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ABSTRACT: Neuroinflammation is a complicated process that involves activating the brain's innate immune system in response to
various stressors such as infection, injury, and neurodegeneration. The present review mainly focused on the possible signaling
pathways and future potential targets for Omeprazole (OM) in neuroinflammation to combat neurodegenerative diseases like
Alzheimer's disease (AD), Parkinson's disease (PD), multiple sclerosis (MS), stroke, traumatic brain injury (TBI) and many more.OM
dramatically reduced TNF-a, IL-1B3, and IL-6 levels. It also reduces oxidative stress by increasing the activity of antioxidants such as
SOD, catalase activity, and palliating pro-oxidant malondialdehyde (MDA).OM suppressed inflammatory biomarkers by interrupting the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kf) signaling pathway in gastrointestinal disorders and renal injury.
Excessive NMDA receptor activation causes an influx of Ca?* ions into the neuron, disrupting cellular homeostasis and producing
reactive oxygen species. OM causes deregulation and injures mitochondrial-mediated ROS generation. OM potently diminished the
malondialdehyde level, serum IL-13 and sE-selectin, and caspase-3, and increased levels of glutathione, Bcl-2 by PPAR-y, NF-kB, and

Nrf2/HO-1 Signalling Pathways.
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INTRODUCTION

Omeprazole (OM) was discovered by a team of scientists led by
Drs. James W. Black, Robert A. Cobbin, and John S. Ford at
Astra AB (AstraZeneca) in the late 1970s [1]. OM belongs to the
type of drugs called proton pump inhibitors (PPIs) and exerts its
therapeutic actions by irreversibly obstructing the H+/K+-
ATPase enzyme on the secretory surface of gastric parietal cells
[2]. It has IUPAC named as 5-methoxy-2-[(RS)-[(4-methoxy-3, 5-
dimethylpyridin-2-yl) methyl] sulfinyl]-1H-benzimidazole [3]. It
has a chiral center at the C-5 position of the imidazole ring and
is chemically composed of a benzimidazole structure with a
sulfinyl moiety. The S and R enantiomers are mixed in a racemic
mixture, the drug's S-enantiomer being its active component. Its
molecular weight is 345.42 g/mol with the chemical formula

=
H,CO N \ / CHy

HyC OCH,
C17H19N303S (see Fig.1).

Figure (1): Chemical structure of Omeprazole.

Since its inception, OM has completely changed how acid-
related conditions including gastroesophageal reflux disease
(GERD) [4-6], peptic ulcers [7-9], and Zollinger-Ellison
syndrome [10], and for the eradication of Helicobacter pylori
infection [11, 12]. Despite this, many scientists are using OM in
in-vitro and in-vivo models of neurodegenerative diseases
including Parkinson’s disease, traumatic brain injury, and
neuropathic pain [13-17]. However, the exact mechanism by
which OM exerted anti-neurotoxic action is still unknown. A
Plethora of studies has suggested the anti-oxidative, anti-
apoptotic, anti-secretary, autophagy inducer, and anti-
inflammatory properties of OM in gastrointestinal, and kidney
diseases [18-22]. So, in neuroinflammation, the above-
mentioned beneficial effects of OM have not been illustrated yet.
In this review, we will suggest the possible signaling pathways
and future potential targets for OM in neuroinflammation to
combat neurodegenerative diseases like Alzheimer's disease
(AD), Parkinson's disease (PD), multiple sclerosis (MS), stroke,
traumatic brain injury (TBI) and many more (see Fig.2).
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Figure (2): Schematic representation of different signaling activities leads to neuroinflammation in various brain disorders.

*The above figure is original and is created by the authors specifically for this study.

Neuroinflammation is a complicated process involving activating
the brain's innate immune system in response to various
stressors such as infection, injury, and neurodegeneration [23].
This activation produces inflammatory mediators such as
cytokines, chemokines, and reactive oxygen species (ROS),
which can harm neurons and other brain cells [24]. Many
research studies linked neuroinflammation with distinct
neurodegenerative diseases such as AD [25, 26], PD [27, 28],
MS [29, 30], stroke [31, 32], TBI [33, 34], epilepsy [35, 36], and
certain psychiatric disorders like depression [37, 38] and
schizophrenia [39, 40]. The immune response and inflammatory

processes within the central nervous system (CNS) can cause
damage to neurons, alter normal brain functioning, and
contribute to illness progression in several conditions. However,
limited drug therapies are available for neuroinflammatory
diseases in the market, to combat the scenario the well-known
PPI inhibitor OM can be beneficial approach towards
neuroinflammation. The precise methods by which omeprazole
exerts its putative anti-inflammatory benefits in
neuroinflammation are unknown. In this review we will suggest
several possible ways by which OM may alter neuroinflammation
(see Fig 3)
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Figure (3): The potential effect of Omeprazole against the various biomarkers of neurodegenerative disorders.

Role of microglial activation in neuroinflammation

Microglias, which are resident immune cells in the CNS
responsible for immunological monitoring and defense, are a
major factor in neuroinflammation. Microglia can be activated by
a variety of cues, including injury, infection, or inflammatory
biomarkers generated by injured cells [41- 42]. Changes in
morphology, gene expression, and functional features
accompany the transition from a resting to an activated state. It

activation can be divided into two categories: proinflammatory
(M1) and anti-inflammatory (M2) [42, 43].

Proinflammatory microglia (M1) releases a variety of
chemicals that contribute to the inflammatory response in
neuroinflammation. These include proinflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1B), and interleukin-6 (IL-6) interleukin-18 (IL-18) [44, 45].
These cytokines can recruit immune cells, activate astrocytes,
and contribute to the blood-brain barrier breakdown [46].



Furthermore, proinflammatory microglia emit reactive oxygen
species (ROS), nitric oxide (NO), and other toxic biochemicals
that can cause neuronal damage and neurotoxicity [47, 48].

They also express surface receptors such as toll-like
receptors (TLRs), which recognize pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPSs), increasing the inflammatory response even
more [49, 50]. On the other hand, anti-inflammatory microglias
(M2) are engaged in the resolution of neuroinflammation and
tissue restoration. They release anti-inflammatory cytokines like
interleukin-10 (IL-10) and transforming growth factor-beta (TGF-
), which can inhibit proinflammatory cell activation and dampen
the inflammatory response, as shown in figure 1 [51, 52]. M2
microglia are further distinguished by their phagocytic solid
activity and neurotrophic factor release, including the brain-
derived neurotrophic factor (BDNF) [44], and also the insulin-like
growth factor-1 (IGF-1) [53], and the nerve growth factor (NGF)
[42]. These substances boost neuronal survival, synaptic
plasticity, and tissue repair. A range of variables in the CNS
microenvironment dynamically influence microglia polarization.
Signals from neurons, astrocytes, and invading immune cells can
all impact microglia. Astrocytes, a glial cell in the CNS typically
A2 polarized, can release soluble molecules that induce M2
polarization and reduce microglia's proinflammatory response
[54].

The M1 and M2 microglia balance is critical for
immunological homeostasis in the CNS. Neuroinflammation can
develop when the balance shifts toward M1 microglia which
ultimately leads to neuronal damage and neurodegenerative
diseases, such as Alzheimer's disease [55] and Parkinson's
disease [56], stroke [57], multiple sclerosis [58], and many
more. Sadayuki Hashioka and their co-workers found the anti-
neuroinflammatory property of OM on the toxic action towards
SH-SY5Y neuroblastoma cells of supernatants from human
microglia and THP-1 cells stimulated by lipopolysaccharide
(LPS) combined with interferon-y [15]. This effect is produced
upon decreasing the secretion of TNF-a and IL-6 from the
stimulated THP-1 cells which are in concentration-dependent
manner [15].

Consistently, Hashioka et al. (2011) established the
cytoprotective, anti-neurotoxic, and anti-neuroinflammatory
activities of OM by attenuating interferon-y triggers signal
transducer and acts as a activator for transcription 3 (STAT3)
phosphorylation, which produced neurotoxicity to human glial U-

Cell membrane

Cytoplasm

|

IKKp

G

Activation

[ ! ] Cytokine Receptor

Translocation

373 MG cells or U-118 MG cells at a 10 uM concentration [13].
According to Chanchal et al., 2016, have indicated that OM
ameliorates the neuropathic pain in adult male Wistar rats at a
dose of 50mg/kg/day/oral for 1l4days stimulated by chronic
constriction injury (CCI) model [17]. ROS generation in U-87 cells
induced by LPS induces inflammation in-vitro. Compared to their
control groups, OM dramatically reduced TNF-a, IL-1B, and IL-6
levels. It also reduces oxidative stress by increasing the activity
of antioxidants such as SOD, catalase activity, and palliating pro-
oxidant malondialdehyde (MDA). Similarly, in-vitro study, OM
reduced the oxidative stress as well as the release of TNF-a, IL-
1B, and IL-6 in LPS-mediated ROS-induced U-87 cells [17].
Although the precise signaling pathway by which OM shows
neuroprotective actions is not clearly known. More research is
required to discover the crystal-clear mechanism of OM in
neuroinflammatory-linked neurological disorders.

Role of NF-kB pathway in neuroinflammation

From the distinct review of the literature, it was found that
OM suppressed inflammatory biomarkers by sowing intruptions
in the nuclear factor kappa-light-chain-enhancer which iniciated
the B cells (NF-kB) signaling pathway in gastrointestinal
disorders and renal injury [18, 59-63]. NF-k is a transcription
factor, that regulates the immunological and inflammatory
responses, including neuroinflammation [64, 65]. It plays a
crucial role in modulating inflammation, immune response, cell
survival, and apoptosis-related gene expression. The NF-kf
signaling pathway can be activated by various stimuli, including
pro-inflammatory cytokines, such as TNF-a [66] and IL-13 [67,
68], PAMPs, such as LPS from bacteria [50], and DAMPs, like
ATP released from damaged cells [69], oxidative stress, and
other cellular stressors. The activation of NF-kf involves a
complex series of events, including receptor stimulation, kB
degradation, nuclear translocation, and finally production of
inflammatory cytokines.

The signaling cascade is initiated by the binding of ligands,
such as TNF-a or IL-1B, to their corresponding cell surface
receptors. These ligands binds to cell surface tumor necrosis
factor receptors (TNFR) and also to the interleukin-1 receptors
(IL-1R) [50]. Following ligand binding, it activates a multiprotein
complex known as IkB kinase (IKK) complex. The IKK complex
consists of two catalytic subunits, IKKa and [67] IKKB, and a
regulatory subunit called IKKy (also known as NEMO) as shown
in (see fig 4).
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Figure (4): NF-kB activation pathway leads to phosphorylation of IkB by IKK to its ubiquitination and subsequent proteasomal degradation
of kB, the active form of NF-kB is released and translocates into the nucleus. This translocation allows NF-kB to bind to specific DNA
sequences known as KB sites in the promoter regions of target genes and generates inflammatory biomarkers.

