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Abstract
Activation of the NLRP3 inflammasome pathway and dysfunction of brain-derived neurotrophic factor (BDNF) are both 
implicated in the pathogenesis of Alzheimer’s disease (AD). While in vitro and in vivo models support these mechanisms, 
there is little research investigating their relationship in human brain tissue, and whether this relationship may be abnor-
mal in the AD brain. Temporal cortex tissue taken post-mortem from AD patients and control subjects was analysed for 
expression of genes for the NLRP3 pathway (NLRP3, PYCARD, CASP1), the potassium channel THIK1 (KCNK13), and 
related pro-inflammatory cytokines (IL-1β, IL-18). BDNF mRNA expression and DNA methylation in the BDNF exon IV 
promoter were determined. Correlations between these BDNF measures and NLRP3-related genes were investigated. A 
significant relationship between BDNF mRNA expression and mean methylation was observed in control subjects but not 
in AD. In controls, significant correlations with both BDNF expression and mean BDNF methylation were observed for 
NLRP3, CASP1 and IL1B. These correlations were lost in the AD group, which also showed a significant correlation of 
KCNK13 expression with both BDNF measures, not seen in controls. This study indicates that the relationship between 
BDNF and NLRP3 activation, as measured by NLRP3 inflammasome components and proinflammatory cytokine prod-
ucts, is disrupted in AD. The contrary correlation emerging in AD between BDNF measures and KCNK13 expression, 
shown to be elevated in AD, indicates the possible relationship of this finding with BDNF dysfunction. These findings 
enhance our understanding of AD pathophysiology, demonstrating the importance of understanding the neuroinflamma-
tory-neurotrophic balance in neurodegenerative processes.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder 
and the major cause of dementia in the aging population 
(Chowdhary et al. 2022). Amyloid beta (Aβ) aggregates and 
intracellular deposition of neurofibrillary tangles contain-
ing phosphorylated tau protein are the characteristic patho-
logical hallmarks of the disease. However, the relationship 
of this proteinopathy to, and the mechanisms involved in, 
the neurodegenerative process which results in profound 
neuronal damage and death remains unclear. Several fac-
tors contributing to this neurodegeneration, in addition to 
amyloid cascade and tau hyperphosphorylation, include 
neuroinflammation, oxidative stress and failure of neu-
rotransmitter systems (Dash et al. 2025; Nimgampalle et 
al. 2023; Zhou et al. 2022). These known pathologies, as 
well as currently undetected ones, likely interact with each 
other, complicating the understanding of the mechanisms 
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underlying neurodegeneration and challenging the develop-
ment of treatment.

One inflammatory mechanism potentially important in 
AD is an activation of the NOD-like receptor pyrin domain 
containing 3 inflammasome (NLRP3). This comprises a 
complex of three proteins: the cytosolic sensor molecule 
NLRP3, an apoptosis-associated speck-like protein contain-
ing a caspase-activating recruitment domain (ASC, coded 
by the PYCARD gene) and an effector molecule, cysteine 
protease pro-caspase-1 (CASP1) (Rathinam and Fitzger-
ald 2016). The assembly of ASC with NLRP3 provides the 
platform for activating pro-caspase-1, leading to caspase-1 
recruitment, oligomerization and subsequent pro-enzyme 
activation (Kelley et al. 2019). Cleavage of pro-interleukins 
by caspase-1 can produce the mature, biologically activated 
forms of IL-1β and IL-18 (Lamkanfi and Dixit 2014). While 
in vitro and in vivo model systems provide strong support 
for NLRP3 involvement (Heneka et al. 2013; Ising et al. 
2019), we previously reported no significant differences 
between AD and control brain tissue in the gene expres-
sion of components of the NLRP3 pathway (Tang and Harte 
2021). Nevertheless, a dysfunction leading to increased 
inflammation, that may be mediated by the NLRP3 inflam-
masome, remains a potential mechanism contributing to the 
neurodegenerative process in AD.

Brain-derived neurotrophic factor (BDNF) is also impli-
cated in AD. BDNF is involved in the survival, development, 
and function of neurons as well as being a critical factor 
in synaptic plasticity; it is therefore important in learning 
and memory processes and their dysfunction (Azman and 
Zakaria 2022). As such it has been studied in several neu-
rological and psychiatric diseases, including AD. BDNF 
depletion is associated with several of the pathological 
hallmarks of AD, notably tau phosphorylation and Aβ accu-
mulation, as well as neuroinflammation and neuronal apop-
tosis (Numakawa and Odaka 2021). Aberrations in BDNF 
expression and its mechanisms of regulation have therefore 
attracted significant attention due to its potential role in the 
pathophysiology of the disease.

