development of wireless
technologies [2, 3]. The molecular mechanisms of nonthermal and nonionizing eﬀects at low ﬁeld intensities remain
to be elucidated. Nevertheless, the number of research studies
on this issue continues to grow [4–6]. A wide range of health
problems associated with exposure to computer monitors,
mobile phones, and other EMF-generating appliances has
been reported. The most common symptoms include fatigue,
irritation, headache, dryness of the skin and mucous membranes, sleep disturbance, and hormonal imbalance as well
as cardiac and neural eﬀects [7, 8]. Exposure to an EMF has
also been linked with allergic reactions conﬁrmed by a
marked increase in the number of mast cells [9]. Numerous
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epidemiological studies have conﬁrmed a signiﬁcant increase
in the risk of brain tumours [10, 11], parotid gland tumours
[12], malignant melanoma [13], and lymphomas [14].
Several researchers have emphasised that exposure to the
EMF might also cause increased reactive oxygen species
(ROS) production and lead to oxidative stress [2, 15]. ROS
have been implicated in the pathogenesis of neurodegenerative diseases including Alzheimer’s disease, multiple sclerosis, or amyotrophic lateral sclerosis [16, 17]. It has also
been found that oxidative stress might be involved in the
development of Parkinson’s disease [18, 19] and in the pathogenesis of mental disorders [20, 21]. Despite diﬀerences in
the clinical features of neurodegenerative diseases, it has
been suggested that they share common mechanisms such
as dysregulation of iron metabolism, protein aggregation,
oxidative stress, inﬂammatory processes, and mitochondrial
dysfunction. However, all these phenomena have so far been
studied separately without considering possible interactions
or an option that they might occur as cascading events. Nevertheless, oxidative stress has been mentioned as the primary
cause of neural cell damage [22].
The eﬀect of the LFEMF on the prooxidative-antioxidative
balance in CNS structures is yet to be extensively studied.
Furthermore, only whole brain homogenates from experimental animals were evaluated. No assessment was carried out
regarding particular brain structures, markers of oxidative
stress, or activity of enzymatic and nonenzymatic antioxidant
systems. Such incomplete analysis severely hinders the interpretation of results.
Therefore, the aim of this study was to evaluate the eﬀects
of a 28-day exposure to a 50 Hz electromagnetic ﬁeld of
10 kV/m on the oxidative stress in selected CNS structures
(frontal cortex, hippocampus, brainstem, hypothalamus,
striatum, and cerebellum) of male rats.

2. Material and Methods
2.1. Animals. The study was performed with the approval
no. 65/2008 of the Bioethical Committee for Animal Experimentation of the Medical University of Silesia in Katowice,
Poland. All animals received humane care in compliance
with the 8th edition of the Guide for the Care and Use of
Laboratory Animals published by the National Institute
of Health [23].
Twenty male Wistar rats aged 10 weeks and weighing
approximately 280 grams served as the experimental subjects. The animals were bred at the Institute of Experimental
Medicine, Medical University of Silesia in Katowice Ligota,
Poland. During the experiment, the rats were kept under
optimal environmental conditions, i.e., at a temperature
of 21°C and constant humidity, maintaining their 24-hour
circadian rhythm. They were housed 10 per cage in plastic
cages and fed with standard laboratory pellet food (Labofed
B) and water at libitum.
2.2. Experimental Model. The rats were randomly divided
into four groups, consisting of 10 animals each. Group A
was exposed daily to an electromagnetic ﬁeld with a frequency of 50 Hz, intensity of 10 kV/m, and magnetic

