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Abstract: Alzheimer’s disease (AD) is the most predominant cause of dementia, considered a
progressive decline in cognitive function that ultimately leads to death. AD has posed a substantial
challenge in the records of medical science over the past century, representing a predominant etiology
of dementia with a high prevalence rate. Neuroinflammation is a common characteristic of various
central nervous system (CNS) pathologies like AD, primarily mediated by specialized brain immune
and inflammatory cells, such as astrocytes and microglia. The present study aims to elucidate the
potential mechanism of physcion that mitigates LPS-induced gliosis and assesses oxidative stress
in mice. Physcion reduced the reactivity of Iba-1- and GFAP-positive cells and decreased the level
of inflammatory cytokines like TNF-« and IL-13. Physcion also reversed the effect of LPS-induced
oxidative stress by upregulating the expression of Nrf2 and HO-1. Moreover, physcion treatment
reversed LPS-induced synaptic disorder by increasing the level of presynaptic protein SNAP-23 and
postsynaptic protein PSD-95. Our findings may provide a contemporary theoretical framework for
clinical investigations aimed at examining the pathogenic mechanisms and therapeutic approaches
for neuroinflammation and AD.

Keywords: Alzheimer’s disease (AD); neuroinflammation; oxidative stress; synapsis; lipopolysaccharide
(LPS)

1. Introduction

Alzheimer’s disease (AD) has been a significant threat in medical care history for the
past ten decades and is a major source of dementia. It has an immense occurrence rate,
affecting almost 40 million people around the globe in terms of reported cases, and is pro-
jected to increase in upcoming years [1,2]. It is the most frequent neurodegenerative disease
and is a partial aspect of the aberrant accumulation of beta-amyloid (Af3) oligomers [3].
Besides amyloid plaques, neuroinflammation is a shared feature of different central nervous
system (CNS) pathologies which is regulated mainly by specialized brain immune and
inflammatory cells, including astrocytes and microglia [4—6]. Certain pathogens, such
as viruses and bacterial infections, can have an effect on the CNS, whether in the brain
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or in the peripherals. Among these, acute systemic inflammatory processes caused by
lipopolysaccharide (LPS), the most frequent antigen on the cell surface of Gram-negative
bacteria, can lead to neuronal death and neurodegeneration [5,7], particularly by induc-
ing neuroinflammation, which is one of the pathogenic causes of neurodegeneration and
frequently occurs prior to the onset of neurodegenerative diseases like AD [8,9].

LPS, which is a neuroinflammation-inducing factor, is an immunostimulatory cell-wall
component of Gram-negative bacteria, first identified as a ligand for Toll-like receptor 4
(TLR-4), which is primarily expressed on microglia [10-12]. Microglia and astrocytes are
the most abundant and widely distributed cells in the CNS, and interact with neurons and
immune cells [13]. Several investigations have demonstrated that LPS is responsible for
activating microglia and astrocytes and has the potential to enhance the expression level
of pro-inflammatory cytokines, which in turn induce interleukin IL-13, tumor necrosis
factor (TNF-ot), and nitric oxide (NO), specifically through the activation of nuclear factor-
kB (NF-kB) signaling [14], further, leading to oxidative stress and synaptic failure [13],
which are defining characteristics of AD [5,15]. LPS also promotes the activation of innate
immunity, causing mitochondrial dysfunction [16], leading to elevated reactive oxygen
species (ROS) production causing antioxidant defense system disruption, and contributing
to the early stages of AD [17]. The nuclear factor erythroid 2-related factor 2 (Nrf2) is a
transcription factor and serves as a crucial regulator of the antioxidant defense system [18].
Nrf2 modulates the basal and stress-induced expression of numerous antioxidant response
element (ARE)-dependent genes, thereby governing the physiological and pathophysio-
logical outcomes of oxidative stress [19,20]. The balance between ROS levels and NRF2
activation is crucial in determining cell fate, influencing processes like cell survival, pro-
grammed cell death, cancer development, and aging. The proper regulation of the NRF2
pathway is essential for maintaining cellular health and protecting against damage caused
by oxidative stress [21,22]. Elevated levels of oxidative stress and neuroinflammation
disrupt the structure and function of neurons, impairing synaptic activity, memory, and
cognitive functions in the brain [23].

There has been an increasing interest in investigating natural products as a potential
treatment agent for neuroinflammation in recent years [24]. Many medicinal plants and
their secondary metabolites have been reported to possess the ability to improve symptoms
of neurodevelopmental disorders [25]. Physcion is a naturally occurring anthraquinone
derivative found in medicinal plants (e.g., Reynoutria japonica, Rheum tanguticum, and
Reynoutria emodi, etc.) as well as vegetables like cabbage, lettuce, and beans [26]. Physcion
exhibits many pharmacological effects, including anti-inflammatory, anti-tumor, and anti-
microbial characteristics [27]. Previous studies have shown that the oral administration of
physcion exhibits minimal toxicity and is capable of crossing the blood-brain barrier [28].
Past studies of physcion related to neuroprotective effects have mostly focused on prevent-
ing brain damage caused by ischemia, hypoxia, and ischemia-reperfusion injury [6,29]. In
addition, a previous study reported that physcion reduces ROS and NO levels, while signif-
icantly reversing the effects on NF-kB and TNF-« in a dose-dependent manner. Moreover,
physcion protects HUVECs from PA-induced injury by inhibiting endoplasmic reticulum
(ER) stress signaling. These results suggest that physcion may alleviate Palmitic acid-
induced inflammation by inhibiting the NF-«kB/TNF-« signaling pathway [30]. Currently,
the effects of physcion on LPS-induced neuroinflammation have not yet been investigated.
Therefore, the present study aims to evaluate the potential mechanism of physcion in
lowering LPS-induced gliosis and elevated oxidative stress in mice. Our present findings
may uncover the most recent theoretical foundation for clinical research, along with in-
vestigating the pathogenic mechanism and treatment of neuroinflammation, which can be
a contributing factor in the development and optimization of various neurodegenerative
disorders like AD.
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2. Results
2.1. Physcion Treatment Prevents LPS-Induced TLR4 Signaling and Glial Cell Reactivity in the
Mouse Brain

The crystal structure of the TLR4-MD-2-LPS complex has illuminated the role of TLR4
receptor signaling in the progression of LPS-induced inflammatory responses. Additionally,
the structure—activity relationship of LPS has provided a clear understanding of how LPS
interacts with TLR4 receptors [31]. Recent research suggests that TLR plays a significant role
in mediating interactions between neurons and glial cells in the CNS [32]. Iba-1 and GFAP
are widely recognized markers used to identify microglia and inflammatory astrocytes [33].
Western blot and immunofluorescence analysis were performed to investigate whether
physcion could undo the LPS-induced relative protein abundance of TLR4, astrocytes, and
microglia in mouse neuronal tissues. Our immunoblot results indicated that the relative
protein abundance of TLR4, GFAP, and Iba-1 in the cortex and hippocampus of the LPS
group was significantly higher than that of the saline-treated group. However, after the
treatment of physcion (LPS + PHY), the relative protein density of TLR4, GFAB, and Iba-1
expression were significantly reduced compared to the LPS-alone group. (Figure 1A-D). To
strengthen our immunoblot results, the immunofluorescence of GFAP was also examined.
The immunofluorescence analysis revealed that the expression of GFAP in the LPS-treated
group was significantly higher than that of the normal saline-treated group. Remarkably,
when compared to the LPS-alone group, the LPS + PHY treatment substantially decreased
the immunofluorescence reactivity. According to the immunoblot and immunofluorescence
results, Physcion can decrease the relative protein abundance of TLR4 and reactivity of
glial cells in the mouse brain. (Figure 1E,F).

