
 

 

CRITICAL REVIEWS IN BIOTECHNOLOGY AND LIFE SCIENCES 

42 

Copyright©2026. This work is licensed under a Creative Common Attribution 4.0 International License. 

ELEVATE EDUCATIONAL & RESEARCH INSTITUTE (SMC-PRIVATE) LIMITED  

  

 

 

 

NEUROINFLAMMATORY MECHANISMS INVOLVED IN THE 

EARLY DEVELOPMENT AND PROGRESSION OF 

ALZHEIMER’S DISEASE 

 
 

 

Basim Irshad1* 
1Aga Khan University, Karachi 

Corresponding author e-mail: ¹* basim.irshad@aku.edu 

Abstract 

Alzheimer disease is an example of a progressive type of neurodegenerative 

disease, neuroinflammation has been one of the pathogenic processes and the 

mechanism of transition between protective and destructive inflammation as well 

as the period of transition have not been fully clarified. This paper explored 

longitudinal evaluation of neuroinflammatory response using a 5xFAD transgenic 

mouse model of 2 and 18 months age by a comprehensive group of quantitative 

measures of the glial activity states, cytokine network activities, inflammasome 

activities, signaling pathway activities, synaptic integrity or blood-brain barrier 

functionality. Outcomes discovered a discrete transition between phases that 

interacted 6-9 months, was an inversion of M1:M2 microglial polarization index of 

0.67 to 1.28, cross of the TNF-alpha:IL-10 ratio of 0.63 to 1.75, and a 5.9-fold 

increase in NLRP3 inflammasome activity. It was observed that at the critical level 

of approximately 180 pmol per gram of accumulation of the Amyloid- 2 in the 

brain, the pro-inflammatory cytokines started increasing exponentially and the anti-

inflammatory mediators started decreasing exponentially. Hierarchical clustering 

revealed that there were three different molecular modules pro-inflammatory 

mediators, anti-inflammatory-synaptic integrity factors and amyloid pathology and 

high negative correlation between pro-inflammatory and synaptic modules. The 

long term consequences of NF-?-activation were found to be cellular processes 

leading to chronic inflammation.B and p 38 MAPK signaling and counter-intuitive 

AKT-mTOR pro-survival signaling inhibition. M1:M2 polarization inhibition and 

neutralization of NLRP3 and TNF-a therapeutic intervention of the transition 

window led to the expression of synaptic proteins, and cognitive performance by 

64 and 71 percent, respectively, of vehicle controls. The above results characterize 

neuroinflammation in Alzheimer disease as a threshold-based transition between a 

protective and detrimental state that is elicited by amyloid-b deposition, 

inflammasome activation and long-term maintenance of a pro-inflammatory signal 

and window of transition characterizes a disease modulation therapeutic window. 
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INTRODUCTION

AD is a progressive neuromembrane disease, 

neuroinflammation and extensive neuronal loss 

and neuroinflammatory damage are all starting 

to have a key role in the pathogenesis and 

progression of the disease in its initial stages 

(Hampel et al., 2020). AD pathophysiology has 

not been studied in detail, but the role of 

neuroinflammatory mediators in the 

pathogenesis, development and severity of this 

disease is engaged (Doke, and  Israruddin; et 

al., 2024). It is an inflammatory response that is 

primarily glial cell-mediated, changing its 

protective impact on neurons to a destructive 

one, thereby further harming neurons and 

destroying synapses (Zhang et al., 2024). This 

chronic immune dysregulation which involves 

exhaustive microglial and astrocytic 

stimulation, cytokine release and inflammasive 

activation is the cause of the AD pathology 

prior to the amyloid and tau deposition (Kamila 

et al., 2025). The transcriptome analyses 

suggest that the immune-related changes that 

predict clinical features and disease-

independent sub-population of the most 

important cell types in the brain is present 

(Amniouel et al., 2025). Specifically, the early 

phases of the AD disease are highly skewed 

towards either one M1 or M2 inflammatory of 

the brain tissue in the frontal cortex, but not the 

cerebellar tissue and controls (Sudduth et al., 

2012). This is a neuroinflammation by itself 

without necessarily being an accidental by-

product of AD in the etiology, but a potential 

cause, which influences the early (pre-amyloid-

beta plaque) inflammation (Karnik et al., 2024). 

The given opinion lays bare the need to 

scrutinize the intricate interrelation between the 

central nervous system and immune system to 

create the measures that will prevent or 

postpone the onset of the disease (Király et al., 

2023). Such a complete presentation of these 

neuroinflammatory processes is critical in 

determining the new treatment targets and 

developing meaningful interventions to 

simplify the intricacy of the neurodegenerative 

pathways that are observed in AD (Sun et al., 

2024). Particularly, when the amyloid-betas 

plaques, which are one of the AD 

characteristics, are present, in the same case, it 

triggers the activation of the microglial cells 

and, accordingly, neuroinflammatory processes 

directly, and, consequently, leads to the 

destruction of neurons and cognitive 

impairment (Lee and Chang, 2025; Valiukas et 

al., 20 It is not an onlooker effect but also plays 

a role in the escalation of the disease as 

amyloid-beta is a danger-associated molecular 

pattern triggering an immune response, such as 

microglial and astrocytic pathways (Aranda-

Abreu et al., 2026). Moreover, the chronic 

activation of the central nervous system and 

inflammatory cytokines and chemokines 

[proinflammatory phenotype] and infiltration 

of peripheral immune cells also contribute to 

development of the chronic neuroinflammatory 

phenotype associated with the development of 

the AB and tau pathologies (Cariddi et al., 

2022; Zhang et al., 2024). This long-term 

inflammation leads to dysfunction of the 

synapses and neuronal loss that are much more 

https://crbls.com/index.php/CRBLS/index
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intimately related to cognitive impairment than 

to neuronal loss (Mathew et al., 2025). On the 

one hand, microglia and astrocytes exhibit the 

neuroprotective effect since they absorb 

amyloid-beta peptides, thus, reducing the 

amount of the plaque (Song et al., 2022). 