*The above figure is original and is created by the authors specifically for this study.

Depending on the stimuli and cell type, the specific amino
acid residues involved in NF-k activation can vary. However,
the serine residues (Ser32 and Ser36) in the IkBa protein are a
crucial location for NF-kf activation [68, 70]. Phosphorylation of
IkB by IKKB leads to its ubiquitination and subsequent
proteasomal degradation. This degradation releases the

sequestered NF-kB dimers (typically composed of p50 and p65
subunits) from the cytoplasmic complex and allows them to
translocate into the nucleus. This translocation allows NF-kB to
bind to specific DNA sequences known as kB sites in the
promoter regions of target genes. These genes encode various
pro-inflammatory cytokines (e.g., TNF-a, IL-1B, IL-6),



chemokines (e.g., MCP-1), adhesion molecules, and other
inflammatory mediators that help recruit immune cells to the site
of inflammation and amplify neuroinflammation. Overproduction
of pro-inflammatory cytokines and ROS can induce neurotoxicity,
disrupt synaptic function, and promote neuronal death. Several
studies have shown the detrimental effect of NF-kB-mediated
neuroinflammation in neurodegenerative diseases likes, AD [64]
PD [65], stroke [57], and MS [71].

Sustained or severe NF-kf activation, on the other hand,
might result in chronic inflammation and neuronal injury.
Furthermore, NF-kB activation can increase the production of
pro-apoptotic genes, which contributes to neuronal apoptosis
[72, 73] It has been already established that NF-kf inhibition by
OM in gastrointestinal diseases [59-62]. However, the
neuroprotective role of OM has not been clearly elucidated yet
against NF-kB. Rabab Shaban El-shafey and co-workers have
investigated the antioxidative, anti-apoptotic, and anti-
inflammatory effects of wheat germ oil (WGO), and OM as
standard in ethanol-triggers gastric mucosal injury in adult albino
rats. In this study, OM potently suppressed pro-oxidants
including MDA and nitric oxide while increasing antioxidants like
Nrf2, and HO-1 gene expression, and improving serum GSH,
and catalase. Despite this, OM group significantly increased
serum anti-inflammatory biomarkers such as IL-10 and severely
dampened pro-inflammatory cytokines like TNF-a and IL-18.

Immunohistochemical findings of their study have shown
that this effect produced by markedly decreased in expression of
NF-kB-mediated inflammation [59]. Likewise, Badr et al., 2019,
have published a research work and revealed the mechanism of
pre-treated Raspberry Ketone (RK) (50 mg/kg) orally and OM
(20mg/kg) against ethanol-induced gastric ulcer in adult male
Wistar rats [60]. RK and OM significantly attenuated gastric injury
by elevating antioxidants protein expression of Nrf2 and
suppressed proinflammatory biomarkers such as HMGB1 which
is measured by western blot and NOX-1/2, NOX-4, TNF-a, and
NF-kB estimated by using ELISA technique [60]. Raishet al.,
2018, has found the effect of polysaccharides from M.
charantia (MCP) (300 mg/kg p.o.) and OM in Wistar rats against
the ethanol-stimulated gastritis by activation of the NF-kB
signaling pathway [61]. MCP and OM groups repressed the
gastric inflammation via depleting of MPO, TNF-a, and IL-6
secretions and prohibited oxidative stress by diminishing lipid
peroxidation along with the noteworthy increment in glutathione
and catalase activity.

In addition to this, the apoptotic biomarkers Bax and
caspase-3 suppressed and enhanced the anti-apoptotic protein
Bcl-2, which promotes cell survival [61]. In this review article, we
suggest the anti-neuroinflammatory effect of OM could be
mediated through the inhibition of NF-kB signaling pathways.

Role of NMDA receptors in neuroinflammation and
mechanism of omeprazole to decrease NMDA
receptors activation

N-Methyl-D-Aspartate (NMDA) receptors are an ionotropic
glutamate receptor subtype that plays a critical role in synaptic
plasticity, learning, and memory formation and excitatory
neurotransmission in the encephalon [74 -75].

They are named after the synthetic compound NMDA, which
selectively activates these receptors. The NMDA receptors
consists of multiple subunits, which specifically contains the two
GIuN1 subunits and two GIuN2 subunits [75, 76]. The GIuN1
subunit is required for receptor function and can produce
receptor subtypes with varied features when combined with
different GIuN2 subunits. NMDA receptor subtypes include
GIuN2A, GIuN2B, GIuN2C, and GIuN2D, which are broadly
dispersed throughout the brain. The interaction of glutamate, a
key excitatory neurotransmitter, and the co-agonist glycine or D-
serine is required for NMDA receptor activation. NMDA receptors
are distinguished by their voltage-dependent activation, which
means that channel opening requires the simultaneous fulfiiment
of two conditions: presynaptic depolarization and the removal of
a magnesium (Mg2+) ion block from the receptor's pore [77, 78].

As a result, NMDA receptors are very sensitive to synaptic
activity patterns and the overlap of pre- and postsynaptic firing.
When the NMDA receptor channel opens, cations, including
calcium (Ca2+), can enter the postsynaptic neuron. Calcium is

essential for several cellular functions and signaling pathways in
the CNS. However, overactivation of NMDA receptors, which
results in an excessive calcium influx, can set off a chain of
events that can result in Ca2+ toxicity or excitotoxicity,
superoxide generation, and neuroinflammation in many
neurological ilinesses, as shown in figure 3 [79-81]. The role of
NMDA activation in neuroinflammation is complex and
multifaceted [82, 83]. The therapeutic use of OM against NMDA
receptors has not been studied yet in neuroinflammatory
diseases. A study done by Cerbo et al. has depicted the
protective effect of aqueous extract of Borago officinalis L. and
OM on physical (stress)-induced gastric ulcers in a rat model by
modulation of the NR2A and NR2B subunit expression [84].

In addition, excessive Ca2+ influx overwhelms the cell's
calcium buffering capacity, resulting in an overload of
intracellular Ca2+. The elevated Ca2+ levels activate various
enzymes, including phospholipases, proteases, and nitric oxide
synthase [85-87].A study by Kamiya et al., 2021 demonstrated
that OM dose-dependently (10-1000 pM) attenuated bradykinin
(BK) and thapsigargin-induced endothelial Ca2+ action [88]. OM
repressed Ca2+drives phosphorylation of endothelial nitric oxide
synthase (eNOS) at Serl177 leading to diminished BK and
thapsigargin triggering nitric acid formation [88].Excess Ca2+ in
the cytosol can interfere with mitochondrial activity. Mitochondria
are critical components of cellular energy production and calcium
homeostasis.

Disruption of mitochondrial function can result in ATP
depletion, the generation of ROS, and the release of pro-
apoptotic proteins, all of which contribute to cell death, as shown
in figure 3 [88, 89]. These processes can damage cellular
components and initiate inflammatory responses [90, 91]. The
results of a study by Gao et al., 2018 have indicated that OM at
a concentration of 40 pg/mL significantly reversed the
mitochondrial  morphology, deregulation, and injured
mitochondrial-mediated ROS generation in cisplatin-induced
renal failure in in-vivo SD rats and in-vitro by using human renal
tubular HK-2 cells [63].

In addition to this, they also revealed that OM exerted a
renoprotective effect by diminishing apoptosis and NF-kB
derived inflammation [63].Gislaine T. Rezin and his research
investigated the antioxidative effect of the combination of OM
with N-acetylcysteine (NAC) and the gastrin-releasing peptide
receptor (GRPR) antagonist RC-3095 against indomethacin
(IDM)-induced gastritis. There results showed that OM and RC-
3095 drugs reversed IDM-mediated inhibition of mitochondrial
respiratory complex Il and prevents ATP depletion and ROS
generation[92].

This possible effect of OM on mitochondrial deregulation in
neuroinflammatory link diseases, however, has yet to be
investigated. In this review, we suggest that OM can be
repurposed for neuroinflammation by exploiting this mechanism.
NMDA receptor activation can cause activated microglia and
astrocytes to release pro-inflammatory cytokines such as IL-1f,
TNF-a, and IL-6 [93-95]. Following activation, this results in their
morphological and functional changes, as well as the activation
of more immune cells and the creation of inflammatory mediators
[96, 97]. More research is needed to determine the precise
mechanism of OM action on NMDA receptors in
neuroinflammation. We propose that OM may suppress MMDA-
mediated neurotoxicity by lowering proinflammatory biomarker
release from astrocytes and microglia, as well as ROS formation,
although more in-vitro and in-vivo research is needed to validate
its function in neuroinflammation. This could be a game changer
in terms of repurposing OM use against neuroinflammation.

2.4 Role of Reactive Oxygen Species in neuroinflammation:

Oxidative stress occurs when there is an imbalance between
the production of reactive oxygen species (ROS) and the ability
of cells to detoxify or repair the resulting damage [98]. ROS are
highly reactive molecules that contain oxygen atoms and can be
generated during normal cellular metabolism as well as through
exposure to external sources. It leads to many pathological
conditions and is related to numerous diseases, including
cardiovascular diseases [99, 100], cancer [101, 102], pulmonary
diseases [103, 104], neurodegenerative disorders [105, 106].
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It is generated during various metabolic events within cells
by the incomplete reduction of molecular oxygen (02). The
electron transport chain (ETC) is a primary source of ROS
generation in mitochondria. Electrons are transferred along a
sequence of protein complexes in the inner mitochondrial
membrane during oxidative phosphorylation. Some electrons
may leak prematurely from the ETC, resulting in the generation
of superoxide (02¢), the main ROS [107]. Within the ETC, the
primary locations of electron leakage are complex | and complex
IIl. Enzymatic reactions involving NADPH oxidase and nitric
oxide synthase (NOS) can also generate ROS [108]. Superoxide
anion is relatively unstable and can dismutate spontaneously or
enzymatically to form hydrogen peroxide (H202). The hydroxyl
radical (OH-) is one of the most reactive ROS and is generated
via the Fenton reaction, which occurs when H202 reacts with
metal ions (such as iron or copper) [109, 110]. The hydroxyl
radical can cause severe damage to DNA, proteins, lipids, and
other cellular components [111, 112].