Cortex
Cortex Hippocampus E -
A I B

Q> Q\S\ 1 Cont

%) X A X x¢ A = LPS _

OOQ N \3(0 QQ\ Oo° \?@ \‘,29 QQ* TLR4 3 LPS+PHY %

= — kDa ,5 = PHY 8
TLR4| “““‘Hn”“ﬁho % -

Relative density (A.U)
LPS

Cortex Hippocampus

3 Cont 3 Cont E
. LPS = LPS &
GEAB £ LPS+PHY - 1 LPS+PHY 5
K ok = PHY ' = PHY
- e =y ok
. =
= 3
< < 20
%‘ 2 2 s * . Hippocampus
c o 1.
3 & DAPI GFAP Iba-1 Merged
o °
21 o 10
s &
K] S 05 =
o & [
0 7 o. I
Cortex Hippocampus Cortex Hippocampus 8
F G
GFAP = Cont 1ba-1 = Cont
= LPS
5 = LPS 4 &
- 3 LPS+PHY 5

Relative Integrated Density
- N w e

(=]

Cortex

3 LPS+PHY
kk

©

Relative Integrated Density
- N
Q0

Hippocampus

Figure 1. Physcion treatment prevents the LPS-induced activation of TLR4 and glial cells in the cortex
and hippocampus of the mouse brain. (A-D) Images of the scanned Western blot results showing the
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expression of TLR4, GFAP, and Iba-1 proteins in the cortex and hippocampus of mouse brains after
LPS and Physcion treatment, while bar graphs depict the difference. (E-G) Illustrative confocal
images accompanied by a bar graph showing the relative integrated density of GFAP and Iba-1 in the
mouse brain cortex and hippocampus (DG region). Magnification 10x and scale bar 50 um. The data
are presented as the mean + standard error of the mean (1 = 4 mice per group). The asterisk (*) sign
indicates a significant difference among groups; significance = *p < 0.05; ** p < 0.01; *** p < 0.001.

2.2. Physcion Inhibits the Activation of NF-xB and Inflammatory Cytokines

Different studies revealed that LPS increases the level of pro-inflammatory cytokines [34,35].

NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) is a key tran-
scription factor that plays a pivotal role in regulating immune responses, inflammation, and
cell survival. It becomes activated by numerous stimuli, such as stress and cytokines. NF-kB
drives the expression of genes encoding inflammatory cytokines like IL-1f3 (interleukin-1
beta) and TNF-« (tumor necrosis factor-alpha), which are critical for the onset and pro-
gression of inflammatory processes [36]. Western blot and immunofluorescence were
performed to assess the activation of the NF-«B and inflammatory cytokines such as TNF-o
and IL-1f in the mouse brain. In comparison to the normal saline-treated groups, the LPS
groups had higher levels of NF-«B, TNF-«, and IL-13 protein expression. Similarly, when
the LPS-alone group was analyzed with the LPS + PHY group, there was a decrease in
NF-«B, TNF-«, and IL-1§3 in both the cortex and hippocampus (Figure 2A-D). For further
confirmation, the immunofluorescence detection of TNF-« was performed, which showed
that Physcion effectively reduced the relative amount of protein TNF-« in the cortex and
hippocampus of the mouse brain. (Figure 2E,F).
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Figure 2. Physcion treatment prevents the LPS-induced activation of NF-«B, IL-13, and TNF-«
markers in the cortex and hippocampus of the mouse brain. (A-D) Images of the scanned immunoblot
results showing the expression of NF-«B, IL-13, and TNF-« proteins in the cortex and hippocampus
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of mouse brains after LPS and Physcion treatment, while bar graphs depict the difference. (EF) II-
lustrative confocal images accompanied by a bar graph showing the relative integrated density of
GFAP in the mouse brain cortex and hippocampus (DG region). Magnification 10x and scale bar
50 um. The data are presented as the mean =+ standard error of the mean (1 = 4 mice per group). The
asterisk (*) sign indicates a significant difference among groups; significance = *p < 0.05;** p < 0.01;
***p < 0.001.

2.3. Physcion Reduced LPS-Induced Oxidative Stress in the Mouse Brain

An imbalance in redox homeostasis leads to heightened oxidative stress, damage
to biomolecules, compromised neuronal structure, and the death of neuronal cells, all
of which play a role in the development of various neurodegenerative diseases [37]. We
also assessed the anti-oxidative effect of Physcion against LPS-induced oxidative stress
in the mouse cortex and hippocampus. We carried out a Western blot for Nrf2 and HO-1.
According to our results, the protein expression of Nrf2 and HO-1 decreased in the cor-
tex and hippocampus of the LPS-treated mouse brain. Interestingly, after the physcion
administration, the LPS + PHY group protein expression was upregulated as compared to
the LPS-alone group (Figure 3A-C). For further confirmation of antioxidant potential, we
performed assays including GSH and LPO. Antioxidant enzyme concentrations (GSH) in
cortical and hippocampal tissue were reduced after LPS treatment, but were significantly in-
creased after receiving physcion. Similarly, when LPS was compared to the normal control
group, there was a statistically significant rise in MDA (p < 0.001). Physcion’s attenuative
potential was further supported by measuring the MDA level, which was considerably
lower (p < 0.001), demonstrating physcion’s useful involvement in oxidative stress. To
strengthen our Western blot results, we also performed immunofluorescence staining for
Nrf2, which showed that the physcion dose significantly upregulated Nrf2 in the cortex
and hippocampus (Figure 3D,E).
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Figure 3. (A-C) Physcion treatment prevents LPS-induced oxidative stress in the mouse brain.
Images of the scanned immunoblots results showing the expression HO-1 and Nr1f2 in the cortex and
hippocampus of mouse brains after LPS and Physcion treatment, while bar graphs depict the difference.



Pharmaceuticals 2024, 17, 1199

6 of 15

(D,G) Illustrative confocal images accompanied by a bar graph showing the relative integrated
density of Nrf2 in the mouse brain cortex and hippocampus (DG region). Magnification 10x and
scale bar 50 um. (E,F) GSH and MDA assays. The asterisk (*) sign indicates a significant difference
among groups; significance = *p < 0.05; * p < 0.01.

2.4. Physcion Treatment Improved LPS-Induced Synaptic Damage and Memory Impairments

Different studies have reported that LPS causes memory impairment and synaptic
dysfunction [5,38]. Neuroinflammation primarily leads to neuronal and synaptic dysfunc-
tion, which are closely linked to memory loss and cognitive decline. The inflammatory
processes in the brain can disrupt normal neural communication and synaptic plasticity,
ultimately impairing the brain’s ability to process, store, and retrieve information, thereby
significantly contributing to cognitive deficits [39]. We performed Western blot analysis
to examine the synaptic proteins, including postsynaptic density protein 95 (PSD-95) and
synaptosomal-associated protein 23 (SNAP-23). The immunoblot result shows that the
expression of PSD-95 and SNAP-23 was significantly decreased in the cortex and hippocam-
pus of the LPS group as compared to the normal saline-treated group. However, after
physcion treatment, the PSD-95 and SNAP-23 levels of protein expression were signifi-
cantly increased compared to the LPS-alone group (Figure 4A—C). Our results suggest that
physcion may improve the synaptic dysfunction of mouse brains.
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Figure 4. Physcion treatment prevents LPS-induced cognitive impairment. (A-C) Images of the
scanned immunoblots results showing the expression of synaptic proteins PSD-95 and SNAP-23 in the
cortex and hippocampus of mouse brains after LPS and Physcion treatment, while bar graphs depict
the difference. Magnification 10x and scale bar 50 um. The asterisk (*) sign indicates a significant
difference among groups; significance = *p < 0.05; * p < 0.01.
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2.5. Physcion Enhances Cognitive Behavior in Mice