Oxidative Medicine and Cellular Longevity
induction of 4.3 pT. Exposure duration was 22 hours per
day (with a break between 08 : 00 and 10 : 00). During the
exposure, the animals remained in a plastic cage positioned
between two electrodes placed 50 centimeters apart. The
plastic cage did not impede the electromagnetic ﬁeld and
allowed the free movement of the rats. One electrode received
a potential of 5 kV from a high-voltage transformer. The cage
housing the rats was placed on the ground electrode. The
control group of ten rats (group C) were subject to sham
exposure (22 hours a day). Rats from group M were
exposed for 28 successive days to an electromagnetic ﬁeld
with a frequency of 900 MHz generated by a mobile phone.
Rats from group A + M were exposed, for 28 successive days,
simultaneously to both a 50 Hz electromagnetic ﬁeld and a
radio-frequency electromagnetic ﬁeld generated by a mobile
phone. The physical parameters and duration of exposure
were identical to those described for group A and group M.
In this manuscript, we have only presented the ﬁndings
from group A and the control group.
Following the cycle of a 28-day exposure to an electromagnetic ﬁeld and sham exposure, the rats were fasted for
24 hours and euthanized and the brains were removed. The
dissection of brain structures was carried out by a person
experienced in rat dissection. After decapitation and opening
the skull, the brain was removed and the following structures
were dissected: frontal cortex, striatum, hippocampus, hypothalamus, and cerebellum. For identifying brain structures,
sections were systematically compared with images from
the adult rat brain atlas [24]. The sampled tissues were frozen
in solid carbon dioxide (dry ice), weighed, and kept deepfrozen at -70°C.
2.3. Preparation of Brain Tissue Homogenates. On the day
of laboratory determinations, the tissues were homogenized
for 3 minutes at 50 revolutions per minute using the GlasCol Tissue Homogenizing System at a room temperature
of 21°C. The tissues were homogenized in physiological
buﬀered saline. The following were then determined in
the obtained 5% tissue homogenates: total oxidant status
(TOS), malondialdehyde (MDA), superoxide dismutase
(SOD) and its isoenzymes (copper-zinc dismutase (SODCuZn), manganese dismutase (SOD-Mn)), catalase (CAT),
glutathione peroxidase (GPx), glutathione reductase (GR),
glutathione S-transferase (GST), and total antioxidant capacity (TAC).
2.4. Biochemical Analysis
2.4.1. Oxidative Stress Marker Analysis
(1) Determination of Prooxidative Status Parameters: Lipid
Peroxidation Products and Total Oxidative Status. The intensity of lipid peroxidation in the brain homogenates was
measured spectroﬂuorimetrically as thiobarbituric acidreactive substances (TBARS) according to Ohkawa et al.
[25]. The TBARS concentrations were expressed as malondialdehyde (MDA) equivalents in μmol/g protein. The interand intra-assay coeﬃcients of variations (CV) were 2.2% and
8.4%, respectively.
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The total oxidant status (TOS) was determined with the
method described by Erel [26] and expressed in μmol/g protein. The inter- and intra-assay coeﬃcients of variations (CV)
were 2.1% and 6.3%, respectively.
(2) Determination of the Activity of Antioxidant Enzymes.
The superoxide dismutase (SOD-E.C.1.15.1.1) activity in
brain homogenates was assayed using the Oyanagui method
[27]. Enzymatic activity was expressed in nitrite unit (NU) in
each mg of hemoglobin (Hb) or ml of blood plasma. One
nitrite unit (1 NU) means a 50% inhibition of nitrite ion production by SOD in this method. SOD isoenzymes (SOD-Mn
and SOD-CuZn) were measured using potassium cyanide as
the inhibitor of the SOD-ZnCu isoenzyme. The inter- and
intra-assay coeﬃcients of variations (CV) were 2.8% and
5.4%, respectively.
Catalase (CAT-E.C.1.11.1.6.) activity was determined
with the peroxide-purpald method developed by Johansson
and Håkan Borg [28]. The method is based on the reaction
of catalase with methanol in the presence of an optimal concentration of hydrogen peroxide. The obtained formaldehyde
is measured spectrophotometrically at 550 nm with Purpald as a chromogen. The enzymatic activity of catalase was
expressed in IU/g of protein. The inter- and intra-assay coeﬃcients of variations (CV) were 2.6% and 6.1%, respectively.
The activity of brain homogenates’ glutathione peroxidase (GPx-E.C.1.11.1.9.) was assayed using Paglia and
Valentine’s kinetic method [29], with t-butyl peroxide as a
substrate and expressed as micromoles of NADPH oxidized
per minute and normalised to one gram of protein [IU/g protein]. The inter- and intra-assay coeﬃcients of variations
(CV) were 3.3% and 7.4%, respectively.
The glutathione reductase activity (GR-E.C.1.6.4.2) in
brain homogenates was assayed using Richterich’s kinetic
method [30], expressed as micromoles of NADPH utilized
per minute, and normalised to one gram of protein [IU/g
protein]. The inter- and intra-assay coeﬃcients of variations
(CV) were 2.2% and 5.7%, respectively.
The activity of glutathione S-transferase (GSTE.C.2.5.1.18) was determined with the kinetic method of
Habig and Jakoby [31], expressed as micromoles of thioether
formed per minute and normalised to one gram of protein
[IU/g protein]. The inter- and intra-assay coeﬃcients of variations (CV) were 3.4% and 7.3%, respectively.
(3) Determination of Nonenzymatic Antioxidant Status.
Total antioxidant capacity (TAC) concentration in brain
structure homogenates was determined with the method of
Erel [32] based on oxidized ABTS (green in colour) decolorisation by antioxidants present in the sample and calibrated
using Trolox and expressed in mmol/g protein. The interand intra-assay coeﬃcients of variations (CV) were 1.1%
and 3.8%, respectively.
2.5. Statistical Analysis. The obtained results were presented as the mean ± standard deviation (M ± SD) and
analyzed using Statistica 7.1 PL software. All parameters
of the group exposed to the electromagnetic ﬁeld were
compared to sham-exposed animals (control group). The
Shapiro-Wilk test was used to test for normality of the
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distribution of particular variables. Intergroup diﬀerences
were examined using a single-factor parametric ANOVA
for quantitative variables. Additionally, the relationships
identiﬁed by the ANOVA were veriﬁed using the NIR post
hoc test for the particular groups. The level of statistical signiﬁcance (p < 0 05) was used in all analyses.

