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Neuroinflammation: A Common Line Between the 
Wnt Pathway and Toll-Like Receptors

Abstract
Neurodegenerative disorders constitute a worldwide concern attributable to the ageing of the human 
population. In this context, Alzheimer’s disease (AD) accounts for up to 70% of dementia cases 
worldwide. With no effective treatment available, new therapeutic alternatives are under assessment. 
Recently, several researchers have highlighted the need to include the multifactorial aetiology of AD 
as part of the design and evaluation of novel AD-therapies. Thus, it is not enough to only understand 
the critical molecular events that occur during AD pathophysiology, but to unveil the crosstalk 
between these events as well as its interplay with different biological subsystems. This is the case for 
neuroinflammation, an extremely complex response, widely recognised as a main contributor of AD-
linked neurodegeneration but poorly understood in terms of its physiological interactions. Accordingly, 
based on previous work regarding the relationship between the Wnt signalling pathway and toll-
like receptor-mediated inflammatory response, this review provides an update to the integrative 
view of this communication and discusses future directions of research focussed on modulating the 
inflammatory response within the central nervous system of AD patients.

INTRODUCTION

Described in 1906, Alzheimer’s disease (AD) 
has become a major burden to the human 
population. Highly correlated with ageing, it has 
been estimated that AD can account for up to 
70% of dementia cases worldwide with a cost 
of over $800 billion to public health systems 
around the world.1 Accordingly, substantial human 
and financial efforts have been committed to 
fight AD. Regrettably, even with our increased 
understanding of the molecular mechanisms of 

the disease, no success has been achieved in the 
different clinical trials developed during the last 
decade.2 In this regard, there is an urgent need 
to reconsider the way we approach potential AD 
therapeutics, such as the reappraisal of already 
known drugs, but taking the multifactorial 
aetiology of the pathology into consideration. 
Notably, during the last years it has become 
evident that addressing the inflammatory 
process during AD is fundamental not only to 
properly understand the pathology but to depict  
future therapies.
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ALZHEIMER’S DISEASE

AD is commonly associated with a progressive loss 
of memory; however, the disease usually begins 
earlier with almost imperceptible symptoms 
such as subtle abnormal social behaviours or 
mood changes. Therefore, memory alterations 
only become evident with the progression of 
the disease and when the underlying neuronal 
dysfunction is enough to alter brain function.3-7 
Although the accumulation of amyloid-β 
(Aβ) peptides and hyperphosphorylated tau 
aggregates have been defined as the molecular 
hallmarks of the disease,7-9 it is currently 
widely accepted that additional pathological 
features of the disease, such as vascular 
alterations,10 mitochondrial dysfunction,11 and 
neuroinflammation,12 are involved from the very 
beginning in the progression of the disorder and 
appear even earlier than the traditional hallmarks.

Alzheimer Amyloid-β Peptide

According to the amyloid hypothesis of AD,6 Aβ 
is a pivotal factor regulating the aforementioned 
features including the neurofibrillary tangles. 
Indeed, our current understanding of the effects 
of Aβ on the cellular molecular system has 
improved significantly during the last decades.13-15 
Oxidative stress, mitochondrial alterations, 
hyperphosphorylation of tau protein, further Aβ 
production, synaptic disruption, and neuronal 
cell death have been linked with the direct 
effects of Aβ on different organelles and/or  
molecular cascades.16,17

In this regard, Aβ constitutes a 37–43 amino 
acids post-transcriptional product of the amyloid 
precursor protein (APP). APP processing involves 
two possible pathways: 1) The non-amyloidogenic 
processing is carried out by the α and γ 
secretases, leading to the release of the soluble 
APPα and p3 fragment; 2) the amyloidogenic 
pathway is carried out by the β and γ secretases, 
leading to the release of the soluble APPβ and 
the neurotoxic Aβ peptide.18,19 Even when Aβ 
aggregates localise outside the cells they can 
also accumulate inside the neurons,20 being found 
within the mitochondria pool.21 Considering that 
APP is synthesised and processed within different 
subcellular compartments, finding Aβ within 
these structures is still possible. Moreover, it has 
been demonstrated that cells can uptake Aβ from 

the extracellular space through the α7-nicotinic 
acetylcholine receptor further supporting the 
intracellular accumulation of the peptide and 
that this can cause primary cellular alterations, 
including tau hyperphosphorylation and neurite 
atrophy.18 Importantly, these features are the 
most relevant regarding the neuroinflammatory 
cascade triggered during AD pathophysiology.

Aβ-DRIVEN NEUROINFLAMMATION 
AND THE ROLE OF TOLL-LIKE 
RECEPTORS

During the last decades it has become evident  
that sustained exposure to Aβ will lead to a  
chronic inflammatory state which ultimately 
will alter the brain microenvironment causing  
neuronal damage and/or neuronal death.22,23 Aβ 
causes increased levels of several proinflammatory 
mediators including various members of the IL 
family (IL-1β, IL-6, IL-12), TNFα, COX2, and inducible 
nitric oxide synthase.24-26 On the other hand, Aβ 
induces reactive oxygen species production 
through direct interaction with the mitochondria, 
not only affecting the metabolism of ATP but also 
leading to further production of proinflammatory 
mediators through NF-κB activation.27-31

These inflammatory mechanisms are 
exerted mostly via Aβ/toll-like receptor  
(TLR) interactions.26

The Brain and Toll-Like Receptors 

Neurons are highly specialised cells with 
specific microenvironmental requirements. 
Accordingly, the central nervous system (CNS) 
remains a partially isolated domain with critical 
structures, such as the blood–brain barrier and 
the choroid plexus, and non-neuronal cells 
playing a fundamental role to sustain neuronal 
activity and protect the CNS from damage.22,26,32 
Astrocytes, oligodendrocytes, and microglia 
are recognised as the support cells for neuronal 
activity, with astrocytes and microglia as the main 
effectors of the response against inflammatory-
related pathological processes in AD.33 It is 
important to note that microglia remain the only 
representatives of the immune lineage within the 
CNS attributable to the colonisation of the brain 
by macrophages early during development.34
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Beyond the different functions carried out 
by these cell types, each of them, including 
neurons, expresses different members of the 
TLR family. Thus, neuronal and non-neuronal 
cells cannot only respond to damaging insults 
but will also be affected by the presence of  
proinflammatory mediators.

The TLR family constitutes the main type of 
pattern recognition receptors which recognise 
the pathogen-associated molecular patterns and 
the damage-associated molecular patterns.35,36 
Up to 13 members have been described for the 
TLR family with different localisation within the 
cells. Relevantly, TLR1,2, and 4–6 are present in the 
plasma membrane, usually sensing or interacting 
with pathogen-associated molecular patterns; 
while TLR3 and 7–9 localise to endosomes and 
are able to sense damage-associated molecular 
patterns including ATP and nucleic acids.36

As mentioned previously, neurons and glial cells 
express TLR but with a different pattern. While the 
microglia and neurons express all TLR subtypes, 
astrocytes express TLR2–4, 9, and 11.37,38

The canonical molecular cascade linked to the 
activation of the TLR have been revised elsewhere; 
however, Figure 1A summarises the main events 
derived from such activation. For the purpose 
of this revision it is relevant to highlight that TLR 
activation will ultimately lead to increased release 
of proinflammatory mediators including IL, TNF, 
transforming growth factor, IFN, and complement 
proteins, among others.39,40 In this context, it 
has been well established that Aβ triggers the 
inflammatory response mainly through direct 
interaction with TLR2 and TLR4, although it 
can interact with additional members of the 
TLR family.21,40-43 Consequently, the permanent 
exposure to high levels of Aβ will result in the 
activation of the TLR in neuronal and non-
neuronal cells causing a chronic condition with 
a vicious circle of activation of the inflammatory 
cascade. According to this information, it is not 
surprising that anti-inflammatory therapies are 
proposed to be re-evaluated because of their 
potential to control the inflammatory component 
of the disease. Therefore, one element that 
should not be overlooked during this approach is 
the crosstalk between the inflammatory cascade 
and critical signalling pathways for neuronal 
physiology, such as the Wnt pathway.

WNT SIGNALLING/TOLL-LIKE 
RECEPTORS AND THE  
INFLAMMATORY MILIEU

The Wnt pathway constitutes a complex cellular 
signalling system which has been related to 
cell proliferation and differentiation.44,45 Wnt 
signalling can be divided in the canonical and 
the non-canonical Wnt pathways (Figure 1B). In 
the canonical pathway, Wnt proteins bind to the 
Frizzled receptor and low-density lipoprotein 
receptor-related protein 5/6, leading to the 
activation of dishevelled phosphoproteins and 
the interaction of low-density lipoprotein 
receptor-related protein 5/6 with axin. These 
events will cause the disassembly of the β-catenin 
destruction complex (adenomatous polyposis 
coli, axin, glycogen synthase kinase 3 beta [GSK-
β3], and casein kinase 1), preventing the GSK-
3β-mediated β-catenin phosphorylation. Then, 
the stabilised β-catenin can translocate to the 
nucleus where it will induce the expression of 
the Wnt target genes by binding to the T-cell 
factor and lymphoid enhancer-binding factor. 
The absence of Wnt ligands will define the turn-
off of the system, causing the stabilisation of the  
destruction complex and the full activity of the 
GSK-3β, leading to β-catenin destruction.46,47 On 
the other hand, the non-canonical Wnt pathway, 
which can be divided in the Wnt/planar cell 
polarity and the Wnt/Ca2+ pathway, will lead 
to the activation of the c-Jun N-terminal kinase 
activity and to the rearrangement of cytoskeletal 
proteins,48,49 and to the activation of calcium-
related proteins such as protein kinase C and 
calcium/calmodulin-dependent protein kinase 
II.48,49 Based on this division, it is possible to 
recognise two main types of Wnt ligands: those 
that activate the canonical pathway, including Wnt-
1–3, 3a, and 8a; and those that are able to activate 
the non-canonical pathways, including Wnt-4, 5a, 
5b, 6, 7a, and 11. However, this classification is not 
completely accurate since different ligands are 
able to activate depending on the physiological 
context, one way or another.50 Furthermore, 
several elements of the Wnt cascade have 
been described as master switches that can be 
accessed through additional signalling pathways. 
Interestingly, the inflammatory master NF-κB 
pathway is one of the molecular cascades able to 
interact directly with Wnt signalling.16 
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Figure 1: Toll-like receptor and Wnt pathway description. 

A) Toll-like receptors (TLR) usually signal through the myeloid differentiation factor 88 leading to activation of 
the NF-κB pathway with the subsequent production and release of inflammatory mediators. Additionally, TLR 
also causes Nemo-like kinase and c-Jun N-terminal kinases activation. Some TLR can signal via the PI3K/protein 
kinase B/glycogen synthase kinase 3 β axis to induce further NF-κB activation. A third mechanism of TLR activity 
includes the JAK/STAT activation. B) Wnt signalling is composed of two main pathways. In the canonical, or 
Wnt/β-catenin dependent mechanism, the presence of Wnt ligands causes the activation of the Frizzled (Fzd)/low-
density lipoprotein receptor-related protein 5/6 receptor leading to the disassembly of the β-catenin destruction 
complex and preventing the GSK-3β-mediated β-catenin phosphorylation. Thus, stabilised β-catenin can translocate 
to the nucleus and bind to the T-cell factor/lymphoid enhancer-binding factor transcription factor allowing the 
transcription of the Wnt target genes. In the absence of Wnt ligands, the system is turned-off and GSK-3β can 
phosphorylate β-catenin leading to its proteasomal destruction. C) The Wnt pathway also considers the non-
canonical cascade, in which the presence of specific Wnt ligands will cause cytoskeleton rearrangement through 
dishevelled phosphoproteins followed by Rho-associated coiled-coil containing protein kinase and c-Jun N-terminal 
kinases activation in the planar cell polarity pathway. Similarly, the non-canonical activation can trigger the Wnt/Ca2+ 
cascade leading to increased levels of calcium from intracellular storages and to the activation of several calcium 
dependent proteins, such as calcineurin, calcium calmodulin kinase II, and protein kinase C.

Akt: protein kinase B; CamKII: calcium calmodulin kinase II; JNK: c-Jun N-terminal kinases; Dvl: dishevelled; Fzd: 
Frizzled; GSK-3β: glycogen synthase kinase-3 β: Lef: lymphoid enhancer-binding factor; LRP: low-density lipoprotein 
receptor-related protein; MyD88: myeloid differentiation factor 88; NLK: Nemo-like kinase; PKC: protein kinase C; 
ROCK: Rho-associated coiled-coil containing protein kinase; Tcf: T-cell factor.
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Wnt and Toll-Like Receptors 
Connection

In their previous work, the authors underlined 
the close relation and the reciprocal modulatory 
effect between TLR and Wnt signalling. Part of 
the molecular cascade triggered through TLR 
activation can be tracked down to the molecular 
switches present in the Wnt pathway. For 
example, TAK1, the controller of the IκB kinase 
complex, also activates the Nemo-like kinase and 
the c-Jun N-terminal kinase, both a factor and 
an end point of the activation of the canonical 
and non-canonical Wnt pathways.51-53 Similarly, 
the potential regulation of GSK-3β through the 
TLR-PI3K-protein kinase B axis also contributes 
to solve the tight relation observed between Wnt 
signalling and the inflammatory response.53 New 
research further supports this connection and 
underlines the critical role that Wnt signalling 
plays in the neuroinflammatory process.

In this context, the work of Song et al.54 and Van 
Steenwinckel et al.55 demonstrated not only the 
ability of Wnt signalling to modulate the activation 
of microglia, but to also downregulate the increase 
in the levels of critical proinflammatory mediators. 
Interestingly, the TWS119-induced inhibition of 
GSK-3β not only ensures canonical Wnt activity 
but also prevents the binding of NF-κB with 
the cyclic adenosine monophosphate response 
element binding protein-binding protein causing 
the blockade of the synthesis of several cytokines, 
a relevant issue beyond microglia activation. 
Indeed, TWS119 also acts as a regulator of the 
PI3K/protein kinase B/GSK-3β/reactive oxygen 
species axis.56 The use of specific Wnt ligands, 
such as Wnt3a, has demonstrated significant anti-
inflammatory effects including inducible nitric 
oxide synthase and TNFα downregulation.56

The work of Royer et al.57 demonstrated the 
complementarity of the TLR/Wnt connection. 
In their work, the activation of TLR3 led to an 
increase in the levels of matrix metalloprotease 
9 but in a mechanism absolutely dependent on 
the activation of the Wnt/β-catenin pathway. A 
similar complementary effect was also observed 

between the TLR4 and the Wnt/Dickkopf-
related protein 3 axis.58 This constitutes a relevant 
mechanism in tumour growth regulation in which 
the downregulation of the TLR4 will increase the 
activity of the Wnt pathway.

On the other hand, it has recently been 
demonstrated that the activation of Wnt signalling 
is closely related with the neuroprotection 
necessary in spinal cord injury. Moreover, this 
activation can be linked with several processes 
including blockade of apoptosis, tissue repair, and 
modulation of the inflammatory response.59

It is well known that Wnt signalling can exert 
different functions depending on the cellular 
context. Relevantly, this situation can also 
be observed regarding the inflammatory 
modulation exerted by some Wnt components. 
In this regard, different works have demonstrated 
that β-catenin, the main effector of canonical 
Wnt signalling, can be associated with several 
inflammatory conditions including infections 
and sterile processes such as colitis, liver injury, 
and myocardial infarction.60-63 Furthermore, the 
work of Huang et al.64 has recently demonstrated 
that β-catenin leads to the activation of the 
NOD-, LRR-, and pyrin domain-containing 
protein 3 inflammasome, a critical regulator of  
cytokine production.64

CONCLUSION

The role that Wnt signalling plays in inflammation 
or as an immunomodulatory agent has been 
largely known in the context of cancer and other 
pathological conditions. Recent research has 
also pointed out that these effects might be of 
relevance during the neurodegenerative process 
involving inflammation, such as AD. Previously, 
the authors depicted a common line between 
TLR and the Wnt pathway and have here 
provided information regarding recent findings 
that further suggest that these two molecular 
cascades are closely related and that they are 
fundamental in understanding the complexity of 
the neuroinflammatory process observed during 
AD neurodegeneration. 



Creative Commons Attribution-Non Commercial 4.0	 July 2020  •  NEUROLOGY 113

References

1.	 Alzheimer’s Disease International 
(ALZ). World Alzheimer report. 2019. 
Available at: https://www.alz.co.uk/
research/WorldAlzheimerReport2015. 
Last accessed: 27 May 2020.

2.	 Ihara M, Saito S. Drug repositioning 
for Alzheimer's disease: finding 
hidden clues in old drugs. J 
Alzheimers Dis. 2020;74(4):1013-28.

3.	 Braak H, Braak E. Neuropathological 
stageing of Alzheimer-related 
changes. Acta Neuropathol. 
1991;82:239-59.

4.	 Ballard C et al. Alzheimer’s disease. 
Lancet. 2011;377(9770):1019-31. 

5.	 Serrano-Pozo A et al. 
Neuropathological alterations in 
Alzheimer disease. Cold Spring Harb 
Perspect Med. 2011;1(1):a006189.

6.	 Selkoe DJ, Hardy J. The amyloid 
hypothesis of Alzheimer's disease 
at 25 years. EMBO Mol Med. 
2016;8(6):595-608. 

7.	 Behl C, Ziegler C. Beyond 
amyloid - widening the view on 
Alzheimer's disease. J Neurochem. 
2017;143(4):394-5. 

8.	 Perl DP. Neuropathology of 
Alzheimer’s disease. Mt Sinai J Med. 
2010;77(1):32-42.

9.	 Manji H et al. Impaired mitochondrial 
function in psychiatric disorders. Nat 
Rev Neurosci. 2012;13:293-307. 

10.	 Sweeney MD et al. Vascular 
dysfunction-the disregarded partner 
of Alzheimer's disease. Alzheimers 
Dement. 2019;15(1):158-67.

11.	 Grimm A, Eckert A. Brain aging 
and neurodegeneration: from a 
mitochondrial point of view. J 
Neurochem. 2017;143(4):418-31.

12.	 Webers A et al. The role of 
innate immune responses and 
neuroinflammation in amyloid 
accumulation and progression of 
Alzheimer's disease. Immunol Cell 
Biol. 2020;98(1):28-41. 

13.	 Selkoe DJ. Alzheimer’s disease results 
from the cerebral accumulation and 
cytotoxicity of amyloid beta-protein. 
J Alzheimers Dis. 2001;3(1):75-80. 

14.	 Haass C, Selkoe DJ. Soluble protein 
oligomers in neurodegeneration: 
lessons from the Alzheimer’s amyloid 
beta-peptide. Nat Rev Mol Cell Biol. 
2007;8:101-12.

15.	 Dinamarca MC et al. Postsynaptic 
receptors for amyloid-β oligomers 
as mediators of neuronal damage in 
Alzheimer’s disease. Front Physiol. 
2012;3:464. 

16.	 Ma B, Hottiger MO. Crosstalk between 
Wnt/β-catenin and NF-κB signaling 
pathway during inflammation. Front 
Immunol. 2016;7:378. 

17.	 Bastías-Candia S et al. Recent 
advances in neuroinflammatory 

therapeutics: PPARs/LXR as 
neuroinflammatory modulators. Curr 
Pharm Des. 2016;22(10):1312-23. 

18.	 Zolezzi JM et al. Alzheimer’s 
disease: relevant molecular and 
physiopathological events affecting 
amyloid-β brain balance and the 
putative role of PPARs. Front Aging 
Neurosci. 2014;6:176. 

19.	 Yan R, Vassar R. Targeting the β 
secretase BACE1 for Alzheimer’s 
disease therapy. Lancet Neurol. 
2014;13(3):319-29. 

20.	 LaFerla FM et al. Intracellular 
amyloid-β in Alzheimer's disease. Nat 
Rev Neurosci. 2007;8:499-509.

21.	 Hu W et al. Mitochondrial 
accumulation of amyloid β (Aβ) 
peptides requires TOMM22 as a main 
Aβ receptor in yeast. J Biol Chem. 
2018;293(33):12681-9. 

22.	 Zolezzi JM, Inestrosa NC. Peroxisome 
proliferator-activated receptors 
and Alzheimer's disease: hitting the 
blood-brain barrier. Mol Neurobiol. 
2013;48(3):438-51.

23.	 Andreasson KI et al. Targeting innate 
immunity for neurodegenerative 
disorders of the central 
nervous system. J Neurochem. 
2016;138(5):653-93. 

24.	 Reed-Geaghan EG et al. CD14 
and toll-like receptors 2 and 4 are 
required for fibrillar Aβ-stimulated 
microglial activation. J Neurosci. 
2009;29(38):11982-92. 

25.	 Amor S et al. Inflammation in 
neurodegenerative diseases. 
Immunology. 2010;129(2):154-69. 

26.	 Heneka MT et al. Neuroinflammation 
in Alzheimer’s disease. Lancet Neurol. 
2015;14(4):388-405.

27.	 Zolezzi JM et al. Peroxisome 
proliferator-activated receptor 
(PPAR) γ and PPARα agonists 
modulate mitochondrial fusion-fission 
dynamics: relevance to reactive 
oxygen species (ROS)-related 
neurodegenerative disorders? PLoS 
One. 2013;8(5):e64019.

28.	 Cenini G et al. Amyloid β-peptides 
interfere with mitochondrial 
preprotein import competence by a 
coaggregation process. Mol Biol Cell. 
2016;27(21):3257-72. 

29.	 Kim DI et al. Aβ-Induced Drp1 
phosphorylation through Akt 
activation promotes excessive 
mitochondrial fission leading to 
neuronal apoptosis. Biochim Biophys 
Acta. 2016;1863(11):2820-34. 

30.	 Shen HM et al. Essential roles 
of receptor-interacting protein 
and TRAF2 in oxidative stress-
induced cell death. Mol Cell Biol. 
2004;24(13):5914-22. 

31.	 Li Z et al. Roles of reactive oxygen 
species in cell signaling pathways and 

immune responses to viral infections. 
Arch Virol. 2016;162:603-10. 

32.	 Kisler K et al. Pericyte degeneration 
leads to neurovascular uncoupling 
and limits oxygen supply to brain. Nat 
Neurosci. 2017;20(3):406-16.

33.	 Nirzhor SSR et al. The biology 
of glial cells and their complex 
roles in Alzheimer's disease: 
new opportunities in therapy. 
Biomolecules. 2018;8(3):93. 

34.	 Dzamba D et al. Glial cells - the key 
elements of Alzheimer´s disease. Curr 
Alzheimer Res. 2016;13(8):894-911. 

35.	 Landreth G, Reed-Geaghan E. 
Chapter 8. TLRs in Alzheimer’s 
disease. Curr Top Microbiol Immunol. 
2009;336:137-53. 

36.	 Hanke M, Kielian T. Toll-like 
receptors in health and disease 
in the brain: mechanisms and 
therapeutic potential. Clin Sci (Lond). 
2011;121(9):367-87.

37.	 Mishra BB et al. Expression and 
distribution of toll-like receptors 
in the brain during murine 
neurocysticercosis. J Neuroimmunol. 
2006;181(1–2):46-56.

38.	 Atmaca HT et al. Astrocytes, 
microglia/macrophages, and 
neurons expressing toll-like receptor 
11 contribute to innate immunity 
against encephalitic Toxoplasma 
gondii infection. Neuroscience. 
2014;269:184-91. 

39.	 Kawai T, Akira S. Toll-like receptor 
downstream signaling. Arthritis Res 
Ther. 2005;7(1):12-9. 

40.	 Ransohoff R, Brown M. Innate 
immunity in the central nervous 
system. J Clin Invest. 2012;122(4):1164-
71.

41.	 Liu S et al. TLR2 is a primary receptor 
for Alzheimer’s amyloid beta peptide 
to trigger neuroinflammatory 
activation. J Immunol. 
2012;188(3):1098-107.

42.	 Minter MR et al. Soluble amyloid 
triggers a myeloid differentiation 
factor 88 and interferon regulatory 
factor 7 dependent neuronal type-
1 interferon response in vitro. J 
Neuroinflammation. 2015;12:71. 

43.	 McDonald CL et al. Inhibiting TLR2 
activation attenuates amyloid 
accumulation and glial activation in a 
mouse model of Alzheimer's disease. 
Brain Behav Immun. 2016;58:191-200. 

44.	 Tapia-Rojas C, Inestrosa NC. Loss of 
canonical Wnt signaling is involved 
in the pathogenesis of Alzheimer's 
disease. Neural Regen Res. 
2018;13:1705-10.