To determine the protective effect of physcion against LPS-induced cognitive and
memory impairment, we performed behavioral experiments using the Morris water maze
(MWM) and Y-maze. Eight mice in each experimental group were trained during MWM
for five days to assess learning through practice using a hidden platform. According to our
results, the escape latency of LPS-treated mice was significantly increased as compared to
control mice, while physcion treatment significantly reduced escape latency and improved
cognitive performance. Following the completion of the five-day training, we performed
a probe test to identify the deficits in spatial learning. When the hidden platform was
removed from the probe test, we observed a reduction in the number of crossings near the
platform and reduced time spent in the target quadrant in LPS-treated mice. In contrast to
LPS-treated mice, LPS + PHY-treated mice spent more time around the platform and in the
target quadrant (Figure 5A-C).
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Figure 5. Physcion treatment prevents LPS-induced memory impairment and cognitive dysfunction
(A) Line graph depicting the average escape latency over training days to reach the visible platform
in the MWM task. (B) The number of crossings near the platform. (C) Time spent in the target
quadrant. (D) Y-maze task for measuring the percentage of spontaneous alternation behavior in
different groups. The results are shown as the mean &+ SEM (1 = 8 mice/group). The asterisk (*) sign
indicates a significant difference among groups; significance =**p < 0.01; *** p < 0.001.

To further examine the cognitive abilities of mice, we assessed spatial working memory,
which is used to check short-term memory, using a Y-maze test for spontaneous alteration.
The total number of arm entries, successive triplets, and exploratory movements were used
to assess the percentage of spontaneous behavioral change. The results revealed that the
percentage of spontaneous changes was lower in LPS-treated mice compared to the normal
saline group. However, physcion administration significantly increased the percentage of
spontaneous alteration behavior, suggesting that physcion treatment not only increases
exploratory behavior but also reduces LPS-induced cognitive dysfunction (Figure 5D).
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3. Discussion

The interplay between neuroinflammation and neurodegenerative disorders was
previously regarded as an epiphenomenon, occurring when inflammation triggers an
activation response in glial cells [40]. Various studies have reported that neuroinflam-
mation plays a crucial role in cognitive impairment and neurological disorders [41]. In
addition, accumulated evidence suggests that neuroinflammation-induced oxidative stress
plays a more prominent role in neurodegenerative disorders. All these factors, including
neuroinflammation in the form of reactive gliosis and reactive oxygen species, can lead
to neuronal damage, resulting in cognitive impairment characteristic of Alzheimer’s dis-
ease [42]. Therefore, the current study was conducted to evaluate the effect of physcion
against an entirely inflammatory LPS-induced animal model to investigate the crosstalk
between neuroinflammation, oxidative stress, and cognitive impairment. The biochemical
and behavioral changes generated as endpoints supported the development of therapeutic
approaches for neurodegenerative disorders [43].

The exact pathology of neurodegenerative diseases is still unclear, and treatment
currently relies only on symptomatic relief. Therefore, developing appropriate animal
models is critical for studying neurodegenerative disorders and the cognitive deficits as-
sociated with neuroinflammation [41]. Several studies have reported that LPS induces
inflammation by activating microglia and astrocytes [44,45], as microglia play an essential
role in immunological defense and inflammatory responses in the CNS [46]. Following
a brain injury, reactive gliosis and scarring are frequent pathological processes in which
the glial cells remain in the damaged area of the brain and secrete inhibitory substances to
stop the formation of new cell growth [33]. In the present study, Western blot and confocal
laser microscopic results revealed an increase in the expression of TLR4, Iba-1, and GFAP
in the LPS-injected group. Interestingly, this overexpression of biomarkers was decreased
in the LPS + PHY co-treated mouse group, hence demonstrating that PHY significantly
counteracted the negative effects of LPS on the glial cells in the cortexes and hippocampi of
the LPS-injected group, as indicated by the relative density of GFAP and Iba-1. In addition,
many studies have revealed that immune cells in the CNS become activated by LPS due
to the presence of TLR4 receptors on their surface, which can lead to increased neuroin-
flammation [47]. Furthermore, the excess accumulation of pro-inflammatory cytokines
stimulates TLR4 receptors on microglia and astrocytes, triggering cytotoxic consequences
and activating pro-inflammatory signaling pathways downstream, and vice versa. Further-
more, these cytokines are produced in greater amounts when microglia are exposed to LPS,
indicating that the pathological build-up via LPS is a major mediator that controls neuroin-
flammation [48]. Ultimately, these mechanisms lead to neuroinflammation, synaptic loss,
and neuronal death [49]. Similarly, the TLR-4 receptor plays a crucial role in mediating
several inflammatory pathways and leads to the activation of NF-«B via myeloid differen-
tiation factor 88-(MyD88-) [50]. Upon the activation of NF-«B, a multitude of neurotoxic
pro-inflammatory chemicals, such as cytokines like TNF-« and IL-1f3, are released [47]. In
the current study, the expression levels of p-NF-«B, IL-1f3, and TNF- were also assessed in
all experimental mouse groups. The LPS-injected mouse group showed an upregulation of
these inflammatory cytokines, which were decreased in the LPS + PHY-treated group. Our
results are consistent with prior research in which physcion inhibited the IFN-B-induced
inflammatory response in HAPI cells by reducing the production of TNF-« and IL-1§3 [24].

Furthermore, the Nrf2/HO-1 pathway is crucial in neurodegenerative disorders as
it regulates redox homeostasis, DNA repair, and mitochondrial autophagy [51]. The
transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a key regulator of
the oxidative stress response, binds to a cis-acting element known as the antioxidant
responsive element (ARE), thereby protecting cells from oxidative stress-induced neuronal
cell death [52]. The key approach to achieve anti-oxidation was the (NRF2/HO-1) signaling
pathway’s scavenging of reactive oxygen species (0>~ and H;O,). This pathway is a
promising factor for reducing cognitive impairment in neurodegenerative diseases [53].
Previous reports have demonstrated that most neurodegenerative diseases are linked
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to oxidative stress. LPS is also associated with increased levels of oxidative stress and
inflammation [54]. Notably, our Western blot and confocal laser microscopic results also
confirmed a decrease in the expression of Nrf2 and HO-1 in the LPS-injected group, which
is consistent with previous research [46]. Interestingly, this downregulated expression of
biomarkers was increased in the LPS + PHY co-treated mouse group, hence proving the
antioxidant potential of physcion. Our results are consistent with a previous study in which
physcion decreased the oxidative stress induced by OGD/R in SH-SY5Y cells as well as
having antioxidant activity against the depolarization of the mitochondrial membrane and
the buildup of ROS in the cytoplasm [28].

Moreover, the neurotoxicity and neuroinflammation that are caused by LPS lead to
cognitive deficits and synaptic dysfunction [55,56]. One study suggested that synaptic
proteins are changed in neurodegenerative disorders and are essential for the exocytosis
and endocytosis of different neurotransmitters [57]. Research suggests that two known
synaptic proteins, synaptosomal-associated protein 23 (SNAP-23) and PSD-95, which are
important for both synaptic plasticity and cognitive function, are associated with LPS-
induced synaptic dysfunction [58]. According to our results, the LPS-injected mouse group
reduced the levels of PSD-95 and SNAP-23 in the mouse cortex and hippocampus. However,
physcion treatment significantly improved the LPS-induced decrease in memory-related
synaptic markers via increasing the relative density of PSD-95 and SNAP-23 in the mouse
cortex and hippocampus. Similarly, in the behavioral analysis, the memory cognitive
function was assessed via Morris water maze (MWM) test, and observed that physcion
administration significantly reduced the longer escape delay, more time spent in the target
quadrant, and platform crossings during the probing test. Furthermore, in the Y-maze
test, the spontaneous alteration percentage (%) was increased after physcion treatment.
Taken together, our results suggest that physcion treatment improves behavior and memory
by reducing LPS-induced synaptic protein loss and declines. Based on these results, we
hypothesized that physcion treatment is effective against LPS-induced TLR4 signaling
concerning synaptic dysfunction and memory impairment.