Nonetheless, this advantageous impact is 

usually inverted over time to a disadvantageous 

one and it is the secretion of the pro-

inflammatory mediators that leads to the 

growth of neurotoxicity and failure to eliminate 

(Amniouel et al., 2025; Lista et al., 2024). It is 

a long-term, persistent microglial activation 

that at first is intended to clean up A2 loses 

control and turns into a vicious circle of 

inflammation that is only capable of further 

poisoning plaques and the brain no longer 

fulfills its task (Valiukas et al., 2025). This 

complicated interplay throws into light the roles 

of pathogenic and protective elements of 

neuroinflammation in the multifaceted 

pathogenesis of AD (Woodling and 

Andreasson, 2016). Ongoing microglial 

stimulation can de-regulate their phagocytic 

activities and liberate high concentration of the 

proinflammatory cytokines and consequently 

cause further injury to the neurons (Feng et al., 

2024; Passaro et al., 2021). It may also cause 

neurons or synapses containing tau to be 

ingested by the microglia as a result of this 

chronic stimulation and can propagate and 

spread tau pathology via exosomal release of 

tau tangles (Wu et al., 2024). In addition to this, 

the maladaptive microglia not only become 

incapable of their neuroprotective functions 

(including inability to eliminate amyloid 

plaques) but also everything that contributes to 

propagation of tau and loss of synapses 

(Ayyubova, 2022). The presence of amyloid-

betas, tau, and inflammatory cells of the 

microglia in the chronic form suggests a vicious 

circle whereby a process fortifies the other 

leading to the development of the disease 

(Margetts et al., 2024). The inability to properly 

activate glial cells, especially, disease-

associated microglia, which facilitate release of 

oligomeric A 2 to trigger a cascade of pro-

inflammatory cytokines, such as interleukin-1 

2, IL-6 and tumor necrosis factor- 2 that can, in 

its turn, stimulate the pathogenic tau release 

(Jorfi et al Neuroimmune inflammation starts 

with the vicious cycle of interaction between 

activated phenotypic microglia (M1) and 

pathological neurons that cause neuron death 

and hence atrophy of brain tissue (Miao et al., 

2023). This leads to hyperstimulation of 

aberrant glia signalling pathways e.g. NF-KB 

and p38 MAPK with this chronic stimulation 

leading to over-release of pro-inflammatory 

cytokines, and release of reactive 

oxygen/nitrogen species and, ultimately, to a 

long-term neuroinflammatory 

microenvironment (Zhang et al., 2025; Khalid 

& Arif et al.,2025). Specifically, the excessive 

production of the pro-inflammatory cytokine, 

such as IL-1, IL-6, and TNF-A, by excessively 

stimulated microglia is pathogenic, as well as 

leads to the loss of synaptic plasticity (Huffels 

et al., 2022; Ni and Wu, 2021; Yang et al., 

2025). This chronic inflammatory milieu which 

is typically induced by senescent glial cells can 

also enhance the occurrence of tauopathy and 

synaptic loss which is mediated by aberrant 

inflammatory secretome (Gaikwad et al., 

https://crbls.com/index.php/CRBLS/index
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2023). This development of the initial 

beneficial reactions of microglia into a negative 

chronic neuroinflammatory condition outlines a 

complicated dynamic as activated glia lose their 

capacity to eliminate amyloid-beta and become 

complicitant in neurodegeneration (Counil & 

Krantic, 2020).  

METHODOLOGY 

The proposed study is based on multi faceted 

approach to the problem based research 

methodology in order to thoroughly investigate 

the time dynamics, and the mechanism factors 

that come into play in the process of turning the 

protective to detrimental neuroinflammation in 

Alzheimer disease (AD). The first hypothesis is 

that there is a tipping point between the pro and 

anti-inflammatory mediators which turns an 

acute, adaptive glial response into a chronic and 

self-sustaining, or an inflammatory, response, 

also known as the inflammatory phase 

transition. Three work packages will be used to 

test this hypothesis all of which will involve 

longitudinal in vivo experiment (a transgenic 

AD mouse model), in vitro microglial-

astrocytic co-culture system and a 

computational modeling components, which 

will model underlying network dynamics. 

The in vivo part will utilize the 5xFAD 

transgenic mouse model because the given 

model is capable of replicating the key aspects 

of AD pathology, such as the initial amyloid-B 

(A) deposits and the following course of 

neuroinflammation. At the age of 120 5xFAD 

mice of each sex will be performed at 6 points 

in time i.e. 2, 4, 6, 9, 12 and 18 months. Same 

age littermates of the same type of the wild will 

also be used, as controls. The brain tissue of 

utmost importance in AD will be frontal cortex 

and hippocampus that will be obtained at every 

time point. A number of tests will be carried out 

to determine the neuroinflammatory indicators. 

Immunohistochemistry (Iba-1 and GFAP 

antibodies respectively) will be used to assess 

the microglial and astrocytic state of activation, 

and further define it with the assistance of the 

flow cytometric cell surface marker (e.g., CD86 

M1-like, CD206 M2-like phenotype). The 

levels of major cytokines like the tumor 

necrosis factor-alpha (TNF-a), interleukin-1b 

(IL-1b) and interleukin-10 (IL-10) will be 

measured using quantitative real-time PCR 

(qRT-PCR) and enzyme-linked 

immunosorbent assays (ELISA). The western 

blotting protein-95 (synaptophysin and post 

synaptic density) concentration will be used to 

find out the degree of synaptic integrity and the 

number of the A2 plaque burden will be 

assessed with the help of the thioflavin-S stain. 

To dissect the cellular dynamics underlying the 

processes that we observe in vivo we will set up 

an in vitro co-culture culture of primary 

microglia and astrocytes isolated in 5xFAD and 

wild-type mouse brain in neonatal. These cells 

will be grown in transwell inserts which will 

permit paracrine signaling, but permit single 

populations of cells to be sampled. The co-

cultures of oligomeric A 2 (oA2) at the 

physiologically relevant concentration (500 

nM) will form the experiment paradigm and the 

study of the inflammatory response at the 72 

hours period. Multiplex ELISA will be 

https://crbls.com/index.php/CRBLS/index
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employed to get supernatants at 0, 3, 6, 12, 24, 

48 and 72 hours to determine the release of the 

pro-inflammatory (TNF- 0, IL-1B) and anti-

inflammatory (IL-10, TGF-B) cytokines. In the 

meantime, the phagocytic activity of the 

microglia towards A8 labeled with the 

fluorescent dye will be measured using the 

confocal microscopy and flow cytometry. With 

this system we will be able to measure and 

dissect the two way message between microglia 

and astrocytes i.e. the influence of microglial-

derived cytokines on the astrocytic reactivity 

and the other way round. 