DNA methylation is an epigenetic mechanism that 
involves the addition of methyl groups to the DNA mol-
ecule, often resulting in gene silencing. In the context of 
AD, changes in methylation of the BDNF gene have been 
observed; increased methylation of BDNF promoter regions 
is associated with reduced gene expression in AD, both in 
the brain (Rao et al. 2012) and peripheral blood (Nagata 
et al. 2015; Xie et al. 2017). Notwithstanding some nega-
tive reports (Fransquet et al. 2020; Aarons et al. 2019), this 
hypermethylation has been proposed as a mechanism con-
tributing to a downregulation of BDNF, exacerbating neuro-
nal dysfunction and cognitive deficits in AD.

The mechanisms underlying an altered DNA methyla-
tion of BDNF in AD are not entirely understood but may 
involve oxidative stress, inflammation, and dysregulation of 
enzymes involved in DNA methylation, such as the DNA 
methyltransferases (Cheng et al. 2024). Chronic inflam-
mation, a hallmark of AD, can influence epigenetic modi-
fications, leading to changes in gene expression that affect 
neuronal health and function. Understanding the relation-
ship between BDNF expression, DNA methylation, neu-
roinflammation and AD is therefore valuable in opening 
avenues for potential therapeutic interventions.

It is established that inflammation can have effects on 
BDNF function such that an inflammatory challenge can 
result in reduced BDNF with consequences that may include 
reductions in the functional integrity of neurons (Golia et al. 
2019). This interaction between inflammation and BDNF 
extends to mechanisms involving the NLRP3 inflamma-
some (Fu et al. 2020) (Fig. 1A). In the current study we 
have investigated the expression and DNA methylation of a 
regulatory sequence in BDNF in post mortem brain tissue in 
AD and control subjects and its relationship to the expres-
sion of components of the NLRP3 pathway (Fig. 1B). These 
include the genes NLRP3, PYCARD and CASP1, KCNK13 
– coding for the upstream regulatory potassium channel 
THIK1 which we have previously shown to be increased in 
expression in AD (Tang et al. 2023) – and IL1B and IL18, 
genes for the downstream proinflammatory cytokines acti-
vated by caspase-1.

Methods

Post mortem AD brain tissue from the temporal cortex 
was obtained from the Manchester Brain Bank at Salford 
Royal NHS Foundation Trust. Matched control samples 
were also supplied by the brain bank. The Manchester 
Brain Bank has been approved by the Newcastle & North 
Tyneside 1 Research Ethics Committee (REC reference 09/
H0906/52 + 5). Under conditions agreed with the Research 
Ethics Committee, tissue or data can be supplied for research 
without the requirement for individual researchers to apply 
for further ethical approval. All tissue collection, storage 
and use followed the requirements of the UK Human Tissue 
Act. All samples were anonymised and taken from brains 
that had undergone neuropathological assessment. AD cases 
had a clinical diagnosis of dementia and were all defined 
as having moderate or advanced Alzheimer’s disease on 
the basis of Braak staging for the extent of neurofibrillary 
tangles (stages III-IV and V-VI respectively). The major-
ity of cases also had assessment of amyloid plaques; these 
results were fully consistent with other clinical and neuro-
pathological diagnostic criteria.
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Standard procedures were employed with tissue storage, 
handling and examination according to UK research ethics. 
Unfixed samples were stored at − 80◦C immediately after 
dissection until tissue homogenization. Research was con-
ducted in compliance with the principles of the Declaration 
of Helsinki. Demographic parameters and clinical diagnosis 
were provided by the brain bank.

Quantitative real-time PCR

RNA expression was quantified using reverse transcriptase 
semi-quantitative real-time PCR (RT-qPCR) as previously 
described (Tang and Harte 2021). All the procedures were 
performed according to the MIQE guidelines (Bustin et al. 
2009). Briefly, total RNA was extracted using TRIzol™ 
Reagent (Thermo Fisher, UK) followed by RNA clean up 
using Monarch® RNA Cleanup Kit (New England Biolabs, 
UK). RNA purity and concentrations were assessed using 
a NanoDrop 2100 (Thermo Fisher, UK). Single-stranded 
cDNA was synthesized from 1 ng of total RNA using 
M-MLV Reverse Transcriptase (ThermoFisher, UK). cDNA 
concentrations were measured on a NanoDrop 2100 and 
diluted to 500 ng/µL in RNase-free water.