Despite this, nitric oxide is a signaling molecule that is
involved in a variety of physiological activities. Under some
conditions, however, nitric oxide can react with superoxide anion
to generate peroxynitrite (ONOO-), a highly reactive oxidant
capable of causing oxidative damage to proteins, lipids, and DNA
[113, 114]. The body contains a comprehensive antioxidant
defense system that comprises unique enzymes to fight the
detrimental effects of ROS. SOD catalyzes the conversion of
superoxide radicals (O2-) into H202 and molecular oxygen (02)
[115]. SOD is found in three separate cellular compartments:
copper-zinc SOD (CuZnSOD), manganese SOD (MnSOD), and
extracellular SOD (EC-SOD). SODs are thought to be the initial
line of defense against ROS. Catalase is mostly present in
peroxisomes and is in charge of breaking down H202 into water
(H20) and molecular oxygen (02). It aids in the prevention of
H202 build-up, which can be damaging to cells if not effectively
removed. Glutathione peroxidase (GPx) is an enzyme family that
uses glutathione (GSH) as a co-substrate to convert H202 or
lipid hydroperoxides into water or equivalent alcohols [116]. GPx
enzymes perform a crucial role in protecting cells from oxidative
damage, especially in eliminating peroxides from lipid
membranes. Glutathione reductase (GR) converts oxidized
glutathione disulfide (GSSG) into reduced glutathione (GSH)
[117].

GSH is a powerful antioxidant, either directly scavenging
free radicals or helping in the regeneration of other antioxidants
like vitamin C and vitamin E. Accumulating shreds of evidence
indicated that ROS has an impact on neuroinflammation in
various ways studied in neurological diseases including AD [24,
118], PD [119, 120], MS [121, 122], HD [123], stroke [124], TBI
[125], and many more. ROS induces neuroinflammation by
activating microglia which leads to polarization of microglia in M1
[126]. DAMPs are produced by activated microglia, which
release pro-inflammatory cytokines, chemokines, and ROS.
Excessive excitatory neurotransmitter release from neurons,
such as glutamate, can result from oxidative stress.

This excess glutamate can over-stimulate glutamate
receptors, especially NMDA receptors, resulting in a calcium ion
influx into neurons [127]. Calcium overload sets off a chain of
events that causes oxidative stress, aggravating inflammation
and neuronal damage or death as discussed earlier. ROS
produced under oxidative stress can cause DNA and protein
damage in neural cells. DNA damage can activate DNA repair
processes, which can then cause inflammation [120, 128].

Furthermore, damaged proteins can lose their normal
function, aggregate in cells, and activate immunological
responses, all of which contribute to neuroinflammation. Various
signaling pathways implicated in inflammation, including as NF-
kB and mitogen-activated protein kinases (MAPKSs), can be
activated by oxidative stress [129- 130]. These pathways control
the generation of pro-inflammatory cytokines, chemokines, and
adhesion molecules, which attract and activate immune cells at
the site of inflammation. Increased production of these
inflammatory mediators stimulates the brain's inflammatory
response.

The well-known antioxidative and ani-inflammatory role of
OM in gastro and renal related diseases has been already
established [131][22]. Lu Xie and his colleagues discovered a

synergistic gastroprotective effect of OM and Patchouli Alcohol
(PA) extracted from Pogostemonis Herb a in in-vitro H202-
triggers gastric epithelial cells (GES-1) and LPS-stimulated
RAW264.7 cells, as well as in-vivo ethanol-induced gastric ulcer
in male SD rats [131]. This combination has demonstrated
antioxidant activity by decreasing lipid peroxidation and
enhancing antioxidant machinery such as CAT, SOD, and GSH.
In the setting of anti-inflammation, IL-6, IL-10, and TNF-a level
evaluated using an ELISA kit in the OM and PA groups are
significantly lower than in the illness group. In addition to anti-
oxidative and anti-inflammatory properties, this combination
increased Bcl-2 levels and decreased cleaved caspase 3 and
BAX protein expressions, perhaps via interfering with the MAPK
pathway [131]. Mohammed Z. Nasrullah and colleagues
discovered that OM protects the kidneys from colistin-induced
oxidative stress, apoptosis, and inflammation in male Wistar rats.

The OM mitigated oxidative stress by dampening MDA levels
and surpassed antioxidant enzymes GSH, CAT, SOD, and
proinflammatory cytokines IL-6 and TNF-a as measured by the
ELISA technique. The results also demonstrated that OM
reduced apoptosis by decreasing BAX mRNA expression and
increasing Bcl-2 level [22]. In an 8-day research of isoproterenol
(ISO) (150 mg/kg, s.c.) caused myocardial infarction in Wistar
rats, Ashwini S. Patil, and co-scientist studied the antioxidative
and anti-inflammatory effect of OM and Lansoprazole at 50
mg/kg/day, p.o, separately. The results showed that both PPI
dramatically reduced pro-oxidants like MDA and NO while
increasing endogenous antioxidants like CAT, SOD, and GSH as
compared to the disease group. The PPI also lowered TNF-a
levels and protected the heart against the detrimental effects of
ISO [132]. Despite this, neuroprotective, antioxidative, and anti-
neuroinflammatory role of OM has not been studies yet.
However, some accumulated reports suggested the dual role of
OM in neurodegenerative diseases. On the one hand, OM
potently inhibits oxidative stress and neuroinflammation but on
the opposite site, it exhibits a pernicious effect [132- 133].

So, it needs tremendous attention towards in-vitro and in-
vivo studies to repurpose OM in neuroinflammation-linked
neurological disorders. Abo El and coworkers investigated the
gastro and neuroprotective activities of adropin and OM in
indomethacin (IND)-induced gastric ulcer in a rotenone-induced
PD in male albino rat model. Both adropin and OM dramatically
reduce the MDA level while significantly increas ing the level of
endogenous antioxidants such as SOD and CAT in serum as
measured by the colorimetric test. The OM and adropin groups
had higher DA levels measured by ELISA, which were reduced
by rotenone in the illness group; this effect is mostly due to
regulation of the PI3K/AKt pathways[134].

The clinical study by Avraham Weiss and his research team
hypothesized that the long-term use of OM in elders over the age
of 65 reduced dementia/cognitive decline, possibly through
lowering oxidative stress and neuroinflammation [135].
Asirvatham et al. revealed that the long-term usage of OM 20
mg/kg for 21 days caused neurobehavioral impairments in rats
such as decreased locomotor activity, memory, and learning. OM
also raises MDA levels while decreasing CAT, SOD, GSH, and
neurotransmitters  such as  acetylcholine,  dopamine,
noradrenaline, and serotonin. In contrast, 400 mg/kg of Pluchea
lanceolata hydroalcoholic extract (HAEPL) effectively reversed
the aforesaid parameters and exerted neuroprotective benefits
[136]. Similarly, Dries et al., 2020 found that prolonged use of
OM in humans causes oxidative stress, which leads to cognition
deficits and neurotoxicity [133]. To validate the exact role of OM
in neuroinflammation needs more in-vitro and in-vivo studies.

Role of Nuclear factor erythroid 2-related factor 2
(Nrf2) neuroinflammation and mechanism of OM on
Nrf2

Nrf2 is a key transcription factor crucial in cellular defense
against oxidative stress and neuroinflammation [137-139]. It
functions as a master regulator of antioxidant response elements
(AREs) and regulates the expression of several cytoprotective
genes. The activation of Nrf2 is a multifaceted process that
includes both upstream and downstream effects. In canonical,
under basal conditions, its negative regulator, Kelch-like ECH-
associated protein 1 (Keapl), keeps Nrf2 in the cytoplasm.
Keapl is an adaptor for the Cullin3-based E3 ubiquitin ligase



complex, which targets Nrf2 for proteasomal degradation, hence
keeping a low level of Nrf2 in the cytoplasm [140- 141]. Oxidative
stress, electrophilic chemicals, and ROS can all change key
cysteine residues on Keap1l.

This change breaks the Keap1-Nrf2 connection, preventing Nrf2
deterioration [142-144]. There is a non-canonical mechanism for
Nrf2 activation in addition to the canonical pathway. Proteins
such as p62, p21, and dipeptidyl peptidase Il (DPP3) are
involved in this process [145], and the Wilms tumor gene on X
chromosome (WTX) can interact with Keapl and disrupt the
Nrf2-Keapl complex [146]. Even without oxidative stress, Nrf2
can be released from Keapl and activated. Nrf2 accumulates in
the cytoplasm and translocates into the nucleus after being
released by Keapl. This translocation is facilitated by importin-
a/B proteins [147]. Nrf2 forms a heterodimer with a tiny Maf
protein in the nucleus and binds to the ARE sequence, triggering
the transcription of cytoprotective genes. Among these genes
are heme oxygenase-1 (HO-1) [148], glutathione peroxidase
(GPx) [149- 150], glutamate-cysteine ligase (GCL), and NADPH-

quinone oxidoreductase 1 (NQO1) [151]. Stimulation of Nrf2
leads to elevating the expression of these genes, amplifying
cellular antioxidant capacity.

By blocking the activation of pro-inflammatory transcription
factors such as NF-kB, Nrf2 activation can decrease
inflammation, mainly mitigating the expression of pro-
inflammatory cytokines, chemokines, and adhesion molecules
[152, 153]. Nrf2 has emerged as a crucial regulator in microglial
activation and neuroinflammation. As discussed earlier,
Microglia activation is linked to the release of pro-inflammatory
cytokines, chemokines, reactive oxygen species (ROS), and
other inflammatory mediators. The activation of Nrf2 in microglia
has been demonstrated to have several positive benéefits,
including reducing the release of pro-inflammatory cytokines
such as TNF-a, IL-1B, and IL-6 [154- 155]. This anti-inflammatory
impact is done by upregulating the expression of Nrf2 target
genes that encode anti-inflammatory proteins  and
downregulating NF-kB signaling, a crucial route in inflammatory
reactions. (see Fig 5).
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Figure (5): Nuclear factor erythroid 2-related factor 2 (Nrf2) neuroinflammation and mechanism of OM on Nrf2

*The above figure is original and was created by the authors specifically for this study.

Surprisingly, the Nrf2 and NF-kB signaling pathways interact
and can influence each other's activity. Several studies have
shown that Nrf2 can affect NF-kB signaling components in
various ways: Nrf2 activation can reduce NF-kB signaling by
suppressing IkB kinase (IKK) activation, which is responsible for
the phosphorylation and degradation of IkB proteins. Nrf2
indirectly suppresses NF-kB translocation into the nucleus by
limiting IKB breakdown, lowering the expression of NF-kB
dependent genes [156-158].