There are certain limits to our study, despite the fact that it addressed a wide range
of topics and made significant advance in our knowledge of the pathological effects as-
sociated with LPS-induced neuroinflammation and neurodegeneration. One of the main
limitations is the very small sample size, which highlights the need for a larger study
to clarify physion’s role in LPS-induced neuroinflammation. Typically, LPS causes acute
neuroinflammation rather than the persistent inflammation that is frequently seen in a
number of neurodegenerative illnesses. Similarly, LPS induces inflammation throughout
the body, and our study might not accurately replicate the localized neuroinflammatory
processes that are indicative of specific neurological conditions. Furthermore, LPS-induced
inflammation might vary between species, so findings from research on rodents may not
necessarily translate to people.

4. Materials and Methods
4.1. Chemicals

Physcion (1,8-Dihydroxy-3-methoxy-6-methylanthraquinone, Emodin-3-methyl ether,
PHY, catalog number SC-205805), LPS, which is the major component of the outer mem-
brane of Gram-negative bacteria, and the primary antibodies were purchased from Santa
Cruz Biotechnology, (Dallas, TX, USA). The primary antibodies used in the study are shown
in Table 1.

Table 1. List of antibodies used for Western blot and confocal study.

Antibody Host Application Manufacturer Catalog Number Dilution
TLR4 Mouse WB Santa Cruz Biotechnology, United States 5C293072 1:1000
Iba-1 Mouse WB Santa Cruz Biotechnology, United States SC39840 1:1000




Pharmaceuticals 2024, 17, 1199

10 of 15

Table 1. Cont.

Antibody

Host

Application Manufacturer Catalog Number Dilution

GFAP

Mouse

WB/IF Santa Cruz Biotechnology, United States SC33673 1:1000/1:100

TNF-

Mouse

WB/IF Santa Cruz Biotechnology, United States SC52746 1:1000/1:100

IL-1B

Mouse

WB Santa Cruz Biotechnology, United States 5C32294 1:1000

Nrf2

Rabbit

WB/IF Cell Signaling, United States 12721S 1:1000/100

HO-1

Mouse

WB Santa Cruz Biotechnology, United States SC136961 1:1000

PSD-95

Mouse

WB/IF Santa Cruz Biotechnology, United States S5C71933 1:1000/100

SNAP-23

Mouse

WB Santa Cruz Biotechnology, United States SC374215 1:1000

4.2. Animal Handling

Male C57BL/6 N mice aged 8 weeks were acquired from Samtako Bio (Osan, Republic
of Korea) and were kept in the animal house for 12/12 h cycles of light and dark at 23 °C and
60 £ 10% humidity. Necessary food and water were administered ad libitum. Mice were
acclimatized for one week to a new environment. Mice were treated and then maintained
as per the guidelines issued by the Institutional Animal Care and Use Committee (IACUC)
of the Division of Applied Life Sciences, Gyeongsang National University. All mice were
handled according to the approved protocol for experimental method guidelines (Approval
ID: 125, Code GNU 200331-M0020).

4.3. Animal Grouping and Treatments

All mice were divided into 4 groups after acclimatization of one week: (1) control
mice administered with saline (I.P); (2) mice injected with LPS (250 pg/kg/day, L.P.) for
two weeks (every alternative day); (3) mice treated with LPS + Physcion (30 mg/kg/day
P.O) for 3 weeks (two weeks along with LPS injection and one week after the LPS injection);
and (4) mice treated with physcion separately (30/mg/kg P.O), as shown in Figure 6.
According to previous research, the reports showed that physcion treatment with a dose
of 20 mg/kg and 40 mg/kg protects rat brain via inhibiting the TLR4/NF-«B pathway
with similar significance [28], and hence we selected the average of these two doses for
our current study. The stock solution was formed by dissolving physcion in dimethyl
sulfoxide (DMSO). Fresh physcion solution was prepared every day in normal saline as per
the required volume of injection (250 uL/kg/day). The same volume of dissolved LPS in
saline was administered I.P to the mice. The mice were brought to the injection chamber
daily at the same time to receive their shots.

Mice Grouping

Control (Saline-treated)
LPS

LPS + Physion
Physion

> P

LPS (250pg/kg/day, i.p)

| Mice

| 1 2 3 | 4 |5 euthanized

Physion (30mg/kg/day, P.O) ‘

Figure 6. Shows the schematic representation of animal groupings and treatments.



Pharmaceuticals 2024, 17, 1199

11 of 15

4.4. Behavioral Study

A Morris water maze (MWM) test and a Y-maze test were conducted for a behavioral
study (n = 8/group) to figure out the effect of physcion on memory function by using
video-tracking software (SMART Panlab, Harvard Apparatus, Holliston, MA, USA).

MWM was carried out with a few changes to the previously published protocols [59].
Following five days of guidance, latency (s) was measured to determine how long it took
to get to the hidden platform. Every day, behavioral analysis was carried out by the
experiment plan, one hour after the drug was administered. After five days of training,
on the following day, we conducted the probe test to assess memory consolidation by
removing the platform and giving the mice a minute to swim around freely. Measurements
were made of the number of crossings over the previously concealed platform and the
amount of time spent in each target quadrant. Video-tracking software (SMART V3.0
Panlab Harvard Apparatus Bioscience Company, Holliston, MA, USA) was used to record
the data.

The Y-maze test was also conducted to assess spontaneous alteration. The three arms
of the transparent plastic Y-maze equipment were installed at a 120-degree angle to one
another [60]. The length of each arm was 50 cm, the height was 20 cm, while the width was
10 cm both at the top and bottom. The Y maze test was performed after the completion
of treatment for 5 days. Every mouse was given 8 min for three successive sessions and
the starting point was the center of the apparatus. All the entries of mice were optically
observed. Spontaneous alteration is defined as the mice’s successive entrance into the three
arms in overlapping triplet sets. The calculation of finding (%) of alternation was as follows:
[successive triplet sets (entries into three different arms consecutively)/total number of
arms entries — 2] x 100.

4.5. Extraction of Protein from Mouse Brain

After the completion of the behavior study, all the mice were brought to the surgical
room and anesthesia drugs were administered with 0.05 mL/100 g body weight Rompun
(Xylazine) and 0.1 mL/100 g body weight Zoletil (ketamine). The mice were euthanized
and killed by decapitation for Western blot analysis, while transcardial perfusion was
performed for immunohistochemistry studies. Different groups of mice were used for each
type of analysis to ensure proper sample preparation for the respective techniques. The
cortex and hippocampus were separated immediately for further biochemical analysis and
kept at —80 °C. As per the instructions given by the manufacturer (iNtRON Biotechnology,
Inc., Dallas, TX, USA), brain tissue was homogenized by a PRO-PREPTM protein extraction
solution. After that, the samples were centrifuged for 25 min at 4 °C and 13,000 rpm.
Samples were collected and stored at —80 °C until further study.