Reference genes (RGs) were selected as previously 
described (Tang and Harte 2021). Primer pairs were 
designed, synthesized and specificity analysed by dissocia-
tion curve. RT-qPCR reactions were carried out using Power 
SYBR™ Green PCR Master Mix (ThermoFisher, UK) on 
a 7900HT Real-Time PCR System with 384-well format 

(Applied Biosystems, UK). The final volume for each 
reaction was 10 µL with 1 µL (0.25 µM) of corresponding 
primers, 1 µL (500 ng/µL) of total cDNA, 3 µL RNase-free 
water, and 5 µL SYBR green. All samples were run in trip-
licate. The thermal cycler parameters were as follows: UDG 
activation at 50◦C for 2 min, and DNA polymerase activa-
tion at 95◦C for 10 min, followed by amplification of cDNA 
for 40 cycles with denaturation at 95◦C for 15 s and anneal-
ing/extension at respective annealing temperature for each 
gene for 1  min. Dissociation curve analyses were carried 
out at the end of each run for PCR product verification. The 
intra-assay variation was controlled as standard deviation of 
triplicates < 0.2 and was analysed by using raw Ct value of 
RGs and there were no significant variations between plates.

DNA extraction, bisulphite conversion, and 
pyrosequencing

Genomic DNA from temporal cortex of human postmor-
tem tissue of AD and matched controls was purified using 
QIAamp DNA Mini Kit (Qiagen) according to the manufac-
turer’s instructions. EpiTec Fast DNA Bisulfite Kit (Qiagen) 
was used to convert unmethylated cytosine to uracil in the 
CpG sites with a calculated mean conversion of 99%. For 
analysis, a previously-studied sequence in the BDNF exon 
IV promoter containing transcription factor binding sites 
was amplified by PCR, the percentage methylation at each 
of four CpG sites determined with a PyroMark Q48 Auto-
prep (Qiagen UK). PCR reactions, amplification conditions 

Fig. 1  Relationship between BDNF regulation and NLRP3-associated 
inflammatory signalling in control and Alzheimer’s disease temporal 
cortex.  A Schematic biological framework illustrating BDNF regu-
lation and NLRP3-associated inflammatory signalling as two related 
molecular systems; the overlapping region indicates the association 
investigated in the present study and does not imply a direct physical or 

cellular interaction. B Summary of the study findings in control (left) 
and AD (right) temporal cortex. In controls, BDNF mRNA expression 
and mean BDNF exon IV methylation are significantly correlated with 
NLRP3, CASP1 and IL1B, while these BDNF–inflammatory signal-
ling relationships are disrupted in AD. Image created using BioRender

 



1 3

H. Tang et al.

and preparation of forward, reverse and sequencing primers 
were carried out according to our previous studies (Fachim 
et al. 2021).

Statistical analysis was undertaken using SPSS v30. 
Spearman rank tests were used to identify significant cor-
relations, and t-tests or Z-tests were used to identify differ-
ences between groups or correlations respectively.

Results

A series of 78 AD and 37 control tissue samples were stud-
ied, with details listed in Table 1. Occasional reduced num-
bers, as shown in the following tables, reflected occasional 
failures in PCR amplification or pyrosequencing. The AD 
and control groups were matched closely for age, sex and 
post-mortem delay.

Mean mRNA expression of BDNF was increased in the 
AD sample above controls but did not reach statistical sig-
nificance (p = 0.36; Fig. 2). DNA methylation of BDNF also 
showed no significant difference (Table 2), although a non-
significant reduction, particularly at the CpG2 site which 
includes the CREB transcription factor recognition site 
(Kundakovic et al. 2015), was apparent in the AD group.

Mean methylation was significantly correlated with 
BDNF expression in control subjects (Spearman’s 
rho = 0.383; p = 0.030), primarily reflecting an effect at 
the CpG2 site, but this was not found in the AD group 
(rho=−169; p = 0.185). The correlation coefficients of the 
two groups differed significantly (Z = 2.54; p = 0.011).

Table  3 demonstrates the correlations between expres-
sion of several NLRP3-related genes and that of BDNF. 
In control subjects, mRNA expression of BDNF was posi-
tively correlated with NLRP3 and CASP1, and negatively 
with IL1beta in the control series. The correlations with 
NLRP3, CASP1, and IL1B were all lost in the AD group, 
with CASP1 showing a negative correlation and a signifi-
cant difference in correlation between the groups. KCNK13, 
showing a non-significant negative correlation with BDNF 
expression in controls, demonstrated a significantly differ-
ent and positive correlation in the AD group.