Nrf2 can also influence the expression of NF-kB target
genes. For example, Nrf2 activation has been found to suppress
the expression of NF-kB regulated pro-inflammatory genes such
as IL-6, IL-1B, and TNF-a [62, 159]. By reducing the expression
of these pro-inflammatory factors, Nrf2 can attenuate the
inflammatory response mediated by NF-kB. Ample in-vitro and
in-vivo studies have proved the antioxidant, anti-inflammatory,
and anti-apoptotic effects of OM via activation of Nrf2 in
gastrointestinal and many more diseases [59, 60, 62, 153, 160,
161]. Becker et al. (2006) have suggested the cytoprotective
antioxidative and anti-inflammatory effect of OM at a
concentration of 300uM in human epithelial cells (KATO Il and
AGS) as well as rat epithelial cells (RGM) against oxidative
stress.

OM has potently increased HO-1 levels in mRNA and
western blots while decreasing cyclooxygenase, which
attenuates oxidative stress and cell death [162]. Ananddeep
Patel and colleagues demonstrated that OM, at a dosage of
100pM, mitigated cytotoxicity and H202 levels caused by DMSO
in fetal human pulmonary microvascular endothelial cells

(HPMEC), potentially through upregulating Nrf2 mRNA and
protein levels [163]. Several scientists have established a strong
link between Nrf2-mediated suppression of inflammatory
biomarkers via interrupting NF-kB signaling.Mohammad Raish
and his colleagues studied the cytoprotective, antioxidative, and
anti-inflammatory effects of sinapic acid and OM as a
standard against ethanol-stimulated gastric ulcers in male Wistar
rats. SA and OM significantly lowered MDA by colorimetric
assay, TNF-a, IL-6, myeloperoxidase (MPO) assessed using
ELISA kit, caspase-3, Bax, and Bcl-2, and NF-kB (p65) detected
by western blot. Simultaneously, it augmented the levels of
antioxidative enzymes such as diminished glutathione (GSH)
and catalase, as well as the expression of the Nrf2 protein [62].

Magdy Mahmoud-Awny and co-workers have investigated
the antioxidative, anti-inflammatory, and anti-apoptotic effect of
Mangi Ferin a xanthonoid obtained from Mangifera indica and
OM taken as standard in ischemia/reperfusion rat model of
gastric ulcer. In this study, both Mangi Ferin and OM potently
diminished the malondialdehyde level, serum IL-18 and E-
selectin, and caspase-3, and increased levels of glutathione, Bcl-
2 by PPAR-y, NF-kB, and Nrf2/HO-1 Signalling Pathways[164].
However, the anti-neuroinflammatory effect of OM through
Nrf2/NF-kB signalling pathway has not been elucidated yet. We
suggested in this review article, that this will be out of box use of
OM in neuroinflammatory diseases.

Autophagy in neuroinflammation



Autophagy plays a vital role in removing aggregated or
misfolded proteins, especially  those linked with
neuroinflammatory disorders like AD [165], PD [166], stroke
[167], and HD [168]. It is double sword machinery has been
demonstrated to have both protective and pathogenic
consequences in the context of neuroinflammation, depending
on the conditions.

Accumulation of these abnormal proteins can trigger
inflammation and cellular stress responses, contributing to
neuroinflammation [169, 170]. It also regulates immunological
responses, including those in the brain. It can influence the
activation and behaviour of immune cells like microglia and
astrocytes, which are important participants in
neuroinflammatory processes.

Autophagy activation can influence the immune response in
neuroinflammation by promoting the clearance of cellular debris,
aberrant and aggregated proteins, and regulating the release of
pro-inflammatory cytokines. It is activated by a variety of
signalling mechanisms, including nutritional deprivation [171],
oxidative stress, and immune responses [172, 173]. The
mechanism of autophagy activation involves several key steps:

Initiation: Autophagy is initiated by the formation of a
double-membrane structure called the phagophore or isolation
membrane. The mammalian target of rapamycin complex 1
(mTORC1) pathway is principally responsible for autophagy
inhibition. When food supply is limited or during cellular stress,
mTORC1 activity declines, resulting in autophagy activation
[174, 175]. Furthermore, the adenosine monophosphate-
activated protein kinase (AMPK) pathway has significance in
autophagy. When cellular energy levels are low, such as during
nutritional deprivation or low ATP levels, AMPK, a cellular energy
sensor, is activated. AMPK activation phosphorylates and
inhibits mTOR, facilitating autophagy initiation [176-178].

Nucleation: Several protein complexes are needed for
phagophore formation, including the ULK1 (Unc-51-like kinase
1) complex, which consists of ULK1, FIP200, ATG13, and
ATG101 [179, 180]. The ULK1 complex is triggered by AMPK
phosphorylation of ULK1 and mTOR inhibition. When activated,
the ULK1 complex recruits’ other autophagy-related proteins to
begin building autophagosome.

Elongation: The Beclin 1 protein forms a complex with the
class Il PI3K termed VPS34 (vacuolar protein sorting 34). This
complex phosphorylates phosphatidylinositol lipids to produce
phosphatidylinositol 3-phosphate (PI3P), an autophagosome
formation regulator [181-183]. The Beclin 1-VPS34 complex
interacts with other ATG proteins to form the pre-
autophagosomal structure (PAS), which includes ATG14,
VPS15, and ATG16L1.

These proteins aid in the transport and assembly of the lipid
phosphatidylinositol 3-phosphate (PI3P) to the PAS. Once
produced, the phagophore elongates and engulfs cytoplasmic
cargo such as damaged organelles and protein aggregates. Two
ubiquitin-like conjugation systems are involved in this process:
the ATG12-ATG5-ATG16L1 complex and the microtubule-
associated protein 1 light chain 3 (LC3)-
phosphatidylethanolamine (PE) conjugation system[184]. The
ATG12-ATG5-ATG16L1 complex conjugates ATG12 to ATGS5,
which then binds to ATG16L1 to form a complex that can be
observed on the phagophore's outer membrane[185]. ATG4
cleaves LC3 to expose a C-terminal glycine residue attached to
PE. The lipidated version of LC3, or LC3-Il, is inserted into the
developing autophagosome's inner and outer membranes.

Maturation: The autophagosome merges with lysosomes
to produce an autolysosome, where lysosomal enzymes destroy
the sequestered cargo[186]. Proteins such as soluble N-
ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs) and Rab GTPases mediate this fusion. The
breakdown products of the cargo are subsequently released into
the cytoplasm for recycling and use by the cell. Recent research
has focused on the interaction between autophagy and the
NLRP3 inflammasome in neuroinflammation[187, 188].

Furthermore, specific signaling pathways and biochemicals
are known to link autophagy and the NLRP3 inflammasome.
AMPK, a master regulator of cellular energy metabolism can
induce autophagy while inhibiting NLRP3 inflammasome

activation [176, 189]. Recent research has focused on the
interaction between autophagy and the NLRP3 inflammasome in
neuroinflammation. Elevated autophagy can enhance the
breakdown of NLRP3 inflammasome components, which may
mitigate inflammation [190-192].

Impaired autophagy, on the other hand, can result in the
buildup of damaged mitochondria and increased NLRP3
inflammasome activation, aggravating neuroinflammation[193,
194]. It has the ability to regulate the secretion of pro-
inflammatory cytokines such as IL-183, which is processed and
produced when the NLRP3 inflammasome is activated. Several
more investigations have revealed that autophagy preferentially
sequesters and degrades IL-1f3 within autolysosomes, limiting its
release and reducing the inflammatory response [189, 191, 192].

Currently, many researchers like Arab et al., 2021,
[20], Arabet al., 2022, [178],and others have revealed the
mechanism of OM by inhibiting either or both NLRP3
inflammasome-mediated  inflammatory  biomarkers  and
attenuating inflammation by inducing autophagy in in-vitro and
in-vivo models [19, 195]. Hany H. Arab and coworkers
researched the anti-inflammatory impact of saxagliptin (10
mg/kg) and OM (20 mg/kg) orally in ethanol-induced stomach
mucosal damage in 6-8-week-old male albino Wistar rats. In this
study, the results revealed that saxagliptin and OM groups
markedly surpassed the expression of LC3-ll and Beclin 1,
whereas diminished autophagy repressor p-mTOR/mTOR signal
possibly by activating AMPK pathway, as elevated in the ethanol
group. Furthermore, these drugs significantly increased the
expression of NLRP3, ASC, caspase-1, and nuclear NF-kBp65
measured by western blot, resulting in suppressed secretion of
IL-18 determined by ELISA kit. Despite this, it dampens pro-
oxidants and apoptotic biomarkers and, on the other hand,
improves antioxidant enzymes and anti-apoptotic
molecules.Activating AMPK/mTOR-navigated autophagy and
inhibiting NLRP3 inflammasome expression improved gastric
ulcers evoked by ethanol [20].

Arabet al., 2022 established irbesartan and OM's individual
efficacy in an in-vivo ethanol-induced gastric abrasion model by
lowering oxidative, inflammatory, and apoptotic markers[178]. In
addition to the antiulcer healing effect, irbesartan and OM
administered orally downregulated nuclear NF-kBp65 protein
levels, decreased NLRP3 inflammasome production, and
mediated IL-13. They both effectively removed aggregated
SQSTM-1/p62 and increased Beclin 1, which is primarily
associated with AMPK/mTOR pathway stimulation as indicated
by increased AMPK (Ser487) phosphorylation and decreased
mTOR (Ser2448) phosphorylation. Furthermore, irbesartan and
OM had anti-oxidative and anti-apoptotic effects by lowering pro-
oxidant levels, inhibiting Bax and caspase 3, and increasing
antioxidant Nrf2 and Bcl-2.

They discovered that OM inhibits NFkB-NLRP3-mediated
inflammation while activating the AMPK/mTOR pathway-driven
autophagy[178]. Mohamed F. Balaha and co-scientists have
indicated the antioxidative, anti-inflammatory, anti-apoptotic, and
autophagy-inducing activities of amentoflavone orally for 14 days
at 25, 50, or 100 mg/kg/day and OM in once oral instillation of
100 mg/kg indomethacin-induced gastric ulcer in 8-week-aged
male Wistar rats (218). These protective benefits were
attributable to enhanced autophagy in the stomach mucosa, as
evidenced by higher levels of beclin-1, MAP1LC3B, and CTSD
and decreased expression of p62 (SQSTM1). Also, these
drugs altered the AMPK/mTOR pathway by raising p-AMPK and
reducing mTORCL1 levels. Furthermore, amentoflavone and OM
altered the AMPK/mTOR pathway by raising p-AMPK and
decreasing mTORC1 levels. Moreover, it reduced MDA levels
while increasing SOD activity, GSH levels, and the Nrf2/HO-1
pathway.