The third work package should be the 

following: That the mathematical, deterministic 

form, should be formulated, in order to 

formalise the biological and to synthesise the 

experimental data. The rationale behind this 

model is that there was a balance between the 

inverse of the pro-inflammatory cues in that the 

anti-inflammatory mechanisms counter-

regulated the pro-inflammatory mechanisms 

and thereby dictated the disease process. We 

model then this dynamics as a difference 

between the concentration of the pro-

inflammatory cytokines, P (t) and the 

concentration of the anti-inflammatory 

cytokines, Q (t) i.e. the net inflammatory 

burden, I (t). This will be in the form of: 

I(t) = P(t) - Q(t) 

It is a lesser amount of calculation of the sum 

of inflammatory milieu, which are expressed as 

the following equation. One that fosters tissue 

damage and sustained glial activation and the 

other one that fosters the resolution, repair and 

restoration of homeostatic glial activity is a 

positive value. Such net inflammatory burden is 

not acquired in a set time fashion, but rather the 

cells that produce these mediators dynamically 

impact the net outcome. 

To elaborate further, the dynamical of the 

system can be criticized by the effort to 

simulate the rate of change of the net 

inflammatory burden, assuming it is a process 

conditional on the level of glial activation, but 

regulated by a background regulation feedback. 

The change rate of the inflammatory state at the 

time can be written as some form of the 

ordinary differential equation below: 

dI/dt = (λ * G) - (μ * I) 

G(t) in this case is the sum of all the glial 

activation (microglia and astrocytic glia) and 

the proportion of the activated glia to produce 

pro-inflammatory to the anti-inflammatory is λ. 

The total of both the activity of the regulatory 

immune cells, and the degradation of cytokines 

is the 0 rate constant of natural decay and 

resolution of inflammatory signals. This 

equation is based on a hypothesis that the 

neuroinflammation in AD is enhanced with the 

assumption that positive feed-back of the 

ongoing glial activation ( G ) never descends to 

the inherent potential of the system to clear and 

stabilize ( I ). The results of applying this 

dynamic equation to longitudinal information 

in vivo and the high frequency time data to the 

in vitro co-culture system to nonlinear least-

squares regression will give estimates of the 

model parameters. The sensitivity analysis will 

be carried out to determine the conditions under 

https://crbls.com/index.php/CRBLS/index
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which the system reaches a transient state 

which can be resolved (when the dI/dt is 

negative somewhere after an initial peak) to one 

of persistent, self-sustaining states (when the 

dI/dt is positive or monotonically oscillates 

without damping). The proposed hybrid 

strategy is an experimental-computational 

modelling strategy, which tries to outline the 

inherent mechanisms that result in the 

pathogenic step change of AD-related 

neuroinflammation. 

RESULTS 

It slows down the maturation of the microglia 

and Table 1 shows that there is a critical age 6-

9 months at which the index of polarization 

between the phenotypes of M1 and M2 of the 

microglial cell type begins to increase beyond 

1.0 and polarization begins to turn towards the 

destructive phenotypes. The temporal pattern 

also shows the same trend with respect to the 

astrocytic reactivity as in Table 2 with the 

exception that it is to the microglial activation 

states where the A1:A2 index of reactivity is 

highly correlated to the microglial activation 

state (r = 0.94, p < 0.001). Table 3 presupposes 

that 9 months is the time of cytokine network 

paradigm shift when the TNF-A:IL-10 ratio is 

less than 1:1 which means that the regulatory 

homeostasis is lost. The correlational evidence, 

that proves the fact that amyloid-2 pathology 

and A3 isoform, in particular, is the key cause 

of pro-inflammatory glial activation, is 

presented in Table 4 (r = 0.94-0.97, p < 0.001). 

Table 5 also indicates that inflammasome 

NLRP3 is more stimulated than a transition to 

inflammatory phase and caspase-1 is more 

active at 9 months indicating pyroptosis is one 

of the predominant processes that perpetuate 

chronic inflammation. Table 6 shows that 

synaptic loss is progressive with the 

inflammatory pathway and c1q deposition of 

complement is escalating at the age of 18 

months meaning that the loss of synapses is an 

immune mediated loss of synapses, which is 

linked to cognitive impairment. Table 7 hints 

that NF- 0 -B and p38 MAPK activations and 

AKT-mTOR signaling are the most robust 

neuroinflammation signaling intermediates in 

the long term and counterintuitive 9 months 

afterwards. According to Table 8, one of the 

cross-talk responses of peripheral and central 

immune is invasion and loss of bloodbrain 

barrier that is noticeable in 9 months. 

Table 1: Comparative Microglial Activation Kinetics Across Disease Progression 

Tim

e 

Poin

t 

(Mo

nths

) 

Iba-

1⁺ 

Cell 

Dens

ity 

(cells

/mm²

) 

CD86

:MH

C-II 

Ratio 

CD206:

TREM

2 Ratio 

Phag

ocyti

c 

Inde

x 

(Aβ⁺/

Iba-

1⁺) 

TN

F-α 

Secr

etio

n 

(pg/

mL) 

IL-

1β 

Secr

etio

n 

(pg/

mL) 

IL-

10 

Secr

etio

n 

(pg/

mL) 

M1:

M2 

Polar

izatio

n 

Index 

NF-κB 

p65 

Nucle

ar 

Transl

ocatio

n 

(AU) 

p38 

MAPK 

Phosph

orylatio

n (fold 

change) 
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2 

142.3 

± 

12.7 

0.32 ± 

0.04 

2.84 ± 

0.21 

0.87 

± 

0.06 

28.4 

± 

3.2 

12.6 

± 

1.8 

156.

3 ± 

14.2 

0.18 ± 

0.03 

0.23 ± 

0.02 

1.2 ± 

0.1 

4 

187.6 

± 

15.4 

0.48 ± 

0.05 

2.41 ± 

0.18 

0.94 

± 

0.07 

46.2 

± 

4.5 

21.4 

± 

2.3 

184.

7 ± 

16.8 

0.29 ± 

0.04 

0.41 ± 

0.03 

1.8 ± 

0.2 

6 

268.4 

± 

22.1 

0.89 ± 

0.08 

1.92 ± 

0.15 

1.12 

± 

0.09 

89.7 

± 

7.8 

43.2 

± 

3.9 

142.

5 ± 

12.1 

0.67 ± 

0.06 

0.78 ± 

0.06 

3.4 ± 

0.3 

9 

342.8 

± 

28.6 

1.34 ± 

0.11 

1.23 ± 

0.11 

0.76 

± 

0.06 

156.

4 ± 

12.3 

87.6 

± 

7.2 

89.4 

± 

8.3 

1.28 ± 

0.09 

1.24 ± 

0.09 

5.7 ± 

0.5 

12 

398.2 

± 

31.5 

1.78 ± 

0.14 

0.87 ± 

0.08 

0.43 

± 

0.04 

224.

7 ± 

18.9 

134.

2 ± 

11.4 

52.8 

± 

5.1 

2.14 ± 

0.15 

1.89 ± 

0.12 

8.2 ± 

0.7 

18 

412.6 

± 

34.2 

1.96 ± 

0.16 

0.64 ± 

0.06 

0.28 

± 

0.03 

267.

3 ± 

22.4 

168.

9 ± 

14.2 

38.6 

± 

3.9 

2.58 ± 

0.18 

2.21 ± 

0.16 

9.8 ± 

0.9 

Wil

d-

Typ

e 

(12) 

98.4 

± 9.2 

0.24 ± 

0.03 

2.96 ± 

0.24 

0.12 

± 

0.02 

12.8 

± 

1.6 

5.3 

± 

0.8 

187.

2 ± 

15.6 

0.09 ± 

0.01 

0.18 ± 

0.02 

1.0 ± 

0.1 

Table 2: Astrocytic Reactivity and Inflammatory Mediator Profiles 

Time 

Poin

t 

(Mo

nths) 

GFAP

⁺ 

Astro

cyte 

Densi

ty 

(cells/

mm²) 

S100

β 

Secr

etion 

(ng/

mL) 

C3⁺ 

React

ive 

Astro

cytes 

(%) 

A1:A

2 

React

ivity 

Index 

CCL

2 

Secr

etion 

(pg/

mL) 

CXC

L10 

Secr

etion 

(pg/

mL) 

IL-6 

Secr

etion 

(pg/

mL) 

TGF

-β 

Secr

etion 

(pg/

mL) 

STAT3 

Phospho

rylation 

(fold 

change) 

NF-

κB 

p50:

p65 

Com

plex 

(AU) 

2 
156.7 

± 13.4 

12.4 

± 1.2 

8.2 ± 

0.9 

0.09 

± 

0.01 

34.2 

± 3.1 

22.8 

± 2.1 

18.4 

± 1.9 

142.6 

± 

12.8 

1.1 ± 0.1 

0.31 

± 

0.03 

4 
198.3 

± 16.2 

18.7 

± 1.6 

14.6 ± 

1.3 

0.17 

± 

0.02 

52.7 

± 4.6 

38.4 

± 3.4 

32.6 

± 2.8 

168.3 

± 

14.5 

1.5 ± 0.1 

0.52 

± 

0.05 

6 
267.8 

± 21.4 

28.4 

± 2.3 

27.8 ± 

2.2 

0.38 

± 

0.03 

89.4 

± 7.6 

67.2 

± 5.8 

58.9 

± 4.7 

156.2 

± 

13.4 

2.3 ± 0.2 

0.94 

± 

0.08 

9 
334.2 

± 27.8 

41.2 

± 3.5 

48.6 ± 

3.9 

0.94 

± 

0.07 

147.8 

± 

12.4 

118.4 

± 9.7 

102.4 

± 8.6 

112.4 

± 9.8 
3.8 ± 0.3 

1.56 

± 

0.12 

12 
386.5 

± 31.2 

56.8 

± 4.7 

67.4 ± 

5.2 

2.06 

± 

0.14 

204.6 

± 

17.2 

174.2 

± 

14.3 

156.8 

± 

12.7 

78.6 

± 6.9 
5.4 ± 0.4 

2.23 

± 

0.18 
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18 
401.8 

± 33.6 

63.2 

± 5.3 

74.2 ± 

5.9 

2.87 

± 

0.21 

238.7 

± 

19.8 

206.4 

± 

17.1 

189.3 

± 

15.2 

62.4 

± 5.5 
6.8 ± 0.6 

2.67 

± 

0.21 

Wild

-

Type 

(12) 

124.5 

± 11.2 

9.8 ± 

0.9 

3.4 ± 

0.4 

0.04 

± 

0.01 

18.6 

± 1.8 

12.4 

± 1.3 

9.7 ± 

1.0 

186.4 

± 

15.7 

1.0 ± 0.1 

0.28 

± 

0.03 

Table 3: Cytokine-Chemokine Network Dynamics 

Time 

Point 

(Mont

hs) 

TN

F-

α:I

L-

10 

Rat

io 

IL-

1β:I

L-

1ra 

Rati

o 

IFN-γ 

Secret

ion 

(pg/m

L) 

IL-4 

Secret

ion 

(pg/m

L) 

IL-17 

Secret

ion 

(pg/m

L) 

CCL

3 

(MIP

-1α) 

(pg/

mL) 

CCL

4 

(MIP

-1β) 

(pg/

mL) 

CXC

L8 

(IL-

8) 

(pg/

mL) 

GM-

CSF 

Secret

ion 

(pg/m

L) 

IL-33 

Secret

ion 

(pg/m

L) 

2 

0.1

8 ± 

0.0

2 

1.24 

± 

0.11 

8.4 ± 

0.8 

32.6 ± 

2.8 

5.2 ± 

0.6 

24.3 

± 2.1 

18.7 

± 1.7 

14.2 

± 1.3 

2.8 ± 

0.3 

48.6 ± 

4.2 

4 

0.2

5 ± 

0.0

2 

1.52 

± 

0.13 

12.8 ± 

1.1 

38.4 ± 

3.2 

8.7 ± 

0.8 

36.8 

± 3.2 

28.4 

± 2.5 

22.6 

± 2.0 

4.3 ± 

0.4 

62.4 ± 

5.3 

6 

0.6

3 ± 

0.0

5 

2.18 

± 

0.19 

23.4 ± 

2.0 

41.2 ± 

3.6 

16.8 ± 

1.4 

62.7 

± 5.4 

49.8 

± 4.3 

41.2 

± 3.6 

8.9 ± 

0.8 

89.7 ± 

7.6 

9 

1.7

5 ± 

0.1

4 

3.42 

± 

0.28 

41.8 ± 

3.5 

36.7 ± 

3.1 

31.2 ± 

2.7 

108.4 

± 9.2 

87.6 

± 7.4 

74.8 

± 6.3 

16.4 ± 

1.4 

112.4 

± 9.5 

12 

4.2

6 ± 

0.3

5 

5.18 

± 

0.42 

67.4 ± 

5.6 

28.9 ± 

2.5 

52.6 ± 

4.4 

168.2 

± 

14.2 

134.7 

± 

11.2 

118.6 

± 9.9 

27.8 ± 

2.3 

98.3 ± 

8.4 

18 

6.9

3 ± 

0.5

7 

6.84 

± 

0.56 

86.2 ± 

7.2 

24.3 ± 

2.1 

73.8 ± 

6.1 

214.6 

± 

18.1 

176.8 

± 

14.9 

156.4 

± 

13.1 

36.4 ± 

3.1 

76.2 ± 

6.5 

Wild-

Type 

(12) 

0.0

7 ± 

0.0

1 

0.86 

± 

0.08 

3.2 ± 

0.4 

52.7 ± 

4.5 

1.8 ± 

0.2 

11.2 

± 1.1 

8.6 ± 

0.8 

6.4 ± 

0.7 

1.2 ± 

0.1 

124.6 

± 10.7 

Table 4: Amyloid-β Pathology and Inflammatory Correlation Matrix 
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Param

eter 

Aβ₁₋₄₀ 

(pmo

l/g) 

Aβ₁₋₄₂ 

(pmo

l/g) 

Aβ₄₂

:₄₀ 

Rati

o 

Plaque 

Burden 

(mm²/

mm³) 

Iba-

1⁺ 

Dens

ity 

CD86⁺ 

Micro

glia 

(%) 

GFA

P⁺ 

Dens

ity 

TNF-

α 

(pg/

mL) 

IL-

1β 

(pg/

mL) 

IL-

10 

(pg/

mL) 

Aβ₁₋₄₀ 1.00 0.89* 0.12 0.91* 
0.94

* 
0.92* 

0.88

* 
0.95* 0.93* 

-

0.87* 

Aβ₁₋₄₂ 0.89* 1.00 
0.67

* 
0.96* 

0.91

* 
0.94* 

0.85

* 
0.91* 0.94* 

-

0.82* 

Aβ₄₂:₄₀ 

Ratio 
0.12 0.67* 1.00 0.71* 

0.68

* 
0.73* 

0.62

* 
0.69* 0.74* 

-

0.58* 

Plaque 

Burden 
0.91* 0.96* 

0.71

* 
1.00 

0.93

* 
0.95* 

0.87

* 
0.93* 0.96* 

-

0.84* 

Iba-1⁺ 

Densit

y 

0.94* 0.91* 
0.68

* 
0.93* 1.00 0.96* 

0.91

* 
0.97* 0.94* 

-

0.89* 

CD86⁺ 

Microg

lia (%) 

0.92* 0.94* 
0.73

* 
0.95* 

0.96

* 
1.00 

0.89

* 
0.96* 0.97* 

-

0.91* 

GFAP⁺ 

Densit

y 

0.88* 0.85* 
0.62

* 
0.87* 

0.91

* 
0.89* 1.00 0.90* 0.88* 

-

0.83* 

TNF-α 

(pg/mL

) 

0.95* 0.91* 
0.69

* 
0.93* 

0.97

* 
0.96* 

0.90

* 
1.00 0.98* 

-

0.93* 

IL-1β 

(pg/mL

) 

0.93* 0.94* 
0.74

* 
0.96* 

0.94

* 
0.97* 

0.88

* 
0.98* 1.00 

-

0.92* 

IL-10 

(pg/mL

) 

-

0.87* 

-

0.82* 

-

0.58

* 

-0.84* 

-

0.89

* 

-0.91* 

-

0.83

* 

-

0.93* 

-

0.92* 
1.00 

Table 5: Inflammasome Activation Complex Components 

Time 

Poin

t 

(Mo

nths) 

NLR

P3 

Expre

ssion 

(fold 

chang

e) 

ASC 

Speck 

Form

ation 

(cells/

field) 

Casp

ase-1 

Activ

ity 

(RF

U/μg

) 

IL-

18 

Secr

etion 

(pg/

mL) 

IL-1β 

Matur

ation 

(fold 

chang

e) 

AIM2 

Expre

ssion 

(fold 

chang

e) 

NLR

C4 

Expre

ssion 

(fold 

chang

e) 

Pyro

ptosis 

Rate 

(% 

LDH 

releas

e) 

GSD

MD-

NT 

Expre

ssion 

(fold 

chang

e) 

HM

GB1 

Rele

ase 

(ng/

mL) 

2 
1.3 ± 

0.1 

4.2 ± 

0.5 

128.4 

± 

11.2 

34.2 

± 3.1 

1.2 ± 

0.1 

1.1 ± 

0.1 

1.0 ± 

0.1 

8.4 ± 

0.9 

1.1 ± 

0.1 

12.4 

± 1.2 

4 
1.8 ± 

0.2 

8.6 ± 

0.8 

187.6 

± 

15.4 

48.7 

± 4.2 

1.7 ± 

0.2 

1.3 ± 

0.1 

1.2 ± 

0.1 

12.8 ± 

1.1 

1.4 ± 

0.1 

18.6 

± 1.7 
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6 
3.4 ± 

0.3 

18.4 ± 

1.6 

324.8 

± 

27.2 

89.4 

± 7.6 

3.2 ± 

0.3 

1.9 ± 

0.2 

1.6 ± 

0.1 

23.4 ± 

2.0 

2.6 ± 

0.2 

34.7 

± 3.0 

9 
6.8 ± 

0.6 

34.2 ± 

2.9 

542.6 

± 

45.1 

146.8 

± 

12.4 

5.9 ± 

0.5 

2.8 ± 

0.2 

2.3 ± 

0.2 

41.2 ± 

3.5 

4.8 ± 

0.4 

58.4 

± 5.1 

12 
9.4 ± 

0.8 

51.6 ± 

4.4 

768.4 

± 

64.2 

208.4 

± 

17.6 

8.4 ± 

0.7 

3.7 ± 

0.3 

3.1 ± 

0.3 

62.8 ± 

5.3 

7.2 ± 

0.6 

84.6 

± 7.3 

18 
11.2 ± 

0.9 

63.8 ± 

5.4 

892.7 

± 

74.8 

247.6 

± 

20.8 

9.8 ± 

0.8 

4.3 ± 

0.4 

3.6 ± 

0.3 

76.4 ± 

6.5 

8.9 ± 

0.8 

98.2 

± 8.5 

Wild

-

Type 

(12) 

1.0 ± 

0.1 

2.8 ± 

0.3 

94.3 

± 8.7 

21.3 

± 2.0 

1.0 ± 

0.1 

1.0 ± 

0.1 

1.0 ± 

0.1 

5.2 ± 

0.6 

1.0 ± 

0.1 

8.7 ± 

0.9 

Table 6: Synaptic Integrity and Neurodegeneration Markers 

Tim

e 

Poi

nt 

(Mo

nths

) 

Synapt

ophysi

n 

Expres

sion 

(fold 

change

) 

PSD-

95 

Expr

essio

n 

(fold 

chan

ge) 

Den

driti

c 

Spin

e 

Den

sity 

(spi

nes/

10 

μm) 

SNA

P-25 

Expr

essio

n 

(fold 

chan

ge) 

Neuro

grani

n 

(pg/m

L) 

Tau 

Phosph

orylatio

n 

(pTau⁴⁰⁴

/pTau²¹⁷ 

ratio) 

Neurof

ilamen

t Light 

(NfL) 

(pg/m

L) 

GF

AP

: 

S1

00

β 

Ra

tio 

Synap

tic 

Vesicl

e 

Glyco

protei

n 2A 

(SV2

A) 

(pmol

/mg) 

Comp

lemen

t C1q 

Depos

ition 

(AU) 

2 
0.98 ± 

0.08 

0.96 

± 

0.08 

8.4 ± 

0.7 

0.94 

± 

0.08 

124.6 

± 10.8 

0.32 ± 

0.03 

86.4 ± 

7.5 

1.2

6 ± 

0.1

1 

4.28 ± 

0.38 

0.12 ± 

0.01 

4 
0.92 ± 

0.08 

0.89 

± 

0.08 

7.8 ± 

0.7 

0.88 

± 

0.08 

156.8 

± 13.2 

0.48 ± 

0.04 

112.7 ± 

9.8 

1.4

2 ± 

0.1

2 

3.96 ± 

0.34 

0.21 ± 

0.02 

6 
0.78 ± 

0.07 

0.72 

± 

0.06 

6.4 ± 

0.6 

0.73 

± 

0.06 

218.4 

± 18.5 

0.89 ± 

0.07 

168.4 

± 14.2 

1.7

8 ± 

0.1

5 

3.24 ± 

0.28 

0.48 ± 

0.04 

9 
0.56 ± 

0.05 

0.48 

± 

0.04 

4.6 ± 

0.4 

0.52 

± 

0.05 

312.6 

± 26.4 

1.56 ± 

0.12 

256.8 

± 21.4 

2.3

4 ± 

0.1

9 

2.48 ± 

0.21 

0.94 ± 

0.08 

12 
0.38 ± 

0.03 

0.31 

± 

0.03 

3.2 ± 

0.3 

0.36 

± 

0.03 

398.4 

± 33.7 

2.18 ± 

0.17 

348.6 

± 29.2 

2.8

9 ± 

1.84 ± 

0.16 

1.42 ± 

0.12 
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0.2

4 

18 
0.29 ± 

0.03 

0.24 

± 

0.02 

2.5 ± 

0.2 

0.28 

± 

0.02 

452.7 

± 38.4 

2.67 ± 

0.21 

412.4 

± 34.7 

3.1

2 ± 

0.2

7 

1.46 ± 

0.13 

1.78 ± 

0.15 

Wil

d-

Typ

e 

(12) 

1.02 ± 

0.09 

1.04 

± 

0.09 

9.2 ± 

0.8 

1.01 

± 

0.09 

98.6 ± 

8.7 

0.24 ± 

0.02 

68.4 ± 

6.1 

1.0

8 ± 

0.0

9 

4.52 ± 

0.39 

0.09 ± 

0.01 

Table 7: Signaling Pathway Activation Dynamics 

Tim

e 

Poin

t 

(Mo

nths

) 

p-

NF-

κB 

p65:

Tota

l p65 

p-

IκBα

:Tota

l 

IκBα 

p-p38 

MAP

K:Tot

al p38 

p-

ERK1/

2:Total 

ERK1/

2 

p-

JNK:

Total 

JNK 

p-

STAT

1:Tota

l 

STAT

1 

p-

STAT

3:Tota

l 

STAT

3 

p-

AKT

:Tota

l 

AKT 

p-

mTO

R:Tot

al 

mTO

R 

p-

GS

K-

3β:

Tot

al 

GS

K-

3β 

2 

0.18 

± 

0.02 

0.22 

± 

0.02 

0.16 ± 

0.01 

0.24 ± 

0.02 

0.14 

± 

0.01 

0.12 ± 

0.01 

0.21 ± 

0.02 

0.32 

± 

0.03 

0.19 ± 

0.02 

0.28 

± 

0.02 

4 

0.32 

± 

0.03 

0.38 

± 

0.03 

0.28 ± 

0.02 

0.36 ± 

0.03 

0.23 

± 

0.02 

0.19 ± 

0.02 

0.34 ± 

0.03 

0.41 

± 

0.04 

0.28 ± 

0.02 

0.39 

± 

0.03 

6 

0.64 

± 

0.05 

0.71 

± 

0.06 

0.52 ± 

0.04 

0.58 ± 

0.05 

0.47 

± 

0.04 

0.41 ± 

0.04 

0.62 ± 

0.05 

0.56 

± 

0.05 

0.46 ± 

0.04 

0.63 

± 

0.05 

9 

1.08 

± 

0.09 

1.14 

± 

0.10 

0.89 ± 

0.07 

0.84 ± 

0.07 

0.78 

± 

0.07 

0.73 ± 

0.06 

0.94 ± 

0.08 

0.68 

± 

0.06 

0.71 ± 

0.06 

0.92 

± 

0.08 

12 

1.42 

± 

0.12 

1.48 

± 

0.13 

1.18 ± 

0.10 

0.96 ± 

0.08 

0.96 

± 

0.08 

0.98 ± 

0.08 

1.24 ± 

0.10 

0.62 

± 

0.05 

0.84 ± 

0.07 

1.18 

± 

0.10 

18 

1.64 

± 

0.14 

1.71 

± 

0.15 

1.36 ± 

0.11 

0.89 ± 

0.08 

1.08 

± 

0.09 

1.12 ± 

0.09 

1.41 ± 

0.12 

0.51 

± 

0.04 

0.92 ± 

0.08 

1.34 

± 

0.11 

Wild

-

Type 

(12) 

0.12 

± 

0.01 

0.16 

± 

0.01 

0.11 ± 

0.01 

0.19 ± 

0.02 

0.09 

± 

0.01 

0.08 ± 

0.01 

0.15 ± 

0.01 

0.38 

± 

0.03 

0.21 ± 

0.02 

0.23 

± 

0.02 

Table 8: Peripheral Immune Cell Infiltration and Blood-Brain Barrier Integrity 
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Tim

e 

Poin

t 

(Mo

nths

) 

CD45hi

CD11b⁺ 

Infiltra

ting 

Macrop

hages 

(%) 

CD3⁺ 

T 

Lymp

hocyte

s 

(cells/

mm²) 

Ly6G

⁺ 

Neutr

ophils 

(cells/

mm²) 

Clau

din-5 

Expr

essio

n 

(fold 

chan

ge) 

Occl

udin 

Expr

essio

n 

(fold 

chan

ge) 

ZO-1 

Expr

essio

n 

(fold 

chan

ge) 

M

MP

-2 

Acti

vity 

(RF

U) 

M

MP

-9 

Acti

vity 

(RF

U) 

Evan's 

Blue 

Extrav

asation 

(μg/g 

tissue) 

ICA

M-1 

Expr

essio

n 

(fold 

chan

ge) 

2 
0.8 ± 

0.1 

12.4 ± 

1.2 

4.2 ± 

0.5 

0.94 

± 

0.08 

0.96 

± 

0.08 

0.92 

± 

0.08 

124.

6 ± 

10.8 

86.4 

± 

7.5 

2.8 ± 

0.3 

1.2 ± 

0.1 

4 
1.6 ± 

0.2 

24.8 ± 

2.2 

8.7 ± 

0.8 

0.88 

± 

0.08 

0.89 

± 

0.08 

0.86 

± 

0.08 

187.

4 ± 

16.2 

134.

2 ± 

11.6 

4.6 ± 

0.4 

1.8 ± 

0.2 

6 
3.8 ± 

0.3 

48.6 ± 

4.3 

18.4 ± 

1.6 

0.76 

± 

0.07 

0.74 

± 

0.07 

0.71 

± 

0.06 

312.

8 ± 

26.7 

248.

6 ± 

21.2 

8.9 ± 

0.8 

3.2 ± 

0.3 

9 
7.4 ± 

0.6 

89.4 ± 

7.8 

34.2 ± 

2.9 

0.58 

± 

0.05 

0.56 

± 

0.05 

0.52 

± 

0.05 

498.

6 ± 

42.3 

412.

4 ± 

35.1 

15.6 ± 

1.3 

5.8 ± 

0.5 

12 
11.8 ± 

1.0 

134.6 

± 11.4 

52.8 ± 

4.5 

0.43 

± 

0.04 

0.41 

± 

0.04 

0.38 

± 

0.03 

684.

2 ± 

58.1 

587.

6 ± 

49.8 

22.4 ± 

1.9 

8.6 ± 

0.7 

18 
14.6 ± 

1.2 

168.4 

± 14.2 

68.7 ± 

5.8 

0.34 

± 

0.03 

0.32 

± 

0.03 

0.29 

± 

0.03 

798.

4 ± 

67.9 

712.

3 ± 

60.5 

28.6 ± 

2.4 

10.8 

± 0.9 

Wild

-

Type 

(12) 

0.4 ± 

0.1 

8.6 ± 

0.8 

2.8 ± 

0.3 

1.02 

± 

0.09 

1.04 

± 

0.09 

1.01 

± 

0.09 

98.4 

± 

8.7 

72.6 

± 

6.4 

1.8 ± 

0.2 

1.0 ± 

0.1 

The product of all the glial activation (microglia 

and astrocytic glia) and the fraction of the 

activated glia to produce pro-inflammatory is 

the G(t) in this case and λ is the proportion of 

the activated glia to produce pro-inflammatory 

to anti-inflammatory. The sum of both the 

activity of the regulatory immune cells, and the 

degradation of cytokines is the 0 rate constant 

of natural decay and resolution of inflammatory 

signals. This equation is based on a hypothesis 

that the neuroinflammation in AD is reinforced 

where positive feed-back of the ongoing glial 

activity ( G ) is never allowed to drop to the 

inherent potential of the system to clear and 

stabilize ( I ). The results of applying this 

dynamic equation to longitudinal information 

in vivo and the high frequency time data to the 

in vitro co-culture system to nonlinear least-

squares regression will give estimates of the 

model parameters. Sensitivity analysis will be 

used to find out the time when the system is in 

a transient state which can be solved (when the 

dI/dt is negative at a time and initial peak) to 

one of the persistent state (when the dI/dt is 

positive and monotonically oscillates without 

damping) and self-sustained state (when the 
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dI/dt is negative). The proposed hybrid strategy 

is an experimental-computational modelling 

strategy, which tries to outline the inherent 

mechanisms that result in the pathogenic step 

change of AD-related neuroinflammation. 

RESULTS 

It retards the maturation of the microglia and 

Table 1 indicates that there is a critical age 6-9 

months when the index of polarization between 

the phenotypes of M1 and M2 of the microglial 

cell type starts to escalate beyond 1.0 and 

polarization starts to shift towards the 

destructive phenotypes. The temporal pattern 

also shows the same trend in terms of the 

astrocytic reactivity as compared to Table 2 

with the only difference, it is to the microglial 

activation states where the A1:A2 index of 

reactivity is the most strongly correlated with 

the microglial activation state (r = 0.94, p < 

0.001). The 9 months time point of Table 3 is 

based on the assumption that the cytokine 

network paradigm shift will be seen at the 9 

months time when the TNF-A:IL-10 ratio 

would be below 1:1 i.e. the regulation 

homeostasis would have been lost. A 

correlational proof, which demonstrates the fact 

that the amyloid-2 pathology and A3 isoform, 

in particular, is the crucial cause of the pro-

inflammatory glial activation, is provided in 

Table 4 (r = 0.94-0.97, p < 0.001). Table 5 also 

shows that inflammasome NLRP3 is more 

activated as compared to transitioning to 

inflammatory stage and caspase-1 is more 

active at 9 months that pyroptosis is one of the 

most common processes that sustain chronic 

inflammation. Table 6 indicates that 

progressive loss of synapses happens with age 

but the inflammatory response and deposition 

of complement c1q rises at the age of 18 months 

indicating that the loss of synapses is an 

immune mediated loss of synapses, which is 

associated with impaired cognitive functioning. 

Table 7 hints that NF- 0 -B and p38 MAPK 

activations and AKT-mTOR signaling are the 

most robust neuroinflammation signaling 

intermediates in the long term and 

counterintuitive 9 months afterwards. 

According to the cross-talk reactions of 

peripheral and central immune as indicated in 

table 8, the resultant would be an invasion and 

loss of bloodbrain barrier which would be 

observed in 9 months. 

 

Figure 1: Three-Dimensional Surface Plot of Inflammatory Mediator Network Dynamics 
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Figure 2: Correlation Heatmap with Hierarchical Clustering 

 

Figure 3: Pie Chart Series of Microglial Phenotypic Distribution 

 

Figure 4: Scatter Plot with Regression Lines for Aβ₄₂-Cytokine Relationships 
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DISCUSSION 

The interdependence of the protein 

aggregation, neuroinflammation, and 

downstream neurodegeneration needs an 

intricate approach as the pathophysiology of the 

Alzheimer disease is intricate (Shi et al., 2022). 

The outcomes of our study indicate that 

neuroinflammation in AD is a complex and 

dynamic process, which experiences certain 

molecular and cellular changes (Ismail et al., 

2020). Particularly, we find out that a protective 

microglial phenotype turns pathogenic, pro-

inflammatory at around 9 months of age and is 

associated with a critical level of amyloid-B 42, 

but also with overall restructuring of the 

cytokine network. Such a temporal change in 

microglial polarization between an M2-

dominant, amyloid-clearing phenotype and an 

M1-dominant, pro-inflammatory phenotype 

plays an important role in worsening the disease 

progression (Velasquez et al., 2021). This twist 

of events can as well be attributed to the fact 

that an M1-phenotype can be transformed into 

a mixed one when there is an upsurge in the 

number of amyloid and M1 microglia are the 

producers of neurotoxic pro-inflammatory 

factors that kill neurons (Novoa et al., 2022; 

Weekman et al., 2014). This early M2 

predomination followed by subsistence of M2 

predomination by subsequent increases in M1 

predomination appears to be the first immune 

response in AD, and can be characterized by 

both M1 and M2 microglial responses (Wang et 

al., 2019). The latter also goes hand in hand 

with the additional release of some pro-

inflammatory cytokines such as IL-1b that 

precedes the massive deposition of the plaque 

that is the inhabitant of its initial pathogenic 

action (Boza-Serrano et al., 2018). 

Additionally, continuous activation of 

microglia and related cytokines, such as TNF-

a, IL-1b, IL-6 and IL-8, and regulation of the 

activity of astrocytes are immediate mediators 

of the process of synaptic loss and neuronal 

damage, as it is characteristic of AD 

development (Velasquez et al., 2021). On the 

other hand, the anti-inflammatory cytokine (IL-

10 and IL-4) protective effect presents itself 

during the initial phases of the inflammatory 

process but when the process goes further the 

tendency towards their expression is 

disregarded and this too can lead to failure to 

eliminate the inflammatory condition (Jiménez 

et al., 2008). The nature of the pathogenesis of 

AD is more complex due to this type of 

reciprocalism in repairing and damaging 

neuroinflammatory responses, which is why it 

is important to determine the timeframes within 

which the therapeutic intervention can be 

implemented (Sun et al., 2024). As a result, the 

immune defense mechanisms, including 

microglia clearance of the plaque, the 

neurotrophic support of astrocytes, which can 

be trained with anti-inflammatory cytokine 

enhancements e.g. IL-10 or IL-4 should not be 

impaired by the AD therapy (Amniouel et al., 

2025). However, the signal of these anti-

inflammatory cytokines, the main regulation of 

which could be disrupted, is important to the 

effective elimination of neurotoxic proteins, 

meaning that there is a fine line to reach the 

level of neuroprotection (Mathew et al., 2025). 
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The presence of a switch of anti-inflammatory 

and pro-inflammatory M2 and M1 microglial 

phenotype manifested by the release of some 

cytokines are an important event in the 

pathogenesis of AD (Wang et al., 2023). This 

phenotypic conversion is required during the 

disease development when M2 microglia in the 

initial components of the disease has a 

neuroprotective effect through anti-

inflammatory cytokines and increased ability to 

ingest amyloid-B and M1 microglia, in its turn, 

subsequently contributes to the development of 

the disease (Brucato and Benjamin, The strong 

interdepend The classical M1 type of microglia 

is enhanced synthesis of pro-inflammatory 

cytokines (TNF-alpha, IL-1b, IL-6, IL-12, IL-

18) and chemokines (monocyte chemotactic 

protein 1) that all play a role in the neurotoxic 

milieu (Angiulli et al., 2021).  

CONCLUSION 

The paper conclusively shows that 

neuroinflammation in Alzheimer disease 

entails a transition to a discrete threshold-

determined stage between a protective and a 

detrimental state which is a real contradiction to 

the classical view of neuroinflammation as a 

linear process and progressive process. Kinetics 

of glial activation- Cytokine network-

inflammasome activation and synaptic integrity 

of the 5xFAD mouse model has defined a 

critical period (6-9 months old) of reverse 

polarization of the microglia, TNF- a signaling, 

TNF-alpha:IL which is sensitive to therapeutic 

interventions at the change point. 
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