Correlations of BDNF mean methylation with expression 
of NLRP3-related genes are shown in Table 4. Significant 
correlations with NLRP3, CASP1, IL1B and IL18 in the 
control group are all lost in AD tissue, an effect that dem-
onstrates significant differences between groups for NLRP3 
and IL18. A significant correlation of KCNK13 with BDNF 
methylation emerges only in the AD group. We also under-
took an exploratory regression analysis of the effect of 

Table 1  Demographic and clinical characteristics of study subjects
Control (n = 37) AD (n = 78)

Age of death (Years) 82.6 ± 11.5 81.5 ± 8.8
Sex M = 19, F = 18 M = 41, F = 37
Post-Mortem Interval (Hours) 81.2 ± 36.9 83.2 ± 40.9

Table 2  BDNF gene methylation
Control AD Diff. between 

groups
BDNF methylation (%) (n = 33) (n = 63) t (p)
CpG1 5.1 ± 1.8 5.2 ± 1.9 0.15 (0.880)
CpG2 5.2 ± 2.8 4.3 ± 2.1 1.67 (0.099)
CpG3 5.3 ± 2.1 4.8 ± 2.2 1.14 (0.257)
CpG4 9.0 ± 3.6 8.9 ± 2.5 0.07 (0.947)
Mean 6.2 ± 1.8 5.8 ± 1.5 1.02 (0.312)
Correlation of gene 
expression with mean 
methylation

0.383 
(p = 0.030)

−0.169 
(p = 0.185)

Z = 2.54, 
p = 0.011

Data expressed as mean ± standard deviation

Table 3  Correlations of BDNF expression with expression of genes of 
the NLRP3 pathway
Gene Control 

(n = 36–37)
AD (n = 72–78) Diff between 

groups
NLRP3 0.470 (0.003) 0.109 (0.355) ns
CASP1 0.639 (0.001) −0.365 (0.001) Z = 5.50 (0.000)
PYCARD −0.081 (0.634) −0.091 (0.430) ns
IL1B −0.357 (0.030) −0.142 (0.215) ns
IL18 −0.062 (0.716) −0.069 (0.549) ns
KCNK13 −0.316 (0.057) 0.563 (0.000) Z = 4.65 (0.000)
Data are Spearman rank correlation coefficients with p values in 
brackets. Significant correlations are shown in bold

Fig. 2  Relative mRNA expression of BDNF in temporal cortex in con-
trol and Alzheimer’s disease. Mean BDNF mRNA levels were higher 
in the AD group compared to controls; however, this difference did 
not reach statistical significance (p = 0.36). Data shown as mean ± SEM
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expression of the NLRP3-related genes on BDNF meth-
ylation in each group. A highly significant relationship was 
observed in the controls (F = 5.960, p < 0.001) which was 
lost in AD (F = 1.172, p = 0.138).

Discussion

These findings demonstrate a relationship between corre-
lates of BDNF transcription – promoter DNA methylation 
and gene expression – and the expression of NLRP3-related 
genes in the human brain. These relationships, observed 
in post-mortem human temporal cortical brain tissue from 
individuals with age-consistent normal neuropathology, 
appear to be lost in tissue samples from AD subjects. They 
are seen in the absence of any significant changes in either 
these BDNF measures or NLRP3 gene expression in AD. 
One exception to this is apparent; expression of the THIK1 
gene KCNK13, which has a tendency to an inverse rela-
tionship with BDNF expression in control subjects, shows 
a strong and positive correlation in AD tissue, the latter also 
reflected in the association with BDNF methylation. While 
we primarily employed rank correlation analyses as a con-
servative approach avoiding the assumptions in parametric 
analyses, undertaking a linear regression analysis confirmed 
our findings in which a highly significant relationship 
between expression of the six NLRP3 genes and BDNF 
methylation was observed in control samples but lost in AD.