3. Results
3.1. Oxidative Stress Parameters in the Frontal Cortex. In the
frontal cortex homogenates from rats exposed to the LFEMF
(group A), the mean activities of SOD, SOD-Mn, GPx, GST,
and TOS were signiﬁcantly lower, while the mean CAT activity was higher compared to the control rats (group C). However, the mean concentrations of MDA and TOS as well as
the mean activities of SOD-CuZn and GR in rats exposed
to the LFEMF did not diﬀer signiﬁcantly in comparison to
the control group (Table 1).
3.2. Oxidative Stress Parameters in the Hippocampus. In the
hippocampus homogenates from rats exposed to the lowfrequency electromagnetic ﬁeld, the mean activity of GR
was signiﬁcantly higher, while GST activity was signiﬁcantly
lower in comparison to the control group. However, no signiﬁcant diﬀerences were observed between the mean MDA,
TOS, and TAC concentrations as well as the mean SOD,
SOD-Mn, SOD-CuZn, CAT, and GPx activities in rats
exposed to the low-frequency electromagnetic ﬁeld compared to the control group (Table 2).
3.3. Oxidative Stress Parameters in the Brainstem. In the
brainstem homogenates from rats exposed to the LFEMF,
the mean activities of SOD, SOD-Mn, SOD-CuZn, GR, and
GST were signiﬁcantly lower in comparison to those of the
control rats. However, the mean MDA, TOS, and TAC concentrations as well as the mean CAT and GPx activities did
not diﬀer signiﬁcantly in rats exposed to the LFEMF in comparison to the control group (Table 3).
3.4. Oxidative Stress Parameters in the Hypothalamus. In
the hypothalamus homogenates from rats exposed to the
LFEMF, the mean activity of GST homogenates was signiﬁcantly higher compared to the control group. However, the
mean MDA, TOS, and TAC concentrations as well as the
mean SOD, SOD-Mn, SOD-CuZn, CAT, GPx, and GR activities in the hypothalamus homogenates from rats exposed to
the LFEMF did not diﬀer signiﬁcantly in comparison to the
sham-exposed rats (Table 4).
3.5. Oxidative Stress Parameters in the Striatum. In the striatum homogenates from rats exposed to the LFEMF, the mean
activity of GST homogenates was signiﬁcantly lower in comparison to the control group. The GST activity was the only
parameter whose values diﬀered signiﬁcantly between the
studied groups. However, the mean MDA, TOS, and TAC
concentrations as well as the mean SOD, SOD-Mn, SODCuZn, CAT, GPx, and GR activities in the striatum homogenates from rats exposed to the LFEMF did not diﬀer signiﬁcantly in comparison to the sham-exposed rats (Table 5).
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Table 1: Concentrations of oxidative stress biomarkers: malondialdehyde (MDA) and total oxidant status (TOS); activity of antioxidant
enzymes: superoxide dismutase (SOD) and isoenzymes (SOD-Mn, SOD-CuZn), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and glutathione S-transferase (GST); and concentration of nonenzymatic antioxidants—total antioxidant capacity (TAC)
in the frontal cortex homogenates from rats exposed to low-frequency electromagnetic ﬁeld (group A) and sham-exposed rats (control
group) (group C) with results of ANOVA for all examined groups (A, C, M, and A + M) and post hoc NIR test for two selected groups: A
and C.
Parameter
MDA concentration (μmol/g protein)
TOS concentration (μmol/g protein)
SOD activity (NU/mg protein)
SOD-Mn activity (NU/mg protein)
SOD-CuZn activity (NU/mg protein)
CAT activity (IU/g protein)
GPx activity (IU/g protein)
GR activity (IU/g protein)
GST activity (IU/g protein)
TAC concentration (mmol/g protein)

