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In recent years, growing evidence suggests that lipopolysaccharide (LPS), a bacterial endotoxin found in the outer membrane of
gram-negative bacteria, can influence cognitive functions, particularly memory formation and retrieval. However, the underlying
mechanisms through which LPS exerts its effects on memory remain incompletely understood. This review used various electronic
databases, including PubMed, Scopus, and Web of Science, to identify relevant studies published between 2000 and 2024. Articles
were selected based on their focus on LPS-induced memory impairments, including experimental models, molecular pathways, and
neurochemical alterations. LPS administration has been consistently shown to disrupt memory processes in both animals and humans,
although the magnitude and duration of memory impairments might vary depending on factors such as dose, timing, and context of LPS
exposure. Several potential mechanisms have been proposed to explain LPS-induced memory deficits, including neuroinflammation,
alterations in synaptic plasticity, disruption of neurotransmitter systems, and dysfunction of the blood-brain barrier. Moreover, LPS
has been found to activate immune signaling pathways, such as toll-like receptors, interleukins, and microglia, which can further
contribute to cognitive impairments. Such insights may pave the way for the development of targeted therapeutic interventions
aimed at ameliorating memory deficits associated with conditions involving LPS exposure, including bacterial infections, sepsis, and

neuroinflammatory disorders.
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INTRODUCTION

Memory impairment refers to a significant decline
or loss in the ability to acquire, encode, store, or re-
trieve information in the brain (Da Ré et al., 2020).
This can affect various types of memory, including
short-term (working) memory, long-term memory,
spatial memory, and episodic memory (Belarbi et al.,
2012). Memory impairment can stem from various
causes including aging (Jiménez-Balado & Eich, 2021),
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neurodegenerative diseases (Wang et al., 2021), brain
injuries (Calvillo & Irimia, 2020), mental health dis-
orders (Aprilia & Aminatun, 2022), medications, sub-
stance abuse (Polles et al., 2020), and inflammation
(Melo et al., 2020). Lipopolysaccharide (LPS) is a com-
ponent found on the surface of certain bacteria, such
as gram-negative bacteria (Jerala, 2007). LPS-induced
inflammation is known as a common model to induce
general inflammation in animal models to investigate
the harmful effects of LPS-induced inflammation (He-
dayati-Moghadam et al., 2024; Jalilvand et al., 2024).
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Furthermore, according to the results of previous
studies LPS-induced inflammation can result in var-
ious memory and cognitive dysfunction (Lykhmus et
al., 2016; Zakaria et al., 2017; Beheshti et al., 2023).
Previous studies have also revealed that LPS-induced
inflammation can compromise the integrity of the
blood-brain barrier, which normally regulates the
passage of substances between the bloodstream and
the brain (Asahina et al., 2024). Moreover, inflamma-
tory molecules or immune cells can finally cross the
disrupted blood-brain barrier more easily and en-
ter the central nervous system (CNS). As LPS cross-
es the blood-brain barrier it can trigger an immune
response in the brain, which causes the release of
pro-inflammatory cytokines and activation of im-
mune cells such as microglial cells (Seoane et al.,
2024). This neuroinflammation can disrupt normal
neuronal function, and impair memory formation
and retrieval processes (Zhang et al., 2024). Moreover,
in this regard, many studies have demonstrated that
LPS-induced neuroinflammation leads to enhancing
oxidative stress in brain tissues such as the hippo-
campus (Liang et al., 2024). Excessive reactive oxygen
species (ROS) can damage neurons and impair synap-
tic function, leading to memory deficits (Patki et al.,
2013). LPS has been found to interfere with synaptic
plasticity, which is the ability of synapses to strength-
en or weaken in response to activity (Liu et al., 2018).
Synaptic plasticity is essential for learning and mem-
ory, and disruption of this process by LPS can lead to
memory deficits (Basir et al., 2024)., LPS-induced in-
flammation can also lead to an increase in the release
of excitatory neurotransmitters, such as glutamate
(Wu et al., 2016). Excessive glutamate release can
trigger excitotoxicity, which refers to the overactiva-
tion of excitatory receptors and subsequent neuronal
damage (Vaglio-Garro et al., 2024). It is well known
that that overactivation of glutamate receptors can
result in neuronal damage which finally induces
memory impairments (Meng et al., 2024). Previous
studies have also reported that chronic administra-
tion of LPS resulted in a decrease in neurogenesis or
the process of generating new neurons in the brain
(Wu et al., 2007; Dominguez-Rivas et al., 2021). Re-
duced neurogenesis by LPS-induced inflammation
particularly in the hippocampus, can cause impaired
memory formation and cognitive function (Winocur
et al., 2012). The hippocampus, a brain region crucial
for memory formation, is particularly vulnerable to
LPS-induced inflammation. Inflammation can lead to
structural and functional changes in the hippocam-
pus, including neuronal loss, synaptic disruption, and
impairments in neurogenesis, which these events fi-
nally lead to memory impairment (Keymoradzadeh
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et al., 2020). Experimental studies have also demon-
strated that LPS administration can impair spatial
and contextual memory tasks. Animal models, partic-
ularly rodents, have been extensively used to study
the effects of LPS on memory. For instance, a study by
Cui et al. (2008) found that LPS administration in rats
impaired spatial memory performance in a maze task.
Another study conducted on Wistar rats showed that
LPS-induced inflammation disrupted episodic-like
memory (Wang et al., 2010). Experimental studies
have also investigated the inflammatory markers as-
sociated with LPS-induced memory impairment. For
example, Cazareth et al. (2014) found that LPS admin-
istration increased levels of pro-inflammatory cyto-
kines in the brain, such as interleukin-1f (IL-1p), tu-
mor necrosis factor-alpha (TNF-a), and interleukin-6
(IL-6). These elevated cytokine levels were associat-
ed with memory deficits. Other studies have also ex-
amined the role of specific inflammatory pathways,
such as the nuclear factor kappa B (NF-kB) pathway,
in mediating LPS-induced memory impairment (Mah-
moud et al., 2024). Moreover, chronic exposure to LPS
has been associated with cognitive decline in various
neurodegenerative diseases, including Alzheimer’s
disease (Abareshi et al., 2016). It’s worth noting that
LPS-induced memory impairment is a complex pro-
cess, and researchers are still unraveling its under-
lying mechanisms. Understanding the impact of LPS
on memory can aid in the development of therapeutic
approaches for neuroinflammatory conditions and
associated cognitive deficits. It has been well docu-
mented that LPS-induced inflammation leads to dis-
ruptions in brain-derived neurotrophic factor (BDNF)
signaling, and increased apoptosis, which all together
is an important cause cognitive deficit. Reduced BDNF
levels or signaling have been associated with memo-
ry impairment, as it affects the growth and survival
of neurons. Excessive apoptosis, particularly in brain
regions critical for memory processing, can lead to
the loss of neurons and further impair cognitive func-
tion. Understanding the relationships among BDNF,
long-term potentiation (LTP), apoptosis, and memory
impairment is complex and the subject of ongoing re-
search. However, disruptions in these processes can
contribute to memory deficits and related cognitive
impairments.

LPS-induced memory impairment
in animal models

LPS has been widely used as a model of inflam-
mation in preclinical studies. A growing body of evi-
dence suggests that LPS exposure can induce memory
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impairment in animal models, providing valuable in-
sights into the mechanisms underlying LPS-induced
cognitive decline. Acute administration of LPS has
been shown to induce memory impairment in vari-
ous animal models, including mice and rats. A study
has demonstrated that LPS administration can im-
pair spatial memory, as measured by the Morris wa-
ter maze task, and working memory, as measured
by the Y-maze task (Keymoradzadeh et al., 2020).
Furthermore, LPS administration has been shown
to disrupt LTP, a form of synaptic plasticity thought
to be involved in learning and memory (Murtishaw
et al., 2016). Chronic administration of LPS has also
been shown to induce memory impairment in animal
models. Studies have demonstrated that chronic LPS
administration can lead to cognitive decline, as mea-
sured by the radial arm maze task, and impair spatial
memory, as measured by the Morris water maze task
(Hosseini et al., 2021; 2024). Furthermore, chronic
LPS administration has been shown to induce neu-
roinflammation, oxidative stress, and neuronal death,
which may contribute to memory impairment (Na et
al., 2021). The mechanisms underlying LPS-induced
memory impairment in animal models are thought
to involve the activation of inflammatory pathways,
including the production of pro-inflammatory cy-
tokines and the activation of microglia (Xin et al.,
2019). Additionally, LPS has been shown to disrupt
the gut-brain axis, leading to changes in the gut mi-
crobiome and the production of neurotoxins that can
contribute to cognitive decline and memory impair-
ment (Cowan et al., 2020). LPS has also been shown to
induce oxidative stress, which can lead to neuronal
damage and death, and disrupt synaptic plasticity,
which is critical for learning and memory (Nowory-
ta-Sokotowska et al., 2013). Overall, preclinical evi-
dence suggests that LPS exposure can induce memory
impairment in animal models, providing valuable in-
sights into the mechanisms underlying LPS-induced
cognitive decline. Further research is needed to fully
elucidate the mechanisms underlying LPS-induced
memory impairment and to develop effective thera-
peutic strategies for the prevention and treatment of
LPS-induced cognitive decline.