4.6. Immunofluorescence Staining

Immunofluorescence staining was carried out as previously reported in the studies
with few changes [61]. For morphological analysis, mice were anesthetized and perfused
transcardially with ice-cold 1X PBS, followed by 4% neutral buffered paraformaldehyde
(NBP). After 48 h of fixation in NBP, the brains were immersed in a 20% sucrose solution
for 72 h and then placed in O.C.T. Compound. Coronal sections, each 14 pm thick, were
obtained using a microtome (Leica, CM cryostat, Nussloch, Germany). The sections were
then mounted on positively charged ProbOn slides (Thermo Fisher, Waltham, MA, USA)
using a thaw technique in preparation for confocal microscopy. The slides that contained
the brain tissues were washed with 0.01 M PBS for 15 min. Then, the blocking solution
and proteinase K were added for six minutes, followed by washing two times with PBS.
Primary antibodies (1:100) were added to the slides and kept at 4 °C overnight (Table 1).
Secondary antibodies (FITC and TRITC conjugated, Santa Cruz Biotechnology, 1:50 in PBS)
were added at room temperature after two washes with PBS and were incubated at room
temperature for 90 min. After the secondary antibody, the slides were washed two times
with PBS, and then DAPI was added for nucleus staining. Glass cover slips were put on
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the slides with a mounting medium. A confocal microscope (FluoView FV 1000 Olympus,
Tokyo, Japan) was used to take the pictures.

4.7. Western Blot Analysis

Western blot was carried out with the previously described protocols to assess the
concentration of different proteins associated with neuroinflammation in the cortex and
hippocampus [62]. The amount of protein was measured in tissues of mouse brains using
the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). An equal amount
of protein samples was used in the gel electrophoresis, which adopted 10-12% BoltTM Mini
Gels. Molecular weights were determined as a control by using a broad-range pre-stained
protein ladder (GangNam-StainTM, iNtRON Biotechnology). Various gels which contained
different protein bands were kept on the PVDF membranes. The PVDF membranes were
placed for one hour in skim milk (5% w/v skim milk in 1X TBST) to reduce the non-specific
protein bindings. The membranes were incubated with primary antibodies diluted at
a ratio of 1:1000 and left overnight at 4 °C. On the following day, the membranes were
washed with 1X TBST three times, 10 min each. After this, the secondary antibodies were
added to the membranes for 1 h. For the detection of protein appearance on X-ray, the ECL
(EzWestLumiOne, ATTO, Tokyo, Japan) was used on membranes. Finally, the results of
protein expression were obtained on X-ray films and it was further analyzed through the
computer-based Image] software (Version 1.54j).

4.8. GSH and MDA Assay

Jawad et al. previously described a procedural approach used to evaluate glutathione
reduction, which was followed in this study with a few minor adjustments [63]. The proce-
dure was started by mixing 0.5 mL of freshly prepared DTNB 5,5-dithiobis (2-nitrobenzoic
acid) stock solution with 0.1 mL of cortical and hippocampal tissue supernatants in 2.4 mL
phosphate-buffered stock solution. After 10 min, the intensity of the resulting yellow color
was measured using a spectrophotometer at a wavelength of 412 nm. The obtained GSH
concentration values are given in pumol GSH/g of sample. In addition, lipid peroxidation
(LPO) rates were calculated using a modified method of Utley et al. by measuring the
concentration of malondialdehyde (MDA). The test formulation comprised 200 pL cortical
and hippocampal tissue, 20 pL. mM ferric chloride, 200 pL 100 mM ascorbic acid, and 580 pL
0.1 mM phosphate buffer (PH 7.4). It was then incubated in a water bath at 37 °C for 60 min.
After one hour of incubation, the samples were treated with 1000 uL of 10% trichloroacetic
acid (TCA) and 1000 pL of 0.66% thiobarbituric acid (TBA) to stop the reaction. The tubes
were kept in the water bath for twenty minutes, cooled in an ice bath, and then centrifuged
for ten minutes at 3000x g. The concentration of thiobarbituric acid reactive substances
(TBARSSs) was measured at 535 nm using cortical and hippocampal supernatant absorbance
and blank (containing all reagents except test sample). The results were represented as nM
TBARS/min/mg protein.

4.9. Statistical Analysis

Image] software was used to scan and analyze Western blot bands using densitometry.
The standard error mean (SEM) was used to express the results. For each experimen-
tal group, a one-way analysis of variance (ANOVA) was carried out. Behavioral data
comprised 8 mice per group, whereas Western blot and confocal data each consisted of
4 mice per group. The obtained results were suggestive of three different experiments.
All experimental data were processed, and graphs were produced using GraphPad Prism
(version 8.0, San Diego, CA, USA). p values indicating statistical significance were those
that were 0.05 or less.

5. Conclusions

In conclusion, physcion alleviated LPS-induced neuroinflammation and oxidative
stress in adult mice. This protective effect can be attributed to the reduction in neuroinflam-
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mation, oxidative stress, and memory impairment. These findings suggest that physcion
may possess neuroprotective properties and could be beneficial in treating neurological
disorders with a neuroinflammatory origin. However, further studies in other in vivo
models and higher mammals are needed to fully understand the molecular mechanisms
underlying its therapeutic potential.

Author Contributions: S.A., K.C. and H.B. designed the model and wrote the manuscript; R.A., WA.,
and T.J.P. helped with sample collection and provided critical suggestions in manuscript writing
while helping with the statistical analysis and analyses of the data; .U.R. performed the confocal
microscopy and Western blot experiments; J.5.P. and M.O.K. supervised, organized, provided critical
instructions, and approved the final version of the manuscript. All authors reviewed and approved
the paper and provided feedback. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Bio&Medical Technology Development Program of the
National Research Foundation (NRF) funded by the Korean Government (MSIT) (RS-2024-00441331).

Institutional Review Board Statement: This study was carried out in animals in accordance with
approved guidelines (Approval ID: 125, Code: GNU-200331-M0020) by the Animal Ethics Committee
(TACUC) of the Division of Applied Life Science, Gyeongsang National University, South Korea.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors hereby declare that the data presented in this study will be
presented upon request from the corresponding author.

Conflicts of Interest: Author Myeong Ok Kim was employed by the company Alz-Dementia Korea
Co. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References

1. Yiannopoulou, K.G; Papageorgiou, S.G. Current and future treatments in Alzheimer disease: An update. J. Cent. Nerv. Syst. Dis.
2020, 12, 1179573520907397. [CrossRef] [PubMed]

2. Poon, C.H.; Wang, Y,; Fung, M.-L.; Zhang, C.; Lim, L.W. Rodent models of amyloid-beta feature of Alzheimer’s disease:
Development and potential treatment implications. Aging Dis. 2020, 11, 1235. [CrossRef] [PubMed]

3.  Feng, W.; Zhang, Y.; Wang, Z.; Xu, H.; Wu, T.; Marshall, C.; Gao, J.; Xiao, M. Microglia prevent beta-amyloid plaque formation in
the early stage of an Alzheimer’s disease mouse model with suppression of glymphatic clearance. Alzheimer’s Res. Ther. 2020,
12, 125. [CrossRef] [PubMed]

4. Allison, D.J.; Ditor, D.S. The common inflammatory etiology of depression and cognitive impairment: A therapeutic target. J.
Neuroinflamm. 2014, 11, 125. [CrossRef]

5. Zhao, J; Bi, W,; Xiao, S.; Lan, X.; Cheng, X.; Zhang, J.; Lu, D.; Wei, W.; Wang, Y.; Li, H. Neuroinflammation induced by
lipopolysaccharide causes cognitive impairment in mice. Sci. Rep. 2019, 9, 5790. [CrossRef]