Additionally, a decrease in caspase-3 levels, a decrease in
the Bax/Bcl-2 ratio, and an increase in Bcl-2 expression show
that the apoptotic process is inhibited. Both amentoflavone and
OM attenuated gastric mucosal inflammation by dropping IL-1,
TNF-, and IFN- levels, IL-4 and IL-6 mRNA expressions, and
MPO activity while boosting IL-10 mRNA expression[195]. The
anti-neuroinflammatory role of OM as autophagy induction and
autophagy-mediated NLRP3 inflammasome suppression
remains unknown.


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/wistar-rat

CONCLUSION

Neuroinflammation is a multifaceted process triggered by
various  stressors, including infection, injury, and
neurodegeneration. This review highlights the potential of
Omeprazole (OM) as a therapeutic agent against
neuroinflammatory conditions associated with
neurodegenerative diseases such as Alzheimer's disease (AD),
Parkinson's disease (PD), multiple sclerosis (MS), stroke,
traumatic brain injury (TBI), among others. OM has
demonstrated significant efficacy in reducing levels of pro-
inflammatory cytokines such as TNF-a, IL-1B, and IL-6, thereby
mitigating neuroinflammatory responses. Additionally, OM
exhibits antioxidative properties by enhancing the activity of
antioxidants like superoxide dismutase (SOD) and catalase while
reducing pro-oxidant malondialdehyde (MDA) levels. Moreover,
OM exerts its anti-inflammatory effects by modulating the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB)
signaling pathway, which is implicated in various inflammatory
disorders, including gastrointestinal issues and renal injury. OM's
neuroprotective mechanisms also involve suppressing
excessive NMDA receptor activation-induced calcium influx,
which disrupts cellular homeostasis and generates reactive
oxygen species (ROS). By regulating mitochondrial function, OM
reduces ROS production and preserves cellular integrity.
Overall, OM shows promise as a therapeutic intervention in
neuroinflammation by targeting multiple signaling pathways,
including PPAR-y, NF-kB, and Nrf2/HO-1. Further research and
clinical trials are warranted to explore its full potential in
combating neurodegenerative diseases and the associated
neuroinflammatory processes.

Acknowledgments

The author acknowledges the guiding faculty of Dr. D. Y.
Patil Institute of Pharmaceutical Sciences and Research, Pimpri,
Pune.

Authors contributions

Kartik Panbhare, Vrushali Neve, Pawan Karwa, and Deepali
Kumari collected and Mold the information in the systematic
review article. Pawan Karwa had listed out the table. RPB, PB,
and Vrushali neve reviewed the article along with conclusions.

Conflict of Interest
The authors declare that no conflicts of interest exist.

Research involving human participants, their
data, or biological material requires ethical
approval

Not applicable.

Funding source

None.
Availability of data and materials:

This declaration is not applicable. All the authors declare that
all the figures used are novel.
REFERENCES

1] Sjoéstrand, S.E., L. Olbe, and E. Fellenius, The discovery and
development of the proton pump inhibitor, in Proton Pump Inhibitors.
1999, Springer. p. 3-20.

2] Wallmark, B.J.S.J.0.G., Mechanism of action of omeprazole. 1986.
21(sup118): p. 11-16.

3] Massoomi, F., et al., Omeprazole: a comprehensive review. 1993.
13(1): p. 46-59.

4] Mahdi, M.A.E.-s., et al., Comparative Study Between the Efficacies

of Vonoprazan Versus Omeprazole in Patients with
Gastroesophageal Reflux Disease. 2023. 5(1): p. 2958-2966.

5] Kee, P.S., et al., Omeprazole treatment failure in gastroesophageal
reflux disease and genetic variation at the CYP2C locus. 2022. 13:
p. 869160.

6] Sirinawasatien, A., N.J.C. Kantathavorn, and E. Gastroenterology,
Efficacy of the four weeks treatment of omeprazole plus mosapride
combination therapy compared with that of omeprazole
monotherapy in patients with proton pump inhibitor-refractory

gastroesophageal reflux disease: A randomized controlled trial.
2019: p. 337-347.

7] Clissold, S.P. and D.M.J.D. Campoli-Richards, Omeprazole: a
preliminary review of its pharmacodynamic and pharmacokinetic
properties, and therapeutic potential in peptic ulcer disease and
Zollinger-Ellison syndrome. 1986. 32: p. 15-47.

8] Heikal, E.J., et al., Design and Optimization of Omeprazole-
Curcumin-Loaded Hydrogel Beads Coated with Chitosan for
Treating Peptic Ulcers. 2023. 16(6): p. 795.

9] Abdelmohsen, A.S., et al., Oral versus intravenous omeprazole in
management of bleeding peptic ulcer: a randomized controlled trial.
2023. 21(1): p. 29-34.

Frucht, H., et al., Use of omeprazole in patients with Zollinger-Ellison
syndrome. 1991. 36: p. 394-404.

Yulizal, O., et al., Gastric histopathological features after the
administration of omeprazole, amoxicillin, and clarithromycin in
gastritis Helicobacter pylori rat model. 2021. 8(1): p. 158.

Bunchorntavakul, C., A.J.J.0.G. Buranathawornsom, and
Hepatology, Randomized clinical trial: 7day vonoprazanbased
versus 14 day omeprazole based triple therapy for Helicobacter
pylori. 2021. 36(12): p. 3308-3313.

Hashioka, S., A. Klegeris, and P.L.J.G. Mcgeer, Proton pump
inhibitors reduce interferonyinduced neurotoxicity and STAT3
phosphorylation of human astrocytes. 2011. 59(5): p. 833-840.

14] Ozay, R., et al., The protective effect of omeprazole against
traumatic brain injury: an experimental study. 2017. 104: p. 634-643.

10

11

12

13

15

Hashioka, S., A. Klegeris, and P.L.J.E.N. McGeer, Proton pump
inhibitors exert anti-inflammatory effects and decrease human
microglial and monocytic THP-1 cell neurotoxicity. 2009. 217(1): p.
177-183.

Abo El Gheit, R.E., et al., Unique novel role of adropin in a gastric

ulcer in a rotenone-induced rat model of Parkinson’s disease. 2020.
11(19): p. 3077-3088.

Chanchal, S.K., et al., In-vivo and in-vitro protective effects of
omeprazole against neuropathic pain. 2016. 6(1): p. 30007.

16

17

18] Gao, H., et al., Omeprazole attenuates cisplatin-induced kidney
injury through suppression of the TLR4/NF-kB/NLRP3 signaling
pathway. 2020. 440: p. 152487.

Zhang, F., et al., The caspase-1 inhibitor AC-YVAD-CMK attenuates
acute gastric injury in mice: involvement of silencing NLRP3
inflammasome activities. 2016. 6(1): p. 24166.

20] Arab, H.H., et al., Activation of AMPK/mTOR-driven autophagy and
inhibition of NLRP3 inflammasome by saxagliptin ameliorate
ethanol-induced gastric mucosal damage. 2021. 280: p. 119743.

Selim, H.M.,, et al., Fucoidan mitigates gastric ulcer injury through
managing inflammation, oxidative stress, and NLRP3-mediated
pyroptosis. 2023. 120: p. 110335.

Nasrullah, M.Z., et al., Omeprazole Prevents Colistin-Induced
Nephrotoxicity in Rats: Emphasis on Oxidative Stress, Inflammation,
Apoptosis and Colistin Accumulation in Kidneys. 2022. 15(7): p. 782.

Ransohoff, R.M., et al., Neuroinflammation: ways in which the
immune system affects the brain. 2015. 12: p. 896-909.

Ganguly, U., et al.,, Oxidative stress, neuroinflammation, and
NADPH oxidase: implications in the pathogenesis and treatment of
Alzheimer’s disease. 2021 p. 1-19.

Bairamian, D., et al., Microbiota in neuroinflammation and synaptic
dysfunction: a focus on Alzheimer’s disease. 2022. 17(1): p. 1-23.

26] Li, T., et al.,, New insights into neuroinflammation involved in
pathogenic mechanism of Alzheimer’s disease and its potential for
therapeutic intervention. 2022. 11(12): p. 1925.

27] Kip, E. and L.CJ.ARR. Parr-Brownlie, Reducing
neuroinflammation via therapeutic compounds and lifestyle to
prevent or delay progression of Parkinson’s disease. 2022. 78: p.
101618.

28] Han, Q.-Q. and W.J.N.B. Le, NLRP3 inflammasome-mediated
neuroinflammation and related mitochondrial impairment in
Parkinson’s disease. 2023: p. 1-13.

Abd-Nikfarjam, B., et al.,, Cannabinoids in neuroinflammatory

disorders: Focusing on multiple sclerosis, Parkinsons, and
Alzheimers diseases. 2023.

30] Tavaf, M.J., et al., Berberine promotes immunological
outcomes and decreases neuroinflammation in the
experimental model of multiple sclerosis through the
expansion of Treg and Th2 cells. 2023. 11(1): p. e766.

31] Huang, A., et al., Gut microbiome plays a vital role in post-stroke
injury repair by mediating neuroinflammation. 2023. 118: p. 110126.

32] Gao, Y., et al., Neuroinflammatory Biomarkers in the Brain,
Cerebrospinal Fluid, and Blood After Ischemic Stroke. 2023: p. 1-20.

Herrero Babiloni, A., et al., The putative role of neuroinflammation in
the interaction between traumatic brain injuries, sleep, pain and

19

21

22

23

24

25

29

33



34]

35

36]

37

38]

39

40

41]

42

43]

44]

45]

46

47

48]

49]

50

51

52

53]

54

55]

other neuropsychiatric outcomes: a state-of-the-art review. 2023.
12(5): p. 1793.
Gao, Y., et al., Melatonin ameliorates neurological deficits through
MT2/IL-33/ferritin H signaling-mediated inhibition of
neuroinflammation and ferroptosis after traumatic brain injury. 2023.
199: p. 97-112.

Deciphering the Biophysical Properties of lon Channel Gating Pores
by Coumarin-Benzodiazepine Hybrid Derivatives: Selective AMPA
Receptor Antagonists” and “Biomolecules 2023, 13, 1694.

Woo, AM. and H.J.F.i.M.M. Sontheimer, Interactions between
astrocytes and extracellular matrix structures contribute to
neuroinflammation-associated epilepsy pathology. 2023. 3: p.
1198021.

Correia, A.S., A. Cardoso, and N.J.A. Vale, Oxidative stress in
depression: the link with the stress response, neuroinflammation,
serotonin, neurogenesis and synaptic plasticity. 2023. 12(2): p. 470.

Zou, L., et al., High-cholesterol diet promotes depression-and
anxiety-like behaviors in mice by impact gut microbe and
neuroinflammation. 2023. 327: p. 425-438.