Group A
M ± SD

Group C
M ± SD

F; p value

1.12 ± 0.09
2.17 ± 0.35
49.38 ± 5.85
29.75 ± 3.12
19.63 ± 4.45
6.16 ± 0.92
0.59 ± 0.09
18.96 ± 1.98
2.03 ± 0.21
0.06 ± 0.00

1.04 ± 0.16
2.10 ± 0.39
56.80 ± 3.25
35.05 ± 2.53
21.75 ± 2.19
3.48 ± 1.05
0.77 ± 0.13
19.91 ± 1.28
2.99 ± 0.21
0.07 ± 0.01

9.68; <0.001
0.6; 0.622
13.02; <0.001
13.02; <0.001
2.82; 0.040
17.66; <0.001
3.87; 0.017
14.81; <0.001
47.03; <0.001
3.34; 0.031

ANOVA results
p value of NIR test
0.538
0.623
<0.001
<0.001
0.219
<0.001
<0.01
0.097
<0.01
<0.01

Table 2: Concentrations of oxidative stress biomarkers: malondialdehyde (MDA) and total oxidant status (TOS); activity of antioxidant
enzymes: superoxide dismutase (SOD) and isoenzymes (SOD-Mn, SOD-CuZn), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and glutathione S-transferase (GST); and concentration of nonenzymatic antioxidants—total antioxidant capacity (TAC)
in the hippocampus homogenates from rats exposed to low-frequency electromagnetic ﬁeld (group A) and sham-exposed rats (control
group) (group C) with results of ANOVA for all examined groups (A, C, M, and A + M) and post hoc NIR test for two selected groups: A
and C.
Parameter
MDA concentration (μmol/g protein)
TOS concentration (μmol/g protein)
SOD activity (NU/mg protein)
SOD-Mn activity (NU/mg protein)
SOD-CuZn activity (NU/mg protein)
CAT activity (IU/g protein)
GPx activity (IU/g protein)
GR activity (IU/g protein)
GST activity (IU/g protein)
TAC concentration (mmol/g protein)