6. Kim, J.-H.; Rahman, M.H.; Park, D.; Jo, M.; Kim, H.-].; Suk, K. Identification of genetic modifiers of TDP-43: Inflammatory
activation of astrocytes for neuroinflammation. Cells 2021, 10, 676. [CrossRef]

7.  Biesmans, S.; Meert, T.F,; Bouwknecht, J.A.; Acton, P.D.; Davoodi, N.; De Haes, P.; Kuijlaars, J.; Langlois, X.; Matthews, L.J.;
Ver Donck, L. Systemic immune activation leads to neuroinflammation and sickness behavior in mice. Mediat. Inflamm. 2013,
2013, 271359. [CrossRef]

8. Wee Yong, V. Inflammation in neurological disorders: A help or a hindrance? Neuroscientist 2010, 16, 408-420. [CrossRef]

9. Heppner, EL.; Ransohoff, R.M.; Becher, B. Inmune attack: The role of inflammation in Alzheimer disease. Nat. Rev. Neurosci.
2015, 16, 358-372. [CrossRef]

10. Beutler, B. Tlr4: Central component of the sole mammalian LPS sensor. Curr. Opin. Immunol. 2000, 12, 20-26. [CrossRef]

11. Lehnardt, S.; Lachance, C.; Patrizi, S.; Lefebvre, S.; Follett, P.L.; Jensen, EE.; Rosenberg, P.A.; Volpe, ].J.; Vartanian, T. The toll-like
receptor TLR4 is necessary for lipopolysaccharide-induced oligodendrocyte injury in the CNS. J. Neurosci. 2002, 22, 2478-2486.
[CrossRef] [PubMed]

12.  Heneka, M.T,; Carson, M.].; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;
Ransohoff, R.M. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14, 388-405. [CrossRef] [PubMed]

13. Liu, B.; Hong, ].-S. Role of microglia in inflammation-mediated neurodegenerative diseases: Mechanisms and strategies for
therapeutic intervention. J. Pharmacol. Exp. Ther. 2003, 304, 1-7. [CrossRef] [PubMed]

14. Prinz, M,; Priller, J. Microglia and brain macrophages in the molecular age: From origin to neuropsychiatric disease. Nat. Rev.

Neurosci. 2014, 15, 300-312. [CrossRef]


https://doi.org/10.1177/1179573520907397
https://www.ncbi.nlm.nih.gov/pubmed/32165850
https://doi.org/10.14336/AD.2019.1026
https://www.ncbi.nlm.nih.gov/pubmed/33014535
https://doi.org/10.1186/s13195-020-00688-1
https://www.ncbi.nlm.nih.gov/pubmed/33008458
https://doi.org/10.1186/s12974-014-0151-1
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.3390/cells10030676
https://doi.org/10.1155/2013/271359
https://doi.org/10.1177/1073858410371379
https://doi.org/10.1038/nrn3880
https://doi.org/10.1016/S0952-7915(99)00046-1
https://doi.org/10.1523/JNEUROSCI.22-07-02478.2002
https://www.ncbi.nlm.nih.gov/pubmed/11923412
https://doi.org/10.1016/S1474-4422(15)70016-5
https://www.ncbi.nlm.nih.gov/pubmed/25792098
https://doi.org/10.1124/jpet.102.035048
https://www.ncbi.nlm.nih.gov/pubmed/12490568
https://doi.org/10.1038/nrn3722

Pharmaceuticals 2024, 17, 1199 14 of 15

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Krause, D.L.; Miiller, N. Neuroinflammation, Microglia and Implications for Anti-Inflammatory Treatment in Alzheimer’ s
Disease. Int. ]. Alzheimer’s Dis. 2010, 2010, 732806.

Esteves, A.R;; Silva, D.F; Banha, D.; Candeias, E.; Guedes, B.; Cardoso, S.M. LPS-induced mitochondrial dysfunction regulates
innate immunity activation and «-synuclein oligomerization in Parkinson’s disease. Redox Biol. 2023, 63, 102714. [CrossRef]
Dumont, M.; Beal, M.F. Neuroprotective strategies involving ROS in Alzheimer disease. Free. Radic. Biol. Med. 2011, 51, 1014-1026.
[CrossRef]

Gao, W.; Guo, L; Yang, Y,; Wang, Y,; Xia, S.; Gong, H.; Zhang, B.-K_; Yan, M. Dissecting the crosstalk between Nrf2 and NF-kB
response pathways in drug-induced toxicity. Front. Cell Dev. Biol. 2022, 9, 809952. [CrossRef]

Tonnies, E.; Trushina, E. Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. . Alzheimer’s Dis. 2017, 57, 1105-1121.
[CrossRef]

Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401-426. [CrossRef]

Tossetta, G.; Fantone, S.; Marzioni, D.; Mazzucchelli, R. Role of natural and synthetic compounds in modulating NRF2/KEAP1
signaling pathway in prostate cancer. Cancers 2023, 15, 3037. [CrossRef] [PubMed]

Yu, W,; Zhang, F.; Meng, D.; Zhang, X.; Feng, Y.; Yin, G.; Liang, P.; Chen, S.; Liu, H. Mechanism of Action and Related Natural
Regulators of Nrf2 in Nonalcoholic Fatty Liver Disease. Curr. Drug Deliv. 2024, 21, 1300-1319. [CrossRef] [PubMed]

Baierle, M.; Nascimento, S.N.; Moro, A.M.; Brucker, N.; Freitas, F; Gauer, B.; Durgante, J.; Bordignon, S.; Zibetti, M.; Trentini, C.M.
Relationship between inflammation and oxidative stress and cognitive decline in the institutionalized elderly. Oxidative Med. Cell.
Longev. 2015, 2015, 804198. [CrossRef] [PubMed]

Li, J; Zhu, Y,; Xu, M; Li, P; Zhou, Y.; Song, Y.; Cai, Q. ePhyscion prevents induction of optic nerve injury in rats via inhibition of
the JAK2/STAT3 pathway. Exp. Ther. Med. 2023, 26, 381. [CrossRef]

Sharifi-Rad, M.; Lankatillake, C.; Dias, D.A.; Docea, A.O.; Mahomoodally, M.E,; Lobine, D.; Chazot, P.L.; Kurt, B.; Boyunegmez
Tumer, T.; Catarina Moreira, A. Impact of natural compounds on neurodegenerative disorders: From preclinical to pharmacother-
apeutics. J. Clin. Med. 2020, 9, 1061. [CrossRef] [PubMed]

Adnan, M.; Rasul, A.; Hussain, G.; Shah, M.A ; Sarfraz, I.; Nageen, B.; Riaz, A.; Khalid, R.; Asrar, M.; Selamoglu, Z. Physcion and
physcion 8-O-f3-D-glucopyranoside: Natural anthraquinones with potential anticancer activities. Curr. Drug Targets 2021, 22,
488-504.

Liu, X,; Wu, J.; Tian, R;; Su, S.; Deng, S.; Meng, X. Targeting foam cell formation and macrophage polarization in atherosclerosis:
The Therapeutic potential of rhubarb. Biomed. Pharmacother. 2020, 129, 110433. [CrossRef]

Dong, X.; Wang, L.; Song, G.; Cai, X.; Wang, W.; Chen, J.; Wang, G. Physcion protects rats against cerebral ischemia-reperfusion
injury via inhibition of TLR4/NF-kB signaling pathway. Drug Des. Dev. Ther. 2021, 15, 277-287. [CrossRef]

Ding, Z.; Xu, F; Tang, J.; Li, G,; Jiang, P,; Tang, Z.; Wu, H. Physcion 8-O-p-glucopyranoside prevents hypoxia-induced epithelial-
mesenchymal transition in colorectal cancer HCT116 cells by modulating EMMPRIN. Neoplasma 2016, 63, 351-361. [CrossRef]
Wang, Y.-H.; Liu, Y.-P,; Zhu, ].-Q.; Zhou, G.H.; Zhang, F; An, Q.; Yang, J.; Cho, K.W.; Jin, S.N.; Wen, J.E. Physcion prevents high-fat
diet-induced endothelial dysfunction by inhibiting oxidative stress and endoplasmic reticulum stress pathways. Eur. J. Pharmacol.
2023, 943, 175554. [CrossRef]

Park, B.S.; Lee, J.-O. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp. Mol. Med. 2013, 45, e66. [CrossRef]
[PubMed]

Trudler, D.; Farfara, D.; Frenkel, D. Toll-like receptors expression and signaling in glia cells in neuro-amyloidogenic diseases:
Towards future therapeutic application. Mediat. Inflamm. 2010, 2010, 497987. [CrossRef]

Lian, H.; Yang, L.; Cole, A; Sun, L.; Chiang, A.C.-A.; Fowler, SSW.; Shim, D.].; Rodriguez-Rivera, J.; Taglialatela, G.; Jankowsky,
J.L. NFkB-activated astroglial release of complement C3 compromises neuronal morphology and function associated with
Alzheimer’s disease. Neuron 2015, 85, 101-115. [CrossRef]

Gong, Q.-H.; Wang, Q.; Pan, L.-L.; Liu, X.-H.; Huang, H.; Zhu, Y.-Z. Hydrogen sulfide attenuates lipopolysaccharide-induced
cognitive impairment: A pro-inflammatory pathway in rats. Pharmacol. Biochem. Behav. 2010, 96, 52-58. [CrossRef] [PubMed]
Terrando, N.; Rei Fidalgo, A.; Vizcaychipi, M.; Cibelli, M.; Ma, D.; Monaco, C.; Feldmann, M.; Maze, M. The impact of IL-1
modulation on the development of lipopolysaccharide-induced cognitive dysfunction. Crit. Care 2010, 14, R88. [CrossRef]
[PubMed]

Shih, R.-H.; Wang, C.-Y.; Yang, C.-M. NF-kappaB signaling pathways in neurological inflammation: A mini review. Front. Mol.
Neurosci. 2015, 8, 77. [CrossRef]

Fao, L.; Mota, S.I; Rego, A.C. Shaping the Nrf2-ARE-related pathways in Alzheimer’s and Parkinson’s diseases. Ageing Res. Rev.
2019, 54, 100942. [CrossRef]

Xin, Y.-R;; Jiang, J.-X.; Hu, Y.; Pan, ].-P.; Mi, X.-N.; Gao, Q.; Xiao, F.; Zhang, W.; Luo, H.-M. The immune system drives synapse loss
during lipopolysaccharide-induced learning and memory impairment in mice. Front. Aging Neurosci. 2019, 11, 279. [CrossRef]
[PubMed]

Oddo, S.; Caccamo, A.; Shepherd, ].D.; Murphy, M.P; Golde, T.E.; Kayed, R.; Metherate, R.; Mattson, M.P.; Akbari, Y.; LaFerla,
FM. Triple-transgenic model of Alzheimer’s disease with plaques and tangles: Intracellular Ap and synaptic dysfunction. Neuron
2003, 39, 409-421. [CrossRef]

Zipp, E; Aktas, O. The brain as a target of inflammation: Common pathways link inflammatory and neurodegenerative diseases.
Trends Neurosci. 2006, 29, 518-527. [CrossRef]


https://doi.org/10.1016/j.redox.2023.102714
https://doi.org/10.1016/j.freeradbiomed.2010.11.026
https://doi.org/10.3389/fcell.2021.809952
https://doi.org/10.3233/JAD-161088
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.3390/cancers15113037
https://www.ncbi.nlm.nih.gov/pubmed/37296999
https://doi.org/10.2174/0115672018260113231023064614
https://www.ncbi.nlm.nih.gov/pubmed/39034715
https://doi.org/10.1155/2015/804198
https://www.ncbi.nlm.nih.gov/pubmed/25874023
https://doi.org/10.3892/etm.2023.12080
https://doi.org/10.3390/jcm9041061
https://www.ncbi.nlm.nih.gov/pubmed/32276438
https://doi.org/10.1016/j.biopha.2020.110433
https://doi.org/10.2147/DDDT.S267856
https://doi.org/10.4149/303_150723N405
https://doi.org/10.1016/j.ejphar.2023.175554
https://doi.org/10.1038/emm.2013.97
https://www.ncbi.nlm.nih.gov/pubmed/24310172
https://doi.org/10.1155/2010/497987
https://doi.org/10.1016/j.neuron.2014.11.018
https://doi.org/10.1016/j.pbb.2010.04.006
https://www.ncbi.nlm.nih.gov/pubmed/20399805
https://doi.org/10.1186/cc9019
https://www.ncbi.nlm.nih.gov/pubmed/20470406
https://doi.org/10.3389/fnmol.2015.00077
https://doi.org/10.1016/j.arr.2019.100942
https://doi.org/10.3389/fnagi.2019.00279
https://www.ncbi.nlm.nih.gov/pubmed/31803043
https://doi.org/10.1016/S0896-6273(03)00434-3
https://doi.org/10.1016/j.tins.2006.07.006

Pharmaceuticals 2024, 17, 1199 15 of 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

Noh, H.; Jeon, J.; Seo, H. Systemic injection of LPS induces region-specific neuroinflammation and mitochondrial dysfunction in
normal mouse brain. Neurochem. Int. 2014, 69, 35-40. [CrossRef] [PubMed]

Zhang, W.; Xiao, D.; Mao, Q.; Xia, H. Role of neuroinflammation in neurodegeneration development. Signal Transduct. Target.
Ther. 2023, 8, 267. [CrossRef] [PubMed]

Scatena, R.; Martorana, G.E.; Bottoni, P; Botta, G.; Pastore, P.; Giardina, B. An update on pharmacological approaches to
neurodegenerative diseases. Expert Opin. Investig. Drugs 2007, 16, 59-72. [CrossRef]

Jung, H; Lee, D.; You, H.; Lee, M.; Kim, H.; Cheong, E.; Um, ].W. LPS induces microglial activation and GABAergic synaptic
deficits in the hippocampus accompanied by prolonged cognitive impairment. Sci. Rep. 2023, 13, 6547. [CrossRef]
Hauss-Wegrzyniak, B.; Dobrzanski, P.; Stoehr, ].D.; Wenk, G.L. Chronic neuroinflammation in rats reproduces components of the
neurobiology of Alzheimer’s disease. Brain Res. 1998, 780, 294-303. [CrossRef]

Minghetti, L.; Ajmone-Cat, M.A.; De Berardinis, M.A.; De Simone, R. Microglial activation in chronic neurodegenerative diseases:
Roles of apoptotic neurons and chronic stimulation. Brain Res. Rev. 2005, 48, 251-256. [CrossRef]

Ali, T,; Kim, T.; Rehman, S.U.; Khan, M.S.; Amin, FU.; Khan, M.; Ikram, M.; Kim, M.O. Natural dietary supplementation of
anthocyanins via PI3K/Akt/Nrf2 /HO-1 pathways mitigate oxidative stress, neurodegeneration, and memory impairment in a
mouse model of Alzheimer’s disease. Mol. Neurobiol. 2018, 55, 6076-6093. [CrossRef]