Ermakov, E.A., et al, Chemokine Dysregulation and
Neuroinflammation in Schizophrenia: A Systematic Review. 2023.
24(3): p. 2215.

Licinio, J. and M.-L.J.M.P. Wong, Advances in Molecular
Psychiatry—-March ~ 2023:  mitochondrial ~ function,  stress,
neuroinflammation—bipolar disorder, psychosis, and Alzheimer’s
disease. 2023. 28(3): p. 968-971.

Xin, Y., et al, The key drivers of brain injury by systemic
inflammatory  responses  after  sepsis:  microglia  and
neuroinflammation. 2023. 60(3): p. 1369-1390.

Chen, X, et al., Resveratrol alleviated neuroinflammation induced
by pseudorabies virus infection through regulating microglial M1/M2
polarization. 2023. 160: p. 114271.

Qiu, Z., et al, Consecutive Injection of High-Dose
Lipopolysaccharide Modulates Microglia Polarization via TREM2 to
Alter Status of Septic Mice. 2023. 13(1): p. 126.

Lu, R., et al, Echinacoside exerts antidepressant-like effects
through enhancing BDNF-CREB pathway and inhibiting
neuroinflammation via regulating microglia M1/M2 polarization and
JAK1/STAT3 pathway. 2023. 13: p. 993483.

Han, C., et al., HIPK2 mediates M1 polarization of microglial cells via
STAT3: A new mechanism of depression related neuroinflammation.
2023.

Constantakis, JW., C.A. Reed-McBain, and B.J.N.l. Famakin,
Astrocyte innate immune activation and injury amplification following
experimental focal cerebral ischemia. 2023. 162: p. 105456.

Lo, J., etal., Nordalbergin Exerts Anti-Neuroinflammatory Effects by
Attenuating  MAPK Signaling Pathway, NLRP3 Inflammasome
Activation and ROS Production in LPS-Stimulated BV2 Microglia.
2023. 24(8): p. 7300.

Kim, E.H., et al., Astragalin and isoquercitrin isolated from aster
scaber suppress Ips-induced neuroinflammatory responses in
microglia and mice. 2022. 11(10): p. 1505.

Zhang, J., et al., Curcumin inhibits LPS-induced neuroinflammation
by promoting microglial M2 polarization via TREM2/TLR4/NF-«kB
pathways in BV2 cells. 2019. 116: p. 29-37.

Pascual, M., et al., Toll-like receptors in neuroinflammation,
neurodegeneration, and alcohol-induced brain damage. 2021. 73(7):
p. 900-915.

Tschoe, C., et al., Neuroinflammation after intracerebral hemorrhage
and potential therapeutic targets. 2020. 22(1): p. 29.

Jiang, G.-L., et al., cGAS knockdown promotes microglial M2
polarization to alleviate neuroinflammation by inhibiting cGAS-
STING signaling pathway in cerebral ischemic stroke. 2021. 171: p.
183-195.

Zhou, D., L. Ji, and Y.J.J.0o.M.N. Chen, TSPO modulates IL-4-
induced microglia/macrophage M2 polarization via PPAR-y
pathway. 2020. 70(4): p. 542-549.

Franklin, H., B.E. Clarke, and R.J.P.i.N. Patani, Astrocytes and
microglia in neurodegenerative diseases: Lessons from human in-
vitro models. 2021. 200: p. 101973.

Zu, H.-b., X.-y. Liu, and KJ.L.S. Yao, DHCR24 overexpression
modulates microglia polarization and inflammatory response via

56

57

58

59

60]

61]

62]

63]

64;

65

66]

67

68

69]

70

71]

72

73

74]

75

76

7

78

79

Akt/GSK3B signaling in AB25-35 treated BV-2 cells. 2020. 260: p.
118470.

Isik, S., et al., Microglia Mediated Neuroinflammation in Parkinson’s
Disease. 2023. 12(7): p. 1012.

Li, R., et al., The natural (poly) phenols as modulators of microglia
polarization via TLR4/NF-kB pathway exert anti-inflammatory
activity in ischemic stroke. 2022. 914: p. 174660.

Jiang, F., et al., Circ_0000518 promotes macrophage/microglia M1
polarization via the FUS/CaMKKB/AMPK pathway to aggravate
multiple sclerosis. 2022. 490: p. 131-143.

El-Shafey, R.S., et al., The ameliorative impacts of wheat germ oil
against ethanol-induced gastric ulcers: involvement of anti-
inflammatory, anti-apoptotic, and antioxidant activities. 2022. 11(2):
p. 325-338.

Badr, A.M., N.F. El-Orabi, and R.A.J.P.o. Ali, The implication of the
crosstalk of Nrf2 with NOXs, and HMGBL in ethanol-induced gastric
ulcer: Potential protective effect is afforded by Raspberry Ketone.
2019. 14(8): p. €0220548.

Raish, M., et al., Momordica charantia polysaccharides ameliorate
oxidative stress, inflammation, and apoptosis in ethanol-induced
gastritis in mucosa through NF-kB signaling pathway inhibition.
2018. 111: p. 193-199.

Raish, M., et al., Gastroprotective effect of sinapic acid on ethanol-
induced gastric ulcers in rats: involvement of Nrf2/HO-1 and NF-«kB
signaling and anti-apoptotic role. 2021. 12: p. 622815.

Gao, H., et al.,, Omeprazole protects against cisplatin-induced
nephrotoxicity by alleviating oxidative stress, inflammation, and
transporter-mediated cisplatin accumulation in rats and HK-2 cells.
2019. 297: p. 130-140.

Uddin, M.S., et al., Anti-neuroinflammatory potential of polyphenols
by inhibiting NF-kB to halt Alzheimer's disease. 2021. 27(3): p. 402-
414,

Singh, S.S., et al., NF-kB-mediated neuroinflammation in
Parkinson’s disease and potential therapeutic effect of polyphenols.
2020. 37: p. 491-507.

Xu, X., et al., Arctigenin protects against depression by inhibiting
microglial activation and neuroinflammation via HMGB1/TLR4/NF-
kB and TNF-a/TNFR1/NFkB pathways. 2020. 177(22): p. 5224-
5245,

Rex, J., et al., IL-1B and TNFa differentially influence NF-kB activity
and FasL-induced apoptosis in primary murine hepatocytes during
LPS-induced inflammation. 2019. 10: p. 117.

Cai, J., et al., NLRP3 inflammasome mediated pyroptosis is involved
in cadmium exposure-induced neuroinflammation through the IL-
1B/IkB-a-NF-kB-NLRP3 feedback loop in swine. 2021. 453: p.
152720.

Lin, M.-m., et al., Mitochondrial-derived damage-associated
molecular patterns amplify neuroinflammation in neurodegenerative
diseases. 2022. 43(10): p. 2439-2447.

Traenckner, E.-M., et al., phosphorylation of human | kappa B-alpha
on serines 32 and 36 controls | kappa Balpha proteolysis and NF-
kappa B activation in response to diverse stimuli. 1995. 14(12): p.
2876-2883.

Zhou, Y., etal., Nuclear factor kB (NF-kB)-mediated inflammation in
multiple sclerosis. 2020. 11: p. 391.

Jazvin§¢ak Jembrek, M., et al., Anti-oxidative, anti-inflammatory and
anti-apoptotic effects of flavonols: targeting Nrf2, NF-kB and p53
pathways in neurodegeneration. 2021. 10(10): p. 1628.

Lietzau, G., et al., The Effect of Simvastatin on the Dynamics of NF-
kB-Regulated Neurodegenerative and Neuroprotective Processes in
the Acute Phase of Ischemic Stroke. 2023: p. 1-17.

Chen, H., et al., Targeting NMDA receptor signaling for therapeutic
intervention in brain disorders. 2023(10).

Paoletti, P., C. Bellone, and Q.J.N.R.N. Zhou, NMDA receptor
subunit diversity: impact on receptor properties, synaptic plasticity
and disease. 2013. 14(6): p. 383-400.

Traynelis, S.F., et al., Glutamate receptor ion channels: structure,
regulation, and function. 2010. 62(3): p. 405-496.

Kullmann, D.M. and K.P.J.N.R.N. Lamsa, Long-term synaptic
plasticity in hippocampal interneurons. 2007. 8(9): p. 687-699.
Babaei, P.J.E.J.0.P., NMDA and AMPA receptors dysregulation in
Alzheimer's disease. 2021. 908: p. 174310.

Suryavanshi, P.S., et al., GIuN2C/GIuN2D subunit selective NMDA
receptor potentiator CIQ reverses MK-801-induced impairment in



prepulse inhibition and working memory in Y-maze test in mice.
2014. 171(3): p. 799-809.

Hardingham, G.E. and H.J.N.R.N. Bading, Synaptic versus
extrasynaptic NMDA receptor signalling: implications for
neurodegenerative disorders. 2010. 11(10): p. 682-696.

Minnella, A.M., et al.,, Excitotoxic superoxide production and
neuronal death require both ionotropic and non-ionotropic NMDA
receptor signaling. 2018. 8(1): p. 17522.

Francija, E., et al., Disruption of the NMDA receptor GIuN2A subunit
abolishes inflammation-induced depression. 2019. 359: p. 550-559.

Wang, A.-L., et al., Involvement of NMDA receptors in both MPTP-
induced neuroinflammation and deficits in episodic-like memory in
Wistar rats. 2010. 208(1): p. 38-46.

Di Cerbo, A, et al., Protective effects of borago officinalis (Borago)
on cold restraint stress-induced gastric ulcers in rats: A pilot study.
2020. 7: p. 427.

85] Sun, G.Y., et al., Phospholipase A2 in the central nervous system:
implications for neurodegenerative diseases. 2004. 45(2): p. 205-
213.

86] Hook, V., et al., Cathepsin B in neurodegeneration of Alzheimer's
disease, traumatic brain injury, and related brain disorders. 2020.
1868(8): p. 140428.

Tripathi, M.K., M. Kartawy, and H.J.R.B. Amal, The role of nitric
oxide in brain disorders: Autism spectrum disorder and other
psychiatric, neurological, and neurodegenerative disorders. 2020.
34: p. 101567.

88] Picca, A., et al., Mitochondrial dysfunction, oxidative stress, and
neuroinflammation: Intertwined roads to neurodegeneration. 2020.
9(8): p. 647.

Mancuso, M., et al., Mitochondrial dysfunction, oxidative stress and
neurodegeneration. 2006. 10(1): p. 59-73.

Chang, Y.C., et al, Chronic NMDA administration increases
neuroinflammatory markers in rat frontal cortex: cross-talk between
excitotoxicity and neuroinflammation. 2008. 33: p. 2318-2323.