LPS and memory impairment in human studies

LPS has been implicated in the pathogenesis of
various neurological disorders, including Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis
(Taylor et al., 2013). While animal studies have con-
sistently demonstrated the ability of LPS to induce
memory impairment, the clinical correlates of LPS-in-
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duced memory impairment in humans are less well
understood. However, a growing body of evidence
suggests that LPS exposure is associated with cog-
nitive decline and memory impairment in humans.
Studies have shown that individuals with sepsis,
a condition characterized by a systemic inflammatory
response to infection, often experience cognitive im-
pairment and memory dysfunction (Barichello et al.,
2019). Furthermore, LPS has been detected in the ce-
rebrospinal fluid of individuals with sepsis, suggest-
ing that LPS may play a role in the development of
cognitive impairment in these individuals (Nakajima
et al., 2015). In addition to sepsis, LPS has also been
implicated in the pathogenesis of Alzheimer’s dis-
ease. Studies have shown that LPS levels are elevated
in the brains of individuals with Alzheimer’s disease,
and that LPS exposure can induce the production of
amyloid-p, a hallmark of Alzheimer’s disease (Lee et
al., 2008). Furthermore, LPS has been shown to dis-
rupt the blood-brain barrier, allowing for the pas-
sage of toxins and inflammatory mediators into the
brain, which can contribute to cognitive decline and
memory impairment (Huang et al., 2021). The mech-
anisms underlying LPS-induced memory impairment
in humans are not fully understood, but are thought
to involve the activation of inflammatory pathways,
including the production of pro-inflammatory cyto-
kines and the activation of microglia (Heneka, 2017).
In conclusion, while the clinical correlates of LPS-in-
duced memory impairment in humans are not yet ful-
ly understood, a growing body of evidence suggests
that LPS exposure is associated with cognitive decline
and memory impairment in humans.

Underlying mechanisms of
LPS-induced memory impairment

This review aims to comprehensively examine the
current state of researches on LPS and memory im-
pairment. A summary of the results of the studies is
included in Tables 1-4.

LPS-activated neuroinflammatory response

Inflammation is a natural process that occurs in
the body as a response to harmful stimuli, such as in-
fection, injury, or irritation. It is a vital part of the im-
mune system’s defense mechanism, aiming to protect
the body from further damage and promote healing.
When the body detects tissue damage or the presence
of pathogens, immune cells release signaling mole-
cules called cytokines. These cytokines trigger a se-
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ries of biochemical reactions that lead to the expan-
sion and activation of immune cells in the affected
area (Ahmed, 2011). LPS and inflammation have an
interconnected relationship in the immune response.
LPS is classified that can trigger the release of pro-in-
flammatory compounds such as cytokines (Jerala,
2007; Diz-Chaves et al., 2013). Moreover, it has been
reported that memory impairment can occur due to
general inflammation in the body. Inflammatory pro-
cesses can affect the brain’s functioning and lead to
various cognitive impairments, including memory
disorders (Chen et al., 2018). There are several pos-
sible mechanisms through which inflammation can
affect memory. One of these involves disruption of
normal communication between brain cells, affecting
the formation and retrieval of memories (Gyoneva &
Ransohoff, 2015). Inflammatory molecules can inter-
fere with the proper functioning of neurotransmit-
ters and impair synaptic plasticity, which is import-
ant for forming and maintaining memories (Hosseini
et al., 2024). Inflammation can also cause damage to
brain cells directly, leading to neurodegeneration and
cognitive decline, which has been associated with
conditions such as Alzheimer’s disease and other
neurodegenerative disorders, which eventually can
cause memory impairments (Chitnis & Weiner, 2017).
Macrophages, a type of immune cell, play a key role
in this process. When LPS binds to macrophages, it
activates a signaling pathway called the toll-like re-
ceptor 4 (TLR4) pathway. This activation leads to the
production and release of pro-inflammatory cyto-
kines such as TNF-a, IL-1, IL-6, and IL-8 (Ciesielska et
al., 2021). Moreover, cyclooxygenase-2 (COX-2) is an
enzyme involved in the synthesis of prostaglandins,
which are lipid compounds that play a role in inflam-
mation. COX-2 is induced in response to pro-inflam-
matory signals, such as cytokines and growth factors,
and it catalyzes the conversion of arachidonic acid
into prostaglandins, this increase in COX-2 gene ex-
pression will ultimately intensify the inflammatory
response of the target tissue (Murakami & Ohigashi,
2007). The other important pathway which is acti-
vated by LPS is Ras/mitogen activated protein kinase
(MAPK) that initiates a signaling cascade leading to
activation of inflammatory responses. Activation of
extracellular signal-regulated kinase (ERK), a very
important MAPK, has various advantages for the host
such as activating genes in order to produce TNF-q,
IL-1P and contributes to synthesis of nitric oxide (NO)
and prostaglandins (Zhang et al., 2024). The other
two important MAPK are Jun N-terminal kinase (JNK)
and P38, which modulate apoptosis and regulate im-
mune cells function. Any excess in activation of these
MAPK could cause various inflammatory disorders
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and conditions. Understanding the interplay between
LPS and the MAPK pathway provides insight into
molecular mechanism of immune responses, which
could be the goal of developing therapeutic strate-
gies to modulate inflammatory responses due to LPS
(Rai et al., 2023). Moreover, the administration of LPS
has been shown to induce memory impairment (Xin
et al., 2019), which is often studied in the context of
neuroinflammation. When LPS enters the system, it
activates the immune response, leading to the pro-
duction of pro-inflammatory cytokines such as IL-1p
and TNF-a (Ciesielska et al., 2021). These cytokines
can profoundly impact neuronal function and cogni-
tive processes, particularly memory (Stenfors et al.,
2017). One of the critical pathways involved in mem-
ory impairment following LPS administration is the
MAPK pathway (Chen et al., 2014; Hashimoto et al.,
2017). The activation of this pathway, particularly the
ERK, is crucial for the regulation of various cellular
processes, including neuronal survival, plasticity,
and synaptic function (Iroegbu et al., 2021). However,
LPS-induced inflammation alters the normal signal-
ing cascade by promoting an overactive inflammatory
response. This can lead to dysregulation of the MAPK
pathway, affecting neuronal health and impairing
synaptic plasticity, which is essential for learning and
memory. As synaptic connections weaken and neuro-
nal communication is disrupted, cognitive abilities,
including memory, are adversely impacted (Singh et
al., 2022). Additionally, the involvement of cholecys-
tokinin (CCK) in this context further complicates the
relationship between neuroinflammation and mem-
ory impairment. CCK is a neuropeptide that plays
various roles in the brain, including the modulation
of anxiety, satiety, and cognitive processes. Under
normal physiological conditions, CCK can facilitate
learning and memory through its action on the CCK1
receptor, which can influence synaptic plasticity and
neurotransmitter release (Asim et al., 2024). Howev-
er, following LPS administration and the subsequent
inflammatory response, CCK levels may become dys-
regulated (Rezaei et al., 2024). Moreover, the inter-
play between the MAPK pathway and CCK signaling
suggests a complex network where inflammation
not only impacts individual pathways but can also
create a cascade of impairments by altering neuro-
peptide functions (Juanola et al., 1998; Ramalingam
et al., 2020; Behl et al., 2022). As LPS continues to ex-
ert its effects, the neuroinflammation can culminate
in chronic cognitive deficits, highlighting the im-
portance of understanding these mechanisms in the
broader context of neurodegenerative diseases and
cognitive decline (Lee et al., 2008; Zhao et al., 2019).
This multifaceted interaction implies that interven-
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Table 1. Effects of LPS on the some inflammatory factors in different parts of the brain.
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Tissue Doses and TNF-a NF-kB  COX2  IL-6 IL1 iINOS  TLR4 Species References
administration LPS
) _ _ _ _ B . ) . (Thingore
0.25 mg/kg, i.p. 1 I Swiss albino mice etal, 2021)
1 mg/kg/day, i.p. 1 1 - 1 1 - - Adult Wistar rats (AIsher21(r)|2% DAEITR,
)
rain mg/kg/day, i.p. - - - male mice orrenti et al.,
Brai 5 /kg/day, i i i 1 i le C57BL/6 mi (S i 1., 2018)
. . (Marefati et al.,
1 mg/kg, i.p. i - - 1 - - - Wistar rats 2021)
. Male and female .
10 mg/kg, i.p. 1 - - 1 1 - - Kunming mice (Xin et al., 2019)
Male imprinting
250 pg/kg 1 1 - 1 1 - - control region (Wang et al., 2020)
(ICR) mice
25 pg IcV 1 1 1 - - - 1 Wistar rats (Goel et al., 2018)
0.25 mg/kg, i.p. - 1 1 - - 1 - Male ICR mice (Choi et al., 2012)
Cortex ;
?ﬁigi/%;éi. - 1 - 1 I - I Sprague-Dawley rats (Hu et al., 2020)
50 pg into the right B B B Male Sprague-Dawley .
lateral ventricle t f f f rats U eial, 2011y
’ (Muhammad
250 pg/kg/day 1 i - - 1 - 1 C57BL/6 N mice etal., 2019)
. (Vasconcelos
1 mg/kg/da 1 - - 1 1 - - Male Wistar rats
Peripheral SRy et al., 2014)
blood ;
cijiznega/k\/‘vg;ele.ﬂ - 1 - 1 1 - I Sprague-Dawley rats (Hu et al., 2020)
830 ug/kg, i.p. 1 - - 1 1 - - C57BL/6) male mice (Alboni et al., 2021)
HE/KE, I.p
Zsfgr“f’xi’edkay 1 - 1 - 1 - 1 C57BL/6N mice (Ahmad et al,, 2019)
) _ _ _ _ _ ) (Keymoradzadeh
1 mg/kg, i.p 1 1 Wistar rats et al,, 2020)
250 me/ks dally 1 1 1 . 1 1 . Male ICR mice (Kim et al., 2017)
50 pg into the right _ _ B Male Sprague-Dawley .
lateral ventricle t t t t s (Lietal, 2011)
1 mg/kg; i.p. 1 - - 1 - - - Male Wistar rats (Norouzi et al., 2019)
) (Muhammad
250 pg/kg/day 1 1 - - i = ! CS7BL/GIN mice etal., 2019)
50 pg into the B B B B Male Sprague-Dawley
lateral ventricle t ! t rats (Lee et al., 2013)
2 pglcv 1 - - - 1 - - Adult C57BL/6 mice (Zhang et al., 2015)
Hippo- 0.5 mg/kg, i.p. i - - 1 - - - Male C57BL/6) mice (Zhao et al., 2019)
campus )
Iast(;fj l/r;tr?t:ir:fe 1 1 - - 1 - - Sprague-Dawley rats (Song et al., 2016)
) ) (Badshah
1 pg/ml i 1 1 - i i i microglial cells et al, 2016)
0.25 mg/kg; i.p. 1 - - 1 - - - mice (Daroi et al., 2022)
. ) (Abareshi
1 mg/kg; i.p. 1 - - 1 - - - Male Wistar rats etal, 2016)
L _ B _ B ) (Anaeigoudari
30 mg/kg; i.p. 1 1 1 Male Wistar rats et al,, 2015)
0.25 mg/kg, i.p. - 1 1 - - 1 - Male ICR mice (Choi et al., 2012)
25 pglcv i 1 1 - - - 1 Wistar rats (Goel et al., 2018)
250 pg/kg 1 1 - 1 1 - - male ICR mice (Wang et al., 2020)
; (Vasconcelos
1 mg/kg/day 1 - - = i ! 1 Male Wistar rats etal., 2014)
10 pLIcv - 1 - 1 1 1 1 Sprague-Dawley rats (Lee et al., 2018)