Hines, D.J.; Choi, H.B.; Hines, R.M.; Phillips, A.G.; MacVicar, B.A. Prevention of LPS-induced microglia activation, cytokine
production and sickness behavior with TLR4 receptor interfering peptides. PLoS ONE 2013, 8, e60388. [CrossRef]

Ali, J.; Khan, A.; Park, J.S.; Tahir, M.; Ahmad, W.; Choe, K.; Kim, M.O. Neuroprotective Effects of N-methyl-(2S, 4R)-trans-4-
hydroxy-L-proline (NMP) against Amyloid-f3-Induced Alzheimer’s Disease Mouse Model. Nutrients 2023, 15, 4986. [CrossRef]
[PubMed]

Nair, A.R.; Masson, G.S.; Ebenezer, PJ.; Del Piero, F; Francis, J. Role of TLR4 in lipopolysaccharide-induced acute kidney injury:
Protection by blueberry. Free. Radic. Biol. Med. 2014, 71, 16-25. [CrossRef]

Gureev, A.P,; Sadovnikova, I.S.; Starkova, N.N.; Starkov, A.A.; Popov, V.N. p62-Nrf2-p62 mitophagy regulatory loop as a target
for preventive therapy of neurodegenerative diseases. Brain Sci. 2020, 10, 847. [CrossRef] [PubMed]

Tsai, P-Y.; Ka, S.-M.; Chao, T.-K.; Chang, J.-M.; Lin, S.-H.; Li, C.-Y.; Kuo, M.-T.; Chen, P.; Chen, A. Antroquinonol reduces oxidative
stress by enhancing the Nrf2 signaling pathway and inhibits inflammation and sclerosis in focal segmental glomerulosclerosis
mice. Free Radic. Biol. Med. 2011, 50, 1503-1516. [CrossRef]

Pang, Q.Q.; Kim, J.H.; Kim, H.Y.; Kim, J.-H.; Cho, E.J. Protective Effects and Mechanisms of Pectolinarin against H2O2-Induced
Oxidative Stress in SH-SY5Y Neuronal Cells. Molecules 2023, 28, 5826. [CrossRef] [PubMed]

Sul, O.-].; Ra, S.W. Quercetin prevents LPS-induced oxidative stress and inflammation by modulating NOX2/ROS/NF-kB in lung
epithelial cells. Molecules 2021, 26, 6949. [CrossRef]

Wu, X,; Ly, Y.-G.; Du, Y.-F; Hu, M.; Reed, M.N; Long, Y.; Suppiramaniam, V.; Hong, H.; Tang, S.-S. Inhibitory effect of INT-777
on lipopolysaccharide-induced cognitive impairment, neuroinflammation, apoptosis, and synaptic dysfunction in mice. Prog.
Neuro-Psychopharmacol. Biol. Psychiatry 2019, 88, 360-374. [CrossRef]

Rehman, S.U.; Ali, T.; Alam, S.I.; Ullah, R.; Zeb, A.; Lee, K.W.; Rutten, B.P; Kim, M.O. Ferulic acid rescues LPS-induced
neurotoxicity via modulation of the TLR4 receptor in the mouse hippocampus. Mol. Neurobiol. 2019, 56, 2774-2790. [CrossRef]
Bae, J.R.; Kim, S.H. Synapses in neurodegenerative diseases. BMB Rep. 2017, 50, 237. [CrossRef] [PubMed]

Sun, J.; Zhang, S.; Zhang, X.; Zhang, X.; Dong, H.; Qian, Y. IL-17A is implicated in lipopolysaccharide-induced neuroinflammation
and cognitive impairment in aged rats via microglial activation. J. Neuroinflamm. 2015, 12, 165. [CrossRef]

D’'Hooge, R.; De Deyn, P.P. Applications of the Morris water maze in the study of learning and memory. Brain Res. Rev. 2001, 36,
60-90. [CrossRef]

King, D.L.; Arendash, G.W. Behavioral characterization of the Tg2576 transgenic model of Alzheimer’s disease through 19 months.
Physiol. Behav. 2002, 75, 627-642. [CrossRef]

Alam, S.I.; Rehman, S.U.; Kim, M.O. Nicotinamide improves functional recovery via regulation of the RAGE/JNK/NF-«kB
signaling pathway after brain injury. J. Clin. Med. 2019, 8, 271. [CrossRef] [PubMed]

Ali, T,; Rahman, S.U.; Hao, Q.; Li, W,; Liu, Z.; Ali Shah, F; Murtaza, I.; Zhang, Z.; Yang, X.; Liu, G. Melatonin prevents
neuroinflammation and relieves depression by attenuating autophagy impairment through FOXO3a regulation. J. Pineal Res.
2020, 69, €12667. [CrossRef] [PubMed]

Ali, J.; Khan, A.U.; Shah, FA; Ali, H; Islam, S.U.; Kim, Y.S.; Khan, S. Mucoprotective effects of Saikosaponin-A in 5-fluorouracil-
induced intestinal mucositis in mice model. Life Sci. 2019, 239, 116888. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.neuint.2014.02.008
https://www.ncbi.nlm.nih.gov/pubmed/24607701
https://doi.org/10.1038/s41392-023-01486-5
https://www.ncbi.nlm.nih.gov/pubmed/37433768
https://doi.org/10.1517/13543784.16.1.59
https://doi.org/10.1038/s41598-023-32798-9
https://doi.org/10.1016/S0006-8993(97)01215-8
https://doi.org/10.1016/j.brainresrev.2004.12.015
https://doi.org/10.1007/s12035-017-0798-6
https://doi.org/10.1371/journal.pone.0060388
https://doi.org/10.3390/nu15234986
https://www.ncbi.nlm.nih.gov/pubmed/38068844
https://doi.org/10.1016/j.freeradbiomed.2014.03.012
https://doi.org/10.3390/brainsci10110847
https://www.ncbi.nlm.nih.gov/pubmed/33198234
https://doi.org/10.1016/j.freeradbiomed.2011.02.029
https://doi.org/10.3390/molecules28155826
https://www.ncbi.nlm.nih.gov/pubmed/37570795
https://doi.org/10.3390/molecules26226949
https://doi.org/10.1016/j.pnpbp.2018.08.016
https://doi.org/10.1007/s12035-018-1280-9
https://doi.org/10.5483/BMBRep.2017.50.5.038
https://www.ncbi.nlm.nih.gov/pubmed/28270301
https://doi.org/10.1186/s12974-015-0394-5
https://doi.org/10.1016/S0165-0173(01)00067-4
https://doi.org/10.1016/S0031-9384(02)00639-X
https://doi.org/10.3390/jcm8020271
https://www.ncbi.nlm.nih.gov/pubmed/30813383
https://doi.org/10.1111/jpi.12667
https://www.ncbi.nlm.nih.gov/pubmed/32375205
https://doi.org/10.1016/j.lfs.2019.116888
https://www.ncbi.nlm.nih.gov/pubmed/31639401

	Introduction 
	Results 
	Physcion Treatment Prevents LPS-Induced TLR4 Signaling and Glial Cell Reactivity in the Mouse Brain 
	Physcion Inhibits the Activation of NF-B and Inflammatory Cytokines 
	Physcion Reduced LPS-Induced Oxidative Stress in the Mouse Brain 
	Physcion Treatment Improved LPS-Induced Synaptic Damage and Memory Impairments 
	Physcion Enhances Cognitive Behavior in Mice 

	Discussion 
	Materials and Methods 
	Chemicals 
	Animal Handling 
	Animal Grouping and Treatments 
	Behavioral Study 
	Extraction of Protein from Mouse Brain 
	Immunofluorescence Staining 
	Western Blot Analysis 
	GSH and MDA Assay 
	Statistical Analysis 

	Conclusions 
	References

