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Spinal cord injury (SCI) is a devastating disease that may lead to lifelong disability. Thus, seeking for valid drugs that are beneficial
to promoting axonal regrowth and elongation after SCI has gained wide attention. Metformin, a glucose-lowering agent, has been
demonstrated to play roles in various central nervous system (CNS) disorders. However, the potential protective effect of
metformin on nerve regeneration after SCI is still unclear. In this study, we found that the administration of metformin
improved functional recovery after SCI through reducing neuronal cell apoptosis and repairing neurites by stabilizing
microtubules via PI3K/Akt signaling pathway. Inhibiting the PI3K/Akt pathway with LY294002 partly reversed the therapeutic
effects of metformin on SCI in vitro and vivo. Furthermore, metformin treatment weakened the excessive activation of oxidative
stress and improved the mitochondrial function by activating the nuclear factor erythroid-related factor 2 (Nrf2) transcription
and binding to the antioxidant response element (ARE). Moreover, treatment with Nrf2 inhibitor ML385 partially abolished its
antioxidant effect. We also found that the Nrf2 transcription was partially reduced by LY294002 in vitro. Taken together, these
results revealed that the role of metformin in nerve regeneration after SCI was probably related to stabilization of microtubules
and inhibition of the excessive activation of Akt-mediated Nrf2/ARE pathway-regulated oxidative stress and mitochondrial
dysfunction. Overall, our present study suggests that metformin administration may provide a potential therapy for SCI.

1. Introduction

Traumatic spinal cord injury (SCI) is one of the major cause
of public health problems in the world. Millions of people
suffer from neurological complications related to SCI,
including quadriplegia or paraplegia [1, 2]. SCI results in
neurological deficits after primary and secondary injury.
The primary injury causes a structural disturbance at the
time of injury [3]. Then, a long-term secondary injury is
considered a complicated and multifactorial stage that can

cause a series of detrimental effects, including oxidative
stress, inflammation, and mitochondrial dysfunction, which
eventually contributes to neuronal apoptosis and inhibits
axon regeneration and nerve recovery [4-6]. Therefore,
effective prevention of detrimental secondary events by
reduction of neuronal cell death and promotion of axon
regeneration is a potential approach for improving func-
tional recovery after SCL

It is well known that the secondary injury caused by SCI
induces neuronal cell death [7]. Furthermore, this neuronal
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cell death largely results in injured axons, which is difficult for
them to regenerate and reestablish connections with the other
neurons during injury [8]. During axon formation, microtu-
bule assembly is crucial for neuronal polarization and axonal
growth [9, 10]. Increasing microtubule stabilization prevents
swelling of the axon tip and axonal retraction after CNS
injury, thus promoting the axonal growth of cultured neurons
[11]. Recently, some studies have demonstrated that pharma-
cological treatment can boost axon growth and enhance axon
regeneration by increasing microtubule stabilization [12].
Moreover, it was reported that FGF13 stabilizes microtubules
and improves mitochondrial function in order to enhance
axon regeneration after SCI [13]. Therefore, regulating micro-
tubule stabilization to regenerate axons is considered as a
therapeutic approach for SCI.

Ogxidative stress, a highly disordered metabolic process, is
the result of an imbalance between antioxidant and prooxi-
dant [14]. Recent studies have demonstrated that oxidative
stress is involved in a range of neurological diseases, includ-
ing neurodegeneration disorders, cerebral ischemia, and
SCI [15-17]. Previous studies have revealed that the reactive
oxygen species (ROS) production, which is one of the major
detrimental effects during secondary injury, showed a signif-
icant increase after SCI [18]. Once the spinal cord suffered
from damage, the lesion site is accompanied with hypoxia-
ischemia and inflammation and results in a redundant pro-
duction of ROS. Therefore, the prevention of oxidative stress
development and accumulation of ROS using antioxidants
could be a helpful for SCI recovery. A previous study has sug-
gested that antioxidant treatments can trigger the increase of
stable microtubules and promote axonal regrowth [19], but
the role of oxidative stress in microtubule stabilization after
SCI remains unclear. In the antioxidant defensive system,
the nuclear factor erythroid 2-related factor 2 (Nrf2) binds
to the antioxidant response element (ARE), a cis-acting
regulatory element of genes encoding antioxidant proteins
and phase II detoxification enzymes, thereby regulating the
expression of a large group of cytoprotective genes such as
heme oxygenase-1 (HO-1) and NADH dehydrogenase
quinone 1 (NQO1) that is involved in the cellular antioxidant
responses [20, 21]. As one of upstream signal molecule for
regulating Nrf2, the PI3K/Akt pathway is critical for the
survival and growth, which participates in many biological
processes such as cytoskeletal dynamics and antiapoptosis
[22]. In addition, the PI3K/Akt pathway regulates the
Nrf2/ARE pathway and then inhibits oxidative stress and
inflammation after SCI [23]. Thus, activating the Nrf2/ARE
signaling pathway is implicated as a potential therapy for
the reduction of oxidative stress and promotion of functional
recovery after SCL

Metformin, as a traditional hypoglycemic agent, is
widely prescribed for the treatment of type 2 diabetes and
other metabolic syndromes since 1960s [24]. Metformin
ameliorates hyperglycemia via inhibiting hepatic glucose pro-
duction and increasing peripheral glucose utilization [25].
However, its ability is not limited to lowering glucose. Accu-
mulating evidence suggests that metformin has benefits in
various central nervous system (CNS) disorders, including
ischemic brain injury, Parkinson’s disease, and Huntington’s
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disease [26-28]. In rat brain microvascular endothelial cells
(RBEC), metformin increased transendothelial electrical
resistance of RBEC monolayers and decreased sodium fluo-
rescein and Evans Blue permeability via upregulating tight
junction (T]) proteins [29]. In addition, metformin has been
shown to have a protective effect in improving mitochondrial
homeostasis following oxidative stress-induced apoptosis in
endothelial cells [30]. Recently, studies have shown that met-
formin treatment has improved locomotor recovery after SCI
[31, 32], but the underlying mechanism of its action is still
unclear, especially its role in reducing oxidative stress or pro-
moting axonal regeneration after SCI. Moreover, the other
studies have indicated that metformin can protect against
hypoxic-ischemic brain injury-induced neuronal cell apopto-
sis [33]. However, it is unknown whether metformin protects
against neuronal damage after SCI by promoting axonal
regeneration. Many studies have reported that metformin is
associated with the PI3K/Akt signaling pathway. Metformin
was found to suppress the PI3K/Akt pathway in the treatment
of esophageal cancer cell [34]. Another study have reported
that the effect of metformin on ischemic heart was mediated
through the PI3K/Akt pathway [35]. However, it is unclear
whether the PI3K/Akt signaling pathway is involved in the
role of metformin in SCI.

In the present study, we systematically investigated
the role of metformin in antioxidant and neuronal regen-
eration after SCI. We have found some of the possible
molecular mechanisms underlying SCI via the promotion of
microtubule stabilization and reduction of apoptosis by
activating the PI3K/Akt pathway. Moreover, this neuropro-
tective effect of metformin was also related to the inhibition
of excessive oxidative stress and improvement of mitochon-
drial function by activating the Nrf2/ARE pathway. These
findings have revealed that metformin administration
promotes the recovery of SCI and suggested that metformin
has the potential to be used in the clinical treatment of SCL

2. Material and Methods

2.1. Spinal Cord Injury and Drug Treatment. Sprague-Dawley
rats (female; 220-250 g, N = 80) were purchased from Animal
Center of Chinese Academy of Science. The animals were
housed in standard temperature conditions with a 12 h light/-
dark cycle and regularly fed with food and water. After anes-
thetizing with 2% pentobarbital sodium (40 mg/kg, i.p.), rats
were performed with a laminectomy at the T9 level exposing
the cord beneath without disrupting the dura. Then, rats
suffered with a compression of a vascular clip (15g forces,
Oscar, China) for 1 minute. For the sham control group,
the rats received the same surgical procedure but no impact
injury and received no pharmacological treatment.
Metformin was diluted with normal saline, to achieve a final
metformin concentration of 20 mg/mL. After surgery, rats
were given metformin solution (50mg/kg) with/without
LY294002 (a specific PI3K inhibitor, 1.2 mg/kg) immediately
via i.p. injection and then were injected with the same dose of
metformin solution with/without LY294002 per day until the
rats were sacrificed. Rats in SCI groups received equivolu-
metric injection of normal saline at the corresponding time
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points after injury. Postoperative care included manual
urinary bladder emptying twice daily until the return of
bladder function and the administration of cefazolin
sodium (50 mg/kg, i.p.). Following completion of the trial,
rats were euthanized using an overdose of pentobarbital
sodium on 7d and 14d, with the exception of 24 rats
for locomotion recovery assessment. All surgical interven-
tions and postoperative animal care were approved by the
ethics committee of Wenzhou Medical University and per-
formed in accordance with the Guide for the Care and Use
of Laboratory Animals.

2.2. Locomotion Recovery Assessment. The Basso, Beattie, and
Bresnahan (BBB) scores were assessed by three trained inves-
tigators who were blinded to experiment in an open-field
scale at 1, 3, 5, 7, and 14d postoperation. Briefly, the BBB
scores range from 0 points (complete paralysis) to 21 points
(normal locomotion). The scale was developed using the
natural progression of locomotion recovery in rats with
thoracic SCI [36]. Moreover, the footprint analysis was per-
formed by dipping the rat’s fore limb with blue dye and the
posterior limb with red dye at 14 d after SCL. Ten rats for each
group were used to assess the motor function.

2.3. Hematoxylin and Eosin Staining and Nissl Staining. The
rats of each group (n =5) were euthanized with an overdose
of sodium pentobarbital, followed by 4% paraformaldehyde
in 0.01 M phosphate-buffered saline (PBS, pH=7.4) at 7d
after SCI. Tissue segments containing the lesion (1cm on
each side of the lesion) were paraffin embedded. Transverse
paraffin sections (5pum thick) were mounted on poly-L-
lysine-coated slides for hematoxylin and eosin (H&E) stain-
ing and Nissl staining and examined under a light micro-
scope. The cellular stain HE was used to observe the cavity,
at 5mm from the lesion site. The measurements were
reported as the percentage of the preserved area in relation
to the total area of each section analyzed [37]. For Nissl stain-
ing, the number of ventral motor neuron (VMN) in sections
was assessed as in the previous report [38]. Transverse
sections were collected at rostral, caudal 5 mm, and the lesion
site and stained with cresyl violet acetate. After determina-
tion of the cells located in the lower ventral horn, cells larger
than half of the sampling square (20 x 20 ym) were counted
as a VMN. The cells above the line at 150 ym ventral from
the central canal were excluded. The cells were manually
counted from each field using MetaMorph software.

2.4. Cell Culture Treatment Protocols. The PC12 cells were
purchased from Cell Bank of Type Culture Collection of
Chinese Academy of Sciences, Shanghai Institute of Cell
Biology, Chinese Academy of Sciences. PC12 cells were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL
streptomycin. Cells were incubated in a humidified atmo-
sphere containing 5% CO, and 95% air at 37°C. PC12 cells
were treated with metformin (1 mM), LY294002 (10 uM),
ML385 (a novel and specific Nrf2 inhibitor, 2 uM), and
H,0, (100 uM) for 8h. All experiments were performed at
least three times.

2.5. Primary Cortical Neuron Culture. The primary cortical
neurons were obtained from pregnant Sprague-Dawley rats
with embryonic (E18) fetuses. Briefly, fetal rats were sacri-
ficed by decapitation. The cerebral cortex was separated
and rinsed in ice-cold Hank’s buffer. After clearing up the
blood vessels, the cortical tissues were cut into approximately
I mm pieces and were then treated with 0.125% trypsin-
EDTA for 20min at 37°C. After incubation, the solution
was filtered by a 100 ym cell strainer (WHB). The cell sus-
pension was centrifuged at 1000 rpm for 5min, and the cell
pellet was resuspended in complete DMEM/F-12. Cells were
incubated for 4h in 5% CO, at 37°C. Then, the cells were
refreshed with neuronal basal medium (Gibco, Invitrogen)
containing 2% B27 and 0.5mM L-glutamine (GlutaMAX™
Supplement, Gibco) and cultured in a humidified atmo-
sphere of 5% CO, and 95% air at 37°C. The medium was
replaced every 3d.

2.6. Western Blotting Analysis. Spinal cord tissue samples
were extracted 7d and 14d after surgery and immediately
snap-frozen at -80°C for western blotting. Briefly, the tissues
were lysed using RIPA buffer (1% Triton X-100, 0.5% sodium
deoxycholate, 1 mM PMSF, 1 mM EDTA, 10 yg/mL leupep-
tin, 20 mM Tris-HCl, 150 mM NaCl, and pH7.5). In vitro,
the cells were rinsed twice with PBS and lysed in lysis buffer
(1% Nonidet P-40, 0.1% SDS, 1% sodium deoxycholate,
25mM Tris-HCI, 150 mM NaCl, and pH 7.6). Protein extrac-
tion of both the cytosolic and nuclear was performed by
using the Nuclear and Cytoplasmic Protein Extraction Kit
(P0027, Beyotime, China) according to the manufacturer’s
protocol. Tissue and cell lysates were centrifuged at
12,000rpm for 10min at 4°C, and the supernatant was
obtained for a protein assay. Protein concentrations were
quantified with the Enhanced BCA Protein Assay Kit
(Beyotime, Shanghai, China). 40 ug of tissue protein was sep-
arated by SDS-PAGE and transferred to a PDGF membrane
(Bio-Rad, California, USA). After blocking with 5% nonfat
milk (Bio-Rad) for 2h, the membranes were then incubated
with the primary antibody against GAPDH (1:10000, Bio-
world), phosphor-Akt (1:1000, Abcam), total-Akt (1: 1000,
Abcam), cleaved caspase3 (1:500, Abcam), Bax (1:1000, Cell
Signaling Technology), Bcl-2 (1:1000, Abcam), Ace-tubulin
(1:1000, Cell Signaling Technology), Tyr-tubulin (1:1000,
Sigma), MAP2 (1:1000, Cell Signaling Technology),
GAP43 (1:1000, Abcam), Nrf2 (1:1000, Abcam), NQO1
(1:1000, Abcam), HO-1 (1:10000, Abcam), and histone
(1:1000, Abcam) at 4°C overnight. The membranes were
washed with TBST (Tris-buffered saline with 0.1% Tween-
20) three times and incubated with the secondary antibodies
for 1h at room temperature. Signals were visualized by a
ChemiDoc XRS+ Imaging System (Bio-Rad). We analyzed
the bands by using the Quantity One software.

2.7. Immunofluorescence Staining. Spinal cord tissue samples
were obtained 7 d and 14 d after injury. All spinal cords were
postfixed in 4% PFA, washed, and embedded in paraffin.
Transverse sections of 5um thickness were cut, deparaffi-
nized in xylene, and rehydrated by ethanol washes. In
addition, the sections were incubated with 10% normal goat



serum for 1h at room temperature in PBS containing 0.1%
Triton X-100. They were then incubated with the appropri-
ate primary antibodies overnight at 4°C in the same buffer.
The following primary antibodies were used, based on
differing targets: Ace-tubulin (1:500, Cell Signaling Tech-
nology), GFAP (1:500, Santa Cruz), NeuN (1:500,
Abcam), GAP43 (1:500, Abcam), HO-1 (1:200, Abcam),
NQO1 (1:1000, Abcam), and Tyr-tubulin (1:500, Sigma).
After primary antibody incubation, sections were washed
with PBST for 4 x 10minutes and then incubated with
Alexa Fluor 488/594 goat anti-rabbit/mouse secondary
antibodies for 1h at room temperature. Sections were
rinsed three times with PBST and incubated with 4',6-dia-
midino-2-phenylindole (DAPI) for 10 minutes and finally
washed in PBST and sealed with a coverslip. For staining
of F-actin, a rhodamine-coupled phalloidin was used
(Yeasen, Shanghai). The images were captured with a con-
focal fluorescence microscope (Nikon, Al PLUS, Tokyo,
Japan); positive neurons in each section were counted by
three observers who were blinded to the experimental
groups. The rates of the corresponding protein-positive
cells per section were calculated from values obtained by
counting 30-40 random sections throughout the lesion site
of each animal, with five animals examined per group.

2.8. TUNEL Assay. DNA fragmentation was detected using
an In Situ Cell Death Detection Kit (Roche, South Francisco,
CA, USA), and TUNEL staining was performed 7 d after SCI.
The sections (5um thick) were deparaffinized and rehy-
drated. Then, these sections were treated with a 20 yg/mL
proteinase K working solution for 20 min at 37°C. The sec-
tions were rinsed three times in PBS and incubated with
TUNEL reaction mixture in a dark humidified box for 1h
at room temperature. Afterward, the sections were washed
with PBS and treated with DAPI for 10 min at room temper-
ature. For a positive control, spinal cord slices were treated
with 10 U/mL DNase I buffer for 10 min at room temperature
before incubation with the TUNEL reaction mixture. Nega-
tive control was obtained with the TUNEL reagent without
the TdT enzyme. Positive cells were observed under a confo-
cal fluorescence microscope (Nikon, A1 PLUS, Tokyo, Japan)
and analyzed by using Image] software.

2.9. Measurement of Intracellular ROS Generation. An
intracellular ROS level was detected by using the Reactive
Oxygen Species Assay Kit (S0033, Beyotime, China).
Briefly, according to the manufacturer’s instructions, the
PC12 cells were exposed to the H,O, with or without met-
formin for 8 h and then stained with 10 mmol/L DCFH-DA
for 30 min at 37°C. ROS levels were assessed through obser-
vation by a confocal fluorescence microscope in cells
stained with DCFH-DA, and the intensity of fluorescence
was measured and subjected to statistical analysis. For each
sample, 20,000 cells were collected.

2.10. Measurement of AVm and ATP Levels. Mitochondrial
membrane potential (A¥m) was detected by using the JC-1
(C2006, Beyotime, China). PC12 cells were plated in confocal
dished and incubated with culture medium containing JC-1
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for 20 minutes at 37°C. Then, the cells were rinsed with ice-
cold PBS twice, changed by fresh medium, and detected by
using a confocal fluorescence microscope (Nikon, A1 PLUS,
Tokyo, Japan).

ATP levels were detected using the ATP assay Kit (50026,
Beyotime, China) according to the manufacturer’s protocol.

2.11. Statistical Analysis. The results were presented as
mean + standard error of the mean (SEM) from at least three
independent experiments. Data were analyzed by one-way
analysis of variance (ANOVA) followed by Dunnett’s post
hoc test for comparison between control and treatment
groups. P <0.05 was considered to indicate statistical
significance.

3. Results

3.1. Metformin Decreases Spinal Cord Tissue Damage and
Improves Locomotor Function in SCI Rats. In this study, rats
were given metformin solution (50 mg/kg, i.p.) immediately
to determine whether the metformin has a potential to
promote the recovery of SCI. A BBB rating scale were used
to evaluate the therapeutic effect of metformin after SCIL. As
shown in Figure 1(a), the sham group performs slightly above
of 20units on the BBB locomotion score and untreated
injured rats do at 1.5 (7 days) and 2 (14 days), the rescue
on metformin-treated rats (score at around 3 and 4,
respectively) is around 10% of the maximum achievable
(Figures 1(a)-1(c)), indicating that locomotor function of
the metformin group was remarkably improved when
compared to the SCI group. Additionally, using H&E stain-
ing, we have further observed the damage of peripheral white
matter and central gray matter after SCI. Consistent with the
locomotion evaluation, the metformin-treated group showed
less damage in the lesion area and preserved the motor
neurons in the anterior horns (Figures 1(d) and 1(e)), indi-
cating that metformin protected against severe damage
during SCI. Meanwhile, some reports have confirmed that
the PI3K/AKkt signaling pathway is involved in the effect of
metformin during ischemic heart [35]. Then, we have
detected the phosphorylation status of Akt after SCI. The
western blotting results have showed that the p-Akt was
significantly upregulated after metformin treatment when
compared with that in the SCI group (Figures 1(f) and
1(g)). These results suggested that the PI3K/Akt signaling
pathway may be involved in the protective effect of metfor-
min after SCI. The above findings further indicate that
metformin has a neuroprotective efficacy on motor neurons
during SCI.

3.2. Activation of the PI3K/Akt Signaling Pathway Is Involved
in the Effect of Metformin after SCI. To further evaluate
whether activating the PI3K/Akt signaling pathway is essen-
tial for metformin promoting the recovery of SCI, LY294002
(a specific PI3K inhibitor) was used to inhibit the PI3K/Akt
signaling pathway. It was observed that p-Akt was signifi-
cantly increased after metformin treatment when compared
with that in the SCI group, and these increase was markedly
inhibited by LY294002 treatment (Figures 2(a) and 2(b)). As
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shown in Figures 2(c)-2(e), BBB scores have also indicated
that the protective effect of metformin on functional recovery
of SCI was markedly suppressed by LY294002 treatment.
H&E staining has further revealed that LY294002 treatment
significantly enlarged the lesion area when compared with

that in metformin treatment alone group (Figures 2(f) and
2(g)). Moreover, LY294002 administration remarkably have
reduced the motor neuron survival when compare to that
in metformin treatment alone (Figure 2(h)). In footprint
analysis, metformin-treated rats displayed coordinated
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crawling of posterior limb and very little toe dragging at
14 dpi. In contrast, the rats from SCI and LY294002 groups
still showed uncoordinated crawling and extensive dragging
(Figure 2(i)). The above results have demonstrated that
metformin regulated the PI3K/Akt signaling pathway,
increased neuronal survival, and finally promoted the func-
tional recovery of SCL

3.3. Metformin Reduces the Apoptosis through Activation of
the PI3K/Akt Signaling Pathway. TUNEL staining was per-
formed to evaluate whether metformin treatment reduces
the apoptosis level after SCIL. It was found that SCI dramat-
ically increased the number of apoptotic cells, and metfor-
min treatment ameliorated it. However, this protective
effect of metformin was partly weakened by LY294002
treatment (Figures 3(a) and 3(b)). Moreover, consistent
with TUNEL, western blot analysis has also showed that
metformin treatment markedly blocked SCI-induced
increases of cleaved caspase3 and Bax expression. In
contrast, metformin increased the level of Bcl-2 expression
compared to that in the SCI group. However, this antiapop-
totic effect of metformin was significantly reversed by
LY294002 treatment (Figures 3(c)-3(f)). Taken together,

the above results have further confirmed the antiapoptotic
effect of metformin after SCI.

3.4. Metformin Promotes Neurite Reparation after SCL. As
shown above, metformin treatment exerted neuroprotective
effect after SCI. Next, we have further explored whether
metformin promotes axonal reparation. We examined the
expression of acetylated-tubulin (Ace-tubulin; stable micro-
tubules in axon), tyrosinated-tubulin (Tyr-tubulin; dynamic
microtubules in axon), and microtubule-associated protein
2 (MAP2, a specific structural protein in neuronal dendrites)
in each group at 14 dpi after SCI [39-41]. Western blotting
results have revealed that Ace-tubulin and MAP2 expres-
sions were significantly increased in the metformin group
when compared to that in the SCI group. In contrast, metfor-
min treatment dramatically attenuated the level of Tyr-
tubulin when compared to that in the SCI group. Moreover,
LY294002 treatment reversed the effect of metformin
evidencing with decreases of Ace-tubulin and MAP2 and
increases of Tyr-tubulin (Figures 4(a)-4(d)). In addition,
coimmunofluorescence of GFAP-labeled astrocytes and
Ace-tubulin-labeled axon was performed at 14dpi. The
results have showed that the GFAP-positive astrocytes were
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FIGURE 3: Metformin treatment blocked SCI-triggered apoptosis via activating the PI3K/Akt pathway after SCI. (a, b) TUNEL staining in the
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(C-caspase3), Bax, and Bcl-2 in each group. (d-f) Quantification of western blots data from (c). n=5; *P <0.05 and **P <0.01 vs. the

indicated group.

accumulated along the lesion border after SCI and metfor-
min treatment promoted the axonal outgrowth to cross the
lesion border and elongate farther into the distal area when
compared with that in SCI and LY294002 treatment group
(Figures 4(e) and 4(f)). To further confirm the neuroprotec-
tion effect of metformin, we have examined the expression of

GAP43, which is neuronal protective protein [42]. The
results indicated that the expression of GAP43 was at a very
low level in the sham, SCI, and LY294002 treatment groups,
which was significantly increased after metformin treatment
(Figures 5(a) and 5(b)). Additionally, we have performed the
coimmunofluorescence staining of GAP43 and NeuN, and
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found that metformin markedly increased the expression of
GAP43 and reduced the loss of neurons (Figures 5(c)-5(e)).
These data indicate that the metformin-activated PI3K/Akt
signaling pathway contributes to axon regeneration after SCI.

3.5. Metformin Reduces Oxidative Stress via Activating the
Nrf2/ARE Signaling Pathways after SCL Lots of studies have
demonstrated that the Nrf2/ARE signaling pathways are
essential for the anti-inflammatory and antioxidant proper-
ties of metformin [43]. To further determine the mechanism
underlying the therapeutic effect of metformin for SCI, we
have evaluated whether the Nrf2/ARE signaling pathway is
involved in the effect of metformin on SCI. We have detected
the expression levels of Nrf2, HO-1, and NQO1. As shown in
Figures 6(a)-6(d), the expressions of Nrf2, HO-1, and NQO1
levels were increased after SCI when compared with that in
the sham group, suggesting that SCI activated the Nrf2/ARE
signaling pathway. Compared with the SCI group, metfor-
min treatment significantly induced the higher levels of
Nrf2, HO-1, and NQO1. Additionally, immunofluorescence
staining has also showed that the expressions of HO-1 and
NQOIL in the metformin group was remarkably increased
(Figures 6(e) and 6(f)). The above results have demon-
strated that metformin treatment promotes the antioxidant
level through activating the Nrf2/ARE signaling pathway
after SCIL.

3.6. Metformin Promotes Axon Regeneration and Migration
in Neurons via Affecting Microtubule Stabilization. To
further determine the effect of metformin, we have examined
the expression levels of Ace-tubulin, Tyr-tubulin, and MAP2
in primary cortical neurons. In vitro, H,O, treatment was
used to stimulate the microcirculation of acute SCIL. As
shown in Figures 7(a)-7(d), western blotting results revealed
that Ace-tubulin and MAP2 expressions were remarkably
increased in neurons after metformin treatment when
compared with those in the H,O, group. In contrast, metfor-
min significantly attenuated the level of Tyr-tubulin when
compared to that in the H,0, group. However, LY294002
treatment markedly blocked the effect of metformin on
microtubule stabilization after SCI. Additionally, we have
further evaluated the effect of metformin on microtubule
stabilization in primary cortical neurons. The primary
cortical neurons at DIV7 were provoked to H,O, with and
without metformin administration. Then, immunofluores-
cence staining was used to detect the expressions of Ace-
tubulin and Tyr-tubulin. The results have indicated that the
neurons without metformin treatment after H,O, had a
shorter axon than that of the control group. However, the
axonal length in the metformin treatment group was remark-
ably longer than those in the H,O, and LY294002 groups
(Figures 7(e) and 7(f)). The ratio of Ace-tubulin to Tyr-
tubulin was performed to evaluate the relative ratio of stable
to dynamic microtubules [44]. We found that metformin
administration caused a significant increase in the Ace-tubu-
lin/Tyr-tubulin ratio compared to those in the H,O, and
LY294002 group (Figure 7(g)). We also used the primary cor-
tical neurons at DIV3 to detect the shape of growth cone
(white frame) by immunostaining. As shown in Figure 7(h),
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the mean size of growth cone was significantly increased in
the metformin group when compared with those in the
H,0, and LY294002 groups. Therefore, above results have
demonstrated that metformin can regulate microtubule sta-
bilization and consequently increase the intrinsic growth
ability of axon via activating the PI3K/Akt signaling pathway.

3.7. Metformin Alleviates Mitochondrial Dysfunction and
Reduces ROS by Activating the Akt/Nrf2/ARE Signaling
Pathway In Vitro. Here, using H,O,-treated PC12 cells, we
had further evaluated the effect of metformin treatment on
antioxidant in vitro. We firstly detected the expression of
Nrf2 protein. As shown in Figures 8(a) and 8(b), western
blots of nuclear extracts with the anti-Nrf2 antibody showed
that the level of translocated Nrf2 was increased after H,O,-
treated and metformin significantly increased Nrf2 translo-
cation. A previous study showed that Nrf2 is positively regu-
lated by PI3K/Akt significantly and leads to the suppression
of oxidative stress [23]. We used LY294002 and ML385 (a
novel and specific Nrf2 inhibitor) [45, 46] to further confirm
the role of Nrf2. The results showed that LY294002 treatment
not only suppressed the p-Akt/t-Akt ratio, but also inhibited
Nrf2 to translocate into the nucleus. However, ML385 only
suppressed Nrf2 to the translocated nucleus with no obvious
effect on the p-Akt expression (Figures 8(a)-8(d)). Similarly,
we had found higher expressions of HO-1 and NQOL1 in the
metformin-treated group when compared to those in the
untreated group, which was significantly reversed by
ML385 treatment (Figures 8(d)-8(f)). These findings have
indicated that Nrf2 activation significantly induces the
expression HO-1 and NQOI1 under H,O, condition and
metformin further increases HO-1 and NQO1 expressions
via activating the Akt/Nrf2/ARE pathway. Next, to verify that
the protective effect of metformin was due to the ameliora-
tion of mitochondrial function, we detected the mitochon-
drial membrane potential (Aym) in PC12 cells using the
JC-1 staining assay. Changes in the ratio of aggregate-to-
monomer fluorescence were indicated as Aym. As shown
in Figures 9(a) and 9(b), metformin treatment significantly
increased the Aym of PC12 cells following exposure to
H,O, for 2h when compared with those in the H,0, group,
ML385 group, and positive control group (CCCP group).
These results revealed that metformin can restore the mito-
chondrial activity. The production of ROS is correlated with
mitochondrial dysfunction and causes major adverse effect
during secondary injury. Thus, we tried to understand
whether metformin affects the level of intracellular ROS
using a specific probe for hydrogen peroxide, 2',7’-dichlor-
odihydrofluorescein diacetate (DCFH-DA). The fluorescence
images had showed a markedly low density of fluorescence in
the metformin group when compared with those in the H,0,
group, ML385 group, and ROSUP group (positive control
group) (Figures 9(c) and 9(d)), indicating that metformin
has a remarkable effect on the reduction of ROS. Additionally,
we had further monitored the cellular ATP level. We found
that the ATP levels were reduced after H,0, and metformin
treatment rescued it, whereas ML385 reversed the effect of
metformin as shown by the ATP level (Figure 9(e)). Based
on these results, metformin may restore mitochondrial
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FIGURE 7: Metformin promote axonal regeneration by stabilizing microtubule in vitro. (a) Representative western blots of Ace-tubulin,
Tyr-tubulin, and MAP?2 in each group. (b-d) Quantification of western blots data from (a). *P <0.05, **P < 0.01, and ***P < 0.001 vs.
the indicated group. (e¢) Coimmunofluorescence images show Tyr-tubulin (green) and Ace-tubulin (red) in primary cortical neurons. Scale
bar = 50 ym. (f) Quantification of axonal length from (e). n=4; *P <0.05 and **P < 0.01vs. the indicated group. (g) Quantification of
Ace-tubulin/Tyr-tubulin from (e). n=4; **P <0.01 and ***P <0.001vs. the indicated group. (h) Coimmunofluorescence images show
growth cone (white frame) in primary cortical neurons. Scale bar = 100 ym.

dysfunction and then reduce the ROS level, resulting in neu-
ron protection and regeneration.

4. Discussion

SCI is a serious neurological disease that can induce neuro-
logical dysfunction and permanent damage. Series of second-
ary injuries, including oxidative stress, mitochondrial
dysfunction, and neuronal cell apoptosis, are considered as
the major factor for disability [47]. Thus, new effective ther-
apeutic treatments for reducing SCI-induced neurological
disorders and tissue damages are urgently needed. Metfor-
min, a glucose-lowering agent, is wildly used as the treatment
of type II diabetes mellitus [48]. Our previous reports had
also showed that metformin treatment improves functional
recovery after SCI, in part by inhibiting the neuronal apopto-
sis and attenuating blood-spinal cord barrier disruption [32,
49]. However, it remains unclear whether metformin has a
therapeutic effect in the recovery of axonal regeneration. In

a present study, we found that metformin treatment signifi-
cantly reduced spinal cord damage, decreased the neuronal
apoptosis, inhibited oxidative stress, promoted axonal regen-
eration by stabilizing microtubules, and finally improved
functional recovery after SCI in rat. The activation of the
PI3K/Akt and Nrf2/ARE pathway were the potential mecha-
nisms underlying metformin treatment for SCL

As is known, injured axon has poor ability to regenerate
after SCI [50]. Therefore, it is meaningful to explore the
approaches to promote axonal regeneration after. Recently,
various neuroregenerative researches have focused on
dendritic and axonal repair to improve functional recovery
after CNS injury [51]. Previous studies have shown that
metformin exerts neuroprotective effect and promotes func-
tional recovery of memory deficits via anti-inflammation
and triggering neurogenesis [52]. In addition, recent
researches have confirmed that metformin has a beneficial
effect in promoting the nerve regeneration after peripheral
nerve injury (PNI) [53]. These studies have suggested that



Oxidative Medicine and Cellular Longevity

o
=
[Te}
® X
= 8
= A
. £ £
L Q %)
= = =
g 4 o 9 o
&) s jan) jan) jan)

'S

Nrf2—nuclear|—'- — ——— —-|

w

Nrf2—cytosol|- -— = — -—|

Histone-nuclear m

GAPDH—cytosol|- — — — -|

—

Relative intensity of
translocated Nrf2
[\

15

[

S

2 X

g 5

= 3

- £ o

(9] L2 L

p= p= b=

sk ~ +N +N +N

sk ok 8 Q. o, o, o,
= S o o o o

p—AKT|"~' W N S~ ——|

FAKT |m— - ——

GAPDH [ s s o s

0
E+._1§:
g 3 8
= 3 A
z 3
+~2
S, 7
= o
oo
(a) (b) ()
wn
o«
o0
—
=
- b
Q L
T3y g c 58
< SRS 4 e 25
2 ©c_T T = 3 S o PRy
R e~ — —_ L
Z%52 HO-1[ v wiee w e g3 %g
&% ‘*5‘82 %81.5
2\01 NQOlI—--—| vo T:;OLO
2 28 RIS
] o o — 05
z GAPDH [we wwwe s wwm| = 0 £ o0
§ 08 2 8 § G & 2 £ g 5 3
Szz 3§ °= % 3 SR
g3 8 g % o =
=5 2 T3 oo
7 % 7 3
o d. S
T o T as!
e

(d) ()

) (8

F1GURE 8: Metformin inhibited oxidative stress via activating the Akt/Nrf2/ARE signaling pathway. (a) Representative western blots of Nrf2-
nuclear and Nrf2-cytosol in each group. (b) Quantification of western blots data from (a). **P <0.01 vs. the indicated group. (c)
Representative western blots of p-Akt and t-Akt in each group. (d) Quantification of western blots data from (c). *P < 0.05 and ***P <
0.001 vs. the indicated group. (e) Representative western blots of HO-1 and NQOI in each group. (f, g) Quantification of western blots
data from (e). *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the indicated group.

metformin has a protective role in axonal regeneration. How-
ever, whether metformin has a therapeutic effect on axonal
regeneration after SCI has not been reported. Based on these
studies, we hypothesized that metformin can promote axonal
regeneration after SCI. In our study, we found that metfor-
min improved outgrowth of Ace-tubulin-labeled neurites,
suggesting that metformin can promote axonal regeneration.
Previous studies have demonstrated that remodeling of cyto-
skeleton structures, such as microtubules stabilization, is
pivotal for the regrowth of injured axons and growth cone
initiation [54]. We had found that metformin upregulated
the expression of Ace-tubulin surrounding a lesion and
increased the ratio of Ace-tubulin/Tyr-tubulin in primary
cortical neurons under H,O, condition, indicating that the

effect of metformin on axonal regeneration was related to
microtubule stabilization. Our present study has also
revealed that the PI3K/Akt signaling pathway has neuropro-
tective effects on the central nervous system. Meanwhile,
another study has further verified that the PI3K/Akt signal-
ing pathway is involved in the protective effect of metformin
on ischemic heart [35]. Moreover, PI3K/Akt have also played
an important role in stabilizing microtubule structure to
repair neurites after SCI [22]. These studies have demon-
strated that metformin can activate the PI3K/Akt signaling
pathway after SCI. Thus, we hypothesized that the PI3K/Akt
pathway is essential for the effect of metformin on microtu-
bule stabilization. In this study, we found that LY294002, a
specific PI3K inhibitor, significantly reversed the effect of
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metformin on microtubule stabilization, suggesting that
metformin has a potential to repair neurites by stabilizing
microtubule structure after SCI.

Previous studies have showed that oxidative stress exerts
a destructive role during SCI and diabetic neuropathy [55,
56]. Excessive oxidative stress with ROS accumulation can
lead to neuronal apoptosis, which is not beneficial for nerve
regeneration [57]. Many studies have reported that the Akt
pathway plays an important role in the antiapoptosis process
[58]. In this study, we found that metformin enhanced the
number of Nissl bodies and maintained their normal mor-
phology by activating the PI3K/Akt pathway, indicating that
metformin treatment can protect neurons from SCI-induced
apoptosis through the PI3K/Akt signaling pathway. In
addition, Lu et al. had verified that fibroblast growth factor
21 improved functional recovery and axonal regeneration
through regulating oxidative stress after PNI [59]. Reducing
excessive oxidative stress improves the locomotor functional
recovery after SCI [60]. One previous study has also demon-
strated that metformin restores mitochondrial biogenesis by
inhibiting of the PDK4/oxidative stress-mediated apoptosis
pathway [61]. Based on these studies, we hypothesized that
metformin has an important role in preventing excessive oxi-
dative stress after SCI. To verify this hypothesis, we had
exposed the PC12 cells to H,0O, to induce oxidative stress
and treated it with 1 mM metformin. The results showed that
massive accumulation of ROS was elicited in PC12 cells,
which were markedly ameliorated with the treatment of
metformin. Moreover, we had also found that metformin
has a great antioxidative capability in vitro and in vivo,
manifesting in marked increase levels of NQO1 and HO-1.
In the antioxidant defensive system, Nrf2 is a pivotal antiox-
idative defender that binds to the ARE to maintain a normal
oxidative level [62]. Moreover, many studies have shown that
the Nrf2/ARE pathway plays an important role during oxida-
tive stress [63]. Consistent with a prior study, our findings
had also shown that the antioxidative capability of metfor-
min was partially reversed by ML385 (a novel and specific
Nrf2 inhibitor), suggesting that the Nrf2/ARE signaling path-
way may be a potential mechanism underlying metformin
protecting against oxidative stress after SCL.

It is well known that mitochondria are the principal
power place of eukaryotic cell organelles and lead to ATP
generation through the electron transport chain of oxidative
phosphorylation reaction. Additionally, Singh et al. have
demonstrated that mitochondrial dysfunction plays a signif-
icant role in secondary injury after neuronal injury, which
induces the accumulation of ROS, neuronal cell death, and
impairment of energy transduction [64]. On the other hand,
axonal regeneration is a complex process and requires
normal mitochondrial function in providing energy [65].
Thus, maintaining the normal mitochondrial function is
crucial for axonal regeneration. Pintana et al. had reported
that metformin can prevent brain mitochondrial dysfunction
and restore learning behavior in high-fat diet-induced
insulin-resistant rats [66]. Based on these studies, we hypoth-
esized that metformin has a critical role in mitochondrial
function in neuronal cells. We have found that metformin
protected mitochondrial membrane potential and ATP levels

17

from H,O, condition in vitro. This result has indicated that
the effect of metformin for SCI recovery is partly accom-
plished by protecting mitochondrial function.

Numerous studies have demonstrated that Akt exerts
potent antioxidant effects via augmenting the transcriptional
activity of Nrf2 [67]. Nrf2 is a key transcription factor that
binds to the antioxidant response element (ARE) and then
preserves a normal oxidative stress level [62]. In addition,
Akt/Nrf2 signaling is regarded as the crucial molecular regu-
latory mechanism for alleviating oxidative stress-induced
neuronal damage [68-70]. However, there is no clear
evidence verified whether the role of metformin on antioxi-
dative stress was closely related to Akt/Nrf2/ARE signaling
after SCI. In this study, metformin markedly upregulated
the expression levels of total Nrf2, nuclear Nrf2, NQOI,
and HO-1 in vivo and in vitro. We had also found that
metformin increased the expression of phosphorylation
Akt. These results have indicated that the neuroprotective
effect of metformin might be attributable to its antioxidant
capacity through activating the Akt/Nrf2/ARE pathway.

Our study has identified that metformin exerts a great
neuroprotection role after SCI and clarifies the related mech-
anisms underlying metformin treatment for SCI. However,
there were several issues that need further research to be
done. Firstly, as a more practical and less invasive route, oral
administration of metformin is more beneficial for clinical
application, but this might exhibit a different dose response
curve when comparing with i.p. injection. Thus, it is neces-
sary to further determine the efficacy of oral administration
of metformin on the prevention of SCI. Secondly, it is well
known that diabetes aggravates the prognosis of SCI [71],
but the rats subjected to SCI were normal SD rats in our
current study. Hence, as a traditional antidiabetic drug, the
efficacy of metformin on SCI prevention in diabetic rats
needs to be validated in the future study.

5. Conclusion

Our current study has demonstrated that metformin
treatment significantly reduces spinal cord damage and
subsequently improves the functional recovery after SCI.
Additionally, we have firstly demonstrated that the protective
effect of metformin on SCI is related to the reduction of neu-
ronal cell apoptosis and the promotion of axonal regeneration
by stabilizing microtubules. Moreover, suppressing excessive
oxidative stress and restoring mitochondrial function are
essential for the positive role of metformin with the involve-
ment of the Akt/Nrf2/ARE signaling pathway. Our study
suggested that metformin may be suitable as the potential
therapeutic strategies for SCI recovery.
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Alzheimer’s disease (AD) is a neurodegenerative disorder characterised by impairments in the cognitive domains associated with
orientation, recording, and memory. This pathology results from an abnormal deposition of the f-amyloid (Af) peptide and the
intracellular accumulation of neurofibrillary tangles. Mitochondrial dysfunctions play an important role in the pathogenesis of
AD, due to disturbances in the bioenergetic properties of cells. To date, the usual therapeutic drugs are limited because of the
diversity of cellular routes in AD and the toxic potential of these agents. In this context, alpha-lipoic acid (a-LA) is a well-known
fatty acid used as a supplement in several health conditions and diseases, such as periphery neuropathies and neurodegenerative
disorders. It is produced in several cell types, eukaryotes, and prokaryotes, showing antioxidant and anti-inflammatory properties.
a-LA acts as an enzymatic cofactor able to regulate metabolism, energy production, and mitochondrial biogenesis. In addition, the
antioxidant capacity of a-LA is associated with two thiol groups that can be oxidised or reduced, prevent excess free radical
formation, and act on improvement of mitochondrial performance. Moreover, a-LA has mechanisms of epigenetic regulation in
genes related to the expression of various inflammatory mediators, such PGE2, COX-2, iNOS, TNF-q, IL-1f, and IL-6. Regarding
the pharmacokinetic profile, a-LA has rapid uptake and low bioavailability and the metabolism is primarily hepatic. However, a-
LA has low risk in prolonged use, although its therapeutic potential, interactions with other substances, and adverse reactions have
not been well established in clinical trials with populations at higher risk for diseases of aging. Thus, this review aimed to describe
the pharmacokinetic profile, bioavailability, therapeutic efficacy, safety, and effects of combined use with centrally acting drugs, as
well as report in vitro and in vivo studies that demonstrate the mitochondrial mechanisms of a-LA involved in AD protection.

1. Introduction

Alzheimer’s disease (AD) is a chronic and progressive neuro-
degenerative disorder, impairing brain functions such as
memory, thinking, and personality [1, 2]. AD is characterised
by several neuropathological changes, which include cerebral
atrophy, intense synaptic loss, and neuronal death, in regions
of the prefrontal cortex and hippocampus that are responsi-
ble for cognitive functions [3, 4]. The mechanism that
explains the pathogenesis of AD has yet to be fully elucidated

[5, 6], but several hypotheses have been explored to explain
this origin—hyperphosphorylation of the tau protein and
B-amyloid peptide deposits (Af3) are among those accepted
in the scientific milieu [6, 7]. The accumulation of Af acti-
vates cells of the immune system, such as astrocytes, activated
microglia, and macrophages. In turn, the activated cells pro-
mote the loss of regulation of the inflammatory response,
inflammation, and oxidative stress state, as well as increase
the production of Ap, creating a vicious cycle that continues
during the life of the person with AD [8, 9].
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Ogxidative stress in AD can be validated by changes in the
brain, blood cells, and biological fluids, associated with
increased malondialdehyde (MDA), lipid hydroperoxides
and isoprostanes, thiobarbituric acid reactive substances
(TBARS), nitric oxide synthase, and reactive oxygen species
(ROS) in AD patient samples, suggesting a systemic imbal-
ance of redox status [10-12]. Oxidative damage to brain tis-
sue can be explained by the fact that this tissue is more
susceptible to oxidative stress due to high oxygen consump-
tion and low regenerative capacity, high polyunsaturated fat
content, and low antioxidant concentration [13, 14]. In this
sense, several studies show that high levels of biomarkers
of oxidative damage, such as MDA, 4-hydroxynonenal
(HNE), and F2-isoprostanes detected not only in brain tis-
sues but also in fluids and peripheral tissues, are associated
with worse AD prognosis [13, 15, 16]. Then, the evaluation
of these oxidative stress and tissue damage markers could
serve as an indicator of progression and severity of this
pathology [10, 17-19].

Biomarkers of oxidative stress and antioxidants could
help in the prediction of clinical outcomes and possible ben-
efits in therapy. However, available data do not show suffi-
cient evidence for the use of biomarkers so far described as
predictors of severity or clinical outcomes in AD [20]. On
the other hand, the balance of antioxidant capacity reflects
cognitive function [19], reaffirming the crucial role of antiox-
idant defence pathways against ROS-induced damage. The
main source of ROS is mitochondria, and the dysfunction
of this organelle in neurons may be one of the initiating pro-
cesses of neurodegeneration [13]. Mitochondrial damage,
such as mitochondrial disruption, can cause astrocytes to
increase matrix production due to calcium or ROS release,
consequently activating caspases and generating cell death
[21]. Mitochondrial dysfunction may be key in the process
of AD pathogenesis, as this organelle has a fundamental role
in bioenergetic modulation in the cell. Conversely, current
studies are still unable to confirm this hypothesis; knowing
the mechanisms of AD may direct a treatment to delay or
prevent this process.

Overall, recent reviews also report that other natural
products, such as flavonoids, polyphenols, alkaloids, and gly-
cosides, exhibit neuroprotective mechanisms, due to changes
in the expression of transcription factors, in signalling path-
ways, as well as the activation of autophagy mechanisms,
among others [17, 22-24]. In this context, alpha-lipoic acid
(a-LA) is a naturally occurring molecule, with antioxidant
and anti-inflammatory properties [25, 26], which plays
several roles in the pathogenesis of neurodegenerative dis-
eases, such as AD, and acts as a neuroprotective agent [27].
Alpha-lipoic acid has been largely used in some diseases that
have oxidative stress as the main cause in pathological pro-
cesses. The antioxidants properties of a-LA have shown ben-
efits in peripheral neuropathies, as well as in nerve injuries
and diabetic neuropathy [28, 29]. Moreover, a-LA increases
the production of acetylcholine [30], inhibits the production
of free radicals [31], and promotes the downregulation of
inflammatory processes [32]. Studies have shown that
patients with mild AD who were treated with a-LA showed
a slower progression of cognitive impairment [27, 32, 33],
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though current drug therapy is only aimed at controlling
the symptoms, modulating neurotransmitter levels, and is
not effective in delaying the production of the disease [34].
Therefore, this review provides an overview of molecular
mechanisms in mitochondrial function in the AD context,
as well as pharmacokinetic and therapeutic safety parameters
of a-LA.

2. Role of the Mitochondria on the
Pathophysiology of AD

Studies have suggested for a while that mitochondria are
involved in primary and secondary cascades of AD patho-
genesis. In the primary cascade, changes in energy metabo-
lism are believed to be the beginning for changes in the Af
precursor protein (ABpp) homeostasis, as some classical
studies and current reviews reported that bioenergetic distur-
bances (such as glucose deprivation) would shift the process-
ing of AfBpp to the amyloidogenic route [35]. Regarding the
secondary cascade, there are hypotheses concerning the
interference of Af in calcium homeostasis, because the pro-
tein reduces the cell’s ability to lower cytoplasmic calcium
levels, leading to synaptic mitochondrial impairment and a
reduction in ATP production [36]. In addition, another
well-elucidated pathway is related to the aggregation of the
mitochondrial protein amyloid beta-binding alcohol dehydro-
genase (ABAD) to Af. This complex is already understood as
a potential pathogenic pathway, because in a pathophysiolog-
ical context, this aggregation seems to have induced the pro-
duction of ROS and led to neuronal death [37]. Thus, more
recent studies have mentioned the inhibition of ABAD as a
therapeutic target in AD to reduce the toxicity mediated by
the ABAD-Ap complex [38].

Mitochondrial damage in the neurons of individuals with
AD has been known for 25 years [39], and a classic study pro-
posed the mitochondrial cascade for the origin of AD, where
a person’s mitochondrial DNA (mtDNA) determines basal
mitochondrial function and mitochondrial durability. This
could be the cause of AD being more frequent in the elderly,
an epigenetic mechanism with mutations in specific mtDNA
fragments, due to aging [40]. A recent study attributed mito-
chondrial dysfunction and consequent accumulation of ROS
to increased insulin resistance in neurons of the cortex and
hippocampus, thus favouring the progression of oxidative
lesions in DNA—namely, 8-oxoguanine (8-oxoG)—as an
accumulation of this DNA lesion has been found in the
brain of patients with AD [41]. The accumulation of 8-
0x0oG in mitochondrial DNA induces dysfunction and
impairs neuritogenesis [42].

Post-mortem investigations of the brains of AD patients
showed a reduced number of mitochondria, with a simulta-
neous increase of mtDNA and mitochondrial proteins in
the cytosol [43]. These changes expressed in AD may be
related to oxidative damage in mtDNA, a genetic material
that is poorly protected by stabilizing proteins and is associ-
ated with mitochondrial dysfunction and aging. Accordingly,
mitochondrial dysfunction caused by oxidative damage in
mtDNA is associated with changes in the number of oxida-
tive phosphorylation subunits and abnormalities in the
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fission and fusion processes of mitochondria, as well as
damage in carrier proteins. These mechanisms are suggested
as initiators in the early AD process [44]. The main mecha-
nism of oxidative damage repair in DNA is defined as the base
excision repair (BER) pathway, which has decreased activity in
brain tissue, both in the genetic material of the nucleus and in
mitochondria. These evidences, based on the analysis of cortex
and cerebellum samples from individuals with AD, point to
the possibility of a relationship between low BER activity and
a higher level of neuronal death induced by A toxicity and
neurofibrillary plaques. However, due to conflicting results
in the literature, it is not clear whether reduced BER activity
leads to the accumulation of mutations in mtDNA [45].

Another altered mitochondrial pathway in AD is related
to the sirt3 protein, a member of the sirtuin family of proteins
responsible for epigenetic regulation, chromatin integrity,
regulation of metabolism, and longevity, as well as playing a
role in aging [17]. Sirt3, the subtype present in neuronal
mitochondria and in several other cell types, is localised in
the internal membrane and mitochondrial matrix and
nucleus, participates in regulation of ROS production, and
modulates the phosphorylation of CREB and fatty acid
metabolism [46]. Modifications in electron transport chain
dynamics, as well as increased ROS production and an unbal-
ance in mitochondrial fusion and fission processes, cause
mitochondrial damage; these mechanisms are cyclically
propagated with high levels of ROS causing damage to pro-
teins and DNA, increased lipid peroxidation, and consequent
tissue damage. The production of ROS is one of the mecha-
nisms that leads to the accumulation of Af, which is one of
the characteristics of AD [47]. In the pathology of AD, aggre-
gates of both Af3 and tau protein affect mitochondrial function
and contribute to increased ROS production. In contrast, a
recent study concluded that mitochondrial alterations are
not dependent on high levels of A and tau in the early stages
of the disease, although they contribute significantly to neuro-
degeneration caused by mitochondrial dysfunction in more
advanced stages of AD [48].

Several mechanisms, pathways, and processes in AD have
yet to be elucidated, while much has been evidenced in relation
to neuronal damage caused by mitochondrial dysfunction.
Processes, such as mitophagy and biogenesis of mitochondria,
are impaired due to mitochondrial dysfunction [43]. In
addition, dysfunctional mitochondria regulate inflammatory
responses through the activation of inflammasomes, a multi-
complex protein that comprises nucleotide-binding domain
activation, leucine-rich-containing family, pyrin domain-
containing-3 (NLRP3) and sites where pro-IL-1f3 and pro-
IL-18 processing take place, generating the activation of IL-
1 and caspase-1, which is a crucial mechanism in the
pathology of AD [49]. From this knowledge, specific thera-
peutic targets for the improvement of mitochondrial dy-
namics in central nervous system (CNS) cells are under
investigation, aiming to use these new agents as effective
treatments for AD and other neurodegenerative diseases
[50]. In this sense, molecules with antioxidant, anti-inflam-
matory, and neuroprotective potential, such as alpha-lipoic
acid, with action characteristics on mitochondrial machinery,
are promising strategies in the treatment of AD.

3. Pharmacokinetics and Effects of a-LA in AD

Alpha-lipoic acid (a-LA) has been widely used in pharma-
ceuticals and nutraceuticals, precisely because it has anti-
oxidant and anti-inflammatory properties [51, 52]. The
chemical activity of a-LA is mainly due to the dithiolane ring,
whose sulphur atoms confer a high electron density to a-LA.
These effects, along with the hydrophilic and lipophilic char-
acteristics of the molecule [53], as well as its status as the
most efficient agent among all antioxidants [54], support
studies with supplementation models for metabolic diseases
and neurodegenerative diseases, such as AD. a-LA is classi-
fied as an ideal neuroprotective antioxidant because of its
ability to cross the blood-brain barrier and its uniform
uptake profile throughout the central and peripheral nervous
systems [33, 55]. Synthesised in the mitochondria of animal
and vegetable cells, as well as in microorganisms, a-LA can
also be obtained from the diet through the consumption of
dark green leafy vegetables and meats [56].