Group A
M ± SD

Group C
M ± SD

F; p value

1.79 ± 0.48
2.68 ± 0.43
70.73 ± 9.09
38.75 ± 3.87
31.98 ± 6.64
5.02 ± 0.78
0.45 ± 0.19
30.56 ± 3.34
3.92 ± 0.37
0.10 ± 0.01

1.56 ± 0.34
2.36 ± 0.23
65.78 ± 6.63
37.05 ± 3.02
28.73 ± 6.37
5.79 ± 0.76
0.47 ± 0.13
26.97 ± 2.19
4.57 ± 0.28
0.09 ± 0.01

1.86; 0.156
1.50; 0.232
8.78; 0.035
13.66; <0.001
1.06; 0.379
14.40; <0.001
0.20; 0.898
11.56; <0.001
6.96; <0.001
0.38; 0.765

3.6. Oxidative Stress Parameters in the Cerebellum. In the
cerebellum homogenates from rats exposed to the LFEMF,
only the mean activity of GST homogenates was signiﬁcantly lower in comparison to the control group. However,
the mean MDA, TOS, and TAC concentrations as well as
the mean SOD, SOD-Mn, SOD-CuZn, CAT, GPx, and GR
activities in the group of rats exposed to the LFEMF did not
diﬀer signiﬁcantly in comparison to the sham-exposed rats
(Table 6).

4. Discussion
It has been found that the electromagnetic ﬁeld may disrupt
the prooxidative-antioxidative balance through increased
ROS production, impaired ROS elimination, or the combined eﬀect of both processes [33, 34]. Hence, the evaluation
of oxidative stress severity must comprise the determination

ANOVA results
p value of NIR test
0.294
0.081
1.000
0.278
0.212
0.084
0.848
<0.01
<0.01
0.612

of oxidative stress markers as well as the activity of the
enzymatic and nonenzymatic antioxidant systems simultaneously [35, 36].
Our study on the eﬀects of a 4-week exposure of male
rats to the LFEMF did not reveal any statistically signiﬁcant
diﬀerences in the mean MDA and TOS concentrations in
CNS structures between the rats exposed to the LFEMF and
sham-exposed animals. Hence, chronic exposure to the
low-frequency electromagnetic ﬁeld does not seem to have
resulted in increased lipid peroxidation and ROS generation
in the rat brain.
In the frontal cortex of rats exposed to the LFEMF, the
mean activities of SOD and SOD-Mn homogenates were
lower by 13.1% and 15.1%, respectively, compared to the
control group. In addition, the mean activities of SOD,
SOD-Mn, and SOD-CuZn in the brainstem of rats exposed
to the LFEMF were lower by 16.5%, 15.9%, and 17.1%,
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Table 3: Concentrations of oxidative stress biomarkers: malondialdehyde (MDA) and total oxidant status (TOS); activity of antioxidant
enzymes: superoxide dismutase (SOD) and isoenzymes (SOD-Mn, SOD-CuZn), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and glutathione S-transferase (GST); and concentration of nonenzymatic antioxidants—total antioxidant capacity (TAC)
in the brainstem homogenates from rats exposed to low-frequency electromagnetic ﬁeld (group A) and sham-exposed rats (control group)
(group C) with results of ANOVA for all examined groups (A, C, M, and A + M) and post hoc NIR test for two selected groups: A and C.
Parameter
MDA concentration (μmol/g protein)
TOS concentration (μmol/g protein)
SOD activity (NU/mg protein)
SOD-Mn activity (NU/mg protein)
SOD-CuZn activity (NU/mg protein)
CAT activity (IU/g protein)
GPx activity (IU/g protein)
GR activity (IU/g protein)
GST activity (IU/g protein)
TAC concentration (mmol/g protein)

Group A
M ± SD

Group C
M ± SD

F; p value

ANOVA results
p value of NIR test

1.93 ± 0.46
4.04 ± 1.25
120.63 ± 5.58
63.79 ± 4.43
56.84 ± 4.05
11.64 ± 1.40
1.14 ± 0.31
21.68 ± 1.55
3.77 ± 0.25
0.12 ± 0.02

2.60 ± 0.38
3.19 ± 1.36
144.45 ± 9.87
75.84 ± 6.37
68.61 ± 8.48
12.81 ± 1.10
1.38 ± 0.17
28.95 ± 1.24
5.52 ± 0.54
0.11 ± 0.04

3.12; 0.020
1.14; 0.349
16.81; <0.001
14.76; <0.001
17.26; <0.001
14.26; <0.01
1.72; 0.181
38.32; <0.001
34.71; <0.001
0.57; 0.636

0.568
0.217
<0.001
<0.01
<0.01
0.932
0.103
<0.001
<0.001
0.304

Table 4: Concentrations of oxidative stress biomarkers: malondialdehyde (MDA) and total oxidant status (TOS); activity of antioxidant
enzymes: superoxide dismutase (SOD) and isoenzymes (SOD-Mn, SOD-CuZn), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and glutathione S-transferase (GST); and concentration of nonenzymatic antioxidants—total antioxidant capacity (TAC)
in the hypothalamus homogenates from rats exposed to low-frequency electromagnetic ﬁeld (group A) and sham-exposed rats (control
group) (group C) with results of ANOVA for all examined groups (A, C, M, and A + M) and post hoc NIR test for two selected groups: A
and C.
Parameter
MDA concentration (μmol/g protein)
TOS concentration (μmol/g protein)
SOD activity (NU/mg protein)
SOD-Mn activity (NU/mg protein)
SOD-CuZn activity (NU/mg protein)
CAT activity (IU/g protein)
GPx activity (IU/g protein)
GR activity (IU/g protein)
GST activity (IU/g protein)
TAC concentration (mmol/g protein)

Group A
M ± SD

Group C
M ± SD

F; p value

1.03 ± 0.15
2.85 ± 0.51
72.00 ± 12.56
48.53 ± 5.67
23.46 ± 9.42
9.11 ± 2.78
0.47 ± 0.44
23.91 ± 3.14
4.86 ± 0.94
0.09 ± 0.01

0.76 ± 0.13
2.68 ± 0.35
82.99 ± 7.58
52.41 ± 4.11
30.59 ± 3.76
8.80 ± 1.73
0.43 ± 0.30
24.05 ± 2.22
6.33 ± 0.49
0.10 ± 0.01

11.76; <0.001
1.37; 0.268
1.40; 0.260
0.73; 0.543
6.48; 0.029
0.28; 0.841
0.54; 0.660
2.69; 0.046
11.18; <0.001
1.03; 0.393

respectively, in comparison to the control group. However,
the mean SOD activity in the hippocampus, hypothalamus,
striatum, and cerebellum in rats exposed to the LFEMF did
not diﬀer signiﬁcantly in comparison to the control group.
The mean CAT activity in the rats exposed to the LFEMF
was only signiﬁcantly higher by 77% in the frontal cortex
compared to the control group. No signiﬁcant diﬀerences
in the mean CAT activity were found between the rats
exposed to the LFEMF and the control group with respect
to the examined remaining brain structures. In addition,
the GPx activity in rats exposed to the LFEMF was lower by
23.6% than that of the control rats, but again, only in the
frontal cortex. In the remaining examined brain structures,
the GPx activity in rats exposed to the LFEMF did not diﬀer
signiﬁcantly when compared to the control group. The mean

ANOVA results
p value of NIR test
0.079
0.535
0.064
0.263
0.119
0.800
0.862
0.921
<0.001
0.652

GR activity in the rats exposed to the LFEMF was higher by
13.3% in the hippocampus, while in the brainstem its activity
was lower by 25.1% in comparison to the control group. No
signiﬁcant diﬀerences in GR activity were found between
the rats exposed to the LFEMF and the control group with
respect to the remaining investigated brain structures. GST
activity in rats exposed to the LFEMF was signiﬁcantly lower
in all investigated brain structures: in the frontal cortex
by 32%, in the hippocampus by 14.2%, in the brainstem by
31.7%, in the hypothalamus by 23.2%, in the striatum by
11.5%, and in the cerebellum by 18.2% compared to the control group. Similarly, in our study, the mean TAC concentrations in the rats exposed to the LFEMF were lower by 13.4%
in comparison to the control group, but only in the frontal
cortex. No signiﬁcant diﬀerences in TAC concentrations
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Table 5: Concentrations of oxidative stress biomarkers: malondialdehyde (MDA) and total oxidant status (TOS); activity of antioxidant
enzymes: superoxide dismutase (SOD) and isoenzymes (SOD-Mn, SOD-CuZn), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and glutathione S-transferase (GST); and concentration of nonenzymatic antioxidants—total antioxidant capacity (TAC)
in the striatum homogenates from rats exposed to low-frequency electromagnetic ﬁeld (group A) and sham-exposed rats (control group)
(group C) with results of ANOVA for all examined groups (A, C, M, and A + M) and post hoc NIR test for two selected groups: A and C.
Parameter
MDA concentration (μmol/g protein)
TOS concentration (μmol/g protein)
SOD activity (NU/mg protein)
SOD-Mn activity (NU/mg protein)
SOD-CuZn activity (NU/mg protein)
CAT activity (IU/g protein)
GPx activity (IU/g protein)
GR activity (IU/g protein)
GST activity (IU/g protein)
TAC concentration (mmol/g protein)

Group A
M ± SD

Group C
M ± SD

F; p value

ANOVA results
p value of NIR test

1.02 ± 0.12
1.64 ± 0.99
64.35 ± 15.38
32.49 ± 3.87
31.86 ± 13.15
4.73 ± 2.12
1.15 ± 0.22
25.92 ± 3.56
2.93 ± 0.34
0.08 ± 0.01

1.12 ± 0.26
1.75 ± 0.86
64.16 ± 8.73
32.78 ± 2.31
31.39 ± 8.29
3.79 ± 1.20
1.25 ± 0.15
25.55 ± 2.76
3.32 ± 0.19
0.08 ± 0.01

1.86; 0.156
14.70; <0.01
16.16; 0.201
4.60; <0.01
1.13; 0.350
55.86;<0.001
6.16; <0.01
21.42; <0.001
6.63; <0.01
0.36; 0.783

0.278
1.000
1.000
0.487
0.908
0.277
0.238
1.000
<0.01
0.347

Table 6: Concentrations of oxidative stress biomarkers: malondialdehyde (MDA) and total oxidant status (TOS); activity of antioxidant
enzymes: superoxide dismutase (SOD) and isoenzymes (SOD-Mn, SOD-CuZn), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and glutathione S-transferase (GST); and concentration of nonenzymatic antioxidants—total antioxidant capacity (TAC)
in the cerebellum homogenates from rats exposed to low-frequency electromagnetic ﬁeld (group A) and sham-exposed rats (control
group) (group C) with results of ANOVA for all examined groups (A, C, M, and A + M) and post hoc NIR test for two selected groups: A
and C.
Parameter
MDA concentration (μmol/g protein)
TOS concentration (μmol/g protein)
SOD activity (NU/mg protein)
SOD-Mn activity (NU/mg protein)
SOD-CuZn activity (NU/mg protein)
CAT activity (IU/g protein)
GPx activity (IU/g protein)
GR activity (IU/g protein)
GST activity (IU/g protein)
TAC concentration (mmol/g protein)

Group A
M ± SD

Group C
M ± SD

F; p value

3.30 ± 1.269
4.14 ± 0.58
99.80 ± 16.56
97.71 ± 14.55
2.28 ± 2.17
12.38 ± 3.42
1.88 ± 0.23
19.08 ± 3.36
2.93 ± 0.42
0.07 ± 0.06

2.76 ± 0.79
4.40 ± 0.76
94.77 ± 4.84
92.05 ± 4.12
2.71 ± 1.21
9.74 ± 2.96
1.79 ± 0.23
18.93 ± 1.11
3.58 ± 0.53
0.13 ± 0.01