Sil, S., T. Ghosh, and R.J.J.0.i. Ghosh, NMDA receptor is involved
in neuroinflammation in intracerebroventricular colchicine-injected
rats. 2016. 13(4): p. 474-489.

Rezin, G.T., et al., Gastrin releasing peptide receptor antagonist or
N-acetylcysteine combined with omeprazol protect against
mitochondrial complex Il inhibition in a rat model of gastritis. Basic &
Clinical Pharmacology & Toxicology, 2011. 108(3): p. 214-219.

Raghunatha, P., et al., Microglial NMDA receptors drive pro-
inflammatory responses via PARP1/TRMP2 signaling. 2020. 68(7):
p. 1421-1434.

Ehsanifar, M., et al., Prenatal exposure to diesel exhaust particles
causes anxiety, spatial memory disorders with alters expression of
hippocampal pro-inflammatory cytokines and NMDA receptor
subunits in adult male mice offspring. 2019. 176: p. 34-41.

95] Amani, M., et al., NMDA receptor in the hippocampus alters
neurobehavioral phenotypes through inflammatory cytokines in rats
with sporadic Alzheimer-like disease. 2019. 202: p. 52-61.

lovino, L., M. Tremblay, and L.J.J.o0.p.s. Civiero, Glutamate-induced
excitotoxicity in Parkinson's disease: The role of glial cells. 2020.
144(3): p. 151-164.

Companys-Alemany, J., et al., Glial cell reactivity and oxidative
stress prevention in Alzheimer's disease mice model by an
optimized NMDA receptor antagonist. 2022. 12(1): p. 17908.

Korovesis, D., T. Rubio-Tomas, and N.J.A. Tavernarakis, Oxidative
stress in age-related neurodegenerative diseases: An overview of
recent tools and findings. 2023. 12(1): p. 131.

99] Panth, N., K.R. Paudel, and K.J.A.i.m. Parajuli, Reactive oxygen
species: a key hallmark of cardiovascular disease. 2016. 2016.

100] Xu, T., et al., Oxidative stress in cell death and cardiovascular
diseases. 2019. 2019.

101] Perillo, B., et al., ROS in cancer therapy: The bright side of the moon.
2020. 52(2): p. 192-203.

102] Nakamura, H. and K.J.C.s. Takada, Reactive oxygen species in
cancer: Current findings and future directions. 2021. 112(10): p.
3945-3952.

103] Zuo, L., D.J.L.Li.H. Wijegunawardana, and V.. Disease, Redox role
of ROS and inflammation in pulmonary diseases. 2021: p. 187-204.

104] Cui, X., et al., ROS and endoplasmic reticulum stress in pulmonary
disease. 2022. 13: p. 879204.

105] Zhao, Y., et al., ROS-induced mtDNA release: the emerging
messenger for communication between neurons and innate immune

80

81

82

83

84

87

89

90

91

92

93

04

96

97

98

cells during neurodegenerative disorder progression. 2021. 10(12):
p. 1917.

106] Abdelhamid, R.F. and S.J.C. Nagano, Crosstalk between Oxidative
Stress and Aging in Neurodegeneration Disorders. 2023. 12(5): p.
753.

107] Murphy, M.P.J.B.j., How mitochondria produce reactive oxygen
species. 2009. 417(1): p. 1-13.

108] Sun, G.Y., L.A. Horrocks, and A.A.J.J.0.n. Farooqui, The roles of
NADPH oxidase and phospholipases A2 in oxidative and
inflammatory responses in neurodegenerative diseases. 2007.
103(1): p. 1-16.

109] Allsop, D., et al., Metal-dependent generation of reactive oxygen
species from amyloid proteins implicated in neurodegenerative
disease. 2008. 36(6): p. 1293-1298.

110] Chen, X., C. Guo, and J.J.N.r.r. Kong, Oxidative stress in
neurodegenerative diseases. 2012. 7(5): p. 376.

111] Pefia-Bautista, C., et al., Lipid peroxidation in neurodegeneration.
2019. 497: p. 178-188.

112] Angelova, P.R., N. Esteras, and A.Y.J.M.R.R. Abramov,
Mitochondria and lipid peroxidation in the mechanism of
neurodegeneration: Finding ways for prevention. 2021. 41(2): p.
770-784.

113] Singh, A., et al., Oxidative stress: a key modulator in
neurodegenerative diseases. 2019. 24(8): p. 1583.

114] Butterfield, D.A., C.M.J.F.R.B. Lauderback, and Medicine, Lipid
peroxidation and protein oxidation in Alzheimer's disease brain:
potential causes and consequences involving amyloid B3-peptide-
associated free radical oxidative stress. 2002. 32(11): p. 1050-1060.

115] Angelova, P.R.J.F.R.B. and Medicine, Sources and triggers of
oxidative damage in neurodegeneration. 2021. 173: p. 52-63.

116] Ighodaro, O. and O. Akinloye, First line defence antioxidants-
superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX): Their fundamental role in the entire antioxidant
defence grid. Alexandria journal of medicine, 2018. 54(4): p. 287-
293.

117] Jones, D.P., [11] Redox potential of GSH/GSSG couple: assay and
biological significance, in Methods in enzymology. 2002, Elsevier. p.
93-112.

118] Song, T., et al., Mitochondrial dysfunction, oxidative stress,
neuroinflammation, and metabolic alterations in the progression of
Alzheimer’s disease: A meta-analysis of in-vivo magnetic resonance
spectroscopy studies. 2021. 72: p. 101503.

119] Guo, J.D., et al., damage to dopaminergic neurons by oxidative
stress in Parkinson's disease. 2018. 41(4): p. 1817-1825.

120] He, J., et al., Oxidative stress and neuroinflammation potentiate
each other to promote progression of dopamine neurodegeneration.
2020. 2020.

121] Di Penta, A., et al., Oxidative stress and proinflammatory cytokines
contribute to demyelination and axonal damage in a cerebellar
culture model of neuroinflammation. 2013. 8(2): p. e54722.

122] Ljubisavijevic, S.J.M.n., Oxidative stress and neurobiology of
demyelination. 2016. 53: p. 744-758.

123] Teleanu, D.M., et al, An overview of oxidative stress,
neuroinflammation, and neurodegenerative diseases. 2022. 23(11):
p. 5938.

124] Zhu, G., et al., Crosstalk between the oxidative stress and glia cells
after stroke: from mechanism to therapies. 2022. 13: p. 852416.

125] Abdul-Muneer, P., N. Chandra, and J.J.M.n. Haorah, Interactions of
oxidative stress and neurovascular inflammation in the pathogenesis
of traumatic brain injury. 2015. 51: p. 966-979.

126] Simpson, D.S. and P.L.J.A. Oliver, ROS generation in microglia:
understanding  oxidative  stress and inflammation in
neurodegenerative disease. 2020. 9(8): p. 743.

127] Sabogal-Guaqueta, A.M., et al., Linalool attenuates oxidative stress
and mitochondrial dysfunction mediated by glutamate and NMDA
toxicity. 2019. 118: p. 109295.

128] Muhammad, T., et al., Melatonin rescue oxidative stress-mediated
neuroinflammation/neurodegeneration and memory impairment in
scopolamine-induced amnesia mice model. 2019. 14: p. 278-294.

129] Liu, Z., et al., Advanced oxidation protein products induce microglia-
mediated neuroinflammation via MAPKs-NF-kB signaling pathway
and pyroptosis after secondary spinal cord injury. 2020. 17(1): p. 1-
21.

130] Liu, Z., et al., Pretreatment with kaempferol attenuates microglia-
mediate neuroinflammation by inhibiting MAPKs—NF-kB signaling
pathway and pyroptosis after secondary spinal cord injury. 2021.
168: p. 142-154.

131] Xie, L., et al., A potential drug combination of omeprazole and
patchouli alcohol significantly normalizes oxidative stress and



inflammatory responses against gastric ulcer in ethanol-induced rat
model. 2020. 85: p. 106660.

132] Patil, A.S., et al., Protective effect of omeprazole and lansoprazole
on B-receptor stimulated myocardial infarction in Wistar rats. 2019.
456: p. 105-113.

133] Dries, L.S., et al., Cognition, oxidative stress and vitamin B12 levels
evaluation on patients under long-term omeprazole use. 2022. 74(4):
p. 547-555.

134] Abo El Gheit, R.E., et al., Unique novel role of adropin in a gastric
ulcer in a rotenone-induced rat model of Parkinson’s disease. ACS
chemical neuroscience, 2020. 11(19): p. 3077-3088.

135] Weiss, A., et al., Chronic omeprazole use in the elderly is associated
with decreased risk of dementia and cognitive decline. 2022. 54(5):
p. 622-628.

136] ASIRVATHAM, R., et al., Protective effects of Pluchea lanceolata on
omeprazole induced dementia in experimental rats. 2021. 13(3).

137] Buendia, I., et al., Nrf2-ARE pathway: an emerging target against
oxidative stress and neuroinflammation in neurodegenerative
diseases. 2016. 157: p. 84-104.

138] Chen, Y., et al., Srs1192, a ferrostatin-1 analog, improves oxidative
stress and neuroinflammation via Nrf2 signal following cerebral
ischemia/reperfusion injury. 2023. 29(6): p. 1667-1677.

139] Shi, B., et al., Genistein attenuates neuroinflammation and oxidative
stress and improves cognitive impairment in a rat model of sepsis-
associated encephalopathy: Potential role of the Nrf2 signaling
pathway. 2023. 38(1): p. 339-347.

140] Uruno, A., M.J.A. Yamamoto, and r. signaling, The KEAP1-NRF2
system and neurodegenerative diseases. 2023. 38(13): p. 974-988.

141] Suzuki, T. and M.J.J.0.B.C. Yamamoto, Stress-sensing
mechanisms and the physiological roles of the Keap1-Nrf2 system
during cellular stress. 2017. 292(41): p. 16817-16824.

142] Silvestro, S. and E.J.l.j.o.m.s. Mazzon, Nrf2 activation: involvement
in central nervous system traumatic injuries. a promising therapeutic
target of natural compounds. 2022. 24(1): p. 199.

143] Wang, R., et al., Reactive Oxygen Species and NRF2 Signaling,
Friends or Foes in Cancer? 2023. 13(2): p. 353.

144] Kobayashi, A., et al., Oxidative and electrophilic stresses activate
Nrf2 through inhibition of ubiquitination activity of Keapl. 2006.
26(1): p. 221-229.

145] Malovan, G., et al., The emerging role of dipeptidyl peptidase 3 in
pathophysiology. 2023. 290(9): p. 2246-2262.