Biosynthesis of a-LA occurs in small amounts in the
mitochondria from octanoic acid [52, 57], a natural cellular
process during the metabolism of fatty acids. In contrast,
the industrial production of a-LA results from chemical syn-
thesis, and this process requires toxic catalysts in addition to
sulphur atoms [58]. Therefore, a-LA can be found as a die-
tary supplement, a racemic mixture composed of its R-a-
LA and S-a-LA isomers, whose main doses are 50, 100, 200,
300, or 600 mg per day. [59]. Other studies show beneficial
effects of a-LA at doses of 1200 and 2400 mg in humans
and interestingly no side effects [60]. In addition, the isolated
R-a-LA isomer is used at doses of 200 and 300 mg [61].

The R-a-LA isomer is unstable at temperatures above
49°C, while the racemic mixture remains stable at tempera-
tures between 60 and 62°C. Pharmacokinetic studies con-
ducted in healthy subjects found that the R-a-LA isomer
has a higher level of absorption, while the isomer S-a-LA
assists in this percentage, preventing the polymerisation of
the R-a-LA form [62]. In this sense, the use of supplements
with the racemic mixture is more viable with respect to the
R-a-LA isomer [63].

For oral supplementation of a-LA, the compound is
rapidly absorbed and eliminated by the renal route. Because
of its amphiphilic character, a-LA is widely distributed
throughout all body compartments, including the CNS
[52]. a-LA presented a mean time to reach the maximum
plasma concentration (t.,) of 15 minutes and a mean
plasma half-life (¢,,,) of 14 minutes [63]. These pharmacoki-
netic values differ among from other studies, where ¢, was
reported to occur within 30 minutes after oral administration
[63] (10 minutes in rats) and t,, was approximately 30
minutes. The short half-life of a-LA is a result of extensive
extraction and hepatic metabolism, which reduces the bio-
availability of the ingested dose to 30%, on average [64]. Mul-
tiple factors influence the bioavailability of a-LA, including
food intake, which interferes with the absorption of a-LA,
either as the racemic mixture or the isolated isomers. Thus,
a-LA consumption is recommended 30 minutes before or 2
hours after food intake [62]. The high variation in pharmaco-
kinetic parameters of a-LA has been reported in several



studies [51, 52, 61-64] but has not been fully explained.
Changes in physiological conditions, such as gastric absorp-
tion and hepatic perfusion, or drug-drug interaction and
drug delivery system mechanisms, are some justifications
for the variation but have yet to be fully elucidated [46].

Absorption of at least 93% of the administered dose of a-
LA, demonstrated in a rat study, occurred in the gastrointes-
tinal tract, including the stomach [65]. In the gut, a-LA is
internalised by the cells through receptors called the Na*/-
multivitamin transporter (SMVT). In humans, the present
human Na*/multivitamin transporter (h\SMVT) is responsi-
ble for the transport of biotin and pantothenic acid, iodine
ions, and racemic a-LA. However, in vitro evidence suggests
the existence of more than one cellular transport mechanism
involving other fatty acid transporters, such as the monocar-
boxylic acid transporter (MCT) [57]. In fact, the a-LA intesti-
nal absorption seems to be quite variable due to the existence
of a-LA transport means still not completely explained. This
complex system of absorption and distribution to the tissues
suggests the existence of several factors involved, for example,
substrate competition and transcriptional, translational, and
posttranslational regulatory mechanisms [65].

After its internalisation into the cell, a-LA is catabolised
through p-oxidation or enzymatic reduction to dihydrolipoic
acid (DHLA), which together with a-LA forms two mole-
cules with a high antioxidant capacity [56], generating a
potential of reduction of -0.32V [65]. The reduction of a-
LA to DHLA occurs under the action of enzymes, such as
mitochondrial dihydrolipoamide dehydrogenase, cytoplas-
mic or extracellular glutathione reductase, and cytoplasmic
thioredoxin reductase [66]. 3-Oxidation is the main meta-
bolic pathway of a-LA, resulting from oxidation of the car-
bon side chain, generating several metabolites [67]. In
addition, a-LA is alkylated by S-methyltransferases, and thus,
only 0.2% of the administered dose is excreted unchanged in
the urine [46]. In different species, 12 a-LA metabolites were
identified [68], with at least five in the human species. 4,6-
Bismethylthiohexanoic acid (BMHA) was identified as the
major metabolite in urine samples from healthy volunteers
after oral administration of a-LA, followed by lower con-
centrations of 6,8-bismethyl octanoic acid (BMOA) and
2,4-butyric acid (BMBA) [52]. To date, there are no stud-
ies demonstrating other routes of elimination of a-LA and
its metabolites after supplementation.

In vitro studies, animal studies, and clinical trials have
already demonstrated the pharmacokinetic and safety pro-
files of a-LA [61], interesting characteristics of the molecule,
whether in its racemic form or the isomers. However, there
are still few available data from studies in elderly individuals.
Thus, this represents an inconvenient lack of accurate
information in groups notably afflicted by diseases associ-
ated with aging, such as AD. Pharmacokinetic parameters
of a-LA in individuals with AD are still scarce, considering
the need for these types of studies related to the beneficial
effects of a-LA in CNS pathologies. However, advances in
the investigation of a-LA mechanisms linked to the processes
associated with mitochondrial disorders and other cellular
pathways associated with neurodegenerative disorders have
been achieved in studies of all levels in recent years.
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3.1. In Vitro Studies. Park and colleagues [69] reported the
protective action of a-LA in glioma cells (C6) in a model of
glutamate-induced cytotoxicity. In this work, cell cultures
were incubated with a-LA—at a dose of 200 uM—in a pre-
treatment scheme, one hour before the induction of gluta-
mate cytotoxicity. As a result, the authors observed the
suppression of apoptotic events, such as alteration of nuclear
morphology and activation of caspase-3, and attenuation of
stress markers in the endoplasmic reticulum. Glutamate-
induced cytotoxicity is one of the possible causes of mito-
chondrial dysfunction, as it increases intracellular levels of
calcium and thus activates several pathways, including apo-
ptosis. Glutamate raises oxidative stress by increasing ROS
production and glutathione (GSH) depletion per se, leading
to cellular damage. In this sense, a-LA was effectively able
to suppress cytotoxic effects in astroglial cells.

Dinicola and colleagues [53] performed a study on
human neuroblastoma SK-N-BE cells treated with a-LA at
a concentration of 0.5mM for 24 hours. This work demon-
strated the epigenetic regulatory activity of a-LA on the
expression of the IL-1B and IL-6 genes responsible for the
coding of interleukins IL-15 and IL-6, respectively. The
authors investigated DNA methylation as a possible mecha-
nism for the regulation that a-LA exerts on the gene regions.
In this sense, they found lower mRNA levels of both genes in
the a-LA group compared to the untreated group. The detec-
tion and quantification of IL-13 and IL-6, performed by
an Enzyme-Linked Immunosorbent Assay (ELISA), also
revealed lower levels in the culture supernatant of «a-LA-
treated cells compared to the supernatant untreated cells.
Additionally, in treated cells, DNA methylation levels were
inversely correlated to the levels of mRNA encoded for
IL-1f and IL-6. This same group conducted another study
on the treatment of ovarian cells with a-LA and obtained
similar results on the downregulation of IL-1$ and IL-6.
The data obtained in this study suggest that a-LA modu-
lates these proinflammatory cytokines (directly or indi-
rectly) related to several pathological processes, including
neurodegeneration [70].

Baeeri et al. [71] used rat embryonic fibroblast cells to
evaluate the antioxidant effects of a-LA on senescence
and cell cycle, oxidative stress, and inflammatory stimuli.
These cells were submitted to a-LA concentrations of 1 to
1000 uM for 24 hours, and subsequently, oxidative stress, cell
viability, cellular senescence biomarkers, and inflammatory
markers were evaluated. The authors described the EC50 of
a-LA, defined in this study at 947 uM, even though the high-
est dose evaluated (1000 M) did not cause a toxic effect. a-
LA reduced the levels of oxidative stress parameters, such
as lipid peroxidation, ROS, ferric reducing antioxidant power
(FRAP), and total thiol molecules (TTS). Senescence markers
were also reduced with a-LA treatment, with lower levels of
B-galactosidase, as well as reduced levels of apoptosis and
necrosis, which presented values of 36% and 15.7%, respec-
tively. Additionally, a-LA had an effect on caspases-3 and
-9, reducing the activity of these apoptosis-promoting mole-
cules to basal levels. The inflammatory parameters TNF-q,
IL-1, IL-6, and NF-xB showed reduced levels in cells treated
with a-LA, maintaining levels similar to those of control cells.
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These results point out the benefits of a-LA on cellular senes-
cence, in addition to oxidative stress and inflammatory pro-
cesses. Thus, in vivo studies are required to verify the
interaction of a-LA with endogenous enzymes and biochem-
ical pathways of cellular senescence.

3.2. Animal Studies. Mahboob et al. [72] demonstrated a-LA
activity on the cholinergic system in an animal model of
aluminium-induced neurotoxicity, associating memory, and
learning effects dependent on the hippocampus and the
amygdala. The BALB/c mice from this study were divided
into control, aluminium, and aluminium+a-LA groups. An
a-LA dose of 25 mg/kg/day was administered intraperitone-
ally for 12 days. After this period, the authors verified the
expression of muscarinic (M1-M5) and choline acetyltrans-
ferase (ChaT) receptors in these regions of the brain using
RT-PCR, PCR, and tissue histopathology and complemented
their investigation with an in silico docking model of a-LA in
two types of these receptors (M1 and M2). The results of this
study showed positive effects of a-LA on applied behavioural
tests, as well as the reversal of neurodegeneration evidenced
by histopathology. a-LA increased the expression of M2
muscarinic receptors in the hippocampus and M1 and M2
in the amygdala, in addition to ChaT expression in both
regions. In the in silico assays, a-LA showed a high affinity
for M1 and M2 receptors compared to acetylcholine, a mus-
carinic receptor agonist. In this evaluation, the R-a-LA and
S-a-LA isomers were coupled to the M1 and M2 receptors,
where the R-a-LA isomer showed a higher mean binding
affinity for both receptors. Together, these results showed
the effects of a-LA on memory and learning, improving these
conditions in a neurodegeneration model. However, these
data should be carefully analysed, since one of the character-
istics of a-LA involves chelating metals. Therefore, such
effects could be the result of a direct a-LA mechanism on
the agent used to simulate the disease model, which does
not represent a natural physiological mechanism or part of
the pathological process evaluated in a real situation.

An animal study conducted by Zhang et al. [73] aimed to
verify whether a-LA could improve the state of tauopathy by
investigating if the inhibition of ferroptosis, a mechanism
associated with pathology, could reverse cognitive impair-
ment in the AD model. P301S transgenic mice received a-
LA treatment at doses of 3 and 10 mg/kg/day intraperitone-
ally for 10 weeks. In this work, behavioural parameters,
immunohistochemistry, fluorescence, and expression of fac-
tors essential for the metabolism of iron and cell pathways
involved in tau protein dysfunction, as well as synaptic loss
and apoptosis, inflammation, and oxidative stress, were eval-
uated. The authors reported positive effects of a-LA on sev-
eral key points in the pathophysiology of tauopathy, one of
the disorders associated with AD. In this sense, a-LA could
protect neurons from toxicity caused by hyperphosphoryla-
tion of tau, acting through mechanisms such as inhibition
of ferroptosis. In addition, a-LA decreased the high expres-
sion of calpain 1, cleaved caspase-3, and increased levels of
neuronal nuclear protein (NeuN) and synaptophysin (SYP),
inhibiting neuronal loss and synaptic dysfunction. These
results suggest that a-LA acts on these apoptotic signalling

pathways, leading to improved cognitive function and atten-
uation of neurodegeneration.

Tzvetanova and colleagues [74] tested the neuroprotec-
tive potential of a-LA in an animal model of scopolamine-
induced dementia. Male Wistar rats were treated with an
intraperitoneal 30 mg/kg/day dose of a-LA, intraperitoneally,
for 11 days. After the end of the treatment, the authors
evaluated the memory and learning of the animals, as well
as parameters of oxidative stress in the collected brain tis-
sue. The experimental model with scopolamine followed
dementia-like results similar to AD in the groups treated
with this drug, evidenced in the behavioural tests, with
impairment in memory and learning. Thus, increased oxida-
tive stress was observed throughout the brain tissue, includ-
ing in areas responsible for memory and learning, such as
the cortex, hippocampus, and striatum. In these tissues, lipid
peroxidation levels increased, as did GSH, catalase (CAT),
and superoxide dismutase (SOD) levels. Conversely, supple-
mentation with a-LA reversed this oxidative profile, with
GSH valuesin the cortex close to the values of the control
group and reduced GPx in all tissues analysed. In the a-LA
group, the levels of catalase were kept close to the values of
the control group, different from the scopolamine group. In
addition, the authors observed a slight reduction in SOD
values in the animals treated with a-LA, compared to the sco-
polamine group. These findings reaffirm the a-LA profile on
oxidative stress in a dementia model, suggesting benefits in
this aspect for other diseases associated with neurodegenera-
tive processes.

3.3. Human Studies. Spain and colleagues [75] showed the
benefits of a-LA supplementation as a racemic mixture in
multiple sclerosis in people aged 40 to 70 years. In this dou-
ble-blind, randomised, placebo-controlled study, a-LA was
used by 27 patients at a dose of 1200 mg/day given orally
for two years. The comparison between the a-LA and placebo
groups showed differences in the percentage change brain
volume (PCBV) where 68% less cerebral volume loss was
observed in a-LA patients. Despite the PCBV benefits, some
patients had altered biochemical parameters (increased alka-
line phosphatase), renal failure, and glomerulonephritis.
These findings, although not clearly attributed to a-LA, sug-
gest caution with this dose in future investigations.

Fiedler and colleagues [76] carried out a study comparing
the pharmacokinetic parameters in a group of healthy
individuals and a group of individuals with multiple scle-
rosis. A single 1200mg dose of a-LA was administered
to the subjects, and blood samples from individuals were
collected at 1, 2, 3, 4, 24, and 48 hours after a-LA administra-
tion. In this study, the age of the subjects ranged from 50 to
58 years and the mean a-LA plasma concentrations (C,,.)
in the healthy and multiple sclerosis groups were 1985.74
and 1894.52 ng/mL, respectively. These authors confirmed
that a-LA metabolism does not change, and they did not
observe differences between the groups, indicating that the
bioavailability of a-LA was maintained even in individuals
affected by multiple sclerosis compared to healthy subjects.

Shinto et al. [77] conducted a randomised placebo-
controlled clinical study in patients diagnosed with AD,



where they assessed the benefits of a-LA combined with
omega-3 fatty acids. In this evaluation, the authors reported
a delay in the progression of cognitive and functional decline
in patients who received a-LA and omega-3 fatty acids.
Thirty-four patients received 600 mg/day of a-LA, in addi-
tion to omega-3 fatty acids, for one year. Unfortunately, the
experimental design of this study did not evaluate an a-
LA-only group, as little was illuminated about the additive
or isolated effects of the combined treatment. Therefore, the
exclusive evaluation of a-LA supplementation in patients
with AD, which could provide pharmacokinetic data or
molecular mechanisms of the drug in relation to the physiol-
ogy of individuals with neurodegenerative processes, has yet
to be described in clinical trials.

In contrast, a 12-month open label study with nine indi-
viduals (eight men and one woman) diagnosed with AD, who
received standard treatment with cholinesterase inhibitors,
was performed in Germany by Hager et al. [59] Based on
their results, the authors suggest that treatment with a-LA
would be a successful neuroprotective option in AD, at least
as an adjuvant to standard treatment with acetylcholines-
terase inhibitors. This work was the first to highlight the
benefits of a-LA in the treatment of AD, despite a small
number of patients and a nonrandomised design. However,
there are no data on pharmacokinetic parameters described
in this study, demonstrating only positive a-LA results in
neuropsychological parameters, such as mini-mental state
examination (MMSE) and an AD assessment scale, cogni-
tive subscale (ADAS-cog).

A large number of in vitro and in vivo studies, as well as
some clinical studies, have been carried out in recent years
with the aim of evaluating the effects of a-LA on neurodegen-
erative processes. Several cellular pathways have been men-
tioned and even tested for the involvement of antioxidants,
such as a-LA. However, most of these studies are limited to
the use of combinations of two or more antioxidants, such
as the study by Shinto et al. [77], which evaluated the effects
of two antioxidants (a-LA omega-3) on individuals with AD.
Sharman et al. [78] evaluated the effects of curcumin associ-
ated with several other antioxidants, among them, a-LA, in
an AD animal model. These studies contribute to the limited
knowledge on the action of a-LA as an antioxidant and an
anti-inflammatory agent, but they do not elucidate the mech-
anisms of action involved in these processes, since they do
not verify isolated a-LA activity in these disease models.
The actions of a-LA seem to go deeper than scavenging
ROS, reestablishing the reduced form of other antioxidants,
and chelating metals. Thus, studies are needed to apply a-
LA in specific models of AD aimed at elucidating molecular
mechanisms related to treatment and reversal of damage in
neurodegenerative disorders.

4. Molecular Mechanisms of a-
LA in Neurodegeneration

In recent years, the effects of a-LA on the pathogenesis
and/or progression of neurodegenerative diseases, such as
Parkinson’s disease, multiple sclerosis, and AD, have been
reported [51, 57]. In AD, the neurodegeneration process
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seems to start from mitochondrial dysfunction and conse-
quent energy deficiency in neurons, in the early stages of
the disease [79]. Additionally, a-LA reduces the migration
of T lymphocytes and monocytes into the central nervous
system [76], a mechanism that contributes to a microenvi-
ronment with fewer inflammatory factors. Thus, the effects
of a-LA are described in several recently published studies,
which present it as a molecule associated with the genomic
regulation of antioxidant and anti-inflammatory pathways
[62]. The mechanisms of a-LA on the cellular machinery
include several activities attributed to its oxidised and
reduced forms (dihydrolipoic acid (DHLA)), both being
active as antioxidants and anti-inflammatory agents [57,
62]. In the reduced form, DHLA exerts its antioxidant effect
by donating electrons to prooxidants or oxidised molecules
[54]. In fact, a-LA’s main antioxidant defence activity is its
ability to reestablish the reduced forms of other endogenous
antioxidants, such as vitamins C and E, in addition to ele-
vating the intracellular levels of glutathione and ubiquinone
[56, 62]. However, more and more a-LA studies show the
complexity of the mechanisms of action attributed to this
molecule, in addition to mechanisms already extensively
described in the literature. Current findings on «-LA mech-
anisms show that it acts indirectly on the activation of
signal transduction pathways [80] through interactions with
second messengers, such as cyclic adenosine monopho-
sphate (cAMP). The increase of cAMP caused by a-LA
inhibits the release of proinflammatory cytokines, such as
IL-2, IFN-y, and TNF-a. Moreover, cAMP induces IL-10
production [76], an anti-inflammatory cytokine responsi-
ble for inhibiting the production of various inflammatory
mediators induced by lipopolysaccharide (LPS). In addi-
tion, IL-10 is responsible for inhibiting the expression
of cytokine receptors and histocompatibility complex II
(MHC-II) receptors, chemokines, and microglial adhesion
molecules [81].

The ability of a-LA to regulate certain genes, such as
genes that encode nuclear factors (nuclear factor erythroid
2-related factor-2 (Nrf2) and NF-«B) [53], has been reported
previously; thus, a-LA is considered a pleiotropic molecule.
The action of a-LA on NF-«B affected the expression of sev-
eral inflammatory mediators, such as PGE2, COX-2, iNOS,
TNF-a, IL-18, and IL-6 [82]. NF-xB activation involves
phosphorylation and ubiquitination under conditions of
stress and inflammatory response. One of the mechanisms
of regulating NF-«B involves its repression, which is carried
out by SIRT1 via deacetylation. In this sense, the action of
a-LA on SIRT1 may be one of the means of regulation in
posttransduction control pathways [71]. Alternatively, the
molecular mechanisms of gene regulation appear to result
from hypermethylation of DNA in the region of gene pro-
moters, as in the case of the 5" flanking regions of IL-1j
and IL-6. Thus, mRNA is downregulated, and consequently,
synthesised protein levels decrease [70]. However, detailed a-
LA mechanisms on direct or indirect pathways of epigenetic
regulation have not been elucidated yet. Thus, a better under-
standing this action of a-LA could leverage research for more
effective therapies in AD. Epigenetic mechanisms, such as
DNA methylation dysfunction, histone acetylation, and
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regulation of miRNAs, play a crucial role in the pathology of
AD [83]. In this sense, epigenetic interventions could also be
useful in preventing the disease, because in this case, factors
in the microenvironment of the brain would be corrected
through epigenomic modification [84].

The effects of a-LA on mitochondrial performance have
already been described in previous studies to occur through
several protective mechanisms. a-LA can act directly to pre-
vent ROS production using the thiol group for redox regula-
tion [85] and to stimulate enzymatic synthesis, such as
frataxin which plays a role in the biosynthesis and assembly
of the haem group in mitochondrial matrix proteins [86].
Indirectly, a-LA acts by improving the antioxidant system
and stimulating mitochondrial biogenesis. Moreover, R-a-
lipoic acid acts as a cofactor of mitochondrial enzymatic
complexes and is therefore essential for energy production
and metabolic regulation [87]. These protective routes make
a-LA a substance classified in studies as a “mitochondrial
nutraceutical.”

Among the pathophysiological processes of AD, some
mechanisms of a-LA action on tau protein hyperphosphory-
lation and amyloidogenesis inhibition are known and
described in the current literature [73, 88]. Treatment with
a-LA promotes the control of kinases such as CDK5, GSK3,
and MAPK that, together with changes in iron metabolism,
lead to protein hyperphosphorylation and other effects such
as free radical increase and macromolecule oxidation [73,
89]. In P301S transgenic mice with alteration to tauopathy,
the a-LA reduced tau protein levels by modulating activity
of calpain 1 and possibly other kinases. Furthermore, in this
study, inhibition of neuronal loss and ferroptosis attributed
to a-LA action was also observed. These data show possible
pathways of beneficial action of a-LA in AD, such as
improvements in iron loading, lipid peroxidation, and
inflammation in the CNS [73]. In inhibiting amyloid tangles,
a-LA demonstrated direct activity on Af protein aggregates,
destabilizing as interactions between lipoyl groups and
through covalent connections with Af lysine residues. The
action of w-LA is associated with the reduction of Af deposits
and the destabilizing aggregate preforming of this protein
[88].

An animal model of tauopathy provided evidence that
mitochondrial function is affected in this condition of tau
protein dysregulation and consequent formation of fibrillar
aggregates in the CNS. This state influences ATP production
in mitochondria, causing imbalance of energy metabolism
and ROS formation, thus making the neuron more suscep-
tible to increased oxidative stress. [90]. In this sense, a-LA
could act directly on the restoration of mitochondrial
function, promoting increased synthesis of mitochondrial
enzymes such as frataxin [86] or as an enzymatic cofactor,
restoring mitochondrial energy metabolism [87]. Further-
more, just as tau may influence mitochondrial function,
oxidative stress caused by mitochondrial dysfunction may
influence abnormal tau protein function. This mechanism
seems to be deeply associated with the pathogenesis of AD
[90]. In addition to the effects on tauopathies, a-LA in its
reduced form (DHLA) showed significant protection against
neurotoxicity to amyloid B-peptide and iron and hydrogen

peroxide in a study of neuronal cell culture [91]. This evi-
dence points to the benefits of a-LA over these mechanisms
in the pathogenesis of AD, acting as a potential therapeutic
agent in multiple cell pathways.

4.1. In Vitro Studies. An important in vitro study evaluated
the effects of the association between coenzyme Q-10 and
a-LA on human lymphocytes. The parameters analysed were
DNA damage using the comet assay, mitochondrial mem-
brane potential using flow cytometric readings of a cyanine
dye capable of penetrating the mitochondria, and an intracel-
lular ROS assay using flow cytometric analysis of intracellular
DCFH-DA oxidation. The fluorescence reading indicated
that the mitochondrial membrane potential was enhanced
by the decreased ratio between the green monomers of JC-1
and red fluorescence of the J-aggregates at baseline. Regard-
ing ROS analysis, the combination of coenzyme Q-10+a-
LA significantly enhanced the oxidant-mediated increase in
intracellular ROS, contrarily suggesting a prooxidant activity
of these supplements [92]. a-LA also plays an important role
in the metabolic performance of mitochondrial activity, as a-
LA acts as a cofactor of pyruvate dehydrogenase (PDH), a-
ketoglutarate dehydrogenase (KGDH), and branched chain
a-ketoglutarate dehydrogenase (BCKDH) mitochondrial
complexes. In addition, a-LA is reduced to dihydrolipoic acid
by PDH and KGDH. These direct activities have already been
reviewed from previous in vitro studies, as can be seen in
Figure 1 [87]. In addition to the direct actions, the a-LA
has presented in several studies the potential to improve the
activity and recovery in mitochondrial dysfunction through
indirect mechanisms, such as modulation of signalling and
transcription. A study evaluated the expression of NAD-
dependent protein deacetylase sirtuin-1 (SIRT1), NAD-
dependent protein deacetylase sirtuin-3 (SIRT3), and coacti-
vator of the peroxisome proliferator-activated receptor la
(PGC-1a) in liver and bovine muscle cultures treated with
resveratrol and a-LA. Cell cultures were treated for 60
minutes with 40 or 80 uM of resveratrol and 30, 100, 300,
or 1000 uM of a-LA. In one group, a basal medium was used
to mimic restricted nutritional conditions, and glucagon and
epinephrine were used in the others to mimic the glycogenic
state. Real-time PCR was performed to quantify the expres-
sion of mRNA for sirtuins and PGC-1a. a-LA, at the doses
used, did not affect the expression of sirtl, whereas Forkhead
box protein O3 (FoxO3) and isocitrate dehydrogenase mito-
chondrial (IDH2) in bovine liver cells were downregulated.
The effects of a-LA on the expression of NAD-dependent
protein deacetylase sirtuin-3 (SIRT3), Forkhead box protein
01 (FOXOl), 5'-AMP-activated protein kinase catalytic
subunit alpha-1 (PRKAA1), glucose-6-phosphatase catalytic
subunit (G6PC), and PGC-1a genes were dose-dependent.
On the other hand, a-LA showed a positive effect on the
expression of SIRT1 and SIRT3 in bovine muscle cells. Pro-
tein expression encoded by SIRT1 showed higher levels after
a-LA treatment, especially in liver cells. The results allowed
for the conclusion that the conditions induced in both cell
types and the treatment with resveratrol and a-LA led to
the positive expression of genes involved in the antioxidant
response [93].
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4.2. Animal Studies. The expression of SIRT1 was investi-
gated in a study in rats that evaluated the neuroprotective
potential of a-LA in a focal ischemia model. The groups were
divided into sham-operated, permanent mean cerebral artery
occlusion (pMCAO), and the group treated with a-LA
(50 mg/kg) intraperitoneally 30 minutes before surgery. The
parameters evaluated were neurological deficits from a
blinded examiner’s test to analyse the impairment of motor
motion injury, infarct volume, cerebral oedema, immunohis-
tochemistry of cells labelled for SIRT1 and PGC-1« over five
regions of the induced injury, western blot, and qPCR to ana-
lyse the mRNA levels of SIRT1 and PGC-1a at 24h after
pMCAQO. In the results of neurological deficit assessment,
after 24 hours of pMCAO, a significantly reduced score was
observed in the group treated with a-LA. In addition, the
water content measured to assess cerebral oedema was
reduced in this group, compared with the pMCAOQO group.
Infarct volume was also lower in the a-LA group. Immuno-
histochemistry indicated a significant increase in the expres-
sion of SIRT1 and PGC-1a on the ischemic cortex, which
corroborated with the western blot results. These data
demonstrate the ability of a-LA to attenuate the lesions
induced by cerebral ischemia [33]. It has been known that
overexpression of SIRT1 activates the transcriptional activity
of PGC-1a that also activates several transcriptional factors
and increases mitochondrial activity [1]. A most recent study
also investigated the neuroprotective effects of a-LA on an
ischemic model and assessed the role of mitochondria via
activation of Nrf2. The rats were randomly divided into a
sham group, control group (MCAO+saline), a-LA-20 mg/kg
MCAO group, and a-LA-40 mg/kg+MCAO group. Initially,
parameters of infarct behaviour and volume were evaluated.
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Again, it was observed that a-LA reduces cerebral oedema
and improves the neurological outcome in the MCAO
model. In addition, antioxidant enzymes (SOD and GSH-
Px) and malondialdehyde (MDA) were analysed by ELISA
after 24 h of MCAO, which showed that the enzymatic activ-
ities were recovered and MDA was reduced in the a-LA-
treated groups in a dose-dependent manner. These results
signified the ability of a-LA to reverse the suppression of
ischemia-induced antioxidant activity. Nuclear translocation
of Nrf2 was assessed by immunofluorescence in primary cor-
tical neurons. The cells were pretreated with the control and
a-LA (at concentrations of 1 uM, 10 uM, or 100 uM), and
after 1h, they were subjected to oxygen glucose deprivation
(OGD) for 24 h. The results indicated that a-LA was able to
modulate the activation and nuclear position of Nrf2 after
the damage caused by MCAO. The ratio of nucleus/cytoplas-
mic Nrf2 was higher in the a-LA group 40 mg/kg, indicating
that the activation of this factor also occurred in a dose-
dependent manner [94]. The role of Nrf2 in mitochondrial
function has been described in the context of neurodegener-
ation due to its role on the pathogenic processes in diseases
[95]. NrF2 acts on redox homeostasis due to the regulation
of target genes involved in the expression of antioxidant
enzymes and on the expression of mitochondrial repair
factors [96]. A recent study reported the activation of Nrf2
and subsequent binding to antioxidant response elements
(ARE), in addition to decreased oxidative stress, -amyloid
(AB), and improved cognitive function in a mouse model
of AD [97]. Therefore, this study suggests possible ways
that a-LA could be inducing the overexpression of Nrf2
and promoting improved mitochondrial function in neu-
rons. Mitochondria are also involved in the apoptosis
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Mitochondria

Nucleus

F1GURE 2: Cells treated with a-LA when subjected to oxidative or ischemic damage present higher expression of Blc-2 genes, modulating
apoptotic pathways; sirtl which induces peroxisome proliferator-activated receptor law (PGC-1«) and, therefore, mitochondrial biogenesis
in the nucleus, positively regulates the nuclear factor erythroid 2-related factor-2 (Nrf2) pathway, improving the Nrf2 complex and
antioxidant response elements (ARE), inducing the expression of genes that participate in mitochondrial homeostasis. This figure used

elements from Servier Medical Art (https://www.servier.com).

process, especially in the context of neuronal damage. In
this perspective, a study evaluated the influence of a-LA
on the expression of the Bcl-2 apoptosis regulator (Bcl-2)
in hippocampal subregions of rats submitted to inorganic
arsenic. The animals were divided into three groups: the
control group, the group that only received NaAsO, (1.5
and 2.0mg/kg bw), and the group that received NaAsO,
+a-LA (1.5mg and 70mg/kg bw) and NaAsO,+a-LA
(2.0mg and 70mg/kg bw). The TUNEL assay was per-
formed to detect DNA fragmentation in cells; free floating
immunohistochemistry, where apoptotic proteins were
labelled, was used for cryocut coronal sections of the hippo-
campus; and western blot was used to determine the levels
of apoptotic proteins in fresh hippocampal tissue. The
results showed that the nuclei of the pyramidal and granu-
lar cells in the CAl and CA2 regions (cornu ammonis),
which received a-LA concomitantly, presented lower DNA
fragmentation, compared to the control. Immunohisto-
chemistry evidenced an intense expression of Bcl-2 in the
hippocampus region of animals cotreated with a-LA and
inorganic arsenic, similar to quantitative western blot results
that enhanced the a-LA-inducing role in Bcl-2 expression,
which was not dose-dependent [98]. Similarly, a most recent
study investigated the protective role of a-LA against
chlorpyrifos-induced toxicity, which rescued cells by modu-
lating apoptotic pathways [99]. Another study investigated
the protection of a-LA, through mitochondrial pathways,
against cadmium-induced toxicity [100]. These studies con-
ducted their investigation in the liver and kidney, respec-
tively, thus lacking current mitochondrial investigations in
neuronal rescue after toxicity. These processes are sum-
marised in Figure 2.

5. Effects of a-LA When Combined with
Central-Acting Agents

The effects of the association of a-LA with other substances
acting on the CNS require a more in-depth description of
the mechanisms observed in vitro, animal models, and
human studies for a safe relation to be established, thus estab-
lishing the real clinical relevance of these findings.

5.1. Animal Studies. There is evidence that a-LA contrib-
utes to several treatments conducted with central-acting
agents and in peripheral nerve cells. A study in mice evalu-
ated the combination of a-LA and clozapine in the reversal
of ketamine-induced symptoms similar to schizophrenia.
Symptoms were induced for seven days, and from the eighth
day, the ketamine group and the control group received a-LA
(100 mg/kg), clozapine 2.5 or 5mg/kg, or a-LA+clozapine
2.5mg or 5mg. The parameters evaluated regarding the
symptoms were prepulse inhibition (PPI) of the startle loco-
motor activity, social preference, and Y-maze. In addition,
oxidative stress parameters were evaluated in the prefrontal
cortex (PFC), hippocampus, and striatum. In the PFC,
brain-derived neurotrophic factor (BDNF) was determined.
The results showed that the concentration of a-LA+cloza-
pine 2.5 mg was able to revert the behavioural and oxidative
stress parameters without causing harm. However, the
concentration of a-LA+clozapine 5mg induced motor
impairment in the animals. Both concentrations significantly
reversed the BDNF deficiency promoted by ketamine.
Another relevant result was the reduction of ketamine-
induced hyperlocomotion that was promoted by the associa-
tion of a-LA and clozapine [101]. In another animal model
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study, a-LA was combined with chlorpromazine to observe
its effects on schizophrenia induced by ketamine. Rats were
treated for 10 days with saline, a-LA 100 mg/kg or chlor-
promazine (1 mg/kg, 5mg/kg), or a combination of a-LA+
chlorpromazine after ketamine treatment. The behavioural
and oxidative stress parameters evaluated were the same
as those of the study by Vasconcelos et al. [101]. The
authors observed that the combination of a-LA+chlor-
promazine elevated the locomotor activity of the animals
to the levels of the control, possibly by reducing the inhib-
itory effect of ketamine on N-methyl-D-aspartate (NMDA)
cortical receptors [102]. The improvement in the oxidative
profile was described by an earlier study in humans that
evaluated the effects of a-LA on the antioxidant defence
of patients on drug therapy for schizophrenia. However,
these drugs used by participants were not mentioned by
the authors, and specific interactions between a-LA and
these antipsychotic medications have not been described
[103]. Desvenlafaxine is a serotonin-norepinephrine reup-
take inhibitor (SNRI) used for the treatment of depression
[104]. In a study conducted in a neuroendocrine model of
depression in animals, female rats were treated with corti-
costerone, corticosterone+desvenlafaxine (10 or 20 mg/kg),
a-LA (100 or 200 mg/kg), a-LA (100 mg/kg)+desvenlafax-
ine a-LA (200 mg/kg), desvenlafaxine (100 mg/kg), or a-
LA (200 mg/kg)+desvenlafaxine (20 mg/kg). The cognitive
evaluation was performed using the tail suspension test
(TST), social interaction (SIT), new object recognition
(NOR), and Y-maze. In addition, the activity of the enzyme
acetylcholinesterase (AChE) was measured in the prefrontal
cortex, hippocampus, and striatum. The results demon-
strated that the associated schemes were able to reverse
short-term and long-term memory deficits and control the
increase of AChE in PFC, HC, and ST, effectively with the
same or more than isolated substances, thus suggesting a
neuroprotective effect of the combination between a-LA
and desvenlafaxine, given that AChE is a marker for degener-
ative diseases [105].

5.2. Human Studies. Regarding drugs for the treatment of
AD, a clinical trial was performed in which a clinical and
neuropsychological evaluation was conducted to assess the
effects of a-LA combined conventional treatments. Partici-
pants were separated into two groups: the first group (A)
were patients with AD and with type 2 diabetes mellitus
(T2-DM2) and the second group (B) were patients with AD
without T2-DM2. Patients received 600 mg/day of a-LA,
and all maintained their treatments with acetylcholinesterase
inhibitors, donepezil (5 to 10 mg/day), rivastigmine (6 to
12 mg/day), and galantamine (8 to 16 mg/day), as well as an
NMDA receptor antagonist, memantine (10 to 20 mg/day).
The results of the study showed that 44% of the first group
and 41% of the second reported adverse reactions after the
association of a-LA and the conventional treatment, includ-
ing muscle cramps and gastrointestinal and sleep disorders.
The findings of the neuropsychological evaluation showed
that the general levels of dementia improved in the group
of patients who had AD and T2-DM2 compared to the group
with only AD at any moment of evaluation, which was per-
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formed three times: at the beginning of treatment, after 8
months, and after 16 months of follow-up [30].

6. Conclusions

Mitochondrial damage in the neurons of individuals with AD
has been known for 25 years [39], and currently, more and
more evidence points to mitochondria as a strong therapeutic
target in several diseases associated with aging, including AD
[43]. Oxidative damage caused by increased ROS in neurons
is a consequence of a number of mechanisms associated with
senescence, and the role of mitochondria seems to be crucial
in the cascade of AD pathology events. Interventions for
mitochondrial dysfunction have the potential to reduce cog-
nitive decline in AD as a consequence of reestablishing glu-
cose and lipid metabolism, calcium homeostasis, and the
regulation of cell death signalling pathways [50]. In this
sense, antioxidants, such as a-LA, are potential candidates
in the strategy of restoring mitochondrial function, with
evident benefits on mitobiogenesis, besides acting as a cofac-
tor of mitochondrial enzymatic complexes—an essential
pathway for energy production and metabolic regulation
[87]—and directly scavenging ROS. In addition, a-LA shows
effects on inflammasomes, on the one hand by reducing pro-
inflammatory mediators such as IL-2, IFN-y, and TNF-a,
and on the other hand by increasing anti-inflammatory cyto-
kines, such as IL-10. Additionally, the effects of a-LA show
high coverage of sites of action, being considered a regulator
of the expression of some genes, for example, the genes that
code for nuclear factors Nrf2 and NF-«B. Thus, a-LA is an
agent with multiple actions on the cellular machinery, acting
in several mechanisms that are involved in the pathology of
AD. A large number of studies show the benefits of a-LA
on symptoms of AD, but the amount of information about
which pathways undergo direct or indirect interference of
this antioxidant, now also considered neuroprotective, is still
incipient. Clinical studies investigating «-LA in AD—limited
to clinical parameters—focused primarily on brain areas
associated with the symptoms of AD and did not investigate
interactions, which occurred, at the molecular level. In con-
trast, studies that aimed to clarify the molecular mechanisms
of interactions between a-LA and key molecules in the path-
ophysiology of AD have been conducted without having
experimental groups treated with a-LA only, which is always
associated with another antioxidant, to contrast with control
groups. Another relevant aspect, but still considered very lit-
tle in the current study of a-LA in AD, is the interaction
between the drugs used in the treatment of AD and the sup-
plementation of a-LA. Most studies that apply a-LA in paral-
lel to treatment with standard drugs for AD do not present
data on the possibility of pharmacokinetic or pharmacody-
namic interactions, leaving a mechanism gap in the associa-
tion response between these agents in the central nervous
system. Even if the a-LA safety profile is well established, fur-
ther studies should be conducted to precisely explain the
effects, mainly in the brain. Additionally, isomers or a race-
mic mixture in AD models necessitate focus and investment
in the development of improvements in molecular aspects of
a-LA. These efforts could improve their pharmacokinetic
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profile once its low bioavailability and short half-life charac-
teristics are widely known problems about a-LA. However,
a-LA presents a neuroprotective and anti-inflammatory mol-
ecule profile with the ability to revert cellular damage in the
central nervous system; thus, it is considered an epigenetic
modulator in mechanisms associated with oxidative stress
and inflammation. Therefore, a-LA protects against the pro-
gression or even the establishment of the toxic tissue envi-
ronment resulting from the pathogenesis of AD. These
characteristics make a-LA a nutraceutical with great poten-
tial for the treatment of this disease, as well as an agent with
potential benefits for mitochondrial dysfunction. The ability
to act on the reestablishment of mitochondrial function
could block the progression or even reverse the damage to
the brain tissue that occurs in AD.
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Dorsal root ganglion (DRG) neurons, which are sensitive to oxidative stress due to their anatomical and structural characteristics,
play a complex role in the initiation and progression of diabetic bladder neuropathy. We investigated the hypothesis that the
antioxidant and antiapoptotic effects of CGRP may be partly related to the expression of Nrf2 and HO-1, via the
phosphatidylinositol 3-kinase (PI3K)/AKT pathway, thus reducing apoptosis and oxidative stress responses. This study shows
that CGRP activates the PI3K/AKT pathway, thereby inducing increased expression of Nrf2 and HO-1 and resulting in the
decrease of reactive oxygen species and malondialdehyde levels and reduced neuronal apoptosis. These effects were suppressed
by LY294002, an inhibitor of the PI3K/AKT pathway. Therefore, regulation of Nrf2 and HO-1 expression by the PI3K/AKT
pathway plays an important role in the regulation of the antioxidant and antiapoptotic responses in DRG cells in a high-glucose

culture model.

1. Introduction

The prevalence of diabetes mellitus (DM) has significantly
increased worldwide, accompanied by an increase in the inci-
dence of obesity. Diabetic cystopathy (DCP) is one of the pri-
mary complications of DM in the lower urinary tract (LUT),
and subjects often experience a series of symptoms, charac-
terized by decreased bladder sensation, increased bladder
capacity, impaired bladder contractility, and increased resid-
ual urine [1].

Multiple factors, including neuronal dysfunction, detru-
sor dysfunction, urothelial or urethral dysfunction, and poly-
uria, all contribute to the development of DCP [2, 3]. Dorsal
root ganglia (DRGs) as a primary neuron had been con-
firmed to participate in the pathogenesis of diabetic bladder
dysfunction [4]. However, the molecular mechanism leading
to DCP in neuronal dysfunction remains largely unclear,
although accumulating evidence shows that it is related to
oxidative stress injury [5-7]. This has been confirmed by pre-

vious studies in diabetic rats treated with antioxidants [8, 9].
Meanwhile, various aspects of bladder function, including
maximal bladder volume, bladder pressure, and maximal
bladder pressure, measured by urodynamics, were partly
improved. Bladder dysfunction due to neuronal dysfunction
involves complex and sophisticated interactions among the
somatic and autonomic afferent and efferent pathways. Some
studies have reported a close relationship between diabetes-
induced peripheral neuropathy and bladder dysfunction
[10]. This has been further confirmed by neuromodulation
in the treatment of voiding dysfunction in diabetic rats [11].

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a
key transcription factor that regulates cellular redox homeo-
stasis and has been confirmed to play a neuroprotective role
in cerebral ischemia-reperfusion injury (CIRI) [12]. Heme
oxygenase-1 (HO-1) is believed to participate in the pro-
cess of heme catabolism, directly affecting the antioxidative
balance in the body, and is also regulated by Nrf2 [13].
The PI3-kinase/AKT-mediated pathway is involved in
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antioxidant and antiapoptotic activities through Nrf2/HO-
1 in mouse f-cells [14]. Recently, it has been reported that
neurotrophic factors and neurotransmitters may be associ-
ated with the pathogenesis of diabetic bladder dysfunction
and oxidative stress [15]. Calcitonin gene-related peptide
(CGRP) is a 37-amino-acid-long regulatory peptide derived
from the calcitonin gene located on chromosome 11 [16, 17].
We confirmed that the expression of CGRP in the dorsal
root ganglia (DRGs) of the control group was significantly
higher than that in the DM group (unpublished). Some stud-
ies have demonstrated the widespread expression and pro-
tective effect of CGRP in both neurons and cardiomyocytes
[16, 18]. Meanwhile, the experiment suggested that CGRP
plays a pivotal role in the regulation of apoptosis and oxida-
tive stress via the PI3K/AKT pathway [18]. Thus, we specu-
lated that the oxidative stress damage and apoptosis in
neurons play a role in the pathogenesis of diabetic bladder
dysfunction. However, the related mechanism of DRG
injury in high-glucose conditions remains largely elusive.

The main objectives of our study were to demonstrate (1)
the oxidative stress injury of DRGs under high-glucose con-
ditions and (2) the neuroprotective effect of CGRP associated
with increased expression of HO-1 and Nrf2 mediated by the
PI3-kinase/AKT signaling pathway.

2. Materials and Methods

2.1. Animals and Treatment. Female Sprague-Dawley rats
(4-5 weeks old; Nanjing Medical University Animal Labora-
tory, Nanjing, China) weighing 110 + 10 g were provided by
the Animal Laboratory of Nanjing Medical University and
fed a standard rodent diet with access to water ad libitum.
All protocols were performed in accordance with the guide-
lines of Jiangsu Province Animal Research Advisory Com-
mittee for the Care and Use of Laboratory Animals. The
experiments were approved by the Ethics Committee of
Nanjing Medical University. The rats were killed at the same
hour of the day.

2.2. Isolation of DRG Cells. Sprague-Dawley rats were eutha-
nized by cervical dislocation, and DRGs were aseptically col-
lected from L3 to S3 spinal levels. All DRGs were minced into
small pieces and digested with 0.25% trypsin (Sigma-
Aldrich) (10min) and 0.1% collagenase (Sigma-Aldrich)
(3-5min) in DMEM/Nutrient Mixture F12 (Gibco) at 37°C.
After centrifugation, the cells were resuspended in DMEM/-
Nutrient Mixture F12 medium containing 2% B27 (Invitro-
gen, Carlsbad, CA) and 10ng/mL NGF (Sigma-Aldrich, St.
Louis, MO). The cells were seeded in 96-well plates (200 uL
per well), yielding a density of 5 x 10* cells/well. The cells
were cultured in a humid incubator at 37°C and 5% CO,,.

2.3. Establishment of a DRG Cell Model. Cultured cells were
exposed to 25, 45, 50, 100, 200, and 400 mmol/L of glucose
following seeding for 24h and 48h. For the cell viability
assays, the concentration of glucose was determined to be
45mmol/L at 48 h. The DRGs were exposed to 45 mmol/L
of glucose and treated with CGRP alone or CGRP+
LY294002 (PI3K/AKT inhibitor, 10 uM). All the above cul-
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tures were incubated at 37°C in a humidified 5% CO,
incubator. The oxidative stress index, which includes a mea-
sure of the reactive oxygen species (ROS), malondialdehyde
(MDA), and superoxide dismutase (SOD) levels, was deter-
mined for the cultured cells.

2.4. Cell Viability Assay. The viability of DRG cells was deter-
mined using the CCK-8 assay (a common method for a cell
viability assay). The CCK-8 kit was purchased from Beyotime
Company (number C0040) and was strictly in accordance
with the manufacturer’s instructions mentioned. Briefly, 4
x 10°> DRG cells were plated in each well of a 96-well plate.
Media (100 L) were added to each well. At 48 h after incuba-
tion, 10 uL of the CCK-8 solution was added to each well and
the plate was incubated for another 2 h. The optical density of
each well was measured at 450 nm using a microplate reader.

2.5. Apoptosis Assay. Flow cytometric analysis was performed
after annexin V-FITC labeling to evaluate cell apoptosis.

The cells pretreated with CGRP for 48 hours were trypsi-
nized and centrifuged at 12,000 g for 3 min at 4°C, followed
by washing with staining buffer, and resuspension in binding
buffer. Cells were stained with annexin V-FITC, followed by
the addition of propidium iodide. Samples were then ana-
lyzed for apoptotic cells using a FACScan instrument.

2.6. Biochemical Assessment. All the SOD (MM-0385R1, pur-
chased from Shanghai Huyu Biotechnology Company) and
MDA (MM-0386R1, purchased from Shanghai Huyu Bio-
technology Company) experimental procedures were strictly
in accordance with the manufacturer’s instructions men-
tioned in the kits. The disrupted cell or tissue lysate was cen-
trifuged at 12,000g for 5min, and the supernatant was
mixed with the detection solution and incubated for
40min at 95°C in a water bath. After cooling, the samples
were centrifuged at 4,000g for 10 min. The optical density
values of each group were measured and recorded at
450 nm with a 1 cm light path.

2.7. Measurement of ROS Production. DRG cells were loaded
with 5umol/L DCFH-DA at 37°C for 30 min. The culture
medium was removed, and the plates were washed three
times with 0.1 mmol/L PBS (pH 7.4, Invitrogen) to remove
the excess DCFH-DA. The fluorescence intensity of the oxi-
dized derivative was analyzed using flow cytometry. The
ROS values of the various treatment groups were calculated
relative to the control cells.

2.8. Western Blotting. Western blotting was used to examine
the expression of AKT, phosphorylated AKT (p-AKT), Nrf2,
and HO-1. Total proteins (20 ug) from each sample were
electrophoresed on a 12% SDS-polyacrylamide gradient gel
and transferred to nitrocellulose membranes (Millipore).
The membrane was blocked with 5% fat-free milk in rinse
buffer for 30 min and incubated for 2h with the following
primary antibodies: AKT antibody (1:1000, Proteintech),
p-AKT antibody (1:1000, Santa Cruz Biotechnology), Nrf-
2 (1:1000 Proteintech), HO-1 (1:500 Proteintech), and
anti-f-catenin (1:1000, Abcam). Next, they were incubated
with an HRP-conjugated secondary antibody (goat anti-
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rabbit IgG 1:5000, Beijing Zhongshan Golden Bridge Bio-
technology Co. Ltd.) and visualized using the enhanced
chemiluminescence (ECL) system (Pierce, Rockford, IL,
USA). B-Actin was used as a reference protein.

2.9. Statistical Analysis. All data are presented as the mean
+ standard error of the mean (SEM). The difference among
groups was analyzed using one-way ANOVA, followed by
two independent sample tests to compare the differences
between the two groups, using the SPSS 22.0 software.
Figures were constructed using GraphPad Prism 5 (Graph-
Pad Software, San Diego, CA). p <0.05 and p <0.01 were
considered to indicate statistically significant differences.

3. Results

3.1. Effect of Glucose Concentration on Cell Viability. The
CCK-8 assay was performed to determine the concentration
range of glucose to be used. A glucose concentration lower
than 200 mmol/L did not affect cell viability in 24h. Next,
we incubated the cells in the same condition and performed
the CCK-8 assay after 48 h of incubation. Cell viability was
reduced up to a glucose concentration of 45 mmol/L. The cell
viability of DRG cells was reduced in a dose-dependent man-
ner with increasing glucose (Figure 1(a)). Thus, we selected
the moderate glucose concentration (45mmol/L) as the
high-glucose (HG) culture condition. This glucose concen-
tration was similar to that used in previous studies [19, 20].
At the indicated glucose concentration, the cell viability of
DRG cells in the HG+CGRP group was significantly
improved compared to the HG group (p < 0.01). When pre-
treated with LY294002, the HG+CGRP+LY294002 group
showed a marked decrease in cell viability compared to the
HG+CGRP group (p < 0.01) (Figure 1(b)).

3.2. The Effect of CGRP on DRG Cells in Apoptosis. The apo-
ptotic cell numbers for each group are shown in Figures 2(a)
and 2(b). It was observed that the apoptosis of DRG cells in a
high-glucose medium was significantly increased as com-
pared to the control group (p < 0.01), and then it decreased
after CGRP treatment (p <0.01). When pretreated with
LY294002, the apoptosis of DRG cells in the HG+CGRP
+LY294002 group was markedly increased compared to that
in the HG+CGRP group (p < 0.01).

3.3. Measurement of ROS, MDA, and SOD Levels in DRG
Cells. The ROS level in the DRG cells of the HG group
was significantly elevated compared to the control group
(p <0.05), which had a reduced ROS level after CGRP
treatment (p <0.01). However, treatment with the inhibi-
tor LY294002 continually increased the ROS level in cells
in comparison to treatment with HG+CGRP (p <0.01)
(Figure 3).

The MDA levels were significantly increased in the DRG
cells of the HG group compared to the control group
(p <0.01). After treatment with CGRP, MDA levels were sig-
nificantly decreased in the HG+CGRP group as compared to
the HG group (p < 0.05). However, treatment with LY294002
led to a further increase in the level of MDA compared to
treatment with HG+CGRP (p < 0.01) (Figure 4(a)).

There was no difference in the SOD levels of DRG cells in
the HG group and the control group. However, the SOD
activity was significantly lower in the HG group than in the
HG+CGRP group (p <0.05). The SOD activity was also
markedly reduced in the HG+CGRP+LY294002 group as
compared to that in the HG+CGRP group (p<0.01)
(Figure 4(b)).

3.4. Effects of CGRP on HO-1 and Nrf2 Protein Expression in
DRG Cells. HO-1 is considered to be a heat-shock protein
that plays an important antioxidative and antiapoptotic role
in diabetes [21-23]. To explore how CGRP decreases apopto-
sis in DRG cells in a high-glucose culture medium, we inves-
tigated whether CGRP induces the expression of HO-1.
Figure 5 shows that the expression of HO-1 in the HG group
was remarkably decreased compared to that of the HG
+CGRP group. Pretreatment with LY294002 led to a mark-
edly decreased expression of HO-1 compared to that of the
HG+CGRP group (Figure 5(a)). Nrf2 is considered to be a
regulator of HO-1 expression [24, 25]. Therefore, we next
investigated the expression of Nrf2 in the different groups.
Nrf2 expression in the HG group was markedly decreased
compared to that in the HG+CGRP group. Nrf2 expression
in the HG+CGRP+LY294002 group was markedly reduced
compared to that in the HG+CGRP group (Figure 5(b)).

3.5. PI3K/AKT Signaling Is Involved in the Induction of HO-1
and Nrf2 Expression by CGRP. Finally, we wanted to eluci-
date the signaling pathway responsible for the induction of
Nrf2 and HO-1 expression by CGRP. A previous study dem-
onstrated that PI3K/AKT plays a crucial role in the induction
of HO-1 and Nrf2 in attenuating C6, cardiomyocyte apopto-
sis, and renal cell damage [24, 26, 27]. Therefore, we investi-
gated whether CGRP activates PI3 kinase and observed no
difference in AKT expression among the three groups.
Western blot analysis confirmed that the expression level
of p-AKT was significantly increased in the HG+CGRP
group as compared to the HG group. The results suggested
that, as compared to the HG+CGRP group, the p-AKT
expression level in the HG+CGRP+LY294002 group was
downregulated by pretreatment with the PI3K/AKT inhibi-
tor LY294002 (Figure 5(c)).

4. Discussion

In our present study, we have evaluated the effects of CGRP
on antioxidation and antiapoptosis in a high-glucose cul-
ture model of DRG cells. Our results revealed that CGRP
attenuated the apoptosis of DRG cells induced by oxidative
stress injury by increasing the expression of HO-1 and Nrf2
through the PI3K/AKT pathway. To our knowledge, this is
one of the first studies to report that CGRP decreases the
ROS level in DRG cells in a HG-induced oxidative stress
model. In recent years, increasing evidence has indicated
that CGRP counters oxidative stress, improves bladder
function, and is involved in the antiapoptotic process
in vitro [4, 18, 28]. It has been reported that the polyol
pathway increases advanced glycation end products (AGEs),
hyperglycemia-induced activation of protein kinase C (PKC),
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Ficure 1: (a) High glucose inhibits DRG cell viability. DRG cell viability decreased in a dose-dependent manner with increasing
concentrations of glucose. Dissociated rat DRG cells were cultured in different concentrations of glucose with 10 ng/mL NGF for 24 h and
48h. The cell viability at 24 h with glucose concentrations of 200 mmol/L and 400 mmol/L was significantly decreased compared to the
control (25 mmol/L). At 48h, we found that the cell viability was significantly reduced at all glucose concentrations compared to the
control. *p <0.05, compared to the control; **p < 0.01, compared to the control. (b) Cell viability of DRG neurons in different groups
after 48 h. Treatment with HG, HG+CGRP, and HG+CGRP+LY294002. **p < 0.01, compared to the control; #p <0.05, compared to the

HG group; “*p < 0.01, compared to the HG+CGRP group.

and hexosamine pathway flux, which are found to participate
in the hyperglycemia-induced overproduction of superoxide
[6]. In a previous study, we confirmed that transcutaneous
electrical nerve stimulation (TENS) improves the diabetic
cystopathy (DCP) via upregulation of CGRP and cAMP.
However, the role of CGRP in the pathogenesis of DCP and
the mechanism of CGRP inhibiting the apoptosis of DRG
cells in high-glucose conditions remain largely unclear.
DRG cells have unique anatomical and structural charac-
teristics that make them easily vulnerable to hyperglycemic
damage [29, 30]. In the first part of our study, we provide
strong evidence for the role of hyperglycemia in the develop-
ment of DRG damage. Our results show that DRG damage
begins when the glucose concentration is 45mmol/L at
48h. Meanwhile, the cell viability of DRG gradually
decreased with increasing concentrations of glucose and cell
culture durations. The high-glucose culture condition was

selected to be 45 mmol/L in accordance with previous studies
[19, 20]. However, the minimum glucose concentration
required for apoptosis may be different due to different
experimental conditions. Evidence suggests that DRG cells
cultured in a medium containing elevated (30 mmol/L) glu-
cose concentrations undergo apoptosis in vitro [31]. The
apoptotic percentage of DRG cells was increased and neurite
growth was decreased in a dose-dependent manner with an
increase in the glucose concentration from 0 to 300 mmol/L
above the control concentrations [31]. These results were
partly consistent with ours.

The concept that oxidative stress plays a key role in nerve
injury in diabetes has now been confirmed [2, 7, 32, 33]. The
levels of antioxidant enzymes are considered to be an impor-
tant index in oxidative stress injury. To explore the state of
oxidative stress, we further measured the levels of ROS,
MDA, and SOD.
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FIGURE 2: (a) After 48 h of treatment with HG, HG+CGRP, and HG+CGRP+LY294002, DRG cells were subjected to oxidative stress injury,
and the relative number of annexin V-positive cells was determined using flow cytometry (b) Apoptosis of DRG neurons after HG,
HG+CGRP, or HG+CGRP+LY294002 treatment for 48h. **p < 0.01, compared to the control; “*p < 0.01, compared to the HG group;

&&p < 0.01, compared to the HG+CGRP group.

Our report indicates that the levels of ROS and MDA in
DRGs in the HG group were significantly increased as com-
pared to the control. The SOD activity was markedly
decreased in the DRGs of the HG group compared to the
control. Russel et al. suggested that, compared to the expo-
sure at 45 mmol/L glucose, ROS production in DRG cells at
150 mmol/L glucose was significantly increased [34]. This
might confirm that the oxidative stress injury of DRG cells
induced by glucose was associated with the glucose concen-
tration. It has been confirmed by previous studies that
glucose-mediated oxidative stress leads to the injury of
DRG cells [35, 36]. The other finding of this study is that
the treatment of DRG cells with CGRP can inhibit the oxida-
tive stress response. CGRP serves as an antioxidative media-
tor that participates in various diseases [18, 28]. This article
showed that the level of ROS and MDA was reversed by
CGRP in the HG+CGRP group compared to that in the
HG group. Meanwhile, the apoptosis of DRG in the HG
+CGRP group was reduced compared to the HG group. This

was consistent with previous studies showing the application
of antioxidants in preventing DRG neuronal death [19, 37].
But a previous study showed that CGRP cooperated with
substance P to inhibit melanogenesis and induce the apopto-
sis of B16F10 cells. The expression of apoptotic protein was
related to the concentration of CGRP [38]. So we speculated
that the action of CGRP is related to its concentration and
exposure time.

Nrf2 is a master regulator of redox homoeostasis and a
key transcription factor mediating a wide array of antioxi-
dant genes, such as HO-1. HO-1, the downstream target of
Nrf2, was measured in our study to investigate antioxidative
function. The dissociation of the Nrf2-Keap 1 complex,
which is regulated via one or more upstream kinases, includ-
ing PKC, PI3K/AKT, and MAPK, has recently been reviewed
[39-41]. PI3K/AKT is considered to be one of the major
pathways upregulating the activity of Nrf2 [42]. In our study,
we discussed the role of Nrf2 and HO-1 expression and the
antiapoptotic and antioxidative functions of the PI3K/AKT
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FIGURE 4: The MDA level (a) and SOD activity (b) in DRG neurons after HG, HG+CGRP, or HG+CGRP+LY294002 treatment for 48 h.
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Ficure 5: CGRP increases the protein expression of HO-1 and Nrf2 in DRG neurons. (a) The expression of HO-1 in DRG neurons with
CGRP and CGRP+LY294002 treatment for 48h and (b) the expression of Nrf2 in DRG neurons in each group determined by western
blotting. (c) Phosphatidylinositol 3-kinase/AKT pathway-dependent Nrf-2 and HO-1 induction by CGRP. The expression level of AKT
and the phosphorylation of AKT in DRG neurons with CGRP treatment for 48 h. *p < 0.05, compared to the HG group; **p < 0.01,
compared to the HG group; ¥p < 0.01, compared to the HG+CGRP group;**p < 0.05, compared to the HG+CGRP group.

pathway in DRG cells induced by HG. We found that CGRP
activated PI3K/AKT and increased the expression of Nrf2
and HO-1, thereby altering the activity of antioxidant
enzymes, and finally, attenuating the apoptosis of DRG cells.
This result indicated that the PI3K/AKT pathway partially
regulates Nrf-2 expression, which is in accordance with a
prior finding in H9¢2 cardiomyocytes [43]. A similar mecha-

nism was proposed in a study that reported the activation of
the PI3K/AKT pathway by atorvastatin via AKT phosphory-
lation at position Ser473, which then mediated Nrf-2 activa-
tion [25]. Our study suggested that DRGs treated with high
glucose show a marked increase in oxidative stress, as shown
by excessive ROS and MDA production. However, cotreat-
ment with CGRP significantly attenuated oxidative damage



induced by high glucose, as reflected in the augmentation of
SOD activity and the accompanying decrease in MDA and
ROS levels.

5. Conclusions

Collectively, this study is the first to demonstrate that CGRP
modulates oxidative stress injury in the high-glucose-
induced DRG cell model via the activation of the PI3K/AKT
pathway and increases the expression of Nrf2 and HO-1.
CGRP may be useful as an adjuvant therapy for diabetic neu-
ropathy in the future, owing to its antioxidative and antia-
poptotic roles.
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The Mediterranean plant Silybum marianum L., commonly known as milk thistle, has been used for centuries to treat liver
disorders. The flavonolignan silibinin represents a natural antioxidant and the main bioactive ingredient of silymarin (silybin), a
standard extract of its seeds. Mitochondrial dysfunction and the associated generation of reactive oxygen/nitrogen species
(ROS/RNS) are involved in the development of chronic liver and age-related neurodegenerative diseases. Silibinin A (SIL A) is
one of two diastereomers found in silymarin and was used to evaluate the effects of silymarin on mitochondrial parameters
including mitochondrial membrane potential and ATP production with and without sodium nitroprusside- (SNP-) induced
nitrosative stress, oxidative phosphorylation, and citrate synthase activity in HepG2 and PCI12 cells. Both cell lines were
influenced by SIL A, but at different concentrations. SIL A significantly weakened nitrosative stress in both cell lines. Low
concentrations not only maintained protective properties but also increased basal mitochondrial membrane potential (MMP)
and adenosine triphosphate (ATP) levels. However, these effects could not be associated with oxidative phosphorylation. On the
other side, high concentrations of SIL A significantly decreased MMP and ATP levels. Although SIL A did not provide a general
improvement of the mitochondrial function, our findings show that SIL A protects against SNP-induced nitrosative stress at the

level of mitochondria making it potentially beneficial against neurological disorders.

1. Introduction

The Mediterranean plant Silybum marianum L. (Gaertn.;
(Compositae)), commonly known as milk thistle, has been
used for centuries to treat disorders of the liver. The flavono-
lignan silibinin (Figure 1) represents the main bioactive
ingredient of silymarin (silybin), a standard extract of its
seeds [1]. Silibinin A (SIL A), which was used in this study,
is one of two diastereomers found in silybin [2]. Mitochon-
drial dysfunction and the associated generation of reactive
oxygen species (ROS) are involved in the development of
chronic liver diseases, including nonalcoholic fatty, alcohol-
associated, and drug-associated liver diseases, as well as
hepatitis B and C [3, 4]. Silybin reduced respiration and
adenosine triphosphate (ATP) production but increased
mitochondrial size and improved mitochondrial cristae orga-
nization in cellular models of steatosis and steatohepatitis [5].

In rats with secondary biliary cirrhosis, silybin was found to
exert antioxidant effects and induces mitochondrial biogene-
sis [6]. Furthermore, SIL A was shown to decrease lipotoxi-
city by attenuating oxidative stress and NF«B activation in
nonalcoholic steatohepatitis (NASH) [7, 8].

Functioning as a scavenger for ROS, SIL A is able to
reduce lipid peroxidation, resulting in improved protection
against apoptosis [2]. It was also proposed that SIL A shows
an effect on the permeability of mitochondrial membranes
in liver cells, affecting the integration of cholesterol into the
lipid bilayer [2]. Furthermore, it has also been shown that
SIL A can regulate the Ca" influx into mitochondria [9].
HepG2 cells are widely used to study the mechanisms of drug
actions, and it has already been reported that SIL A reduced
oxidative stress in HepG2 cells [10].

Beside hepatic diseases, mitochondrial dysfunction is also
involved in the development of noncommunicable diseases
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FiGUurg 1: Chemical structure of SIL A (C,sH,,0,,) ((2R,3R)-
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drochromen-4-one).

of the brain, including Alzheimer’s disease (AD) and Parkin-
son’s disease (PD), as well as amyotrophic lateral sclerosis
[11-13]. SIL A prevents dopaminergic neuronal loss in cellu-
lar and animal models of PD, and it was suggested that its
neuroprotective effect might be mediated by the stabilization
of the mitochondrial membrane potential (MMP) [14]. In
PC12 cells, silybin and SIL A were found to attenuate
oxidative and nitrosative stress [15, 16]. Another study dem-
onstrated the effects of neuroprotective hybrid compounds
consisting of SIL A conjugated with phenolic acids on PC12
cell differentiation [17].

PC12 cells originate from the pheochromocytoma of the
rat adrenal medulla and are widely established as a neuronal
model [18, 19] in differentiated [20, 21] or undifferentiated
[22, 23] form.

Recently, it has been reported that SIL A-induced ROS
generation protects PC12 cells from sodium nitroprusside-
(SNP-) induced nitrosative stress [15]. Nitrosative stress in
the form of nitric oxide radicals plays a role in the aging pro-
cess and in neurodegenerative diseases by contributing to
inflammation, neuronal loss, and oxidative stress [24, 25].
SNP is a source widely used to introduce nitrosative stress
into cellular models [15, 26].

An improvement of mitochondrial energy metabolism
might be a mechanism contributing to the hepatic or neu-
roprotective action of SIL A, a hypothesis that has not yet
been studied in detail. Thus, in this work, we evaluated the
effects of SIL A on oxidative phosphorylation, MMP, ATP
levels, and citrate synthase activity in PCI12 cells and
HepG2 cells, both subjected to and without SNP-induced
nitrosative stress.

2. Material and Methods

2.1. Chemicals. All chemicals used for this research were of
the highest purity available and were purchased from either
Sigma Aldrich, Merck, or VWR. Silibinin A (SIL A) (purity
97%) was ordered from LKT Laboratories. SIL A was
solubilized in DMSO, and thus, DMSO (0.1%) was used as
a control for all experiments. DMSO had no effect on any
of the parameters measured (data not shown). Aqueous solu-
tions were prepared with type-1 ultrapure water.

2.2. Cell Lines. Cells used for all experiments were undifferen-
tiated PC12 [27] and HepG2 cells [28], as previously pub-
lished [29, 30].
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PC12 cells were cultivated in 250 mL Greiner flasks with
Dulbecco’s modified Eagle medium (DMEM) (Gibco,
Thermo Scientific) supplemented with 10% (v/v) fetal bovine
serum (FBS), 5% horse serum (HS), and 1% antibiotics
(penicillin, streptomycin, and G418). Twice a week, cells
were split to maintain cell health and to prevent
overgrowth.

HepG2 cells were cultivated in 250 mL Greiner flasks
with Dulbecco’s modified Eagle medium (DMEM) (Gibco,
Thermo Scientific) supplemented with 10% (v/v) FBS,
5U/mL penicillin, and 50 yg/mL streptomycin. Twice a
week, cells were split to maintain cell health and to prevent
overgrowth.

For experiments, cells were harvested from Greiner
flasks, counted using a Neubauer chamber, and diluted to
yield a cell suspension of 10° cells/mL. Cells were then trans-
ferred into 24-well (MMP, 2 x10° cells/well) or 96-well
plates (ATP, 10° cells/well for HepG2 and 2 x 10° cells/well
for PC12 cells). Cells were allowed to attach for 48h in
reduced DMEM (2% FBS, 1% HS) before being exposed to
SIL A in various concentrations. To assess the effect of SIL
A on nitrosative stress, cells were incubated with 0.5mM
(PC12 cells) or 5mM (HepG2) SNP 1 hour after SIL A expo-
sure. After 24 h, cells were harvested.

2.3. Measurement of Mitochondrial Membrane Potential
(MMP). MMP was measured using the fluorescence dye
rhodamine-123 (R123). Cells of either cell line were incu-
bated at 37°C and 5% CO, for 15 min with 0.4 uM R123. Cells
were centrifuged at 750 x g for 5min before being washed
with Hank’s Balanced Salt Solution (HBSS) buffer (supple-
mented with Mg®*, Ca**, and HEPES; pH 7.4; 37°C). Cells
were suspended in fresh HBSS buffer before being assessed
by the measurement of R123 fluorescence. The excitation
wavelength was set to 490 nm and the emission wavelength
to 535 nm (Victor X3 2030 multilabel counter, Perkin Elmer).
The fluorescence was measured four times and normalized to
the cell count or displayed relative to the control groups.

2.4. Measurement of ATP Concentrations. To assess the ATP
concentrations, a bioluminescence kit ViaLight (Lonza),
which is based on the production of light via the reaction of
ATP with luciferin, was used. The 96-well plate was removed
from the incubator and allowed to cool to room temperature
for 10 min. Following incubation with lysis buffer for 10 min,
cells were incubated for an additional 5 min with the moni-
toring reagent. The emitted light was assessed with a lumin-
ometer (Victor X3 2030 multilabel counter, Perkin Elmer).
Since the emitted light is linearly related to the production
of ATP, the concentration could be determined by a standard
curve. The results were adjusted to the cell count or displayed
relative to the control group.

2.5. High-Resolution Respirometry. The respiration of mito-
chondria was measured using an Oxygraph-2k respirometer
(Oroboros) as described earlier [19]. For data evaluation,
the software DatLab v. 4.3.2.7 was used. The protocol used
to assess mitochondrial respiration was created by Gnaiger
[31] and includes the addition of several substrates,
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inhibitors, and uncouplers to a suspension of cells. Respira-
tion is displayed in different stages of the experiment—(1)
endogen: the endogenous respiration of cells; (2) Dig: the
addition of 8 uM digitonin to disrupt cell membranes and
remove naive substrates; (3) Cl): respiration after the
addition of 10 mM glutamate and 2 mM malate to compen-
sate for proton leaks through the membrane; (4) CIp):
coupled complex I respiration after the addition of 2mM
ADP; (5) CI&CI]): maximal coupled CI and CII respiration
after the addition of 10mM succinate; (6) CI&CII;,: leak
respiration of CI and CII after the addition of 2ug/mL
oligomycin; (7) CI&CIIy): maximal uncoupled CI and CII
activity to compensate for increased proton transport into
the matrix after the stepwise addition of carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) up to a total
concentration of 0.5uM; (8) CIIy): uncoupled respiration
using only CII substrates after CI inhibition via the addition
of 0.5uM rotenone; (9) CIV g): maximal uncoupled respi-
ration of CIV after the addition of 2.5uM antimycin A,
which inhibits complex III, as well as the addition of the
electron-donator 0.5mM N,N,N',N'-tetramethyl-p-pheny-
lenediamine dihydrochloride (TMPD) and 2mM of the
TMPD-regenerating agent ascorbate. The residual oxygen
consumption of enzymes not part of the oxidative phos-
phorylation was measured after the addition of antimycin
A and then subtracted from all stages of the experiment.
The addition of 12mM NaNj at the end of the experiment
revealed the oxygen consumption due to the autoxidation
of TMPD. This, as well as the residual oxygen consump-
tion, was subtracted from CIV g,

2.6. Citrate Synthase Activity. Cell samples from the respi-
rometry measurements were frozen and stored at —80°C for
the assessment of the citrate synthase activity. The samples
were allowed to thaw while a reaction medium (0.1 mM
5,5' -dithio-bis-(2-nitrobenzoic acid) (DTNB), 0.5 mM oxa-
loacetate, 50 uM EDTA, 0.31 mM acetyl coenzyme A, 5mM
triethanolamine hydrochloride, and 0.1 M Tris-HCl) was
mixed and heated to 30°C for 5min. Afterwards, a volume
of 200 uL of cells was added to the reaction medium, and
the citrate synthase activity was determined spectrophoto-
metrically at 412nm. For statistical analysis, each sample
was measured in triplicate.

2.7. Pyruvate and Lactate Contents. Frozen cells, which were
previously harvested from 250 mL Greiner flasks after 4 days
of growth and 1 day of incubation with 50 uM SIL A or con-
trol, were thawed to room temperature. Pyruvate and lactate
concentrations were assessed using a pyruvate assay kit
(MAKO71, Sigma Aldrich) and a lactate assay kit (MAKO064,
Sigma Aldrich) according to the manufacturer’s instructions.
Absorbance was measured using a CLARIOstar plate reader
(BMG Labtech).

2.8. Protein Content. Frozen cells were thawed, and protein
contents were determined using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Absorbance was measured
using a CLARIOstar plate reader (BMG Labtech).

2.9. Statistics. Unless stated otherwise, data are presented as
the means + SEM. Statistical analysis was performed with
either Student’s t-test or one-way ANOVA followed by
Tukey’s post hoc test performed using GraphPad Prism
version 8.0.1 for Windows (GraphPad Software).

3. Results

3.1. Comparison between Hepatic Cells and Neuronal Cells.
Our data showed that mitochondrial parameters measured
in hepatic HepG2 and in undifferentiated PC12 cells signifi-
cantly differ from each other. The mitochondrial membrane
potential (MMP) represents a driving force for complex V
of the mitochondrial respiration chain (F,/F,-ATPase, CV)
that produces ATP [32]. Thus, lower ATP levels in HepG2
cells (Figure 2(a)) may be explained by a reduced MMP in
this cell line (Figure 2(b)). The complexes CII and CI&CII
of the mitochondrial respiration chain in the coupled state
were virtually identical in both cell lines (Figure 2(c)). How-
ever, HepG2 cells showed significantly increased activities of
complexes CIV, CII, and CI&CII if uncoupled from the
MMP using FCCP. This might be due to the significantly
higher mitochondrial mass of HepG2 cells, as indicated by
the increased citrate synthase activity (Figure 2(d)). Citrate
synthase (CS) is an enzyme of the Krebs cycle that is located
in the mitochondrial matrix. It represents a robust mitochon-
drial mass marker [33].

3.2. Silibinin’s Effect on Adenosine Triphosphate Levels. Incu-
bation of HepG2 cells with 25 yM and 50 yuM SIL A for 24
hours showed a significant improvement on the basal ATP
level (Figure 3(a)) (p < 0.0001). Incubation with 150 uM did
not show an effect on ATP levels, and 500 uM significantly
reduced ATP levels, indicating a toxic effect (p <0.0001).
To induce nitrosative stress, cells were incubated with
5mM SNP 1 hour after incubation with SIL A. A concentra-
tion of 150 uM SIL A protected HepG2 cells from the SNP-
induced drop in ATP levels (Figure 3(b)) (p < 0.0001). Lower
concentrations, although beneficial to the basal ATP level,
had no protective effect.

In PC12 cells, SIL A seemed to have little to no effect on
basal ATP levels. Incubation of PC12 cells with 25 yM and
100 uM SIL A for 24h showed no difference in ATP levels.
However, cells treated with 50 uM SIL A showed a signifi-
cant increase in ATP (p=0.0411). Compared to HepG2
cells, PC12 cells seemed to be more vulnerable to SIL A,
since incubation with 150 uM SIL A significantly reduced
basal ATP levels (p <0.0298). PC12 cells were also more
vulnerable to nitrosative stress. When cells were incubated
with 0.5mM SNP, this significantly reduced ATP levels to
around 20% (Figure 4(b)), similar to the result observed
for 5mM SNP in HepG2 cells. Incubation of cells with
25uM, 50uM (p=0.0003), 100uM (p<0.0001), and
150 uM (p < 0.0001) SIL A 1 hour prior to SNP showed a
concentration-dependent, protective effect in PC12 cells
after 24 h (Figure 4(b)).

3.3. Mitochondrial Membrane Potential. Except for the
concentration of 25uM SIL A (p=0.0042), basal MMP
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FiGURrk 2: Comparison of mitochondrial function between untreated PC12 and untreated HepG2 cells. (a) Adenosine triphosphate (ATP)
level of 10* cells of both cell lines. (b) Mitochondrial membrane potential (MMP) level of 2 x 10* cells of both cell lines. (c) Respiration of
10° cells of both cell lines. Activity of the oxidative phosphorylation (OXPHOS) complexes was assessed via the addition of several
substrates, inhibitors, or uncouplers. Which substance was added in which stage of the experiment is indicated by the placement of “+.”
Dig=the addition of digitonin; CI,=leak respiration of complex I; CI ) =coupled respiration using only complex I substrates;
CI&CII p, = physiological respiration; CI&CII;,=leak respiration of complexes I and II; CI&CII gy =uncoupled respiration using
maximum CI&CII activity; CII g, = uncoupled respiration using complex II substrates only; CIV g, = uncoupled respiration using only CIV
after complex III inhibition and CIV activation using an electron donor. (d) Citrate synthase activity of 10° cells. The procedure for all
experiments was the same as that employed for experiments treating cells with SIL A or DMSO, but instead of an effector, the cell
medium was used. Data are displayed as the means+SEM. N =7-18. Statistical significance was tested via Student’s t-test

(****p <0.0001, ***p < 0.001, **p <0.01, and *p < 0.5).

Incubation of PCI12 cells with 25uM, 50uM, or
150uM SIL A had no effect on the basal MMP. How-
ever, as can be seen in Figure 4(d), SIL A significantly
reduced the damage caused by SNP-induced nitrosative
stress (25uM p <0.0487, 50uM p<0.0021, and 150 uM
p <0.0057).

levels of HepG2 cells were unaffected by SIL A treatment
(Figure 3(c)). Nitrosative stress was induced by incuba-
tion with 5mM SNP 1 hour after incubation with SIL
A. If cells were treated with 150 uM SIL A, the effect of
SNP-induced stress could be significantly attenuated
(p<0.0018) (Figure 3(d)).
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FI1GURE 3: Effects of silibinin A (SIL A) on mitochondrial function in HepG2. (a) ATP level (% of medium control). Cells were incubated with
SIL A (S) at different concentrations (25-150 M) for 24 h and measured against control cells treated with DMSO (data not shown). DMSO
results showed no significant difference compared to the medium control. (b) ATP level (% of medium control) of cells injured via the
addition of 5mM SNP 1 hour after the initial incubation with test substances. Cells were incubated for a total of 24 h. (c) MMP level (% of
medium control). Cells were incubated with 50 or 150 uM SIL A for 24 h and measured against control cells treated with DMSO (data not
shown). DMSO results showed no significant difference compared to the medium control. (d) MMP level (% of medium control) of cells
injured via the addition of 5mM SNP 1 hour after the initial incubation with test substances. Cells were incubated for a total of 24 h. (e)
Respiration of HepG2 cells after 24 hours of incubation with the test substance or control. Measured data indicate the oxygen
consumption of cells in an Oxygraph-2k (Oroboros). Cells were incubated with 25uM SIL A (S) and compared against control cells
treated with DMSO (co). Activity of OXPHOS complexes was assessed via the addition of several substrates, inhibitors, or uncouplers.
Which substance was added in which stage of the experiment is indicated by the placement of “+.” Dig=the addition of digitonin;
Cly, =leak respiration of complex I; CIpy=coupled respiration using only complex I substrates; CI&CIIp, = physiological respiration;
CI&CII; ) =leak respiration of complexes I and II; CI&CII,j;) = uncoupled respiration using maximum CI&CII activity; CII ) = uncoupled
respiration using complex II substrates only; CIV g =uncoupled respiration using only CIV after complex III inhibition and CIV
activation using an electron donor. (f) Citrate synthases activity.Data are displayed as the means + SEM. N =7 - 18. Statistical significance
was tested via one-way ANOVA and Tukey’s post hoc test in (b). In (a, c-f), statistical significance was tested via Student’s t-test of the
treatment group versus the DMSO control (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.5).

3.4. Respiration. Incubation of HepG2 cells with 25uM SIL  3.5. Citrate Synthase Activity. Incubation with SIL A had no
A for 24 hours significantly enhanced the respiration of  effect on HepG2 cells (Figure 3(f)) nor on PCI12 cells
complexes CI&CII (in the uncoupled state) (p=0.0093) (Figure 4(f)).

and CIV (in the uncoupled state) (p < 0.0045) of the mito-

chondrial respiration chain (Figure 3(e)). In PCI12 cells,

SIL A had no effect on the oxygen consumption of the  3.6. Effect of Silibinin on Glycolysis. Besides mitochondrial
complexes in the oxidative phosphorylation system  respiration, cells also produce ATP by glycolysis. Enhanced
(Figure 4(e)). glycolysis might explain the enhanced ATP levels in PC12
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F1GURE 4: Effects of silibinin A (SIL A) on mitochondrial function in PC12 cells. (a) ATP level (% of medium control). Cells were incubated
with SIL A (S) at different concentrations (25-150 M) for 24 h and measured against control cells treated with DMSO (data not shown).
DMSO results showed no significant difference compared to the medium control. (b) ATP level (% of medium control) of cells injured via
the addition of 0.5 mM SNP 1 hour after the initial incubation with test substances. Cells were incubated for a total of 24 h. (¢) MMP level
(% of medium control). Cells were incubated with 25 or 150 yuM SIL A for 24h and measured against control cells treated with DMSO
(data not shown). DMSO results showed no significant difference compared to the medium control. (d) MMP level (% of medium
control) of cells injured via the addition of 0.5mM SNP 1 hour after the initial incubation with test substances. Cells were incubated for a
total of 24 h. (e) Respiration of PC12 cells after 24 hours of incubation with the test substance or control. Measured data show the oxygen
consumption of cells in an Oxygraph-2k (Oroboros). Cells were incubated with 50 uM SIL A (S) and compared with control cells treated
with DMSO (co). The activity of OXPHOS complexes was assessed via the addition of several substrates, inhibitors, or uncouplers. Which
substance was added in which stage of the experiment is indicated by the placement of “+.” Dig=the addition of digitonin; CI;,=leak
respiration of complex I; CIp)=coupled respiration using only complex I substrates; CI&CIIp, = physiological respiration;
CI&ClII ;= leak respiration of complexes I and II; CI&CII g = uncoupled respiration using maximum CI&CII activity; CII g, = uncoupled
respiration using complex II substrates only; CIV ) =uncoupled respiration using only CIV after complex III inhibition and CIV
activation using an electron donor. (f) Citrate synthases activity. Data are displayed as the means + SEM. N = 6 - 12. Statistical significance
was tested via one-way ANOVA and Tukey’s post hoc test in (b). In (a, c-f), statistical significance was tested via Student’s ¢-test of the
treatment group versus the DMSO control (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p <0.5).

cells after SIL A incubation, although respiration was not 4. Discussion
changed (Figures 4(a) and 4(e)).

As seen in Table 1, neither pyruvate nor lactate levels  In hepatic HepG2 cells, SIL A enhanced the activity of respi-
were significantly affected by SIL A treatment in PC12 cells.  ratory complexes and subsequently may be responsible for an
However, in HepG2 cells, SIL A significantly reduced lactate ~ increase in the production of ATP. In PC12 cells, SIL A had
concentrations (p = 0.0007) and a reducing trend of pyruvate ~ no effect on respiration. However, treatment with SIL A
levels was also shown. The ratio of pyruvate/lactate was not  tended to decrease the respiration of CI&CII ) and CIV g,
affected in either cell line. activity, whereas CI&CIIp, activity was virtually identical in
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TaBLE 1: Pyruvate and lactate concentrations adjusted to the protein content of samples of either PC12 or HepG2 cells. Data are displayed as

the means + SEM. N = 9. Significance was tested via Student’s ¢-test.

Pyruvate/protein content (¢mol/mg)

Lactate/protein content (¢mol/mg)

Pyruvate/lactate ratio

PC12
Control 0.4962 £ 0.05464 5.314 + 0.8064 11.33 £0.6850
SIL A 50 uM 0.4883 +0.02037 5.056 +0.4885 10.91 + 1.004
Significance p=0.8942 p=0.7888 p=0.7420
HepG2
Control 0.5124 £ 0.04212 5.388+0.1372 10.34 £0.7984
SIL A 50 uM 0.4487 £0.05332 4.515+£0.1336 10.92 £1.083
Significance p=0.3677 “**p=0.0007 p=0.6728
TaBLE 2: Summary of the effects of silibinin on mitochondrial parameters in HepG2 and PCI12 cells.

Respiration Basal MMP/+SNP Basal ATP/+SNP Citrate synthase activity Glycolysis
HepG2 1 " i = 1
PC12 o </17 m”m? o o

T indicates an increase, | indicates a reduction, and < indicates no change. SNP = sodium nitroprusside.

both groups. These findings suggest that SIL A did not affect
the activity of both complexes. In HepG2 cells, on the other
hand, we found a significant increase in CI&CIly, and
CIV , activities. It has to be noted, however, that the uncou-
pling of the respiration chain from the MMP, indicating the
maximum possible oxygen consumption, is an artificial state,
which does not occur under normal cell conditions [34]. In
an abundance of intramitochondrial ADP, CI&CIIp,
coupled respiration better reflects physiological respiration.
This state, however, was unaffected by SIL A in both cell
lines. Additionally, our results for citrate synthase activity
as a marker for mitochondrial content [33, 35] showed that
the increased ATP concentrations cannot be linked to
increased mitochondrial mass.

Although there was no significance or trend for increased
oxidative phosphorylation (OXPHOS) activity, we also did
not find any indication of an impaired respiratory system.
Since there have been multiple studies [36-38] showing an
increased production of ROS following SIL A treatment
and an impairment of respiration at high concentrations of
ROS [25], our data showed that SIL A did not affect mito-
chondrial respiration in low concentrations. SIL A also had
no influence on pyruvate or lactate concentrations, indicat-
ing that the glycolytic pathway was not affected by SIL A
treatment. This is in agreement with the lack of inhibition
of respiration in PC12 cells, as there is no compensatory acti-
vation of the glycolytic pathway, as found by Liemburg-
Apers et al. in myoblasts with restricted respiration [39]. In
HepG2 cells, we found a significant reduction in lactate
levels, although pyruvate remained unchanged. This may
indicate a compensatory downregulation of glycolysis
induced by increased ATP levels. Our data showed that
increased cellular ATP concentrations were not linked to
the respiratory system. Although the underlying mechanisms
are not yet identified, SIL A may affect different cellular pro-

cesses linked to ATP use, as it may be mainly produced by the
mitochondria, though used throughout the cell for a host of
different bioenergetic processes.

As citrate synthase activity was not affected by SIL A
treatment, mitochondrial biogenesis in PC12 and HepG2
cells might also not be altered by SIL A.

Table 2 shows that SNP-induced nitrosative stress caused
severe damage to the mitochondria of hepatic and neuronal
cells and significantly reduced MMP. Since it has been shown
that higher concentrations of RNS can inhibit not only com-
plex IV of the respiratory chain but also complexes I and III
[26, 40], these results were expected. Further, these changes
led to a decreased production of ATP at complex V. We used
hepatic HepG2 cells due to their low expression of Cyp450
enzymes and thus their low metabolism of xenobiotics [41]
to gain better insight into the effect of SIL A on the cells.
However, in order to achieve similar damage, SNP concen-
trations differed tenfold between the two cell lines. Since
the liver is characterized by a complex system eliminating
ROS/RNS [42] and has increased resistance to toxins [43],
it is difficult to compare both cell lines due to their metabolic
differences. This is also reflected in the differences in mito-
chondrial parameters between the two cell lines shown in
Figure 2. For example, we found a significant difference in
mitochondrial mass, which was expected since hepatic mito-
chondria play an important role in the beta oxidation of
lipids. As reported by Liu et al., we also found a strong pro-
tective effect of SIL A against nitrosative stress on both cell
lines [15].

In PC12 cells, the attenuation of nitrosative stress already
tended to appear at low concentrations of 25 uM, while in
hepatic cells, no effect could be found below 150 #M. These
significant effects could be explained by findings that silibinin
is a potent scavenger for a host of free radicals in situ [44].
Furthermore, SIL A has been found to increase superoxide



dismutases (SOD) and glutathione peroxidase (GPx) activity
in human erythrocytes [45]. Liu et al. found that treatment
with SIL A generated increased levels of ROS, activating anti-
apoptotic pathways and therefore protecting against SNP-
induced damages [15]. Since ROS also plays a key role in
the balance of free radicals and scavengers, potentially
increasing oxidative stress, concentrations that are too high
lead to toxic effects. Our data are in support of this assump-
tion, as we observed toxic effects on basal ATP levels at a con-
centration of 150 uM in PC12 cells and a concentration of
500 uM in HepG2 cells. This agrees with the results of
Matsuo et al., who also found toxic levels of ROS due to the
application of high flavonoid concentrations in human cells
[46, 47]. It should be noted, however, that although 500 uM
SIL A had a toxic effect on basal ATP, the protective effects
against SNP-induced damage still increased compared to
150 uM SIL A.

Lower concentrations of 25 uM and 50 uM SIL A attenu-
ated nitrosative damages as well as increased basal levels of
ATP. These concentrations are similar to the unconjugated
SIL A concentrations found in the plasma of rats (18 uM)
after the oral administration of 500 mg/kg SIL A [48]. In
humans, however, SIL A is best administered as silibinin-
phosphatidylcholine complex, resulting in a mean plasma
concentration of 75 #M in human cancer patients [49].

In conclusion, we report that effective concentrations of
SIL A attenuated nitrosative stress in both PC12 and HepG2
cells. Furthermore, low concentrations of SIL A improved
basal MMP and ATP levels in HepG2 cells, though less so
in PC12 cells. SIL A enhanced uncoupled mitochondrial res-
piration in HepG2 cells but did not affect the mitochondrial
content of either cell line. Based on our findings that SIL A
protects against SNP-induced nitrosative stress at the level
of mitochondria, we conclude that SIL A might be beneficial
against neurological disorders although it did not provide a
general improvement of the mitochondrial function.

Data Availability

The dataset generated during this study is available from the
corresponding author upon reasonable request.
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Patients with spinal cord injury (SCI) face devastating health, social, and financial consequences, as well as their families and
caregivers. Reducing the levels of reactive oxygen species (ROS) and oxidative stress are essential strategies for SCI treatment.
Some compounds from traditional medicine could be useful to decrease ROS generated after SCI. This review is aimed at
highlighting the importance of some natural compounds with antioxidant capacity used in traditional medicine to treat
traumatic SCI. An electronic search of published articles describing animal models of SCI treated with natural compounds from
traditional medicine was conducted using the following terms: Spinal Cord Injuries (MeSH terms) AND Models, Animal
(MeSH terms) AND [Reactive Oxygen Species (MeSH terms) AND/OR Oxidative Stress (MeSH term)] AND Medicine,
Traditional (MeSH terms). Articles reported from 2010 to 2018 were included. The results were further screened by title and
abstract for studies performed in rats, mice, and nonhuman primates. The effects of these natural compounds are discussed,
including their antioxidant, anti-inflammatory, and antiapoptotic properties. Moreover, the antioxidant properties of natural
compounds were emphasized since oxidative stress has a fundamental role in the generation and progression of several
pathologies of the nervous system. The use of these compounds diminishes toxic effects due to their high antioxidant capacity.
These compounds have been tested in animal models with promising results; however, no clinical studies have been conducted
in humans. Further research of these natural compounds is crucial to a better understanding of their effects in patients with SCI.

1. Introduction

Spinal cord injury (SCI) is a life-disrupting condition associ-
ated with high mortality and long-term morbidity, which
may provoke severe consequences to patients, such as paraple-
gia or quadriplegia, and frequently continues as a terminal
condition. According to the National SCI Statistical Center,

an annual incidence of 17,500 new SCI cases is estimated. Since
it is a frequent and severe motor injury, it becomes a potential
economic, social, and family burden. In 2017, between 245,000
and 353,000 patients with SCI were alive in the United States,
with an estimated lifetime cost of $1.6-$4.8M per patient [1].

Among the leading causes of SCI are traffic and sports
accidents, as well as falls and violence. Traumatic SCI
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occurrence shows a peak between the ages of 15 and 29 years
and another peak over the age of 65 years, with an incidence
rate of 3-4 times higher in males [2, 3]. Depending on the
severity of the lesion, patients show neurological deficits,
which can range from loss of sensation to death, including
paralysis, impaired bowel, bladder, and sexual function, as
well as autonomic dysfunction [4-7].

Natural antioxidants are used as an alternative treat-
ment for some neuropathologies, including SCI. This
review is aimed at providing an overview of various natural
compounds that produce beneficial effects for the treatment
of SCI in animal models. Furthermore, the differences
between animal responses to these various compounds are
addressed to establish a better understanding of the cellular
and molecular mechanisms occurring in the spinal cord fol-
lowing injury.

2. Pathophysiology of SCI

SCI can be divided into primary, secondary, and chronic
phases [8, 9]. The first phase is the result of the physical
forces involved in the initial traumatic event, which com-
monly are the most critical elements of injury severity. These
forces include compression, shearing, laceration, and acute
stretch/distraction [10]. After the initial injury, a cascade of
subsequent events is initiated. In this second phase, the injury
expands and neurological deficits and outcomes are exacer-
bated [11, 12]. Secondary SCI is a delayed and progressive
injury following the first damage. Finally, a chronic phase,
begins days to years after the injury, leading to neurological
impairments in both orthograde and retrograde directions,
including some brain regions [13, 14].

During the secondary cascade, some vascular changes are
observed [15]. Furthermore, neutrophils and macrophages
release superoxide anion and hydrogen peroxide as a means
to sterilize the injury site. Infiltrating activated hematogenous
phagocytic cells and tissue macrophages generate massive
quantities of superoxide anion by nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase as its primary
source [16].

In addition, phagocytic inflammatory cells release reac-
tive oxygen species (ROS). Free radicals react with polyunsat-
urated fatty acids leading to peroxidation and disruption of
the typical phospholipid architecture of cellular and subcellu-
lar organelle membranes. Moreover, lipid peroxidation gen-
erates aldehyde products that impair the function of key
metabolic enzymes, such as Na*/K"-ATPase [17].

SCl is generally characterized by an increase in cytokines,
such as TNF-a, IL-18, and IL-6 that lead to upregulation of
inflammatory and apoptotic agents, including NF-xB, AP-1,
JNK, p38 MAPK, and PGE2 [3].

After SCI, an upregulated liberation of excitatory amino
acids, such as glutamate and aspartate, is observed due to
the release from disrupted cells [18-20].

Finally, in the chronic phase, the glial scar, which is inte-
grated by reactive astrocytes, microglia/macrophages, and
extracellular matrix molecules—chondroitin sulfate proteo-
glycans in particular—prevents axon growth through it by
acting as a physical barrier [21-25].
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Consequently, it becomes necessary to develop reliable
strategies and treatments for SCI patients. An essential strat-
egy for SCI treatment is the reduction of ROS levels, which
could be carried out using antioxidants or compounds that
regulate ROS or modify their signaling pathways [26, 27].

3. ROS Production and Spinal Cord Injury

3.1. Oxidative and Nitrosative Stress. The homeostasis of
redox mechanisms in the spinal cord is maintained in
balance. However, under adverse conditions such as neu-
rodegenerative diseases or traumas, this balance is
altered. The group of biochemical and molecular reac-
tions following SCI is called secondary damage. The most
extensively studied and accepted mechanism of secondary
damage is the injury produced by oxidative and nitrosa-
tive stress [28].

The essential molecule within oxidative stress is the
superoxide (O,") radical, which is produced by the reduc-
tion of an electron in an O, molecule. This radical has
ambivalent functions: it can act as an oxidizing or reduc-
ing agent. Despite being considered a modestly reactive
free radical, it can react with other molecules to generate
more reactive free radicals (Figure 1(a)). For example,
the nitric oxide (NO) radicals produce peroxynitrite
(ONOQO), which has a higher oxidation potencial. Consec-
utively, the ONOO™ radical can be protonated to form
peroxynitrous acid (ONOOH), which in turn can be
decomposed into two highly reactive molecules, nitrogen
oxide and hydroxyl radical (NO, and ‘OH). Furthermore,
the ONOO" radical interacts with carbon dioxide (CO,) as
well, to produce nitrosoperoxycarbonate (ONOOCO,),
which decomposes into nitrogen oxide and carbonate
('CO,) radical (Figure 1(b)) [29].

Moreover, O, can be dismuted by the superoxide dis-
mutase (SOD) enzyme to form hydrogen peroxide (H,0,)
in the presence of Fe**, which is later oxidized to Fe’*, OH
and OH" (Fenton reaction). Fe>* is released from its trans-
porter and storage proteins (transferrin and ferritin, respec-
tively) by pH acidification due to the traumatic impact
(Figure 1(a)). Additionally, Fe is also released by the hemo-
globin resulting from trauma [30].

3.2. Lipid Peroxidation. Lipid peroxidation (LP) is the oxida-
tive degradation of unsaturated fatty acids, such as arachi-
donic acid, linoleic acid, eicosapentaenoic acid, and
docosahexaenoic acid, by the action of oxygen-free radicals,
which causes disruptions in the integrity of the cell mem-
brane [31].

This process is carried out in three stages: initiation,
propagation, and termination. The initiation phase occurs
when a free radical (R) attacks and removes hydrogen along
with its single electron from an allylic carbon of the fatty acid
(LH), generating an alkyl radical (L). The propagation phase
starts with the participation of O, to form the peroxyl radical
(LOO). Subsequently, the radical LOO reacts with another
fatty acid converting it into another alkyl radical L and
LOOH, propagating the oxidative state in a series of chain
reactions leading to the destabilization of the membrane
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FIGURE 1: Main pathways of ROS and NOS in the central nervous system. (a) Fenton reaction; (b) peroxynitrite reaction; (c) lipid
peroxidation. O, -: superoxide radical; SOD: superoxide dismutase; H,O,: hydrogen peroxide; Fe™™: ferrous iron; Fe™: ferric iron; OH:
hydroxyl radical; OH-: hydroxyl anion; NO: nitric oxide or nitrogen monoxide; NO,: nitrogen dioxide; ONOO-: peroxynitrite anion;
CO,: carbon dioxide; ONOOH: peroxynitrous acid; ONOOCO,: nitrosoperoxocarbonate; ‘CO;: carbonate radical; R: free radical; RH:
neutralized radical; LH: polyunsaturated fatty acid; L: alkyl radical; O,: molecular oxygen; LOO: peroxyl radical; LOOH: lipid hydroperoxide.

(Figure 1(c)). These reactions are terminated by the depletion
of substrates, encountering another radical or a scavenger
and ending with nonradical molecules. Within this group
of reactions, a couple of toxic aldehyde products, 4-
hydroxynonenal (4-HNE) and 2-propenal (acrolein), are
generated. The toxicity of 4-HNE and acrolein lies in their
ability to bind to protein amino acids, altering their structure
and function.

In contrast, another nontoxic product, malondialdehyde
(MDA), together with the quantification of 4-HNE and acro-
lein, is widely used to measure LP levels. These markers have
allowed the characterization of the LP in SCI models [32-34].

LP is an event that appears within the first 30 minutes after
SCI and increases considerably from the first hour to a maxi-
mum point three hours after the SCI in a contusion model [35].

Another type of damage is caused by the NO radical
which, as mentioned above, reacts with the radical O,” pro-
ducing the ONOO™ radical. This radical produces the nitra-
tion of proteins when interacting with the amino acid
tyrosine, generating posttranslational modifications by con-
verting tyrosine into 3-nitrotyrosine (3-NT). 3-NT is used
as a biological marker of the action of ONOO™ [36] and has
been detected within the first hour after the injury and for
several days. Nitric oxide synthase (NOS) in all its isoforms,
including a mitochondrial variant, is responsible for the pro-
duction of the radical NO. The expression of nNOS increases
in the CNS after a traumatic injury [37].

4, Effects of Natural Antioxidant Compounds
on SCI

Medicinal plants have been used for thousands of years.
Herbs, roots, bulbs, and fruits contain different compounds

which act as therapeutic ingredients [38]. Recently, tradi-
tional medicine has been the focus of attention in the treat-
ment of some diseases, including SCI [39].

Due to their antioxidant characteristics and ROS modu-
lation properties, many natural compounds could be useful
to reduce ROS generated in the SCI (Table 1). For that rea-
son, it is vital to study the mechanisms of action through
which they perform their effects. Therefore, some examples
of antioxidant compounds found in several plant species
used as SCI treatment are described and discussed as follows.

4.1. Extracts from Leaves

4.1.1. Asiatic Acid. Traditional Chinese medicine has offered
many proposals, including asiatic acid (AA) and other com-
pounds. AA is extracted from the Chinese herb Centella asia-
tica. It is a pentacyclic triterpenoid compound with anti-
inflammatory, hepatoprotective, cardioprotective, neuropro-
tective, gastroprotective, and anticancer properties [40].

AA was proposed as SCI treatment for its therapeutic
potential. Promising results were observed in the model used,
in which Sprague-Dawley rats with induced SCI responded
to the treatment: scores increased in the tests evaluated,
Basso, Beattie, and Bresnahan (BBB) and inclined plane.
Also, AA reduced myeloperoxidase activity, as well as inter-
leukin-18 (IL-1p), interleukin-18 (IL-18), interleukin-6
(IL-6), tumor necrosis factor-a (TNF-a), ROS, H,O, and
MDA levels. Moreover, the activity of superoxide dismut-
ase (SOD) and the content of glutathione (GSH) increased
with AA [41].

The mechanism of AA involves the activation of the
nuclear factor- (erythroid-derived 2-) like-2 factor (Nrf2), a
cytoprotective factor that regulates the expression of genes
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encoding antioxidant, anti-inflammatory, and detoxifying
proteins, as well as heme oxygenase-1 (HO-1), a protein
coded by a Nrf2-dependent gene, which degrades toxic heme
groups; produces biliverdin, iron ions, and carbon monoxide;
and contributes to angiogenesis [42]. The effects of AA can
also be attributed to the inhibition of ROS and the
nucleotide-binding domain and leucine-rich repeat- (LRR-)
containing (NLR) family pyrin domain-containing 3
(NLRP3) inflammasome pathway. The NLRP3 inflamma-
some is a multiprotein complex that activates caspase-1,
leading to the secretion of proinflammatory molecules
such as IL-18 and IL-18. Under normal conditions,
NLRP3 remains autorepressed, but this changes with increas-
ing concentrations of damage-associated and pathogen-
associated molecular patterns as well as ROS, which are
crucial elements for NLRP3 activation [43].

SCI can lead to secondary acute lung injury (ALI). AA
administration significantly attenuates pulmonary perme-
ability index and pulmonary histologic conditions and
exhibits a protective effect on SCI-induced ALI by alleviating
the inflammatory response through inhibiting NLRP3
inflammasome activation and oxidative stress with the
upregulation of Nrf2 protein levels [44]. The use of AA
may be a potential efficient therapeutic strategy for the treat-
ment of SCI and SCI-induced ALI [41, 44].

4.1.2.  Ligustilide.  Ligustilide  (3-butylidene-4,5-dihy-
drophthalide) is the main lipophilic constituent of the
Umbelliferae family of medicinal plants, including Radix
angelicae sinensis and Ligusticum chuanxiong [45]. As it
crosses the blood-brain barrier, ligustilide (LIG) exerts
marked neuroprotective effects against several CNS patholo-
gies, including forebrain ischemic injury in mice, permanent
forebrain ischemia and focal cerebral ischemia/reperfusion in
rats [46-48]. In addition, LIG exhibited a wide range of
pharmacologic effects in vitro and in vivo: cardioprotective,
antioxidant, anti-inflammatory, and neuroprotective activi-
ties [49]. Xiao et al. demonstrated that LIG promotes func-
tional recovery in rats with SCI by preventing the
production of ROS. Treatment with LIG significantly
increased BBB scores and reduced the time for recovery
of coordination in rats with SCI. Furthermore, LIG sup-
pressed SCl-induced production of ROS, inducible nitric
oxide synthase (iNOS), inflammation, and JNK signaling.
However, further studies are needed to identify the mecha-
nisms by which LIG regulates neuroprotection and medi-
ates locomotor recovery following SCI [50].

4.1.3. Tetramethylpyrazine. Tetramethylpyrazine (TMP), an
alkaloid extracted from the Chinese medicinal herb Ligusti-
cum wallichii Franchat (chuanxiong), is widely used in the
treatment of ischemic stroke and cardiovascular disease
[51-53] and has shown anti-inflammatory and neuroprotec-
tive effects against SCI as well [54, 55]. In different models of
SCI, TMP improved locomotor functions when compared
with control animals [52, 56-60]. This improvement in
motor activity correlated positively with a decreased area
of the injury-induced lesion and increased tissue sparing
[51, 58, 59]. Furthermore, a decreased permeability of

the blood-spinal cord barrier was also observed [55].
TMP promoted angiogenesis increasing vessel number,
vessel volume fraction, and connectivity as well [58, 60].
A mechanism proposed for these effects is the overexpres-
sion of PGC-1, a transcriptional coactivator linked to
energy metabolism in the mitochondria. This protein is
involved in a variety of neurological disorders and apopto-
sis [57]. Additionally, TMP prevents the reduction of HO-
1 and Akt phosphorylation produced in SCI [55].

Regarding neuropathic pain produced in SCI, TMP treat-
ment increased both mechanical withdrawal thresholds and
thermal withdrawal latencies [53, 61]. The effect of TMP on
neuropathic pain relies on neuronal survival in the dorsal
horn and the inhibition of astrocyte activation [62]. In the
case of neuronal survival, TMP can modulate mediators of
apoptosis such as Bcl-2 and caspase-3 [61], whereas, in the
case of the inhibition of astrocyte activation, TMP releases
matrix metalloproteinase-2/9 (MMP-2/9) to induce central
sensitization and maintain neuropathic pain [62]. Moreover,
TMP treatment decreased the expression of pSTAT3. There-
fore, TMP could attenuate neuropathic pain by the inhibition
of the JAK/STAT3 pathway [53].

TMP shows anti-inflammatory effects in SCI: TMP treat-
ment reduced the expression of proinflammatory cytokines
TNF-a, IL-1f, macrophage migration inhibitory factor posi-
tive (MIF), IL-18, IL-2, and COX-2 [51-56]; upregulated the
expression of anti-inflammatory cytokines IL-10, I-«B, and
IL10; inhibited the activation of NF-«xB [51, 52]; alleviated
neutrophil infiltration; and attenuated microglia activation
[51, 52, 54]. Matrix metalloproteinases 2 (MMP2) and 9
(MMP9) are implicated in neuropathic pain by mediating
inflammatory pathways. TMP administration induces down-
regulation of both metalloproteases [60]. Thus, TMP pre-
vents inflammation in spinal cord injury in rats.

TMP reduced neuronal apoptosis by increasing Bcl-2 and
reducing Bax, as well as reduced TUNEL-positive cells and
caspase-3 and caspase-9 activities [55, 57, 59-61]. Further-
more, TMP increases miR-21 expression, thus decreasing
the expression of its targets FasL, PDCD4, and PTEN [59].
In addition to miR-21, TMP decreased the expression of
miR-214-3p by increasing the expression of Bcl2L2, suggest-
ing that TMP can modulate apoptosis in SCI [63].

Finally, TMP can decrease ROS in SCI. In rats, TMP
treatment decreased lipid peroxidation and increased glu-
tathione levels and superoxide dismutase activity. Also, TMP
regulated the expression of Nrf2 mRNA and its binding in
HO-1 promoter positively. Thus, TMP showed effects
against ROS through the activation of the Akt/Nrf2/HO-
1 pathway [55, 56].

4.1.4. Epigallocatechin-3-Gallate. Epigallocatechin-3-gallate
(EGCGQG) is the most abundant polyphenol found in green
tea, for which multiple benefits have been described: anticho-
lesterolemic, antioxidant, and anti-inflammatory functions,
as well as a modulator of apoptosis. In the CNS, a neuropro-
tective effect has been shown in a wide range of neurodegen-
erative diseases in various animal models. In the case of SCI,
the administration of EGCG improves both motor and sen-
sory (allodynia, nociception, and hyperalgesia) functions in



acute and chronic models. EGCG administration (100 mg/kg
weight) produces the recovery of motor function [64-68]
accompanied by a decrease of the injury area and an increase
in the number of neurons [64]. The main mechanisms
underlying the effects of EGCG range from the induction of
the expression of neurotrophic factors, such as BDNF, GDNF
[66, 69], and NT3, and their receptors, Trk-B, Trk-C, and
NGFR-p75 [69], to the expression of growth factors, such
as FGF2 and VEGF [70], accompanied by an increase of
GAP43 [64], and the attenuation of myelin degradation
[65, 66]. In vitro models have shown that EGCG decreases
the inhibitory activity of neuritic growth and the collapse
of the growth cone induced by NOGO-66. This effect
was observed through the 67kDa laminin receptor to
which EGCG binds with high affinity [71]. Also, EGCG
attenuates axon repulsion mediated by semaphorin [72].
Evidence shows that EGCG has protective effects for the
modulation of neurotrophic factors and their receptors,
as well as axonal sprouting. EGCG relieves the neuro-
pathic pain produced in SCI and constriction of the sciatic
nerve models [67, 68, 73-75], allowing the recovery of
sensory functions by improving tactile allodynia and
mechanical nociception. EGCG also increases the latency
of paw withdrawal and tail-flick tests [67, 68]. Within
the molecular mechanisms of EGCG to alleviate neuro-
pathic pain is the reduction of the expression of CX3CLlI,
a fractalkine chemokine that has been shown to play an
essential role in the development of neuropathic pain.
The administration of EGCG reduced thermal hyperalge-
sia, as an effect of the reduction of CX3CL1 protein
expression but not its RNA. Therefore, EGCG is suggested
to act as a mediator of nociceptive signaling between neu-
rons and glial cells [75].

Another mechanism that has been studied is the suppres-
sion of TLR4 expression. Several studies have demonstrated
the involvement of TLRs and inflammation in the develop-
ment of neuropathic pain. Although EGCG can inhibit other
effector molecules of inflammation, the sole inhibition of
TLR4 can inhibit the TLR4/NF-«xB pathway. Also, EGCG
induces the decrease of HMGB1, which has been implicated
in chronic neuropathic pain by joining to TLR4 and activat-
ing the immune response [73].

EGCG has a more significant action on neuropathic pain
than on motor recovery. In the short term, the administra-
tion of EGCG only affects sensory recovery but not on motor
recovery [76].

EGCG can inhibit the expression of RhoA, FASN, and
TNF-a. In addition to limiting axonal regeneration,
Alvarez-Pérez et al. demonstrated that RhoA participates in
the generation of neuropathic pain. In the case of FASN,
which is an enzyme that synthesizes palmitate, a lipid that
is capable of activating the synthesis and release of proin-
flammatory agents, EGCG induces the decrease of FASN
and the activation of the inflammatory pathways involved
in neuropathic pain [74].

In addition to the mediators of inflammation described
in neuropathic pain and a potent anti-inflammatory effect,
EGCG is able to attenuate the activity of myeloperoxidase
and attenuate the expression of inflammatory cytokines, such
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as TNF-a, IL-183, IL-6, IL-2, MIP1, RANTES, nitrotyrosine,
iNOs, COX, PARP, NF-xB, and HMGBI [65, 73], accompa-
nied by an increase in the anti-inflammatory cytokine IL-10
as well [73].

EGCG also modified the expression of IL-4, IL-12p70,
and TNF-al. The mechanism depends on the nuclear trans-
location of the p65 subunit of NF-«B, consequently inhibit-
ing its activity along with the inflammatory pathways that it
regulates. EGCG can modulate the expression of macro-
phages type M1 and M2. Both macrophage populations have
different actions in the mechanisms of inflammation, allow-
ing opposed states [70]. Therefore, EGCG modulates the
expression of inflammatory cytokines that affect the expres-
sion and activity of its inductors.

EGCG also has antioxidant effects. In SCI, EGCG signif-
icantly reduces MDA levels [64] and increases glutathione
reductase. This overexpression is accompanied by the
decrease of isoprostanes in urine and the suppression of
HO-1 [77].

As survival mechanisms, on the one hand, EGCG
increases the expression of Bcl-2 and survivin and, on the
other hand, it decreases the expression of Bax [64-66, 68].
These effects are reflected by the TUNEL assay low positivity
in treated spinal cords [64]. Furthermore, PARP is a protein
that is capable of inducing death by the depletion of NAD
and ATP. EGCG decreases the expression of PARP, which
could contribute to the reduction of Bax and the increase of
Bcl2 [65].

4.1.5. Ginsenosides. Ginsenosides are steroid-like mole-
cules which have a four trans-ring structure with sugar
residues attached [78]. Ginsenosides Rbl, Rgl, and Rg3
show multiple pharmacological activities on the cardio-
vascular and immune systems, as well as neuroprotective
effects [79, 80].

Ginsenosides can act as antioxidants or scavengers for
free radicals [81], increase the activity of superoxide dismut-
ase, and reduce lipid peroxidation [82, 83].

Rb1 protects neurons against oxidative injury, enhancing
the Nrf2/HO-1 pathway since the activation of Nrf2 upregu-
lates the transcription of multiple antioxidant response
element-controlled genes [84, 85]. Also, ginsenoside Rbl
protects the ischemic brain through upregulation of the
expression of Bcl-xL in vitro and in vivo [86].

Panax ginseng C.A. Meyer (P. ginseng) is an herb com-
monly known as Asian or Korean ginseng [87], which con-
tains ginsenoside saponins that account for the
pharmacological efficacy [88].

P. ginseng has 150 different types of ginsenoside sapo-
nins, but Rbl, Rb2, R¢, Rd, Re, and Rgl constitute more than
90% of the total ginsenosides [89].

Regarding the effects on SCI, the ginsenosides Rbl and
Rgl, extracted from Panax ginseng C.A. Meyer, were efficient
neuroprotective agents for spinal cord neurons in vitro sur-
vival assays. These compounds protected spinal neurons
from excitotoxicity induced by glutamate and kainic acid,
as well as oxidative stress induced by H,0O,. The neuropro-
tective effects are dose dependent, which optimal doses were
20-40 mM for both Rbl and Rgl [81].
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Other authors demonstrated in vitro that dgRbl (dihy-
droginsenoside Rbl), a stable chemical derivative of gRb1,
upregulated VEGF and Bcl-xL expression and facilitated
neuronal survival through the hypoxia response element
(HRE) and signal transducers and activators of transcription
5 (Stat5) response element [90]. Consistently, Sakanaka et al.
showed that an intravenous infusion of dgRb1 improved SCI
in rats, as well as ischemic brain damage in MCA-occluded
rats. The dgRbl-treated groups showed significant improve-
ment of motor activity and behavioral abnormalities con-
cerning locomotor and rearing activities and BBB score in a
dose-dependent manner after SCI [90].

Kim et al. reported that ginseng extracts injected intra-
peritoneally improved recovery after contusive SCI in rats
[91]. Additionally, Zhu et al. showed that the oral adminis-
tration of red ginseng extract promoted the recovery from
the motor and behavioral abnormalities in rats with SCI. Fur-
thermore, this extract also stimulated neuronal restoration in
the injured spinal cord by inhibiting the inflammatory pro-
cesses and upregulating the expression of neuroprotective
factors (VEGF and Bcl-xL) [92].

Woang et al. showed that ginseng treatment significantly
downregulated oxidative stress on spinal injury in rats by
enhancing antioxidant proteins and decreasing inflamma-
tory proteins and proinflammatory cytokines [93].

Moreover, different doses of P. ginseng showed a signifi-
cant improvement in locomotor function after spinal injury
in rats. P. ginseng treatments decreased the expression of
COX-2 and iNOS at the lesion site and the cavity area. These
results suggest that P. ginseng may improve the recovery of
motor function after SCI [91].

4.1.6. Panax Notoginsenoside. Unlike many other herbal
medicines with a highly variable range of applications, Panax
notoginseng, which is classified as a warm, sweet, slightly bit-
ter, and nontoxic in Chinese medicine, has protective actions
against cardiovascular diseases and diabetes [94, 95]. More-
over, many pharmacological activities of P. notoginseng, such
as antioxidant, anti-inflammatory, hypoglycemic, antihyper-
lipidemic, anticoagulation, neuroprotective, and hepatopro-
tective effects, as well as antitumor and estrogen-like
activities, have been reviewed [96].

Over 200 chemical constituents, including saponins, fla-
vonoids, phytosterols, saccharides, polysaccharides, amino
acids, fatty acids, dencichine, cyclopeptides, volatile oils, ali-
phatic acetylene hydrocarbons, and trace elements, have been
isolated from P. notoginseng [97].

Panax notoginsenoside (PNS) is the principal active
ingredient extracted from P. notoginseng, which main com-
ponents are ginsenoside Rbl (29.86%), Rgl (20.46%), Rd
(7.96%), Re (6.83%), and notoginsenoside R1 (2.74%) [98].
PNS shows many beneficial effects, including anti-inflamma-
tion, antiedema, antioxidation, and antiapoptosis [96, 99], as
well as neuroprotection in animal models of cerebral ische-
mia/reperfusion injury [100].

Compelling neuroprotective effects of PNS were demon-
strated in a spinal cord ischemia-reperfusion injury model.
SCI was induced in rats previously treated with PNS, in
which the BBB scores significantly increased, as well as the

number of neurons and a restored neuronal morphology
observed by a histopathological examination. Furthermore,
PNS decreased cytokine levels, as well as the expression of
AQP-4 after the injury, suggesting an antiedema effect. An
antiapoptotic mechanism of PNS was also verified since the
treatment reduced the expression of Fas and FasL and inhib-
ited injury-induced apoptosis [101].

4.1.7. Ginkgo biloba Extract 761 (EGb-761). Ginkgo biloba
(Ginkgoaceae) is an ancient Chinese tree which has been cul-
tivated and held sacred for its health-promoting properties
[102]. EGb-761 is a patented extract from the leaves of the
Ginkgo biloba tree composed of flavonoids (24%), ginkgolide
(3.1%), bilobalides (2.9%), and organic acids (5-10%), partic-
ularly a ginkgo glycoside [103].

As one of the EGb-761 major constituents, ginkgolide B
can improve hemorrhage, edema, necrosis, and inflamma-
tory cell infiltrates in the injured spinal cord [39].

EGDb-761 decreases blood viscosity, thereby increasing
microcirculation [104], and modifies neurotransmission
[105] and neuroplasticity as well [106]. Ginkgo biloba
extracts have been used for the treatment of diseases related
to the CNS, including brain injury, neurodegenerative disor-
ders, and degenerative dementia [107-109].

EGb-761 also enhances cognition, reduces the detrimen-
tal effects of ischemia [110], shows neuroprotective effects,
and enhances neurogenesis after ischemic stroke [111].

EGb-761 possesses antioxidant and free radical-
scavenging activities [112, 113]. In neurons treated with
hydrogen peroxide, EGb-761 reduced oxidative stress and
increased the viability of neurons [114, 115]. EGb-761
inhibits xanthine oxidase activity [116], reduces the produc-
tion of superoxide anion, and inhibits SOD in human post-
mortem brain tissue [117]. By wusing electron spin
resonance spectrometry, it was demonstrated that EGb-761
is a potent superoxide anion scavenger with SOD activity
[118]. Also, EGb-761 can scavenge peroxyl radicals [119].

In spinal cord ischemic injury, EGb-761 protected spi-
nal cord neurons in vivo, as well as hydrogen peroxide-
induced spinal cord neuronal death in vitro [120]. During
the acute phase after SCI, EGb-761 administration signifi-
cantly reduced secondary injury-induced tissue necrosis
and cell apoptosis and improved functional performance
in rats [121].

EGb-761 performs its neuroprotective effects through
scavenging free radicals, lowering oxidative stress, reducing
neural damage, and preventing platelet aggregation, as well
as its anti-inflammatory properties [122-124].

EGDb-761 protects against ischemic SCI via their antioxi-
dant effects in a rat model [125]. Furthermore, EGb-761
decreases SOD downregulation and significantly reduces
MDA levels in spinal cord ischemia/reperfusion in rabbits
[126, 127]. In another study, EGb-761 was not able to
demonstrate a uniform effect on the biochemical markers
of spinal cord ischemia/reperfusion in rats. However, his-
topathologic data appear to show a protective effect of
EGb-761 on the spinal cord tissue [128].

Research has demonstrated that iNOS expression is
upregulated after SCI. In contrast, EGb761 can suppress
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iNOS expression and prevent neuronal death in SCI rats:
in the treated group, the area of cavities was smaller,
and the demyelinated zones were limited at and around
the site of the SCI in comparison to the control group
[129].

In acute spinal cord contusion in rats, cell apoptosis
increased until day 14 after the injury. Furthermore, seven
days after the injury, the number of apoptotic cells signifi-
cantly decreased in the EGb761-treated group [121].

4.1.8. Hyperforin

Hypericum perforatum, also known as St. John’s wort, hyper-
icum, or millepertuis, is a member of the family Hyperica-
ceae. Native from Europe, western Asia, and northern
Africa, this herbaceous perennial plant currently can be
found worldwide. The crude drug, known as Hyperici herba,
is collected from the upper part of the aerial parts of the plant
before or during the flowering period [130-132].

H. perforatum has demonstrated neuroprotective activi-
ties. Neuroprotection can be achieved by a direct action on
one or several mechanisms, such as an antiapoptotic effect,
or indirectly, through antioxidant properties. Chemically,
structure-activity relationships suggest that a sugar side chain
of flavonoids might be essential for neuroprotective activities
[133] and multiple hydroxyl groups confer substantial anti-
oxidant properties [134].

The active component of H. perforatum is hyperforin
[135, 136], which reduces the overload of [Ca**] through
NMDA receptor modulation in neurons [136, 137]. H. per-
foratum standardized extract protects against enzymatic
and nonenzymatic lipid peroxidation of rat brain, inhibiting
NADPH-dependent lipid peroxidation and attenuating non-
enzymatic Fe**/ascorbate-dependent lipid peroxidation in
cerebral cortex mitochondria [138].

After SCI in rats, H. perforatum showed a reduction in
oxidative stress, apoptosis, and intracellular Ca®" influx
values through the regulation of the TRPM2 (transient recep-
tor potential melastatin 2) and TRPV1 (transient receptor
potential vanilloid 1) channels in dorsal root ganglion
(DRG) neurons. Additionally, H. perforatum induced protec-
tive effects on lipid peroxidation and decreased GSH-Px
values in the DRG neurons [139].

4.1.9. Rosmarinic Acid and Carnosol. Rosmarinic acid (RA) is
a polyphenol found in the Lamiaceae family, abundantly
present in rosemary, sage, lemon balm, and thyme. RA is a
natural antioxidant with free radical scavenging and poten-
tial biological effects against oxidative stress and inflamma-
tion [140-142].

Shang et al. showed that RA treatment significantly
decreased oxidative stress and enhanced the antioxidant sta-
tus in post-SCI rats. Treatment with RA regulated redox
homeostasis and oxidative stress markers, such as ROS, lipid
peroxides, and sulthydryl and carbonyl groups in proteins.
RA treatment also caused the upregulation in Nrf-2 levels
with the concomitant increase in antioxidant enzymes, such
as SOD, CAT, GPx, GST, and GSH, and exerted anti-
inflammatory effects through the downregulation of NF-«B
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and proinflammatory cytokine levels (IL-6, IL-13, TNF-a,
and MCP-1) after SCI [143].

Carnosol, an orthodiphenolic diterpene with excellent
antioxidant potential, is also found in rosemary. Wang et al.
showed the protective role of carnosol against SCI-induced
oxidative stress and inflammation through modulating
NF-xB, COX-2, and Nrf-2 levels in Wistar rats. After the
significant increase in ROS generation, oxidant levels, lipid
peroxide content, protein carbonyl and sulthydryl levels,
and the reduction of the antioxidant status generated by
induced SCI, carnosol treatment regulated inflammation
key proteins and redox status through the significant
downregulation of NF-xB and COX-2 levels and the
upregulation of p-AKT and Nrf-2 expression [144].

4.1.10. Silymarin and Silybin. Silymarin (SM) is a mixture of
flavonoids extracted from Silybum marianum (milk thistle)
plant, including flavonolignans (silybin A and silybin B, iso-
silybin A, isosilybin B, silychristin, and silydianin), as well as
fatty acids and polyphenols [145]. SM can contribute to anti-
oxidant defenses as a scavenger of free radicals and by inhi-
biting specific free radical production enzymes. It also
maintains an appropriate redox status by activating some
enzymes and nonenzymatic antioxidants via transcription
factors, including Nrf2 and NF-xB. Furthermore, SM acti-
vates the synthesis of protective molecules, such as thiore-
doxin (Trx), heat shock proteins, and sirtuins [146].

SM and silybin inhibited cell proliferation in cultures of
glial cells in a concentration-dependent manner, as well as
mixed cortical and spinal neuronal/glial cells against perox-
ide toxicity, and protected spinal cord neuronal/glial, glial
and microglial cell cultures from LPS stimulation or peroxide
toxicity. SM and silybin attenuated peroxide-induced ROS
formation, with SM being more effective than silybin. More-
over, intrathecal administration of SM immediately after SCI
effectively improved hindlimb locomotor behavior in the
rats. These findings showed that SM and silybin exhibit gen-
eral neuroprotective actions in the CNS [147].

Silybin elicits neuroprotection by the inhibition of
peroxide-induced ROS through neuroinflammation and acti-
vation of glial cells, by modulating NF-«B or protein kinase C
(PKC), as well as apoptosis, through inhibiting p53 and cas-
pase-9, among other signaling pathways [147, 148].

4.2. Extracts from Roots or Bulbs

4.2.1. Plumbagin. Plumbagin, an analog of vitamin K3 iso-
lated from the root of Plumbago zeylanica L, activates the
Nrf2/ARE pathway resulting in the upregulation of target
genes and increased resistance to oxidative and metabolic
insults of neurons in culture and to ischemic stroke in vivo
[149]. In a rat model, post-SCI treatment with plumbagin
reduced SCI-induced oxidative stress and proinflammatory
mediators [150]. SCI decreased the antioxidant levels of both
nonenzymatic (GSH) and enzymatic antioxidants (NQO1,
GST, GPx, SOD, and CAT) in sham rats. However, a signifi-
cant increase in the antioxidant pool was observed in SCI rats
treated with plumbagin.
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Moreover, it is well-known that Nrf2 activates the antiox-
idant machinery of cells [151]. Interestingly, plumbagin
showed a significant upregulation of Nrf-2 in SCI, which sug-
gests an essential role of plumbagin in cytoprotection as a
potent Nrf-2 inducer [150].

4.2.2.  Tetrandrine.  Tetrandrine  (TET), a  bis-
benzylisoquinoline alkaloid extracted from the roots of
the Chinese medicinal herb Stephania tetrandrae S Moore,
is a potential therapeutic candidate against cancer [152,
153], inflammation [154], and brain ischemia/reperfusion
injury [155].

TET is a calcium channel blocker that can protect the
liver, heart, small bowel, and brain from ischemia/reperfu-
sion injury by inhibiting damaging factors, such as lipid per-
oxidation, generation of reactive oxygen species, production
of cytokines and inflammatory mediators, neutrophil recruit-
ment, and platelet aggregation [156].

Bao et al. studied the protective effect of TET on rat spinal
cord astrocytes with oxygen-glucose-serum deprivation/-
reoxygenation-induced injury [157]. As expected, this inten-
tional insult which mimics hypoxic/ischemic conditions
in vivo caused considerable oxidative stress: an increase in
ROS and MDA content, as well as a decreased SOD activity.
Also, it increased the expression of proapoptotic Bax and
caspase-3 proteins, as well as the reduction of the antiapopto-
tic protein Bcl-2 [158]. The results of TET as a pretreatment
to oxygen-glucose-serum deprivation/reoxygenation injury
showed a dose-dependent suppression of Akt phosphoryla-
tion and NF-xB activity and inhibition of the elevated
caspase-3 activity. Additionally, TNF-a, IL-18, and IL-6
accumulation induced by hypoxic/ischemic conditions were
diminished. Overall, these results show a protective effect of
TET against hypoxic/ischemic injury in spinal cord astro-
cytes through the PI3K/AKT/NF-xB signaling pathway
attributable to its antioxidant and anti-inflammatory proper-
ties [157].

4.2.3. Puerarin. Puerarin, a natural isoflavone, is the main
constituent of Radix Puerariae lobata. In SCI, puerarin has
shown neuroprotective effects by improving motor function,
mainly in ischemia-reperfusion [159-161] as well as in trau-
matic injury models [162]. Some mechanisms of neuropro-
tection have been described. As SCI causes the elevation of
glutamate levels and mGluRs mRNA expression, which lead
to neuronal injury, it has been shown that puerarin adminis-
tration decreases both the excessive delivery of glutamate and
the activation of mGluRs [160]. Also, puerarin upregulates
the expression of GAP43, promoting the regeneration of
nerve fibers [163]. Another mechanism of protection by
puerarin is the inhibition of Cdk5 and p25. Cdk25 causes
neuronal death and often is accompanied by the accumula-
tion of p35 and p25, which in turn activates Cdk5, inducing
feedback for the stimulus of the injury [161].

Moreover, puerarin can attenuate histological damage,
decrease neuron death, and inhibit glial cell activation. These
effects can be promoted by increasing the activity of the
PI3K/Akt signaling pathway, which is involved in axonal
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outgrowth and the promotion of antioxidant and antiapop-
tosis effects [162].

Puerarin diminishes neuroinflammation [162, 164] by
decreasing the activity of NF-xB and proinflammatory
cytokines, such as IL-6, IL-1f3, and TNF-« [164]. Regard-
ing apoptosis, puerarin reduces ROS by increasing thiore-
doxin- (TRX-) 1/TRX-2 mRNA levels, which are known
to regulate apoptosis by modulating the redox ratio of
the cell [159].

4.2.4. Allicin. Allium sativum (garlic) is a common and tasty
ingredient found all over the world, which also has been used
for medicinal purposes. In ancient Chinese and Indian
medicine, it was used to treat several conditions, including
leprosy, infections, and snake bites. Throughout history,
garlic has been used to treat cardiovascular diseases and
reduce high blood glucose concentration, blood pressure,
and cholesterol levels. More recently, its antitumor, anti-
inflammatory, antifungal, and antimicrobial effects have
been studied [165, 166].

Garlic contains many substances, from which allicin is
the principal chemical component responsible for its biolog-
ical activity [167].

Allicin is formed during the chopping, crushing, or chew-
ing of garlic cloves through a chemical interaction between
alliin, a sulfur-containing amino acid, and the enzyme allii-
nase [168] and has been reported to prevent arteriosclerosis,
stenocardia, cerebral infarction, arrhythmia, and hydrar-
gyria, as well as to enhance the immune system and reduce
oxidation [166, 169].

Liu et al. found that allicin treatment for glutamate-
induced oxidative stress in spinal cord neurons significantly
reduced LDH release, loss of cell viability, and apoptotic neu-
ronal death. Allicin effects were associated with reduced oxi-
dative stress, as evidenced by decreased ROS generation,
reduced lipid peroxidation, and preservation of antioxidant
enzyme activities. Also, allicin diminished the expression of
iNOS and significantly increased the expression of heat shock
protein 70 (HSP70) at both mRNA and protein levels.
Knockdown of HSP70 by specific targeted small interfering
RNA (siRNA) not only mitigated allicin-induced protective
activity but also partially nullified its effects on the regulation
of iNOS [167]. Furthermore, when the beneficial effects of
allicin on SCI in mice were investigated, the results showed
that allicin significantly increased BBB scores, which was
associated with the inhibition of oxidative stress and inflam-
matory responses. It was also demonstrated that allicin
increased the levels of HSP70, increased the phosphorylation
of Akt, and reduced the iNOS protein expression levels.
Additionally, treatment with allicin significantly reduced
ROS and enhanced NADH levels [170]. Liu et al. and Wang
and Ren results agreed and collectively demonstrated that the
beneficial effects of allicin are mediated by the HSP70/Akt/i-
NOS pathway and recognized its potential use for SCI treat-
ment [167, 170].

4.2.5. Curcumin. Curcumin (1,7-bis(4-hydroxy-3-methoxy-
phenyl)-1,6-heptadiene-3,5-dione) is a nonsteroidal, natu-
rally occurring compound found in an Indian spice
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commonly used as a dietary pigment known as turmeric.
Curcumin exhibits a variety of pharmacologic effects, includ-
ing anti-inflammatory, anticarcinogenic, anti-infectious,
antioxidant, and hypocholesterolemic activities. Diets con-
taining curcumin have shown to stimulate NGF, BDNF,
GDNF, and PDGEF levels in vivo [171, 172]. Curcumin also
enhances neurogenesis and synaptogenesis and improves
cognition in rats, as well as in clinical trials for different neu-
rodegenerative diseases [173], probably through promoting
these neurotrophic factors.

After spinal cord hemisection, curcumin treatment
provides neuroprotection against SCI-induced disability
in rats by the attenuation of neuron loss, prevention of
neuronal apoptosis, and decreasing astrocyte activation.
Curcumin can attenuate astrocyte reactivation in vitro by
downregulating GFAP expression, which may improve
neuronal survival [174].

4.3. Extracts from Fruits or Derivatives

4.3.1. Quercetin. Many fruits and vegetables contain querce-
tin (3,3',4',5,7-pentahydroxyflavone), a common flavonol
[175]. Together with flavones, anthocyanidins, and other
compounds, flavonols belong to the class of flavonoids,
which in turn represent a major class of polyphenols [176].

Like other polyphenols, quercetin is a scavenger of
ROS and reactive nitrogen species such as NO and ONOO
[177]. As well as its metabolites, quercetin acts by modu-
lating the antioxidant defense mechanisms in the cell
[178, 179].

The beneficial effects of quercetin on cardiovascular dis-
eases, cancer, infections, inflammatory processes, gastroin-
testinal tract function, and diabetes have been reported
[177, 180, 181]. Moreover, quercetin can exert neuroprotec-
tion [182] and antagonize oxidative stress when orally
administered in vivo. At a dose of 0.5-50 mg/kg, quercetin
protected rodents from oxidative stress and neurotoxicity
induced by different insults [183, 184]. Also, quercetin
reduces the immunoreactivity of degenerating neurons
[185] and promotes neuronal recovery through the inhibi-
tion of inflammatory responses [186].

In a recent study, it was observed that quercetin treat-
ment following acute SCI in rats promoted electrophysiolog-
ical and locomotor recovery, reduced cavity formation, and
contributed to astrocyte activation and axonal regeneration.
Additionally, quercetin increased the expression of the
brain-derived neurotrophic factor (BDNF), although it
reduced p-JNK2 and p-STAT3 expression [187, 188]. It has
been reported that BDNF activates tropomyosin-related
kinase B (Trk-B) through several downstream signaling
pathways, such as AKT, CaMK, and Ras/Raf/MEK/ERK,
leading to cell survival, growth, and neuroplasticity [189],
while the JAK2/STAT3 pathway depends on the binding of
erythropoietin (EPO) to a receptor that results in the dimer-
ization of JAK2. This dimerization leads to STAT3 and
STATS5 phosphorylation and the formation of stable homo-
dimers and heterodimers, which subsequently induce the
transcription of genes that regulate cell proliferation and sur-
vival [190]. Consequently, it was proposed that quercetin
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effects possibly worked through BDNF and JAK2/STAT3 sig-
naling pathways [188].

4.3.2. Tocotrienols. Tocotrienols, isomers of vitamin E, are
found in some cereal and vegetable derivatives, such as palm
oil, rice bran oil, coconut oil, barley germ, wheat germ, and
annatto. Other sources of tocotrienols include grape seed
oil, oat, hazelnuts, maize, olive oil, Buckthorn berry, rye, flax-
seed oil, poppy seed oil, and sunflower oil [191, 192].

Tocotrienols exhibit strong neuroprotective, antioxidant,
and anticancer effects and cholesterol-lowering properties,
which are not observed in tocopherols [193]. Due to a better
distribution in the lipid layers of the cell membrane, experi-
mental evidence has found that tocotrienols function as bet-
ter antioxidants and free radical scavengers when compared
to tocopherols [194].

In a rat model, tocotrienol protected against SCI by
reducing oxidative stress and inflammation and inhibiting
iNOS protein expression and activity, as well as plasma NO
production. Also, treatment with tocotrienols suppressed
TGEF-p, collagen type IV, and fibronectin protein expression
levels. Furthermore, the BBB scores in rats treated with
120 mg/kg/day tocotrienol were significantly higher when
compared with the group administered with MPS sodium
succinate [38].

4.3.3. Resveratrol. Resveratrol is a naturally occurring stilbene
class of polyphenol produced in the skin of many edible
plants as a response to fungal infection [195].

The resveratrol-mediated decrease in neuronal MDA
levels is often associated with increased activation of antiox-
idant enzymes such as SOD [196] and antioxidant com-
pounds such as glutathione (GSH) [197].

The antioxidant enzyme HO-1 is implicated particularly
as a significant effector of resveratrol-mediated neuroprotec-
tion after postischemic reperfusion [198, 199]. Furthermore,
resveratrol treatment induces HO-1 expression in cultured
mouse cortical neurons [200].

Resveratrol ameliorates kainate-induced excitotoxicity
[201]. Subsequently, resveratrol has been shown to improve
histopathological and behavioral outcomes after various
types of acute CNS injuries, including stroke [202-204], trau-
matic brain injury [205, 206], subarachnoid hemorrhage
[207], and SCI [208-210].

In moderate damage to the spinal cord, Liu et al. showed
that injured animals treated with resveratrol showed a signif-
icant increase in BBB scores. Furthermore, after resveratrol
administration, the histopathological analysis showed a
restored neuronal morphology and increased the number of
neurons. Concerning the antioxidation effects of resveratrol,
the treatment overturned the decreased SOD activity and the
increased MDA levels caused by SCI, which suggests an anti-
oxidation effect after the injury. Resveratrol treatment also
showed an anti-inflammation effect after SCI by inhibiting
immunoreactivity and the expression of inflammatory cyto-
kines, such as IL-1f, IL-10, TNF-«, and myeloperoxidase
(MPO). Finally, an antiapoptosis role of resveratrol was
observed by the inhibition of injury-induced apoptosis and
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the modulation of the expression of apoptosis-related genes
Bax, Bcl-2, and caspase-3 [210].

4.4. Other Extracts

4.4.1. Tithonia diversifolia Extracts. As mentioned above,
Chinese and European traditional medicine is vast. How-
ever, it is not the only option to offer proposals for future
acute SCI treatments. An example of African traditional
medicine is Tithonia diversifolia, which proved to possess
anti-inflammatory properties to treat diabetes mellitus,
diarrhea, fever, hematomas, hepatitis, hepatomas, malaria,
and wounds [211, 212]. T. diversifolia is a bushy perennial
weed that can be found in Nigerian fields, as well as in
wastelands and roadsides in Taiwan.

Phytochemical investigations have identified the exis-
tence of some bioactive compounds, such as chromene, fla-
vone, cadinene, germacrene, eudesmane, and rearranged
eudesmane derivatives in T. diversifolia [213-215].

Juang et al. obtained T. diversifolia ethanolic extracts
(TDE) and used it to treat rats with T5 static compression
as a model of SCI. First, these researchers noticed that SCI
increased the water apparent diffusion coefficient (ADC)—a
measurement of the diffusion of water molecules within the
central nervous system—after six hours. A low value of
ADC indicates that the nerve fiber tracts are well organized,
while a high value means that the tracts are damaged
and disorganized. TDE treatment slightly decreased the
ADC level after one week in the SCI model. Therefore, it
was proposed that TDE protects cells against hydrogen
peroxide or radical scavenging-induced toxicity through
an antioxidant mechanism, which might be responsible
for cell neuroprotection [216].

4.4.2. Danshen Extracts. Danshen (Salvia miltiorrhiza Bunge)
is a traditional Chinese herb used for the treatment of heart,
liver, and skin diseases, among others. Danshen crude
extracts (DCE) attenuate edema and bleeding. Furthermore,
DCE treatment improved spinal cord microcirculation, as
well as motor function by elevating GDNF mRNA expression
in the gray matter of acute SCI in rats [217]. Moreover, DCE
increased the expression of the antiapoptotic gene Bcl-2,
decreased the number of TUNEL-positive cells, decreased
MDA levels, and increased the expression of superoxide dis-
mutase as well [218], which demonstrated that DCE treat-
ment decreased apoptosis and showed beneficial effects
over oxidative stress in SCL

Several chemical components, such as salvianolic acid B
(Sal B), 3,4-dihydroxyphenyl lactic acid (DLA), and tanshi-
none ITA (TIIA), are obtained from Danshen extracts.

Salvianolic acid B (Sal B) is commonly used for the pre-
vention and treatment of cardiovascular disease and shows
neuroprotective effects in animal models.

Sal B improves motor function [219, 220]. One proba-
ble mechanism of Sal B is through the oligodendrocyte
precursor cell differentiation due to the increase of the
myelin sheath and the number of regenerating axons.
These observations indicate that Sal B can protect axons
and the myelin sheath [221].
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Furthermore, Sal B has shown anti-inflammatory effects
by attenuating the upregulation of TNF-« and NF-xB [219].
Moreover, Sal B activates proapoptotic mediators as
caspase-3 [220, 221].

Interestingly, Sal B regulates the blood-spinal cord barrier
(BSCB) permeability and can reduce spinal edema [220]. In
this case, Sal B upregulated the expression of ZO-1 and occlu-
din mediated by HO-1, and p-caveolin was significantly
decreased as well [219, 220]. Additionally, Sal A induced the
expression of miR-101, which regulates BSCB integrity via
the miR-101/Cul3/Nrf2/HO-1 signaling pathway [220].

DLA is obtained by water extraction and improves motor
function and tissue damage in SCI. Moreover, it shows its
effects on the inflammatory response by reducing IxB-a deg-
radation and the nuclear translocation of NF-«B p65 subunit,
as well as polymorphonuclear cell infiltration and IL-6 pro-
duction [222].

TIIA is one of the principal components of Danshen,
which has shown anti-inflammatory and antiapoptotic effects
on several diseases: activates blood circulation and exerts neu-
roprotective effects. In SCI, TIIA improves motor function
and reduces tissue injury [223-225]. A possible mechanism
for TIIA is the low activation of astrocytes and upregulated
expression of Nestin, NeuN, and NF200, indicating that TIIA
can promote cell differentiation [225]. The anti-inflammatory
mechanisms are carried out by the inhibition of the activation
of NF-«xB, MAPK, and JNK pathways and the downregulation
of proinflammatory cytokines TNF-a, IL-1p, IL-6, and iNOS.
TIIA decreases neutrophil and monocyte infiltration by
decreasing the myeloperoxidase activity [223, 226]. Also, the
anti-inflammation induced by TIIA has shown positive
responses to neuropathic pain [226].

TIIA reduces apoptosis by decreasing caspase-3 activa-
tion and upregulating Bcl-2 [223, 224, 227]. Finally, TIIA
increases the expression of heat-shock protein 70 and
inhibits Bax expression [224] and shows effects on redox
state imbalance and antiedema [223, 227].

5. Discussion

Different cellular and molecular targets are currently
under investigation to improve the outcome after SCI.
However, no strategies that effectively improve the sec-
ondary damage underlying SCI are currently approved
by the FDA. Due to the complexity of SCI—in which sec-
ondary posttraumatic mechanisms produce neuronal
degeneration associated with increased oxidative stress
and inflammation—and the lack of therapeutic options,
further investigation of other treatments becomes neces-
sary to improve the quality of life of patients with this
lesion.

This review describes several compounds derived from
plants, vegetables, and fruits that have been tested in SCI
models, in which they exhibit antioxidant, anti-inflamma-
tory, and antiapoptotic therapeutic potential. These proper-
ties come from compounds such as the asiatic acid,
obtained from Centella asiatica, and plumbagin, an analog
of vitamin K3 isolated from Plumbago zeylanica L, which
increase the levels of antioxidant enzymes. Ligustilide is a
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bioactive ingredient that reduces oxidative stress and inflam-
mation. Tetrandrine, which is extracted from the root of Ste-
phania tetrandrae, is a compound with neuroprotective
effects through blocking calcium canals. Consequently, it
reduces the molecules associated with oxidative stress damage.
Danshen extracts decreased apoptosis and oxidative stress and
improved motor function in acute SCI. Ginsenosides extracted
from P. ginseng promote neuronal restoration, inhibit
inflammatory processes, and downregulate oxidative stress.

Puerarin, the main constituent of Radix Puerariae lobata,
and tetramethylpyrazine, extracted from Ligusticum wallichii
Franchat, showed neuroprotective, as well as antioxidant and
antiapoptosis effects, and also reduced neuroinflammation
against SCIL.

EGb-761, an extract from Ginkgo biloba, improved func-
tional performance after SCI, due to its antioxidant, free rad-
ical scavenging, and antiapoptosis properties.

Some polyphenols, including quercetin, rosmarinic acid,
silymarin, epigallocatechin-3-gallate, and resveratrol, are
ROS and reactive nitrogen species scavengers. Therefore,
they contribute to regulating oxidative stress. Lastly, curcu-
min is a nonsteroidal compound with a variety of pharmaco-
logical effects.

Some limitations of this review were the lack of infor-
mation about the use of other natural compounds from
Mexican and Latin American countries—which are known
to possess an impactful millennial tradition in the use of
medicinal plants—to treat SCI. However, this opens up
the possibility of future research for new American natural
compounds with antioxidant properties, which could be
used as a potential treatment for SCI as well. Due to the
heterogeneity between the beginning, the duration, and
the routes of administration of the treatments, it is impos-
sible to compare their efficiency and strength. Therefore,
another limitation could be the lack of standard proce-
dures that allow the comparison of the effectiveness of
these compounds.

Although many natural compounds have been used in
SCI, little is known about their effectiveness as natural anti-
oxidants, the mechanisms through which these compounds
exert their antioxidant activities or their ability to cross the
BBB in preclinical models.

As a conclusion, 21 compounds commonly used in
SCI models with beneficial properties were described in
this review. These compounds are potential therapeutic
candidates with neuroprotective effects such as reducing
the levels of ROS and diminishing oxidative stress.

Even though these compounds have been tested in ani-
mal models with promising results, no clinical studies have
been conducted in humans. Therefore, it is crucial to design
some strategies to study the effects of these natural com-
pounds in patients with SCI, given that most of these plants
are available worldwide at a much lower cost than some syn-
thetic drugs used for SCI therapy.
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Leonurine, also named SCM-198, which was extracted from Herba leonuri, displayed a protective effect on various
cardiovascular and brain diseases, like ischemic stroke. Ischemic stroke which is the leading cause of morbidity and
mortality, ultimately caused irreversible neuron damage. This study is aimed at exploring the possible therapeutic potential
of SCM-198 in the protection against postischemic neuronal injury and possible underlying mechanisms. A transient
middle cerebral artery occlusion (tMCAO) rat model was utilized to measure the protective effect of SCM-198 on neurons.
TEM was used to determine neuron ultrastructural changes. The brain slices were stained with Niss] staining solution for
Nissl bodies. Fluoro-Jade B (FJB) was used for staining the degenerating neurons. In the oxygen-glucose deprivation and re-
oxygenation (OGD/R) model of bEnd.3 cells treated with SCM-198 (0.1, 1, 10 uM). Then, the bEnd.3 cells were cocultured
with SH-SY5Y cells. Cell viability, MDA level, CAT activity, and apoptosis were examined to evaluate the cytotoxicity of
these treatments. Western blot and immunofluorescent assays were used to examine the expression of protein related to the
p-STAT3/NOX4/Bcl-2 signaling pathway. Coimmunoprecipitation was performed to determine the interaction between p-
STAT3 and NOX4. In the transient middle cerebral artery occlusion (tMCAO) rat model, we found that treatment with
SCM-198 could ameliorate neuron morphology and reduce the degenerating cell and neuron loss. In the in vitro model of
bEnd.3 cell oxygen-glucose deprivation and reoxygenation (OGD/R), treatment with SCM-198 restored the activity of
catalase (CAT), improved the expression of Cu-Zn superoxide dismutase (SODI1), and decreased the malondialdehyde
(MDA) production. SCM-198 treatment prevented OGD/R-induced cell apoptosis as indicated by increased cell viability and
decreased the number of TUNEL-positive cells, accompanied with upregulation of Bcl-2 and Bcl-xl protein and
downregulation Bax protein. The results were consistent with SH-SY5Y cells which coculture with bEnd.3 cells. The
forthcoming study revealed that SCM-198 activated the p-STAT3/NOX4/Bcl-2 signaling pathway. All the data indicated that
SCM-198 protected against oxidative stress and neuronal damage in in vivo and in vitro injury models via the p-
STAT3/NOX4/Bcl-2 signaling pathway. Our results suggested that SCM-198 could be the potential drug for neuroprotective
effect through stabilizing endothelial cell function.
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1. Introduction

Stroke is one of the leading cause of morbidity and mortal-
ity worldwide [1], owing to its incredibly short therapeutic
time window and fewer effective emergency medicines,
tissue-type plasminogen activator (tPA) serving as priority
therapeutic drug in ischemic stroke, with only 10% patients
of which applicable to this therapy [2]. Clinically speaking,
stroke could be categorized into two types: around 85% of
ischemic stroke and hemorrhagic stroke which includes
intracerebral bleeding and subarachnoidal bleeding
accounting for 10% and 3%, respectively [3]. Meanwhile, in
the ischemic stroke, secondary damage led by reperfusion will
worsen prognosis including a breakdown of blood-brain
barrier (BBB), inflammation, oxidative stress, excitotoxicity,
and finally irreversible neuronal damage [4].

NADPH oxidases (NOX) are one kind of the main
sources of ROS and the only kind of enzyme known that
has ROS formation function solely [5]. In mammals, the
NOX family includes seven members: NOX1 to NOX5, dual
oxidase- (Duox-) 1, and Duox-2 [6-8]. Among NOX, NOX4
appears mostly as a target for ischemia-reperfusion (IR) ther-
apy [9, 10] because it is induced under hypoxia in various cell
and tissues making it seem to be the most possible key point
of IR injury [11]. In addition, recent researches demonstrated
that NOX4 exerted the protective effect against blood-brain
barrier breakdown, oxidative stress, and neuronal apoptosis
during ischemic stroke [12, 13].

Research revealed that the activated signal transducers
and transcription 3 (STAT3) is involved in the protection
against cerebral ischemic reperfusion injury [14-16].
Previous studies investigated that activated STAT3 in stroke
model could promote numerous genes which play a protec-
tive effect on neural injury and repair [17, 18]. Further
experiments revealed that the regulation of the STAT3
signaling pathway could prevent neuroapoptosis [19].
However, the further mechanism of the downstream regula-
tors is unclear. On the contrary, there also some other differ-
ent results which reveal that blocking the STAT3 pathway
could improve cerebral recovery and neurological outcomes
[20]. Therefore, the rigid contribution of activated STAT3
after stroke remains incompletely explored.

Herbaleonuri, also called Chinese Motherwort or Sibe-
rian Motherwort, is found in China, central Europe, Scan-
dinavia, and Russia and has been documented for
treatment of vaginal bleeding, dystocia, retained fatal
membranes, bruising, metrorrhagia, metrostaxis, hemuresis,
and some other diseases. Leonurine (C,,H,,N,0O;), extracted
from the leaves of Herbaleonuri, also named SCM-198, was
reported to be protective in cardio cerebral vascular diseases.
Our previous results firstly provide the evidence that SCM-
198 could prevent cardiac fibrosis and activate cardiac
fibroblasts partly through modulation of the NOX4-ROS
pathway [21]. And our investigation found that SCM-198
could maintain the BBB integrity by regulating the HDAC4/-
NOX4/MMP-9 tight junction pathway [22-25]. SCM-198
may directly inhibit the overactivated microglia, maintain
their ramified morphology, and decrease proinflammatory
cytokines via the NF-«¥B and JNK pathways in microglia
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and A1-40-injected SD rats [26]. Therefore, we investigated
the protective effect of SCM-198 on neuron and microvascu-
lar endothelial cells in both tMCAO rat model and OGD/R
in vitro model and put forward new mechanisms that
contribute to the protective effects of SCM-198 via the
STAT3/NOX4/Bcl-2 pathways.

2. Materials and Methods

2.1. Animal Model and Treatment. All the experimental pro-
tocol was approved by the institutional ethical committee
with internationally accepted ethical standards. Protocols
and animal handling were performed in accordance with
the guidelines of the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Male
Sprague-Dawley (SD) rats were supplied by the laboratory
animal center, Fudan University. Rats weighing 180-220 g
were housed with enough food and water under diurnal
lighting condition.

Briefly, we performed the surgery as described previously
[27]. All the animals mentioned above were randomly
divided into five groups: control operation group, tMCAO
group treated with saline, edaravone- (3 mg/kg/day) treated
group, and SCM-198 (15 mg/kg/day in normal saline) treat-
ment groups that were posttreated (0.5h and 2 h after opera-
tion). All the drugs were given through tail vein injection
once daily for 3 times.

2.2. Transmission Electron Microscopy (TEM). TEM was
used to determine neuron ultrastructural changes. All of
the ultrathin sections were examined with a Jeol JEM
1200 EX (Jeol Ltd., Tokyo, Japan) transmission electron
microscope. An investigator blinded to the study protocol
examined tissues [28].

2.3. Tissue Prepared. After three days of treatment, the rats
(n=6) were anesthetized with pentobarbital sodium
(50 mg/kg), then perfused with 0.9% saline and subsequently
with 4% paraformaldehyde in PBS. The brains were removed
and postfixed over 12h in the same aldehyde fixative
solution, then immersed in 15% and 30% sucrose solution
over 6 days at 4°C. The brains were sectioned at 20 ygm which
were used for the next experiments [29].

2.4. Nissl Staining. Brain slices described above were stained
with Nissl staining solution (Beyotime) for 20 min. The slices
were dehydrated in 70%, 95%, and 100% ethanol, cleared in
xylene, then covered with neutral resin. Five sections were
selected from each rat and three images for cortex and
striatum, respectively. The images were analyzed by Image].

2.5. Fluoro-Jade B (FJB) Staining. FJB was used for staining
the degenerating neurons. Brain sections described above
were stained according to Liu et al. [30].

2.6. Immunofluorescent Staining. Immunofluorescence was
assessed as described earlier [31, 32]. Coronal brain slices
described above were blocked and incubated in polyclonal
rabbit anti-NeuN antibody (Abcam, 1:500) overnight in
4°C, followed by Alexa Fluor 488-conjugated goat anti-
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rabbit IgG (1:1000, Life Technologies) and counterstaining
with DAPI. Fluorescence staining was viewed with a laser
scanning confocal microscope (Zeiss, Oberkochen,
Germany).

2.7. bEnd.3 Cell Culture and Treatment. Mouse bEnd.3 cells
were bought from the American Type Culture Collection
(ATCC). Cells were cultured according to our previous
method [25].

To mimic ischemic-like conditions in vitro, bEnd.3 cells
were exposed to OGD and reperfusion as we described
previously [33]. In brief, the cells were washed with PBS
then replaced with glucose-free medium (Invitrogen). The
cells were placed in a BioSpherix incubator chamber
(ProOx C21, USA), which was flushed with 95% N, and
5% CO, for 6h then transferred to 95% air, 5% CO,, and
continued to be cultured in the glucose-containing medium
for 4h each time. The cells were divided into five groups:
control, OGD, and cells treated with SCM-198 (0.1 uM,
1uM, and 10uM) 2h before OGD. The inhibitors were
added 1h before OGD until the end of the experiment.

2.8. SH-SY5Y Cell Culture and Coculture with bEnd.3 Cells.
SH-SY5Y cell lines were purchased from the American Type
Culture Collection. SH-SY5Y cells were cultured with
Dulbecco’s modified Eagle’s medium (DMEM, HyClone,
USA) containing 10% fetal bovine serum (FBS, Gibco,
USA) and 100 ug/mL penicillin/streptomycin (Gibco) and
cultured at 37°C containing 5% CO, and 95% O,.

The coculture system was set up according to a previous
study with some modifications [34]. After coculture for 24 h,
the SH-SY5Y cells were washed with PBS then replaced with
glucose-free medium (Invitrogen). The cells were placed in a
BioSpherix incubator chamber (ProOx C21, USA), which
was flushed with 95% N, and 5% CO, for 9 h then transferred
to 95% air, 5% CO,, and continued to be cultured in the
glucose-containing medium for 2h each time.

2.9. MTT and Lactate Dehydrogenase (LDH) Assay. Cell
viability was determined by the mitochondrial-dependent
reduction of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyl tetrazolium bromide) to formazan by adding 10 uL of
the MTT agent (5mg/mL; Sigma-Aldrich) to cells in the
plates [35].

LDH activity was detected using the LDH activity assay
kit according to the manufacturer’s instructions.

2.10. The Measurement of the Level of MDA and the Activity
of CAT. Lipid peroxidation is quantified by measuring the
level of malondialdehyde (MDA) assay kit (Byotime). The
catalase activity (CAT) was determined following the manu-
facturer’s instructions (Beyotime).

2.11. TUNEL. To measure the cell apoptosis after OGD/R
insult, we counted the TUNEL- (terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick-end labeling-) posi-
tive cells which were determined by a cell death detection
kit, according to the manufacturer’s protocol (Biotool).

2.12. Coimmunoprecipitation. Coimmunoprecipitation was
carried out as described previously [36]. Briefly, bEnd.3 cells
were subjected to OGD treatment and reperfusion, then lysed
on ice in RIPA buffer. After preclearing with normal IgG, cell
lysates (0.5 mg of protein) were incubated overnight at 4°C
with 2 pg of anti-NOX4 (Proteintech, 1:100) and anti-p-
STAT3 (CST, 1:100), followed by precipitation with 20 uL
of protein A/G Plus-Agarose (Santa Cruz Biotech.) for 1h
at 4°C. The precipitated complexes were used for western blot
analysis, as described below.

2.13. Western Blot. Western blot analyses were performed as
previously described [36, 37].

Each membrane was incubated with specific antibodies
as follows: Bcl-xl (Cell Signaling Technology, 1:1000),
Bcl-2 (Cell Signaling Technology, 1:1000), Bax (Cell
Signaling Technology, 1:1000), SOD1 (Cell Signaling Tech-
nology, 1:1000), NOX4 (Proteintech, 1:1000), STAT3 (Cell
Signaling Technology, 1:1000), p-STAT3 (Cell Signaling
Technology, 1:1000), Akt (Cell Signaling Technology,
1:1000), and p-Akt (Cell Signaling Technology, 1:1000).
To measure the expression of each protein, the relative
intensity was calculated by comparing the intensity of
GAPDH using densitometry.

3. Results

3.1. The Protection of SCM-198 on Neuron Morphology
after Ischemic Stroke. As we know, reperfusion can cause
secondary brain injury, including irreversible neuron
losses, injury, and degeneration. According to a previous
research, we hypothesized whether SCM-198 exerts the
effect on neurons in the tMCAO model. Firstly, we inves-
tigated brain tissue ultrastructural conditions. Three days
after tMCAQO operation, large vacuoles and lysosomes
appeared in the cytoplasm. Nearly all of the mitochondria
in the model group showed ultrastructural pathological
changes and most of them were swollen. We could hardly
find normal neurons in this group (Figure 1(a)). SCM-198
treatment groups revealed less intercellular edema, better
neuron ultrastructure, and better mitochondrial protection
than the tMCAO-insulted group. Well-protected neurons
and slight dendritic swelling in 0.5 h post operation treatment
groups demonstrated great amelioration after SCM-198 treat-
ment. In the 0.5h post operation treatment with edaravone
group, neurons were swelling and with less dense cytoplasm
compared with normal neurons. Mitochondrial accumulation
occurred which implicated oxidative stress in the insulted
region. We next measured the neural cell loss in the peri-
ischemic region of tMCAO cortex by Nissl staining. The
results revealed that SCM-198 reduced cell shrinkage and
empty spaces (Figure 1(b)).

3.2. SCM-198 Reduced Neuron Loss after I/R Insult. Fluoro-
Jade B, a kind of cell death marker used for staining
degenerating neurons, was chosen for further demonstra-
tion of neuroprotection. No FJB-positive cells were found
in the control group. On the contrary, vast degenerating
neurons were detected in the peri-ischemic regions of the
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FI1GURE 1: The protection of SCM-198 on neuron morphology after ischemic stroke. (a) The representative TEM of neurons in the peri-
ischemic region in the tMCAO model. SCM-198 diminished the changes in neuron morphology after I/R injury. Scalebar =5 ym and
500nm, n = 3. (b) Representative pictures of coronal sections from the ischemic rat brain stained with Nissl staining. SCM-198 reduced

cell shrinkage and empty spaces. Scale bar = 20 ym (n = 5).

tMCAO group. SCM-198, in the 0.5h and 2 h post operation
treatment groups, significantly reduced the number of
degenerating neurons. Edaravone also decreased the degen-
erating neurons; the effect was a little weaker than the
SCM-198 0.5h group but there was no significant difference
(Figures 2(a) and 2(b)). This result was confirmed by NeuN
immunoreactivity (Figure 2(c)); from the result we found
that there was a substantial amount of NeuN-positive cells
in the control group. tMCAO led to more neuron loss, while
SCM-198 could reduce neuron loss in the ipsilateral brain
cortex. There was also no significant difference between
SCM-198 and edaravone. With this, these results demon-
strated that SCM-198 could significantly protect against
ischemic injury and improve neuronal survival.

3.3. SCM-198 Improved bEnd.3 Cells Antioxidative Capacity
In Vitro. No obvious cytotoxicity was observed at concen-
trations from 0.001 to 100 uM SCM-198 [26]. Possible
antioxidative mechanisms of SCM-198 were studied
mainly using bEnd.3 cells in vitro. To elucidate the
involvement of SCM-198 on OGD/R-induced cellular
injury, the content of MDA, activity of CAT, and SOD1
expression were measured. As shown in Figure 3(a), cell
viability, evaluated by an MTT assay, was significantly
reduced after exposure to OGD for 6h and reperfusion for
2h, while SCM-198 could increase cell viability in a
concentration-dependent manner. OGD/R led to cell viability
decrease to 57.56% + 3.47; 1 and 10 uM of SCM-198 improve
the viability to 76.54% + 4.15and 81.73% =+ 5.18, respectively.
The MDA level of the SCM-198 (1 and 10 M) group was sig-

nificantly decreased as compared to the OGD/R group
(Figure 3(b)). The level of MDA in the OGD/R group was
two- and threefold than SCM-198 (1 and 10 uM). The dose
1 and 10 uM of SCM-198 could predominantly increase inter-
cellular antioxidative capacity by restoring the activity of CAT
(Figure 3(c)) and increase the expression of SODI1
(Figure 3(d)). SCM-198, 1 and 10 uM, could enhance the
activity of CAT from 0.35U + 0.03 to 0.47 U + 0.07 and 0.49
U £ 0.03. OGD/R-induced cell apoptosis was determined by
TUNEL staining; the result showed that OGD/R obviously
increased the apoptosis ratio about 58.36% + 2.72, whereas
treatment with SCM-198 (1 and 10 ¢M) inhibited cell apopto-
sis to 19.56% + 4.50 and 14.70% + 3.47 (Figure 3(e)).

3.4. SCM-1 98 Protected Neurons via Modulating BMECs in
BMEC/Neuron Coculture System. As SCM-198 could effec-
tively protect against OGD/R insult in BMEC cells, we then
utilized a coculture system to determine whether SCM-198
has an effect on neurons through protecting the BMECs.
After 4h reperfusion, bEnd.3 cells were cocultured with the
SH-SY5Y cell line for 24 h before SH-SY5Y was subjected to
OGD for 9h and reperfusion for 2h. bEnd.3 treatment with
SCM-198 coculture with SH-SY5Y exhibited protection
against OGD/R injury by improving the cell viability and
antioxidant ability and reducing apoptosis. Figure 4(a) shows
that conditioned medium with SCM-198, especially 1 uM
and 10 uM, increased the cell viability to 77.52% + 5.84 and
80.09% + 5.42, respectively, when compared with the
OGD/R group without SCM-198 (52.95% + 1.85). SCM-198
could reduce the LDH leakage and the MDA level in the
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FIGURE 2: SCM-198 reduced neuron loss after I/R insult. (a) FJB staining of brain sections after reperfusion. Representative pictures of FJB
staining of brain sections after reperfusion. No FJB-positive cells were found in the control group. Vast degenerating neurons were
detected in the peri-ischemic regions of the tMCAO group. SCM-198 significantly reduced the number of degenerating neurons. (b) The
quantitative analysis of the number of degenerating neurons. Scalebar =50 um. Values are expressed as mean + SD. #p < 0.05 versus
control group, *p < 0.05 versus tMCAO group (n=5). (¢) Immunofluorescence staining for NeuN after ischemia reperfusion. SCM-198
could reduce neuron loss in the ipsilateral brain cortex. Scale bar = 50 ym.

SH-SY5Y «cells and increase the activity of CAT
(Figures 4(b)-4(d)). The leakage of LDH and MDA level in
the OGD/R group was three times larger than the control
group, while SCM-198 (1 uM and 10 uM) was nearly half
of the OGD/R group. SCM-198, 1 uM and 10 uM, increased
CAT activity by about 50% compared with the model group.
SCM-198 could markedly decrease cell apoptosis, which was
confirmed by TUNEL stain. Figure 4(e) shows that OGD/R
increased the apoptosis ratio to 50.51% + 3.59, whereas treat-
ment with SCM-198 (1 and 10 uM) dropped down cell
apoptosis to 23.12% +4.59 and 14.36% + 6.53. Consistent
with these observations, we believe that SCM-198 could exert
a protective effect on neurons via modulating BMECs.

3.5. The Mechanism of SCM-198 Inhibited Apoptosis Induced
by OGD/R. Apoptosis is mainly responsible for cell death
after ischemia. As we mentioned above, SCM-198 could
reduce neuron loss in vivo and cell apoptosis in vitro.
We examined the effect of SCM-198 on the Bcl-2 family,
including the antiapoptosis protein Bcl-2 and Bcl-xl and

proapoptosis protein Bax. Our results showed that following
OGD/R injury Bcl-2 and Bcl-xl significantly decreased,
whereas they were improved with SCM-198 treatment (1
and 10 uM) (Figures 5(a)-5(c)). At the same time, the
coculture results are consistent with the findings in bEnd.3
cells. BMEC treatment with SCM-198 cocultured with SH-
SY5Y exerted protection against apoptosis induced by
OGD/R by increasing the expression of Bcl-2 and Bcl-xl
and reducing the Bax level (Figures 5(d)-5(f)).

Next, we further explored the mechanism of SCM-198
in reducing cell apoptosis caused by OGD/R in bEnd.3
cells. The results indicated that SCM-198, 1 and 10uM,
protected against apoptosis through improving the level
of p-STAT3 and inhibiting the expression of NOX4, then
modulated p-Akt, the proteins which were involved in cell
apoptosis (Figures 5(g)-5(1)).

36. SCM-198  Inhibited  Apoptosis  through  the
STAT3/NOX4/Bcl-2 Pathway. As we know, STAT3 and
NOX4 are both involved in regulating apoptosis by modulating
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group, *p < 0.05 versus OGD group (1 = 3).

the PI3K/Akt pathway, but the connection between STAT3 and
NOX4 remains unclear. Firstly, we used IL-6 to upregulate p-
STAT3 in different concentrations or WP1066 to inhibit
STAT3 1h before OGD/R injury; western blot indicated that
the level of NOX4 was inhibited by the overexpression of p-
STAT3 and increased by inhibiting STATS3, respectively
(Supplementary 1). But when we used DPI or GKT137831 to

inhibit NOX4 before being subjected to OGD/R, the level of
STAT3 was unchanged (Supplementary 2). We deemed that
STATS3 could regulate the expression in ischemic stroke, so we
used WP1066 for further study. The results revealed that treat-
ment with 10 uM of SCM-198 still observably decreased the
overexpression of NOX4 induced by WP1066 and improved
the expression of p-Akt. Then, SCM-198 further reduced the
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level of Bax and increased the expression of Bcl-xl and Bcl-2
(Figure 6).

3.7. SCM-198 Upregulates Interaction between p-STAT3 and
NOX4. Our previous results have indicated that p-STAT3
participated in OGD/R-mediated NOX4 expression. We
speculated that SCM-198 could affect the interaction between
p-STAT3 and NOX4. Coimmunoprecipitation analysis
demonstrated that the interaction between p-STAT3 and
NOX4 was increased by treatment with SCM-198
(Figures 7(a) and 7(b)). These data suggested that SCM-198

improved p-STAT3-NOX4 interaction, which may inhibit
NOZX4 activation and subsequent apoptosis.

4. Discussion

In the present study, we demonstrated that NOX4 and
apoptosis pathway mediated the protective effects of SCM-
198 on endothelial cells and neurons during stroke in vivo
and in vitro. In addition, we newly discovered and elucidated
the p-STAT3/NOX4 pathway influenced by SCM-198 during
BBB breakdown. The expression of p-STAT3 serves as a
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FIGURE 6: SCM-198 inhibited apoptosis through the STAT3/NOX4/Bcl-2 pathway. (a) SCM-198 (10 uM) still observably decreased the
overexpression of NOX4 induced by WP1066. (b) SCM-198 (10 uM) improved the expression of p-Akt. (c-e) SCM-198 (10 uM) could
enhance the protection against apoptosis after inhibiting the activation of p-STAT3 in bEnd.3. (f) SCM-198 (10 uM) improved the
expression of SOD1 after using WP1066. Values are expressed as mean + SD. #p < 0.05 versus control group, *p < 0.05 versus OGD group

(n=3).

negative regulator of NOX4, and maybe it is achieved
through direct binding in this hypoxia occasion affected by
SCM-198. These results provide new insights into the stroke
protective roles of SCM-198 apart from BBB maintenance we
have reported recently [25].

In ischemic stroke, the brain firstly suffers from a vast loss
of oxygen and nutrient causing tissue damage mainly in the
cortex and striatum [38], and reperfusion aggravates the
insult due to the fresh oxygen [3]. Conventional remedies
for stroke include tPA, an enzyme that recommended for
clinical use to catalyze blood clots less than 3 hours after
acute ischemia occurs, and edaravone, a free radical scaven-
ger and the only neuroprotective agent clinically approved
for acute ischemic stroke in Japan [39]. However, studies
have reported that treatment with tPA is frequently accom-
panied with a detrimental complication such as brain edema
because of reperfusion pursued. Edaravone could suppress
ROS production and potentially suppress the open of mito-
chondrial permeability transition pore (MPTP) [39]. Until
now, edaravone is the only clinically approved treatment for
stroke in Japan and treatment for amyotrophic lateral sclero-
sis (ALS) in the US and Japan. The limited availability of effec-
tive clinical medicine leads to a large unmet need in society, so

the development of new approaches for acute stroke manage-
ment is urgent.

SCM-198 has been reported to have cardioprotective
effects against ischemic myocardial injuries through
scavenging intracellular ROS and increasing antiapoptosis-
associated protein levels [40]. In addition, several studies
have reported that SCM-198 can ameliorate the infarction
area of the cerebral cortex and improve neurological damage
[24, 41]. In this study, we found that the administration of
SCM-198 0.5h post I/R in rat could preserve neuron
morphology while neurons in the edaravone treatment group
were still swelling and with less dense cytoplasm mass. In the
meantime, SCM-198 could prevent neural cell loss in the
peri-ischemic region of the cortex (Figure 1). Furthermore,
this was repeatedly confirmed by FJB staining and NeuN
detecting. The effect of SCM-198 was a little better than
edaravone although there was no significance. But as we
know, SCM-198 has fewer side effects and is easier to obtain.
In the in vitro study, we induced bEnd.3 cells or coculture
system with OGD/R model. The results reveal that SCM-
198 significantly improved cell viability and inhibited cell
apoptosis without obvious cytotoxicity in the OGD/R-
induced cells. But the results displayed that the effect of
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FIGURE 8: SCM-198 could be the potential drug for neuroprotective effect through stabilizing endothelial cell function.

SCM-198 with 1 and 10 uM sometimes showed a dose
response effect between bEnd.3 cells and SH-SY5Y cells. In
SH-SY5Y cells, 1 and 10 uM sometimes worked the same
way; we speculated that there may be two reasons: (1) condi-
tioned media influenced the results and (2) different experi-
mental systems. Taken together, SCM-198 might play a
neuroprotective role in I/R and OGR/R conditions.

STATS3 was reported to be a controversial contributor to
cerebral ischemic reperfusion injury. The JAK2/STAT3 path-
way is made up of JAK and STAT protein family. Among the
STAT proteins, STAT3 is considered the most conserved,
and it can be stimulated by various factors and stimuli [18],
such as inflammatory cytokines and chemokines. There are
contrary functional options about JAK2/STAT3 activation
in cerebral ischemia [42]. Many previous studies are agree
with that the activation of the JAK2/STATS3 pathway attenu-
ates brain ischemia/reperfusion injury [43]. It is reported that

estradiol or catalpol could protect against I/R injury through
activating STAT3 [44], which is consistent with the results of
ours. In order to make sure the relationship between STAT3
activation and the neuroprotective effects of SCM-198,
WP1066, a STAT3 inhibitor, was utilized. Our results
revealed that WP1066 could partially counteract the protec-
tive effect of SCM-198 (Figure 6), while the overexpression
of p-STAT3 could inhibit the expression of NOX4. Co-IP
experiment confirmed the direct binding of p-STAT3 and
NOX4, and the binding activity could be regulated by
SCM198. In addition, the inhibition of NOX4, expression
of p-STAT3, was not influenced, indicating that NOX4 was
regulated by p-STATS3.

NOX4, a primary source of ROS, is highly expressed in
many tissues during hypoxia which suggested that NOX4
could be an important uniform therapeutic target for postis-
chemic injuries. Furthermore, Kleinschnitz et al. reported
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that NOX4 predominantly localizes in endothelial cells and
neurons in the brain (rodent and human) [12]. In the
meantime, the breakdown of BBB, the special structure that
differentiates the brain from the heart and other organs,
could be attributed to the ROS produced by the endothelial
NOX4 during ischemic stroke [13]. Neuronal NOX4 also
contributes majorly to neuronal cellular autotoxicity upon
ischemia or hypoxia [13]. Pharmacological inhibition of
NOX4 could be a promising approach to develop stroke
protective drugs. Large-animal stroke models and prepara-
tion for clinical trial are ongoing (European Research
Council-Proof of Concept Project 737586 SAVEBRAIN).
In our study, SCM-198 could markedly reduce the upregu-
lation of NOX4 in endothelial cells and neuronal cells
suffering from ischemic condition, which was consistent
with our previous studies [21, 25].

5. Conclusion

In summary, our results showed that SCM-198 could exert
neuroprotective effects by stabilizing endothelial cell function
through regulating the p-STAT3/NOX4/Bcl-2 pathway
(Figure 8). Moreover, the regulation of NOX4 could be due
to the direct binding to p-STAT3 protein, which could be
affected by SCM-198. SCM-198 could be the potential drug
for I/R injury.
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Age-related macular degeneration (AMD) represents a major reason for blindness in the elderly population. Oxidative stress is a
predominant factor in the pathology of AMD. We previously evaluated the effects of phospholipid complex of quercetin (Q-PC)
on oxidative injury in ARPE-19 cells, but the underlying mechanisms are not fully understood. Herein, the solid dispersion of
quercetin-PC (Q-SD) was prepared with solubility being 235.54 pg/mL in water and 2.3x10* ug/mL in chloroform, which were
significantly higher than that of quercetin (QT) and Q-PC. Q-SD also exhibited a considerably higher dissolution rate than QT
and Q-PC. Additionally, Q-SD had Cmax of 4.143 ug/mL and AUC of 12.015 ug-h/mL in rats, suggesting better bioavailability
than QT and Q-PC. Then, a mouse model of dry AMD (Nrf2 wild-type (WT) and Nrf2 knockout (KO)) was established for
evaluating the effects of Q-SD in vivo. Q-SD more potently reduced retinal pigment epithelium sediments and Bruch’s
membrane thickness than QT and Q-PC at 200 mg/kg in Nrf2 WT mice and did not work in Nrf2 KO mice at the same dosage.
Additionally, Q-SD significantly decreased ROS and MDA contents and restored SOD, GSH-PX, and CAT activities of serum
and retinal tissues in Nrf2 WT mice, but not in Nrf2 KO mice. Furthermore, Q-SD more potently increased Nrf2 mRNA
expression and stimulated its nuclear translocation in retinal tissues of Nrf2 WT mice. Q-SD significantly increased the
expression of Nrf2 target genes HO-1, HQO-1, and GCL of retinal tissues in Nrf2 WT mice, not in Nrf2 KO mice. Altogether,
Q-SD had improved physicochemical and pharmacokinetic properties compared to QT and Q-PC and exhibited more potent
protective effects on retina oxidative injury in vivo. These effects were associated with activation of Nrf2 signaling and
upregulation of antioxidant enzymes.

featured by choroidal neovascularization (CNV), leading to
retinal exudation and hemorrhage and eventually serious

Age-related macular degeneration (AMD) is a leading irre-
versible blindness in elderly people all over the world. This dis-
ease can be generally divided into two categories, namely, dry
AMD and wet AMD. The former is characterized by choroidal
capillary atrophy, drusen, and retinal pigment epithelium
(RPE) atrophy, and geographic atrophy of the macular region
commonly occurs in its advanced stage, resulting in decreased
visual acuity and even wet AMD. The wet AMD is primarily

impairment of vision [1, 2]. Recently, much progress has been
made in the management of wet AMD due to the application
of anti-VEGF (vascular endothelial growth factor) agents in
clinical practice [3, 4]. However, the underlying mechanism
of dry AMD pathology remains largely unknown, and thus,
there are no effective therapeutic options for dry AMD.

A large number of studies have highlighted a critical role
for oxidative stress in the pathology of dry AMD [5].
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Oxidative stress reflects an imbalance between the systemic
manifestation of reactive oxygen species (ROS) and a biolog-
ical system’s ability to readily detoxify the reactive intermedi-
ates or to repair the resulting damage [6]. Long-term light
exposure can stimulate lipofuscin-mediated oxidative stress
in the macula and produce a large amount of superoxide
anion, singlet oxygen, and hydrogen peroxide, leading to
RPE cell injuries and aggravating the pathogenesis of dry
AMD [7]. The nuclear factor erythroid 2-related factor 2
(Nrf2) is a basic leucine zipper protein that regulates the
expression of antioxidant proteins that protect against oxida-
tive damage triggered by injury and inflammation, thus serv-
ing as a pivotal regulator of redox system in mammal cells
[8]. Under normal or unstressed conditions, Nrf2 is kept in
the cytoplasm by a cluster of proteins that degrade it quickly.
Under oxidative stress, however, Nrf2 is not degraded but
instead travels to the nucleus where it binds to antioxidant
response elements (AREs) and initiates transcription of anti-
oxidant genes and their proteins [9]. Activation of Nrf2 can
induce the expression of many antioxidases and phase II
metabolizing enzymes, heme oxygenase-1 (HO-1), quinone
oxidoreductase-1 (NQO-1), glutathione-S-transferase, gluta-
mate cysteine ligase (GCL), superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-PX) [10].
These enzymes can quickly scavenge ROS and protect the body
from injuries caused by active substances or toxic substances.
In addition, they can also regulate cell proliferation and death
and enhance the ability to scavenge ROS, thus maintaining
intracellular redox balance and reduce oxidative damage.

Quercetin (QT) is a naturally occurring flavonoid com-
pound. Increasing investigations have demonstrated that
QT has antioxidant, ROS-scavenging, anti-inflammatory,
and antitumor effects [11]. However, QT has the disadvan-
tages of poor water and fat solubility and low bioavailability
[12]. Our previous studies showed that the phospholipid
complex of quercetin (Q-PC) had a threefold increase in
water solubility and 734-fold increase in fat solubility and
exhibited stronger protective effects than QT against oxida-
tive injury in ARPE-19 cells by increasing cell viability and
reducing apoptosis [13]. Moreover, Q-PC was also found to
have stronger protective effects against liver oxidative injury
than quercetin in rats [14]. Although formation of phospho-
lipid complex significantly increased the solubility of QT, the
hydrophobicity of phospholipid complex resulted in poor
dispersity of QT [15]. Therefore, the phospholipid complex
had limited increase in bioavailability. Studies have indicated
that preparation of solid dispersion can significantly increase
the solubility and dissolution rate of drugs, which can further
enhance the bioavailability of drugs [16, 17]. In the current
study, we successfully prepared the solid dispersion of quer-
cetin phospholipid complex (Q-SD), determined its bioavail-
ability in rats, and evaluated its protective effects on retinal
injury caused by oxidative stress in Nrf2 wild-type and Nrf2
knockout mice.

2. Materials and Methods

2.1. Chemicals, Reagents, and Antibodies. Quercetin was
obtained from Sigma Chemical (St. Louis, MO, USA).

Oxidative Medicine and Cellular Longevity

Reagent-grade soy lecithin (purity > 97%) was purchased
from Shanghai Guyan Industry Co., Ltd. (Shanghai, China).
Polyvinylpyrrolidone (PVP K30) was purchased from J&K
Chemical Ltd. (Shanghai, China). Hydroquinone was
obtained from Alfa Aesar (Heysham, Lancashire, UK). The
primary antibodies used in Western blot analyses against
Nrf2, HO-1, NQO-1, GCL, GAPDH, and Lamin B, and the
secondary antibody Goat Anti-Rabbit IgG/HRP were all
obtained from Abcam (Cambridge, UK).

2.2. Perpetration of Q-SD. We used the solvent method to
prepare Q-SD. Briefly, quercetin and soy lecithin (mass ratio
1:1) were dissolved in ethanol of adequate volume stirred for
1h. Decompression distillation was carried out to remove
ethanol. After 12h vacuum drying, the resulting precipitates
were grinded and sieved through 100 mesh sieve, yielding Q-
PC stored in a desiccator for subsequent experiments. Next,
the prepared Q-PC and PVP K30 at a mass ratio of 1: 3 were
dissolved in absolute ethanol of adequate volume with full
mixing. This ratio was determined by orthogonal tests via
preliminary experiments. After the mixture was evaporated
in vacuo at 50°C, the Q-SD was obtained for experiments.
We then determined the standard curve of Q-SD. The
chromatographic conditions were a Waters 600 C,g column,
methanol 0.4% H,PO, solution (v/v 50:50) as the mobile
phase, 370 nm wavelength, 1.0 mL/min flow velocity, 30°C
column temperature, and 20 uL sample size. The control
solution was prepared according to following procedures.
QT of 10mg was dissolved in ethanol and volumed in a
50 mL volumetric flask, and thereby the QT control solution
at a concentration of 200 mg/L was obtained. Anhydrous eth-
anol was used to dilute to the control solution to yield a series
of solutions at 10, 20, 40, 60, 80, and 100 mg/L. Each solution
of 20 uL was injected into a high-performance liquid chro-
matograph (HPLC, Waters 600, USA) for measurement of
the peak area. Concentrations of QT ([C]) were marked at
the horizontal ordinate and peak areas (A) at the longitudinal
coordinate giving the standard curve equation A =4986.6 x
[C] —10.43219 (R =0.9998), linear range 2.06 — 93.7 ug/mL.

2.3. Determination of Q-SD Solubility. QT, Q-PC, and Q-SD
(all containing 20 mg pure quercetin) were precisely weighed
and added into a 100mL conical flask, and then distilled
water/chloroform of 20 mL was added. The solutions were
incubated in a 25°C thermostatic oscillator for 6 h. Each sam-
ple of 5mL was filtered through 0.45 ym microporous mem-
brane. The successive filtrate of 10 uL was subjected to HPLC
analyses. Control solution of 10 uL at 40 mg/L was spontane-
ously analyzed by HPLC. The equilibrium solubility of the
three kinds of samples in water and chloroform was mea-
sured, respectively, based on the peak area.

2.4. Determination of Dissolution Rate of Q-SD. QT, Q-PC
at a mass ratio of 1:1, and Q-SD at a mass ratio of 1:1:3
(all containing 20 mg pure quercetin) were evenly dispersed
in 200mL distilled water at 37°C and centrifuged at
100 r/min. Each sample of 2mL was collected at the time
points of 10, 20, 30, 40, 50, and 60 min and was subjected
to filtration. The successive filtrate of 1 mL was volumed in
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a 10mL volumetric flask with distilled water. HPLC anal-
yses were used, and mass concentrations were calculated
through introducing the peak area into the standard curve
equation followed by calculation of the cumulative dissolu-
tion percentage.

2.5. Determination of Serum Concentrations of Q-SD. Eigh-
teen Sprague Dawley rats obtained from the Model Animal
Research Centre of Nanjing University (Nanjing, China)
were randomly divided into three groups, namely, the QT
treatment group, Q-PC treatment group, and Q-SD treat-
ment group (n =6). All rats in the three groups were intra-
gastric administrated with corresponding drugs containing
pure QT at 100 mg/kg. Blood samples were collected from
orbit at time points of 0.25, 0.5, 0.75, 1, 1.5, 2, 4, and 8h in
each rat. After adding heparin, blood samples were centri-
fuged at 3000 r/min for 15min, and the supernatants were
collected for examinations. Next, each sample of 0.2 mL was
added into a 10mL centrifuge tube and incubated with
0.2mL 25% hydrochloric acid in water bath at 80°C for 1h.
Ethyl acetate of 1 mL was added to each sample followed by
vortex for 3min and centrifugation at 3000r/min for
10 min. The upper organic phase was collected with addition
of 1 mL ethyl acetate, and the abovementioned procedures
were repeated. The two upper organic phases were combined
together and subjected to nitrogen drying in 50°C water bath
followed by dissolution with 200 L methanol and centrifu-
gation at 12000 r/min for 10 min. The supernatants were ana-
lyzed by HPLC for determining drug concentrations.

2.6. Animal Experimental Procedures. Eighty-four female
C57BL/6 mice (6-month old, body weight 25-33 g, Nrf2 wild
genotype) were purchased from the Model Animal Research
Centre of Nanjing University (Nanjing, China). Thirty-six
Nrf2 knockout (Nrf2 KO) mice (C57BL/6 background) were
kindly provided by Dr. Peng Cao (Jiangsu Provincial Acad-
emy of Chinese Medicine, Nanjing, China), and the mouse
strain was from Johns Hopkins University Medical School
(USA). All mice were maintained under a 12h light/dark
cycle at a controlled temperature (25°C) with free access to
food and tap water. The Nrf2 wild-type (Nrf2 WT) mice were
divided into 7 groups, namely, the aging control group,
model control group, QT group (200 mg/kg), Q-PC group
(200 mg/kg), and Q-SD groups (50, 100, and 200 mg/kg).
The Nrf2 KO mice were divided into 3 groups, namely, the
aging control group, model control group, and Q-SD group
(200 mg/kg). These doses were defined as the content of pure
QT in the phospholipid complex or solid dispersion and were
determined by preliminary experiments.

Animals were treated according to the following proce-
dures: (1) For the aging control mice of both Nrf2 WT and
Nrf2 KO, they were fed normal diet during months 1-9. (2)
For the model control mice of both Nrf2 WT and Nrf2 KO,
they were fed with normal diet during months 1-3, then
high-fat diet, received the intake of hydroquinone dissolved
in the drinking water (0.8%) during months 4-6, and were
intragastric administrated with 0.5% CMC-Na suspension
daily during months 7-9. (3) For the treatment mice of both
Nrf2 WT and Nrf2 KO, they were fed normal diet during

months 1-3, then high-fat diet, received the intake of hydro-
quinone dissolved in the drinking water (0.8%) during
months 4-6, and were intragastric administrated with corre-
sponding drugs (suspended in 0.5% CMC-Na) daily during
months 7-9. All experimental procedures were approved by
the institutional and local committee on the care and use of
animals, and all animals received humane care according to
the National Institutes of Health (USA) guidelines.

2.7. Transmission Electron Microscopy. Eyeballs of three mice
in each group were isolated and fixed immediately in 4%
paraformaldehyde for 20 min. The cornea, crystalline lens,
and vitreous body were removed from the eye tissues. Wall
tissue (2 x 4 mm) was excised from the bilateral area of the
optic disc and fixed with glutaral/osmic acid, coated with
epoxy resins, and sectioned. After double staining with ura-
nyl acetate and lead citrate, the sections were examined with
a transmission electron microscope (Tecnai G2 Spirit Bio
TWIN; FEI, Hillsboro, OR, USA), and images were taken.
The semiquantitative evaluation of width of the sediment
beneath the RPE and the thickness of Bruch’s membrane
was determined according to the methods reported by
Espinosa-Heidmann et al. [18].

2.8. Measurements of ROS, MDA, and Antioxidant Enzymes.
Blood was collected from the orbital cavity of three mice of
each group, and serum was isolated. Meanwhile, the eyeball
was extracted and the retina was isolated, and tissue homog-
enates were prepared via centrifugation at 4°C, 3000 r/min
for 10 min. The ROS levels in the serum were determined
using Fenton’s reaction and Griess reagent chromogenic
method, and the ROS levels in the retina tissue were deter-
mined using the DCFH-DA method. Levels of MDA in
serum and retinal tissues were measured using the thiobarbi-
turic acid method. In addition, activities of SOD, GSH-PX,
and CAT in serum and retinal tissues were measured using
corresponding enzyme-linked immunosorbent assay kits at
the wavelength of 450, 412, and 405 nm, respectively. All
the kits above were purchased from the Nanjing Jiancheng
Bioengineering Institute (Nanjing, China), and experiments
were performed according to the instructions provided by
the manufactures.

2.9. Real-Time PCR. Total RNA was isolated from the retina
and choroid of three mice of each group using a TRIzol
reagent (Sigma, St. Louis, MO, USA) following the protocol
provided by the manufacturer. Reverse transcription was
carried out using kits according to the instructions provided
by Thermo Scientific Fisher (USA). Glyceraldehyde phos-
phate dehydrogenase (GAPDH) was used as the invariant
control. Fold changes in the mRNA levels of target genes
related to GAPDH were calculated. Experiments were per-
formed in triplicate. The primers of genes (GenScript, Nan-
jing, China) were as follows: Nrf2: (forward) 5 -AGTGAC
TCGGAAATGGATGAG-3', (reverse) 5 -TGTGCTGGC
TGTGCGTTAGG-3'; HO-1 (forward) 5'-GCTGGTGAT
GGCTGCCTTGT-3, (reverse) 5'-ACTGGGTGCTGCTT
GTTGCG-3'; HQO-1 (forward) 5'-ATGTATGACAATGG
ACCCTTCC-3',  (reverse)  5'-TCCCTTGCAGAGTGTC
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TasLE 1: Equilibrium solubility of quercetin of different dosage forms (25°C, n = 3).
Concentration (pg/mL)
Solvent Quercetin Quercetin-PC Quercetin-SD
Water 20.15+1.45 46.81+2.68"" 235.5414.73*%
Chloroform 2.18+0.25 1.35 x 10°+29.22** 2.3x10°£102.9***

Significance: **p < 0.01 versus quercetin; “p < 0.05 versus quercetin-PC; *p < 0.01 versus quercetin-PC.
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F1GURE 1: Quercetin-SD has better physicochemical and pharmacokinetic properties than quercetin and quercetin-PC. (a) Determination of
cumulative dissolution rates of quercetin, quercetin-PC, and quercetin-SD at indicated time points. (b) Determination of blood
concentrations of quercetin, quercetin-PC, and quercetin-SD at indicated time points in rats.

ATGG-3'; GCL (forward) 5'-GAAGTGGATGTGGACACTA
GATG-3', (reverse) 5 -TTGTAGTCAGGATGGTCTGCG
ATAA-3'; and GAPDH (forward) 5'-ATGACATCAAGACG
GTGGTG-3', (reverse) 5’ -CATACCAGGTATGAGCTTG-3'.

2.10. Western Blot Analysis. Proteins were extracted from the
retina and choroid of three mice of each group using a radio-
immunoprecipitation assay buffer containing 150 mM NaCl,
50 mM Tris, 0.1% sodium dodecyl sulphate, 1% Nonidet P-
40, and 0.5% deoxycholate supplemented with protease
inhibitor phenylmethylsulfonyl fluoride. In examining Nrf2
expression, nuclear proteins and cytoplasmic proteins were
separated using a Bioepitope Nuclear and Cytoplasmic
Extraction Kit (Bioworld Technology, St. Louis Park, MN,
USA) according to the protocol. Proteins (50 pg/well) were
separated by SDS-polyacrylamide gel, transferred to a PVDF
membrane (Millipore, Burlington, MA, USA), blocked with
5% skim milk in Tris-buffered saline containing 0.1% Tween
20. Target proteins were detected by corresponding primary
antibodies and subsequently by horseradish peroxidase-
conjugated secondary antibodies. Protein bands were visual-
ized using a chemiluminescence reagent (Millipore, Burling-
ton, MA, USA). Equivalent loading was confirmed using an
antibody against GAPDH for total proteins and against
Lamin B for nuclear proteins. Representative blots were from
three independent experiments. The levels of target protein
bands were densitometrically determined using Quantity
One 4.4.1. The variation in the density of bands was

expressed as fold changes compared to the control in the blot
after normalization to GAPDH or Lamin B.

2.11. Statistical Analysis. Data were presented as mean +
SEM, and results were analyzed using GraphPad Prism 5
software. The significance of difference was determined by
Student’s t-test for comparison between two groups and
one-way ANOVA with post hoc Dunnett’s test for compari-
son between multiple groups. A value of p < 0.05 was consid-
ered to be statistically significant.

3. Results

3.1. Q-SD Has Better Physicochemical and Pharmacokinetic
Properties Than QT and Q-PC. We initially characterized
several key physicochemical properties of Q-SD. The results
showed that the equilibrium solubility of Q-SD in both water
and chloroform was significantly higher than that of QT and
Q-PC (Table 1). Determination of the dissolution rate
showed that Q-SD had significantly higher cumulative disso-
lution rates than that of QT and Q-PC at each time point
(Figure 1(a)). Next, we determined some key pharmacoki-
netic parameters of Q-SD in rats and obtained the serum
concentration-time curve (Figure 1(b)). The maximum
serum concentration of Q-SD was considerably increased to
4.143 pg/mL from 1.517 pug/mL of QT or 2.523 ug/mL of
Q-PC. In addition, the area under the curve of Q-SD was
remarkably increased to 12.015 pg-h/mL from 5.461 pg-h/mL
of QT and 8.074 ug-h/mL of Q-SD. These results collectively
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demonstrated that Q-SD had better physicochemical and
pharmacokinetic properties than QT and Q-PC.

3.2. Q-SD More Potently Improves Retina Pathological
Changes in Nrf2 WT Model Mice of Dry AMD. We estab-
lished the disease model in both Nrf2 WT and Nrf2 KO mice
to evaluate the effects of drugs, which reflects typical patho-
logical changes of dry AMD in humans and has been widely
used by investigators [18, 19]. Histopathological examina-
tions using transmission electron microscopy showed that
there was less spotted sediment and relatively normal Bruch’s
membrane (BrM) thickness in Nrf2 WT mice of the aging
control group, obvious sediment, and thickened BrM in
Nrf2 KO mice; massive successive flat sediment and thick-
ened BrM were observed in Nrf2 WT mice of the model con-
trol group, but more severe in Nrf2 KO mice (Figure 2(a)).
Q-SD at 200 mg/kg distinctly decreased RPE sediment com-
pared to the model control in Nrf2 WT mice, not in Nrf2
KO mice (Figure 2(a)). Consistently, the scoring of sediment
severity demonstrated that Q-SD at 200 mg/kg significantly
reduced the deposit severity score compared to the QT and
Q-PC groups at the same dosage in Nrf2 WT mice and did
stronger than that of Q-SD at 100 mg/kg (Figure 2(b)). Fur-
thermore, BrM thickness was significantly reduced by Q-SD
at 200 mg/kg in Nrf2 WT mice, not in Nrf2 KO mice and
did stronger than that of Q-SD at 100 mg/kg (Figure 2(c)).
Collectively, these data indicated that Q-SD more potently
improved retina pathological changes in Nrf2 WT, not in
Nrf2 KO model mice of dry AMD.

3.3. Q-SD Exerts More Potent Antioxidant Effects in Nrf2 WT
Model Mice of Dry AMD. We speculated that regulation of
the redox system could be involved in the effects of Q-SD
and thus subsequently examined ROS, MDA, and several
antioxidant enzymes in mice. We found that the ROS and
MDA levels in both serum and retinal tissues were signifi-
cantly upregulated in Nrf2 WT and Nrf2 KO mice of the
model control group but more obvious in Nrf2 KO mice.
Q-SD at 200mg/kg significantly decreased the ROS and
MDA levels, not in Nrf2 KO mice. Q-SD at 200 mg/kg pro-
duced the strongest effect on the MDA level compared to that
of Q-SD at 100mg/kg in Nrf2 WT mice (Figures 3(a) and
3(b)). Furthermore, examinations of the three key antioxi-
dant enzymes SOD, GSH-PX, and CAT showed that their
activities in serum and retinal tissues were significantly
decreased in the model group of Nrf2 WT and more remark-
able in Nrf2 KO mice. Treatment with Q-SD at 200 mg/kg
significantly increased their activities in serum and retinal
tissues in Nrf2 WT mice, not in Nrf2 KO mice. Q-PC at
200mg/kg and Q-SD at 100mg/kg also increased their
activities in Nrf2 WT mice; as expected, Q-SD at 200 mg/kg
yielded the most significant effect (Figures 3(c)-3(e)).
Taken together, these results suggested that Q-SD exerted
more potent antioxidant effects in the Nrf2 WT model mice
of dry AMD.

3.4. Activation of Nrf2 Is Associated with the Potent Protective
Effects on Retina Injury by Q-SD in Model Mice of Dry AMD.
We further explored the underlying mechanism for Q-SD

effects focusing on Nrf2 signaling pathway. We observed that
Nrf2 mRNA was markedly increased in retinal and choroid
tissues in Nrf2 WT and Nrf2 KO mice; Nrf2 mRNA was
markedly increased in Nrf2 WT mice of the model group
and was nearly undetectable in Nrf2 KO mice. Q-SD at
200 mg/kg significantly increased Nrf2 mRNA level com-
pared to the model group in Nrf2 WT mice, not in Nrf2
KO mice (Figure 4(a)) (Nrf2 KO mice data not presented
in the figure). Moreover, the nuclear abundance of Nrf2
was significantly increased in the model group of Nrf2 WT
mice, and Q-SD at 200 mg/kg significantly stimulated nuclear
translocation of Nrf2 compared to the model group
(Figure 4(b)). However, the cytoplasm abundance of Nrf2
in the model group and Q-SD treatment groups in Nrf2
WT mice was not significantly altered (Figure 4(b)). Nrf2
protein expression in neither nucleus nor cytoplasm was
undetectable in Nrf2 KO mice (Figure 4(b)). Furthermore,
we examined the expression of major target genes of Nrf2,
which are critically involved in the antioxidant system.
Real-time PCR analyses showed that the transcript levels of
HO-1, NQO-1, and GCL were significantly upregulated in
Nrf2 WT mice of the model group and that Q-SD at
100mg/kg and 200mg/kg significantly increased their
mRNA levels compared to the model group. In the model
group Nrf2 KO mice, the mRNA expression of HO-1,
NQO-1, and GCL was not significantly enhanced compared
to that of the aging control group (Figure 5). Meanwhile, in
the model group Nrf2 WT mice, the protein expression of
HO-1, NQO-1, and GCL was significantly increased com-
pared to the aging control, and Q-SD at 100 mg/kg and
200 mg/kg significantly upregulated the protein expression
of HO-1, NQO-1, and GCL. In Nrf2 KO mice, the protein
abundance of HO-1, NQO-1, and GCL was remarkably
lower than that in Nrf2 WT mice, and there was no signif-
icant difference between the aging control and model con-
trol in Nrf2 KO mice (Figure 6). Altogether, these data
revealed that activation of Nrf2 was associated with the
potent protective effects on retina injury by Q-SD in model
mice of dry AMD.

4. Discussion

Currently, there are no promising therapeutic options for dry
AMD in clinical practice. Accumulating evidence indicates
that agents that are able to protect the retina against oxidative
stress-induced injury can be an important direction for
management of dry AMD. An early clinical research termed
Age-Related Eye Disease Study (AREDS) showed that phar-
macological use of antioxidants, such as f3-carotene, vitamin
C, vitamin E, zinc, and copper, could prevent AMD progres-
sion and reduce 25% risk in advanced AMD progression and
19% risk in moderate vision loss within 5 years [20]. Fructus
lycii is a well-known tonic medicine frequently used for treat-
ing aging-related eye diseases in traditional Chinese medicine
system and has been demonstrated to possess antioxidative
and antiaging effects [21]. Our previous studies showed that
Fructus lycii ethanol extract effectively reduced the RPE
sediment and Bruch’s membrane thickness in mice with
experimental AMD, and its major components lutein and
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zeaxanthin could protect ARPE-19 cells against hydrogen
peroxide-induced oxidative injury [19].

It has been well-recognized that many flavonoid com-
pounds have free radical-scavenging and antioxidant functions,
including naringenin, quercetin, and apigenin. However,
flavonoid compounds have the disadvantages of poor

water- and fat-solubility, low absorption, and less bioavail-
ability [22]. Pharmaceutical studies have revealed that for-
mation of phospholipid complex can markedly improve
the physicochemical properties of drugs and enhance their
absorption and therapeutic effects in vivo [23]. We previ-
ously reported that Q-PC had higher solubility, especially



Oxidative Medicine and Cellular Longevity
4n 49 N2 WT &&@ 4- N2 WT &&@
4 T T
3 31 34 &
z z > =
=4 X =4 o —= =4 —_
E 2 g 21 g 24
o) o) o)
T 1 -j T 14 T 14
ok kol
o ] L1 L1 0 . . : 0 . ; .
] 8 2 g 5 g g g 2 2 >
% 3 ) 3 & & 3 & &
1Y) =} =] =]
< = = =
3 3 3
" Nrf2 WT &&@ Nrf2 WT &&@
—— o
; 2 : -
2 o XX ~ 2 I T R 2+ — —
g 2 E £’
: : :
z 1 z 1 z 1
s kk
0- II‘| II-_-I II-_I 0' T T T 0' T T T
g g 2 s & & 8 sz g2 g
g 3 o 3 o] o = o e
YY) =} =] ]
< = = =
41 N2 W 41 N2 wT
&&@ &&@
5] 5] —— 5 s
= < & s &
% Z — — =~ =
E 2 £ 2- £ 2
— i —
3 8 S
1 ** 1 1-
0 - | | | 0 - T T T 0 - T T T
g 8 2 g & g g g 2 g 2
® 3 & 3 & & 3 & &
1Y) =] =] ]
< = = =
B N2 WT
[J Nrf2 KO

F1GUre 5: Effects of quercetin-SD on mRNA expression of antioxidant enzymes in Nrf2 WT and Nrf2 KO model mice of dry AMD. Real-time
PCR analyses of the mRNA expression of HO-1, NQO-1, and GCL in retinal tissues. Significance: *#p < 0.01 Nrf2 WT versus Nrf2 KO in
aging control and model control; **p < 0.01 model control versus aging control; **p <0.01 Q-SD 200 versus model control; ¥p < 0.05,
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the fat-solubility, than that of QT and that Q-PC thereby
exhibited stronger protective effects against oxidative-
induced damages in ARPE-19 cells [13]. However, we
realized that Q-PC had poor dispersity due to the hydro-
phobicity of phospholipid complexes. Instead, further
preparation of phospholipid complex into solid dispersion
can improve the solubility and dissolution rate of the drug,
leading to increased bioavailability. For instance, omega-3
phospholipid-based solid dispersion of fenofibrate effec-
tively increased the oral drug exposure in rats, suggesting
that this formulation should be promising for improving

@p < 0.05 Q-SD 200 versus Q-PC 200 or Q-SD 100 (n = 3).

the oral bioavailability of fenofibrate [24]. Many studies
have revealed that the hydrophilic excipient addition PVP
could convert drugs to an amorphous form rather than a
crystalline state and greatly enhance the solubility and dis-
solution of drugs [24, 25]. Therefore, we used PVP K30 to
prepare Q-SD in the present study. Consistently, our cur-
rent data demonstrated that formation of solid dispersion
tremendously increased the water- and fat-solubility and
dissolution rate of Q-PC. More importantly, Q-SD had
considerably higher blood concentrations than Q-PC in
rats, confirming that Q-SD had high bioavailability. Given



10 Oxidative Medicine and Cellular Longevity

HO- | — = G —— —— 110 ] — e S W e
NQO-| W—— G — —— NQO-] — S W W W —
GCL  — - — GClL e —— e N T —
GAPDH Bl — GAPD "—" e mm— — —
] = < = = R
Nrf2 WT = + - + - - + =} Q Q Q I~
E = 9 o o B8
Nrf2 KO - + - + + - S o =1 @ % &
T E = 3 & & o
P = (] =]
g g o =
o o l/‘)
& T =/
=}
< s
2.5 2.5 -
259\ WT Nrf2 WT
= 2.0 4 # =20 &&@ g 2.0 &&@
EO’ X% 2 & = i'—'g & =
2154 %15 _ = £15+ _ =
o 1.0 4 5 1. o 1.0
2 g1o 2
0.5 - 0.5 0.5 -
EXS sk

0.0 - . am— 1 0.0 . . , 0.0 4 . . :
T T 8§ § & T 2 8 g
= = E E a) =
: : g : 5 2 g : 2 g2 g
2 3 o4 3 o 4 3 o4 o
oH =] =] [=]
< = = =

2.0 - _ 1.5

L5 Nrf2 WT Nrf2 WT
=] =} =]
5_,2 1.5 # g &&@ pg &&@
IS B .0 4 s e
E x £ 10 = &' &
7 1.0 A n = —= i —T=
g g g =
0.5 - 0.5 1
Z 05 4 Z Z
ok *%

0.0 - .m .’-] .[_] 0.0 - . . . 0.0 - . . T
T T 8 T 8§ § &8 T 2 8 g
= E EE = a =
g S 2 s & =& g sz 8 8
Ed s </ 3z o4 o4 3 4 o4
oh =] =] =]
< = = =

2.0 1 2.0 - NeB2 W 209 Nef2 WT

=1
£ 1.5 £ 1.5 &8_@@ £ 1.5+ &_8'<_@
5710 x 51,0 1 & 5710 =
@) Q — O —_
) 0 )
0.5 0.5 4 0.5
*% sk

0.0 4 .'—| . m 0.0 - : . : 0.0 - . : T
=] =] =] =]

R 5 2 g : 2 g 2
2 2 =4 3 o <4 o o4 o
7] =] =} =]
< = = =

W N2 WT

O Nrf2 KO

F1GURE 6: Effects of quercetin-SD on protein expression of antioxidant enzymes in Nrf2 WT and Nrf2 KO model mice of dry AMD. Western
blot analyses of the protein expression of HO-1, NQO-1, and GCL in retina tissues with quantification. Significance: #*p <0.01 Nrf2 WT
versus Nrf2 KO in the aging control and model control; *p < 0.05, **p < 0.01 model control versus aging control; “p < 0.05 Q-SD 200
versus model control; 8‘p <0.05, &&p < 0.01 versus model control; ®p < 0.05, ®©p < 0.01 Q-SD 200 versus Q-PC 200 or Q-SD 100 (n = 3).



Oxidative Medicine and Cellular Longevity

that flavonoid drugs have similar pharmacokinetic behav-
iors in rats and mice, we thus established an animal
model of dry AMD in mice to examine the potential
effects of QT, Q-PC, and Q-SD on retinal injury caused
by oxidative stress. We observed that QT and Q-PC did
not reduce RPE sediments and BrM thickness, Q-SD sig-
nificantly did at the same dosage, and that there were
dose-dependent responses in the effects of Q-SD. These
data clearly supported the claim that formation of solid
dispersion considerably enhanced the protective effects
of QT on retinal oxidative injury in mice owing to the
increased bioavailability.

Nrf2 signaling had been characterized to be a pivotal
antioxidant mechanism in mammal cells. Recent evidence
indicated that disruption of Nrf2 gene increased the vulnera-
bility of the outer retina to age-related degeneration. Nrf2-
deficient mice developed ocular pathology similar to cardinal
features of human AMD related to oxidative injury and
inflammation, suggesting that Nrf2 signaling and its down-
stream target genes played important roles in the pathogene-
sis of AMD [26]. Regulation of Nrf2 signaling could be a
potential strategy for intervention of dry AMD. In line with
this recognition, our previous studies demonstrated that api-
genin exhibited protective effects on ARPE-19 cells against
oxidative injury, which were dependent on activation of
Nrf2 signaling [27]. Moreover, Hanneken and co-workers
reported that QT could induce Nrf2 and related phase IT met-
abolic enzymes and thus protect ARPE-19 cells against
hydrogen peroxide-induced injury [28]. Consistent results
were also recaptured by our previous studies. Our current
studies used the oxidative injury model in mice to validate
the in vivo effects. However, due to limited number of Nrf2
KO mice, we only evaluated Q-SD at 200 mg/kg in these ani-
mals, because we reasoned that Q-SD at this dose could pro-
duce significant effects. We observed increased the mRNA
expression and nuclear protein abundance of Nrf2 in the
Nrf2 WT mice of the model group, which was extremely
low in Nrf2 KO mice. Transcription of HO-1, NQO-1, and
GCL was all increased in Nrf2 WT mice, not in Nrf2 KO
mice; consistently, the protein expression of these three mol-
ecules was not significantly increased in the Nrf2 KO mice of
the model group. These results also indicated that the oxida-
tive stress stimulated Nrf2 nuclear translocation and initiated
the transcription of phase II metabolic enzymes.

We further found that treatment with Q-SD at 100 mg/kg
and 200 mg/kg caused significant increase in the transcrip-
tion and expression of Nrf2 and phase II metabolic enzymes
compared to the model group, whereas QT at the same dose
did not show significant effects and Q-PC at 200 mg/kg only
shows certain effects on the mRNA and protein expression of
GCL and protein expression of HO-1 in Nrf2 WT mice.
These data indicated that QT exerted its protective effects
through activating Nrf2 signaling and also confirmed that
formation of solid dispersion considerably increased the bio-
availability of QT in vivo. Moreover, QT was found to regu-
late the expression of antioxidant enzymes SOD, GSH-PX,
and CAT via a Nrf2 pathway in HepG2 cells [29]. Our cur-
rent studies demonstrated similar results showing that QT
of different dosage forms could restore the serum and tissue
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activities of SOD, GSH-PX, and CAT and reduced ROS and
MDA levels to different extents in Nrf2 WT model mice of
dry AMD, and there was effect-concentration responses in
Q-SD effects. Under these conditions, Q-SD at a high dose
produced the strongest effect. These observations further
confirmed that Q-SD had high bioavailability again. The
present studies validated the in vivo protective effects of QT
on retina injury caused by oxidative stress in mice. Next, we
will examine the in vivo pharmacokinetic properties of
Q-PC and Q-SD for further validation and development.

In summary, preparation of solid dispersion significantly
improved the solubility and dissolution rate of QT and
thereby increased its bioactivity. Q-SD exhibited more potent
protective effects on retina oxidative injury in model mice of
dry AMD, which were associated with activation of Nrf2
signaling and related antioxidant enzymes. Our studies
highlighted that Q-SD could be a safe and effective therapeu-
tic option for AMD.
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Curcumin is a natural polyphenolic compound widely known to have antioxidant, anti-inflammatory, and antiapoptotic properties. In
the present study, we explored the neuroprotective effect of curcumin against lipopolysaccharide- (LPS-) induced reactive oxygen
species- (ROS-) mediated neuroinflammation, neurodegeneration, and memory deficits in the adult rat hippocampus via regulation
of the JNK/NF-xB/Akt signaling pathway. Adult rats were treated intraperitoneally with LPS at a dose of 250 pg/kg for 7 days and
curcumin at a dose of 300 mg/kg for 14 days. After 14 days, the rats were sacrificed, and western blotting and ROS and lipid
peroxidation assays were performed. For immunohistochemistry and confocal microscopy, the rats were perfused transcardially with
4% paraformaldehyde. In order to verify the JNK-dependent neuroprotective effect of curcumin and to confirm the in vivo results,
HT-22 neuronal and BV2 microglial cells were exposed to LPS at a dose of 1 pg/ml, curcumin 100 pg/ml, and SP600125 (a specific
JNK inhibitor) 20 gM. Our immunohistochemical, immunofluorescence, and biochemical results revealed that curcumin inhibited
LPS-induced oxidative stress by reducing malondialdehyde and 2,7-dichlorofluorescein levels and ameliorating neuroinflammation
and neuronal cell death via regulation of the JNK/NF-xB/Akt signaling pathway both in vivo (adult rat hippocampus) and
in vitro (HT-22/BV2 cell lines). Moreover, curcumin markedly improved LPS-induced memory impairment in the Morris water
maze and Y-maze tasks. Taken together, our results suggest that curcumin may be a potential preventive and therapeutic candidate
for LPS-induced ROS-mediated neurotoxicity and memory deficits in an adult rat model.

1. Introduction

Neuroinflammation is a protective mechanism, which occurs
inside the brain and is the primary response to injury. If neu-
roinflammatory responses are prolonged, however, this can
lead to neuronal dysfunction and eventually result in neuro-
nal apoptosis and memory impairments [1, 2]. Increasing
evidence indicates that neuroinflammation caused by toxic
reactions or disturbances in the homeostasis of antioxidants
plays an essential role in the pathogenesis of neurodegenera-
tive disorders such as Parkinson’s and Alzheimer’s disease

(AD) [3-5]. Reactive oxygen species (ROS) have been previ-
ously identified as potent mediators of neurodegenerative
disorders. They have been shown to affect protein, lipids,
and nucleic acids, paving the way for cellular dysfunction
and neuronal apoptosis. Emerging evidence has suggested
that oxidative stress encourages the activation of stress kinases
like phosphorylated-c-Jun N-terminal kinase 1 (p-JNK), an
important mediator of neuroinflammation and neurodegen-
eration. Chronic oxidative stress and neuroinflammation are
thus key contributors to the advancement of diseases like
AD [2,6].
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Several lines of investigation have demonstrated that lipo-
polysaccharide (LPS) and other toxic agents such as ethanol
and d-galactose activate numerous ROS-mediated neuroin-
flammatory and apoptotic signaling pathways that in turn lead
to neurodegeneration and memory deficits [7-9]. LPS is a
bacterial endotoxin which triggers neuroinflammation and
is used as an inflammagen in various animal model studies
to evaluate the interaction between inflammation, brain
function, and memory impairments. It is well known that
LPS treatment leads to an increase in the generation of
ROS and cytokine production, ultimately resulting in
neuronal cell death and memory impairments [1, 10, 11].
Various mechanisms have been studied and proposed for
LPS-induced neuronal damage, the most well-established of
which is the increased generation of ROS, subsequently aug-
menting oxidative stress and neuronal damage. Furthermore,
an elevated level of ROS can activate other mediators like
phosphorylated-nuclear factor kappa B (p-NF-«B), tumor
necrosis factor-a (TNF-a), and interleukin-13 (IL-13),
affecting the function of neuronal cells in the hippocampus
via neuronal apoptosis and subsequently resulting in mem-
ory impairments. Moreover, according to recent studies,
LPS given intraperitoneally can activate astrocytes and micro-
glial cells, inducing the processes of astrogliosis and micro-
gliosis, respectively. Activation of both astrocytes and microglia
induces neurotoxicity, neuroinflammation, and the production
of ROS by stimulating proinflammatory mediators [7, 12-16].
Badshah et al. demonstrated the systemic administration of
LPS to adult mice at a dose of 250 ug/kg for 1 week-induced
neuronal cell death by increasing the expression of caspase-3
and poly [ADP-ribose] polymerase 1 (PARP-1), triggering
the mitochondrial apoptotic pathway [1].

Several antioxidants are known for their effectiveness
against oxidative stress-mediated neuronal cell death and
memory disorders. Most of these have been reported to cross
the blood-brain-barrier and reduce the deleterious effects of
various toxic molecules such as oxygen and nitrogen free
radicals in brain cells. Natural sources of polyphenolic com-
pounds include plants, vegetables, fruits, green tea, olive oil,
and red wine [17, 18]. Although no preventative treatments
are currently available, studies into neurodegenerative disor-
ders have suggested that lifestyle changes, exercise, and a
daily intake of natural polyphenol supplements may help
to prevent these diseases. Curcumin, obtained from the rhi-
zomes of the Curcuma longa plant, is a natural yellowish
compound which has been used for centuries for the treat-
ment of neuropathological disorders because of its antioxi-
dant and anti-inflammatory properties. Curcumin not only
acts as a free radical scavenger but also improves learning
and memory deficits. Studies involving curcumin have
reported that it has a neuroprotective effect, and it has been
shown to counteract AD, depression, and seizures [19-21].
Furthermore, curcumin has also been shown to have a pro-
tective role in other conditions such as cancer, pancreatitis,
rheumatoid arthritis, liver disease, and pulmonary dysfunc-
tion [22, 23]. In addition, curcumin protects the brain from
LPS toxicity by inhibiting the production of nitric oxide
(NO), prostaglandin E2 (PGE2), ROS, and proinflammatory
cytokines [24-26].
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Although it is known that curcumin has anti-
inflammatory and neuroprotective properties, there exists lit-
tle evidence about its exact underlying mechanism of action,
particularly in the context of ROS-mediated neuroinflamma-
tion, neurodegeneration, and memory impairments. There-
fore, we conducted this study to explore the effects of
curcumin against LPS-induced hippocampal microglial acti-
vation, neuroinflammation, neurodegeneration, and mem-
ory impairments. Our results confirmed that curcumin not
only has potent antioxidant, anti-inflammatory, and antia-
poptotic properties but also protects against LPS-induced
ROS-mediated neuroinflammation, neurodegeneration, and
memory impairments. Our results further confirm that natu-
ral compounds like curcumin could potentially be used as
alternatives to synthetic and semisynthetic drugs for the
treatment of neurodegenerative disorders.

2. Materials and Methods

2.1. Chemicals. The LPS, 2,7-dichlorodihydrofluorescein dia-
cetate (DCFH-DA), dimethyl sulfoxide (DMSO), and JNK
inhibitor (SP600125) used in the experiments were all
purchased from Sigma-Aldrich Chemical Co (St. Louis,
MO, USA).

2.2. Animals. Male Sprague-Dawley rats weighing 250-300
grams were purchased from Samtako Bio (Osan, Republic
of Korea). All animals were kept in the university animal
house on a 12/12 h light and dark cycle at room temperature
and humidity for a week before the start of experimentation
to allow acclimatization to the new environment. Animals
were allowed to feed ad libitum. Rats were handled carefully
according to the guidelines provided by the Animal Ethical
Committee of the Gyeongsang National University, South
Korea (Approval ID: 125).

2.3. Grouping and Treatment of Experimental Animals.
Animals were randomly divided into the following three
groups (n=15 for each):

(i) Control (Cont.) group: injected with normal saline
for 1 week

(ii) LPS-treated group: intraperitoneally injected with
LPS dissolved in normal saline for 1 week at a dose
of 250 ug/kg/day, as reported previously [1]

(iii) LPS+curcumin-treated group: injected with LPS as
above and curcumin (300 mg/kg/day for 14 days, as
reported [3]) 7 days before and after LPS treatment

Curcumin was dissolved in DMSO, and the final inject-
able volume was prepared using normal saline. The LPS
was dissolved in the same volume of normal saline used for
curcumin.

2.4. In Vivo ROS Assay. For the determination of the ROS
level inside the hippocampus (n=5 per group), we per-
formed the ROS assay. This assay was performed as previ-
ously described [12] and was based on the alteration of
DCFH-DA to 2,7-dichlorofluorescein (DCF). Briefly, brain
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homogenates from the hippocampus were diluted with
Lock’s buffer at a 1:20 ratio, and the final concentration
was adjusted to 2.5 mg tissue per 500 pl. The reaction mixture
comprised Lock’s buffer (pH7.4), brain homogenates from
hippocampal tissue (0.2 ul), and DCFH-DA (10 ul, 5mM).
The mixture was covered and incubated for 15min at room
temperature. After the incubation, the fluorescent product
DCF was measured by a microplate reader (excitation at
484 nm and emission at 530 nm). A blank parallel was used
first to evaluate background signal. Results were expressed
as pmol DCF formed/min/mg of protein in the tissue
homogenate.

2.5. In Vitro ROS Assay. The same procedure used in vivo was
then used for the quantification of ROS in the BV2 microglial
cells. The in vitro ROS assay was also based on the conversa-
tion of DCFH-DA to DCF. The microglial BV2 cells used in
the in vitro studies were kindly provided as a gift from
Dr. I. W. Choi (Inje University, Busan, Republic of Korea).
The BV2 microglial cells were seeded in a 75cm?® Nunc™
EasYFlask™ with a Nunclon™ Delta surface (Thermo Fisher
Scientific, Nunc A/S, Roskilde, Denmark) containing Dul-
becco’s modified Eagle medium (DMEM) (Life Technolo-
gies, Carlsbad, CA, US) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics (penicillin-strepto-
mycin) at 37°C in humidified air containing 5% CO,. The
cells were grown, counted, and further subcultured in
35mm Petri dishes (Thermo Fisher Scientific, Nunc A/S,
Roskilde, Denmark) in DMEM supplemented with 10%
FBS and 1% antibiotics (penicillin-streptomycin) at 37°C in
humidified air containing 5% CO,. When the cells reached
70-80% confluence, they were treated with LPS (1 ug/ml)
as reported previously [1], LPS (1 ug/ml)+curcumin
(100 pg/ml) as reported previously [6], and LPS+SP600125
(20 uM) as reported previously [7] for 24 hours. For ROS
analysis, cells were exposed to DCFH-DA (50 uM) at 37°C
for 30min. The absorbance for ROS-positive cells was
measured at 484/530 nm.

2.6. In Vivo Lipid Peroxidation (LPO) Assay. To evaluate oxi-
dative stress, we performed the LPO assay. An LPO Assay Kit
(CAS 4091-99-0, Santa Cruz Biotechnology, Dallas, TX,
USA) was used for evaluating the level of free malondialde-
hyde (MDA) in the rat hippocampal tissue, as performed
previously [12]. The LPO assay was performed as instructed
by the manufacturer. In brief, the hippocampal tissues were
homogenized on ice in 300 ul of the MDA lysis buffer with
3ul BHT and centrifuged (13,000xg, 10 min). A total of
10 mg of protein was precipitated by homogenizing the sam-
ple in 150 ul dH20+3 ul BHT, adding 1 vol of 2N perchloric
acid, vertexing, and then centrifuging to remove the precipi-
tated protein. The final volume (200 pl) of the supernatant
from each sample was then introduced into a 96-well plate,
and the absorbance was measured using a microplate reader
at 532nm. The total MDA content was expressed as
nmol/mg of protein in the tissue homogenate.

2.7. In Vitro LPO Assay. The LPO assay was also used for
evaluating oxidative stress in BV2 cells using the LPO assay

kit (BioVision, San Francisco, CA, USA; Cat#739-100). BV2
cells were grown and treated in the same way as previously
mentioned in the methodology of the in vitro ROS assay.
LPO analysis was performed as mentioned for in vivo
experiments.

2.8. Protein Extraction. When the in vivo treatment was com-
pleted, all animals were sacrificed under anesthesia, and the
brains were carefully removed to avoid any damage. The hip-
pocampal tissues were carefully separated, kept in liquid
nitrogen, and stored at -80°C for a further biochemical exper-
imental work. When required, the hippocampal tissues
were homogenized in pre-prep extraction solution (iNtRON
Biotechnology, Inc., Sungnam, South Korea) and centrifuged
at 13,000 rpm at 4°C for 25 min. After homogenization, the
supernatant was collected and stored at —80°C.

2.9. Quantitative Analysis of Proteins by Western Blotting.
Before western blotting, the optical densities (OD) of pro-
teins were analyzed using the Bio-Rad protein assay kit
(Bio-Rad Laboratories, CA, USA), as described previously
[14]. Equal amounts of protein, approximately 20-30 ug,
were used for electrophoresis using 4-12% Bolt™ Mini Gels
(Life Technologies, Carlsbad, CA, US). Proteins were trans-
ferred to PVDF (polyvinylidene fluoride) membranes
(Sigma-Aldrich Chemical Co.). The membranes were treated
with 5% skim milk (w/v) for 90 min, washed with TBST
(3 times, 10 min each), and treated with primary antibodies
(anti-caspase-3, anti-TNF-q«, anti-IL-l[p’, anti-p-JNK, anti-
p-NF-xB65, anti-Bcl-2-associated X protein (Bax), anti-B-
cell lymphoma 2 (Bcl-2), anti-cytochrome ¢ (Cyt ¢), anti-
PARP-1, anti-phosphorylated-glycogen synthase kinase 3
(p-GSK3p) (Ser 9), anti-phosphorylated protein kinase B
(p-Akt) (Ser 473), anti-synaptosomal associated protein 25
(SNAP-25), anti-postsynaptic density protein 95 (PSD95),
and anti-f-actin, all from Santa Cruz Biotechnology, Dallas,
TX, USA) overnight at 4°C, followed by horseradish
peroxidase-conjugated secondary antibodies for 1h. The
membranes were washed with TBST (3 times, 10 min each),
treated with a chemiluminescence system (Atto Corporation
Tokyo, Japan), and protein bands were then detected on an
X-ray film. The protein bands were analyzed by Image] soft-
ware (version 1.50, NTH, https://imagej.nih.gov/ij/, Bethesda,
MD, USA) which was used to quantify the integrated density.

2.10. Morphological Analysis and Sample Preparation. When
the drug treatment and behavioral studies were completed,
the animals were perfused transcardially with 4% ice-cold
paraformaldehyde, as previously described [7, 12]. In short,
the brain was fixed in 4% paraformaldehyde for 72 h and then
transferred to 20% sucrose and stored for another 72 h. Fol-
lowing this, the brains were washed with fresh PBS and
immediately frozen in O.C.T. Compound (Sakura Finetek
USA, Inc., Torrance, CA, USA). Upon solidification of the
blocks, 14 pm coronal sections of the hippocampus were
cut using a CM 3050C cryostat (Leica, Germany). The sec-
tions were thaw-mounted on ProbeOn Plus™ charged slides
(Thermo Fisher Scientific, Nunc a/S, Roskilde, Denmark).
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2.11. Immunofluorescence Staining. Immunofluorescence
staining was performed following a previously described pro-
tocol [12, 14]. In brief, brain tissue slides were dried over-
night, washed twice with PBS (0.01M) for 10 min, and
blocked with blocking serum (2% normal goat serum and
0.3% Triton X-100 in PBS) for 1 hour. The slides were then
incubated with the aforementioned primary antibodies
(Santa Cruz Biotechnology) overnight at 4°C. The next day,
the slides were treated with secondary TRITC/FITC-labelled
antibodies (1,100) (Santa Cruz Biotechnology) for 2 h. Slides
were washed with PBS (twice for 5min) and mounted with
4',6'-diamidino-2-phenylindole (DAPI) and Prolong Anti-
fade Reagent (Molecular Probe, Eugene, OR, USA). Finally,
the stained slides were examined under a confocal laser-
scanning FluoView FV 1000 MPE microscope (Olympus,
Tokyo, Japan).

2.12. Fluoro-Jade B (FJB) Staining. Briefly, the tissue slides
were dried overnight in a drying chamber and washed with
PBS (0.01 M) twice for 5 min. Slides were dipped in a solution
containing 1% sodium hydroxide and 80% ethanol for 5 min.
Then the slides were kept in 70% alcohol followed by keeping
in distilled water for 2 min. Following that, the tissue slides
were treated with a solution containing 0.1% acetic acid
and 0.06% FJB for 20 min. Slides were washed and left to
dry for 10 min, mounted with DPX mounting medium, and
coverslips were applied. Slides were examined under a confo-
cal laser-scanning FluoView FV 1000 MPE microscope
(Olympus, Tokyo, Japan), and images were taken. Results
were analyzed with Image] software, and quantification of
the immunohistofluorescence and FJB images was performed
according to our recently published protocol [7].

2.13. TUNEL Staining. TUNEL (terminal deoxynucleotidyl
transferase- (TdT-) mediated dUTP nick-end labeling) stain-
ing is used to detect dead neurons and evaluate the extent of
neuronal apoptosis. The kit used in this assay was purchased
from Sigma-Aldrich Chemical Co. (Cat. No. 11684809910,
St. Louis, MO, USA), and the staining was performed accord-
ing to the manufacturer’s recommendations.

2.14. Hematoxylin and Eosin (H&E) Staining. H&E staining
is used to analyze cell morphology. In brief, slides from each
group (n = 5) were first dipped in tap water for a short time
and transferred to staining solution. The slides were then
transferred to the hematoxylin solution for 8-10 min. Next,
the sides were washed with running water for 10-15min
and transferred to the eosin solution for 30sec. Following
this, the slides were then dehydrated with a graded series of
alcohol. Finally, all the slides were mounted with mounting
medium (Thermo Fisher Scientific, MA, USA) and coverslips
applied. Images of the slides were taken using a simple
microscope.

2.15. Cresyl Violet Staining. Cresyl violet/Nissl staining is
used for the examination and determination of neuronal cell
death. First, slides comprising 14 pm brain sections were
washed with PBS (0.01 M) for 15 min and stained with a solu-
tion of Cresyl violet (0.5%) containing a few drops of glacial
acetic acid for 10-15min. Slides were washed with distilled
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water, dehydrated with a graded series of alcohol (70, 95,
and 100%), retained in xylene; nonfluorescent mounting
medium was used, and coverslips were applied. Images were
taken using a fluorescent light microscope, and quantifica-
tion of the immunohistochemical images was performed.

2.16. Morris Water Maze (MWM) and Y-Maze Tests. For the
behavioral studies, a MWM test was conducted on the rats
(n=10/group), as described previously [12]. The MWM
comprises a circular tank (100cm in diameter, 40cm in
height) containing water (23 +1°C) filled to a depth of
15.5cm. White ink was added to the water to make it look
opaque. A transparent escape platform (10cm in diameter,
14.4 cm in height) was kept at the midpoint of one quadrant,
hidden 1cm below the water level. Rats were trained for 5
days before the start of the study using a single hidden plat-
form in one quadrant with three quadrants of rotational
starting. The escape latency (the time taken to look for and
locate the hidden platform) was calculated for every trial.
After 24h of the 5™ day, a probe test was then performed
for the evaluation of memory consolidation. The platform
was removed, and the rats were allowed to swim freely for
60 sec. Then, the length of time spent in the target quadrant
and the number of times the rat crossed over the platform
location (the platform remained hidden during the training)
were recorded. The total time spent by a rat in the target
quadrant was considered to be a measure of the degree of
memory consolidation. SMART video-tracking software
(Panlab Harvard Apparatus, Holliston, MA, USA) was used
to record the movement of the rats. The Y-maze test was per-
formed as described previously with necessary changes [14].

2.17. In Vitro Cell Culturing and Treatment for Western
Blotting and Confocal Microscopy. The HT-22 neuronal cells
used in the in vitro studies were kindly provided by Prof. Koh
(Gyeongsang National University, South Korea). The HT-22
cells were seeded in DMEM supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics in a humidified 5%
CO, incubator at 37°C. The HT-22 cell were incubated with
LPS (1 pg/ml), LPS (1 ug/ml)+Cur (100 ug/ml) and LPS
(1 ug/ml)+SP600125 (20 uM) for 24 h.

2.18. Statistical Analyses. Differences between the control,
LPS, and LPS+curcumin groups were analyzed using the
one-way analysis of variance (ANOVA) and Student’s
t-test. All data are expressed as the mean + SEM for the three
independent experiments and were analyzed using Graph-
Pad Prism 5 software (GraphPad Software, Inc., San Diego,
CA, US). A P value < 0.05 was considered statistically signif-
icant. For the in vivo study, the * symbol denotes a significant
difference between the control and LPS groups and the ‘Q
symbol denotes a significant difference between the LPS
and curcumin groups. Likewise, for the in vitro study, the *
symbol denotes a significant difference between the control
and LPS groups, the ' symbol denotes a significant differ-
ence between the LPS and curcumin groups, and the # sym-
bol denotes a significant difference between the LPS and JNK
inhibitor SP600125 groups.
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3. Results

3.1. Curcumin Ameliorated LPS-Induced Increases in ROS
Generation, Oxidative Stress, and P-JNK Level in the Adult
Rat Hippocampus and in LPS-Treated BV2 Cell. Recently, it
has been suggested that curcumin has strong antioxidant
properties and can reduce the ROS burden. It is also well
known that JNK is a crucial stress kinase and is highly
expressed during increased intracellular ROS generation [7,
20]. Therefore, we analyzed the expression of p-JNK through
western blotting, confocal microscopy, and immunohisto-
chemistry. Our results showed that treatment with LPS
significantly increased the expression of p-JNK in the adult
rat hippocampus. On the other hand, treatment with
300 mg/kg/i.p. curcumin for 2 weeks significantly reduced
the expression of p-JNK, providing evidence that curcu-
min has potent antioxidant properties (Figures 1(f), 1(g),
and 1(j)). Furthermore, to investigate if curcumin could
inhibit p-JNK activation in a similar way to the JNK inhibitor
SP600125, we exposed BV2 microglial cells to 1 pg/ml LPS,
100 yg/ml curcumin, and 20 uM SP600125. The in vitro
immunoblot and confocal microscopy results confirmed
that LPS treatment significantly increased the expression
of p-JNK in BV2 cells. Curcumin significantly reduced this
increase similar to SP600125 treatment (Figures 1(h) and
1(i)). Studies using animal models have shown that LPS
treatment induces the generation of ROS [21-23]. We
therefore carried out ROS and LPO assays on rats treated
with saline, LPS, and LPS+curcumin. We found that treat-
ment with LPS enhanced ROS generation and oxidative
stress in the hippocampus of adult rats, and curcumin
ameliorated both of these in the LPS+curcumin-treated
group (Figures 1(b) and 1(c)). We further investigated
whether curcumin could reduce ROS generation and oxida-
tive stress in a similar way to SP600125 by performing ROS
and LPO assays on BV2 cell lines. The in vitro results demon-
strated that LPS treatment significantly increased the levels of
DCF and MDA (markers of ROS and oxidative stress) in the
BV2 cells. Curcumin treatment significantly reduced the
levels of DCF and MDA in a similar way to that of the JNK
inhibitor SP600125 (Figures 1(d) and 1(e).

3.2. Curcumin Attenuated LPS-Induced Proinflammatory
Cytokine Production and Restored the P-Akt/P-GSK3f
Survival Pathway. Recent studies have demonstrated that
LPS treatment induces microglial activation and cytokine
production both in vivo and in vitro, playing a significant role
in neuroinflammation-induced neurodegenerative disorders.
In addition, the inhibitory effects of curcumin on the release
of proinflammatory cytokines are well documented [24, 25].
Therefore, to determine the inhibitory role of curcumin
against LPS-induced neuroinflammation in adult rats, we
evaluated the expression of p-NF-«B (a transcription factor),
TNF-« and IL-1f (proinflammatory cytokines), and GFAP
and Ibal (markers of reactive microglia and astrocytes)
through western blotting. We found that LPS treatment
significantly increased the expression of p-NF-xB, TNF-q,
IL-13, GFAP, and Ibal. Curcumin treatment inhibited this
overexpression of p-NF-«B, TNF-a, IL-18, GFAP, and

Iba-1 in the hippocampal tissue of LPS-treated adult rats
(Figure 2(a)). Confocal microscopy also showed an
increased immunoreactivity of p-NF-xB and TNF-«a in
the hippocampus of LPS-treated adult rats. Curcumin
treatment significantly reduced the immunoreactivity of
TNF-« and p-NF-xB, suggesting that it prevents cytokine
production in LPS-treated rats (Figures 2(b) and 2(c)).
To investigate if curcumin prevents neuroinflammation
via a JNK-dependent mechanism, we exposed BV2 micro-
glial cells to LPS at a dose of 1 pug/ml for 24 h. We found that
curcumin (100 pg/ml) and the JNK inhibitor SP600125
(20 uM) analogously attenuated the LPS-induced elevated
level of proinflammatory cytokines, providing evidence
that curcumin may inhibit cytokine production via a
JNK-dependent mechanism (Figures 2(d)-2(g)).

Mounting studies have reported that LPS treatment
inhibited the phosphorylation of Akt and GSK3-f in rat
models of Parkinson’s disease [26]. Our western blot and
immunofluorescent results indicated that LPS treatment dis-
rupts the survival pathway, demonstrated by a decrease in the
expression and phosphorylation of Akt and GSK3-3 proteins
compared to saline-treated adult rats. Treatment with cur-
cumin at a dose of 300 mg/kg/day not only restored this
survival pathway but also significantly increased the level
of p-Akt and p-GSK3f in the adult rat hippocampus
(Figures 2(h)-2(j)).

3.3. Curcumin Mitigated LPS-Induced Neuronal Apoptosis
and Neurodegeneration in the Adult Rat Hippocampus and
in HT-22 Neuronal Cells. Recently, interest has been
focused on LPS-induced ROS-mediated neuroinflammation-
associated neurodegeneration. Badshah et al. demonstrated
that LPS could induce neuronal apoptosis by increasing
the expression of apoptotic markers like caspase-3 and
PARP-1 [1]. Other studies have also shown that LPS
induces prolonged neuroinflammatory responses by activat-
ing microglial cells, subsequently initiating the mitochon-
drial apoptotic pathway and neuronal cell death [27-29].
In the present study, we validated the antiapoptotic proper-
ties of curcumin against LPS-induced neuroinflammation-
associated neurodegeneration. Our immunoblot and
immunofluorescence results showed that LPS at a dose of
250 ug/kg for 7 days increased the expression of the apo-
ptotic proteins Bax, caspase-3, Cyt ¢, and PARP-1 and
decreased the expression of the antiapoptotic protein Bcl-2
in the adult rat hippocampus. Treatment with curcumin
at a dose of 300 mg/kg for 14 days significantly decreased
these apoptotic markers and inhibited neuronal apoptosis
(Figures 3(a)-3(d)).

There exists considerable evidence in the literature
regarding the exposure of HT-22 cells to LPS-induced injury.
Ji et al. reported that stimulation of hippocampal HT-22 neu-
ronal cells with LPS remarkably upregulated the expression
of the apoptotic markers Bax and caspase-3 and downregu-
lated the expression of the antiapoptotic protein Bcl-2 [30].
Similarly, in the current study, we treated HT-22 neuronal
cells with LPS in order to evaluate JNK-dependent and
inflammation-associated neuronal apoptosis. Our western
blot and confocal results demonstrated that LPS treatment
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at a dose of 1 ug/ml significantly elevated the levels of cas-  of FJB-positive cells in the hippocampus of adult rats.
pase-3, Cyt ¢, and PARP-1. Curcumin at a dose of 100 ug/ml ~ However, treatment with curcumin reduced the number of
and the JNK inhibitor SP600125 at a dose of 20 uM markedly =~ FJB-positive cells and inhibited neuronal cell death
reduced their expression (Figures 3(e)-3(g)). (Figure 3(h)). Next, the Nissl staining results demonstrated

Additionally, to determine the extent of LPS-induced  that LPS treatment for 7 days at a dose of 250 ug/kg signifi-
neurodegeneration, we performed FJB, TUNEL, and Nissl  cantly decreased the number of viable neurons. Curcumin
staining. We found that LPS treatment increased the number ~ treatment for 14 days at a dose of 300mg/kg prevented
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analyze the immunofluorescence results. 3-Actin was used as a loading control in western blot analysis.

neuronal apoptosis and remarkably increased the number of
viable neurons (Figure 3(1)). The results of the TUNEL assay
also showed that LPS increased the number of dead neurons.
Curcumin significantly improved the cell viability of the
affected neurons and ameliorated neurodegeneration
(Figure 3(i)). To determine the effect of LPS on cell morphol-
ogy, we conducted H&E staining. The results showed that
LPS treatment dysregulated cell morphology, demonstrated
by the appearance of shrunken neuronal cells. Curcumin
treatment restored cell morphology and improved cell sur-
vival (Figure 3(k)).

3.4. Curcumin Increased the Expression of Pre- and
Postsynaptic Protein Markers and Rescued Memory-Related
Deficits in an Adult Rat Model of LPS Challenge. A recent
study indicated that neuroinflammation and neurodegenera-
tion in response to ROS can lead to synaptic deficits and
memory impairments [31, 32]. To analyze the effect of curcu-
min against LPS-induced synaptic degeneration, we exam-
ined the expression level of the presynaptic protein
SNAP25 and the postsynaptic protein PSD95 through west-
ern blotting and confocal microscopy. Results showed that
LPS treatment, due to its toxic effects, decreased the expres-
sion of both SNAP25 and PSD95 compared to the control
and curcumin-treated groups (Figures 4(a)-4(c)). Moreover,
to evaluate the memory, we performed the MWM and
Y-maze tests. The LPS-treated rats exhibited an increased
latency time, indicative of learning and memory deficits.
Conversely, a reduced latency time, indicative of memory
improvements, was exhibited by the curcumin-treated group
(Figure 4(d)). A probe test was also performed on the 5t day

in which the hidden platform was removed. The LPS-treated
rats exhibited fewer platform crossings and a reduced length
of time spent in the target quadrant. Curcumin treatment
increased the number of platform crossings and the length
of time spent in the target quadrant (Figures 4(e) and 4(f)).
Next, we performed a Y-maze test to investigate spatial work-
ing memory by assessing spontaneous alternation percent-
age. We found that the LPS-treated rats exhibited a lower
alteration percentage than the saline-treated rats, indicating
poor working memory. Curcumin significantly increased
alteration percentage in LPS-challenged rats, indicating that
curcumin can improve memory dysfunctions (Figure 4(g)).

4. Discussion

The aim of the present study was to evaluate the underlying
antioxidant neuroprotective mechanism of the dietary
polyphenolic compound curcumin in LPS-treated adult
rats via regulation of the JNK/NF-xB/Akt signaling path-
way. Several studies have demonstrated that LPS triggers
ROS generation/oxidative stress and activates the stress
kinase JNK, subsequently mediating the pathogenesis of
various neurodegenerative disorders [33, 34]. Similarly, in
our study, LPS treatment elevated ROS generation and
enhanced LPO, demonstrated by increased levels of DCF
and MDA, and upregulated the expression of p-JNK in the
hippocampus of adult rats and in HT-22/BV2 cells. Dietary
curcumin supplementation reduced these elevated levels of
ROS/oxidative stress and p-JNK.

Many studies have reported that LPS induces JNK activa-
tion which mediates neuroinflammatory responses and LPS
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of the water maze test.

has been extensively used in models studying neuroinflam-
mation. Recently, other studies have suggested that systemic
administration of LPS activates oxidative stress and JNK
which initiates downstream neuroinflammatory cascades.
Numerous in vivo and in vitro studies have proposed that
LPS provokes microgliosis and activates a number of signal-
ing pathways including activation of NF-«B via several medi-
ators including ROS/oxidative stress and p-JNK, which in
turn promote the release of proinflammatory cytokines such
as TNF-a and IL-1p [4, 35, 36]. In agreement with earlier
studies, our rat model of LPS challenge exhibited an
increased expression of Iba-1, GFAP, p-NF-«B, TNF-«, and

IL-18. On the other hand, our in vivo and in vitro results
demonstrated that curcumin treatment significantly dimin-
ished this ROS/JNK-mediated increased expression of
NF-«B, Iba-1, GFAP, TNF-a, and IL-1f3 in a similar manner
to the JNK inhibitor SP600125.

Several studies have supported the notion that LPS-
induced ROS/JNK-mediated neuroinflammation provokes
neuronal cell death and downregulates the level of survival
proteins such as p-Akt/p-GSK3f via microgliosis and the
production of proinflammatory cytokines. With respect to
neuroinflammation, it has been suggested that several
mechanisms are involved in the secretion of proinflammatory
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cytokines by astrocytes and microglial cells. One such
mechanism is the LPS-induced p-JNK pathway that func-
tions as a link between ROS/oxidative stress and
neuroinflammation-mediated apoptotic neurodegeneration
[4, 26, 37, 38]. It is well known that dietary curcumin is
a strong candidate for the prevention of ROS/oxidative
stress-mediated neuroinflammation-related neurodegenera-
tion [39]. Additionally, curcumin can inhibit the dysfunc-
tion of mitochondrial activity and suppress the apoptotic
proteins Bax, caspase-3, Cyt ¢, and PARP-1. Curcumin
also upregulates the expression of the antiapoptotic pro-
tein Bcl-2, which prevents the dysregulation of mitochon-
drial homeostasis [28, 40-42]. Here, our results also
demonstrated that curcumin treatment markedly inhibited
neuronal apoptosis in the adult rat hippocampus via the
suppression of neuroinflammation, regulation of the sur-
vival proteins p-Akt and p-GSKp, and the reduction of
apoptotic protein markers. Additionally, many studies have
shown that exposure of HT-22 neuronal cells to LPS activates
cell death pathways and mitochondrial dysfunction [30].
Likewise, in the present study, we observed that curcu-
min treatment prevented neuronal apoptosis via a JNK-
dependent mechanism in LPS-treated HT-22 neuronal cells.
To further explore the neuroprotective effect of curcumin,
we performed TUNEL, FJB, Nissl, and H&E staining. Our

results demonstrated that in the adult rat hippocampus, the
number of TUNEL- and FJB-positive neuronal cells was
remarkably decreased in the LPS-treated group, while the
number of viable neurons in the Nissl assay was greatly
increased upon curcumin treatment. Moreover, consistent
with previous studies, our findings demonstrated that curcu-
min treatment restored fragmented and shrunken neuronal
cells during H&E immunohistochemistry.

Studies in animal models have shown that LPS induces
detrimental physiological responses such as chronic neuroin-
flammation, disrupted mitochondrial function, and alter-
ation of the homeostasis of antioxidants/oxidation, in turn
resulting in memory disorders [1, 36, 43, 44]. Polyphenolic
compounds with antioxidant properties, particularly curcu-
min, have thus been studied for their effectiveness in reduc-
ing oxidative stress/neuroinflammation-associated learning
and memory deficits [17, 45, 46]. The results of this study
demonstrated that curcumin, a potent scavenger of ROS,
improved memory deficits by increasing the expression level
of memory-related proteins, detected using western blotting
and confocal microscopy. Furthermore, curcumin treatment
significantly decreased latency time, increased the number of
platform crossings, increased the length of time spent in the
target quadrant, and enhanced alteration percentage in the
Morris water maze and Y-maze tasks.
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5. Conclusions

In conclusion, we obtained notable data about the underlying
antioxidant neuroprotective mechanism of dietary curcumin
in a rat model of LPS-induced neurotoxicity. Our results
demonstrated that curcumin regulated the JNK/NF-«xB/Akt
signaling pathway and consequently ameliorated ROS gen-
eration, oxidative stress, and neuroinflammation-associated
neurodegeneration. Curcumin also improved memory-
associated pre- and postsynaptic markers, as well as cogni-
tive functions, in LPS-treated adult rats (Figure 5). Taken
together, these data suggest that dietary curcumin acts as
a potent antioxidant and anti-inflammatory agent and
could be beneficial as a dietary supplement for the preven-
tion of oxidative stress/neuroinflammation-related neuro-
logical disorders.
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MWM: Morris water maze

PARP-1:  Poly (ADP-ribose) polymerase-1
PD: Parkinson’s disease.
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Background. Astrogliosis can result in astrocytes with hypertrophic morphology after injury, indicated by extended processes and
swollen cell bodies. Lipocalin-2 (LCN2), a secreted glycoprotein belonging to the lipocalin superfamily, has been reported to play a
detrimental role in ischaemic brains and neurodegenerative diseases. Sailuotong (SLT) capsule is a standardized three-herb
preparation composed of ginseng, ginkgo, and saffron for the treatment of vascular dementia. Although recent clinical trials
have demonstrated the beneficial effect of SLT on vascular dementia, its potential cellular mechanism has not been fully
explored. Methods. Male adult Sprague-Dawley (SD) rats were subjected to microsphere-embolized cerebral ischaemia.
Immunostaining and Western blotting were performed to assess astrocytic reaction. Human astrocytes exposed to oxygen-
glucose deprivation (OGD) were used to elucidate the effects of SLT-induced inflammation and astrocytic reaction. Results. A
memory recovery effect was found to be associated with the cerebral ischaemia-induced expression of inflammatory proteins
and the suppression of LCN2 expression in the brain. Additionally, SLT reduced the astrocytic reaction, LCN2 expression, and
the phosphorylation of STAT3 and JAK2. For in vitro experiments, OGD-induced expression of inflammation and LCN2 was
also decreased in human astrocyte by the SLT treatment. Moreover, LCN2 overexpression significantly enhanced the above
effects. SLT downregulated these effects that were enhanced by LCN2 overexpression. Conclusions. SLT mediates
neuroinflammation, thereby protecting against ischaemic brain injury by inhibiting astrogliosis and suppressing
neuroinflammation via the LCN2-JAK2/STAT3 pathway, providing a new idea for the treatment strategy of ischaemic stroke.

1. Introduction

The incidence of stroke around the world has reached epi-
demic levels. In the past two decades, there have been marked
increases in strokes, the number of living stroke victims, the
population-level loss of life (called disability-adjusted life
years or DALYs), and the number of deaths related to strokes
[1]. Lasting physical debility and cognitive deterioration are
experienced by most stroke survivors [2]. Stroke patients,
who endure an acute period of infarction, must then cope
with ongoing neuroinflammation and the associated neuro-
logical impairment. Inflammation is a serious aspect of the

disease development of ischaemic stroke and other types
of ischaemic brain injury. These injuries are caused by a
decrease in blood circulation, followed by the activation
of intravascular leukocytes and the concomitant release
of inflammatory cytokines from the ischaemic brain
parenchyma and endothelium, all of which have the
potential to increase the damage to central nervous system
(CNYS) tissues [3].

The CNS contains many resident cells that originate from
nerve epithelial cells, collectively known as neuroglia. Neuro-
glial cell subtypes include astrocytes, oligodendrocytes, and
polyglia [4]. Astrocytes actively maintain the immune
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response following CNS ischaemia through the production of
complement components, inflammatory mediators such as
interleukin- (IL-) 6 and IL-1f, and chemokines, including
C-X-C motif chemokine ligand 12 (CXCL12), CXCLI,
CXCL10, monocyte chemoattractant protein (MCP)-1, and
lipocalin-2 (LCN2) [5, 6]. After prolonged activation, reac-
tive astrocytosis (also called astrogliosis) results in a structure
called a glial scar, which is the demarcation line between an
ischaemic core and the healthy surrounding brain tissue
[7]. Activated astrocytes release the glycoprotein LCN2,
which mediates certain biological processes, including cell
death [8], cell migration [9], and innate immunity [10].
Recent studies have indicated that brain injury or infection
can result in neuroinflammation that may encourage the
release of LCN2 from astrocytes [11, 12]. Similarly, studies
have also shown that continuing and disproportionate
immune responses can exacerbate the secretion of inflamma-
tory cytokines, such as LCN2, with a subsequent aggravation
of neural inequity in the hippocampus, leading to long-term
behavioural impairments [13, 14]. Therefore, targeting astro-
cytic LCN2 may be a prospective molecule-level therapy for
clinicians treating inflammatory CNS impairments.

The use of herbal medicine to treat cerebrovascular
diseases in Asia has persisted for centuries. The Sailuotong
(SLT) capsule is a standardized herb preparation composed
of Panax ginseng (ginseng), Ginkgo biloba (ginkgo), and
Crocus sativus (saffron) in three specific doses that is used
to treat vascular dementia (VaD) [15]. Each of these
herbal components have been proven to avert and/or treat
circulatory diseases such as hypertension and stroke. For
example, a standardized extract of G. biloba (EGB 761)
has antioxidant and antiplatelet characteristics and can
reduce cerebral ischaemic injury [16-20]. Other studies
have shown that the ginsenosides Rgl, Rbl, and Rg2 have
neuroprotective effects [21-24].

Although the most recent clinical study showed that
SLT improves cognition and surveillance in patients [25],
and many preclinical studies have demonstrated a cerebro-
vascular protective effect of its single components, the
mechanism by which SLT regulates astrocyte activities
through its anti-inflammatory effects has not been previ-
ously studied. Here, we investigated two questions: does
SLT treatment alleviate reactive astrocytes and, thus,
mediate neuroinflammation, and if so, does the benefit of
SLT treatment involve the inhibition of Janus kinase-2
(JAK2) signal transducer and activator of transcription-3-
(STAT3-) mediated LCN2 expression?

2. Materials and Methods

2.1. Rat Model of Microsphere-Induced Cerebral Embolism.
Adult male Sprague-Dawley rats (weighing 220-250 g) were
used in this study (Beijing Vital River Laboratory Animal
Technology Co. Ltd., Beijing, China). The animal protocols
were carried out according to the recommendations of the
Chinese Academy of Medical Sciences Committee for Exper-
imental Animal Use and Care. The procedures used were
designed to reduce or diminish the quantity and discomfort
of the animals tested. All rats were kept on a 12-hour light/
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dark cycle in standard conditions (23+1°C and 55+ 5%
humidity) with access to water and food ad libitum.

Forty-six adult SD rats were arbitrarily separated into
four groups. Cerebral embolism was induced using the
microsphere method as previously described [20]. In short,
the rats were anaesthetized with chloral hydrate (40 mg/kg),
and the common carotid artery, internal carotid artery, and
right external carotid were separated using forceps. The com-
mon carotid artery was clipped with an artery clamp, and the
distal end of the external carotid artery was ligated with a
thread. Fluorescence microspheres (106-212 ym in diameter,
UVPMS-BY2, Cospheric, USA) were injected into the
external carotid artery with a syringe, and the artery clamp
was simultaneously released, allowing the microspheres to
travel to the various arteries of the brain and cause embo-
lisms. The proximal end of the external carotid artery was
then ligated with a thread, and the wound was sutured layer
by layer. In the control group, rats received the same amount
of serum without microspheres.

2.2. Drug Administration. SLT was supplied by the Shineway
Pharmaceutical Group (Shijiazhuang, China). Extracts of
ginseng (20170301, Panax ginseng C.A. Meyer), ginkgo
(20170122, Ginkgo biloba L.), and saffron (20170320, Crocus
sativus L.) were prepared in a Good Manufacturing Practice-
certified facility (Shineway Pharmaceutical Group, Hebei,
China). Ultraviolet (UV) spectroscopy or HPLC-UV was
used to measure the composition of ingredients to regulate
the quality of the ingredients. The readings showed that
77% of the total ginsenosides were found in the ginseng
extract (UV), with ginsenoside Rgl, Re, and Rbl present at
5.5%, 3.2%, and 13.1%, respectively (HPLC-UV); 49% of
the total flavones were found in the extract (UV); 28.7% of
the total glycosides were found in the extract, including
aglycone of quercetin, isorhamnetin, and kaempferol
(HPLC-UV); 11.6% of the total ginkgolides A, B, and C,
and bilobalide, were found in the ginkgo extract, with 3.3%
of ginkgolide A (HPLC-UV) among them; and 65% of the
total crocins were found in the saffron extract (UV), includ-
ing 27% of crocin-1 (HPLC-UV) [26]. SLT was prepared
from the above three extracts to a specific formulation and
was then administered intragastrically at doses of 16.5 and
33 mg/kg for 28 days. Each rat in the control group and the
model group was given an identical volume of saline intra-
gastrically every day.

2.3. Evaluation of Neurological Deficits. Neurological deficit
scores were calculated 2 hours and 24 hours after ischaemia
in each group using a previously published five-point system
[27]. Specifically, a rat that exhibited normal spontaneous
movement (without obvious neurological defects) received
a 0, a rat that could not fully extend its right paw received a
1, a rat that circled clockwise received a 2, a rat that fell to
the right received a 3, and a rat that could not walk received
a 4. The deficit scores were assigned by an investigator who
was unaware of the groups.

2.4. Morris Water Maze (MWM) Test. The MWM was used
to evaluate three-dimensional spatial memory and learning



Oxidative Medicine and Cellular Longevity

in all four groups of rats [28]. The water maze was a circular
pool (330 cm in diameter and 60 cm high containing water at
a depth of 45 cm at 22°C + 1°C). A nontoxic black ink was
introduced to make the water opaque. The pool was
divided into equal quadrants, each containing four points
(north, east, south, and west). A round platform (10 cm
in diameter) was painted black and hidden by being sub-
merged 1.5 cm in the southwest quadrant. The location
of the training platform remained unchanged during the
experiment. The swimming paths of the rats were
recorded with digital imaging equipment.

2.5. Measurement of Cerebral Infarction. For the evaluation
of the success of the cerebral ischaemia model, the rats were
anaesthetized with chloral hydrate (40 mg/kg) twenty-four
hours after surgery (n=3 in the control and test groups).
Blood was taken from the abdominal aorta before decapita-
tion and the quick removal of the brain. The brains were
stored in a cold, oxygenated physiological salt solution.
Coronal slices (1 mm) were attained and fixed for 10 min
in prewarmed 2% triphenyltetrazolium chloride (TTC). The
slices were then fixed for 30 min in 10% paraformaldehyde.

2.6. Culture and Transfection of Human Astrocytes. Human
astrocytes (ScienCell Research Laboratories, CA, USA) were
cultured in astrocyte media (AM) (ScienCell, USA) in a
humidified, 5% CO, atmosphere at 37°C. After cells reached
70% confluence, the astrocytes were stably transfected using
the LCN2 gene expression vector (EX-m0282-Lv201), the
control expression vector (EX-NEG-Lv201), and 7.5 ul/ml
of the lentiviral vector (LPP-m0282-Lv201-100) (GeneCo-
poeia, Rockville, USA) for 24 hours. Following transfection,
the cells were kept in fresh AM without the lentiviral vector
for 48 hours.

2.7. Oxygen-Glucose Deprivation (OGD) Management and
Treatment. OGD experiments were performed as based on
a previous method [20]. After purification and transfection,
the cells were placed in a premixed gas (94% N,, 5% CO,,
and 1% O,) culture box and cultured in deoxygenated
DMEM without glucose and fetal bovine serum (FBS) for 6
hours. After 6 hours, normal AM with 10% FBS serum was
given, and cells were transferred to an atmosphere incubator
for 12 hours. The control group cells were cultured with
normal AM. During OGD stimulation, cells were treated
for 6 hours with 2.5, 5, or 10 mg/l SLT.

2.8. Western Blotting. Protein was extracted from the ischae-
mic penumbra with RIPA buffer (Beyotime Biotechnology,
Shanghai, China) 28 days after cerebral ischaemia and com-
bined with a protease and phosphatase inhibitor cocktail
(MCE, New Jersey, USA). The tissue was cut into fine frag-
ments, completely homogenized with a sonifier, and then
centrifuged (10000-14000 g, 3-5 min), and the supernatant
was collected for subsequent experiments. Protein of equiva-
lent molecular weight was loaded into SDS-PAGE gel wells
and transferred from the gel to polyvinylidene difluoride
(PVDF) membranes. Nonspecific sites were blocked for
60 min with 5% bovine serum albumin (BSA) in TBST
buffer, and the blots were then incubated overnight at

4°C with antibodies against LCN2 (Abcam, 1:2000 dilu-
tion), phosphorylated- (p-) JAK2 (Tyr1007/1008) (Abcam,
1:1000), glial fibrillary acidic protein (GFAP; Proteintech,
1:2000), JAK2 (Abcam, 1:2000), p-STAT3 (Tyr705) (Cell
Signaling Technology, 1:2000), STAT3 (Cell Signaling Tech-
nology, 1:2000), and f-actin (Sigma, 1:5000) in TBST. Anti-
body binding was detected with anti-rabbit horseradish
peroxidase- (HRP-) conjugated immunoglobulin G (IgG;
1:1000) in TBST (60 min, room temperature). The reaction
bands were detected using the ECL detection reagent per
the manufacturer’s instructions (Thermo Fisher Scientific,
MA, USA). The extraction procedure for cell protein was
the same as the above steps.

2.9. Immunofluorescence Analysis and Hematoxylin-Eosin
(HE) Staining. The brains were dissected and fixed in paraf-
fin. Coronal cryostat sections (20 ym) were stained with
HE and immunofluorescent dyes. Brain sections were fixed
at 4°C for 24 hours in 4% paraformaldehyde in PBS (0.01
M, pH 7.4), dehydrated in a series of graded alcohol dehydra-
tions, and fixed in paraffin. The tissues were sectioned (5 ym)
with a Leica® RM1850 rotary microtome (Leica Microsys-
tems, Germany). The paraffin sections were dried at 60°C,
dewaxed, and subjected to antigen retrieval. The sections
were exposed for 1 hour at 37°C to primary antibodies target-
ing the following proteins: LCN2 (Abcam, 1:200), GFAP
(Proteintech, 1:200), p-JAK2 (Tyrl1007/1008) (Abcam,
1:100), and p-STAT3 (Tyr705) (Cell Signaling Technology,
1:200). The sections were washed twice with ice-cold PBS
and then saturated with fluorescent secondary antibodies
(Cell Signaling Technology, 1:100) in the dark for 1 hour.
DAPI (4',6-diamidino-2-phenylindole) (1:1000) was added
in the dark for 2 min. The DAPI was rinsed 3 times with
PBS for 1 min. The staining procedure for the cells was the
same as above. For HE staining, sections were stained with
alum HE. Colour images were obtained using a 20x laser scan-
ning confocal microscope (Olympus FV1200, Tokyo, Japan).

2.10. Determination of Chemokine/Cytokine Expression in
Brain Extracts, Serum Samples, and Astrocytes. A MILLI-
PLEX® MAP Rat Cytokine/Chemokine Magnetic Bead kit
(Millipore, USA) was used per the manufacturer’s instruc-
tions to quantify the concentrations of chemokines and
cytokines in the cerebral hemisphere extracts, serum sam-
ples, and astrocytes. The protein cerebral hemisphere of con-
centration was quantitated by the BCA protein assay
(Invitrogen). The protein concentration was quantified to
16 mg/ml. The chemokines and cytokines in ischaemic pen-
umbra tissues were collected 28 days after cerebral ischaemia
in EMD Millipore’s buffer. Blood serum was collected from
the abdominal aorta. The chemokines and cytokines from
astrocytes that had been conditioned in medium were col-
lected after OGD induction. The following cytokines were
analysed: tumor necrosis factor-a (TNF-«), IL-1a, IL-1,
IL-12, and IL-6 and the chemokine CXCL10 (IP-10). A
FLEXMAP 3D™ system was used to determine the median
fluorescence intensity. The cytokine and chemokine levels
in brain homogenates, serum samples, and cell samples were
subjected to five-parameter logistic analysis.
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P <0.001 vs. the model groups.

2.11. Statistical Analyses. Data management and analysis
were performed using GraphPad Prism software (San Diego,
CA). All data are reported as the means + SD. Each experi-
ment was repeated three times. Univariate analysis of
variance (ANOVA) was used for multiple comparisons.
Student’s ¢-test was conducted to analyse intergroup compar-
isons. Two-way ANOVA was used in the neurologic study
and MWM test to compare the time functions between
groups. P values of <0.05 were reported as statistically
significant.

using a five-point scale system. Data are expressed as the mean + SEM (1 = 10). ***P < 0.001 vs. sham group; “P < 0.05, P < 0.01, and

3. Results

3.1. Protection from Cerebral Ischaemia-Induced Brain
Injury. SLT was intragastrically administered for 28 days.
Cerebral infarction volume was measured by the TTC
method 24 hours after surgery. The resulting neurological
deficit scores were indicative of protective capabilities of
SLT. In comparison to the cerebral ischaemia group, the
SLT-16.5 (16.5 mg/kg, daily) and SLT-33 (33 mg/kg,
daily) groups showed significantly lower scores (P < 0.05).
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(d)

F1GURE 2: The ischaemic penumbra area in the box was assessed for neuronal apoptosis using HE staining. Cortex sections and hippocampal
regions stained with HE presented with neuronal loss and signs of cerebral edema, and swollen cells were observed in the ipsilateral
hippocampus; plentiful apoptotic neurons were observed with karyopyknosis, cell gaps, and debris. SLT (33 mg/kg, daily) significantly

alleviated the symptoms of apoptosis in a dose-dependent manner.

Additionally, the score in the SLT-33 group was less than that
in the SLT-16.5 group. The scores for all groups at 2 and
24 hours after surgery and the incidence of cerebral ischae-
mia are shown in Figure 1(c). The surgery model functioned
as expected, as rats with induced cerebral ischaemia dis-
played obvious cerebral infarctions, whereas rats in the
control group showed no signs of cerebral injury.

Figures 1(a) and 1(b) show the infarct volume of the con-
trol and test groups at 24 hours after cerebral ischaemia. The
striatum, hippocampus, and cortex showed extensive lesions
in the model group, whereas those brain regions in the SLT
group (33 mg/kg) showed significant differences from
those in the model group, in agreement with the neurological
deficit scores.

3.2. SLT Reduces Brain Damage after Surgery. Twenty-eight
days after surgery, HE staining identified histological devia-
tions in brain tissues (Figure 2). The neurons in the control
group were arranged in an orderly manner with round cells,
pale stained nuclei, clear nuclear membranes, and clear
nucleoli. No degeneration, necrosis, or other lesions were
observed. In the model group, focal infarction areas were
observed in the cortex, hippocampus, and white matter, with
large infarction foci and no necrotic material absorption.
Histiocyte (foam cell) and nerve cell degeneration were obvi-
ous. The number and size of infarcts in the SLT group were
significantly lower than those in the model group. Necrosis
in the infarcts of the SLT group was not obvious, and necrotic
substances were absorbed. The SLT group exhibited no
obvious nerve cell degeneration.

3.3. Effect of SLT on Memory Impairment Induced by Brain
Ischaemia in the MWM Test. The MWM was used to
measure changes in learning, memory, and strategy in rats

and to determine the effects of SLT. After 5 days of training,
all rats found the hidden platform. During this training, the
mean swimming speed of the rats in each group was compa-
rable, suggesting that all groups had normal sensory-motor
functions and survival motivation (Figure 3(a)). With daily
training, the escape latency of the SLT-16.5 group and the
SLT-33 group decreased significantly more than that of the
model group (P <0.01, model group vs. control group; P <
0.01, SLT-33 group vs. model group) (Figure 3(b)). During
the retrieval trial, memory retention was assessed by calculat-
ing the number of platform crossings and time spent in the
target quadrant for each rat. The images of the rat trajectories
showed there were fewer platform region crossings in the
model group than in the control group (Figure 3(e)). How-
ever, the SLT-16.5 group and the SLT-33 group showed sig-
nificantly greater retention than the model group, measured
as more platform crossings (P < 0.001, model group vs. con-
trol group; P <0.001, SLT-33 group vs. model group)
(Figure 3(d)). In addition, we found that with larger doses
of SLT, rats spent more time in the target quadrant. The time
spent in the target quadrant of the SLT-16.5 group and the
SLT-33 group was greater than that of the model group and
even reached values observed in the control group
(P <0.001, model group vs. control group; P < 0.001, SLT-
33 group vs. model group) (Figure 3(c)). These results sug-
gest that SLT improved situational memory after ischaemic
brain injury.

3.4. Effect of SLT on Inflammation Markers. There were sig-
nificant differences in cytokine levels following surgery. After
28 days, the proinflammatory cytokines IL-6, IL-12, and IL-
la and chemokine CXCL10 (IP-10) were constant in the
control group, while they increased in the ipsilateral hemi-
spheres of the model group, with IL-6, IL-12, and CXCL10



40 -
£ T
L
=
L
2. 20 4
(5]
oo
&
2 10 A
Z
O .
Sham Model SLT-16.5 SLT-33
()
0.6
S
=
g 0.4
% ' ##4
: T
‘é 0.2 1
3
E
)
0.0 -

Sham

Model
()

SLT-16.5 SLT-33

\

pdh ?/)
S

Model

Sham

Oxidative Medicine and Cellular Longevity

100 -
80
60

40

Escape latency (s)

20

(=}
—_
o
w -
g
w

—e— Sham

-m- Model
(b)

Platform crossing (time)

Sham

Model
(d)

Fa)

) OF

SLT-16.5 SLT-33

F1GURE 3: Neuroprotective effects of SLT on the Morris water maze (MWM) test: (a) average swimming speed, (b) escape latency, (c) platform
crossing, (d) target quadrant time, and (e) trajectory of swimming. Data are expressed as the mean + SEM (n=10). **P <0.01 and
#**P <0.001 vs. sham group; “P < 0.05, P <0.01, and P < 0.001 vs. model groups.

showing significant increases (P <0.001). However, these
cytokine levels were significantly and dose-dependently
reduced by SLT treatment (P <0.05, SLT-33 group vs.
model group; P <0.01, SLT-33 group vs. model group)
(Figures 4(a)-4(c)). In addition, the same results were
found in the serum. Further analysis showed that the
levels of IL-1a, IL-12, and CXCL10 in the model group
were above those in the control group (P <0.05 for IL-1a,
IL-12, and CXCL10) (Figures 4(d)-4(f)). Similarly, the
cytokine levels were lower in the SLT-33 group than in the
ischaemic group (P <0.05, SLT-33 group vs. model group;
P <0.01, SLT-33 group vs. model group).

3.5. SLT Decreases LCN2 Upregulation in a Rodent
Model of Cerebral Ischaemia. In an in vivo study, SLT

was demonstrated to prevent cerebral ischaemia-induced
neuroinflammation. We further investigated the anti-
inflammatory effects using immunofluorescence microscopy
and Western blot analysis. Intragastric administration of SLT
for 28 days reduced LCN2 secretion due to cerebral ischae-
mia. The analyses of GFAP and LCN2 were quantified and
presented in their relative ratios to f-actin expression, and
the p-JAK2 and p-STAT3 were quantified in total JAK2
and STAT3 expression. LCN2 and GFAP immunofluores-
cence staining showed that LCN2 protein expression was
induced in GFAP-positive astrocytes, and the rats with cere-
bral ischaemia had more cortical astrocytes than rats in the
control group (Figure 5). Nevertheless, immunostaining
showing that SLT (33 mg/kg) repressed astrocytes in the
ischaemic hemispheres. The p-STAT3 and p-JAK2 staining
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F1GURE 4: Effects of SLT treatment on the level of cytokines/chemokines in the brain after cerebral ischaemia. (a-f) Analysis showing the
relative levels of the proinflammatory mediators IL-1«, IL-6, IL-12, and CXCL10 (IP-10) in the brain and in serum; (a-d) was in the
brain; (e-h) was in serum. Data are expressed as the mean + SEM (n=5). *P<0.05, **P<0.01, and ***P <0.001 vs. sham group;

“P<0.05, 7P <0.01, and **P < 0.001 vs. the model groups.

in astrocytes was significantly stronger after ischaemia but
decreased after SLT treatment (Figures 5(a)-5(c)). The same
pattern was observed for GFAP, LCN2, p-STATS3, and p-
JAK2 using Western blot analysis (Figures 5(d)-5(h)).
Finally, SLT dose-dependently decreased the expression of
LCN2, p-STATS3, and p-JAK2 in rats exposed to ischaemia
(P<0.01).

3.6. SLT Decreases OGD-Induced Injury in Astrocytes. A
CCK8 assay showed that OGD resulted in a significant
reduction in cell viability. SLT (3.125~100 mg/l) displayed a
dose-dependent toxicity to human astrocytes (CCK8 assay),
yet the lower concentrations of SLT (2.5~50 mg/l) reduced
the damage caused by OGD. Because the protective effect
became apparent at 2.5 mg/l (P < 0.05, vs. OGD group), no
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F1GURE 5: Effects of SLT on the activation of astrocytes and the expression of LCN2, p-JAK2, and p-STATS3, in cerebral ischaemia rats. (a—c)
Double immunofluorescence staining for astrocytic LCN2, p-STAT3, p-JAK2, and GFAP expression in the ischaemic penumbra area after
cerebral ischaemia. Scale bar =20 ym. (d-h) Western blots and quantitative analysis of GFAP, LCN2, p-JAK2, and p-STAT3 expression
are expressed as the mean + SEM (n=4). *P <0.05, **P < 0.01, and **P < 0.001 vs. sham group; P <0.05 P <0.01, and *P < 0.001 vs.

model groups.

higher concentrations were used in the in vitro tests
(Figure S1).

To further investigate the specific effects of LCN2, human
astrocytes were subjected to the expression vector LCN2 by
lentiviruses 24 hours before OGD induction. The cells were
induced in an OGD environment to imitate ischaemia, and
SLT treatment markedly decreased the levels of the proin-
flammatory cytokines IL-6, IL-1f3, and CXCL10 (P < 0.05).
LCN2 overexpression enhanced this difference (P < 0.05, vs.
control group) (Figures 6(a)-6(c)).

The morphology of astrocytes was observed by GFAP
staining (Figures 7(a)-7(c)). Prolonged cellular protuber-
ances confirmed OGD-induced astrocyte activation, and

LCN2 overexpression enhanced this effect. The OGD
group showed higher levels of GFAP, LCN2, p-JAK2,
and p-STAT3 than the control group (P <0.05, P<0.01)
(Figures 7(a)-7(h)), and overexpression of LCN2 enhanced
these effects (Figure 7). However, SLT negated these
increases after OGD induction (P < 0.05, P < 0.01).

4. Discussion

High levels of LCN2 trigger inflammation and later reduce
cognitive activity, making LCN2 a possible target in anti-
inflammation therapies [29, 30]. We have confirmed the effi-
cacy of SLT in regulating reactive astrocytes and LCN2
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Ficure 6: SLT suppressed OGD-induced inflammation in astrocytes in vitro. (a—c) Analysis showing the relative levels of the
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expression in a cerebral ischaemic model. We found that SLT
can protect cognitive function, significantly reducing stroke
injury and protecting the cerebral cortex from injury by
reducing cerebral infarction volume in ischaemic rats. Fur-
thermore, SLT improves astrocyte activation, reduces STAT3
and JAK2 phosphorylation, and reduces the expression of
LCN2 in vitro and in vivo. These results suggest that SLT
plays a powerful therapeutic role in cerebral ischaemia by
reducing astrocytic LCN2 release and inhibiting neuroin-
flammatory injury through the JAK2/STAT3 pathway.

The neuronal inflammation has emerged as a crucial ele-
ment in stroke, both in the beginning and later stages. Recent
reviews have noted that lymphocytes and inflammatory
mediators promulgate the development of neurological
lesions and deficits, although most of these findings have
been from experimental stroke models [31-34]. Other stud-
ies have shown that inflammation may also play a role in
the aetiology of mild cognitive impairment (MCI) [35, 36].
As mentioned in Introduction, assorted traditional Chinese
medicine formulations for the treatment of stroke, such as
SLT, have been developed [15]. SLT is composed of ginseng
extract (ginseng total saponins), G. biloba extract (G. biloba
total flavonoids), and saffron extract (saffron total glyco-
sides). Pharmacodynamic reports have shown that SLT
meaningfully improves problems produced by cerebral
ischaemia as well as learning and memory ability in experi-
mental models of cerebral ischaemia. Neurocognitive and
cardiovascular functions improved in normal adults after a
one-week regime on SLT [15]. Additionally, from 2012 to
2014, an international multicentre phase II clinical trial of
SLT use in patients with mild to moderate VaD showed that
SLT improved cognition and daily functioning in Chinese
patients [25]. SLT reportedly prevents H,O,-induced endo-
thelial cell damage via a direct decrease in intracellular reac-
tive oxygen species (ROS) generation and increase in
superoxide dismutase (SOD) activity [37]. In our present
study, SLT improved cognitive function of cerebral ischaemic
model rats in the MWM test. Neurological deficits were also
attenuated in cerebral ischaemic rats treated with SLT.
Hence, these results provide the first evidence that SLT
alleviates memory impairment in animal models.

Proinflammatory cytokines and chemokines are small
(8-12 kDa) proteins with numerous purposes. In the CNS,
proinflammatory cytokines and chemokines facilitate innate
and adaptive immune responses, indicating the need for leu-
kocyte recruitment as well as astrocyte activation during neu-
roinflammation [38, 39]. Although cytokines/chemokines
function by starting the inflammatory response and the
recruitment of peripheral immune cells to help remove
harmful stimulation, chemokines are involved in certain
neurological diseases involving inflammation of nerves,
including neurodegenerative dementia, Alzheimer’s disease,
multiple sclerosis, traumatic brain injury, and certain types
of meningitis [40, 41]. In the current study, SLT notably
reduced the level of proinflammatory cytokines and chemo-
kines, including IL-6, IL-12, and CXCL10, in tissues adjacent
to the damage and in the serum. Additionally, SLT reduced
these proinflammatory cytokines and chemokines in the
astrocytic supernatant.

Astrogliosis can cause extension of cell processes and
swelling of cell bodies after injury. Reactive gliosis has been
shown to be sustained for up to 60 days after controlled
cortical impact injury in rats, signifying a continuing
response of astrocytes to brain injury [42]. However, the
lack of effective treatment for astrogliosis has become a
focus of clinical treatment. LCN2, a secreted glycoprotein
in the lipocalin superfamily, has been reported to play a
harmful role in ischaemic brains and neurodegenerative dis-
eases [14, 43-45]. Neuroinflammation due to brain injury or
neurodegenerative diseases initiates the secretion of LCN2
from astrocytes, microglia, endothelial cells, and neurons.
Inflammatory mediators released by activated astrocytes play
an important role in cell migration and the recruitment of
glial cells to the injury site. Our data suggest that astrocytes
were significantly activated after cerebral ischaemia and that
LCN2 was upregulated throughout the cerebral ischaemic
cortex. SLT treatment significantly inhibited astrocyte activa-
tion and decreased LCN2 expression. The same phenomenon
was also found in OGD-induced astrocytes.

Over the years, research into the cellular and molecular
pathways related to astrogliosis has provided a basis for
future treatment options for memory disorders. LCN2 plays
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FIGURE 7: The effects of SLT on the activation of astrocytes and the expression of astrocytic LCN2, p-JAK2, and p-STAT3 after OGD
induction in vitro. (a-h) Double immunofluorescence staining for GFAP, LCN2, p-JAK2, and p-STAT3 in astrocytes after OGD
induction. Scale bar =20 yum. Western blots and quantitative analysis of GFAP, LCN2, p-JAK2, and p-STAT3 expression are expressed as
the mean + SEM (1 =3). *P < 0.05 and **P < 0.01 vs. control group; “P < 0.05 and **P < 0.01 vs. the indicated groups.

a critical role in astrocytic reactions [46]. JAK2-STAT3
activation is implicated in haematopoiesis [47], immune
responses [48], morphogenesis [49], gliogenesis [50], and
the regulation of memory formation. Previous studies have
demonstrated that JAK2/STATS3 is essential for the induction
of LCN2 [51]. Specifically, upregulation of CXCL10 by the
JAK2/STAT3 pathway in astrocytes plays a central role in
LCN2-induced cell migration. Thus, the neuroinflammatory
pathway could be regulated by inhibiting the constitutive
secretion of LCN2. In these experiments, astrocytic p-
STAT3 and p-JAK2 were highly activated in the ischaemic
hemisphere after cerebral ischaemia in vivo and after OGD
in vitro. However, SLT inhibited JAK2-STAT3 activation in
the cerebral ischaemia model and OGD-related neuroinflam-
matory alterations. Meanwhile, p-STAT3 and p-JAK2 were
upregulated by LCN2 overexpression in vitro, but SLT inhib-
ited this effect. These studies indicate that the LCN2 partially
mediates JAK2/STAT3 pathway upregulation of GFAP
expression in astrocytes [51]. Thus, inactivation of LCN2
by SLT confers significant antineuroinflammatory and anti-
astrogliotic roles in the brain. These results do not explain
all the mechanisms of SLT protection, and although the
reduction in LCN2 expression is considered to be a key
mechanism, SLT, as a multicomponent drug, may have other
indirect neuroprotective effects. Additionally, although most
of the data from experiments indicated that the effects of
LCN2 were largely mediated through JAK2-STAT3 inhibi-
tion, we cannot rule out the possibility of some nonspecific
effects of LCN2.

5. Conclusion

Overall, this study indicates that SLT has antiastrogliosis
and antineuroinflammatory effects and improves neuronal
survival and memory deficiency in a cerebral ischaemia
model and OGD-induced astrocytes. As a standardized herb
formula, SLT has a potential application for neuroinflamma-
tory diseases, such as VaD, through the inactivation of LCN2.
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The overexposure to nickel due to the extensive use of it in modern technology remains a major public health concern. The
mechanisms of pathological effects of this metal remain elusive. The present study was devoted to evaluate the effect of nickel on
the oxidative state of the brain cells of mice and to assess whether zinc as redox state modulator could efficiently protect cells
against nickel’s neurotoxicity. As oxidative stress biomarkers in the present study, we have measured the concentrations of
reduced glutathione, metallothioneins, and malondialdehyde and the activity of the enzyme §-aminolevulinate dehydratase. For
the single metal exposure, mice were i.p. injected once with solutions of NiCl, and/or ZnSO,; repeated exposure was performed
i.p. injecting metal salt solutions for 14 days (once a day). The control mice received i.p. injections of saline. Results of our study
demonstrate that single and 14 days of Ni** exposure decreased reduced glutathione and increased malondialdehyde contents in
the brain of mice. Repeated Ni** administration significantly inhibited §-aminolevulinate dehydratase while increasing brain
metallothionein concentration at both exposure periods. Zinc exhibited a protective effect against nickel-induced glutathione
and lipid peroxidation in brain cells of mice at both intervals of time, while repeated exposure to this metal significantly raised
the brain metallothionein content. Repeated Zn>" pretreatment protected §-aminolevulinate dehydratase from Ni**-induced

inhibition and significantly increased metallothionein concentration at both investigated time intervals.

1. Introduction

Nickel is a transition metal found in the Earth’s crust in
combination most usually with iron, sulphur, oxygen, or
arsenic. Ni compounds and metallic form of this metal
are used in a wide variety of industrial and commercial
applications [1, 2]. In combination with some other metals,
Ni is used to form alloys, to produce coins, ceramics, steel,
jewellery, battery, medical devices, electroplating, orthodon-
tic appliances, and many others [3, 4]. Extensive use and
high consumption of Ni-containing products inevitably
lead to a high level of contamination and the environmen-
tal pollution by Ni and its derivatives [5]. Pollution increases
human exposure to Ni primarily via inhalation and ingestion;
however, wearing the jewellery may also result in cutaneous
absorption of Ni [6].

Ni has been added to the list of essential trace elements
quite recently; however, by now, there exists a substantial list
of Ni-required enzymes [2, 7, 8]. It was considered as an
essential element based on reports of Ni necessity for plants
and deficiency in some animal species; however, the func-
tional importance of Ni and its physiological relevance in
humans yet remain unclear, and deficiency was never
reported either [2, 3, 9]. Although healthy human body con-
tains up to 10 mg of Ni and some data suggest that it might be
involved primarily in the regulation of liver function, related
to normal growth, Fe homeostasis, and red blood cell pro-
duction, the exact role of Ni is still unclear [10, 11].

Toxicity of Ni depends on the route of the exposure as
well as solubility of Ni compound and has a number of
possible mechanisms, including disruption of trace elements
and iron homeostasis, interaction with macromolecules,
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TaBLE 1: Metal exposure groups and doses of metal solutions.

Ni

Zn Zn+Ni

96 pmol Ni**/1kg b.w.
19 umol Ni**/1kg b.w.

Acute single metal exposure

Acute repeated metal exposure

24 pmol Zn**/1kg b.w.
24 pmol Zn**/1 kg b.w.

24 pmol Zn>*/1 kg b.w. and 96 pmol Ni**/1 kg b.w.
24 pmol Zn>*/1 kg b.w. and 19 umol Ni**/1 kg b.w.

disturbance of development and energy metabolism, and
induction of oxidative stress [6, 11, 12]. Since inhaled Ni
is mainly accumulated in the cerebral cortex and whole
brain, the nervous system is widely considered as a major
target of Ni toxicity [6, 7]. Some studies with animals
showed neurobehavioral changes, degeneration of neurons
in the hippocampus and cerebral histopathological changes,
and alteration of cognitive and locomotor behaviors in rats;
however, current knowledge of Ni’s neurotoxicity mecha-
nisms still remain limited [3, 7].

Zinc is the second most abundant biometal after iron; it is
the most commonly utilized metal cofactor, required for
about 16% of all enzymes [13, 14]. Nearly 10 percent of the
proteins, encoded in human genome require Zn for their
proper structure and function [14]. Zn acts as antioxidant,
which protects from the oxidation sulthydryl groups of
enzymes and other proteins, thus stabilizing these biomole-
cules [15]. The precise mechanism of antioxidant action of
Zn is not completely understood; however, there are sugges-
tions that being redox stable, Zn replaces redox active metals
at critical cellular or extracellular sites and/or induces synthe-
sis of cysteine-rich protein metallothioneins [15, 16].

Reduced glutathione (GSH) is the most abundant water-
soluble tripeptide within the cell. The thiol group from cyste-
ine provides GSH great reducing power, while high intracel-
lular concentration makes it one of the major components of
the cellular antioxidant system [17]. GSH deficiency is con-
sidered to be one of the earliest biochemical indicators of
neuronal oxidative damage, degeneration in aging or certain
mental disorders [17, 18].

d-Aminolevulinate dehydratase (5-ALAD) is a Zn-
dependent metalloenzyme, rich in thiol groups, and there-
fore, sensitive to all chemical agents that are inclined to
interact with them. Proximity between thiol groups ren-
ders §-ALAD extremely sensitive to inhibition by heavy
metals that displace Zn and/or oxidize the sulthydryl groups
[19]. Recent studies propose this enzyme as one of the most
sensitive to cellular levels of Zn and a marker protein of oxi-
dative stress [19, 20].

Metallothioneins (MTs) are cysteine-rich low molecular
weight, metal-binding proteins, which are involved in many
physiological and pathophysiological processes [21, 22].
They have been proposed to protect cells against metal toxic-
ity, regulate homeostasis of trace elements, and provide a
shield against reactive oxygen species (ROS) and are consid-
ered as one of the most important markers to monitor envi-
ronmental metal contamination [21-23].

The excess ROS exposure is known to cause oxidative
damage to cellular components involving polyunsaturated
fatty acid residues of phospholipids, which are extremely sen-
sitive to oxidation [24, 25]. As malondialdehyde (MDA) is a
major endogenous product of lipid peroxidation (LPO), its

content in membranes is one of the most usable indicators
of this process [26, 27].

Our previous studies performed with mice liver and
blood, as well as few studies accomplished by other scientists,
proposed the existence of some kind of competition between
Ni** and Zn** [15, 28-30] as well as a possible protective role
of Zn against oxidative stress. However, detailed studies of
the mechanisms of the interaction of these metals in the brain
are almost nonexistent while research on the ability of Zn to
protect the brain from Ni is very scarce.

Thus, the aim of this study was to investigate the effect of
Ni** on oxidative stress markers of the brain cells of mice and
to evaluate whether Zn** as redox state modulator could effi-
ciently protect cells against Ni’s neurotoxicity. Therefore, the
responses of four biomarkers, i.e., contents of GSH, MDA,
and MT and activity of §-ALAD, were examined.

2. Materials and Methods

4-6-week-old out-bred white laboratory mice, each weighing
from 20 to 25 g were used in these experiments. All experi-
ments were performed according to the Republic of Lithua-
nia Law on the Care, Keeping and Use of Animals (License
of State Veterinary Service for Working with Laboratory Ani-
mals No. 0200). Mice were randomly assigned into 3 metal
exposure groups plus a control group which received i.p.
injections of saline. Mice of Ni and Zn exposure groups
received an i.p injections of corresponding amounts of NiCl,
and ZnSO, dissolved in saline as shown in Table 1. Mice of
the Zn+Ni exposure group were ip. injected with ZnSO,
and after 20 min with NiCl, solutions in corresponding doses
(see Table 1). There were two models chosen with a different
duration of mouse exposure to the metals. For the acute sin-
gle metal exposure, the exposure time was set at 24 hours and
mice were injected once. For the acute repeated exposure,
mice were 1.p. injected for 14 days (once a day) with metal salt
solutions (see Table 1).

All the animals of each group were anesthetized and
terminated 24 h after the last dosing, according to the rules
defined by the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other
Purposes. The brain was removed, washed, weighed, and
cooled on ice.

Brain tissues were homogenized with 6 volumes w/v of
5% trichloroacetic acid. The homogenate was centrifuged at
10,000xg for 7 min.; obtained supernatant was further used
to asses GSH concentration. The content of GSH of a brain
tissue was measured by reaction with 5,5'-Dithiobis-(2-
Nitrobenzoic Acid) (DTNB), known as Ellman’s Reagent,
to give a yellow colored compound that absorbs at a wave-
length of 412nm. [15]. Every single sample contained
0.6mM DTNB in 02M sodium phosphate (pH 8.0),



Oxidative Medicine and Cellular Longevity

3.0

Content of GSH umol/g of tissue

CREEC#
»‘o;o%
Ko

B

5
&

7
o
A

s
5255
K%

"
S
25058

T,
o

QR
258525
258525
e

"
2

555

S

"'
8
2585

22
8

"'
o0
545

o
355
%%

T
Repeated

£ Zn
B Zn+Ni

F1GURE 1: Content of GSH in the brain of mice after single and repeated (14 days) Ni** and/or Zn** exposure. Data represents results of 812
separate experiments. *p < 0.05 vs. the control group of mice; *p < 0.05 vs. the group of Ni**-treated mice.

supernatant fraction, and 0.2M phosphate buffer [15].
GSH content was expressed as ymol/g of the wet weight
of the tissue.

The activity of §-ALAD was examined by a method of
Berlin and Schaller modified by Sassa [31, 32]. Brain tissues
were homogenized with 7 volumes w/v 0.15M NaCl
(pH7.4). The brain homogenate was centrifuged at 15,000xg
for 15min.; obtained supernatant was further used to asses
8-ALAD activity. For the determination of reaction product
porphobilinogen, Ehrlich’s reagent was used [31, 32]. Absor-
bance was measured at the wavelength of 555 nm. Activity of
0-ALAD was expressed in nmol/h/mg of protein.

Metallothioneins were assayed in mouse brain according
to the method proposed by the United Nations Environment
Program [33]. Tissues were homogenized with 3 volumes
w/v sucrose-TRIS buffer (pH8.6), resulting homogenate
was centrifuged at 30,000xg for 20 min. High molecular
weight proteins precipitated using cold (-20° C) absolute eth-
anol and chloroform and centrifuged again at 6,000xg for
10 min. The obtained supernatant (after elimination of low
molecular weight soluble thiols) was further used to deter-
mine MT concentration by evaluating the -SH residue
content by a spectrophotometric method, using Ellman’s
reagent. The absorbance of the supernatant was evaluated
at wavelength 412nm. GSH was used as a standard for
quantification of MT in the sample, taking into account that
GSH contains one cysteine per molecule [33].

To determine the extent of LPO, the content of MDA was
measured. MDA is known to form adduct with 2 thiobarbitu-
ric acid (TBA) molecules to produce a pink colored pigment
[34]. Tissues of a brain were homogenized with 9 volumes
w/v of cold 1.15% KCI. Resulting homogenate was added to
1% H;PO, and 0.6% TBA aqueous solution. The reaction
mixture was heated for 45 min in a boiling water bath, then
cooled, added n-butanol, and mixed thoroughly. The butanol
phase was used to determine light absorbance at 535 and
520 nm. [34]. The results are expressed as nmol/g of the wet
weight of the tissue.

Statistical analysis was performed using a statistical soft-
ware package (Statistica 6.0). Statistical analysis of the

obtained data is expressed as the mean (M) + standard
error of mean (SE). To determine the existence of statisti-
cally significant differences between the means of groups,
Student’s t-test was performed. p value less than 0.05
was considered statistically significant.

3. Results

According to the results, represented in Figure 1, a single
dose of NiCl, caused a statistically significant decrease of
GSH content in the mouse brain as compared to the control.
Mouse treatment with ZnSO, solution did not have any effect
on the content of GSH; however, pretreatment with ZnSO,
20 min before NiCl, injections attenuated the effects of Ni**
and returned GSH content in the cells of the brain to the con-
trol level (Figure 1). Continuous 14-day exposure to Ni**
reduced brain GSH concentration even further than the sin-
gle NiCl, administration and as compared to the control
group of mice (p < 0.05) (Figure 1). Repeated ZnSO, admin-
istration did not provide any effect on the brain GSH level;
however, repeated pretreatment with Zn** before NiCl,
injections seemed to have an appreciable protective effect
against Ni**-induced GSH oxidation, returning its content
to the level of the control mouse group (Figure 1).

According to the data presented in Figure 2, neither sin-
gle NiCl, nor ZnSO, or both metal coadministration had an
appreciable impact on §-ALAD activity in the brain of mice.
Repeated administration of Ni salt (Figure 2) seemed to sig-
nificantly suppress brain enzyme activity as compared to
the control group of mice. Repeated ZnSO, administration,
just as the single one, had no tangible effect on the activity
of §-ALAD; meanwhile, repeated mouse pretreatment with
Zn** before NiCl, injections seemed to attenuate a suppress-
ing effect of Ni*" and returned brain enzyme activity back to
the control level (Figure 2).

The data of Figure 3 shows that brain MT content signif-
icantly increased in animals once treated with Ni** however
remained at the control level after single ZnSO, administra-
tion. In the brain of animals once administered by both
metals, the content of MT was significantly higher as
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FIGURE 2: 8-ALAD activity in the brains of mice after single and repeated (14 days) Ni*" and/or Zn>" exposure. Data represents results of 8-12
separate experiments. *p < 0.05 vs. the control group of mice; “p < 0.05 vs. the group of Ni**-treated mice.
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compared to the control group of mice (p <0.05). Further
results (Figure 3) shows that 14 days of NiCl, treatment,
even more than a single Ni*" administration increased the
metallothionein content in the brain of mice (p <0.05).
Though a single dose of Zn** did not seem to have any sig-
nificant effect on MT quantity, repeated exposure to this
metal apparently increased the brain MT content in com-
parison to control (p<0.05). The same tendency was
observed in the ZnSO, pretreated animal group; repeated
exposure to both metals significantly increased MT concen-
tration as well (Figure 3).

Results represented in Figure 4 indicate that a single dose
of Ni** significantly increased the MDA content in the brain
of mice, as compared to the control (p < 0.05). Although sin-
gle ZnSO, administration seemed to induce some LPO
increasing brain MDA content (p < 0.05), single Zn** pre-
treatment before NiCl, injection subdued LPO (p <0.05)
comparing with the Ni** group, though could not restore it

to the control level (Figure 4). Repeated injections of NiCl,
just like a single, this metal exposure increased MDA amount
in the brain in comparison to control (p < 0.05) (Figure 4).
Continuous administration of ZnSO, had a very similar
effect to that of a single dose; Zn>* tended to slightly activate
LPO (p < 0.05). However, repeated Zn>" pretreatment before
NiCl, injections partially protected against Ni*" induced
brain lipid oxidation reducing the MDA content as com-
pared to the nickel-affected group of mice (p < 0.05).

4. Discussion

Our attention in Zn/Ni interaction was drawn due to the fact
that environmental Ni contamination is a widespread phe-
nomenon in recent times. The possible impact and effects
of Ni on physiologically essential metal-dependent biological
systems and its metabolic pathways in the brain are not yet
tully understood.



Oxidative Medicine and Cellular Longevity

200 A
180 -
160 -
140
120 ~
100 ~
80
60
40
20 A

Content of MDA nmol/g of tissue

{73

TS,
LSS
8

35
255

%

X,

X2

K

2

T,
2535

Reteteli
2584
£

1 Control
B Ni

Repeated

& Zn
B Zn+Ni

FI1GURE 4: Content of MDA in the brain of mice after single and repeated (14 days) Ni** and/or Zn>* exposure. Data represents results of 812
separate experiments. *p < 0.05 vs. the control group of mice; *p < 0.05 vs. the group of Ni*"-treated mice.

In order to assess the antioxidant status of the brain, we
have evaluated the alterations of GSH, MDA, and MT con-
tents as well as the activity of ALAD as reliable oxidative
stress biomarkers, since these parameters are closely related
and interdependent [26, 35-38].

There are several reasons that makes the brain especially
prone to oxidative stress. Although the mass of the brain is
relatively small compared to the rest of the body, it consumes
up to one-fifth of the total oxygen consumed by the body
[39]. Although the O, is absolutely essential for the brain, it
also is considered as potentially toxic mutagenic gas, since
it is able to give rise to free radical and nonradical species,
such as superoxide anion (O,"), hydrogen peroxide (H,0,),
and hydroxyl radical [38, 39]. In the healthy brain, where
the redox balance is maintained, the resulting ROS are bene-
ficial and even necessary; however, redox balance disturbance
causes a condition known as oxidative stress, which is closely
related to neurodegeneration [39, 40]. High O, exposure,
considerable levels of polyunsaturated n-3 fatty acids, gener-
ous Fe and Cu stores, and a quite weak antioxidant system
with low levels of the antioxidant enzymes make the brain
very susceptible to oxidative stress [39, 40]. It has been shown
that heavy metals penetrate across the blood brain barrier
causing oxidative stress and alterations in the metabolism
of some proteins involved in neurodegeneration [22].

It has been suggested that transition metal Ni disturbs the
homeostasis of Fe, leading to iron accumulation, which acti-
vates free radical generation through Haber-Weiss and Fen-
ton chemistry [5, 41]. By substituting for Fe, Ni supposedly
inhibits many Fe-containing enzymes; it has been shown to
suppress the activities of several tricarboxylic acid cycle and
electron transfer chain oxidoreductases, thus generating free
radicals due to disrupted mitochondrial respiration [6, 28].
Data suggest possible Ni’s inhibition of Zn metalloenzy-
mes—several Zn-metallopeptidases had shown susceptibility
to micromolar amounts of Ni [28]. By linking with cysteine,
histidine, or glutamate residues, Ni seems to have the ability
to inhibit a wide range of enzymes that do not require a metal
for their catalytic activity [28]. Despite ROS formation, dis-
turbed electron transfer in mitochondria is followed by inhi-

bition of oxidative phosphorylation, thus forcing cells to turn
anaerobic glycolysis on. Restricted production of ATP in
nerve cells is known to cause brain tissue dysfunction and
neurological disorders [5, 6]. Studies suggest that beside
some respiratory chain enzyme inhibition, Ni is able to sup-
press the gene expression of them thereby exacerbating the
damage to the mitochondria even further [41]. Since mito-
chondria are the prime target for Ni exposure, oxidative
damage done to it is considered as one of the key causes of
Ni toxicity [3, 6].

Glutathione is a water-soluble tripeptide of vital impor-
tance in millimolar concentrations found in cells of various
tissues and body fluids [42]. It is the most abundant intracel-
lular antioxidant molecule, containing a sulthydryl group
which is critical for the biological activity of GSH [43].
GSH has been suggested as the primary defence against metal
cation toxicity, while it has many different functions includ-
ing heavy metal and xenobiotic detoxification, reduction of
sulthydryl groups of thiols, neutralization of ROS, and regen-
eration of other essential antioxidants [44]. Depending on
the redox status of the cell, the tripeptide exists in a reduced
or oxidized form (GSSG). The relative amounts of each form
(ratio of GSH/GSSG) reflect the cellular oxidative index and
serve as measurable biomarkers of redox status of the cell
or whole body [42, 43].

The intracellular level of GSH is an important factor in
the process of cellular resistance to Ni** [44]. Our previous
study demonstrated a statistically significant decrease (by
20%) of GSH content in the liver as well as the blood of mice
after 24 hours of NiCl, exposure. Recent studies accom-
plished by other scientists report a considerable GSH deple-
tion even after single Ni*" exposure [15].

It was observed that electroplate workers with exposure
to high levels of Ni** had significantly lower levels of GSH
than the others [27]. Consequently, a significant brain GSH
content decrease after single as well as repeated exposure to
Ni observed in our present study is likely to evidence the oxi-
dative damage to the brain induced by this metal. Thus, the
results of our study are corroborating the conclusions of sci-
entists who claim intracellular GSH depletion as the result of



Ni-induced toxicity [5]. Some researchers, however, have
showed that Ni does not diminish but even increases GSH
levels in the cell. Topal et al. found that 21-day oral NiCl,
treatment significantly increased GSH levels in brain tissues
of rainbow trout [6, 7]. This GSH content increase could be
the outcome of the adaptive mechanism, when synthesis of
this tripeptide-antioxidant increases as a response to cell oxi-
dative damage caused by toxicity of metals [7]. To the control
level, restored concentration of GSH in the brain of the Zn-
pretreated mouse group, observed in our present study,
might be the outcome of both—Zn’s ability to compete with
Ni or its importance in the regulation of GSH synthesis, due
to the increased expression of glutamate-cysteine ligase
which is the rate-limiting enzyme of glutathione de novo syn-
thesis [36, 37, 45].

Since thiol groups have been proposed to be the first and
primary targets of heavy metal exposure and it has also been
shown that some of the zinc-dependent enzymes are vulner-
able to micromolar amounts of Ni, next object of our study
was investigation of the possible damage caused by Ni to
Zn-dependent enzymes such as §-ALAD [35, 40].

6-ALAD is a metalloenzyme with 3 adjacent sulthydryl
groups in its active site that requires Zn for its activity, there-
fore might be sensitive to the substances that compete with
Zn or to those that oxidize -SH groups [20]. It is a widely dis-
tributed enzyme in nature that plays a primary role in most
aerobic organisms since it catalyses condensation of two mol-
ecules of §-aminolevulinic acid (§-ALA) to form porphobili-
nogen in the heme biosynthesis pathway [26]. Recent studies
have indicated that due to its high sensitivity to prooxidant
situations, 8-ALAD can be a reliable universal biomarker of
oxidative stress—various observations evidence a negative
correlation between enzyme activity and level of oxidative
stress [20, 26]. §-ALAD inhibition due to thiol group oxida-
tion leads to §-ALA autoxidation, further §-ALAD inhibi-
tion, additional O,” generation, and antioxidant system
depletion [26, 46]. Excess §-ALA in the brain disrupts y-ami-
nobutyric acid/glutamate system causing neurotoxicity and
cell death [19, 46] while decreased heme biosynthesis is
known to cause neuronal cell dysfunction, since heme is crit-
ical for neuronal cell growth, differentiation, and survival
[47]. Literature data show that Ni is especially prone to bind
to amino acids like cysteine and histidine, small peptides like
glutathione, and amine-containing compounds thus acceler-
ating the rate of oxidative damage [28]. In our previous
research [30], we ascertained that single exposure to NiCl,
suppressed the activity of §-ALAD in the liver and the blood
of mice, while Zn-pretreatment diminished this effect of Ni.
Repeated NiCl, administration decreased §-ALAD’s activity
in the liver of mice, though Zn did not protect enzyme from
Ni-induced inhibition [30]. Other studies suggest that some
heavy and transition metals cause inhibition of the §-ALAD
activity [19, 20] that supports the inhibitory effect of Ni on
the enzyme activity after 14 days of NiCl, treatment observed
in our study. The fact that the single NiCl, exposure did not
induce any appreciable effect on §-ALAD activity might be
associated with the decreased levels of GSH found in the
brain of mice after single Ni** treatment or with compensa-
tory mechanisms of other antioxidant system components
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such as ascorbic acid or antioxidant enzymes [27, 48]. Liter-
ature suggests that due to antioxidant capacity, GSH is able to
attenuate free radical generation as well as LPO, reduce oxi-
dant burden, and partially restore enzymatic §-ALAD activ-
ity, suppressed by different prooxidants [19, 20, 26].

The structure of §-ALAD is characterised by vicinal cys-
teine residues in its active site, which are involved in the coor-
dination of cofactor Zn>* [20]. Literature suggests that close
spatial arrangement of thiol groups determines the specific
sensitivity of the enzyme to oxidation. Since Zn is involved
in sulthydryl group stabilization, its removal or replacement
is known to accelerate enzyme autooxidation [19]. The pro-
tective effect of Zn>" on the activity of the enzyme after four-
teen days of metal exposure determined in our study
confirms the findings of other scientists who claim Zn’s abil-
ity to protect §-ALAD from the inhibition, which indicates
that enzyme activity suppression occurs not only by thiol
group oxidation but also by Zn displacement [20].

Well-known antioxidants and heavy metal contamina-
tion biomarkers, cysteine-rich protein MTs, are also involved
in maintaining some biologically essential metal ion homeo-
stasis [22, 49]. Scientific data indicate that MT's act as antiox-
idant by scavenging ROS; they are capable of reducing
oxidative tissue damage and helping the cells to withstand
heavy metal toxicity [50, 51]. There was an established direct
correlation between intracellular heavy metal and MT con-
centration in organs such as the liver, kidneys, and gills of
aquatic animals [22, 49]. Other scientific sources show the
ability of Ni to induce MTs’ synthesis in various organisms
and in cultured cells [52]. However, there is a sparse data
on the ability of MT to reduce heavy metal-induced oxidative
nerve tissue damage.

Although MTs have a particular affinity for Zn>*, in
excess of some transition or heavy metals, Zn** can be easily
displaced by them. Up to eighteen different metals are known
to have the ability to associate with MTs [51]. Zn** from the
Zn-MT complex can be ejected not only by certain metals; it
is known by now that Zn might be displaced from MT’s as a
response to the exposure to ROS. Literature indicates that
MT’s ability to couple or release Zn>" depends very much
on the redox state of the cell [23]. The free Zn** merges with
the six Zn fingers of metal response element-binding tran-
scription factor-1 (MTF-1), thus activating it and inducing
the expression of MT genes, thereby increasing their concen-
tration in the cell [51]. That could explain the same trends in
the increase of MT concentrations observed in our study
after the repeated Zn" treatment as well as after acute and
prolonged exposure to both metals on the brain of mice. It
is interesting to note that an apparent increase in the content
of MT determined in the brains of Zn+Ni-treated mouse
group correlates with the restored content of GSH and
regained enzyme §-ALAD activity, which supports the idea
of Zn’s and MTs ability to suppress toxicity of Ni**.

Since Zn excess, just as the deficiency is damaging to the
cells—the cellular Zn>" concentration must be precisely reg-
ulated. Scientific data affirm that this balance is supported
mainly by MT and MTF-1 and might be disturbed as a
response to the stress of the cell, caused by different stressors,
like prooxidants and heavy metal ions [51]. It has been
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shown that MTF-1 regulates the MT gene expression as a
response not only to changes in Zn but also to changes in
other heavy metal, such as Ni concentrations [2, 51]. It was
also demonstrated that exposure to NiSO, activates protein
phosphatase 2A, which induces MTF-1 dephosphorylation
that is required for transcription factor translocation to
nucleus to induce the expression of MT [2]. Increase in brain
MT content, obtained in our study after single and repeated
Ni** exposure, seems to be consistent with other researchers’
data confirming Ni’s ability to induce MT synthesis not only
in the liver or kidneys but obviously in the brain as well.

The brains are enriched by redox active transition metals,
like Fe** and Cu®*, consume lots of O,, and basically are
composed of easily oxidizable polyunsaturated fatty acids.
Neurons possess around 50 percent lower cytosolic GSH
levels; as compared to cells of other tissue, enzymatic GSH-
dependent antioxidant system in the brain is modest which
determines nerve tissue vulnerability to oxidative stress-
induced LPO [39]. Although Ni, compared with other metals
such as Fe, is not very effective in Fenton chemistry, its reac-
tivity seems to be enhanced when it is chelated by oligopep-
tides or histidine [12]. Ni is known to strongly interfere
with Fe homeostasis, leading to Fe*" accumulation which in
turn induces oxidative stress through Fenton and Haber-
Weiss reactions and initiates LPO [39, 48]. Topal et al.
showed that after three weeks of daily treatment, Ni in a
dose-dependent manner significantly increased rainbow
trout brain LPO, which caused demyelination and necrotic
changes in some brain areas [7]. Other researchers notice
that beside LPO, Ni depletes the intracellular antioxidants
and significantly increases the activity of antioxidant
enzymes like glutathione reductase and catalase [3, 12]. Lipid
peroxides formed due to LPO are converted to their corre-
sponding alcohols by the glutathione peroxidases, which
convert GSH into oxidized glutathione disulphide [27]. Our
observed overlap of MDA content elevation with expend of
GSH, after single and continuous Ni** exposure, appears
consistent with other researchers’ findings confirming Ni’s
ability to induce oxidative damage, which significantly pro-
mote LPO and antioxidant system depletion not only in
other organs but also in the brain [6, 7, 12].

According the data of our experiments, Zn>" pretreat-
ment before Ni** injections seemed to significantly reduce
brain LPO as compared to the NiCl,-treated group of mice.
A decrease in MDA might involve Zn’s ability to induce syn-
thesis of glutathione, which is a coenzyme of glutathione per-
oxidase, thus increasing antioxidant enzyme activity [36].
Zn’s ability to compete with Fe and Cu for the binding sites
in the cell membranes could be another explanation of brain
lipid protection, since both Fe and Cu are able to induce the
formation of free radicals from lipid peroxides. In this case,
the replacement of Fe or Cu with redox stable Zn could
prevent cell from free radical formation [36]. Zn acts a
cofactor for another antioxidant metalloenzyme superoxide
dismutase (SOD) which promotes two O, radical conver-
sion to H,0, and O,, thus reducing toxicity of ROS [36].
An increase in SOD activity might appear as a result of
Ni**/Zn** competition for enzyme binding or to Zn’s
ability to activate SOD synthesis at a transcriptional level

[28, 53]. A number of pathologies like neurodegeneration
and myocardial injury were observed in SOD-deficient mice,
since the enzyme is indispensable in protection against oxi-
dative damage [48].

5. Conclusions

Single and repeated exposure to Ni*" resulted in an expended
resource of GSH as well as enhanced LPO in mouse brain.
Single i.p. injection of NiCl, did not affect enzyme §-ALAD
activity; however, single as well as repeated Ni** administra-
tion significantly inhibited enzyme and increased the content
of MT. Zn>" provided the protective effect against Ni**-
induced GSH depletion and LPO at both exposure periods.
After continuous pretreatment, Zn>* managed to return Ni-
suppressed §-ALAD activity back to the level of control;
MT content after prolonged both metal administration
remained increased.

In summary, Zn definitely has shown some protective
mechanisms against toxicity of Ni; however, further studies
on the Ni-Zn interaction, including the response of brain
antioxidant enzymes, would potentially help to further
understand the effects of these metals on the redox state of
the brain.
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The data supporting the findings of our study are available
within the article.
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Depression is a mental disorder that affects 300 million people of all ages worldwide, but fewer than half of those with the condition
receive adequate treatment. In addition, the high pharmacological refractoriness (affecting 30%-50% of patients) and toxicity of
some classical antidepressants support the pursuit of new therapies. People with this condition show depressed mood, loss of
pleasure, high levels of oxidative stress, and accelerated biological aging (decreased telomere length and expression of the
telomerase reverse transcriptase (TERT), the enzyme responsible for telomere maintenance). Because of the close relationship
between depression and oxidative stress, nutraceuticals with antioxidant properties are excellent candidates for therapy. This
study represents the first investigation of the possible antidepressant and antiaging effects of commercial samples of clarified
acai (Euterpe oleracea) juice (EO). This fruit is rich in antioxidants and widely consumed. In this study, mice were treated
with saline or EO (10 uL/g, oral) for 4 days and then with saline or lipopolysaccharide (0.5 mg/kg, i.p.) to induce depressive-
like behavior. Only four doses of EO were enough to abolish the despair-like and anhedonia behaviors and alterations
observed in electromyographic measurements. The antidepression effect of EO was similar to that of imipramine and
associated with antioxidant and antiaging effects (preventing lipid peroxidation and increasing TERT mRNA expression,
respectively) in three major brain regions involved in depression (hippocampus, striatum, and prefrontal cortex).
Additionally, EO significantly protected hippocampal cells, preventing neuronal loss associated with the depressive-like state
and nitrite level increases (an indirect marker of nitric oxide production). Moreover, EO alone significantly increased TERT
mRNA expression, revealing for the first time a potent antiaging action in the brain that suggests neuroprotection against
long-term age-related consequences.
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1. Introduction

Depression is a mental disorder that represents an important
and growing problem in public health, with an estimated
300 million people of all ages affected worldwide [1].
Although the pharmacological arsenal for depression
includes selective serotonin reuptake inhibitors (SSRIs), such
as fluoxetine, or tricyclic antidepressants, such as imipra-
mine, the World Health Organization estimates that less
than half of the patients receive adequate treatment [1]. In
some countries, that rate is less than 10% [1]. In addition
to difficulties with adequate access to health care, a main
problem in the treatment of depression is pharmacological
refractoriness, which affects 30%-50% of people with the
condition [2]. Side effects of some classical antidepressants
make it urgent to seek new therapies that could serve as
adjuvants or less-toxic alternatives.

Depression is characterized by symptoms such as
depressed mood, loss of interest or pleasure, feelings of guilt
or low self-esteem, and sleep or appetite disorders, creating a
significant impact on quality of life [1]. Accelerated aging
also has been demonstrated in patients with depression
characterized by a significant decrease in telomere length
and expression of telomerase reverse transcriptase (TERT),
the enzyme responsible for telomere maintenance [3-6].
This effect may especially affect the brain increasing its
susceptibility to age-related disorders.

Many areas of the brain are involved in mood regulation
[7-10] and thus relevant to the neurobiology of major
depressive disorder (MDD) and depressive-like symptoms
[11]. Among the main symptoms present in people with
MDD, learning and memory problems are related to hippo-
campal damage, and reward and emotional behaviors are
associated with alterations in the prefrontal cortex and
striatum [11].

Clinical and preclinical studies have confirmed the close
relationship between MDD and the imbalance of increased
oxidative stress and decreased antioxidant defenses [12-15].
Oxidative and nitrosative stress play a crucial role in the
pathophysiology of unipolar and bipolar depression [16]. In
parallel to oxidative stress, immunoinflammatory mecha-
nisms of depression have been described [17]. Based on the
inflammatory/oxidative stress component of depression, a
mouse model of depressive-like behavior induced by lipo-
polysaccharide (LPS) has been developed. After 24 hours of
a single low exposure to LPS, the animals show depressive-
like alterations such as anhedonia and despair-like behavior
[18]. This model has translational validity based on recent
findings that depressed patients have higher plasma LPS
levels [19].

Although analysis of isolated compounds from natural
sources for the development of new antidepressant drugs is
important, the study of nutraceuticals (a food, part of a food,
vitamin, mineral, or herb that provides health benefits) is
also essential to uncover potential nutritional strategies. A
key reason is that these products can be realistic alterna-
tives and adjunctive therapies for depression in isolated
populations or people living in developing and low-
income countries.
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In this context, Amazonia biodiversity provides a special
opportunity. Agai is a fruit (of a very common palm in the
Amazon basin, Euterpe oleracea Martius, family Arecaceae)
commonly consumed in the Amazon and largely available
on the international market [20, 21]. This fruit, or the drink
made from it, is a well-recognized functional food. Called a
“superfruit” because of its antioxidant properties, acai has
attracted increasing attention from the global nutraceutical
market [21, 22]. Its biological activities, such as antiparasitic,
anticarcinogenic, or metabolic action have been described
[23-25]. Moreover, recent preclinical data support a
potent neuroprotective effect of acai [26]. In the latter
study, consumption of commercial samples of clarified
acai juice significantly reduced tonic-clonic seizures and
their consequences [26], probably because of the action
on the gabaergic system [27].

Despite this pronounced neuroprotective effect, in vivo
studies with acai are scarce, especially those related to
neuropsychiatric disorders. In the last decade, however, some
phytochemical compounds such as ellagic acid and apigenin
have shown efficacy in preventing depressive-like behaviors
[28-30], and many of them are found in agai.

The aim of this study was to investigate for the first time
the possible antidepressant-like and antiaging effects of
commercial samples of clarified acai juice (EO).

2. Materials and Methods

2.1. Animals and Ethical Aspects. Male Swiss mice (20-30 g)
were maintained in standard environmental conditions
(22 £ 1°C, humidity 60 + 5%, and 12 h light-dark cycle) with
food and water ad libitum. All experimental procedures were
approved by the Committee for Ethics in Experimental
Research with Animals of the Federal University of Pard
(license number 89-15) and followed the guidelines of the
NIH Guide for the Care and Use of Laboratory Animals.

2.2. Clarified Agai (Euterpe oleracea Mart.) Juice (EO).
Samples of EO were kindly provided by Amazon Dreams
(Belém, Pard, Brazil) and produced by a patented process
(PI 1003060-3). Briefly, clarified acai was prepared from
fresh fruits of E. oleracea Martius (Arecaceae). After
cleaning the fruits, pulping was performed with the addi-
tion of 0.5L of water per kilogram of fruits. The juice
was subsequently microfiltered (Souza-Monteiro et al.,
2005; [27]). EO is a thin, translucent, wine-colored liquid
with no lipids, proteins, or fibers but rich in phenolic com-
pounds (>1400mg gallic acid equivalents/L). The major
phenolic compounds of EO were previously analyzed
using two UHPLC-DAD methods and found to be cyanidin
3-rutinoside (450 mg/L), orientin (380 mg/L), taxifolin deox-
yhexose (310 mg/L), homoorientin (250 mg/L), and cyanidin
3-glucoside (180 mg/L) [27].

2.3. Treatments. The animals were orally treated with clari-
fied agai or saline (10 uL/g body weight) daily for 4 days
(Figure 1). Thirty minutes after the last dose, a set of animals
received also imipramine (5 or 10 mg/kg, i.p.). At 24 hours
following this dose, animals were treated with a single dose
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FiGURrk 1: Experimental design of the study. EO, clarified juice of Euterpe oleracea; i.p., intraperitoneal; LPS, lipopolysaccharide.

of saline or LPS at 0.5 mg/kg, i.p. to induce by 24 hours the
depressive-like behavior that has been described previously
[18]. All reagents were obtained from Sigma-Aldrich Corp.,
St. Louis, USA.

One set of animals was used for the analysis of spontane-
ous locomotor activity, despair-like behavior, neurochemical
evaluations, and mRNA expression. After behavior assess-
ments, all animals were sacrificed by cervical dislocation,
and the prefrontal cortices, hippocampi, and striata were
stored at -20°C (part of the tissue was previously frozen
in liquid nitrogen and the other part maintained in RNA-
later solution; Thermo Fisher Scientific, Sio Paulo, Brazil),
until analysis.

Electromyographical analysis, immunohistochemical eval-
uations, and the study of anhedonia-like behavior were
performed separately in different sets of animals as described
below.

2.4. Behavioral Evaluations. Twenty-four hours after the
administration of LPS, behavioral evaluations (mobility in
open-field and forced swimming or sucrose preference test)
were performed.

2.4.1. Assessment of Spontaneous Locomotor Activity (Open-
Field Test). The animals were placed into an open-field arena
(30 x 30 x 15 cm) with white walls and a black floor, divided
into nine squares of equal areas. Spontaneous locomotor
activity was observed for 5 minutes, and the number of
crossed quadrants (crossings), total distance, rearings, and
groomings were recorded [31].

2.4.2. Assessment of Despair-Like Behavior (Forced Swim
Test). After the open-field test, the animals were placed in
an acrylic transparent cylinder (25cm height and 10cm
diameter) containing water at 22-24°C. After 1 minute of
habituation, immobility time (in seconds) was recorded for
a period of 5 minutes. Immobility was defined as an absence
of active behaviors such as swimming, jumping, rearing, or

diving [32, 33]. Animals presenting difficulties keeping their
heads above water were removed and excluded.

2.4.3. Assessment of Anhedonia Behavior (Sucrose Preference
Test). The presence of anhedonia behavior was tested in a
different set of animals as described by Mao et al. [34]. At
48 hours before LPS administration (concomitant with pre-
treatment with EO or saline), animals were habituated to
the consumption of 1% (w/v) sucrose solution for 24 hours.
Then, the sucrose solution was replaced by water for an
additional 24 hours. Animals were deprived of water and
food before LPS administration. Twenty-four hours later,
they were individually housed in cages with free access to
two bottles, one containing water and the other containing
1% sucrose solution. Volumes consumed of each bottle
were recorded after 1 hour, and the sucrose preference
was calculated as follows:

sucrose consumption

Sucrose preference = - -
water consuption + sucrose consuption

% 100%.

(1)

2.5. Electromyographic Evaluations. For additional evalua-
tion of the despair/scape-like behavior, we performed
electromyographic measurements. After the treatments,
stainless-steel-conjugated electrodes were implanted in the
semitendinosus muscle of the limbs of a subgroup of animals
to acquire electromyographic records, with a recording time
of 5 minutes for each animal. Electrodes were connected to
a high-impedance amplifier (Grass Technologies, P511),
monitored by an oscilloscope (Protek, 6510). The entire
analysis was performed inside a Faraday cage. Data were
continuously scanned at a rate of 1kHz by a computer
equipped with a data acquisition board (National Instru-
ments, Austin, TX) and processed through specialized
software (LabVIEW express).



The amplitude graphs show the potential difference
between the reference and the electrode. A total of 1000
samples per second were observed. The spectrograms were
calculated using a Hamming window with 256 points
(256/1000s), and each frame was generated with an overlap
of 128 points per window. For each frame, the spectral power
density (SPD) was calculated by the Welch average periodo-
gram method. The frequency histogram was generated by the
first PSD calculation of the signal using the Hamming
window with 256 points, without overlap, with the PSD,
resulting in a histogram constructed with boxes of 1 Hz.

2.6. Neurochemical Assessments

2.6.1. Evaluation of Lipid Peroxidation. Lipid peroxidation
was assayed by evaluating thiobarbituric acid-reactive sub-
stances [35]. Briefly, samples were slowly thawed and homog-
enized in Tris-HCI solution. Aliquots of these homogenates
were mixed with 10% trichloroacetic acid and 0.67% thiobar-
bituric acid. They were then heated in a boiling water bath
for 15 minutes and immediately placed in ice. Absorbance
at 532 nm was recorded and compared to that of standard
solutions of malonaldehyde (MDA). Lipid peroxidation
was expressed as micromoles of MDA/g tissue.

2.6.2. Assay of Nitrite Levels. The production of nitric oxide
was indirectly evaluated by the nitrite levels in the tissue
as described by Green [36]. Aliquots of the homogenates
were incubated at room temperature for 10 minutes with
equal volumes of the Griess solution (1% sulfanilamide
in 1% H;PO,:0.1% N-(1-naphthyl)-thylenediamine dihy-
drochloride: distilled water; 1:1:1) at room temperature
for 10 minutes. The absorbance was recorded at 560 nm
and compared to those of standard solutions of sodium
nitrite. Nitrite levels were expressed as micromoles of
nitrites per milligram of tissue.

2.7. TERT mRNA Expression. TERT mRNA expression was
determined by two-step quantitative reverse transcription
PCR (RT-qPCR) using the TagMan Gene Expression Assay,
as described by Silva et al. [37]. Briefly, total RNA was
extracted with the Tri Reagent (Applied Biosystems, USA)
following the manufacturer’s instructions. A NanoDrop
spectrophotometer (Kisker, Germany) was used to evaluate
the RNA concentration and quality along with 1% agarose
gels. The synthesis of complementary DNA was performed
using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Poland).

RT-qPCR was performed using StepOnePlus equipment
(Applied Biosystems, Brazil) with TagMan® Universal PCR
Master Mix and TagMan probes (Applied Biosystems,
Brazil). The GAPDH gene was selected as an internal
control for RNA input and reverse transcription effi-
ciency. All qRT-PCR reactions were run in triplicate with
a final volume of 10uL for the target gene (TERT:
Hs00972656_m1) and the internal control (GAPDH:
NM_002046.3), for 40 cycles, using the standard cycling
conditions of the machine.

Relative quantification of the gene expression was
calculated by the AACt method and expressed as the
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fold change proposed by Livak and Schmittgen [38]. In
the present study, the control group was designated as
the calibrator.

2.8. Immunohistochemistry Analysis for Hippocampal Mature
Neurons. Animals were deeply anesthetized by intraperito-
neal injection of ketamine and xylazine solution for subse-
quent transcardiac perfusion. First, saline solution (pH7.4)
heparinized 0.9% and then paraformaldehyde (Sigma-
Aldrich, USA) 4% were used in the perfusion system for
fixation of the brains. Then, the brains were removed
and postfixed for 4 hours in Bouin’s solution with dehy-
dration and clarification in hydroalcoholic solutions with
increasing concentrations and xylol. The specimens were
subsequently embedded in Paraplast® (McCormick Scien-
tific, USA). The coronal sections of the anterior hippocam-
pus were sliced on a microtome at 5um of thickness. For
immunohistochemical assays, the slides were pretreated
with poly-D-lysine (Sigma-Aldrich) prior to the placement
of sections.

Sections were immunolabeled for mature neurons
(anti-NeuN: 1:100, Millipore). For this purpose, tissue
antigen sites were recovered by heating at 60°C in citrate
buffer for 20 minutes and cooled naturally. For the inhibi-
tion of the endogenous peroxidase, slides were treated with
hydrogen peroxide solution in methanol for 20 minutes.
After three consecutive 10-minute washes in phosphate-
buffered saline- (PBS-) Tween (Sigma-Aldrich), the sec-
tions were incubated in 10% normal horse serum in PBS
for 2 hours. Sections were then incubated with the pri-
mary antibody diluted in PBS previously coated overnight,
with subsequent washes in PBS-Tween, and incubated
with the biotinylated secondary antibody, diluted in PBS
for 2 hours. They were washed again in PBS-Tween to
be incubated with an avidin-biotin-peroxidase complex
(ABC Kit, Vector Laboratories, USA) for 1 hour. Sections
were then exposed in DAB for 40 seconds, dehydrated in
alcohol and xylol, and coverslipped. Some slides were
counterstained with hematoxylin for histological delimita-
tions. More details about this protocol have been described
previously [39-41].

The photomicrographs were taken with a Moticam
system coupled to a Nikon Eclipse 50i optic photomicro-
scope. For quantification of positive cells for anti-NeuN, we
used the light optical microscope Nikon Eclipse E2000 with
a 1 mm? grid in the eyepiece, under 40x objective magnifica-
tion. In the dorsal hippocampus, three fields from each
region (CAl, CA3, and dentate gyrus) were counted, as
described elsewhere [39-41].

2.9. Statistical Analyses. Statistical analyses were performed
using GraphPad Prism (version 5.0). The normality and
homoscedasticity of the data were verified using the
D’Agostino-Pearson test and the Bartlett test, respectively.
Data are presented as mean and standard deviation (SD)
and were analyzed using one-way analysis of variance followed
by Tukey’s post hoc test, when appropriate. P <0.05 was
considered significant for all analyses.
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FIGURE 3: Despair-like behavior (immobility time) in the forced swim test of mice in a depressive-like state (DLS) and/or treated with clarified
acaf (EO) and/or imipramine (5 or 10mg/kg, IMI5 or IMII0, respectively). The inset shows the statistical analysis when only four
groups were considered. Data are presented as mean+SD (n=5). ***P<0.001 vs. all groups, *P <0.05 vs. control, *P<0.05 and

P <0.001 vs. IMI5+DLS, and ##P <0.01 vs. IMI10+LPS.

3. Results

EO treatment did not interfere with the spontaneous
locomotor activity, as demonstrated by the number of
crossings and the total distance traveled in the open-field
test (Figure 2).

As expected, 24 hours after LPS exposure the immobility
time in the forced swim test increased significantly, indicat-
ing a depressive-like state (DLS) (Figure 3), which EO treat-
ment reduced to control levels. Moreover, when groups
treated with imipramine (given as IMI in the graphs) were
compared separately (Figure 3, inset), significant differences

between the therapeutic treatment with imipramine (the
IMI5+DLS and IMI10+DLS groups) and the treatments with
both EO and IMI (the EO+DLS+IMI5 and EO+DLS+IMI10
groups) were detected. Although additional experiments are
necessary, this fact may point to a certain degree of synergism
between EO and imipramine. Despite this possible syner-
gism, the antidespair effect of EO treatment alone was as
effective as that of imipramine.

In the sucrose preference test, animals showed a significant
decrease in sucrose consumption (anhedonia behavior) caused
by LPS administration, corroborating the depression-like state
of the animals (Figure 4). Again, EO treatment completely
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prevented the anhedonia-like state induced by LPS, support-
ing the potent antidepressant effect of this treatment.

As an additional approach to assessing the despair/
scape-like behavior, we performed electromyographic mea-
surements with 5-minute recordings of the muscular
responses to stimulus from the electrode implantation. Con-
trol and EO-treated animals showed energy levels up to
50 Hz (Figure 5) corresponding to normal muscle activity.
However, LPS administration caused a significant decrease
in muscle activity that was entirely prevented by EO. In fact,
the muscular activity of the animals that received both LPS
and EO treatments was similar to that of control animals.

The results of the forced swim test and electromyography
together show that EO prevented immobility or the
absence of response to stimulus, representing a significant
improvement in one of the more characteristic symptoms
of depressive-like behavior.

The animals with depressive-like behavior (as confirmed
by the behavioral tests) presented a significant decrease (as
low as 49%) of the expression of TERT in these three areas
that was completely reversed by EO treatment (Figure 6).
Of interest, EO alone significantly increased the expression
of TERT mRNA in the three brain areas evaluated (Figure 6).

When thiobarbituric acid-reactive substances were
analyzed to evaluate oxidative stress burden, mice with
depressive-like behavior (as confirmed by the behavioral
tests) presented high levels of lipid peroxidation in the three
examined brain areas (Figure 7). The hippocampus was the
most affected, with about two times the levels of lipid
peroxidation when compared to control values. Despite this
pronounced prooxidant state of the hippocampus, EO treat-
ment totally reverted this scenario, eliminating the presence
of lipid peroxidation products (Figure 7).

The hippocampus was the area most affected by the lipid
peroxidation; oxidative stress is a known inducer of telomere
shortening and aging, and the presence of TERT was
reduced, and it is essential to protect against this deleterious
effect. Given these findings, we analyzed their association
with neuronal death, one of the most serious cellular conse-
quences of oxidative stress and a probable cause, at least in
part, for the depressive-like behavior.
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Immunochemical studies in the hippocampus revealed a
significant decrease in NeuN-positive cells in CA1 (Figure 8),
CA3 (Figure 9), and dentate gyrus (Figure 10) of the animals
presenting the depressive-like behavior. In all the three
regions, EO protected the hippocampal cells, preventing the
neuronal death associated with the DLS.

To confirm the important role of oxidative stress in the
neuronal death detected in the hippocampus, we also mea-
sured nitrite levels as indirect markers of the production of
one of the major free radicals, nitric oxide (Figure 11). Signif-
icantly high levels of nitrites were detected in animals with
depressive-like behavior, pointing to an exacerbated nitric
oxide production. This increase in products of this free
radical was not observed in animals that received EO,
demonstrating the potent antioxidant property of this fruit.

4. Discussion

This study is the first to demonstrate that EO juice for human
consumption prevents the depressive-like behavior in an
in vivo model. The potent antidepressant influence of EO
was associated with antioxidant and antiaging effects in three
major brain regions involved in mood regulation. Addition-
ally, treatment with EO significantly protected hippocampal
neurons and reduced the nitrite levels (an indirect marker
of nitric oxide production).

Agati juice is frequently consumed by Amazonian popu-
lations, and the clarified juice is available in the international
market as a base for soft drinks [20]. In 2015, the State of
Para in Brazil alone consumed more than one million tons
of agai and exported more than 6 million tons of a mixture
(agai+banana+guarana) to the United States and Japan
[42]. The EO dose used in this work (equivalent to 750 mL
for an adult of 70kg, approximately) reproduces the daily
intake of human populations in the northern region of Brazil
(usually 300-1000mL daily) [20]. This work tested for the
first time commercial samples of EO (of known composi-
tion) in a model of depression, which guaranteed reproduc-
ibility of the preparation and relevance for human intake.
Additionally, EO by gavage, not by free access to food,
ensured that all animals received the same treatment.

In this study, we used a model of depressive-like behavior
induced by the administration of a low dose of LPS (less than
20 times the dose used for endotoxemia models) [43]. The
behavioral alterations in this model mimic some characteris-
tics of clinical depression in humans [33, 44] and meet all the
criteria (apparent, constructive and predictive validity) nec-
essary for an animal model [45], being widely used for the
screening of potential antidepressant drugs with good
specificity and sensitivity [46]. Indeed, LPS exposure mimics
a situation of increased plasma bacterial translocation. In line
with this evidence, a recent study revealed that patients with
depression present increased gut permeability and increased
plasma levels of LPS when compared to unaffected people
[19]. The presence of higher LPS plasma levels in patients
with depression may trigger peripheral inflammatory and
oxidative alterations by the activation of the Toll-like
receptor 4. These cytokines may reach the brain, causing
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FIGURE 6: Relative expression of telomerase reverse transcriptase (TERT) mRNA in the hippocampus (a), striatum (b), and prefrontal cortex
(c) of mice in a depressive-like state (DLS) and/or treated with clarified acai (EO). Data are presented as mean + SD (n = 5-6). ***P < 0.001 vs.

all groups and ###P < 0.001 and ##P < 0.01 vs. control.

neuroinflammatory alterations and compromising neuro-
transmission mechanisms [47].

In this model, it is important to demonstrate the estab-
lishment of the depressive-like behavior with no symptom
of sickness behavior (such as alterations in locomotor
activity), because factors such as sex can influence the out-
comes [48]. Our results demonstrated no alterations in the
number of crossings and total distance covered in the
open-field test, supporting the absence of sickness behavior
in the LPS-treated animals (Figure 2). EO treatment alone
did not change body weight (data not shown) or sponta-
neous locomotor activity (Figure 2), and it did not cause
anhedonia/despair-like behaviors (Figures 3 and 4), confirm-
ing previous results regarding a lack of behavioral toxicity of
the fruit [26].

Animals treated with LPS, however, presented much
longer immobility in the forced swim test and consumed
significantly less sucrose in the sucrose preference test
(Figures 3 and 4). The latter tests are gold-standard methods
for evaluating the depressive-like phenotype in rodents,
especially to demonstrate the presence of despair-like and
anhedonia behaviors [44, 49]. In our study, the increased
immobility time and reduced sucrose consumption support
the presence of a depressive-like phenotype in the animals.

This study also applied reliable electromyographic measure-
ments to confirm the DLS in the animals, an innovative
method which may be more sensitive than behavioral testing
alone (Figure 5).

Despite evident DLS in LPS-treated animals, the regular
consumption of EO for 4 days was enough to eliminate all
of these changes (Figures 3-5). Of interest, in the forced
swim test, this protection was similar to that conferred by
imipramine (Figure 3), pointing to a probable synergistic
effect of EO and this drug (Figure 3, inset). Imipramine is
a classical tricyclic antidepressant that blocks transport of
monoamines, increasing serotonin and norepinephrine
levels in the synaptic cleft. In addition to the modulation
of the monoaminergic system, imipramine exerts antide-
pressant effects through its antioxidant activity [18]. In a
similar way, the antidepressant effect of EO could be attrib-
utable to the inhibition of the monoaminergic system, in
addition to potent antioxidant properties of the fruit. This
hypothesis is supported by the modulatory effects that some
acal compounds (such as ellagic acid, ferulic acid, gallic
acid, apigenin, rutin, and resveratrol) exert on the mono-
aminergic system [28, 29, 50-52]. Similar effects on the
same targets could explain the apparent synergism observed
in our work.
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Although additional studies are necessary to confirm this
possible synergism and their molecular mechanisms, our
results are already promising for the treatment of depression
because supplementation with EO may eventually allow for
reduced doses of drugs with high toxicity, such as tricyclic
antidepressants. Moreover, based on preclinical data, the
protective effect of EO would be at least as potent as that of
classical drugs used in depression, such as the SSRIs (fluoxe-
tine and paroxetine), the serotonin-norepinephrine reuptake
inhibitors (venlafaxine), or the tricyclic antidepressants
(imipramine), as demonstrated by our results and those in
the literature involving the same model [53, 54]. Although
decreased serotoninergic and adrenergic actions were
considered for many years to be the main explanation for
depression and targets for drug development, other phenom-
ena such as neuroinflammation, neurotrophism, or oxidative
stress also play a major role and are targets for the develop-
ment of new antidepressant therapies.

Among the most recent phenomena associated with
MDD, an accelerated biological aging process has been
related to clinical depression in epidemiological studies
[3, 5, 6]. In these studies, aging was characterized by a signif-
icant decrease in telomere length and TERT expression in
human peripheral and central nervous system cells [3-6].

Moreover, preclinical data demonstrated that inhibition of
hippocampal TERT activity abolishes the behavioral effects
of antidepressant drugs such as fluoxetine, supporting a close
relationship between TERT activity and antidepressant
effects [55].

In animal models of depressive-like behavior, reduced
TERT expression has been reported in tissues such as the
liver and hippocampus [55-57], but this study is the first to
show a significant decrease in three major brain regions
(the hippocampus, striatum, and prefrontal cortex) involved
in depression (Figure 6). This pronounced decrease (between
25% to 50%) of the de novo synthesis of TERT may be
partially responsible for the long-term deleterious conse-
quences associated with depression, such as accelerated brain
aging and increased susceptibility to age-related disorders. In
our work, four doses of EO were enough to completely
restore the expression of the enzyme (Figure 6), an effect
similar to that described for treatments with classical antide-
pressants such as fluoxetine (10 mg/kg per day, for 28 days)
[55]. This fact confirms the important role of TERT in the
treatment of depression and the potency of the antidepres-
sant effect of the fruit.

An interesting result was that EO alone could signifi-
cantly increase TERT mRNA expression in these three brain
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F1GURE 8: NeuN-positive cells in the CA1 region of the hippocampus of mice in a depressive-like state (DLS) and/or treated with clarified agaf
(EO). Representative microphotographs of control (a), EO (b), DLS (c), and DLS+EO (d) samples and quantitation of NeuN-positive cells (e).
Data are presented as mean and SD (n =4-5). **P < 0.01 vs. all groups. Scale bar: ym.

areas, revealing a potent antiaging action of the fruit
(Figure 6). The brain is especially susceptible to aging and
age-related disorders, with serious effects on the quality of life
of patients and their families. Additional studies will permit a
better understanding of the antiaging effect of EO that we
report here.

The presence of TERT is essential, especially in condi-
tions of exacerbated oxidative stress, a known inducer of
telomere shortening [58-60]. The oxidative profile of this
model is largely known in the literature, with characteristics
such as increased lipid peroxidation and decreased anti-
oxidant defenses, especially involving glutathione ([18];
Tanaguti et al., 2019; Tanaguti et al., 2018). In fact, lipid
peroxidation (evaluated using MDA levels) is frequently used
in this model as the main hallmark of the consequences of

oxidative stress on macromolecules ([18]; Domingues et al.,
2018; Tanaguti et al,, 2019; Tanaguti et al, 2018). In our
work, animals in a DLS had significantly high levels of lipid
peroxidation in the three studied brain areas (the hippocam-
pus, striatum, and prefrontal cortex) (Figure 7), confirming
earlier findings. Lipid peroxidation is frequently increased
in both patients with depression [61] and in animals in a
DLS ([33]; and this study).

The treatment with EO completely reversed this scenario,
maintaining the levels of lipid peroxidation as low as those
detected in the control group (Figure 7). This result is not
surprising considering that an EO dilution of 1:100 has
stronger scavenger properties than 800 yuM Trolox (a soluble
analogue of vitamin E) [26]. This potent antioxidant activity of
acai is mainly exerted by anthocyanins, proanthocyanidins,
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F1GURE 9: NeuN-positive cells in the CA3 region of the hippocampus of mice in a depressive-like state (DLS) and/or treated with clarified agai
(EO). Representative microphotographs of control (a), EO (b), DLS (c), and DLS+EO (d) groups and quantitation of NeuN-positive cells (e).
Data are presented as mean and SD (1 =4-5). *P < 0.05 vs. all groups. Scale bar: ym.

flavonoids, and liganins [62], many of which have shown
antidepressant properties singly in animal models [63-65].
Recent evidences demonstrated that phenolic compounds,
such as anthocyanins, anthocyanidins, and orientin, improves
depressive-like behavior [66, 67].

Considering the high potency of the antidepressant effect
of the EO treatment observed in this work and the multiple
targets that can be influenced by EO, such as GABAergic
receptors and transporters [27], free radicals [26], or TERT
expression (this study), it seems unlikely that the protective
effect we have detected is related to only one compound.
Probably, an association of several bioactive components
contributes to this effect.

It is noteworthy that the oxidative stress especially
affected the hippocampus, which presented about twice the
levels of lipid peroxidation when compared to the other areas
(Figure 7). This fact, in addition to the decreased TERT
mRNA expression (Figure 6), suggests a specifically delete-
rious scenario for this area. TERT exerts a protective effect
in the hippocampus, and hippocampal neurons lacking
TERT have increased susceptibility to oxidative stress
[68]. To study the possible hippocampal neuronal death
in our model and the potential neuroprotection provided
by EO, we carried out immunohistochemical analysis in
three areas of the hippocampus (CAl, CA3, and dentate
gyrus). In addition, the increased oxidative stress was
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FiGURE 10: NeuN-positive cells in the dentate gyrus of mice in a depressive-like state (DLS) and/or treated with clarified agai (EO).

Representative microphotographs of control (a), EO (b), DLS (c), and DLS+EO (d) groups and quantitation of NeuN-positive cells (e).
Data are presented as mean + SD (1 =4-5). **P < 0.01 vs. all groups. Scale bar: ym.

confirmed by quantifying levels of nitrites, an indirect
marker of nitric oxide production.

Our results showed that animals in a DLS had signifi-
cantly decreased NeuN-positive cells in all three regions
(Figures 8-10) and increased hippocampal levels of nitrites
(Figure 11). Our data are in agreement with previous studies
suggesting a prominent role of nitric oxide and the nitrergic
pathway in the pathophysiology of depression and in the
modulation of the behavioral and neurochemical changes
observed in this model [33, 69].

The evident neuronal death detected in the hippocampus
confirms the deleterious consequences of simultaneously
increasing oxidative stress and decreasing TERT expression.

The neuronal loss of the hippocampal regions (as high as
30.2%) would be in agreement with the reduced hippocampal
volume observed in patients with depression [70, 71], appar-
ently specific to the cornu ammonis and dentate gyrus areas
[70], and responsible for some well-documented cognitive
deficits (especially related to learning and memory) that
accompany major depression [70, 71].

The potent neuronal protection observed with the EO
treatment that completely abolished the hippocampal neuro-
nal loss (Figures 8-10) suggests a general, if not universal,
effect of EO for the brain. The treatment used in this work
has already been suggested to protect neurons against other
severe conditions, such as generalized seizures [26].
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In summary, our results demonstrated an antidepressant
effect of EO at different levels of analysis (behavioral, cellular,
biochemical, and molecular). This potent effect (apparently,
as potent as imipramine) was observed with only four doses
of EO, similar in content to typical human consumption.
Moreover, EO appeared to improve the effects of antidepres-
sant drugs, such as imipramine, on depressive conditions.
Our results, in addition to the absence of toxic effects for
humans who consume similar amounts of the clarified juice
[72], support the use of this fruit as an important protection
for the brain against the development of depressive-like
disorders. Moreover, for the first time, we describe an
antiaging effect of EO that suggests neuroprotection against
long-term age-related consequences.
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An ethyl acetate fraction from Aralia elata (AEEF) was investigated to confirm its neuronal cell protective effect on ethanol-induced
cytotoxicity in MC-IXC cells and its ameliorating effect on neurodegeneration in chronic alcohol-induced mice. The neuroprotective
effect was examined by methylthiazolyldiphenyl-tetrazolium bromide (MTT) and 2',7'-dichlorodihydrofluorescein diacetate
(DCF-DA) assays. As a result, AEEF reduced alcohol-induced cytotoxicity and oxidative stress. To evaluate the improvement of
learning, memory ability, and spatial cognition, Y-maze, passive avoidance, and Morris water maze tests were conducted. The
AEEF groups showed an alleviation of the decrease in cognitive function in alcohol-treated mice. Then, malondialdehyde
(MDA) levels and the superoxide dismutase (SOD) content were measured to evaluate the antioxidant effect of AEEF in the
brain tissue. Treatment with AEEF showed a considerable ameliorating effect on biomarkers such as SOD and MDA content in
alcohol-induced mice. To assess the cerebral cholinergic system involved in neuronal signaling, acetylcholinesterase (AChE)
activity and acetylcholine (ACh) content were measured. The AEEF groups showed increased ACh levels and decreased AChE
activities. In addition, AEEF prevented alcohol-induced neuronal apoptosis via improvement of mitochondrial activity,
including reactive oxygen species levels, mitochondrial membrane potential, and adenosine triphosphate content. AEEF
inhibited apoptotic signals by regulating phosphorylated c-Jun N-terminal kinases (p-JNK), phosphorylated protein kinase
B (p-Akt), Bcl-2-associated X protein (BAX), and phosphorylated Tau (p-Tau). Finally, the bioactive compounds of AEEF
were identified as caffeoylquinic acid (CQA), 3,5-dicaffeoylquinic acid (3,5-diCQA), and chikusetsusaponin IVa using the
UPLC-Q-TOF-MS system.

1. Introduction

Alcohol has been reported to cause various diseases such as
fatty liver, liver cirrhosis, cardiovascular disease, cancer of
various organs, and especially damage to the brain tissue
[1, 2]. In addition, alcohol can cause various neurological
diseases such as Alzheimer’s disease, stroke, and Korsakoft’s
syndrome related to thiamine deficiency [3]. For the mecha-
nism of alcoholic neurodegeneration, it was reported that
alcohol has a direct toxic effect on the brain [4]. Alcohol is

dehydrogenated to acetaldehyde, which is also toxic in the
central nervous system, by alcohol dehydrogenase. This
acetaldehyde is then decomposed to acetate by acetaldehyde
dehydrogenase [5]. Although the body has an oxidative
stress defense system such as superoxide dismutase (SOD),
not only does the metabolic process of alcohol produce
excessive reactive oxygen species (ROS) but also chronic
alcohol consumption causes an imbalance in the oxida-
tive stress defense system [6]. As a result, oxidative stress
causes secondary problems such as lipid peroxidation and
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mitochondria dysfunction, which lead to neuronal apoptosis
in chronic alcohol-induced cognitive disorder [7]. In addi-
tion, alcohol leads to inflammatory reaction. The consump-
tion of alcohol induces bacterial overgrowth and increases
the serum concentration of the lipopolysaccharide (LPS)
derived from the cell walls of intestinal gram negative-
bacteria [8]. Increased LPS in the blood induces inflamma-
tory cytokines from Kupfter cells located in the liver [9].
The inflammatory cytokines activate microglial cells in the
brain that are responsible for brain immunity, intensifying
the inflammatory response. Continuous stimulation of the
microglia leads to neuronal inflammation, which ultimately
leads to the apoptosis of brain cells [10].

Aralia elata grows in the wild in tropical areas, and its
stems and root bark are widely used for various diseases, such
as diabetes, hypotension, and hepatitis, as folk medicine in
East Asia [11]. A. elata contains various saponins such as
stipuleanosides, elatoside, and chikusetsusaponin IVa [12].
Several previous investigations reported that A. elata has
various bioactivities, such as an anti-inflammatory effect,
antioxidant activity, and anti-fatty liver effect [13-15]. How-
ever, there are few studies about the inhibitory effects on
alcohol-induced neurodegeneration and cognitive deficit.
Therefore, our research was designed to study the use of A.
elata for the improvement of ethanol-induced cognitive
dysfunction and neurodegeneration, and the major bioactive
compounds with ameliorating effects were identified.

2. Materials and Methods

2.1. Materials. Minimum essential medium (MEM) media
and fetal bovine serum (FBS) were purchased from Gibco-
BRL Co. (Grand Island, NY, USA). Penicillin, streptomycin,
methylthiazolyldiphenyl-tetrazolium bromide (MTT), 2',7'-
dichlorodihydrofluorescein diacetate (DCF-DA), vitamin C,
H,0,, ethanol, acetylthiocholine, 5,5'-dithiobis (2-nitro-
benzoic acid) (DTNB), trichloroacetic acid, thiobarbituric
acid, bovine serum albumin, dimethyl sulfoxide (DMSO),
egtazic acid (EGTA), and 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolocarbocyanine iodide (JC-1) were
purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). An ENLITEN adenosine triphosphate (ATP)
assay system was purchased from Promega Corp. (Madison,
WI, USA). ProtinEX Animal cell/tissue, a tissue lysis buffer,
was purchased from GeneAll Biotechnology (Seoul, Korea).
Phosphorylated c-Jun N-terminal kinases (p-JNK), phos-
phorylated Tau (p-Tau), and S-actin were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA) and phosphor-
ylated protein kinase B (p-Akt) and Bcl-2-associated X
protein (BAX) were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA).

2.2. Sample Preparation. A. elata was purchased from
Changnyeong in Korea, and washed A. elata was lyophilized
using a freeze-drying apparatus (OPERON, Gimpo, Korea)
and ground into powder form. This sample was stored at
-20°C until use. The sample was extracted with 80% ethanol
at 40°C for 2h. The extract was filtered using filter paper
(Whatman International Limited, Kent, UK), and the
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extractive solvent was completely removed using a vacuum
evaporator (N-N series, EYELA Co., Tokyo, Japan). Then,
the sample was mixed with distilled water, and it was
fractionated using #-hexane, chloroform, and ethyl acetate
of the same volume, continuously. Fractionates were lyophi-
lized, and the ultimate ethyl acetate fraction of A. elata
(AEEF) was used as a sample in the preliminary study.

2.3. Measurement of Oxidative Stress Levels and Cell
Viability in MC-IXC Cells

2.3.1. Cell Culture. MC-IXC cells, a neuronal cell line (CRL-
2270, American Type Culture Collection, Rockville, MD,
USA) were cultured in MEM media containing 10% FBS,
50 unit/mL penicillin, and 100 yg/mL streptomycin. The
cells were incubated in an incubator maintained at 5%
CO, and 37°C.

2.3.2. Reactive Oxygen Species (ROS). The level of ROS was
determined by the DCF-DA method [16]. Cells seeded as
1 x 10* cells/well (n=>5) in a 96-well black plate were incu-
bated for 24 h. Vitamin C as a positive control or different
concentrations of AEEF were treated to stabilize the seeded
cells for 24 h. To confirm the protective effect against H,O,,
every well except for the control was treated with 200 yM
H,0, for 3h. Also, to investigate the protective effect against
ethanol, every well except for the control was provided with
500 mM ethanol for 24h after sample treatment for 3h.
Finally, 50 uM DCEF-DA in phosphate buffered saline (PBS)
was treated in every well for 50 min to measure intracellular
oxidative stress. The level of ROS was measured using a fluo-
rescence microplate reader (Infinite 200, Tecan Co., Zurich,
Switzerland) at 485 nm excitation and 530nm emission
filters.

2.3.3. Cell Viability. Cell viability was measured by the MTT
method [16]. Cells were seeded and pretreated with EFAE or
vitamin C in the same manner as the DCF-DA method in a
96-well plate. As a final step, MTT reagent was treated in
every well for 3h, and the formed formazan was dissolved
by DMSO. Then, cell viability was measured using a micro-
plate reader (Epoch 2, BioTek Instruments Inc., Winooski,
VT, USA) with a wavelength of 570nm (reference wave-
length of 690 nm).

2.4. Animal Experimental Design. C57BL/6 mice (male,
4 weeks) were purchased from Samtako (Osan, Korea).
These mice were housed under standard laboratory condi-
tions and were acclimatized to conditions for one week.
The experimental groups were divided as follows: a control
group administered water (orally, n=13), alcohol group
administered ethanol (orally, 25% v/v; 5 g/kg of body weight,
n=13), AEEF 50 group administered ethanol and AEEF
50 mg/kg of body weight (orally, n=13), and AEEF 100
group administered ethanol and AEEF 100 mg/kg of body
weight (orally, n=13) for 8 weeks (Figure 1) [17-19]. All
animal experiments complied with the guidelines of the
Ethical Committee of the Ministry of Health and Welfare,
Korea, and experimental protocols were approved by the
institutional Animal Care and Use Committee (IACUC) of
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F1GURE 1: Experimental design of the in vivo test for alcohol-induced learning and memory impairment in mice.

Gyeongsang National University (certificate: GNU-150226-
MO0004). After the administration of alcohol and sample
was completed, the experiment was divided into two groups.
One group performed cognitive in vivo tests and sacrificed
for ex vivo experiments (n = 8). The other group was imme-
diately sacrificed for mitochondrial-related experiments after
administration of alcohol and sample (1 = 5).

2.5. Behavioral Tests

2.5.1. Y-Maze Tests. Space perception ability was assessed
using a Y-maze test. The Y-maze consists of three equal
angle arms 33 cm long, 10cm wide, and 15cm high. Each
mouse was allowed to freely move in the Y-maze for
8min, and the movement was recorded and analyzed
using Smart 3.0 software (Panlab, Barcelona, Spain). Alterna-
tion behavior was calculated using the following equation:
alternation behavior (%) = number of spontaneous alternation/
(total arm entries — 2) x 100 [20].

2.5.2. Passive Avoidance Tests. Learning ability and short-
term memory were confirmed using a passive avoidance test
[20]. The experimental apparatus for passive avoidance was
composed in two areas with adjustable brightness separated
by a door. Mice were identically placed in the bright area.
When the mouse stepped into the dark area, the door closed.
Then, a 0.5 mA electric shock was immediately applied to the
mouse for 3 sec through steel rods. After 24 h, the mice were
placed in the bright area again, and the time they remained in
the bright area was recorded up to 300 sec.

2.5.3. Morris Water Maze Tests. To evaluate cognitive mem-
ory and spatial learning ability, a Morris water maze test was
conducted [21]. The Morris water maze consists of a round
pool (120cm in diameter and 50cm in height) filled with
water mixed with milk powder, at 20-22°C. The pool was
divided into four quadrants, W, E, S, and N zones. A white
platform was located in the N zone. During learning trials
for 4 days, mice freely swam for 60sec to find the hidden
platform. The mice that found the platform on their own
remained for 10sec. When the mice failed to find it, they
were moved to the platform and stayed for 20 sec. The move-
ment to search for the platform was recorded using Smart 3.0
software (Panlab). After the training period, each mouse
freely swam in the pool for 90 sec without the platform as a

probe test and the retention time in the N zone was recorded
to confirm long-term memory and learning ability.

2.6. Preprocessing of the Brain Tissue for Biochemical Assays.
After the in vivo tests, the mice were fasted for 12h and
sacrificed for ex vivo experiments. Brains were collected and
kept at -70°C until use. To investigate the biomarkers, the
brains were homogenized with 10-fold PBS using a bullet
blender (Next Advance Inc., Averill Park, NY, USA) at ice-
cold temperatures. Then, homogenates were centrifuged in
the appropriate conditions for each experiment.

2.7. Determination of the Antioxidant System

2.7.1. Determination of Malondialdehyde (MDA) Content.
The homogenized brain tissue was centrifuged at 2,450 g
for 10min at 4°C. The obtained supernatants were mixed
with 1% phosphoric acid and 0.67% thiobarbituric acid.
The mixture was boiled for 1h at 95°C and was mea-
sured by spectrophotometer (Libra S32PC, Biochrom Ltd.,
Cambridge, UK) at 532nm. The absorbance values were
substituted into the MDA standard curve to calculate MDA
content, and the MDA content was expressed as MDA con-
tent per protein level measured by the Bradford method [22].

2.7.2. Determination of Superoxide Dismutase (SOD) Content.
The homogenized brain tissue was centrifuged at 400 g for
10 min at 4°C, The obtained pellets were mixed with extrac-
tive buffer (10x SOD bufter solution of assay kit, 20% (v/v)
Triton x-100, and 200 mM phenylmethanesulfonyl fluoride)
and resuspended. After 30 min, the mixtures were centri-
fuged at 10,000 g for 10min and the supernatants were
finally obtained for a SOD assay. The SOD assay was con-
ducted according to the manufacturer’s process and
measured using a microplate spectrophotometer (Epoch 2)
at 450nm. The absorbance values were substituted into
the SOD standard curve to calculate SOD content.

2.8. Cholinergic System Evaluation

2.8.1. Determination of Acetylcholine (ACh) Content. To
evaluate AChE activity and ACh content, the homogenate
was centrifuged at 14,000 g for 30min at 4°C. To assess
ACh content, alkaline hydroxylamine reagent was added to
the obtained supernatants, which consisted of 2 M hydroxy-
lammonium chloride and 3.5M sodium hydroxide at the



same volume. Then, 0.5 N HCl and 0.37 M FeCl,-6H,O were
reacted, and the mixture was measured using a microplate
spectrophotometer (Epoch 2) at 540nm. The absorbance
values were substituted into the ACh standard curve, which
was drawn using acetylcholine chloride in 1 mM sodium
acetate trihydrate (pH 4.5).

2.8.2. Determination of Acetylcholinesterase (AChE) Activity.
To assess AChE activity, 50 mM of sodium phosphate buffer
(pH 8.0) was added to the obtained supernatants and this
mixture was incubated for 15 min at 37°C. Then, 500 4M sub-
strate solution (500 uM acetylthiocholine and 1 mM DTNB
in buffer) was added, and absorbance was measured using a
microplate spectrophotometer (Epoch 2) at 405 nm.

2.9. Mitochondrial Activities

2.9.1. Isolation of Mitochondria. The brain tissue was homog-
enized with a 10-fold isolation buffer (215mM mannitol,
75 mM sucrose, 0.1% BSA, 20 mM HEPES sodium salt, and
1 mM EGTA; pH7.2) using a bullet blender (Next Advance
Inc.). The homogenates were centrifuged at 1,300 g for
10 min to remove the unbroken cells. Then, the supernatant
was centrifuged again at 13,000 g for 10 min, and the super-
natants were removed to obtain a pellet. The obtained pellet
was resuspended in the isolation buffer with 0.1% digitonin.
After 5min, the mixture was centrifuged at 13,000 g for
15min. Then, buffer was added to the pellet without EGTA
and as a final step spun down again at 10,000 g for 10 min
to obtain mitochondria. The mitochondrial pellet was
reacted with buffer without EGTA and used for each exper-
iment [23].

2.9.2. ROS Measurement. Mitochondrial ROS was deter-
mined using the DCF-DA method [16]. The isolated
mitochondria were reacted with 25 yM DCF-DA for
25min. Fluorescence was measured using a fluorescence
microplate reader (Infinite 200).

2.9.3. MMP Measurement. To measure mitochondrial mem-
brane potential (MMP), the isolated mitochondria was
diluted to the same protein concentration using the buffer
without EGTA and 5mM pyruvate, 5mM malate, and
1uM JC-1 were added to the buffer. The mixture was
incubated for 20min and measured with a fluorescence
microplate reader (Infinite 200) at 530 nm (excitation filters)
and 590 nm (emission filters).

2.9.4. ATP Measurement. The measurement of the ATP con-
tent of isolated mitochondria was conducted with an ATP
bioluminescence assay kit in accordance with the manufac-
turer’s process and measured using a luminescence micro-
plate reader (GloMax-Multi+ Detection System, Promega
Corp., Madison, WI, USA). The ATP content was calculated
using a standard curve.

2.10. Western Blot Analysis. The brain tissue of the experi-
mental animals (n = 3) was homogenized to extract protein
using a bullet blender (Next Advance Inc.) with ProtinEX
Animal cell/tissue containing a 1% protease inhibitor cocktail
(PPI-1015, Quartett, Berlin, Germany). This homogenized
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brain tissue was centrifuged at 13,000 g for 15min. The
protein samples were loaded with the same concentration
of protein and separated by SDS-PAGE gel. Then, the protein
was transferred to a polyvinylidene difluoride membrane.
The membrane was blocked with 5% skim milk in TBST
buffer (20mM Tris-HCI, 137 mM sodium chloride, and
0.1% Tween 20; pH7.6) for 1h. The blocked membrane
was reacted in diluted (1:1,000) primary antibodies includ-
ing p-JNK, p-Akt, BAX, p-Tau, and f-actin and gently
shaken overnight. Then, the membrane was washed using
TBST and soaked in a secondary antibody for 1 h. The mem-
brane was then completely washed with TBST. Finally, the
level of protein was detected using TMB solution (Thermo
Scientific, Rockford, IL, USA). Band images were obtained
using an Epson scanner (L655 series, Epson, Suwa, Japan),
and the image was analyzed using ImageJ (National Institutes
of Health, Bethesda, MD, USA).

2.11. Analysis of Bioactive Compounds. The main bioactive
compounds of AEEF were analyzed using ultraperformance
liquid chromatography/quadrupole time-of-flight tandem
mass spectrometry (UPLC-Q-TOF-MS, Vion, Waters Corp.,
Milford, MA, USA). The AEEF dissolved in methanol was
eluted by linear gradient of acetonitrile for 8 min and
dwindled acetonitrile for 8-10min with a flow rate of
0.4mL/min using a C,; column (100 x 2.1 mm, 1.7um,
Waters Corp.). The physiological compounds were analyzed
by negative electrospray ion (ESI) mode to gain MS data. The
conditions used for the ESI source were as follows: ramp
collision energy, 20-45 V; oven temperature, 40°C; capillary
voltage, 3kV; and mass range, 50-1200 m/z.

2.12. Statistical Analysis. Result expression was presented as
mean and standard deviation (SD). The statistical relation
of groups was verified by one-way analysis of variance with
Duncan’s new multiple-range test (p <0.05) with SAS 9.4
(SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Neuronal Cell Protective Effect. DCF-DA and MTT
assays were conducted to measure cellular oxidative stress
and cell viability against ethanol and H,O,, respectively.
The DCF-DA results (Figures 2(a) and 2(b)) indicated that
the ROS content was increased by ethanol (129.28%) and
H,0, (115.25%) compared to the control group (100.00%),
whereas AEEF treatment showed a remarkable reduction in
oxidative stress induced by both ethanol and H,O, at all
concentrations. As the AEEF concentration was increased,
the intracellular ROS content induced by both ethanol and
H,O, was decreased. Treatment with 50 yg/mL (49.46 and
55.15%, respectively) and 100 ug/mL (45.76 and 51.08%,
respectively) of AEEF led to a decreased cellular ROS
compared to vitamin C (62.97 and 60.36%, respectively).
The results of cell viability to ethanol and H,O, are
shown in Figures 2(c) and 2(d). The cell viability of the etha-
nol group (86.49%) and H,O, group (22.67%) decreased sig-
nificantly relative to the control group (100.00%). However,
all AEEF groups showed improved cell viability compared
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FIGURE 2: Neuronal cell protective effect of the ethyl acetate fraction from Aralia elata (AEEF) in MC-IXC cells. Intracellular ROS content
induced by ethanol (a) and H,0, (b) and the cell viability against toxicity induced by ethanol (c) and H,0O, (d). Result expressions are
mean and standard deviation (n=5). Statistical differences of data were verified at p <0.05 and, in consequence, indicated as different

capital letters in the graph.

to the negative groups. In particular, the 100 ug/mL concen-
tration of AEEF showed similar or higher cell viability
(170.95% and 74.48%, ethanol and H,0O,, respectively) com-
pared to the vitamin C group (136.49% and 75.86%, ethanol
and H,0,, respectively).

3.2. Effect of AEEF on Behavioral Tests. In Figure 3(a), the
results of the Y-maze test showed that the alcohol group
(56.19%) had decreased space perceptual ability compared
to the control group (68.94%). However, the AEEF 50
(63.43%) and AEEF 100 (64.22%) groups showed statistically
similar alternation behaviors as the control group. The num-
ber of arm entries was not statistically different among all
groups (approximately 22.77 times). In the path tracing
results (Figure 3(b)), the alcohol group mainly entered one
arm, while the control and AEEF groups showed relatively
equal entry into the three arms. To confirm the ameliorating
effect on short-term memory impairment, a passive avoid-
ance test was conducted (Figure 3(c)). The step-through
latency time of the alcohol group (42.60 sec) was markedly
decreased relative to the control group (300.00 sec), whereas
the AEEF 50 and 100 groups recovered to 105.40 and
138.40 sec, respectively. A Morris water maze test was con-
ducted to validate learning ability and long-term memory.
During the training period, the escape latency time of all
groups gradually decreased as the training progressed
(Figure 3(d)). Nonetheless, the alcohol group (respective
decrease, 30.82%) was significantly different from the other
groups (respective decrease: control: 72.15%, AEEF 50:
60.10%, and AEEF 100: 68.65%) in the last training. A probe
test was conducted by recording the swimming route of mice
without a platform, and the results of recorded path tracing
established the cognitive function of the mice through move-
ment. The alcohol group exhibited movement in the whole
area (Figure 3(e)) and less retention time (18.11%) in the
platform zone (the N zone) compared to the control group

(54.76%) (Figure 3(f)). In contrast, there was a considerable
improvement of cognitive function from alcohol-induced
impairment in the AEEF 50 (58.13%) and AEEF 100
(49.65%) groups.

3.3. Ameliorating Effect of AEEF in MDA and SOD Content.
MDA content was used as a definitive marker of lipid
peroxidation. The MDA content of the alcohol group
(4.16 nmole/mg of protein) significantly increased compared
to that of the control group (3.72nmole/mg of protein),
whereas the AEEF groups (AEEF 50 group, 3.75nmole/mg
of protein) remarkably reduced MDA production in the
brain tissue (Figure 4(a)). In particular, the AEEF 100
(3.56 nmole/mg of protein) group effectively inhibited lipid
peroxidation compared to the control group. Also, the SOD
content of the alcohol group showed decrease (2.77 U/mg
of protein) compared with that of the control group
(3.71 U/mg of protein) (Figure 4(b)). However, AEEF treat-
ment showed a statistically small increase (AEEF 50 group:
3.33, AEEF 100 group: 3.25 U/mg of protein).

3.4. Ameliorating Effect of AEEF in Cholinergic System. To
confirm the ameliorating effect of AEEF in the cholinergic
system, the content of ACh and activity of AChE were mea-
sured (Figure 5). The alcohol group showed excessive AChE
activity (126.99%) and lower ACh content (0.26 mmole/mg
of protein) in the brain tissue compared to the control group
(100.00% and 0.32mmole/mg of protein, respectively).
However, both AEEF treatment groups showed an amelio-
rated cholinergic system, resulting in similar levels of both
AChE activity (104.93 and 102.70%) and ACh content (both
0.30 mmole/mg of protein) compared to the control group.

3.5. Effect of AEEF on Mitochondrial Activity. Mitochondrial
activity was evaluated through the ROS level, MMP level, and
ATP content to confirm the ameliorating effect of AEEF on
alcohol-induced mitochondrial dysfunction. In Figure 6(a),
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the ROS levels in mitochondria isolated from the brain tis-
sue of the alcohol group (196.65%) had significantly
increased, approximately two times more than the control
group (100.00%). However, both AEEF groups (141.28 and
139.25%, AEEF 50 and AEEF 100, respectively) showed a
substantial decrease in ROS production compared to the
alcohol group. The MMP level and ATP content were
reduced in the alcohol group (74.75% and 98.89 pmole/mg
of protein, respectively) relative to the control group
(100.00% and 165.64 pmole/mg of protein, respectively)
(Figures 6(b) and 6(c)). Although administration of AEEF
50 (79.06 %) did not significantly improve the MMP levels
in alcohol-induced mitochondrial dysfunction, both AEEF
groups exhibited elevated ATP content (139.17 and
165.47 pmole/mg of protein, AEEF 50 and AEEF 100,
respectively) that was statistically similar to that of the
control.

3.6. Effect of AEEF on the Apoptotic Signaling Pathway. To
confirm the protective effect of AEEF against alcoholic
apoptosis, the expression of proteins associated with neuro-
nal cell apoptosis, such as phosphorylated p-JNK, p-Akt,
BAX, and p-Tau, was evaluated by western blot analysis.
The expression of p-JNK as proapoptotic proteins increased
21.52% compared to that of the control group (Figure 7(b)).
The AEEF 100 group showed the suppression of p-JNK
(85.39% compared to the alcohol group). In contrast, the
p-Akt expression level of the alcohol group was reduced
(a decrease of 21.21%) compared with that of the control
group (Figure 7(c)). The AEEF 100 group showed the
enhancement of p-Akt (169.15% compared to the alcohol
group). In common with the results of p-JNK, the expres-
sions of BAX (an increase of 34.66% compared to the control
group) and p-Tau (an increase of 55.92% compared to the
control group) were significantly upregulated compared to
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that of the control group (Figures 7(d) and 7(e)). However,
the AEEF 100 group showed the suppression of BAX
(89.21% compared to the alcohol group) and p-Tau
(80.50% compared to the alcohol group).

3.7. Analysis of Physiological Compounds with UPLC-Q-TOF-
MS. The major compounds in AEEF were identified using a
UPLC-Q-TOF-MS system (Figure 8 and Table 1). The base
peaks of main compounds were obtained at 353.09 m/z
(compound A, RT: 2.01 min), 515.12 m/z (compound B,
RT: 2.76 min), and 793.44 m/z (compound C, RT: 4.16 min)
in the negative ion mode. The MS fragmentation ions in
the 40-60eV region showed compound A (191.06 m/z),
compound B (191.06 and 353.09 m/z), and compound C
(631.38 and 569.38 m/z). The main compounds A, B,
and C were identified as 1-caffeoylquinic acid (CQA),
3,5-dicaffeoylquinic acid (3,5-diCQA), and chikusetsusapo-
nin IVa, respectively [24-26].

4. Discussion

Alcohol directly causes neurodegeneration and indirectly
damages neuronal cells through several pathways such as

the production of ROS [4]. ROS is produced in various alco-
holic metabolic processes such as catalase and the CYP2EL
system [27]. As with the results of the DCF-DA assay, ROS
was increased by treatment with ethanol (Figure 2(a)). Exces-
sive ROS production compared to the antioxidant system
which cannot be eradicated in the body leads to lipid
peroxidation and mitochondrial dysfunction [7]. Eventually,
mitochondria lose the cell survival function, which leads to
the apoptosis of neuronal cells. A. elata contains various
bioactive components, including triterpenoid saponin and
the glycosidic form of flavonoids [28]. Dipsacus asper, which
contains a large amount of triterpene saponin, decreased
cytotoxicity in PC12 cells [29]. Also, Ishige et al. reported
several protective mechanisms of flavonoid protection
against oxidative stress in hippocampal cells [30]. Flavonoids
may increase the level of glutathione by removing ROS and
inhibiting Ca®* influx. Hence, the above results, namely, the
reduction of ROS and increase in cell viability, are also con-
sidered to be due to the biological components of A. elata.
Previous studies commonly used rodent models fed
alcohol for various periods to confirm the harmful effects
of chronic alcohol consumption [31, 32]. According to
Raghavendra and Kulkarni, Balb/C mice fed ethanol (15%,
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2g/kg) for 24 days showed cognitive deficits and memory
impairment [33]. In the mice model of the current study,
the behavioral experiment results also showed impairment
of cognitive function. Alcohol consumption causes declined
judgment and impaired memory. One of the reasons for
these defects is the reduction of the brain-derived neuro-
trophic factor (BDNF), which is a growth factor for neuronal
cells. Repeated exposure to alcohol induces a decline in
BDNF and inhibition of neurogenesis, which causes difficul-
ties in memory formation [34]. In addition, alcohol damages

the hippocampus, which plays an important role in memory
formation [35]. This damage induces the loss of hippocampal
CA1 and CA3 pyramidal neurons and transient changes in
the granule cell number in the DG [36]. Therefore, impair-
ment of the hippocampus leads to trouble in learning
ability and space perceptual ability. Also, alcohol causes
difficulty in neurotransmission with the diminishment of
the acetylcholine level, a neurotransmitter in the cholinergic
system [37]. Therefore, in the above behavioral findings,
the reduction of cognitive function such as learning ability,
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space perceptual ability, and memory ability is considered
due to the alcohol intake, whereas phenolic compound
and saponin activate the survival pathways and expression
of BDNF, and they have protective effects in the cognitive
function with the protection of the neuronal membrane
[38]. Moreover, Socci et al. reported that the administration
of antioxidants improves impaired cognitive function [39].
Considering that A. elata contains various saponins and
phenolic compounds, the administration of AEEF protects
the neuronal cell and ameliorates the alcohol-induced
impairment of cognitive function.

The process of energy generation occurs naturally in the
production of oxidative stress, and it is eliminated by the
antioxidant system such as glutathione, catalase, and SOD.
SOD reduces oxidative stress by converting superoxide to
oxygen or hydrogen peroxide by using the metal ions they
have. This property effectively blocks the cascade of cellular
oxidation [40]. However, chronic alcohol intake causes
damage to antioxidant systems that eradicate these oxidative
stresses in the brain tissue [6]. Also, the brain contains rich
polyunsaturated fatty acids which are vulnerable to lipid
peroxidation by ROS. However, alcohol-induced lipid perox-
idation induces the death of neuronal cells and ultimately
induces cognitive decline. Therefore, inhibition of lipid per-
oxidation contributes to cognitive function, and the status
of antioxidants is also involved in it [41], whereas AEEF
upregulates SOD activity and the inhibition of MDA produc-
tion in the cerebral tissue. According to Chung and Jung, the

ethanol extract of A. elata has considerable antioxidant
properties and enhances the SOD activity in Sprague Dawley
rats treated with benzo(a)pyrene [14]. On the other hand,
alcohol increases the overgrowth of intestinal gram negative
bacteria that produce LPS. This increased LPS produced by
intestinal microorganisms stimulates Kupfter cells to pro-
duce tumor necrosis factor-alpha (TNF-«) [8]. TNF-a can
enter the blood-brain barrier (BBB) and increase the immune
response in the brain. Also, TNF-« upregulates the expres-
sion of inducible nitric oxide synthase, which creates nitric
oxide and various cytokines [23]. However, a previous study
showed that the saponins of A. elata reduce oxidative stress
via downregulation of inflammatory signaling such as
interleukin- (IL-) 6, IL-1f3, and TNF-a eNOS and iNOS
[42]. Consequentially, although alcohol-induced oxidative
stress caused neuronal inflammation and damage, cognitive
dysfunction could be protected by administrating AEEF
containing the various physiologic compounds.

ACh plays an important role in the cholinergic system in
cognitive function as a neurotransmitter [43]. ACh is synthe-
sized from acetyl CoA and choline by acetylcholine transfer-
ase. The ACh released from synapses stimulates receptors for
neurotransmission and opens the ion channels of postsynap-
tic nerve cells. After the function of the neurotransmitter is
completed, ACh is decomposed to acetate and choline by
AChE [44]. However, overactivated AChE makes neuro-
transmission difficult due to the excessive decomposition of
ACh [45]. Chronic alcohol consumption causes changes in
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the cholinergic system [46]. Arendt et al. reported that a
decrease in the activity of the cholinergic system was seen
over time in Sprague Dawley rats fed 20% (v/v) ethanol for
different periods of time [19]. In particular, significant
differences were seen when those rats were treated for
8 weeks. Chronic alcohol consumption showed decreased
ACh content and increased AChE activity in almost the
whole brain [46]. Also, alcohol promotes lipid peroxidation
in the brain tissue. AChE, which has a cell membrane-
bound structure, is reported to be more active due to lipid
peroxidation [47]. However, it is known that such disorders
of the cholinergic system are ameliorated by polyphenolic
compounds. The deterpenoids contained in Aralia cordata,
which belongs to the same family (Araliaceae) as A. elata,
have an inhibitory effect on AChE and a cognitive function
improvement effect [48]. In addition, dicaffeoylquinic acids
(diCQAs) such as 1,5-diCQA, 3,5-diCQA, and 4,5-diCQA
have been reported to help improve the cholinergic system
and inhibit the activity of AChE [49]. Although the precise
mechanism between the AChE structure and CQA deriva-
tives is unknown, the above results suggest that AEEF
helps improve the cholinergic system and improve cogni-
tive function.

Mitochondria which perform a critical role in energy
production are an important factor in the apoptosis pathway.
Excessive alcohol-induced ROS impairs mitochondrial mem-
brane function through mitochondrial lipid peroxidation
and the alteration of mitochondrial membrane properties
[7]. These changes include the reduction of MMP in the
electron transport chain and decline of energy generation
[50]. Moreover, chronic alcohol intake increases not only
mitochondrial ROS but also nitric oxide, which is produced
by alcohol-induced nitric oxide synthase. This oxidative
stress inhibits mitochondrial function by combining with
mitochondrial respiratory chain enzymes, and modulates
mitochondrial ion channels [51]. Continuous mitochondrial
dysfunction becomes the cause of apoptosis progress, and
cytochrome c located in mitochondria is released to the cyto-
sol. On the other hands, various phenolic compounds, which
act as antioxidants, can reduce mitochondrial oxidative stress
[52]. The phenolic compounds protect cells from alcohol-
induced cytotoxicity by inhibiting inappropriate changes that
can trigger mitochondrial permeability transition and block-
ing apoptotic pathways [50]. Also, in the results of Zhang
et al., the polysaccharide of A. elata protects the mitochon-
dria from H,O, and inhibits the release of cytochrome c in
H9c2 cells [53]. Also, manganese SOD, one of the SOD
species, is mainly located in the mitochondrial matrix [40].
Manganese SOD also removes the mitochondrial superoxide,
and the mitochondrial ROS result is considered to be asso-
ciated with previous results and improvement of the SOD
level by AEEF (Figure 4(b)). Therefore, these results sug-
gest that AEEF attenuates abnormal energy metabolism
through the protection of the mitochondrial function in
chronic alcohol-induced neurodegeneration.

Apoptosis is programmed cell death, which is associated
with changes to several proteins. The prominent apoptotic
route is known as the phosphorylated c-Jun N-terminal
kinase (JNK) pathway. JNK is phosphorylated by various
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stresses, such as UV radiation, inflammatory stimuli, and
ROS [54]. Several studies suggest that phosphorylated JNK
(p-INK) phosphorylates proapoptotic proteins such as the
Bim protein, which activates BAX through the inactiva-
tion of Bcl-2 in the mitochondrial apoptosis pathway
[55]. Following the cell death signal, BAX translocates
to the mitochondria and permeabilizes the mitochondrial
membrane by inducing the opening of the mitochondrial
voltage-dependent anion channel which reduces the MMP
and releases cytochrome c to the cytosol [50]. Released cyto-
chrome c initiates activation of the caspases which induce the
apoptosis in the cells. Moreover, phosphorylation of JNK
stimulates the phosphorylation of the Tau protein which
leads to the death of neuronal cells via disintegration of the
microtubules and formation of Neurofibrillary tangles [55].
Contrary to this mechanism, activated Akt eliminates the
proapoptotic feature of the Bcl-2/BAX complex by inactivat-
ing BAD, which is the Bcl-2 associated with the death pro-
moter [56]. As a result of apoptotic signaling, AEEF
reduced the expression of p-JNK, BAX, and p-Tau which
cause apoptosis and increased the expression of p-Akt, as
an antiapoptotic factor. Similar to these results, Luo et al.
reported that saponins of A. elata suppress the increased
phosphorylation of JNK and inflammatory cytokines in
ApoE knockout mice [57]. Also, 3,5-diCQA lowered the ratio
of BAX/Bdl in neurons, reducing neuronal cytotoxicity and
reducing the release of Ca®* from the cells [58]. Taken
together, administration of AEEF prevents apoptosis of
neuronal cells with the upregulation of Akt and inhibition
of p-JNK, which phosphorylates the Tau protein in chronic
alcohol-induced neurodegeneration (Figure 7).

CQA and 3,5-diCQA, the main physiologic com-
pounds of AEEH, are known as phenolic compounds
commonly found in plants and perform antioxidant and
anti-inflammatory activities [59]. In particular, 3,5-diCQA,
derived from a (-)-quinic acid and a transcaffeic acid,
stimulates the overexpression of phosphoglycerate kinase
1 (PGK1) involved in glycolysis as a glycolytic enzyme
that catalyzes the conversion of 1,3-diphosphoglycerate to
3-phosphoglycerate and increases ATP levels in SH-SY5Y
neuronal cells [60]. Moreover, 3,5-diCQA has a neuropro-
tective effect in SH-SY5Y cells and also improves spatial
learning and memory in SAMP8 (senescence-accelerated)
mice. Also, chikusetsusaponin IVa, an oleanolic acid sapo-
nin, is mainly isolated from ginseng and A. elata [57].
Moreover, these saponins have been reported to have neu-
roprotective effects, such as the inhibition of cognitive dys-
function and improvement of the cholinergic system [61].
Chikusetsusaponin IVa also protects neuronal cells against
H,0,-induced oxidative stress via activation of SOD and
glutathione and upregulates the Sirtl/Foxo3a/Mn-SOD
pathway [62]. Therefore, various physiological activities
such as the neuroprotective effect and improvement of cog-
nitive function of AEEF have been attributed to its various
physiologically active compounds. However, in order to
confirm which of these compounds has a high contribution
to the physiological activity of AEEF, individual experi-
ments of each compound should be conducted in the
future.
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5. Conclusion

This study suggests that AEEF ameliorates chronic alcohol-
induced neurodegeneration with the improvement of cogni-
tive function and protection of brain tissue. Chronic alcohol
intake causes oxidative stress and neurodegeneration.
However, AEEF exerts a protective effect on neuronal cell
survival and significantly improves cognitive functions,
such as spatial cognition, memory, and learning ability in
ethanol-administrated mice. These ameliorating effects are
considered to be due to improvement of the cholinergic
and antioxidant system and the reduction of oxidative
stress in the brain tissue. In addition, AEEF enhances mito-
chondrial activity through the inhibition of p-JNK expression
and oxidative stress and downregulates the apoptotic path-
way in neuronal cells. CQA, 3,5-diCQA, and chikusetsusa-
ponin Iva, the main compounds identified in AEEF, may
be considered the bioactive components of A. elata, and
the physiological activity of AEEF is presumed to be due
to these compounds. Therefore, A. elata has significant
potential as a natural agent to ameliorate alcohol-induced
neurodegeneration.
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