13.73; <0.001
14.82; <0.01
21.23; <0.01
20.89; <0.001
17.86; <0.001
4.07; 0.014
13.01; <0.01
15.62; <0.01
18.39; <0.001
20.32; <0.001

were found between the rats exposed to the LFEMF and the
control group with respect to the remaining investigated
brain structures.
Diﬀerent responses of oxidative stress parameters in
brain structures under investigation might have been caused
by the diﬀerent impact of the LFEMF on these structures as
well as diﬀerences in their functions.
There are only a few reports available on the eﬀects of the
LFEMF on prooxidative-antioxidative balance within the
central nervous system, but it should be noted that, due to a
high level of aerobic metabolism, large amounts of unsaturated fatty acids, and lower antioxidant activity, neurons are
particularly vulnerable to disturbances in the prooxidativeantioxidative balance [37, 38].
The available results of researches are not unequivocal, which might be due to the diﬀerences in the physical

ANOVA results
p value of NIR test
0.292
1.000
1.000
1.000
1.000
0.129
1.000
1.000
<0.01
1.000

parameters of applied electromagnetic ﬁelds and diﬀerent
methodologies of exposure. Jelenković et al. [39] are the only
investigators who have evaluated the eﬀects of exposure to
the LFEMF on several brain structures in rats. However,
the nonenzymatic antioxidant system was not assessed, and
hence, no ultimate conclusions can be drawn regarding the
prooxidative-antioxidative balance. Also, the rats were
exposed to the LFEMF (50 Hz, 0.5 mT) for 7 days only.
Nevertheless, the production of superoxide anion radical
and MDA concentrations increased in all CNS-investigated
structures. A signiﬁcant increase in nitric oxide production
was found in the frontal cortex and hypothalamus, while
higher SOD activity was only observed in the hypothalamus.
Akdag et al. [40] examined brain homogenates of rats
exposed to a 100 or 500 μT electromagnetic ﬁeld for 2 hours
a day for 10 months. The CAT activity decreased in both
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exposure groups. The TAC concentration was lower in the
500 μT group compared to the 100 μT and sham-exposed
groups, while MDA, TOS concentration, and oxidative stress
index were higher.
Lee et al. [41] observed a signiﬁcant increase in chemiluminescence and SOD activity in brain homogenates of mice
after a 3-hour exposure to a 60 Hz electromagnetic ﬁeld.
Falone et al. [42] showed that continuous 10-day exposure to a 50 Hz, 0.1 mT EMF signiﬁcantly aﬀected the antioxidative capacity of the female rat brain, the eﬀect being agedependent. The activity of antioxidant enzymes increased
in young and decreased in old animals. This observation
was supported by the results of Rageh et al. [43], who exposed
10-day-old rats to a continuous 50 Hz, 0.5 mT electromagnetic ﬁeld for 30 days. They found that EMF exposure
resulted in higher MDA concentration and SOD activity
and increased the rate of oxidative damage to cellular DNA.
It should be emphasized though that the above study was
performed using juvenile rats whose CNS had not been fully
developed yet.
Physical factors of limited intensity might also have some
beneﬁcial eﬀects in the form of adaptive process stimulation.
Ciejka et al. [44] observed that a longer exposure to a 7 mT,
40 Hz electromagnetic ﬁeld apparently resulted in the adaptation to experimental conditions. An analysis of brain
homogenates of adult rats after a 60-minute daily exposure
to the electromagnetic ﬁeld over a period of 10 days revealed
a signiﬁcant increase in the sulfhydryl group and protein
concentration, while a 30-minute daily exposure caused a signiﬁcant increase in lipid peroxidation.
The exposure of our experimental rats to a 50 Hz EMF
lasted for four weeks. Since human exposure to the EMF is
typically long-term, we did not aim to examine the eﬀects
of short-term exposure. The issue is challenging and requires
further studies.

5. Conclusions
Summing up, it can be concluded that a four-week exposure
of male rats to the low-frequency electromagnetic ﬁeld does
not aﬀect oxidative stress in the studied brain structures.
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