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Alzheimer disease (AD) is a devastating neurodegenerative disorder characterized by
extracellular accumulation of amyloid-beta and formation of intracellular neurofibrillary
tangles. Microglia activation and neuroinflammation play important roles in the
pathogenesis of AD; Toll-like receptor 4 (TLR4)—a key component of the innate
immune system—in microglia is also thought to be involved based on the observed
association between TLR gene polymorphisms and AD risk. TLR4 has been shown to
exert both detrimental and beneficial effects on AD-related pathologies. In preclinical
models, experimental manipulations targeting TLR4 were shown to improve learning
and memory, which was related to inhibition of pro-inflammatory cytokine release and
reduction of oxidative stress. In this review, we summarize the key evidence supporting
TLR4 as a promising therapeutic target in AD treatment.
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INTRODUCTION

Alzheimer disease (AD) is a progressive and irreversible neurodegenerative disease that mainly
manifests as memory loss and cognitive deterioration. Around 50 million people worldwide
are afflicted with dementia, and this number is expected to exceed 131 million by 2050
with the aging of the global population (Alzheimer’s Association, 2019). AD is categorized
into sporadic and familial forms. Sporadic AD, which is also known as late-onset AD
(LOAD), accounts for 90% of all AD cases and mainly occurs in individuals over the age
of 65 years. Familial AD has an earlier onset and is hereditary, with the genes encoding
Aβ precursor protein (APP), presenilin 1 (PSEN1), and PSEN2 identified as causative genes
(Bertram et al., 2010). However, the etiology of sporadic AD is not fully understood. The
pathologic hallmarks of AD include extraneuronal accumulation of amyloid-beta (Aβ) plaques
and intraneuronal aggregation of neurofibrillary tangles composed of tau protein (Querfurth
and LaFerla, 2010), which are thought to be the major drivers of the disease. However,
clinical trials of therapeutics targeting Aβ or tau aggregation have not yielded promising results
(Castellani and Perry, 2012).
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Neuroinflammation is a prominent pathologic feature of
AD. Genes related to immunity identified in genome-wide
association studies have been linked to the risk of sporadic AD,
including those encoding complement receptor 1 (CR1), cluster
of differentiation 33 (CD33), and triggering receptor expressed
on myeloid cells 2 (TREM2) (Karch and Goate, 2015). Elevated
levels of inflammatory cytokines and chemokines have been
detected in postmortem brains of AD patients (Cacabelos et al.,
1991; Grammas and Ovase, 2001). Thus, the innate immune
response plays a role in the development of AD (Jevtic et al.,
2017). Microglia are brain-resident macrophages and the most
important innate immune cells in the central nervous system
(CNS). In the brain of AD patients, microglia are present around
senile plaques in an activated state, implying that they are
involved in disease pathogenesis (Hansen et al., 2018). Activated
microglia load is associated with the upregulation of various cell
surface receptors and pro-inflammatory molecules in AD. Toll-
like receptors (TLRs) of the innate immune system function as
pattern recognition receptors (PRRs) and have been implicated
in AD (McGeer et al., 1987; Su et al., 2016). As the first line
of defense against pathogens, TLRs sense pathogen-associated
molecular patterns and danger-associated molecular patterns
(DAMPs) including Aβ.

To date, 10 functional human TLRs (TLR1–10) and 12 mouse
TLRs (TLR1–9, 11–13) have been identified (Kawasaki and
Kawai, 2014). Human microglia express TLRs 1–9 (Bsibsi et al.,
2002). TLR4 is expressed on the surface of microglia and plays a
critical role in neuroinflammation by binding to Aβ fibrils. In this
review, we discuss the involvement of TLR4 in AD and evidence
from animal models supporting TLR4 as a potential therapeutic
target in AD treatment.

TOLL-LIKE RECEPTOR 4 SIGNALING

TLRs are type I transmembrane proteins that consist of
an extracellular leucine-rich repeat ligand-binding domain,
single membrane-spanning helix, and intracellular signaling
Toll/interleukin-1 receptor (TIR) domain (Moresco et al.,
2011). Following ligand binding, TLRs undergo dimerization
or oligomerization and recruit TIR domain adaptors, resulting
in the synthesis and release of pro- and anti-inflammatory
molecules. Four adaptor proteins are known to be activated by
TLRs including myeloid differentiation primary response protein
88 (MyD88), MyD88 adaptor-like/TIR domain-containing
adaptor molecule (Mal/TIRAP), TIR domain-containing adaptor
protein-inducing interferon-β [TRIF; also known as TIR domain-
containing adaptor molecule 1 (TICAM1)], and TRIF-related
adaptor molecule [TRAM; also known as TIR domain-containing
adaptor molecule 2 (TICAM2)] (Moresco et al., 2011).