146] Camp, N.D., et al., Wilms tumor gene on X chromosome (WTX)
inhibits degradation of NRF2 protein through competitive binding to
KEAP1 protein. 2012. 287(9): p. 6539-6550.

147] Arinze, 1.J. and Y.J.J.0.B.C. Kawai, Transcriptional activation of the
human Gai2 gene promoter through nuclear factor-kB and
antioxidant response elements. 2005. 280(11): p. 9786-9795.

148] Gao, Y., et al., Annexin A5 ameliorates traumatic brain injury-
induced neuroinflammation and neuronal ferroptosis by modulating
the NF-kB/HMGB1 and Nrf2/HO-1 pathways. 2023. 114: p. 109619.

149] Goodfellow, M.J., et al., Transcriptional activation of antioxidant
gene expression by Nrf2 protects against mitochondrial dysfunction
and neuronal death associated with acute and chronic
neurodegeneration. 2020. 328: p. 113247.

150] Abrahams, S., et al., Antioxidant effects of curcumin in models of
neurodegeneration, aging, oxidative and nitrosative stress: A review.
2019. 406: p. 1-21.

151] Dong, J., et al, Thymoquinone prevents dopaminergic
neurodegeneration by attenuating oxidative stress via the Nrf2/ARE
pathway. 2021. 11: p. 615598.

152] Sousa, C., et al., Molecular Mechanisms Underlying the Anti-
Inflammatory Properties of (R)-(-)-Carvone: Potential Roles of INK1,
Nrf2 and NF-kB. 2023. 15(1): p. 249.

153] Rahman, Z., et al., Ethanol-induced gastric ulcer in rats and
intervention of tert-butylhydroguinone: Involvement of Nrf2/HO-1
signalling pathway. 2020. 39(4): p. 547-562.

154] Saha, S., et al., A perspective on Nrf2 signaling pathway for
neuroinflammation: a potential therapeutic target in Alzheimer's and
Parkinson's diseases. 2022. 15: p. 787258.

155] Cui, Y., et al., Microglia and macrophage exhibit attenuated
inflammatory response and ferroptosis resistance after RSL3
stimulation via increasing Nrf2 expression. 2021. 18(1): p. 1-15.

156] Yang, Y.-C., et al., Docosahexaenoic acid inhibition of inflammation
is partially via cross-talk between Nrf2/heme oxygenase 1 and
IKK/NF-kB pathways. 2013. 24(1): p. 204-212.

157] Li, S.-t., et al., Ulinastatin attenuates LPS-induced inflammation in
mouse macrophage RAW264. 7 cells by inhibiting the INK/NF-«kB

signaling pathway and activating the PI3K/Akt/Nrf2 pathway. 2018.
39(8): p. 1294-1304.

158] Wu, S., et al., antioxidant and anti-inflammation effects of dietary
phytochemicals: The Nrf2/NF-kB signaling pathway and upstream
factors of Nrf2. 2022: p. 113429.

159] Al-Quraishy, S., et al., Olive (Olea europaea) leaf methanolic extract
prevents HCl/ethanol-induced gastritis in rats by attenuating
inflammation and augmenting antioxidant enzyme activities. 2017.
91: p. 338-349.

160] Chen, J., et al., Xiaojianzhong decoction attenuates gastric mucosal
injury by activating the p62/Keap1/Nrf2 signaling pathway to inhibit
ferroptosis. 2022. 155: p. 113631.

161] Mahmoud-Awny, M., et al., Mangiferin mitigates gastric ulcer in
ischemia/reperfused rats: involvement of PPAR-y, NF-kB and
Nrf2/HO-1 signaling pathways. 2015. 10(7): p. e0132497.

162] Becker, J.C., et al., Beyond gastric acid reduction: proton pump
inhibitors induce heme oxygenase-1 in gastric and endothelial cells.
2006. 345(3): p. 1014-1021.

163] Patel, A., et al., Omeprazole induces heme oxygenase-1 in fetal
human pulmonary microvascular endothelial cells via hydrogen
peroxide-independent Nrf2 signaling pathway. 2016. 311: p. 26-33.

164] Mahmoud-Awny, M., et al., Mangiferin mitigates gastric ulcer in
ischemia/reperfused rats: involvement of PPAR-y, NF-kB and
Nrf2/HO-1 signaling pathways. PloS one, 2015. 10(7): p. e0132497.

165] Li, Q., et al., Autophagy and Alzheimer’s disease. 2017. 37: p. 377-
388.

166] Hou, X., et al., Autophagy in Parkinson's disease. 2020. 432(8): p.
2651-2672.

167] Wang, P., et al., Autophagy in ischemic stroke. 2018. 163: p. 98-117.

168]Martin, D.D., et al., Autophagy in Huntington disease and huntingtin
in autophagy. 2015. 38(1): p. 26-35.

169] Cho, K.S., et al., Autophagy modulators and neuroinflammation.
2020. 27(6): p. 955-982.

170] Cheng, X., et al., autophagy balances neuroinflammation in
Alzheimer’s disease. 2023. 43(4): p. 1537-1549.

171] Lee, J.M., et al., Nutrient-sensing nuclear receptors coordinate
autophagy. 2014. 516(7529): p. 112-115.

172] Sorbara, M.T., et al., Complement C3 drives autophagy-dependent
restriction of cyto-invasive bacteria. 2018. 23(5): p. 644-652. e5.

173] Rothermel, B.A. and J.AJ.A. Hill, The heart of autophagy:
deconstructing cardiac proteotoxicity. 2008. 4(7): p. 932-935.

174] He, D.-L., Y.-G. Fan, and Z.-Y.J.C.N. Wang, Energy crisis links to
autophagy and ferroptosis in alzheimer’s disease: current evidence
and future avenues. 2023. 21(1): p. 67-86.

175] Castets, P., et al., Sustained activation of mMTORC1 in skeletal
muscle inhibits constitutive and starvation-induced autophagy and
causes a severe, late-onset myopathy. 2013. 17(5): p. 731-744.

176] Kim, J., et al., AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. 2011. 13(2): p. 132-141.

177] Egan, D., et al., The autophagy initiating kinase ULK1 is regulated
via opposing phosphorylation by AMPK and mTOR. 2011. 7(6): p.
643-644.

178] Arab, H.H., et al., Irbesartan reprofiling for the amelioration of
ethanol-induced gastric mucosal injury in rats: Role of inflammation,
apoptosis, and autophagy. 2022. 308: p. 120939.

179] Mizushima, N.J.C.o.i.c.b., The role of the Atgl/ULK1 complex in
autophagy regulation. 2010. 22(2): p. 132-139.

180] Roach, P.J.J.M. and c. biology, AMPK— uLK1— autophagy. 2011.

181]Zhong, Y., etal., Nrbf2 protein suppresses autophagy by modulating
Atgl4L protein-containing Beclin 1-Vps34 complex architecture and



reducing intracellular phosphatidylinositol-3 phosphate levels. 2014.
289(38): p. 26021-26037.

182] Funderburk, S.F., Q.J. Wang, and Z.J.T.i.c.b. Yue, The Beclin 1-
VPS34 complex-at the crossroads of autophagy and beyond. 2010.
20(6): p. 355-362.

183] Zeng, C., et al., JNK initiates Beclin-1 dependent autophagic cell
death against Akt activation. 2022. 414(2): p. 113105.

184] Iriondo, M.N., et al., Effect of ATG12-ATG5-ATG16L1 autophagy
E3-like complex on the ability of LC3/GABARAP proteins to induce
vesicle tethering and fusion. 2023. 80(2): p. 56.

185] Wang, P., et al., Identification of transcription factors that regulate
ATGS8 expression and autophagy in Arabidopsis. 2020. 16(1): p.
123-139.

186] Kumar, S., et al., phosphorylation of syntaxin 17 by TBK1 controls
autophagy initiation. 2019. 49(1): p. 130-144. e6.

187] Kim, J., et al., AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulkl. Nature cell biology, 2011. 13(2): p. 132-
141.

188] Egan, D., et al., The autophagy initiating kinase ULK1 is regulated
via opposing phosphorylation by AMPK and mTOR. Autophagy,
2011. 7(6): p. 643-644.

189] He, Y., et al., p38 MAPK inhibits autophagy and promotes microglial
inflammatory responses by phosphorylating ULK1. 2018. 217(1): p.
315-328.

190] Qiu, W.-Q., et al., Polygala saponins inhibit NLRP3 inflammasome-
mediated neuroinflammation via SHP-2-Mediated mitophagy. 2022.
179: p. 76-94.

191] Giegerich, A.K., et al., Autophagy-dependent PELI3 degradation
inhibits proinflammatory IL1B expression. 2014. 10(11): p. 1937-
1952.

192] Shi, C.-S., et al., activation of autophagy by inflammatory signals
limits IL-18 production by targeting ubiquitinated inflammasomes for
destruction. 2012. 13(3): p. 255-263.

193] Qin, Y., et al., Impaired autophagy in microglia aggravates
dopaminergic  neurodegeneration by regulating NLRP3

inflammasome activation in experimental models of Parkinson’s
disease. 2021. 91: p. 324-338.

194] Zhou, W., et al., Enhanced autolysosomal function ameliorates the
inflammatory response mediated by the NLRP3 inflammasome in
Alzheimer’s disease. 2021. 13: p. 629891.

195] Balaha, M.F., et al., AMPK/mTOR-driven autophagy & Nrf2/HO-1
cascade modulation by amentoflavone ameliorates indomethacin-
induced gastric ulcer. 2022. 151: p. 113200.

The Palestinian Medical and Pharmaceutical Journal (Pal. Med. Pharm. J.) © 2024 by An-Najah University,
Nablus, Palestine is licensed under CC BY-NC 4.0


http://creativecommons.org/licenses/by-nc/4.0/?ref=chooser-v1
https://journals.najah.edu/
https://journals.najah.edu/
http://creativecommons.org/licenses/by-nc/4.0/?ref=chooser-v1
http://creativecommons.org/licenses/by-nc/4.0/?ref=chooser-v1

	Accepted Manuscript, In press
	INTRODUCTION
	Role of microglial activation in neuroinflammation
	Role of NF-κβ pathway in neuroinflammation
	Role of NMDA receptors in neuroinflammation and mechanism of omeprazole to decrease NMDA receptors activation
	Role of Nuclear factor erythroid 2-related factor 2 (Nrf2) neuroinflammation and mechanism of OM on Nrf2
	Autophagy in neuroinflammation

	CONCLUSION
	Acknowledgments
	Authors contributions
	Conflict of Interest
	Research involving human participants, their data, or biological material requires ethical approval
	Availability of data and materials:

