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Abstract: Olanzapine (OLNZ) is used to treat psychotic disorders. To look into the neurological basis
of this phenomenon, we investigated the neuroprotective effects of OLNZ in gerbils and SH-SY5Y
cells. Gerbils were subjected to transient global cerebral ischemia (TGCI) by blocking both common
carotid arteries, and OLNZ (10 mg/kg) was injected intraperitoneally. Hydrogen peroxide (H2O2)
was used to induce oxidative-stress-mediated damage in the SH-SY5Y cells. The results indicated that
OLNZ administration markedly reduced neuron damage and glial cell triggering within CA1 zone of
the hippocampus. We used RNA sequencing to assess the numbers of up-and downregulated genes
involved in TGCI. We found that OLNZ treatment downregulated the expression of complement-
component-related genes and the expression of mitogen-activated protein kinases (MAPKs) in the
hippocampus. In cells, OLNZ co-treatment significantly improved cell viability and reduced lactate
dehydrogenase (LDH), and reactive oxygen species (ROS) generation. Expression of antioxidant
superoxide dismutase-1,2 enzymes (SOD-1, SOD-2) was also intensely upregulated by OLNZ, while
the expression of MAPKs and NF-κB were reduced. Co-incubation with OLNZ also regulated
apoptosis-related proteins Bax/Bcl-2 expression. Finally, the results demonstrated that treatment
with OLNZ showed neuroprotective effects and that the MAPK pathway could involve in the
protective effects.

Keywords: olanzapine; transient ischemia; oxidative stress; neuroprotection; antioxidant; MAPK;
differentially expressed genes (DEGs)

1. Introduction

Cerebral-ischemia-mediated ischemic stroke is a frequently occurring disorder due to
sudden obstruction of the blood supply to the cerebrum. Cerebral ischemic injury leads
to several cellular alterations that are influenced by free radical generation, excitotoxicity,
and metabolic disorder [1–3]. Neuronal cell death and glial cell activation in the ischemic
penumbra are considered the main cellular features of cerebral ischemic insult that could
be targeted by administration of neuroprotectants within 6 h of induction of stroke [4].

The balance between intracellular oxidation and reduction (i.e., redox status) is an
important physiological parameter of cells [5]. When this balance is altered by abnormal
stimuli, cells may undergo oxidative stress, leading to the production of a huge amount
of reactive oxygen species (ROS) by mitochondria [6]. Excessive production of ROS (in-
cluding the superoxide radical, O2·−) contributes to neuronal cell damage by disrupting
cell membranes, damaging DNA, and triggering cellular apoptosis [7–9]. Antioxidant
superoxide dismutase enzymes (SODs) are able to convert O2·− into hydrogen peroxide
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(H2O2) and oxygen (O2). Hence, SODs are considered important therapeutic targets for the
management of oxidative stress by preventing ROS generation [10].

Mitogen-activated protein kinases (MAPKs) play an essential part in transforming
extracellular signals towards a variety of cellular actions, together with cellular progress,
migration, propagation, diversity, and cell death. In neuroblastoma cells, several MAPKs
(ERK1/2, JNK, P38) can be activated by H2O2-induced oxidative stress [11,12]. JNK and
p38 are two of them that work in a cellular framework and in specific ways to integrate
responses at multiple programs, whether transcription-based or not, and finally activate
caspase-dependent death [13]. Similarly, ERK activation modulates apoptosis through
stimulation of mitochondrial cytochrome c release [14]. Cytochrome c release can also be
stimulated by pro-apoptotic Bax proteins that mediate mitochondrial permeabilization and
induce apoptosis [15]. In addition, the transcription factor nuclear factor kappa B (NF-κB)
promotes the production of pro-inflammatory cytokines and chemokines. [16]. Under
stressful conditions, the NF-κB pathway is stimulated, which encourages apoptosis [17,18].

Most complement components are produced in the liver, excess deposition of comple-
ment components is found in apoptotic neurons in the brain following ischemic stroke [19–21].
The complement system increases neuronal damage by activating brain microglia or the im-
pulsive formation of membrane assault complexes with concurrent neuronal lysis [20,22,23].
Therefore, blocking complement cascade activation could be a promising clinical therapeu-
tic target for stroke [24].

A second-generation atypical antipsychotic drug called olanzapine (OLNZ) works
by binding to the receptors for dopamine (D1 to D5), serotonin (5-HT2A to 5-HT2C), mus-
carinic choline (M1 to M5), 1-adrenergic, and also histamine (H1) [25]. It is effective in
schizophrenia and bipolar disorder, including mixed or manic episodes [26]. OLNZ has
been discovered to have a strong antioxidant effect [27,28]. OLNZ has a controversial
effect on the upregulation and downregulation of ERK1/2, JNK, and P38 proteins [29,30].
Moreover, OLNZ has shown neuroprotective effects in PC12 cells [31] and rat hippocampal
neurons [32], stimulates neurogenesis in the rat brain [33] and reduces damage in the
mouse brain after focal cerebral ischemia [34]. But the mechanism of neuroprotection by
OLNZ is not fully understood. The role of OLNZ by inhibiting the activation of MAPK
family proteins in ischemic stroke has not been studied yet. Therefore, the objective of this
study was to investigate the neuroprotective effects and related mechanisms of OLNZ in
transient global ischemia in gerbils and in the neurotoxicity of SH-SY5Y cells.

2. Materials and Methods
2.1. Animals

Thirty male Mongolian gerbils (24–25 weeks old) was used for this experiment. Animal
welfare legislation passed by the Institutional Animal Care and Use Committee (approval
no. CBNU-2020-003) of the Jeonbuk National University Laboratory Animal Center in
South Korea was followed. All animals were provided with all required facilities including
an adequate number of cages, sufficient food and water, suitable temperature (23 ± 2 ◦C)
and humidity (35–60%), and a 12 h light cycle. One week before the experiments, the
experimental animals were moved into the laboratory environment.

2.2. Experimental Animal Groups and OLNZ Treatment

Experimental gerbils (n = 30) were sorted into three groups: (1) Sham group, which
underwent a sham operation; (2) Transient ischemia (TI) + saline group (Figure 1), which
was subjected to TI for 5 min and orally administered saline, and (3) TI + OLNZ group,
which was treated to TI for 5 min and got a single intraperitoneal injection of 10 mg/kg
body weight (Cayman Chemical Company, Ann Arbor, MI, USA).
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2.3. Method of TI Induction in Gerbils

We implemented a technique to induce TI in gerbils that was described previously [35,36].
In brief, inhalation anesthesia was implemented with a combination of nitrous oxide,
oxygen, and isoflurane (68%, 32%, and 2.5%, respectively). Then, the surgical site (midline
of the neck) was cleaned, and an incision was made to expose the bilateral common carotid
arteries (BCCA). The BCCA were isolated from surrounding muscle and nerve fibers and
blocked for 5 min using aneurysm clips (Yasargil FE 723K, Aesculap, Tuttlingen, Germany).
Immediately after the obstruction period, OLNZ was injected intraperitoneally (10 mg/kg
body) in the TI + OLNZ treatment group.

2.4. Tissue Processing for Histological Study

As described in a previously established investigational procedure [35], 5 days after
induction of TI, all gerbils in the experiment were sacrificed using 30% urethane. Immedi-
ately following euthanasia, intracardial perfusion by 0.1 M PBS, pH 7.4 followed, using 4%
paraformaldehyde (PFA) for tissue fixation. All brains were carefully removed from the
brain cavity in an intact state and transferred to a conical tube containing 4% PFA for 12 h.
After the fixation period, the 4% PFA was changed, and 30% sucrose solution was added
overnight. A cryostat (CM1900 UV, Leica, Wetzlar, Germany) device was used to section
the brain into 30-µm-thick sections.

2.5. Cresyl Violet Staining

To assess neuronal cell destruction induced by TI in the brain, cresyl violet (CV)
staining was implemented. Brain sections were placed on pre-coated gelatin slides. Cresyl
violet acetate (Sigma, St. Louis, MO, USA) subjected to solved in distilled water (DW) and
glacial acetic acid. Slides were dipped into the CV solution for staining and successively
submerged into increasing concentrations of ethanol for dehydration. The stained slides
were observed under a microscope.

2.6. Fluoro-Jade B Histofluorescent Stain

Degenerating neurons in the brain sections was assessed using Fluoro-Jade B (F-J
B) staining, as described previously [37]. Briefly, slides of hippocampal sections were
immersed in a 0.06% potassium permanganate solution (dissolved in DW) for 20 min.
Subsequently, the slides were washed with DW and then dipped into a 0.0004% solution of
Fluro-Jade B (Histochem, Jefferson, AR, USA) (dissolved in DW and acetic acid) for 45 min.



Antioxidants 2022, 11, 1697 4 of 23

The tissue sections were dehydrated in an oven (60 ◦C) and mounted by dibutyl phthalate
polystyrene xylene (DPX; Sigma, St. Louis, MO, USA).

2.7. Immunohistochemistry

As reported earlier [38], TI-induced immunoreactive pyramidal neurons and activated
glial cells in the CA1 domain of the hippocampus were evaluated using immunohistochem-
istry (IHC). Briefly, to block endogenous peroxidase, cryo-sections of the brain were dipped
into a 0.3% hydrogen peroxide (H2O2) solution. The brain sections were then blocked using
5% normal goat serum for GFAP, 4HNE and Iba-1 or horse serum for NeuN. Blocks of
brain tissue were incubated with a variety of antibodies overnight at 4 ◦C, together with
rabbit anti-GFAP (1:1000, Gene tex, Irvine, CA, USA), mouse anti-NeuN (1:800, Chemicon
International, Temecula, CA, USA), rabbit anti-Iba-1 (1:1000, Gene tex, CA, USA), and
rabbit anti-4HNE (1:800, Abcam, Cambridge, UK), to identify activated astrocytes, mature
neurons, and microglia, respectively. The brain sections were then treated with secondary
antibodies (Vector Laboratories Inc., Newark, CA, USA), Vectastain ABC (Vector Labora-
tories Inc.), and diaminobenzidine chromogen, and coverslips were glued with Canada
balsam (Kanto Chemical, Tokyo, Japan).

2.8. RNA Isolation and Whole Transcriptome Sequencing (RNAseq)

Total RNA isolation from the hippocampal area of the brain (n = 3/group) and cells
was executed using RiboEx™ total RNA isolation kits (GeneAll, Seoul, Korea), respectively,
followed by manufacturer’s indications. A Biospec-nano spectrophotometer was used to
determine the quantity and quality of retrieved RNA (Shimadzu Biotech, Tokyo, Japan).
Oligo (dT) magnetic beads were used to purify and make a fragment of mRNA molecules
from total RNA. The fragmented mRNAs were used to synthesize cDNAs, and cDNA
libraries were amplified using a polymerase chain reaction (PCR). The cDNA libraries were
measured by an Agilent 2100 BioAnalyzer (Agilent, Santa Clara, CA, USA) and KAPA
library quantification kit (Kapa Biosystems, Wilmington, MA, USA), respectively. Finally,
RNA sequencing (n = 1/group) was completed in a paired-end configuration (2 × 150 bp)
using an Illumina Novaseq 6000 (Illumina, San Diego, CA, USA).

2.9. Quantitative Real-Time PCR (qPCR) Analyses

To create cDNA (n = 3/group), total RNA was extracted and measured. Then, real-
time PCR was performed using a Thermal Cycler Dice® Real-Time System III (Takara,
Shiga Japan) and TB Green Premix Ex Taq as the real-time PCR master mix. Subsequently,
primers were used to perform RT-PCR (Table 1).

2.10. Cell Culture and Cell Viability Assay

The Korean Cell Line Bank provided the human neuroblastoma cell line SH-SY5Y.
The cells were cultured in equal parts of EMEM (ATCC 30-2003, Manassas, VA, USA)
and F12 medium (Gibco, Waltham, CA, USA). To measure the cell viability, the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test (Sigma-Aldrich, St.
Louis, MO, USA) was utilized [39]. The SH-SY5Y cells were incubated with OLNZ (1,
5, 25, or 100 µg/mL) for 2 h before induction of cytotoxicity by adding 300 µM H2O2 and
co-culturing for another 24 h. After adding the MTT solution, the formation of blue color
formazone crystals was detected in each well. A VersaMax™ microplate reader (Molecular
Devices, San Jose, CA, USA) was employed to measurement the absorbance at 570 nm.
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Table 1. Primers sequences.

Genes Primers Name Primer Sequence (5′-3′) Gene Accession Number

C1q C1q-F AGGTCATCACCAACCAGGAG
XM_021631449C1q-R CTTGGAGACCACTTGGAAGG

C2
C2-F CCTTGCAGAGGAGAATCTGG

XM_021655902C2-R GGAGGCTTCCTTCGAGAGTT

C3
C3-F AGGTGAGGGTGGAACTGTTG

XM_021631821C3R AAGGGCACGATGACATAAGG

C4a
C4a-F TCCTCCGTTCCTACAACGTC

XM_021655869C4a-R CGTTGGCTTCCCTTGTGTAT

C9
C9-F TGTAAACATCACCCGCGATA

XM_021654489C9-R CAACGGTCTTGGCTTCTCTC

GAPDH
GAPDH-F AGAACATCATCCCTGCATCC

XM_021636934GAPDH-R GATCCACGACAGACACGTTG

SOD-1
SOD-1-F AGGCCGTGTGCGTGCTGAAG

NM_000454SOD-1-R CACCTTTGCCCAAGTCATCTGC

SOD-2
SOD-2-F CTGCTCCCCGCGCTTTCTTA

NM_001024466SOD-1-R CACGTTTGATGGCTTCCAGC

GAPDH
GAPDH-F TTCACCACCATGGAGAAGGC

NM_001357943GAPDH-R GGCATGGACTGTGGTCATGA

2.11. LDH and ROS Determination Test

Generation of LDH was estimated via an LDH cytotoxicity measurement kit, as
directed by the manufacturer (Takara, Shiga, Japan). SH-SY5Y cells subjected to cultured
overnight in 96-well plates, pretreated with OLNZ for 2 h with various doses, and then
co-cultured with H2O2 for another 24 h. The relative concentration of LDH from the
supernatant of the cells was evaluated by determining the absorbance at 490 nm with an
automated microplate reader.

Intracellular ROS generation was distinguished using a fluorometric intracellular ROS
detection Kit (Sigma-aldrich, St. Louis, MO, USA). SH-SY5Y cells were incubated overnight
in 96-well plates, pretreated with OLNZ for 2 h with various doses, and then co-cultured
with H2O2 for another 12 h. Hanks’ Balanced Salt Solution (HBSS) was used for washing
cells. After adding the master reaction mix (100 µL/well), the cells were incubated in
the incubator (5% CO2, 37 ◦C) for 30 min. Then, we measured the fluorescence intensity
(λex = 640/λem = 675 nm).

2.12. Western Blot Analyses

RIPA buffer (Biosesang, Gyeonggi-do, South Korea), and T-Per tissue protein extraction
reagent (Thermo Scientific, Rockford, LA, USA) was applied to extract proteins from SH-
SY5Y cells and the hippocampal area of brain tissue, correspondingly. Lysed cells were
centrifuged at 13,000× g for 15 min after being sonicated, and the supernatant was collected.
Using a PierceTM BCA protein assay reagent (Thermo Scientific, Rockford, IL, USA), the
total protein content of lysed cells was calculated. Then, protein samples were separated
using 10–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
added to transfer in a nitrocellulose membrane. To prevent nonspecific binding of primary
and secondary antibodies, the membranes were blocked with 5% bovine serum albumin
(BSA; Sigma, St. Louis, MO, USA) for 2 h at room temperature. Primary antibodies were
mixed with 5% BSA and Tris-buffered saline with Tween®-20 (TBST). Membranes were
incubated with primary antibodies overnight, and then secondary antibodies were added
for 2 h (goat anti-rabbit IgG-HRP; Santa Cruz Biotechnology, Inc. Dallas, TX, USA). Finally,
membranes were placed in an ImageQuant™ LAS-500 image system (GE Healthcare, Little
Chalfont, UK) to capture band images.
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2.13. Statistical Analyses

In this experiment, all the measurements and comparative analyses among the groups
were analyzed using Graph Pad Prism version 5.0 (Graph Pad Software, Inc., San Diego, CA,
USA) and are presented as mean ± standard error (SEM). Analysis of variance (ANOVA)
and subsequent Tukey’s post hoc tests were used for the statistical analyses. A minimum
p-value of 0.05 was deemed significant.

3. Results
3.1. Neuroprotective Effects of OLNZ against TI-Mediated Neuronal Cell Death

Following obstruction of the BCCA, neuronal damage in the CA1 domain of the hip-
pocampus was observed by histological analysis of selected CV-stained sections in all three
groups. Examination of the CV-stained cells revealed that induction of TI significantly
reduced the number of live neuronal cells in the pyramidal layer in the CA1 domain
(Figure 2B,b), compared with the sham group. Intraperitoneal (I/P) injection of OLNZ
(n = 5) immediately after induction of TI resulted in a greater number of large pyramidal-
shaped CV-positive cells in the CA1 domain, compared to the TI-induced group
(Figure 2C,c). Cells that were positive for the neuronal degenerative marker F-J B+
could not be distinguished in the group’s hippocampus either low or high magnification
(Figure 2); however, in the TI-induced stroke group, the CA1 area contained large numbers
of F-J B+ degenerative cells (Figure 2E,e). In contrast, the expression pattern and the number
of F-J B+ cells were notably diminished in the TI-induced stroke + OLNZ treatment group
(Figure 2F,f) 6 days after induction of TI.

Immunohistochemistry (IHC) using NeuN immunoreactivity was performed to iden-
tify the nuclear protein expressed by neuronal cells in the CA1 area of the hippocampus
(Figure 3). Few NeuN+ neuronal cells were found under either low or high magnification
in the TI-induced stroke group (Figure 3B,b), in contrast to the sham group. A single
dose of OLNZ (10 mg/kg) significantly increased the NeuN immunoreactive cells in the
hippocampus, as confirmed by the well-stained pyramidal-shaped nucleus of the neurons
with lighter staining of the cytoplasm (Figure 3C,c).

3.2. Neuroprotective Effects of OLNZ by Inactivation of TI-Induced Neuroglia Cells

The activation status of both astrocytes and microglial cells was assessed either by
immunoreactivity of GFAP+ or Iba-1+ cells in the hippocampus of all three groups after
5 days of TI induction (Figure 4). All TI-induced animals exhibited GFAP+ and Iba-1+ cells
in the entire focus of the hippocampus. Neither the sham group nor the OLNZ treatment
group showed expression of GFAP+ or Iba-1+ cells, even in the most vulnerable area of the
hippocampus (Figure 4).

3.3. Neuroprotective Effects of OLNZ by Inhibiting Oxidative Stress

Oxidative stress-induced free radicles attack lipids that provoked lipid peroxida-
tion [40]. Lipid peroxidation marker 4-HNE immunoreactivity was significantly increased
in CA1 pyramidal neurons of the TI-induced group (Figure 5B,b) and decreased by OLNZ
treatment (Figure 5C,c) after TI. We measured the expression of free radical scavenging
enzyme (SOD-2) proteins in the gerbil’s brain by immunoblotting analysis (Figure 5E).
SOD-2 expression was decreased in hippocampal neurons of the TI-induced group and
increased by OLNZ treatment after TI (not significantly).
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Figure 2. Role of OLNZ in CV positive neuronal cells and F-J B histofluorescence neuronal cells in
the hippocampus of CA1 domain. Identification of CV positive cells in the sham group (A) 10× and
(a) 200×, TI-mediated ischemic stroke group (B) 10× and (b) 200x, and TI-mediated ischemic stroke
+ OLNZ (10 mg/kg) group (C) 10× and (c) 200x. F-J B histofluorescent of the CA1 domain in the
sham group (D) 10× and (d) 200×, TI-mediated ischemic stroke group (E) 10× and (e) 200×, and
TI-mediated ischemic stroke + OLNZ (10 mg/kg) group (F) 10× and (f) 200x. In the TI-mediated
stroke gerbils, the number of CV positive cells in the CA1 domain was reduced compared with
the sham group, although a greater number of F-J B+ degenerative cells were distinguished in the
hippocampus of the ischemic group compared to both the sham and TI-induced stroke + OLNZ
treatment groups. (G) Graphs represent the relative numbers of CV+ and (H) F-J B+ cells. Data were
expressed as the mean ± SEM, n = 5 in each group. After performing one-way ANOVA with Tukey’s
post hoc tests, p < 0.05 for comparisons of the treatment groups with the sham group (#) and p < 0.05
for comparisons with the TI-induced stroke group (*) were considered significant.

3.4. Neuroprotective Effects of OLNZ by Blocking MAPK Pathway in the Hippocampus

To investigate the possible pathways involved in OLNZ-mediated neuroprotection,
we measured the activation of proteins associated with neuronal cell death, specifically
the regulation of MAPK cascades. Experimental results revealed that activation of MAPK
(ERK1/2, JNK, and p38) family proteins were notably augmented in the hippocampus after
induction of TI, but ERK1/2 and JNK were significantly reversed by treatment with OLNZ
(Figure 6).



Antioxidants 2022, 11, 1697 8 of 23

Antioxidants 2022, 11, x  7 of 25 
 

p < 0.05 for comparisons of the treatment groups with the sham group (#) and p < 0.05 for compari-
sons with the TI-induced stroke group (*) were considered significant. 

Immunohistochemistry (IHC) using NeuN immunoreactivity was performed to 
identify the nuclear protein expressed by neuronal cells in the CA1 area of the hippocam-
pus (Figure 3). Few NeuN+ neuronal cells were found under either low or high magnifi-
cation in the TI-induced stroke group (Figure 3B,b), in contrast to the sham group. A single 
dose of OLNZ (10 mg/kg) significantly increased the NeuN immunoreactive cells in the 
hippocampus, as confirmed by the well-stained pyramidal-shaped nucleus of the neurons 
with lighter staining of the cytoplasm (Figure 3C,c). 

 
Figure 3. Role of OLNZ in NeuN immunoreactive cells in the CA1 area of the hippocampus. Iden-
tification of NeuN+ cells in the sham group (A) 10× and (a) 200x, TI-mediated ischemic stroke group 
(B) 10× and (b) 200x, and TI-mediated ischemic stroke + OLNZ (10mg/kg) group (C) 10× and (c) 
200x. A small quantity of NeuN immunoreactive cells was superficially noticeable in the TI-medi-
ated stroke animals in comparison with the OLNZ-treated animals. (D) The graph signifies the rel-
ative numbers of immunoreactive NeuN+ cells. Data were expressed as the mean ± SEM, n = 5 in 
each group. After performing one-way ANOVA with Tukey’s post hoc tests, p < 0.05 for compari-
sons of the treatment groups with the sham group (#) and p < 0.05 for comparisons with the TI-
induced stroke group (*) were considered significant. 

3.2. Neuroprotective Effects of OLNZ by Inactivation of TI-Induced Neuroglia Cells 
The activation status of both astrocytes and microglial cells was assessed either by 

immunoreactivity of GFAP+ or Iba-1+ cells in the hippocampus of all three groups after 5 
days of TI induction (Figure 4). All TI-induced animals exhibited GFAP+ and Iba-1+ cells 
in the entire focus of the hippocampus. Neither the sham group nor the OLNZ treatment 
group showed expression of GFAP+ or Iba-1+ cells, even in the most vulnerable area of 
the hippocampus (Figure 4). 

Figure 3. Role of OLNZ in NeuN immunoreactive cells in the CA1 area of the hippocampus. Identifi-
cation of NeuN+ cells in the sham group (A) 10× and (a) 200× , TI-mediated ischemic stroke group
(B) 10× and (b) 200× , and TI-mediated ischemic stroke + OLNZ (10 mg/kg) group (C) 10× and
(c) 200× . A small quantity of NeuN immunoreactive cells was superficially noticeable in the TI-
mediated stroke animals in comparison with the OLNZ-treated animals. (D) The graph signifies the
relative numbers of immunoreactive NeuN+ cells. Data were expressed as the mean ± SEM, n = 5 in
each group. After performing one-way ANOVA with Tukey’s post hoc tests, p < 0.05 for comparisons
of the treatment groups with the sham group (#) and p < 0.05 for comparisons with the TI-induced
stroke group (*) were considered significant.

3.5. Effects of OLNZ on DEGs Involved in the Ischemic Stroke Response in the Hippocampus

The RNA sequencing was accomplished using hippocampal RNA from the sham,
TI-induced, and TI-induced + OLNZ-treated groups after 5 days of cerebral ischemia.
Initially, we assessed up and downregulated genes to identify DEGs among the three
groups of gerbils. Bioinformatics analyses identified a total of 932 DEGs in the sham vs.
TI-induced stroke hippocampus, among which 714 genes were upregulated and 218 were
downregulated by TI-induced stroke (Figure 7A). In addition, 766 DEGs were identified in
the TI-induced stroke vs. TI-induced stroke + OLNZ hippocampus, among which 521 genes
were downregulated and 245 upregulated in the TI-induced stroke + OLNZ treatment
group (Figure 7B).

We recorded a certain number of differentially upregulated RNA genes and the down-
regulated RNA genes of sham vs. stroke and stroke vs. OLNZ treatment group respectively
(Table 2), and a certain number of differentially downregulated RNA genes and the upreg-
ulated RNA genes of sham vs. stroke and stroke vs. OLNZ treatment group respectively
(Table 3) in Gene ID forms. To comprehend how DEGs are distributed across the groupings
as a whole, the MA plot (Figure 7C,D) and the volcano plot (Figure 7E,F) were drawn by a
threshold of log2FC > 1. Significantly elevated DEGs are highlighted in red on the MA plot,
whereas significantly downregulated genes are highlighted in blue. Significant DEGs are
highlighted in red and green on the volcanic plot.
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Figure 4. Role of OLNZ in Iba-1-immunoreactive microglia and GFAP-immunoreactive astrocyte 
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and (a) 200x, TI-mediated ischemic stroke (B) 10× and (b) 200×, and TI- mediated ischemic stroke 
+OLNZ (10mg/kg) (C) 10× and (c) 200× groups and of GFAP immunoreactive astrocytes in the CA1 
region in the sham (D) 10× and (d) 200×, TI- mediated ischemic stroke (E) 10× and (e) 200×, and TI- 
mediated ischemic stroke +OLNZ (10mg/kg) (F) 10× and (f) 200× groups. In the TI- mediated stroke 
group, Iba-1+ cells were notably augmented and GFAP+ cells exhibited bigger and denser processes 
in the CA1 area compared with OLNZ treatment groups. (G) Graphs signify the relative numbers 
of Iba1+ and (H) GFAP immunoreactive cells. Data were expressed as the mean ± SEM, n = 5 in each 
group. After performing a one-way ANOVA with Tukey’s post hoc test, p < 0.05 for comparisons of 
treatment groups with the sham group (#) and p < 0.05 for comparisons with the TI-induced stroke 
group (*) were considered significant. 

3.3. Neuroprotective Effects of OLNZ by Inhibiting Oxidative Stress 
Oxidative stress-induced free radicles attack lipids that provoked lipid peroxidation 

[40]. Lipid peroxidation marker 4-HNE immunoreactivity was significantly increased in 
CA1 pyramidal neurons of the TI-induced group (Figure 5B,b) and decreased by OLNZ 
treatment (Figure 5C,c) after TI. We measured the expression of free radical scavenging 
enzyme (SOD-2) proteins in the gerbil’s brain by immunoblotting analysis (Figure 5E). 
SOD-2 expression was decreased in hippocampal neurons of the TI-induced group and 
increased by OLNZ treatment after TI (not significantly). 

Figure 4. Role of OLNZ in Iba-1-immunoreactive microglia and GFAP-immunoreactive astrocyte
cells in the CA1 area of the hippocampus. Identification of Iba-1+ neuronal cells in the sham (A) 10×
and (a) 200×, TI-mediated ischemic stroke (B) 10× and (b) 200×, and TI- mediated ischemic stroke
+OLNZ (10 mg/kg) (C) 10× and (c) 200× groups and of GFAP immunoreactive astrocytes in the CA1
region in the sham (D) 10× and (d) 200×, TI- mediated ischemic stroke (E) 10× and (e) 200×, and
TI- mediated ischemic stroke +OLNZ (10 mg/kg) (F) 10× and (f) 200× groups. In the TI- mediated
stroke group, Iba-1+ cells were notably augmented and GFAP+ cells exhibited bigger and denser
processes in the CA1 area compared with OLNZ treatment groups. (G) Graphs signify the relative
numbers of Iba1+ and (H) GFAP immunoreactive cells. Data were expressed as the mean ± SEM,
n = 5 in each group. After performing a one-way ANOVA with Tukey’s post hoc test, p < 0.05 for
comparisons of treatment groups with the sham group (#) and p < 0.05 for comparisons with the
TI-induced stroke group (*) were considered significant.

3.6. Effects of OLNZ on the Expression of Complement Component mRNA

Based on the DEG results, we selected five genes for verification by RT qPCR. To
detect the similarity of complement system activation in the hippocampus after induction
of TI (Figure 9), we investigated the expression of C1q, C2, C3, C4a, and C9 mRNAs. All
complement components were upregulated by ischemic insult and downregulated by
TI-induced stroke + OLNZ treatment.
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SOD-2 proteins was increased after treatment with OLNZ. Data were expressed as the mean ± SEM, 
n = 3 in each group. After performing one-way ANOVA with Tukey’s post hoc tests, p < 0.05 for 
comparisons of the treatment groups with the sham group (#) and p < 0.05 for comparisons with the 
TI-induced stroke group (*) were considered significant. 

3.4. Neuroprotective Effects of OLNZ by Blocking MAPK Pathway in the Hippocampus 
To investigate the possible pathways involved in OLNZ-mediated neuroprotection, 

we measured the activation of proteins associated with neuronal cell death, specifically 
the regulation of MAPK cascades. Experimental results revealed that activation of MAPK 
(ERK1/2, JNK, and p38) family proteins were notably augmented in the hippocampus af-
ter induction of TI, but ERK1/2 and JNK were significantly reversed by treatment with 
OLNZ (Figure 6). 

Figure 5. Role of OLNZ in 4-HNE immunoreactive cells in the CA1 area of the hippocampus.
Identification of 4-HNE cells in the sham group (A) 10× and (a) 200×, TI-mediated ischemic stroke
group (B) 10× and (b) 200×, and TI-mediated ischemic stroke + OLNZ (10 mg/kg) group (C) 10×
and (c) 200×. (D) The graph signifies the relative numbers of immunoreactive 4-HNE cells. Effects of
OLNZ on antioxidant enzyme (SOD-2) protein expression in hippocampal tissue. The expression of
(%) (E) SOD-2 proteins was increased after treatment with OLNZ. Data were expressed as the mean
± SEM, n = 3 in each group. After performing one-way ANOVA with Tukey’s post hoc tests, p < 0.05
for comparisons of the treatment groups with the sham group (#) and p < 0.05 for comparisons with
the TI-induced stroke group (*) were considered significant.
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Figure 6. Protective role of OLNZ against the TI-mediated phosphorylation of ERK, JNK, p38 protein
in the brain. The expression (% of sham) of (A) pERK, (B) pJNK proteins decreased significantly, and
(C) pP38 proteins also decreased but not significantly after treatment with OLNZ in TI-induced gerbil
hippocampus. Data were expressed as the mean ± SEM, n = 3/group. After performing a one-way
ANOVA with Tukey’s post hoc test, p < 0.05 for comparisons of treatment groups with the sham
group (#) and p < 0.05 for comparisons with the stroke group (*) were considered significant.
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Figure 7. Alterations of transcriptomic gene expression in the stroke-induced hippocampus. (A) A 
total of 714 DEGs was upregulated and 218 downregulated after induction of transient ischemia (TI) 
using RNA sequencing (Log 2 FC); (B) In comparison, 245 DEGs were downregulated while 521 
were upregulated in the TI-induced stroke + OLNZ treatment group; (C) DEGs separated (MA plot) 
in 1-fold change (FC) compared with the sham-TI induced group; (D) TI induced stroke + OLNZ 
treatment group; and (E,F) A volcano plot of DEGs. 
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Figure 7. Alterations of transcriptomic gene expression in the stroke-induced hippocampus.
(A) A total of 714 DEGs was upregulated and 218 downregulated after induction of transient ischemia
(TI) using RNA sequencing (Log 2 FC); (B) In comparison, 245 DEGs were downregulated while 521
were upregulated in the TI-induced stroke + OLNZ treatment group; (C) DEGs separated (MA plot)
in 1-fold change (FC) compared with the sham-TI induced group; (D) TI induced stroke + OLNZ
treatment group; and (E,F) A volcano plot of DEGs.
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Table 2. List of the few most upregulated protein-coding genes in the transient-ischemia (TI)-induced
stroke model in gerbils, and the few most downregulated protein-coding genes in the TI-induced
stroke + olanzapine treatment group.

Gene Symbol Differentially Expressed Genes
Upregulated by Stroke (Log2FC) Symbol of Genes

Differentially Expressed Genes
Downregulated by Stroke+ OLNZ

Treatment (Log2FC)

Cxcl10 8.26 Ccl8 −6.29
Ccl5 7.43 Cd69 −5.24
Ccl2 7.43 Ciita −5.09
Ccl8 7.32 Ccl7 −4.81
Cd69 6.85 AA467197 −4.79
Oasl1 6.73 Sell −4.64
Cxcl11 6.53 Mrgbp −4.58

Sell 6.25 Ccr7 −4.53
Ifit1 5.97 Cxcl13 −4.41
Ifit2 5.88 A930017K11Rik −4.37
Ccl7 5.84 Msr1 −4.09
Isg15 5.80 Slamf9 −4.05
Ccl12 5.69 Tmprss13 −3.88
Hcar2 5.67 Lcn2 −3.84
Il1b 5.67 Cks2 −3.79
Ttr 5.65 Cplx3 −3.74

Oas2 5.60 Slc30a2 −3.69
Rsad2 5.48 Fzd10 −3.58

Gpr171 5.08 Neurl3 −3.58
Hk3 5.04 Nkg7 −3.53
C1qa 2.04 C1qa −0.64

C2 2.88 C2 −1.09
C3 1.68 C3 −0.83

C4b 1.82 C4b −0.04
C9 0.09 C9 0

Table 3. List of the few most downregulated protein-coding genes in the transient-ischemia (TI)-
induced stroke model in gerbils, and the few most upregulated protein-coding genes in the TI-induced
stroke + olanzapine treatment group.

Gene Symbol Differentially Expressed Genes
Downregulated by Stroke (Log2FC) Symbol of Genes Differentially Expressed Genes Upregulated

by Stroke + OLNZ Treatment (Log2FC)

Eif2s3y −7.93 Eif2s3y 5.21
Rec8 −3.26 AGTR1 3.44

1700067K01Rik −3.26 Mlph 2.70
Nyx −3.26 Fam71d 2.58

Kcnj15 −3.26 Fabp4 2.44
Kcnk3 −3.26 Slc7a9 2.34

Nanos1 −3.09 Prr29 2.32
Dmrta1 −3.09 Rec8 2.12
Ccdc71l −3.09 Slc5a7 1.99

Alx3 −3.09 Ttll9 1.97
Tbx2 −2.90 Rerg 1.80
Alx1 −2.67 Dcdc2b 1.70
Cnr2 −2.67 Alox15 1.70
Mpo −2.67 Tctex1d1 1.70

Cfap157 −2.59 Cavin3 1.70
Slc4a1 −2.41 Tmc5 1.60
Icam4 −2.20 Susd1 1.49
St8sia2 −2.09 Ppbp 1.49
Nphs1 −1.93 Crhr2 1.47
Alox15 −1.85 Det1 1.44
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3.7. Effects of OLNZ on Functional Pathway Involved in the Ischemic Stroke Response in
the Hippocampus

The KEGG pathways in the stroke vs. OLNZ treatment group were revealed
(Figure 8A,B). The analytical data showed that downregulated pathways by OLNZ treat-
ment after induction of TI were mainly involved in chemokine and cytokine signaling.
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edly downregulated the expression of these genes. Data were expressed as the mean ± SEM, n = 3 in 
each group. After performing a one-way ANOVA with Tukey’s post hoc test, p < 0.05 for compari-
sons of treatment groups with the sham group (#) and p < 0.05 for comparisons with the stroke group 
(*) were considered significant. 
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ure 10A). We found that 300 µM/mL of H2O2 increased the SH-SY5Y cytotoxicity com-
pared to control cultures. The viability of cells incubated with H2O2 increased significantly 
in a concentration-dependent manner in SH-SY5Y cultures co-incubated with OLNZ (1, 5, 
25 µg/mL; (Figure 10B.). We examined intracellular LDH and ROS release caused by H2O2 
in the human neuroblastoma cell line SH-SY5Y. Our data demonstrated that H2O2 incuba-
tion greatly increased intracellular LDH and ROS formation in SH-SY5Y cells (p >0.05) 
compared with control cultures; however, OLNZ co-incubation notably (p >0.05) reduced 
LDH (Figure 10C) and ROS (Figure 10D) accumulation inside the cells. 

Figure 9. Protective role of OLNZ on gene expression of complement components in the hippocampus
during transient-ischemia (TI)-induced stroke in gerbils. In TI-induced stroke, gene expression of
C1q, C2, C3, C4a, and C9, was significantly upregulated, whereas treatment with OLNZ markedly
downregulated the expression of these genes. Data were expressed as the mean ± SEM, n = 3 in each
group. After performing a one-way ANOVA with Tukey’s post hoc test, p < 0.05 for comparisons
of treatment groups with the sham group (#) and p < 0.05 for comparisons with the stroke group (*)
were considered significant.

3.8. Neuroprotective Effects of OLNZ against SH-SY5Y Cell Toxicity, LDH, and ROS Release

We used the MTT assay to evaluate the neuroprotective efficacy of the OLNZ using
SH-SY5Y cells incubated with cytotoxic concentrations of H2O2. To identify the optimum
non-toxic dose of OLNZ, SH-SY5Y cells were incubated with several concentrations of
OLNZ drug (1, 5, 25, or 100 µg/mL) for 24 h. A noticeable reduction in cell viability
was recorded at a high concentration of OLNZ (100 µg/mL) as related to control cultures
(Figure 10A). We found that 300 µM/mL of H2O2 increased the SH-SY5Y cytotoxicity
compared to control cultures. The viability of cells incubated with H2O2 increased signifi-
cantly in a concentration-dependent manner in SH-SY5Y cultures co-incubated with OLNZ
(1, 5, 25 µg/mL; (Figure 10B). We examined intracellular LDH and ROS release caused
by H2O2 in the human neuroblastoma cell line SH-SY5Y. Our data demonstrated that
H2O2 incubation greatly increased intracellular LDH and ROS formation in SH-SY5Y cells
(p > 0.05) compared with control cultures; however, OLNZ co-incubation notably (p > 0.05)
reduced LDH (Figure 10C) and ROS (Figure 10D) accumulation inside the cells.

3.9. Anti-Oxidant Activity of OLNZ in SH-SY5Y Cells

We measured the expression of free radical scavenging enzyme (SOD-1 and SOD-2)
genes and proteins in SH-SY5Y cells by RT-qPCR and immunoblotting analysis, respectively
(Figure 11). Incubation with H2O2 stimulated oxidative stress that led to decreased expres-
sion of SOD-1 and SOD-2 mRNA (Figure 11A,B) and proteins (Figure 11C,D) compared to
control cultures. In contrast, co-incubation with OLNZ and H2O2 significantly (p < 0.05)
amplified the expression of both antioxidant enzymes.
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Figure 10. Effects of OLNZ in H2O2-induced neuronal cell death in vitro: (A) The non-toxic concen-
tration of OLNZ in SH-SY5Y cells was estimated using the MTT assay; (B) Cell viability in H2O2-
mediated toxicity was also evaluated using the MTT assay; (C) The release of cytotoxic marker LDH 
(%); and (D) the oxidative stress marker ROS was examined. Data were expressed as the mean ± 

SEM, and the experiment was repeated three times. # and * indicate a statistically significant differ-
ence compared with the control and H2O2 treatment alone, respectively, p < 0.05. the oxidative stress 
marker. 

3.9. Anti-Oxidant Activity of OLNZ in SH-SY5Y Cells 
We measured the expression of free radical scavenging enzyme (SOD-1 and SOD-2) 

genes and proteins in SH-SY5Y cells by RT-qPCR and immunoblotting analysis, respec-
tively (Figure 11). Incubation with H2O2 stimulated oxidative stress that led to decreased 
expression of SOD-1 and SOD-2 mRNA (Figure 11A,B) and proteins (Figure 11C,D) com-
pared to control cultures. In contrast, co-incubation with OLNZ and H2O2 significantly (p 
< 0.05) amplified the expression of both antioxidant enzymes. 

Figure 10. Effects of OLNZ in H2O2-induced neuronal cell death in vitro: (A) The non-toxic con-
centration of OLNZ in SH-SY5Y cells was estimated using the MTT assay; (B) Cell viability in
H2O2-mediated toxicity was also evaluated using the MTT assay; (C) The release of cytotoxic marker
LDH (%); and (D) the oxidative stress marker ROS was examined. Data were expressed as the mean
± SEM, and the experiment was repeated three times. # and * indicate a statistically significant
difference compared with the control and H2O2 treatment alone, respectively, p < 0.05. the oxidative
stress marker.

3.10. Neuroprotective Effects of OLNZ to Prevent MAPK Cascade and NF-kB Activation

We found that H2O2-exposed SH-SY5Y cells elevated phosphorylation levels of MAPK
(ERK1/2, JNK, and p38) (Figure 12A–C) cascade and NF-kB (Figure 12D) in comparison to
the control. Meanwhile, activation of ERK, JNK, P38, and NF-kB proteins was considerably
reduced (p < 0.05) after OLNZ pretreatment in a concentration-dependent pattern.
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Figure 11. Effects of OLNZ on antioxidant enzyme (SOD-1, SOD-2) gene and protein expression in 
H2O2-induced SH-SY5Y cells. The expression of (%). (A) SOD-1 and (B) SOD-2 genes and (C) SOD-
1 and (D) SOD-2 proteins was increased after pre-incubation with OLNZ in a concentration-depend-
ent manner. Data were expressed as the mean ± SEM, and the experiment was repeated three times. 
(#) compared to the control and (*) compared to H2O2, p < 0.05. 

3.10. Neuroprotective Effects of OLNZ to Prevent MAPK Cascade and NF-kB Activation 
We found that H2O2-exposed SH-SY5Y cells elevated phosphorylation levels of 

MAPK (ERK1/2, JNK, and p38) (Figure 12A–C) cascade and NF-kB (Figure 12D) in com-
parison to the control. Meanwhile, activation of ERK, JNK, P38, and NF-kB proteins was 
considerably reduced (p < 0.05) after OLNZ pretreatment in a concentration-dependent 
pattern. 

Figure 11. Effects of OLNZ on antioxidant enzyme (SOD-1, SOD-2) gene and protein expression in
H2O2-induced SH-SY5Y cells. The expression of (%). (A) SOD-1 and (B) SOD-2 genes and (C) SOD-1
and (D) SOD-2 proteins was increased after pre-incubation with OLNZ in a concentration-dependent
manner. Data were expressed as the mean ± SEM, and the experiment was repeated three times.
(#) compared to the control and (*) compared to H2O2, p < 0.05.

3.11. Anti-Apoptotic Effects of OLNZ in SH-SY5Y Cells

We used Western blotting to see if H2O2 and/or OLNZ had any effect on the expression
of Bcl-2 and Bax proteins. As compared to the control, H2O2 considerably decreased the
expression of Bcl-2 protein in SH-SY5Y cells, while significantly increasing the expression
of Bax protein. Furthermore, pretreatment with OLNZ markedly (p < 0.05) reduced Bax
and increased Bcl-2 proteins in a dose-dependent manner (Figure 13).
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pNF-KB proteins decreased after pretreatment with OLNZ in H2O2-induced SH-SY5Y cells. Data 
were presented as the mean ± SEM, and the experiment was repeated three times. (#) compared to 
the control and (*) compared to H2O2, p < 0.05. 

3.11. Anti-Apoptotic Effects of OLNZ in SH-SY5Y Cells 
We used Western blotting to see if H2O2 and/or OLNZ had any effect on the expres-

sion of Bcl-2 and Bax proteins. As compared to the control, H2O2 considerably decreased 
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Figure 12. Protective role of OLNZ against the H2O2-mediated phosphorylation of ERK, JNK, p38,
and NF-KB protein in SH-SY5Y cells. The expression (% of (A) pP38, (B) pERK, (C) pJNK, and
(D) pNF-KB proteins decreased after pretreatment with OLNZ in H2O2-induced SH-SY5Y cells. Data
were presented as the mean ± SEM, and the experiment was repeated three times. (#) compared to
the control and (*) compared to H2O2, p < 0.05.



Antioxidants 2022, 11, 1697 18 of 23Antioxidants 2022, 11, x  19 of 25 
 

 
Figure 13. Protective role of OLNZ in H2O2-mediated apoptosis and on Bax and Bcl proteins in SH-
SY5Y cells. The expression (%) of (A) Bax protein decreased and (B) Bcl-2 increased after pretreat-
ment of SH-SY5Y cells with OLNZ in comparison with H2O2-mediated neurotoxicity in SH-SY5Y 
cells. All data are presented as the mean ± SEM, and the experiment was repeated three times. (#) 
compared to the control and (*) compared to H2O2, p < 0.05. 
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to irreversible brain damage [41–44]. Olanzapine is a well-known dopamine and serotonin 
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and potential mechanisms of action. 
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arteries for 5 min [46–48]. In our previous study, severe neuronal cell damage was identi-
fied 5 days after induction of ischemic insult [36,49]. We also found neuronal cell death 
and activation of microglial cells and astrocytes in the most vulnerable part of the brain 
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than in the sham group. The same pattern of NeuN immunoreactive neuronal cell expres-
sion was evident in all three groups, although the numbers of neuronal degenerative re-
sponse indicator F-JB-positive cells were markedly increased in the CA1 region after in-
duction of TI and decreased by OLNZ treatment. A previous study reported that olanzap-
ine treatment after permanent focal cerebral ischemia in mice reduced brain damage as 
assessed by triphenyl tetrazolium chloride staining [34]. Other studies have revealed that 
oral administration of olanzapine increased the proliferation of subventricular zone neu-
rons and decreased dendritic spine loss in rats [33,50]. Kainic acid-induced hippocampal 

Figure 13. Protective role of OLNZ in H2O2-mediated apoptosis and on Bax and Bcl proteins in SH-
SY5Y cells. The expression (%) of (A) Bax protein decreased and (B) Bcl-2 increased after pretreatment
of SH-SY5Y cells with OLNZ in comparison with H2O2-mediated neurotoxicity in SH-SY5Y cells. All
data are presented as the mean ± SEM, and the experiment was repeated three times. (#) compared
to the control and (*) compared to H2O2, p < 0.05.

4. Discussion

During cerebral ischemia, excessive release of dopamine and serotonin induces exci-
totoxicity and energy deprivation and reduces blood flow in the ischemic brain, leading
to irreversible brain damage [41–44]. Olanzapine is a well-known dopamine and sero-
tonin receptor antagonist [45]. Therefore, olanzapine may be a potential neuroprotective
compound; although the exact mechanism of neuroprotection by OLNZ in vivo is unclear.
Further experiments are needed to investigate the actual mechanism involved. In this study,
gerbils were used as an in vivo model for transient global cerebral ischemia-mediated
neuronal death, and SH-SY5Y cells were used as a model for in vitro neuroprotection and
potential mechanisms of action.

Transient cerebral ischemia in gerbils is brought on by blocking both common carotid
arteries for 5 min [46–48]. In our previous study, severe neuronal cell damage was identified
5 days after induction of ischemic insult [36,49]. We also found neuronal cell death and
activation of microglial cells and astrocytes in the most vulnerable part of the brain (hip-
pocampus) after 5 days of TI. The number of CV-positive cells in the hippocampus of the
OLNZ treatment group was higher as compared to the TI-induced group, but lower than in
the sham group. The same pattern of NeuN immunoreactive neuronal cell expression was
evident in all three groups, although the numbers of neuronal degenerative response indica-
tor F-JB-positive cells were markedly increased in the CA1 region after induction of TI and
decreased by OLNZ treatment. A previous study reported that olanzapine treatment after
permanent focal cerebral ischemia in mice reduced brain damage as assessed by triphenyl
tetrazolium chloride staining [34]. Other studies have revealed that oral administration
of olanzapine increased the proliferation of subventricular zone neurons and decreased
dendritic spine loss in rats [33,50]. Kainic acid-induced hippocampal neuronal loss in
neonatal rats was also blocked by high doses of olanzapine [51]. Therefore, we can say that
OLNZ treatment can prevent neuronal loss in the hippocampus induced by TI.
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Many research studies have confirmed that brain ischemia, trauma, tumor growth,
or neurodegenerative disease induce excessive activation of glial cells [52,53]. In ischemic
insult, neuroinflammatory responses induce the secretion of various inflammatory media-
tors [54,55]. Our data revealed that Iba1+ microglia and GFAP+ astrocytes were significantly
active across the hippocampus’s focal area in the TI-induced stroke group, in comparison
with those of the OLNZ treatment and sham groups. Handi Zhang et al. showed that
OLNZ alleviated astrocyte gliosis in a cuprizone (CPZ)-induced model of demyelination
in C57BL/6 mice [56]. These experimental data strongly indicate that the neuroprotective
effects of OLNZ are due to the modulation of TI-induced glial cell activation.

To confirm the TI-induced neuronal modification and neuroprotective effects of OLNZ,
DEGs of RNA seq were evaluated. Some chemokine ligands and interferon-induced
proteins (Ccl8, Cd69, Sell and Ccl7) were aggravated by induction of TI and regulated by
OLNZ treatment. Ccl8 and Ccl7 are kinds of chemokines that attract monocytes to the site
of trauma, infection, toxin exposure, and ischemia [57]. Cd69 triggers monocyte and NK
cell activation [58] and sell recruits leukocytes in inflammatory lesions [59]. ALOX15 gene
is a strong suppressor of inflammation that was downregulated by TI and upregulated by
OLNZ treatment [60]. In addition, the ischemic state appeared to increase the expression of
complement components that stimulate apoptosis [19–21]. Our qPCR data also supported
a role for upregulated complement component expression in global cerebral ischemia,
and that OLNZ treatment downregulated that expression. Hence, OLNZ can block the
complement components mediated damage after induction of TI.

The H2O2-induced model of neurotoxicity in SH-SY5Y human neuroblastoma cells
has been widely used to assess the neuroprotective effects of various compounds against
oxidative stress [61,62]. Here, the same model of neurotoxicity was applied to investigate the
protective effects of OLNZ, and OLNZ pretreatment was found to significantly mitigate H2O2-
mediated SH-SY5Y cell death. Similarly, OLNZ pretreatment reduced LDH (a cell membrane
disintegrity marker) and ROS release. Earlier experiments showed that co-incubation with
OLNZ increased cell viability in β-amyloid peptide 25-35-, N-methyl-4-phenyl pyridinium
ion-, and hydrogen peroxide-mediated SH-SY5Y and PC12 cell death [63,64]. So, OLNZ can
regulate H2O2-induced neurotoxicity in SH-SY5Y.

Oxidative-stress-induced cytotoxicity by H2O2 is associated with increased production
of ROS that damage intracellular molecules including lipids, proteins, and DNA [65,66].
Besides, TI-induced oxidative stress-mediated free radicles increase lipid peroxidation
in the CA1 region of the hippocampus [40,67]. Opposed to SODs are enzymes, which
stabilize most of the superoxide radicals (O2

−) by oxidative stress, and thus protect cells
from ROS-mediated cytotoxicity [68]. induced We investigated whether SOD-1 or SOD-
2 expression was reduced by H2O2 or TI-induced oxidative stress, and whether OLNZ
treatment blocked this reduction of SODs protein and gene expression. Early intervention
explored pre-incubation with 10 and 100 uM/L olanzapine upregulated SOD-1 mRNA
expression in PC12 cell cultures after 48 h of incubation [69]. Another experiment confirmed
that the antioxidant activity of olanzapine is due to the scavenging of superoxide anions
formed during the respiratory burst and augmentation of the antioxidant enzymes SODs,
catalase, and glutathione peroxidase [64,70]. Therefore, OLNZ could be an important factor
against oxidative stress-induced cell death.

Oxidative stress initiated by ROS production and inflammation-induced cell and tissue
injuries are important factors in the activation of the MAPK cascade [71]. Activation of
the MAPK cascade can be predicted based on ERK, JNK, and p38 kinase activation [72].
When the MAPK cascade is activated, it triggers apoptosis by DNA damage or caspase-8
activation [14,73]. In our study, OLNZ treatment significantly downregulated transient
ischemia and H2O2-mediated phosphorylation of MAP kinases in the hippocampus and SH-
SY5Y cells. Previous studies have demonstrated that olanzapine can trigger the activation
of MAPKs in a dose- and time-dependent manner [30,74,75]. The phosphorylation of NF-κB
is an important event in the stress response and can be triggered by a wide range of stimuli,
including oxidative stress. As such, H2O2 can rapidly activate NF-κB, which plays an
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important part in ROS-induced apoptosis [76]. Our results indicated that OLNZ efficiently
suppressed H2O2-induced phosphorylation of NF-κB. Taken together, our findings suggest
that OLNZ has neuroprotective effects against oxidative stress-induced neuronal damage
in both in vivo and in vitro models by regulating MAPK signaling pathway.

Bcl-2 family proteins (Bax and Bcl-2) are directly related to the mitochondrial apoptosis
process [77]. These proteins control the absorbency of the mitochondrial outer membrane
as well as the delivery of apoptotic mediators from the intermembranous mitochondrial re-
gion [77]. In this study, OLNZ pretreatment boosted Bcl-2 protein expression and decreased
Bax protein expression in H2O2-mediated apoptosis of SH-SY5Y cells. These findings
suggest that OLNZ can control apoptotic pathways that are dependent on Bax and Bcl-2.

5. Conclusions

In summary, OLNZ mitigates neuronal cell death and maintains almost normal hip-
pocampal integrity. Our result authenticated that olanzapine attributed its neuroprotective
impacts against TI-induced neuronal damage and H2O2-mediated neurotoxicity in SH-
SY5Y cells by decreasing neuronal apoptosis, as well as oxidative stress by regulating
MAPK signaling pathway. These findings provide opportunities for further research on
olanzapine as a promising medicine against ischemic stroke.

Author Contributions: Conception and design: B.-Y.P. and M.S.I.; methodology: M.S.I. and H.-Y.S.;
software: M.S.I. and Y.-J.Y.; writing—original draft preparation: M.S.I. and M.R.A.; writing—review
and editing: B.-Y.P., R.K., Y.-J.J., H.-J.T., I.-S.K. and D.A.; supervision: B.-Y.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research study was funded by the National Research Foundation of Korea (NRF),
grants funded by the Korean government (MIST) (NRF-2020R1F1A1076246).

Institutional Review Board Statement: The experimental procedures were implemented according
to the related rules and regulations permitted by Institutional Review Board Statement: the animal
welfare regulations of the Institutional Animal Care and Use Committee (approval no. CBNU-2020-
003) of the Jeonbuk National University Laboratory Animal Center in South Korea and in compliance
with the ARRIVE guidelines.

Data Availability Statement: All experimental data produced during this investigation has been
inserted in this main manuscript.

Conflicts of Interest: The authors declare that they have no competing interest.

References
1. Hsieh, C.H.; Lin, Y.J.; Chen, W.L.; Huang, Y.C.; Chang, C.W.; Cheng, F.C.; Liu, R.S.; Shyu, W.C. HIF-1α triggers long-lasting

glutamate excitotoxicity via system x(c)(-) in cerebral ischaemia-reperfusion. J. Pathol. 2017, 241, 337–349. [CrossRef] [PubMed]
2. Lipton, P. Ischemic cell death in brain neurons. Physiol. Rev. 1999, 79, 1431–1568. [CrossRef]
3. Sun, M.S.; Jin, H.; Sun, X.; Huang, S.; Zhang, F.L.; Guo, Z.N.; Yang, Y. Free Radical Damage in Ischemia-Reperfusion Injury: An

Obstacle in Acute Ischemic Stroke after Revascularization Therapy. Oxid. Med. Cell. Longev. 2018, 2018, 3804979. [CrossRef]
4. Lo, E.H.; Dalkara, T.; Moskowitz, M.A. Mechanisms, challenges and opportunities in stroke. Nat. Rev. Neurosci. 2003, 4, 399–415.

[CrossRef] [PubMed]
5. Zhou, Y.; Men, L.; Sun, Y.; Wei, M.; Fan, X. Pharmacodynamic effects and molecular mechanisms of lignans from Schisandra

chinensis Turcz. (Baill.), a current review. Eur. J. Pharmacol. 2021, 892, 173796. [CrossRef] [PubMed]
6. Allen, C.L.; Bayraktutan, U. Oxidative stress and its role in the pathogenesis of ischaemic stroke. Int. J. Stroke 2009, 4, 461–470.

[CrossRef]
7. Chen, H.; Yoshioka, H.; Kim, G.S.; Jung, J.E.; Okami, N.; Sakata, H.; Maier, C.M.; Narasimhan, P.; Goeders, C.E.; Chan, P.H.

Oxidative stress in ischemic brain damage: Mechanisms of cell death and potential molecular targets for neuroprotection. Antioxid.
Redox Signal. 2011, 14, 1505–1517. [CrossRef]

8. Chan, P.H. Reactive oxygen radicals in signaling and damage in the ischemic brain. J. Cereb. Blood Flow Metab. 2001, 21, 2–14.
[CrossRef]

9. Xu, Q.L.; Wu, J. Effects of Txk-mediated activation of NF-κB signaling pathway on neurological deficit and oxidative stress after
ischemia-reperfusion in rats. Mol. Med. Rep. 2021, 24, 524. [CrossRef]

10. Zhao, H.; Zhang, R.; Yan, X.; Fan, K. Superoxide dismutase nanozymes: An emerging star for anti-oxidation. J. Mater. Chem. B
2021, 9, 6939–6957. [CrossRef]

http://doi.org/10.1002/path.4838
http://www.ncbi.nlm.nih.gov/pubmed/27801527
http://doi.org/10.1152/physrev.1999.79.4.1431
http://doi.org/10.1155/2018/3804979
http://doi.org/10.1038/nrn1106
http://www.ncbi.nlm.nih.gov/pubmed/12728267
http://doi.org/10.1016/j.ejphar.2020.173796
http://www.ncbi.nlm.nih.gov/pubmed/33345853
http://doi.org/10.1111/j.1747-4949.2009.00387.x
http://doi.org/10.1089/ars.2010.3576
http://doi.org/10.1097/00004647-200101000-00002
http://doi.org/10.3892/mmr.2021.12163
http://doi.org/10.1039/D1TB00720C


Antioxidants 2022, 11, 1697 21 of 23

11. Kwon, S.H.; Kim, J.A.; Hong, S.I.; Jung, Y.H.; Kim, H.C.; Lee, S.Y.; Jang, C.G. Loganin protects against hydrogen peroxide-induced
apoptosis by inhibiting phosphorylation of JNK, p38, and ERK 1/2 MAPKs in SH-SY5Y cells. Neurochem. Int. 2011, 58, 533–541.
[CrossRef] [PubMed]

12. Fan, Z.; Wang, X.; Zhang, M.; Zhao, C.; Mei, C.; Li, P. MAPK Pathway Inhibitors Attenuated Hydrogen Peroxide Induced Damage
in Neural Cells. Biomed. Res. Int. 2019, 2019, 5962014. [CrossRef]

13. Yue, J.; López, J.M. Understanding MAPK Signaling Pathways in Apoptosis. Int. J. Mol. Sci. 2020, 21, 2346. [CrossRef] [PubMed]
14. Cagnol, S.; Chambard, J.C. ERK and cell death: Mechanisms of ERK-induced cell death—Apoptosis, autophagy and senescence.

Febs. J. 2010, 277, 2–21. [CrossRef]
15. Green, D.R.; Llambi, F. Cell Death Signaling. Cold Spring Harb. Perspect. Biol. 2015, 7, a006080. [CrossRef] [PubMed]
16. Dambrova, M.; Zvejniece, L.; Skapare, E.; Vilskersts, R.; Svalbe, B.; Baumane, L.; Muceniece, R.; Liepinsh, E. The anti-inflammatory

and antinociceptive effects of NF-κB inhibitory guanidine derivative ME10092. Int. Immunopharmacol. 2010, 10, 455–460.
[CrossRef] [PubMed]

17. Khandelwal, N.; Simpson, J.; Taylor, G.; Rafique, S.; Whitehouse, A.; Hiscox, J.; Stark, L.A. Nucleolar NF-κB/RelA mediates
apoptosis by causing cytoplasmic relocalization of nucleophosmin. Cell Death Differ. 2011, 18, 1889–1903. [CrossRef] [PubMed]

18. Lingappan, K. NF-κB in Oxidative Stress. Curr. Opin. Toxicol. 2018, 7, 81–86. [CrossRef]
19. Cowell, R.M.; Plane, J.M.; Silverstein, F.S. Complement activation contributes to hypoxic-ischemic brain injury in neonatal rats. J.

Neurosci. 2003, 23, 9459–9468. [CrossRef]
20. Schäfer, M.K.; Schwaeble, W.J.; Post, C.; Salvati, P.; Calabresi, M.; Sim, R.B.; Petry, F.; Loos, M.; Weihe, E. Complement C1q is

dramatically up-regulated in brain microglia in response to transient global cerebral ischemia. J. Immunol. 2000, 164, 5446–5452.
[CrossRef]

21. Van Beek, J.; Bernaudin, M.; Petit, E.; Gasque, P.; Nouvelot, A.; MacKenzie, E.T.; Fontaine, M. Expression of receptors for
complement anaphylatoxins C3a and C5a following permanent focal cerebral ischemia in the mouse. Exp. Neurol. 2000, 161,
373–382. [CrossRef] [PubMed]

22. Gasque, P.; Dean, Y.D.; McGreal, E.P.; VanBeek, J.; Morgan, B.P. Complement components of the innate immune system in health
and disease in the CNS. Immunopharmacology 2000, 49, 171–186. [CrossRef]

23. Gasque, P.; Thomas, A.; Fontaine, M.; Morgan, B.P. Complement activation on human neuroblastoma cell lines in vitro: Route of
activation and expression of functional complement regulatory proteins. J. Neuroimmunol. 1996, 66, 29–40. [CrossRef]

24. Komotar, R.J.; Starke, R.M.; Arias, E.J.; Garrett, M.C.; Otten, M.L.; Merkow, M.B.; Hassid, B.; Mocco, J.; Sughrue, M.E.; Kim, G.H.;
et al. The complement cascade: New avenues in stroke therapy. Curr. Vasc. Pharmacol. 2009, 7, 287–292. [CrossRef]

25. Moore, N.A.; Tye, N.C.; Axton, M.S.; Risius, F.C. The behavioral pharmacology of olanzapine, a novel “atypical” antipsychotic
agent. J. Pharmacol. Exp. Ther. 1992, 262, 545–551. [PubMed]

26. Bymaster, F.P.; Rasmussen, K.; Calligaro, D.O.; Nelson, D.L.; DeLapp, N.W.; Wong, D.T.; Moore, N.A. In vitro and in vivo
biochemistry of olanzapine: A novel, atypical antipsychotic drug. J. Clin. Psychiatry 1997, 58 (Suppl. 10), 28–36.

27. Al-Chalabi, B.M.; Thanoon, I.A.; Ahmed, F.A. Potential effect of olanzapine on total antioxidant status and lipid peroxidation in
schizophrenic patients. Neuropsychobiology 2009, 59, 8–11. [CrossRef]

28. Del Campo, A.; Salamanca, C.; Fajardo, A.; Díaz-Castro, F.; Bustos, C.; Calfío, C.; Troncoso, R.; Pastene-Navarrete, E.R.; Acuna-
Castillo, C.; Milla, L.A.; et al. Anthocyanins from Aristotelia chilensis Prevent Olanzapine-Induced Hepatic-Lipid Accumulation
but Not Insulin Resistance in Skeletal Muscle Cells. Molecules 2021, 26, 6149. [CrossRef]

29. Pereira, A.; Sugiharto-Winarno, A.; Zhang, B.; Malcolm, P.; Fink, G.; Sundram, S. Clozapine induction of ERK1/2 cell signalling via
the EGF receptor in mouse prefrontal cortex and striatum is distinct from other antipsychotic drugs. Int. J. Neuropsychopharmacol.
2012, 15, 1149–1160. [CrossRef]

30. Lu, X.H.; Bradley, R.J.; Dwyer, D.S. Olanzapine produces trophic effects in vitro and stimulates phosphorylation of Akt/PKB,
ERK1/2, and the mitogen-activated protein kinase p38. Brain Res. 2004, 1011, 58–68. [CrossRef] [PubMed]

31. Xiong, Y.J.; Song, Y.Z.; Zhu, Y.; Zuo, W.Q.; Zhao, Y.F.; Shen, X.; Wang, W.J.; Liu, Y.L.; Wu, J.C.; Liang, Z.Q. Neuroprotective effects
of olanzapine against rotenone-induced toxicity in PC12 cells. Acta Pharmacol. Sin. 2020, 41, 508–515. [CrossRef] [PubMed]

32. Yue, L.F.; Zhong, Z.X.; Ma, J.; Wang, N. The Protective Effect of Olanzapine on the Hippocampal Neuron of Depression Model
Rats via Inhibiting NLRP3 Inflammasome Activation. Sichuan Da Xue Xue Bao Yi Xue Ban 2019, 50, 672–678. [PubMed]

33. Wakade, C.G.; Mahadik, S.P.; Waller, J.L.; Chiu, F.C. Atypical neuroleptics stimulate neurogenesis in adult rat brain. J. Neurosci.
Res. 2002, 69, 72–79. [CrossRef] [PubMed]

34. Yulug, B.; Yildiz, A.; Hüdaoglu, O.; Kilic, E.; Cam, E.; Schäbitz, W.R. Olanzapine attenuates brain damage after focal cerebral
ischemia in vivo. Brain Res. Bull. 2006, 71, 296–300. [CrossRef] [PubMed]

35. Lee, J.C.; Park, J.H.; Kim, I.H.; Cho, G.S.; Ahn, J.H.; Tae, H.J.; Choi, S.Y.; Cho, J.H.; Kim, D.W.; Kwon, Y.G.; et al. Neuroprotection
of ischemic preconditioning is mediated by thioredoxin 2 in the hippocampal CA1 region following a subsequent transient
cerebral ischemia. Brain Pathol. 2017, 27, 276–291. [CrossRef] [PubMed]

36. Islam, M.S.; Shin, H.Y.; Yoo, Y.J.; Lee, E.Y.; Kim, R.; Jang, Y.J.; Akanda, M.R.; Tae, H.J.; Kim, I.S.; Ahn, D.; et al. Fermented Mentha
arvensis administration provides neuroprotection against transient global cerebral ischemia in gerbils and SH-SY5Y cells via
downregulation of the MAPK signaling pathway. BMC Complement. Med. Ther. 2022, 22, 172. [CrossRef] [PubMed]

37. Schmued, L.C.; Hopkins, K.J. Fluoro-Jade B: A high affinity fluorescent marker for the localization of neuronal degeneration.
Brain Res. 2000, 874, 123–130. [CrossRef]

http://doi.org/10.1016/j.neuint.2011.01.012
http://www.ncbi.nlm.nih.gov/pubmed/21241762
http://doi.org/10.1155/2019/5962014
http://doi.org/10.3390/ijms21072346
http://www.ncbi.nlm.nih.gov/pubmed/32231094
http://doi.org/10.1111/j.1742-4658.2009.07366.x
http://doi.org/10.1101/cshperspect.a006080
http://www.ncbi.nlm.nih.gov/pubmed/26626938
http://doi.org/10.1016/j.intimp.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20074673
http://doi.org/10.1038/cdd.2011.79
http://www.ncbi.nlm.nih.gov/pubmed/21660047
http://doi.org/10.1016/j.cotox.2017.11.002
http://doi.org/10.1523/JNEUROSCI.23-28-09459.2003
http://doi.org/10.4049/jimmunol.164.10.5446
http://doi.org/10.1006/exnr.1999.7273
http://www.ncbi.nlm.nih.gov/pubmed/10683302
http://doi.org/10.1016/S0162-3109(00)80302-1
http://doi.org/10.1016/0165-5728(96)00015-X
http://doi.org/10.2174/157016109788340677
http://www.ncbi.nlm.nih.gov/pubmed/1354253
http://doi.org/10.1159/000202823
http://doi.org/10.3390/molecules26206149
http://doi.org/10.1017/S1461145711001404
http://doi.org/10.1016/j.brainres.2004.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15140644
http://doi.org/10.1038/s41401-020-0378-6
http://www.ncbi.nlm.nih.gov/pubmed/32123301
http://www.ncbi.nlm.nih.gov/pubmed/31762236
http://doi.org/10.1002/jnr.10281
http://www.ncbi.nlm.nih.gov/pubmed/12111817
http://doi.org/10.1016/j.brainresbull.2006.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17113959
http://doi.org/10.1111/bpa.12389
http://www.ncbi.nlm.nih.gov/pubmed/27117068
http://doi.org/10.1186/s12906-022-03653-7
http://www.ncbi.nlm.nih.gov/pubmed/35752797
http://doi.org/10.1016/S0006-8993(00)02513-0


Antioxidants 2022, 11, 1697 22 of 23

38. Park, J.H.; Shin, B.N.; Chen, B.H.; Kim, I.H.; Ahn, J.H.; Cho, J.H.; Tae, H.J.; Lee, J.C.; Lee, C.H.; Kim, Y.M.; et al. Neuroprotection
and reduced gliosis by atomoxetine pretreatment in a gerbil model of transient cerebral ischemia. J. Neurol. Sci. 2015, 359, 373–380.
[CrossRef]

39. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

40. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]

41. Brannan, T.; Weinberger, J.; Knott, P.; Taff, I.; Kaufmann, H.; Togasaki, D.; Nieves-Rosa, J.; Maker, H. Direct evidence of acute,
massive striatal dopamine release in gerbils with unilateral strokes. Stroke 1987, 18, 108–110. [CrossRef] [PubMed]

42. Surmeier, D.J.; Bargas, J.; Hemmings, H.C., Jr.; Nairn, A.C.; Greengard, P. Modulation of calcium currents by a D1 dopaminergic
protein kinase/phosphatase cascade in rat neostriatal neurons. Neuron 1995, 14, 385–397. [CrossRef]

43. Khan, F.H.; Saha, M.; Chakrabarti, S. Dopamine induced protein damage in mitochondrial-synaptosomal fraction of rat brain.
Brain Res. 2001, 895, 245–249. [CrossRef]

44. Reinhard, J.F., Jr.; Liebmann, J.E.; Schlosberg, A.J.; Moskowitz, M.A. Serotonin neurons project to small blood vessels in the brain.
Science 1979, 206, 85–87. [CrossRef]

45. Bever, K.A.; Perry, P.J. Olanzapine: A serotonin-dopamine-receptor antagonist for antipsychotic therapy. Am. J. Health Syst. Pharm.
1998, 55, 1003–1016. [CrossRef] [PubMed]

46. Noh, Y.; Ahn, J.H.; Lee, J.-W.; Hong, J.; Lee, T.-K.; Kim, B.; Kim, S.-S.; Won, M.-H. Brain Factor-7® improves learning and memory
deficits and attenuates ischemic brain damage by reduction of ROS generation in stroke in vivo and in vitro. Lab. Anim. Res. 2020,
36, 24. [CrossRef]

47. Lee, T.K.; Kim, H.; Song, M.; Lee, J.C.; Park, J.H.; Ahn, J.H.; Yang, G.E.; Kim, H.; Ohk, T.G.; Shin, M.C.; et al. Time-course pattern
of neuronal loss and gliosis in gerbil hippocampi following mild, severe, or lethal transient global cerebral ischemia. Neural Regen.
Res. 2019, 14, 1394–1403. [CrossRef]

48. Yoo, D.Y.; Lee, K.Y.; Park, J.H.; Jung, H.Y.; Kim, J.W.; Yoon, Y.S.; Won, M.H.; Choi, J.H.; Hwang, I.K. Glucose metabolism and
neurogenesis in the gerbil hippocampus after transient forebrain ischemia. Neural Regen. Res. 2016, 11, 1254–1259. [CrossRef]

49. Pulsinelli, W.A. Selective neuronal vulnerability: Morphological and molecular characteristics. Prog. Brain Res. 1985, 63, 29–37.
[CrossRef]

50. Wang, H.D.; Deutch, A.Y. Dopamine depletion of the prefrontal cortex induces dendritic spine loss: Reversal by atypical
antipsychotic drug treatment. Neuropsychopharmacology 2008, 33, 1276–1286. [CrossRef]

51. Csernansky, J.G.; Martin, M.V.; Czeisler, B.; Meltzer, M.A.; Ali, Z.; Dong, H. Neuroprotective effects of olanzapine in a rat model
of neurodevelopmental injury. Pharmacol. Biochem. Behav. 2006, 83, 208–213. [CrossRef] [PubMed]

52. Dheen, S.T.; Kaur, C.; Ling, E.A. Microglial activation and its implications in the brain diseases. Curr. Med. Chem. 2007, 14,
1189–1197. [CrossRef] [PubMed]

53. Pekny, M.; Nilsson, M. Astrocyte activation and reactive gliosis. Glia 2005, 50, 427–434. [CrossRef]
54. Lambertsen, K.L.; Gregersen, R.; Meldgaard, M.; Clausen, B.H.; Heibøl, E.K.; Ladeby, R.; Knudsen, J.; Frandsen, A.; Owens, T.;

Finsen, B. A role for interferon-gamma in focal cerebral ischemia in mice. J. Neuropathol. Exp. Neurol. 2004, 63, 942–955. [CrossRef]
[PubMed]

55. Yoo, K.Y.; Yoo, D.Y.; Hwang, I.K.; Park, J.H.; Lee, C.H.; Choi, J.H.; Kwon, S.H.; Her, S.; Lee, Y.L.; Won, M.H. Time-course alterations
of Toll-like receptor 4 and NF-κB p65, and their co-expression in the gerbil hippocampal CA1 region after transient cerebral
ischemia. Neurochem. Res. 2011, 36, 2417–2426. [CrossRef]

56. Zhang, H.; Zhang, Y.; Xu, H.; Wang, L.; Adilijiang, A.; Wang, J.; Hartle, K.; Zhang, Z.; Zhang, D.; Tan, Q.; et al. Olanzapine
ameliorates neuropathological changes and increases IGF-1 expression in frontal cortex of C57BL/6 mice exposed to cuprizone.
Psychiatry Res. 2014, 216, 438–445. [CrossRef]

57. Yung, S.C.; Farber, J.M. Chapter 89—Chemokines. In Handbook of Biologically Active Peptides (Second Edition); Kastin, A.J., Ed.;
Academic Press: Boston, MA, USA, 2013; pp. 656–663. [CrossRef]

58. De Maria, R.; Cifone, M.G.; Trotta, R.; Rippo, M.R.; Festuccia, C.; Santoni, A.; Testi, R. Triggering of human monocyte activation
through CD69, a member of the natural killer cell gene complex family of signal transducing receptors. J. Exp. Med. 1994, 180,
1999–2004. [CrossRef]

59. Bernimoulin, M.P.; Zeng, X.-L.; Abbal, C.; Giraud, S.; Martinez, M.; Michielin, O.; Schapira, M.; Spertini, O. Molecular Basis of
Leukocyte Rolling on PSGL-1: Predominant Role Of Core-2 O-Glycans And Of Tyrosine Sulfate Residue 51. J. Biol. Chem. 2003,
278, 37–47. [CrossRef]

60. Tian, R.; Zuo, X.; Jaoude, J.; Mao, F.; Colby, J.; Shureiqi, I. ALOX15 as a suppressor of inflammation and cancer: Lost in the link.
Prostaglandins Other Lipid Mediat. 2017, 132, 77–83. [CrossRef]

61. Wang, M.; Wang, J.; Liu, M.; Chen, G. Fluvastatin protects neuronal cells from hydrogen peroxide-induced toxicity with decreasing
oxidative damage and increasing PI3K/Akt/mTOR signalling. J. Pharm. Pharmacol. 2021, 73, 515–521. [CrossRef]

62. Gao, J.; Xu, Y.; Zhang, J.; Shi, J.; Gong, Q. Lithocarpus polystachyus Rehd. leaves aqueous extract protects against hydrogen
peroxide-induced SH-SY5Y cells injury through activation of Sirt3 signaling pathway. Int. J. Mol. Med. 2018, 42, 3485–3494.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.jns.2015.11.028
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1155/2014/360438
http://doi.org/10.1161/01.STR.18.1.108
http://www.ncbi.nlm.nih.gov/pubmed/3810742
http://doi.org/10.1016/0896-6273(95)90294-5
http://doi.org/10.1016/S0006-8993(00)03284-4
http://doi.org/10.1126/science.482930
http://doi.org/10.1093/ajhp/55.10.1003
http://www.ncbi.nlm.nih.gov/pubmed/9606451
http://doi.org/10.1186/s42826-020-00057-x
http://doi.org/10.4103/1673-5374.253524
http://doi.org/10.4103/1673-5374.189189
http://doi.org/10.1016/s0079-6123(08)61973-1
http://doi.org/10.1038/sj.npp.1301521
http://doi.org/10.1016/j.pbb.2006.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16524622
http://doi.org/10.2174/092986707780597961
http://www.ncbi.nlm.nih.gov/pubmed/17504139
http://doi.org/10.1002/glia.20207
http://doi.org/10.1093/jnen/63.9.942
http://www.ncbi.nlm.nih.gov/pubmed/15453093
http://doi.org/10.1007/s11064-011-0569-0
http://doi.org/10.1016/j.psychres.2014.02.019
http://doi.org/10.1016/B978-0-12-385095-9.00089-0
http://doi.org/10.1084/jem.180.5.1999
http://doi.org/10.1074/jbc.M204360200
http://doi.org/10.1016/j.prostaglandins.2017.01.002
http://doi.org/10.1093/jpp/rgaa058
http://doi.org/10.3892/ijmm.2018.3916
http://www.ncbi.nlm.nih.gov/pubmed/30320335


Antioxidants 2022, 11, 1697 23 of 23

63. Yang, M.C.; Lung, F.W. Neuroprotection of paliperidone on SH-SY5Y cells against β-amyloid peptide(25-35), N-methyl-4-
phenylpyridinium ion, and hydrogen peroxide-induced cell death. Psychopharmacology 2011, 217, 397–410. [CrossRef] [PubMed]

64. Wang, H.; Xu, H.; Dyck, L.E.; Li, X.M. Olanzapine and quetiapine protect PC12 cells from beta-amyloid peptide(25-35)-induced
oxidative stress and the ensuing apoptosis. J. Neurosci. Res. 2005, 81, 572–580. [CrossRef]

65. Cavallucci, V.; D’Amelio, M.; Cecconi, F. Aβ Toxicity in Alzheimer’s Disease. Mol. Neurobiol. 2012, 45, 366–378. [CrossRef]
[PubMed]

66. Lee, S.; Jeon, Y.M.; Jo, M.; Kim, H.J. Overexpression of SIRT3 Suppresses Oxidative Stress-induced Neurotoxicity and Mitochon-
drial Dysfunction in Dopaminergic Neuronal Cells. Exp. Neurobiol. 2021, 30, 341–355. [CrossRef] [PubMed]

67. Yang, G.E.; Tae, H.J.; Lee, T.K.; Park, Y.E.; Cho, J.H.; Kim, D.W.; Park, J.H.; Ahn, J.H.; Ryoo, S.; Kim, Y.M.; et al. Risperidone
Treatment after Transient Ischemia Induces Hypothermia and Provides Neuroprotection in the Gerbil Hippocampus by Decreasing
Oxidative Stress. Int. J. Mol. Sci. 2019, 20, 4621. [CrossRef]

68. Gilgun-Sherki, Y.; Melamed, E.; Offen, D. Oxidative stress induced-neurodegenerative diseases: The need for antioxidants that
penetrate the blood brain barrier. Neuropharmacology 2001, 40, 959–975. [CrossRef]

69. Li, X.M.; Chlan-Fourney, J.; Juorio, A.V.; Bennett, V.L.; Shrikhande, S.; Keegan, D.L.; Qi, J.; Boulton, A.A. Differential effects of
olanzapine on the gene expression of superoxide dismutase and the low affinity nerve growth factor receptor. J. Neurosci. Res.
1999, 56, 72–75. [CrossRef]

70. Brinholi, F.F.; Farias, C.C.; Bonifácio, K.L.; Higachi, L.; Casagrande, R.; Moreira, E.G.; Barbosa, D.S. Clozapine and olanzapine are
better antioxidants than haloperidol, quetiapine, risperidone and ziprasidone in in vitro models. Biomed. Pharmacother 2016, 81,
411–415. [CrossRef]

71. Ci, X.; Ren, R.; Xu, K.; Li, H.; Yu, Q.; Song, Y.; Wang, D.; Li, R.; Deng, X. Schisantherin A exhibits anti-inflammatory properties by
down-regulating NF-kappaB and MAPK signaling pathways in lipopolysaccharide-treated RAW 264.7 cells. Inflammation 2010,
33, 126–136. [CrossRef]

72. Lee, K.M.; Lee, A.S.; Choi, I. Melandrii Herba Extract Attenuates H2O2-Induced Neurotoxicity in Human Neuroblastoma
SH-SY5Y Cells and Scopolamine-Induced Memory Impairment in Mice. Molecules 2017, 22, 1646. [CrossRef] [PubMed]

73. Mansouri, A.; Ridgway, L.D.; Korapati, A.L.; Zhang, Q.; Tian, L.; Wang, Y.; Siddik, Z.H.; Mills, G.B.; Claret, F.X. Sustained
activation of JNK/p38 MAPK pathways in response to cisplatin leads to Fas ligand induction and cell death in ovarian carcinoma
cells. J. Biol. Chem. 2003, 278, 19245–19256. [CrossRef] [PubMed]
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