TLR4 is a member of the TLR family that specifically
recognizes lipopolysaccharide (LPS), a glycolipid present in
the outer membrane of most Gram-negative bacteria. LPS is
typically composed of a hydrophobic domain, Lipid A (also
known as an endotoxin), a non-repeating “core” oligosaccharide,
and a hydrophilic polysaccharide (or O-antigen) (Raetz and
Whitfield, 2002). The extracellular molecules MD-2 and CD14

are required for TLR4 to recognize and process LPS (Akira et al.,
2006). Stimulation of TLR4 induces the activation of MyD88-
dependent and -independent pathways. In the former, MyD88
mediates the activation of interleukin 1 (IL-1) receptor-associated
kinases (IRAKs) and tumor necrosis factor (TNF) receptor-
associated factor 6 (TRAF6), which is followed by activation
of the inhibitor of nuclear factor kappaB (IκB) kinase complex
(IKK complex) that includes IKK-α, IKK-β, and IKK-γ [also
known as IKK1, IKK2, and nuclear factor-κB (NF-κB) essential
modulator (NEMO), respectively] (Kawai and Akira, 2007).
This pathway activates NF-κB, which leads to the transcription
of genes encoding pro-inflammatory factors such as TNF-α
and IL-1. TRAF6 activates the mitogen-activated protein kinase
(MAPK) signaling pathway [which includes extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38], leading to an inflammatory response. In the MyD88-
independent/TRIF-dependent pathway, TLR4 cooperates with
TRIF to induce interferons (IFNs; e.g., IFN-α/β) and NF-κB
(Kawai and Akira, 2007). The N- and C-terminal regions of
TRIF have distinct functions with regard to the recruitment of
downstream effectors. The N terminus recruits non-canonical
IKKs, TANK-binding kinase 1 (TBK1) (also known as T2K or
NAK), and IKK-inducible kinase (IKKi; also known as IKKε),
which phosphorylate the C terminus of IFN regulatory factor
3 (IRF3) to induce the expression of target genes including
IFN-β (Kawai and Akira, 2007). There is crosstalk between
the TRIF-dependent and MyD88-dependent pathways in that
the N terminus of TRIF recruits TRAF6 and induces NF-κB
activation (Kawai and Akira, 2007). Moreover, the C terminus
of TRIF interacts with receptor-interacting serine/threonine-
protein kinase 1 (RIP1), which forms a complex with TRAF6
and transforming growth factor β-activated kinase 1 (TAK1) to
induce the activation of NF-κB and MAPK (Kawai and Akira,
2007). Thus, the TRIF N terminus activates both IFN-β and
NF-κB promoters, whereas the C terminus activates only the
latter. TRAM links TLR4 and TRIF in the activation of the
TRIF-dependent pathway, while TIRAP selectively induces the
activation of the MyD88-dependent pathway downstream of
TLR4 (Akira and Takeda, 2004). The TLR4 signaling pathway is
summarized in Figure 1.

ALZHEIMER DISEASE AND TOLL-LIKE
RECEPTOR 4

In the CNS, TLR4 is expressed in microglia, oligodendrocytes,
and astrocytes (Bowman et al., 2003; Olson and Miller, 2004).
TLR4 has also been detected in mammalian neurons, although
at a very low level (Bsibsi et al., 2002). Here we focus on TLR4 in
microglia, given their critical role as CNS immune cells.

Several single-nucleotide polymorphisms (SNPs) of TLR4
are linked to AD susceptibility. The Asp299Gly polymorphism
of the TLR4 gene was shown to attenuate the inflammatory
response and is thought to protect against the development of
sporadic AD (Minoretti et al., 2006). A minor allele (G) of
rs4986790 was associated with a lower AD risk in an Italian
cohort, which was attributed to reduced IL-1β production and
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FIGURE 1 | Toll-like receptor 4 (TLR4) signaling in Alzheimer disease (AD). Following ligand binding, TLR4 activates downstream signaling pathways through myeloid
differentiation primary response protein 88 (Myd88)-dependent and -independent pathways, leading to nuclear factor-κB (NF-κB) and interferon-β (IFN-β) activation.
TLR4 activation enhances amyloid-beta (Aβ) phagocytosis by microglia. Scavenger receptors (SRs), cluster of differentiation (CD)14, and murine formyl peptide
receptor 2 (mFPR2) are involved in this process. The two different pathways involved in Aβ uptake by microglia are MyD88–p38–SR and the MyD88-independent
Cdc42/Rac pathway. TLR4 activation reduces CD36 expression, thereby inhibiting CD36-mediated phagocytosis of Aβ. Triggering receptor expressed on myeloid
cells 2 (TREM2) negatively regulates TLR-induced inflammatory cytokine production. TREM2 regulates TLR4/phospholipase C γ2 (PLCγ2)-dependent inflammatory
signaling. TREM2 interacts with apolipoprotein E (ApoE) to affect phagocytosis of apoptotic neurons. High-mobility group box protein 1 (HMGB1) interacts with Aβ

and inhibits Aβ phagocytosis by microglia via TLR4 signaling. Straight and dotted arrows represent activation and inhibition, respectively.

release in preclinical-stage familial AD (FAD) cases (Miron et al.,
2019). Rs4986790 A/G is a common missense mutation that
is associated with elevated anti-inflammatory cytokine levels,
which has a protective effect against neuroinflammation upon
exposure to LPS. Several other SNPs of TLR4 have been reported
to confer neuroprotection in the Han Chinese population—
i.e., rs10759930, rs1927914, rs1927911, rs12377632, rs2149356,
rs7037117, and rs7045953, whereas rs11367 and rs1927907
increase the risk of AD (Wang et al., 2011; Chen et al., 2012; Yu
et al., 2012). However, the precise function of most of these gene
variants in AD has not been established.

The involvement of TLR4 in AD is supported by other
lines of evidence. Firstly, TLR4 is upregulated in transgenic
mice overexpressing APP. High TLR4 immunoreactivity was
observed in glial cells surrounding plaques in postmortem
brains of AD patients (Walter et al., 2007), and significantly
higher levels of pro-inflammatory cytokines have been detected
in the brains of APP/PS1 mice compared to TLR4-mutant
APP/PS1 mice (Jin et al., 2008). Secondly, oligomeric and fibrillar
Aβ peptide can induce TLR4-dependent microglia activation,

which requires a trimolecular complex composed of TLR4,
myeloid differentiation factor 2 (MD-2), and CD14 (Walter
et al., 2007). Thirdly, supernatant from LPS-stimulated wild-
type (WT) microglia caused more extensive neuronal death than
that from TLR4-mutated microglia, implying that the release of
neurotoxic products by microglia is TLR4-dependent (Walter
et al., 2007). Finally, intracerebroventricular injection of Aβ

induced an inflammatory response leading to neuronal death,
synaptic loss, and cognitive impairment in WT mice but not
in TLR4 knockout mice; moreover, a selective TLR4 receptor
antagonist abolished Aβ oligomer-induced microglia activation
and memory impairment, which was not observed in mice
lacking TLR4 (Balducci et al., 2017).

The abovementioned findings strongly indicate that TLR4
activation is associated with the development of AD pathology
and cognitive impairment. However, TLR4 may also play a
neuroprotective role in AD. When cultured microglia were
treated with LPS and then incubated with Aβ42 for 24 h, Aβ42
in the culture medium was reduced by ∼50%, indicating that
TLR4 increased Aβ clearance (Tahara et al., 2006). This also

Frontiers in Neuroscience | www.frontiersin.org 3 December 2020 | Volume 14 | Article 602508

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-602508 December 14, 2020 Time: 19:21 # 4

Zhou et al. TLR4 in Alzheimer Disease

suggests that microglia can be activated via TLR4 signaling
at the early stage of β-amyloidosis to inhibit Aβ deposition,
thereby protecting neurons from Aβ-mediated neurotoxicity
(Song et al., 2011). However, as the disease progresses, continuous
exposure of microglia to Aβ attenuates the response by
TLR4, and activated microglia become incapable of clearing
Aβ deposits (Go et al., 2016). This immune tolerance is
abolished by early low-level stimulation of microglia with
TLR4 agonists such as LPS or monophosphoryl lipid A
(MPL), which were shown to restore long-term potentiation
that was impaired by Aβ and improve spatial and working
memory in an AD rat model (Pourbadie et al., 2018).
The underlying mechanism may involve TRIF-dependent
signaling. Pretreatment with LPS or MPL was also found to
enhance the expression of the neuroprotective cytokine IFN-β
both in vivo and in vitro (Yousefi et al., 2019). MPL, a
detoxified derivative of LPS, activates TLR4 to trigger the
inflammatory response. The pyrogenicity of MPL is at least
100-fold lower than that of LPS, although in terms of most
other immunomodulatory properties, the two molecules are
comparable. In APP/PS1 mice, MPL administration induced
actin remodeling and upregulation of scavenger receptor A
(SR-A), which are essential for phagocytosis of extracellular
materials such as Aβ; this resulted in marked reductions in
the number and size of Aβ deposits and amount of soluble
Aβ and improvements in cognitive function. In contrast to
the strong phagocytic response, MPL only weakly induces
inflammation. Importantly, repeated administration of MPL
did not lead to immune tolerance, indicating that MPL is an
effective yet safe drug for AD treatment (Michaud et al., 2013).
Collectively, the existing evidence indicates that Aβ clearance is
mediated by TLR4 activation and is achieved through enhanced
phagocytosis. Thus, appropriate activation of TLR4 may inhibit
AD progression by promoting Aβ clearance without inducing
harmful neuroinflammation.

Phagocytosis of Aβ by microglia upon TLR signaling is
mediated by several receptors, including SRs, CD14, and
murine formyl peptide receptor 2 (mFPR2). Chemical blockers
of these receptors have been shown to partially inhibit LPS-
induced microglia uptake of Aβ, which is mainly mediated
by the G protein-coupled receptor mFPR2. Pertussis toxin,
a G protein receptor deactivator, reduced Aβ uptake by
microglia by > 95% (Tahara et al., 2006). LPS-induced
upregulation of mFPR2 in microglia may depend on activation
of MAPK p38 and NF-κB. Activation of TLR signaling was
shown to increase the expression of SR-A via the MyD88,
IRAK4, and p38 signaling pathways, leading to significant
enhancement of phagocytosis by macrophages/monocytes
(Doyle et al., 2004). CD14 participates not only in LPS-
induced internalization of TLR4 but also in the phagocytosis
of Aβ42 fibrils in a clathrin-dependent manner (Fujikura
et al., 2019). Additionally, actin filament assembly and
dynamic rearrangement of the actin cytoskeleton are required
for Aβ uptake. Small GTPases (e.g., Rac and Cdc42) are
activated in response to LPS-induced actin assembly during
phagocytosis, a process that does not rely on MyD88–p38
signaling (Kong and Ge, 2008). Thus, it is possible that

LPS/TLR4-induced phagocytosis is mediated via two distinct
pathways—namely, MyD88–p38–SR and MyD88-independent
Cdc42/Rac pathways (Kong and Ge, 2008). However, conflicting
findings have also been reported—for example, activation
of TLR4 reduced the expression of CD36, a cell-surface SR,
along with Aβ42 phagocytosis (Li et al., 2015). The possible
mechanisms underlying the function(s) of TLR4 in AD are
shown in Figure 1.

TRIGGERING RECEPTOR EXPRESSED
ON MYELOID CELLS 2 AND TOLL-LIKE
RECEPTOR 4

Various mechanisms negatively regulate TLR4-driven
inflammatory responses. TREM2, a transmembrane receptor
belonging to the TREM family, is expressed on the surface
of many myeloid cells including microglia, monocytes,
macrophages, and dendritic cells. TREM2 is considered as
a critical innate immune receptor of microglia that not only
regulates biosynthetic metabolism, proliferation, survival, and
cytokine release in these cells but also exerts a protective effect
against Aβ pathology (Zhong et al., 2019). Polymorphism of
the TREM2 gene has been linked to a higher risk of developing
LOAD (Guerreiro et al., 2013). During AD progression,
homeostatic microglia switch to a disease-associated microglia
(DAM) phenotype and prevent neurodegeneration (Keren-Shaul
et al., 2017). Single-cell RNA sequencing analysis has revealed
that TREM2 is critical for the second step of DAM activation
(Keren-Shaul et al., 2017). Overexpression of TREM2 reduced
the level of pro-inflammatory cytokines in microglia, whereas
TREM2-activating antibody induced significant increases in both
pro-inflammatory [IL-1β, TNF-α, C-C motif chemokine ligand
(CCL)2, C-X-C motif chemokine ligand (CXCL)10, Gata3, Rorc]
and anti-inflammatory (YM1 and IL1Rn) marker expression
in 5 × FAD mice (Long et al., 2019; Price et al., 2020). Thus,
TREM2 has complex functions in AD. TREM2 reduced the
level of TLR4, resulting in decreased TLR-induced inflammatory
cytokine production in dendritic cells (Ito and Hamerman,
2012). Overexpression of TREM2 decreased the level of TLR4,
whereas TREM2 gene silencing had the opposite effect (Long
et al., 2019). Corresponding changes in downstream effectors
of TLR4 (ERK, P38, and P65) and pro-inflammatory cytokines
(IL-6, IL-1β, and TNF-α) were also observed in microglia
overexpressing TREM2 (Long et al., 2019). Phospholipase C γ2
(PLCγ2) is an intracellular enzyme that cleaves the membrane
phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2);
variants of the PLCγ2 gene have been linked to AD (Sims et al.,
2017). It was recently demonstrated that PLCγ2 mediates diverse
functions of microglia through various upstream signaling
molecules (e.g., TREM2 vs. TLR ligands). TREM2 was shown
to attenuate the PLCγ2-mediated inflammatory response, and
TLR4/PLCγ2-dependent inflammatory signaling was amplified
in the absence of TREM2 (TREM2 knockout) (Andreone et al.,
2020). The brains of APP/PS1 mice were found to have higher
levels of TLR4 and TREM2; after treatment with LPS, TLR4
was persistently upregulated in APP/PS1 mice, whereas the
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TABLE 1 | Summary of preclinical studies investigating the efficacy of therapeutics targeting TLR4 for the treatment of AD-like pathology.

Intervention (References) Animal model Treatment regimen Observations

Monophosphoryl lipid A
(Michaud et al., 2013)

APP/PS1 transgenic mouse 50 µg once a week for
12 weeks, IP

• Induced a low inflammatory response while triggering a
strong phagocytosis of Aβ in mice

• Improved AD-related pathology and enhanced memory
function in APP/PS1 mice

Thymoquinone
(Abulfadl et al., 2018)

Rat model of AD induced by
AlCl3 (10 mg/kg/day for
42 days, IP) and D-galactose
(60 mg/kg/day for 42 days, IP)

10, 20, and 40 mg/kg/day for
14 days, IG

• Alleviated cognitive impairment in AD rats
• Reduced Aβ deposition
• Reduced TNF-α and IL-1β levels
• Decreased expression of TLR4, MyD88, TRIF, and

downstream effectors including NF-κB and IRF3

Soybean isoflavone
(Ding et al., 2011)

Rat model of AD induced by
Aβ42 (20 µg/200 µl)

80 mg/kg/day for 14 days, IG • Improved learning and memory in rats
• Reduced production of pro-inflammatory cytokines

IL-1β and TNF-α
• Reversed Aβ42-induced upregulation of TLR4 and

nuclear translocation of NF-κB p65

Hesperetin
(Ikram et al., 2019)

Mouse model of AD induced by
Aβ42 (5 µg, ICV)

50 mg/kg for 6 weeks, ICV • Reduced lipid peroxidation and reactive oxygen species
production and increased Nrf2/HO-1 expression in
response to oxidative stress in the brain

• Reversed Aβ-induced microglia activation and reduced
expression of APP, BACE-1, and Aβ

• Attenuated expression of TLR4, p-NF-κB, TNF-α, and
IL-1β and proapoptotic proteins such as Bax,
Caspase-3, and PARP-1 in neurons

• Increased levels of synaptic markers including syntaxin,
SNAP-25, PSD-95, Syp, and SNAP-23
Alleviated memory dysfunction

Chotosan
(Chen et al., 2016)

Mouse model of AD induced by
Aβ42 (410 pM)

750 or 375 mg/kg/day for
3 weeks, IG

• Alleviated memory and cognitive deficits
• Attenuated upregulation of TLR4 and NF-κB p65 as

well as that of pro-inflammatory cytokines TNF-α and
IL-1β

• Inhibited neuronal apoptosis, as evidenced by an
increase in Bcl-2/Bax ratio and a decrease in the level
of proapoptotic protein Caspase-3

Ethyl pyruvate
(Chavali et al., 2020)

Rat model of AD induced by
AlCl3 (50 mg/kg/day for
28 days, IP)

50, 100, and 200 mg/kg/day,
IG

• Alleviated cognitive impairment
• Reduced oxidative stress as assessed by decreased

MDA, nitrite, and SOD level and increased catalase and
glutathione levels

• Decreased expression of TLR4
• Ameliorated deposition of amyloid and neurofibrillary

tangles

Atorvastatin
(Wang et al., 2018)

Rat model of AD induced by
Aβ42 (10 µl, ICV)

5 or 10 mg/kg from 3 weeks
before to 6 days after injection
of Aβ42, IG

• Alleviated cognitive impairment in rats
• Attenuated microglia and astrocyte activation
• Suppressed Aβ42-induced apoptosis
• Reduced levels of TLR4 and TRAF6 and inhibited

NF-κB nuclear translocation

Gx-50
(Shi et al., 2016)

APP transgenic mouse 1 mg/kg for 2 months, IP • Suppressed microglia activation and expression of
IL-1β, iNOS, and COX2

• Blocked Aβ-induced phosphorylation of IκB and NF-κB
nuclear translocation

• Decreased levels of TLR4, MyD88, and TRAF6
• Inhibited MAPK activation

Alpha linoleic acid
(Ali et al., 2020)

Mouse model of AD induced by
Aβ42 (5 µl, ICV)

60 mg/kg for 6 weeks, PO • Attenuated Aβ42-induced activation of TLR4 and
reduced GFAP and Iba-1 levels in the frontal cortex and
hippocampus

• Reduced the expression of p-JNK, p-NF-κB p65
(Ser536), and TNF

• Enhanced the expression of APP, BACE-1, and Aβ42 in
the brain

• Reversed Aβ42-induced cell apoptosis
• Increased the expression of synaptic markers

(SNAP-23 and PSD-95)
• Improved cognitive function

(Continued)
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TABLE 1 | Continued

Intervention (References) Animal model Treatment regimen Observations

TAK-242
(Cui et al., 2020)

APP/PS1 transgenic mouse 2 mg/kg/day for 28 days, IP • Promoted M1 microglia switching to an M2 phenotype
• Reduced plaque load
• Improved cognitive performance
• Suppressed inflammatory response by inhibiting

MyD88/NF-κB-p65 and NLRP3

Baicalin
(Jin et al., 2019)

APP/PS1 transgenic mouse 103 mg/kg/day for 33 days, IG • Alleviated deficits in learning and cognition
• Blocked neuronal apoptosis
• Inhibited microglia activation and production of

pro-inflammatory cytokines including IL-1β, IL-18, and
iNOS

• Suppressed TLR4/NF-κB signaling and activation of the
NLRP3 inflammasome

Aβ, amyloid beta; AD, Alzheimer disease; AlCl3, aluminum chloride; APP, amyloid precursor protein; BACE-1, beta-amyloid–cleaving enzyme 1; Bax, B cell lymphoma
2-activated X protein; Bcl-2, B cell lymphoma 2; COX2, cyclooxygenase 2; GFAP, glial fibrillary acidic protein; HO-1, heme oxygenase 1; Iba-1, ionized calcium-binding
adaptor molecule 1; ICV, intracerebroventricular; IG, intragastric; iNOS, inducible nitric oxide synthase; IL, interleukin; IP, intraperitoneal; IRF3, interferon-regulatory factor
3; LPO, lipid peroxidation; MAPK, mitogen-activated protein kinase; MDA, malondialdehyde; MyD88, myeloid differentiation primary response protein 88; NF-κB, nuclear
factor kappa B; NLRP3, nucleotide-binding oligomerization domain, leucine- rich repeat, and pyrin domain-containing 3; Nrf2, nuclear factor erythroid 2-related factor
2; PARP, poly(ADP-ribose) polymerase; p-JNK, phosphorylated c-Jun N-terminal kinase; p-NF-κB, phosphorylated nuclear factor kappa B; PO, peroral; PS1, presenilin
1; PSD-95, postsynaptic density 95; SNAP, synaptosomal-associated protein; ROS, reactive oxygen species; SOD, superoxide dismutase, Syp, synaptophysin; TLR4,
Toll-like receptor 4; TNF-α, tumor necrosis factor alpha; TRAF6, tumor necrosis factor receptor-associated factor 6; TRIF, TIR domain-containing adaptor protein-inducing
interferon-β.

level of TREM2 was markedly reduced, suggesting that TREM2
has a negative modulatory effect on inflammation but that
this is subjugated to the TLR4-induced response (Zhou et al.,
2019). However, further study is needed to clarify the precise
relationship between TREM2 and TLR4 in the context of AD.

APOLIPOPROTEIN E AND TOLL-LIKE
RECEPTOR 4

Apolipoprotein E (ApoE) is a lipid-binding protein and 299
amino acids long. The three isoforms, ApoE2, ApoE3, and
ApoE4, differ at positions 112 and 158 (Hatters et al., 2006). In
addition to the well-known function of lipoprotein clearance,
ApoE is also involved in inflammation modulation (Shi and
Holtzman, 2018). When exposed to LPS intravenously, human
subjects carrying ApoE-ε4 genotype presented a significantly
elevated TNF-α level and body temperature, suggesting that
ApoE-ε4 is related to immune response enhancement in vivo
(Gale et al., 2014). Furthermore, ApoE3 was proved to be
capable of inhibiting TLR4-mediated macrophage activation
(Zhu et al., 2010). In AD, ApoE-ε4 gene dose has been
known as a strong risk factor for LOAD (Corder et al.,
1993). ApoE-ε4 seems to play the detrimental effect in AD
via TLR4-dependent way. It is reported that ApoE-ε4 non-
carriers could modify the risk of LOAD caused by sequence
variants of TLR4 (Chen et al., 2012). In the CNS, ApoE is not
only a lipid-transport molecule but also a ligand for TREM2
(Yeh et al., 2016). It shows high affinity for TREM2 and
facilitates the phagocytosis of apoptotic neurons (Atagi et al.,
2015), leading to the suppression of homeostatic microglia.
Deletion of the TREM2 gene suppressed ApoE pathway-
mediated phagocytosis of apoptotic neurons and restored the
homeostatic microglia population in APP/PS1 mice (Krasemann
et al., 2017). However, the direct link between ApoE and

TLR4 in Aβ phagocytosis still remains vague and needs
further exploration.

HIGH-MOBILITY GROUP BOX PROTEIN
1 AND TOLL-LIKE RECEPTOR 4

In addition to its known ligands, TLR4 can be activated by
harmful endogenous molecules such as high-mobility group
box protein 1 (HMGB1) that promote inflammatory signaling
pathways. The expression of HMGB1 was reported to be
elevated in AD brains (Takata et al., 2003). HMGB1 is
presumed to be released from dead neurons and thus signals
their demise to neighboring cells during AD progression
(Scaffidi et al., 2002; Takata et al., 2012). HMGB1 is a
typical DAMP molecule that is known to interact with Aβ.
Extracellular HMGB1 binds to Aβ42 monomers and prevents
their oligomerization and inhibits the phagocytosis of Aβ42
by microglia by blocking Aβ42 internalization (Takata et al.,
2003). Injection of anti-HMGB1 antibody reduced the levels
of all Aβ species in the brain of 5 × FAD transgenic mice
by stimulating phagocytosis (Fujita et al., 2016). Additionally,
HMGB1 gene silencing attenuated Aβ-induced inflammation in
hippocampal neuron cultures, which was mediated by receptor
for advanced glycation end products (RAGE) or TLR4 signaling
(Nan et al., 2019). Intracerebroventricular administration of
HMGB1 disrupted memory encoding in control mice and TLR4
and RAGE gene knockout mice to similar degrees (Mazarati
et al., 2011). Treatment of RAGE knockout mice with TLR4
antagonist blocked the amnesic effect of HMGB1, suggesting
that the memory deficits induced by HMGB1 are mediated
by TLR4 or RAGE (Mazarati et al., 2011), although the
detailed mechanisms remain to be clarified. It was proposed
that extracellular HMGB1 binds to TLR4, which is followed
by the activation of TLR4/MAPK and phosphorylation of
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myristoylated alanine-rich c-kinase substrate (MARCKS) at
Ser46; this induces neurite degeneration, leading to impaired
memory function (Fujita et al., 2016). Collectively, these
results demonstrate that HMGB1 contributes to AD progression
via TLR4 signaling.

TOLL-LIKE RECEPTOR 4 AS
THERAPEUTIC TARGET IN ALZHEIMER
DISEASE TREATMENT

Given its significant impact on the pathogenesis of AD,
therapeutic strategies that target TLR4 are promising treatments
for this disease. Several studies have demonstrated that inhibiting
TLR4 blocks the progression of AD. Given that TLR4 signaling
is not only involved in Aβ clearance but also promotes the
release of neurotoxic cytokines during neuroinflammation in
AD, the activation of TLR4 may have both beneficial and
harmful effects in patients. In fact, TLR4 activation appears
to be detrimental, as administration of LPS is widely used
for experimental induction of an AD-like state that includes
neuroinflammation and memory deficits (Anaeigoudari et al.,
2016; Zakaria et al., 2017). Numerous compounds targeting
TLR4 have been shown to alleviate cognitive impairment and
AD-like pathology in animal models (Table 1). Aβ injection in
animals induces memory impairment and cognitive dysfunction
as well as microglia mobilization similar to that observed in
AD, which is useful for investigating the anti-inflammatory
mechanisms of potential therapies (McLarnon, 2014). Chemical
compounds such as soybean isoflavones, hesperetin, chotosan,
atorvastatin, and alpha-linoleic acid have been shown to alleviate
memory dysfunction in Aβ42-injected rodents (Ding et al., 2011;
Chen et al., 2016; Wang et al., 2018; Ikram et al., 2019; Ali
et al., 2020). The mechanistic basis for these effects may be
the suppression of TLR4 and downstream pro-inflammatory
cytokines. In the APP/PS1 mouse model of cerebral amyloid
deposition, reducing TLR4 levels improved cognitive function.
Treatment with TAK-242, a specific inhibitor of TLR4, alleviated
learning and memory dysfunction, reduced Aβ accumulation,
and protected neurons against apoptosis in APP/PS1 mice
(Cui et al., 2020); and baicalin exerted similar neuroprotective
effects in this model via TLR4/NF-κB signaling (Jin et al.,
2019). Gx-50, a compound extracted from Sichuan pepper, has
demonstrated anti-inflammatory effects in the AD brain; the
mechanism of action involves the suppression of TLR4 followed
by reduced recruitment of MyD88 and TRAF6, which blocked the
nuclear translocation of NF-κB and phosphorylation of MAPK

(Shi et al., 2016). Thymoquinone and ethyl pyruvate prevented
cognitive decline and inhibited the expression of TLR4 as well as
Aβ deposition in rats with aluminum chloride (AlCl3)-induced
AD (Abulfadl et al., 2018; Chavali et al., 2020).

DISCUSSION AND CONCLUSION

Despite enormous research efforts, to date, there are no effective
treatments for slowing or reversing the progression of AD.
Novel therapeutics are therefore urgently needed. In this review,
we summarized the key evidence for the involvement of
TLR4 signaling in AD pathogenesis. We also described the
mechanisms of action of TLR4 in AD progression. Several
polymorphisms in the TLR4 gene have been identified that are
linked to AD, and TLR4-dependent mechanisms were shown
to be essential for neuroinflammatory responses in AD. In
animal models, a number of drugs and other compounds have
been shown to alleviate disease symptoms mainly by inhibiting
TLR4 signaling, microglia activation, and downstream pro-
inflammatory cytokine production, thereby reducing oxidative
stress and neuronal apoptosis and ultimately improving learning
and cognitive functioning.

Although therapeutic targeting of TLR4 in animal models
of AD or neuroinflammation has yielded promising results,
translating this approach to clinical practice is not yet feasible.
The immune system imbalance in AD is complex, with multiple
interacting factors influencing neuroinflammation. Thus, a single
mediator of inflammation may not be exclusively harmful
or beneficial. In the future, it is important to explore the
mechanisms between TLR4 and other receptors or proteins in
order to determine the most effective therapeutic strategy for the
treatment of AD.
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