45.	 Marchetti B. Wnt/β-Catenin signaling 
pathway governs a full program 
for dopaminergic neuron survival, 
neurorescue and regeneration 
in the MPTP mouse model of 



NEUROLOGY  •  July 2020	 EMJ114

Parkinson's disease. Int J Mol Sci. 
2018;19(12):3743.

46.	 Willert K, Nusse R. Wnt proteins. 
Cold Spring Harb Perspect Biol. 
2012;4(9):a0078644.

47.	 Clevers H, Nusse R. Wnt/β-
catenin signaling and disease. Cell. 
2012;149(6):1192-205. 

48.	 Rosso SB et al. Wnt signaling through 
dishevelled, rac and JNK regulates 
dendritic development. Nat Neurosci. 
2005;8:34-42.

49.	 Inestrosa NC, Arenas E. Emerging 
roles of Wnts in the adult nervous 
system. Nat Rev Neurosci. 2010;11:77-
86. 

50.	 Marchetti B, Pulchino S. Wnt your 
brain be inflamed? Yes, it Wnt!. 
Trends Mol Med. 2013;19(3):144-56. 

51.	 Ishitani T et al. The TAK1-NLK-
MAPK-related pathway antagonizes 
signaling between β-catenin and 
transcription factor TCF. Nature. 
1999;399:798-802.

52.	 Zhang ZY et al. Stabilization of 
ATF5 by TAK1-Nemo-like kinase 
critically regulates the interleukin-1β-
stimulated C/EBP signaling pathway. 
Mol Cell Biol. 2015;35(5):778-88. 

53.	 Zolezzi JM, Inestrosa NC. Wnt/
TLR dialog in neuroinflammation, 
relevance in Alzheimer’s disease. 
Front Immunol. 2017;8:187. 

54.	 Song D et al. Wnt canonical pathway 
activator TWS119 drives microglial 
anti-inflammatory activation and 
facilitates neurological recovery 
following experimental stroke. J 
Neuroinflammation. 2019;16:256. 

55.	 Van Steenwinckel J et al. Decreased 
microglial Wnt/β-catenin signalling 
drives microglial pro-inflammatory 
activation in the developing brain. 
Brain. 2019;142(12):3806-33. 

56.	 Zhang D et al. Wnt-3a alleviates 
neuroinflammation after ischemic 
stroke by modulating the responses 
of microglia/macrophages and 
astrocytes. Int Immunopharmacol. 
2019;75:105760. 

57.	 Royer PJ et al. TLR3 promotes MMP-9 
production in primary human airway 
epithelial cells through Wnt/β-catenin 
signaling. Respir Res. 2017;18(1):208. 

58.	 Casili G et al. TLR-4/Wnt modulation 
as new therapeutic strategy in 
the treatment of glioblastomas. 
Oncotarget. 2018;9(101):37564-80. 

59.	 Gao K et al. Neuroprotection of 
netrin-1 on neurological recovery via 

Wnt/β-catenin signaling pathway 
after spinal cord injury. Neuroreport. 
2020;31(7):537-43.

60.	 Monga SP. β-catenin signaling and 
roles in liver homeostasis, injury, and 
tumorigenesis. Gastroenterology. 
2015;148(7):1294-310. 

61.	 Goretsky T et al. A cytosolic 
multiprotein complex containing 
p85α is required for β-catenin 
activation in colitis and colitis-
associated cancer. J Biol Chem. 
2016;291(8):4166-77. 

62.	 Betten R et al. Tonicity inversely 
modulates lipocalin-2 (Lcn2/24p3/
NGAL) Receptor (SLC22A17) and 
Lcn2 expression via Wnt/β-catenin 
signaling in renal inner medullary 
collecting duct cells: implications for 
cell fate and bacterial infection. Cell 
Commun Signal. 2018;16(1):74. 

63.	 Haybar H et al. Wnt/β-catenin in 
ischemic myocardium: interactions 
and signaling pathways as a 
therapeutic target. Heart Fail Rev. 
2019;24(3):411-9. 

64.	 Huang L et al. β-catenin promotes 
NLRP3 inflammasome activation via 
increasing the association between 
NLRP3 and ASC. Mol Immunol. 
2020;121:186-94. 

FOR REPRINT QUERIES PLEASE CONTACT:   +44 (0) 1245 334450