TNF-a: Tumor necrosis factor-alpha, NF-kB: Nuclear factor k B, COX2: Cyclooxygenase 2, IL-6: Interleukin-6, IL-1: Interleukin-1, iNOS: Inducible nitric oxide synthase, TLR4:
Toll-like receptor 4, |: Decrease; 1: Increase.
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tions targeting either the inflammatory response or
the restoration of normal CCK function may serve as
therapeutic strategies to mitigate memory impair-
ment, ultimately pointing toward a potential to pre-
serve cognitive health in inflammatory conditions
(zhang et al., 2024).

On the other hand, NF-xB is a transcription factor
that plays a crucial role in regulating genes involved
in immune responses (Hayden & Ghosh, 2011). In the
context of LPS stimulation, the binding of LPS to TLR4
initiates a signaling pathway that activates NF-kB.
Then, the activated NF-kB translocates to the nucle-
us and promotes the expression of pro-inflammatory
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genes, leading to the production of various cytokines,
chemokines, and other mediators of inflammation
(Afroz et al., 2022). Another inflammatory compound
that plays a key role in inflammatory responses is
induced-nitric oxide synthase (iNOS) (inducible ni-
tric oxide synthase). It is an enzyme that catalyzes
the production of NO from the amino acid L-arginine.
Unlike the constitutive forms of nitric oxide synthase
(NOS), iNOS is not expressed under normal physio-
logical conditions, but it can be induced in response
to inflammatory situations, such as cytokines, patho-
gens, and other immune signals. iNOS is primarily
expressed in immune cells, such as macrophages and

Table 2. Effects of LPS on the antioxidant enzymes and the oxidative status in different parts of the brain.

Doses and

Tissue administration LPS Thiol SOD GPx CAT GSH Lpx Species References
1 mg/kg; i.p. | b - - T Male Wistar rats (Norouzi et al., 2019)
Cortex 250 pg/kg; i.p. 0 - - - 1 Female Wistar rats (Pourganiji et al., 2014)
1 mg/kg; i.p. | A - - 1 Male Wistar rats (Bargi et al., 2017)
. ) (Khajevand-Khazaei
167 pg/kg for 7 days - l - I 1 Male albino Wistar rats etal, 2018)
250 pg/kg/day - - - ! 1 C57BL/6N mice (Ahmad et al., 2019)
for 1 week
1 mg/kg; i.p. | | - - 1 Wistar rats (Marefati et al., 2021)
1 mg/kg; i.p. | | - - 1 Male Wistar rats (Norouzi et al., 2019)
Hippo-
campus 0.5 mg/kg; i.p. - | - - 1 Male C57BL/6) mice (Zhao et al., 2019)
1 mg/kg; i.p. | | - - 1 Male Wistar rats (Bargi et al., 2017)
250 pg/kg; i.p. ! - - - 1 Female Wistar rats (Pourganiji et al., 2014)
1 mg/kg; i.p. | | - - T Male Wistar rats (Hosseini et al., 2018)
L. ) . (Kheir-Eldin
1.14 g/kg; i.p. - | - | 0 Male Wistar albino rats etal, 2001)
0.25 mg/kg; i.p. - | - | 1 Mice (Daroi et al., 2022)
8 mg/kg; b.w. - | - - 1 Male Wistar rats (Sebai et al., 2009)
200 pg/kg - 1 - - - pregnant Wistar rats (Stigger et al., 2013)
250 mg/kg daily " )
R - - - | 1 Male ICR mice (Kim et al., 2017)
Brain 0.25 mg/kg - | | | 1 Male ICR mice (Musa et al., 2017)
i
50 pg into the _ _ _ _ )
lateral ventricle ! Sprague-Dawley rats (Song et al., 2016)
. . . (Abdel-Salam
200 pg/kg - - | | 1 Swiss male albino mice etal, 2014)
2 pglcv - | - - 1 Adult C57BL/6 mice (Zhang et al., 2015)
) ) ) (Abdel-Salam
200 pgrkg _ - - I 1 Swiss male albino mice etal, 2011)

SOD: Superoxide dismutase, GPx: Glutathione peroxidase. Lpx: Lipid peroxidation. CAT: Catalase, GSH: Reduced glutathione, |: Decrease; 1: Increase.
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neutrophils, as well as in other cell types including
endothelial cells and certain neurons (Ghasemi-Deh-
noo et al., 2023). In the LPS challenge stimulation, LPS
can induce the expression and activity of iNOS in im-
mune cells. The produced NO can act as a signaling
molecule and mediate various effects. NO synthesized
by iNOS can have both beneficial and harmful effects
depending on the context and the balance of its pro-
duction (Wu et al., 2022). It is well-documented that
LPS injection led to increased levels of NF-kB, TNF-q,
COX2, and glial fibrillary acidic protein (GFAP) in
the hippocampus and cerebral cortex. Furthermore,
chronic injection of LPS significantly upregulates
TLR4 expression (Zanikov et al., 2023). Recent stud-
ies have shown that chronic and acute administration
of LPS, in addition to increasing the level of NF-kB,
leads to the overproduction of COX2, iNOS, and TNF-«
in the hippocampal tissue (Miwa et al., 2011). Based
on the results of the previous study, LPS injection in-
creased the mRNA of LPS receptor, TLR4, and iNOS.
In addition, the level of IL-1B, and TNF-a in the hip-
pocampus increased. LPS challenge increased serum

Table 3. Effects of LPS on apoptosis and BDNF in different parts of the brain.
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levels of TNF-a, IL-1B, and IL-6 (Wang et al., 2022).
A growing body of evidence shows that the adminis-
tration of LPS in animal models results in an intense
inflammatory response in the hippocampus and cor-
tex. Moreover, it has been reported that the admin-
istration of LPS leads to remarkable enhancement in
the expression of iNOS, COX2, GFAP, and NF-kB DNA
binding (Patel & Singh, 2022). It is important to pay
attention that the hippocampus is very vulnerable to
inflammation due to the presence of many receptors
of cytokines in the hippocampus (Anaeigoudari et al.,
2015). The results of a study conducted by Yanfei Li
et al. (2011) stated that LPS-induced overproduction
of pro-inflammatory cytokines, which this overrate of
cytokines can cause nerve dysfunction and inflamma-
tion and induce signaling in neurons.

LPS increased oxidative stress

LPS causes cell damage in different organs through
the induction of inflammation and various mecha-

) Doses and Caspase .
Tissue administration LPS Bcl-2 Bax 3 TrkB BDNF Species References
Hypo- _ _ - - -
thalamus 1 mg/kg | Sprague- Dawley (Nowacka et al., 2015)
Pituitary 1 mg/kg - - - - b Sprague- Dawley (Nowacka et al., 2015)
) (Vasconcelos
1 mg/kg - - - - I Wistar rats etal, 2014)
. . (Frihauf-Perez
Hippo- 250 pg/kg - - - l ! Swiss albino etal, 2018)
campus
0.5 mg/kg, i.p. - - - - | C57BL/6 (Zhao et al., 2019)
1 mg/k - - - = | Wistar rats (oo
&8 etal,, 2014)
Cortex and
Hippo- 25 g ! 1 t - | SHR's (Goel et al., 2018)
campus
Cerebral ’ . (Fruhauf-Perez
Cortex 250 pg/kg - - - ! | Swiss albino etal, 2018)
PC12 200 pg/kg - ) 1 - - Rat (Sharifi et al., 2010)
1 pg/pl l 1 1 - - Wistar rats (Burguillos et al., 2011)
- 1 1 - - EOC-20 mouse (Guadagno et al., 2013)
Brai 200 mg/kg - - 1 - - Male Sprague-Dawley (Wang et al., 2017)
rain
for 7 days ) . .
(0.250 mg/kg: i.p.) - 1 - - Swiss albino (Thingore et al., 2021)
2 ul/ 1 min
Eoiall5 mi) - - - 0 Sprague-Dawley (Lee et al., 2018)

Bcl-2: B-cell ymphoma-2, Bax: bcl-2-like protein 4, Trk: Tropomyosin receptor kinase B, BDNF: brain-derived neurotrophic factor. |: Decrease; 1: Increase.
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nisms, such as oxidative stress (Skibska et al., 2022).
Oxidative stress refers to an imbalance between the
production of ROS and antioxidants that neutralize
them (Storz & Imlayt, 1999). According to the previ-
ous statements, human cells need to maintain ROS at
a non-toxic level based on a protective system of an-
tioxidant enzymes, including superoxide dismutase
(SOD), catalase (CAT), paraoxonase-1 enzyme (PON-1)
(which is one of the important antioxidant enzymes),
total thiol content, and peroxidase (G-POX), so that
they can prevent ROS damage despite using its signal-
ing reactions (Krishnamurthy & Wadhwani, 2012).
Glutathione (GSH) contains a thiol group that is easily
oxidized and is also known as a main endogenous
non-protein antioxidant. GSH reduces oxidative dam-
age by performing two activities. First, it quenches
ROS with the cooperation of G-POX. Second, it makes
proteins resistant to oxidation. SOD perform their an-
tioxidant activity by catalyzing the conversion of su-
peroxide to molecular oxygen. In addition, SOD, like
catalase enzyme, provide cell defense conditions
against oxidative damage by converting H,0, into wa-
ter and non-toxic oxygen (Liu et al., 2022). By attack-
ing lipids and taking their electrons, oxidants cause
lipid peroxidation and increase the possibility of cell
membrane rupture and ultimately cell death. Nowa-
days, malondialdehyde (MDA), main marker for eval-
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uating oxidative stress in tissues, or TBARS are mea-
sured to reveal the level of lipid peroxidation (Moore
& Roberts, 1998). Also, based on the results of studies,
oxidative stress acts as a major character in causing
various diseases neurodegenerative disorders such as
Parkinson’s disease, Alzheimer’s disease, multiple
sclerosis, rheumatoid arthritis, diabetes, cancer, car-
diovascular diseases, and aging (Phaniendra et al.,
2015). The brain is more vulnerable to oxidative stress
due to its high demand for oxygen (approximately 2%
of body weight and 20% of oxygen consumption) and
the abundance of substrates capable of peroxidation
among all body tissues (Gandhi & Abramov, 2012).
Many shreds of evidence have been presented that
the administration of LPS results in an enhancement
of oxidative damage in brain tissues, which was re-
flected in increase in the level of MDA or lipid perox-
idation (Musa et al., 2017). Today, the term ROS is
used for various types of reactive species, which in-
clude superoxide (02--), hydroxyl radical (OH-), and
non-radicals. In the circumstances of overproduction
of these radicals or weakness of the body’s antioxi-
dant system, these ROS can easily cause damage to
cellular elements such as proteins, DNA, or nerve cell
death (Gandhi & Abramov, 2012). Furthermore, evi-
dence have confirmed that free radicals in the body
act as a double-edged sword, in fact, in normal condi-

Table 4. Effects of LPS on some neurotransmitters in different parts of the brain.

) Dose and ’ ;
Tissue administration LPS 5-HT Glutamate Dopamine Tryptophan Species References
3 mg/kg, i.p i ? i - Sprague-Dawley (Guo et al., 2016)
Hippo- 2-week (500 pg/kg B )
campus every day) i.p | 1 s Sprague-Dawley (Guo et al., 2016)
(0.5 mg/kg, i.p.) | - - - C57BL/6 (Zhao et al., 2019)
(5 pg LPS/5 pl PBS) i.p - - l - Sprague Dawley (Sharrgf)]&sg\lehru,
2.0 pl was injected )
Substantia into the left SN | - A - Wistar (Castano et al., 1998)
nigra 10,000 endotoxin timed-gravid, )
units (EU)/kg - - ) = Sprague-Dawley (Ling et al., 2006)
10-80 pg/ml - - | - Sprag‘ig;sa""'ey (Gayle et al., 2002)
100 pg/kg; s.c | - - - C57BL/6 (Hsueh et al., 2017)
0.83 mg/kg - | - - CD-1 mice (Chan et al., 2020)
Brain
1pg; i.p. 1 - 1 1 Rats (Dunn et al., 1999)
10 mg/kg - 1 - - C57BL/6 (Mdller et al., 2019)
Striatum 2.0 was pl injected | | - Wistar (Castano et al., 1998)

into the left SN

5-HT: 5-hydroxy tryptamine. |: Decrease; 1: Increase.
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tions when the concentration of free radicals is with-
in the normal range, the ROS can act as specific sec-
ond messengers in the signaling cascades. But in the
conditions of overgeneration of ROS, these radicals
via damage to cell membranes, proteins, and DNA can
cause cell death or tissue dysfunction (Juan et al.,
2021; Mittler, 2017). Moreover, it has been suggested
that enhanced ROS results in the activation of the JNK
pathway through phosphorylation JNK, which finally
the activated this pathway can cause an elevation in
apoptosis via upregulation of pro-apoptotic genes
(Chen et al., 2012). The results of previous studies
have shown that mitochondrial dysfunction can be
one of the possible mechanisms in which neuroin-
flammation through it causes overaccumulation of
ROS in the brain. Then, this over-accumulated ROS
can cause nerve cell damage and develop a progres-
sive cycle of neurodegeneration. In fact, growing evi-
dence has shown that TNF-a through activation of
TNF alpha receptor 1 (TNFR1) leads to increased gene
expression of enzymes and molecules iNOS, NOX2,
COX2, ICAM, VCAM that play an important role in in-
creasing ROS production. Furthermore, according to
previous studies, the oxidative stress induced through
inflammation results in induced apoptosis or neuro-
degeneration in brain tissue especially the hippocam-
pus which finally can cause various neurological dis-
orders such as memory impairment (Fischer & Maier,
2015). In a recent study, chronic administration of
LPS led to increased generation and buildup of ROS,
resulting in oxidative stress. Analysis of LPO and GSH
levels in the hippocampus indicated a notable rise in
LPO levels compared to the control group. Additional-
ly, the LPS-injected rats exhibited lower GSH levels in
the brain when compared to the saline-injected
group. In addition, immunofluorescence reactivity of
8-0x0G, which is one of the dominant parameters of
oxidative stress, increased strongly in parts of the
hippocampus such as CA1, CA3, DG under the influ-
ence of LPS (Ahmad et al., 2019). In another study
conducted by Khajevand-Khazaei et al. (2018), a sig-
nificant increase in MDA activity and a decrease in
SOD and CAT enzymes were observed in the LPS group,
whereas GSH levels in the hippocampus showed lower
values compared to the control group. To brighten up
the induction of oxidative damage caused by repeated
injection of different doses of LPS in the brain of ani-
mal models, here, we review some of the studies con-
ducted in this field. In research conducted by Kim et
al. (2017) various factors of oxidative damage were
evaluated. They demonstrated that the levels of MDA
and ROS in the brain of rats receiving LPS were sig-
nificantly increased compared to the control group
that was only subjected to the stress of saline injec-
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tion. On the contrary, their result also showed that
GSH/GSSG ratio was decreased (Kim et al., 2017). The
comparison between the brain tissue of the LPS-in-
jected group and the control group, concluded that
repeated injection of LPS reduces the levels of CAT
(44%), SOD (25%), GSH (58%), Gpx (61%) but the levels
of MDA increased significantly compared to the con-
trol group (Musa et al., 2017). Additionally, the results
of some previous studies have revealed that in
LPS-treated rats the level of MDA in brain tissue was
significantly enhanced, while the activity of SOD en-
zyme was significantly decreased in comparison to
none-LPS-treated rats (Zhang et al., 2015). In another
study, after separating and preparing the brain in
LPS-treated mice, the levels of MDA, GSH, and Gpx
were evaluated in the LPS-treated and non-LPS-treat-
ed rats. Analysis of the results indicated that the level
of MDA was significantly increased in the LPS-treated
group, while the levels of glutathione and Gpx were
significantly decreased. Furthermore, it should be
noted that the administration of LPS in mice results
in decreased activity of the PON-1 enzyme in the
brain in the LPS-treated rats (Abdel-Salam et al.,
2014). Moreover, according to previous studies analy-
sis of the hippocampus and cerebral cortex of adult
mice after chronic systemic injection of LPS indicated
that the level of MDA was considerably increased in
the LPS-treated rats, while the activity of CAT or SOD
enzymes, and total thiol content were remarkably de-
creased in both tissues (Bargi et al., 2017). The activa-
tion of microglia cells in the brain is also one of the
critical pathways that LPS can cause oxidative dam-
age (Kaneko et al., 2012; Tsukahara et al., 2021). As
highlighted by previous studies, activated microglia
cells result in the release of pro-inflammatory cyto-
kines such as IL-1p and TNF-a that leading to the acti-
vation of NADPH oxidase and xanthine oxidase en-
zymes (Soares et al., 2022; Yeh et al., 2024). Conse-
quently, the NADPH oxidase and xanthine oxidase
produce reactive oxygen species (ROS), such as super-
oxide anion (02-), hydrogen peroxide (H,0,), and hy-
droxyl radicals («OH), which are highly reactive and
can damage cellular components (Qin et al., 2004;
Widmer et al., 2007). Excessive ROS production over-
whelms the endogenous antioxidant defense mecha-
nisms, leading to oxidative stress in the brain. This
imbalance between ROS production and antioxidant
capacity can damage lipids, proteins, and DNA in neu-
ronal cells. ROS can also target mitochondria, dis-
rupting electron transport chain function, and lead-
ing to further ROS generation and mitochondrial dys-
function. This creates a vicious cycle of oxidative
damage in neurons (Czapski et al., 2004; Qin et al.,
2013). Prolonged exposure to LPS-induced oxidative
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stress can activate apoptotic pathways in neurons,
leading to cell death and contributing to neurodegen-
erative conditions (Xiao et al., 2022).

LPS impaired level and function
of neurotrophic factors

Neurotrophic factors play a significant role in var-
ious cell functions across different stages of the ner-
vous system during development, maturity, and after
injury. Recent research has shed light on the recep-
tors responsible for these effects and the subsequent
intracellular mechanisms triggered upon ligand bind-
ing. While it was previously understood that growth
factors originated from non-neuronal cells located in
the targets and pathways of neuronal projections, it
is now evident that neurons can also independently
produce these essential signaling molecules (Barbac-
id, 1995; Skaper, 2018; Ning et al., 2024). According to
the effect of LPS on BDNF in this topic, it can aggra-
vate the process of neurodegenerative diseases, which
can eventually cause cognitive and memory disorders
by impairing the brain’s ability to withstand stress-
ors and maintain proper neuronal function. Nerve
growth factor (NGF) was discovered due to its ability
to promote growth, survival, and differentiate pro-
moting effects on neurons (Levi-Montalcini & Ange-
letti, 1968). A member of this family is BDNF, a protein
that is widely distributed throughout the central ner-
vous system and peripheral blood which has crucial
effects on the development, function, maintenance
of neurons, helps regulate synaptic activity, plays an
essential role in neuroplasticity, learning, and memo-
ry (Binder & Scharfman, 2004). Evidence have shown
that BDNF levels in the blood reflect BDNF levels in
the brain (Karege et al., 2002; Katoh-Semba et al.,
2007). BDNF protein is synthesized in the endoplas-
mic reticulum as a pro-BDNF then moves to the Golgi
apparatus which is then secreted by neurons in the
synaptic space. The terminal domain of pro-BDNF is
cleaved by a convertase enzyme and forms mature
BDNF that binds to specific TrkB receptors on the ax-
ons and dendrites of cortical neurons. Once bound,
BDNF promotes the growth and maintenance of these
neurons by enhancing their survival, growth, and
differentiation (Guldager et al., 2024). Evidence also
have shown that BDNF plays an important role in
memory and neuroprotection (Pandya et al., 2013).
Studies have shown that inflammation and oxidative
stress induced by LPS can lead to decreased BDNF lev-
el in the brain tissues, which finally can induce apop-
tosis in neurons cells. For instance, an experimental
study conducted on rats found that administration of
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LPS led to a decrease in BDNF expression in certain
regions of the brain, including the hypothalamus and
pituitary gland (Nowacka et al., 2015), which are in-
volved in the controlling many functions (Puelles et
al., 2012) and maintaining homeostasis (a physiologic
balance) within the body (Cheung & Camper, 2018).
In addition, Vasconcelos et al. (2014) demonstrated
that a single dose injection of LPS decreases BDNF
levels in the hippocampus of the rat’s brain, which
is play critical role in memory and cognitive process-
es. The reduced BDNF levels due to the administra-
tion of LPS cause to inflammatory response, and the
production of pro-inflammatory cytokines such as
IL-1B, TNF-a, and interferon-gamma (IFN-y). Subse-
quently, these cytokines can interact with neurons in
the brain, leading to an inflammatory response and
impairment of critical brain functions such as learn-
ing and memory (Frithauf-Perez et al., 2018). As dis-
cussed before BDNF has an important role in neurode-
velopment or neurogenesis. Therefore, any changes
in BDNF levels may contribute to the progression of
neurodegenerative diseases. As an example, prenatal
exposure to LPS elevates BDNF levels similarly to au-
tistic patients, suggesting a correlation between au-
tism and BDNF levels (Kirsten et al., 2015). In fact, the
increased level of BDNF may reflect a compensatory
mechanism as an intrinsic component of the disease
process (Tsai, 2005). Additionally, it is also reported
that the expression level of BDNF is reduced in Par-
kinson’s disease (Fumagalli et al., 2006). Moreover,
stress itself has been implicated in the reduction of
BDNF levels. It has been revealed that chronic stress
conditions lead to decreased BDNF expression in the
hippocampus, an area crucial for learning and mem-
ory. This reduction is associated with impairments in
synaptic plasticity and cognitive function (Asim et al.,
2022). In addition to the effects of stress, the role of
antidepressant treatments in reversing BDNF deficits
is noteworthy. Antidepressants have been shown to
increase BDNF levels in the brain, thereby promot-
ing neurogenesis and enhancing synaptic plasticity.
Various antidepressant such as ketamine treatments
can restore BDNF levels in animal models subjected
to stress (Asim et al., 2021). This restoration may con-
tribute to the therapeutic effects of antidepressants,
facilitating recovery in cognitive functions that are
impaired due to stress-induced BDNF depletion. The
interplay between LPS-induced oxidative stress,
stress-related reductions in BDNF, and the potential
for antidepressant treatments to reverse these effects
presents a compelling case for further investigation.
Understanding these relationships is crucial for de-
veloping therapeutic strategies aimed at improving
memory function and mitigating cognitive impair-
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ments associated with inflammatory conditions. In
general, the decrease in BDNF levels resulting from
LPS administration and oxidative stress has signifi-
cant implications for memory function (Siuda et al.,
2017). The evidence supporting the role of stress in
reducing BDNF, as well as the ability of antidepres-
sant treatments to restore these levels, emphasizes
the need for a multifaceted approach to understand-
ing and addressing the cognitive deficits associated
with LPS exposure. Future research should aim to ex-
plore the potential of pharmacological interventions
that target neurotrophic factors to improve cognitive
outcomes in conditions characterized by elevated in-
flammatory responses.

LPS alters level and function of neurotransmitters

Numerous studies have demonstrated that chronic
LPS injection leads to alterations in neurotransmit-
ter levels in various brain regions disrupting memory
and cognitive function (Guo et al., 2016). The studies
also shed light on the involvement of oxidative stress
in LPS-induced neurotransmitter dysregulation.
Chronic LPS exposure triggered the modulation of an-
tioxidant enzyme activities, leading to an imbalance
between ROS formation and elimination, which con-
tributed to the observed alterations in neurotrans-
mitter dynamics (Sharma & Nehru, 2015; Barua et al.,
2018). This elevated neuroinflammation correlated
with decreased levels of important neurotransmitters
such as serotonin, norepinephrine, and dopamine in
specific brain regions (Rawani et al., 2024). Inflamma-
tion-induced changes in neurotransmitter systems
have been reported in the hippocampus, prefrontal
cortex, amygdala, striatum, and other brain areas im-
plicated in cognitive, emotional, and motor functions.
Chronic LPS administration results in reduced levels
of serotonin and dopamine in the hippocampus, lead-
ing to disturbances in mood regulation, learning, and
memory processes. These changes have been linked
to the development of depressive-like symptoms and
impaired spatial learning (Miller et al., 2013; Fasick et
al., 2015). The prefrontal cortex, responsible for exec-
utive functions and decision-making, experiences al-
terations in GABA and glutamate neurotransmission
following chronic LPS injection. These changes are
associated with cognitive impairments, including at-
tention deficits and cognitive inflexibility (Crowley et
al., 2016). Chronic LPS-induced neuroinflammation in
the amygdala disrupts serotonin and GABAergic neu-
rotransmission, contributing to anxiety-like behav-
iors and emotional dysregulation (Zheng et al., 2021).
Dysregulation of the GABAergic system contributes to
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anxiety-like behaviors and emotional dysregulation
observed in animal models following LPS exposure
(Rezaei et al., 2024). Research has demonstrated that
GABA dysfunction is closely linked to the pathophysi-
ology of depression (Della Vecchia et al., 2022; Prévot
& Sibille, 2021). For instance, the study by Asim et al.
(2024) highlights that alterations in GABAergic sig-
naling can lead to decreased inhibitory control over
excitatory pathways, resulting in heightened neural
excitability and increased susceptibility to mood dis-
orders. This is especially relevant in the context of
LPS administration, where inflammatory cytokines
can modulate GABA receptor expression and func-
tion, further exacerbating emotional dysregulation.
Furthermore, other studies underscore the role of
GABA in regulating mood and anxiety (Felice et al.,
2020; Ochoa-de la Paz et al., 2021). The authors found
that GABAergic dysfunction is prevalent in various
models of depression and anxiety, suggesting that
restoring GABAergic transmission may have ther-
apeutic potential. In LPS models, the disruption of
GABA signaling not only contributes to anxiety-like
behaviors but may also impair cognitive functions,
as GABA is essential for maintaining the balance of
synaptic plasticity necessary for memory processing
(Asim et al., 2024). However, the relationship between
LPS-induced neuroinflammation and GABA dysfunc-
tion is significant in understanding the broader im-
plications for both mood and cognitive disturbances.
By highlighting the interplay between GABAergic
neurotransmission and depressive-like behaviors, we
underscore the need for further research into target-
ed therapeutic strategies that could ameliorate these
effects, potentially improving outcomes for individu-
als affected by conditions characterized by elevated
inflammatory responses. The striatum, a key brain
region involved in motor control and reward process-
ing, demonstrates compromised dopamine signaling
following chronic LPS injection. This disruption can
lead to motor deficits, altered reward processing, and
contribute to the development of Parkinson’s dis-
ease-related symptoms (Abg Abd Wahab et al., 2019).
Moreover, studies have shown that LPS can have ad-
verse effects on glutamate, and acetylcholine, which
are both vital neurotransmitter in the central ner-
vous system (Zhou et al., 2006; Tyagi et al., 2010).
It is important to note that exposed to LPS also can
lead to dysregulation of glutamate homeostasis. This
dysregulation may result in excessive release of glu-
tamate, leading to excitotoxicity, which can damage
neurons and contribute to various neurological dis-
orders (Zhou et al., 2006). When LPS interacts with
acetylcholine, it can lead to disruption of the cho-
linergic signaling pathways. This interference can
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result in decreased acetylcholine release, impaired
transmission at cholinergic synapses, and ultimately
lead to cognitive dysfunction, memory impairment,
and other neurological problems (Tyagi et al., 2008;
Xia et al., 2022). Additionally, the inflammatory re-
sponse triggered by LPS can further exacerbate the
negative impact on acetylcholine, and glutamate con-
tributing to conditions such as neuroinflammation
and neurodegeneration (Lee, 2013). The long-term
impact of chronic LPS-induced neuroinflammation
on neurotransmitter levels appears to be persistent.
Even after the inflammatory response subsides, neu-
rotransmitter disturbances can persist, contributing
to prolonged behavioral abnormalities and increasing
susceptibility to neurodegenerative diseases (Broth-
ers et al., 2013).

LPS-induced apoptosis

Apoptosis, also known as programmed cell death,
is a highly regulated and essential physiological pro-
cess that plays a crucial role in various biological
events, whereas its fundamental mechanism involved
in the development, homeostasis, and elimination
of unwanted or damaged cells in multicellular or-
ganisms (Ekundayo et al., 2024). Apoptosis is char-
acterized by a series of morphological and biochem-
ical changes that result in removal of cells without
causing inflammation or damage to neighboring
cells. This process is tightly controlled by a complex
network of signaling pathways and involves the ac-
tivation of specific cellular machinery (Wyllie, 1997;
Fadok & Henson, 1998). Two main pathways can ini-
tiate apoptosis (Zimmermann & Green, 2001). The
extrinsic pathway is activated by external signals,
typically through the binding of specific ligands to
cell surface death receptors. Ligand binding triggers
the formation of a death-inducing signaling complex
(DISC), leading to the activation of caspases, a fam-
ily of proteases that orchestrate apoptosis (Nair et
al., 2014). The intrinsic pathway, also known as the
mitochondrial pathway, is triggered by a variety of
intracellular stresses, such as DNA damage, oxida-
tive stress, or growth factor deprivation (Inoue et al.,
2009). These stress signals cause the release of mito-
chondrial proteins, including cytochrome c, into the
cytoplasm. Cytochrome c, together with other pro-
teins, forms a complex called the apoptosome, which
activates caspases and initiates cell death (Silvestro
et al., 2024). Once apoptosis is triggered, a series of
events occur, including cytoplasmic and nuclear con-
densation, DNA fragmentation, membrane blebbing,
and the formation of apoptotic bodies that are sub-
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sequently recognized and eliminated by neighboring
cells or phagocytes in a process called phagocytosis
(Fadok & Henson, 1998). Apoptosis serves several crit-
ical functions in maintaining the overall health and
functioning of an organism such as development and
tissue remodeling (Lorda-Diez et al., 2015), immune
system regulation (Opferman, 2008), removal of dam-
aged cells (Ekundayo et al., 2024), prevention of auto-
immunity (Vaux & Flavell, 2000; Hughes et al., 2008).
Imbalance in apoptotic regulation can lead to various
pathological conditions, such as neurodegenerative
diseases, cancer, autoimmune disorders, and develop-
mental defects (Ekundayo et al., 2024). The main goal
of this essential and fundamental function regardless
of the downstream pathway is, cell removal without
damaging the tissue (Fadok & Henson, 1998). There-
fore, studying the mechanisms underlying apoptosis
is crucial for understanding normal physiological
processes and developing therapeutic interventions
for associated diseases. LPS-induced apoptosis has
been studied in many cell lineages but primarily in
immune cells, such as macrophages and lymphocytes.
According to previous studies LPS, a pattern recog-
nition receptor (PAMP), activates TLR4, a member of
the pattern recognition receptors (PRR) family, which
triggers a signaling cascade leading to the activation
of pro-inflammatory pathways (Thingore et al., 2021).
Furthermore, previous studies also have revealed
that low-dose exposure to LPS can play a neuropro-
tective role by activating TLR4 receptors against cel-
lular apoptosis. However, further studies are required
with respect to the mechanism involved (Sangaran
et al., 2021). Among the downstream signaling path-
ways, NF-kB and MAPKs are known to be involved in
LPS-induced apoptosis (Sangaran et al., 2021). Many
evidence confirm that activation of NF-kB by LPS can
promote cell survival by upregulating anti-apoptot-
ic genes (Bannerman & Goldblum, 2003). However,
under certain conditions, LPS-induced NF-kB activa-
tion can also lead to apoptosis (Lv et al., 2020). This
apoptotic response can be mediated by the induction
of pro-apoptotic mediators or the inhibition of an-
ti-apoptotic factors (Bannerman & Goldblum, 2003; Lv
et al., 2020). Additionally, the results of the previous
study have revealed that MAPK signaling pathways,
including ERKs, JNKs, and p38 MAPK, have also been
implicated in LPS-induced apoptosis, activation of
these pathways by LPS can result in the induction of
pro-apoptotic factors or the inhibition of anti-apop-
totic signaling pathways, ultimately leading to apop-
tosis (Mizumura et al., 2010). In addition, growing
evidence has shown that LPS-induced apoptosis can
occur in various cell types, including immune cells,
endothelial cells, cardiac cells, hepatic cells, and neu-
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ronal cells (Watson et al., 1996; Meresman et al., 2000;
George et al., 2019; Song et al., 2020; Ji et al., 2021; Xu
et al., 2022). LPS triggers apoptosis in immune cells,.
For instance, an experimental study found that LPS
treatment induced apoptosis in mouse macrophages
through the activation of caspase-3, a key execution-
er of caspase involved in apoptosis (George et al.,
2019). Another study showed that LPS-induced apop-
tosis in human neutrophils involved the upregulation
of pro-apoptotic Bcl-2 family members and the acti-
vation of caspase-3 (Vier et al., 2016). LPS also induces
apoptosis in various non-immune cell types. In neu-
ronal cells, LPS-induced apoptosis has been associat-
ed with the release of pro-inflammatory cytokines,
oxidative stress, and disruption of mitochondrial
function (Noworyta-Sokotowska et al., 2013). In vitro
studies using neuronal cell cultures have demonstrat-
ed that exposure to LPS leads to increased caspase
activation, DNA fragmentation, and morphological
changes characteristic of apoptosis (Nimmervoll et
al., 2013). Animal models, such as mice or rats, have
also been utilized to investigate the impact of LPS on
neuronal apoptosis in vivo (Kubera et al., 2011). These
studies have shown that LPS administration induces
neuronal cell death in specific brain regions, further
supporting the role of LPS in apoptosis induction.
Several studies have implicated LPS-induced neuro-
nal apoptosis in neurodegenerative diseases (Tanaka
et al., 2006). In certain neurological disorders or con-
ditions, increased apoptosis in neural cells can lead
to memory impairment. As an example, enhancing
of apoptosis in the hippocampus and other memo-
ry-related brain regions contributes to the cognitive
decline and memory impairment seen in Alzheimer’s
disease (Maiti et al., 2008). Various neurodegenera-
tive disorders, such as Parkinson’s disease and Hun-
tington’s disease, also involve excessive apoptosis
in specific brain areas which often have associated
memory deficits and cognitive decline (Stefanis et al.,
1997). Furthermore, previous studies have reported
that LPS binding to TLR4 on microglia initiates a sig-
naling cascade, leading to the release of pro-inflam-
matory cytokines like IL-1p and TNF-a (Muhammad et
al., 2019). The pro-inflammatory cytokines stimulate
astrocytes to release excessive amounts of glutamate,
the major excitatory neurotransmitter in the brain
(Persson et al., 2005; Huang et al., 2008). This gluta-
mate release contributes to excitotoxicity, damaging
neuronal cells (Bal-Price & Brown, 2001; Zhou et al.,
2006; Qu et al., 2022). The increased glutamate in the
extracellular space can overstimulate glutamate re-
ceptors, particularly N-methyl-D-aspartate receptors
(NMDARSs), leading to an influx of calcium ions into
neurons (Chang et al., 2001; Zhang et al., 2017). The
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excessive calcium influx disrupts cellular homeo-
stasis, triggering mitochondrial dysfunction, oxida-
tive stress, and activation of pro-apoptotic pathways
(Bakaeva et al., 2021). Prolonged exposure to LPS-in-
duced glutamate excitotoxicity can lead to neuronal
cell death, contributing to neurodegenerative condi-
tions and cognitive impairments (Zhou et al., 2006).

LPS impaired LTP

LPS and LTP are two important processes that play
different roles in the brain. LTP is a process that oc-
curs in the brain when neurons become more sensitive
to the synaptic transmission of signals (Sandkiihler,
2007). This process is involved in learning and memo-
ry, and it is believed to be the cellular mechanism that
underlies long-term memory formation (Asim et al.,
2024). There is evidence to suggest that administration
of LPS can impair LTP in brains tissues. In this regards,
to give an illustration, Zhao et al. (2019) have indicat-
ed that LPS impairs LTP in several regions of the brain
such as the hippocampus and prefrontal cortex. This
impairment is attributed to the activation of specific
receptors, notably TLR4 and CD14, leading to inflam-
matory responses. This activation triggers the produc-
tion of inflammatory cytokines like IL-1B, TNF-a, and
IL-6. These cytokines are generated by microglia and
astrocytes, with astrocytes likely producing more IL-6
and less TNF-a in this context (Cowley et al., 2012; Hos-
seini et al., 2021). Moreover, activation of microglial
cells by LPS could also lead to excessive production of
ROS which could alter LTP in numerous ways. As an ex-
ample, high levels of ROS can lead to oxidative damage
of proteins, lipids, and DNA, which can disrupt normal
cellular function and impair synaptic plasticity mech-
anisms. Oxidative stress-induced damage can result in
synaptic dysfunction, neuronal injury, and ultimately
contribute to LTP impairment and cognitive deficits
(Knapp & Klann, 2002). Many papers have reported
that interleukin IL-1p has a concentration-dependent
inhibitory effect on LTP (Lynch, 2015). As Lynch (2015)
discussed, LPS enhances the adaptation of microglia to
the M1 state, which may cause a deficit in LTP. Howev-
er, the factors that switch microglia from the M1 to the
M2 phenotype are associated with restoration of LTP.
As an example, inhibition of IL-1P resulted in macro-
phages adopting the M2 state (Mirza et al., 2013) and
this opposes the inhibition of LTP (Kelly et al., 2003).
A correlation between LPS-induced inflammation and
impaired LTP has been identified in several models.
Many studies have been reported that administration
of LPS in animal models results in impaired in LTP (No-
lan et al., 2004; Abareshi et al., 2016; Hosseini et al.,
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2021) and spatial learning (Zarifkar et al., 2010; Valero
et al., 2014). It has been observed that intraperitoneal
administration of LPS leads to an increase in apoptosis
through elevating caspase-1 activity and IL-1f concen-
tration in the hippocampus which, finally can decrease
number of neurons in Schaffer projections to hippo-
campal CA1 cells that can cause LTP impairment (Vere-
ker et al., 2000). In addition, for further confirmation,
studies have been illustrated that administration of
inflammatory cytokines receptor blockers such as an
interlukin-1 receptor (IL-1R) blocking antibody results
in an improvement of synaptic plasticity (Kitazawa et
al., 2011). Additionally, apart from IL-1B, Curran and
0’Connor (2001) have demonstrated that administra-
tion of inflammatory cytokine such as IL-18 results in
LTP impairment in the dentate gyrus of animal mod-
els. Furthermore, it has been well documented that
BDNF plays a crucial role in the process of LTP, which
is a key mechanism underlying learning and memory
in the brain. BDNF enhances the strength of synaptic
connections by promoting the survival and growth of
neurons, as well as by modulating synaptic plasticity
(Thomas & Davies, 2005). As discussed previously LPS
alters BDNF levels which could then impair LTP as the
result. According to previous studies, it was also found
that induction of chronic neuroinflammation results
in significant impairment in LTP within the dentate
gyrus (a well-characterized model of cellular synaptic
plasticity) of the hippocampus (Hauss-Wegrzyniak et
al., 2002).

Relationship between memory impairment
and depressive-like behavior in LPS models

The relationship between memory impairment
and depressive-like behavior in the context of LPS ad-
ministration has also gained increasing attention in
neurobiological research. As described, LPS is widely
used in experimental models to investigate the effects
of inflammation on cognitive and emotional func-
tions. This relationship is complex and multifaceted,
involving various molecular and cellular mechanisms
that intertwine the pathways responsible for cogni-
tive decline and affective disorders. LPS administra-
tion induces a robust neuroinflammatory response,
characterized by the activation of microglia and the
release of pro-inflammatory cytokines (Murtaj et al.,
2019; Niaz et al., 2021). This inflammatory cascade
not only impacts neuronal circuits involved in mem-
ory but also significantly affects circuits associated
with mood regulation (Chistyakov et al., 2018). The
hippocampus is particularly vulnerable to the effects
of neuroinflammation (Vasic & Schmidt, 2017). Stud-
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ies have shown that LPS can disrupt synaptic plas-
ticity and LTP, both essential for memory processes
(Hauss-Wegrzyniak et al., 2002; Lynch, 2015). The
detrimental effects of LPS on memory performance
often coincide with the emergence of depressive-like
behaviors as (Hosseini et al., 2024) discussed, suggest-
ing a shared underlying pathology.

One of the main mechanisms linking memory im-
pairment to depressive-like behavior is the dysreg-
ulation of neurotrophic factors, specifically BDNF
(zborowski et al., 2021). Under normal conditions,
BDNF plays a crucial role in promoting neuronal
survival, synaptic plasticity, and cognitive functions
(Thomas & Davies, 2005). However, LPS administra-
tion has been shown to decrease BDNF levels in the
hippocampus, which correlates with observed defi-
cits in both memory and mood (Hritcu & Gorgan,
2014; Nowacka et al., 2015). This reduction in BDNF
not only disrupts the signaling pathways necessary
for LTP but also impairs the brain’s ability to adapt
to stress, thereby increasing susceptibility to depres-
sive symptoms (Duncan et al., 2009; Hing et al., 2018).
The interplay between BDNF signaling and neuroin-
flammation indicates that interventions aimed at
modulating BDNF levels could potentially alleviate
both memory deficits and depressive-like behav-
iors. Another key aspect of the relationship between
memory impairment and depressive-like behavior in
LPS models is the role of neurotransmitter systems,
particularly serotonin and norepinephrine. Chronic
neuroinflammation has been associated with altered
neurotransmitter dynamics, leading to imbalances
that can contribute to mood disturbances and cogni-
tive decline (Leite et al., 2017). LPS exposure has been
shown to decrease serotonin availability, which is
critical for mood regulation and cognitive functions
such as attention and memory (Korte-Bouws et al.,
2018). This serotonergic dysfunction is often accom-
panied by alterations in norepinephrine signaling,
which together can exacerbate feelings of helpless-
ness and despair, characteristic of depressive-like
states (Anand & Charney, 2000; Goddard et al., 2010).
Moreover, the interaction between neuroinflamma-
tion and oxidative stress further complicates this re-
lationship. LPS-induced neuroinflammation is associ-
ated with the generation of reactive ROS, which can
lead to oxidative damage in neuronal cells (Mizuno,
2015; Kempuraj et al., 2016). Oxidative stress has been
implicated in both memory impairment and the de-
velopment of depressive-like behavior (Patki et al.,
2013). The hippocampus, being highly susceptible to
oxidative damage, may exhibit cellular changes that
impair neurogenesis and synaptic function, thereby
contributing to cognitive deficits (Head, 2009). This
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oxidative pathway may also influence the expression
of genes involved in mood regulation, compounding
the effects on depressive-like behaviors (Wigner et
al., 2020). The hypothalamic-pituitary-adrenal (HPA)
axis also plays a significant role in the relationship
between memory impairment and depressive-like be-
havior in the context of LPS administration. Chronic
inflammation can lead to dysregulation of the HPA
axis, resulting in altered cortisol levels (Straub & Cu-
tolo, 2016). Elevated cortisol, often seen in states of
chronic stress and depression (Bertollo et al., 2020),
can impair hippocampal function and contribute to
memory deficits (Liu et al., 2023). Furthermore, the
feedback loop between stress hormones and neu-
roinflammation suggests that elevated inflammatory
markers can further exacerbate HPA axis dysregula-
tion, creating a vicious cycle that perpetuates both
cognitive and emotional dysfunction (Lawrence &
Scofield, 2024). In addition to these molecular mech-
anisms, behavioral studies utilizing LPS models have
provided valuable insights into the connection be-
tween memory and mood (Morimoto et al., 2023; Yin
et al., 2023). Animals subjected to LPS administration
often display a range of behavioral changes indicative
of both memory deficits and depressive-like symp-
toms, such as anhedonia, social withdrawal, and in-
creased immobility in forced swim tests (Bassi et al.,
2012; Couch et al., 2016). These behavioral changes
correlate with neurobiological alterations, reinforc-
ing the notion that cognitive and affective process-
es are interconnected. The impact of environmental
factors on this relationship cannot be overlooked.
Chronic stressors and adverse experiences can exac-
erbate the effects of neuroinflammation induced by
LPS (Ritchie, 2004; Aprilia & Aminatun, 2022). For in-
stance, a history of early-life stress or chronic social
stress can prime the brain’s inflammatory response,
making individuals more susceptible to both memo-
ry impairments and depressive behaviors following
LPS exposure (Patki et al., 2013). This highlights the
importance of considering individual differences and
environmental contexts when assessing the interplay
between inflammation, cognition, and mood.
Therapeutically, targeting the underlying mech-
anisms shared by memory impairment and depres-
sive-like behavior in LPS models offers promising
avenues for intervention. Potential strategies include
the use of anti-inflammatory agents (Brod, 2022),
antioxidants (Ataie et al., 2010), and modulators of
neurotrophic factors (Sharma et al., 2023). For ex-
ample, compounds that enhance BDNF signaling or
reduce oxidative stress could provide dual benefits,
improving cognitive functions while alleviating de-
pressive symptoms (Shimada et al., 2014). Addition-
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ally, lifestyle interventions such as exercise, which
has been shown to increase BDNF levels and reduce
inflammation (Walsh & Tschakovsky, 2018), may of-
fer a holistic approach to mitigate the cognitive and
emotional consequences of LPS exposure. Overall, the
relationship between memory impairment and de-
pressive-like behavior in LPS models is complex and
multifaceted, involving intricate molecular mecha-
nisms that highlight the interplay between neuroin-
flammation, neurotrophic factors, neurotransmitter
systems, oxidative stress, and HPA axis regulation.
Understanding these interconnected pathways is
crucial for developing targeted interventions that
address both cognitive and emotional dysfunctions
associated with inflammatory processes. As research
continues to unravel the nuances of this relationship,
it will pave the way for innovative therapeutic strat-
egies aimed at improving outcomes for individuals
affected by conditions characterized by elevated in-
flammatory responses, such as infections, sepsis, and
neuroinflammatory disorders.

CONCLUSION

In conclusion, this review has collected articles
with subject of the impact of LPS on memory impair-
ment and the underlying mechanisms involved. The
findings of this review indicate that LPS significantly
impairs memory processes. The mechanisms through
which LPS exerts its effects on memory impairment
have been introduced. The review sheds light on the
role of neuroinflammation, oxidative stress, apopto-
sis induction, neurotrophic factors, neurotransmit-
ters and synaptic dysfunction as key contributors to
the observed memory impairments. Neuroinflamma-
tion, characterized by the activation of microglia and
the release of pro-inflammatory cytokines, has been
identified as a key contributor to the observed mem-
ory impairments. Additionally, oxidative stress and
synaptic dysfunction have been implicated as import-
ant mechanisms underlying LPS-induced memory im-
pairment. Understanding these mechanisms is crucial
for the development of potential therapeutic inter-
ventions for memory-related disorders. By targeting
neuroinflammation, oxidative stress, apoptosis, neu-
rotrophic factors, and synaptic dysfunction, it may be
possible to mitigate the memory impairments caused
by LPS. This review article provides a comprehensive
overview of the complex relationship between LPS
and memory impairment. The majority of the studies
included were conducted on animal models, and fur-
ther research is needed to validate these findings in
human populations.
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