Some studies have identified a marked reduction in 
BDNF protein (Hock et al. 2000) and mRNA expression 
(Holsinger et al. 2000) in the brains and peripheral blood 
(Gezen-Ak et al. 2013) of individuals with AD, in which 
the reported reduction correlates with cognitive decline 
and the neuronal loss characteristic of AD. However while 
reductions in BDNF are frequently reported, reviews report 
inconsistencies (Du et al. 2018; Cade et al. 2022) with con-
flicting findings including increases in the brain (Durany et 
al. 2000) and increased blood BDNF concentrations in AD 
patients (Faria et al. 2014). While one interpretation is that 
such increases may reflect a compensatory activation and/or 

release of BDNF (Faria et al. 2014), measurement of BDNF 
in plasma and serum is liable to many artefactual influences 
that may produce misleading findings (Gejl et al. 2019). 
Furthermore, there are multiple peripheral sources of BDNF 
which indicate that blood concentrations and their changes 
are not solely associated with CNS function. Previous stud-
ies also suggest the possible role of neurotrophic factors in 
addition to BDNF in the pathology of AD (Du et al. 2018; 
Durany et al. 2000).

We have previously reported that expression of NLRP3 
components in the AD temporal cortex is not significantly 
different from control subjects (Tang and Harte 2021). 
However, we did observe an elevation in glial fibrillary 
acidic protein, a marker of astrocytic activation. We have 
also identified an elevation of KCNK13 expression and a 
corresponding reduction in KCNK13 promoter methylation 
in the AD brain, again using temporal cortex tissue samples 
that have been studied here (Tang et al. 2023).

There is a significant positive correlation between BDNF 
gene expression and BDNF methylation, an unexpected 
finding since increased methylation is considered to sup-
press transcription. However, it is notable that we find 
lower BDNF methylation, but increased BDNF expression, 
are both associated with increased expression of NLRP3 
and CASP1, and a reduced expression of IL1B. While life 
events may influence BDNF methylation (Fachim et al. 
2021), it does appear that changes in inflammatory status 
can occur in parallel with BDNF methylation (e.g. Al-Zha-
rani et al. 2025) suggesting a possibe influence of inflamma-
tion on BDNF methylation.

However, whatever underlies them, these “normal” rela-
tionships between BDNF and inflammatory factors, seen in 
age-matched control brain tissue which is relatively unaf-
fected by neurodegenerative processes, are lost in AD brain. 
The effect is apparent for correlations with both expression 
and BDNF methylation, indicating a disruption of the nor-
mal, presumably homeostatic, relationships between these 
measures of inflammatory activity and the protective neuro-
trophic factor of BDNF.

It is notable how the relationships with KCNK13 expres-
sion are the opposite of those found for NLRP3 and its 
related genes. We previously showed KCNK13 expression 
to be activated in the AD brain tissue as well as in an animal 
model of AD. That this ion-channel gene, coding for THIK1 
which contributes to the control of NLRP3 inflammasome 
function, is upregulated in the AD brain is interesting and 
our findings suggest an involvement, absent in the control 
subjects, of BDNF in this process – although whether causal 
or consequential is unclear.

There are many limitations to consider in this preliminary 
study. Measurement of gene expression in the post-mortem 
brain is compromised by the degeneration of RNA; this 

Table 4  Correlations of BDNF methylation with expression of genes 
of the NLRP3 pathway
Gene Control 

(n = 31–32)
AD (n = 59–63) Diff between 

groups
NLRP3 −0.596 (0.000) −0.063 (0.633) Z = 2.76 (0.006)
CASP1 −0.411 (0.020) −0.071 (0.588) ns
PYCARD −0.175 (0.338) 0.174 (0.174) ns
IL1B 0.481 (0.005) 0.206 (0.105) ns
IL18 0.456 (0.009) −0.033 (0.796) Z = 2.03 (0.042)
KCNK13 0.074 (0.686) −0.260 (0.041) ns
Data are Spearman rank correlation coefficients with p values in 
brackets. Significant correlations are shown in bold
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may not always be accurately compensated for by concur-
rent measurement of housekeeping gene expression. This is 
one reason we chose to investigate DNA methylation for 
BDNF, which is a relatively stable measure and potential 
correlate of gene expression. However none of the reported 
measures showed a significant correlation with the post-
mortem interval. Further studies investigating protein prod-
ucts would be a valuable approach to corroborating these 
findings. We were limited to the study of one brain region 
strongly affected by changes associated with AD; future 
work including the study of other regions, particularly the 
hippocampus, would be more informative. Our sample size 
is substantial for a post mortem study, and brains had under-
gone neuropathological assessment, although factors such 
as cause of death and agonal state have not been accounted 
for and may influence measurements, particularly for RNA.

There remains much to understand about these find-
ings. As yet it is unclear what the direction of causality is: 
whether, in the normal brain, the control of BDNF expres-
sion is changing in response to inflammasome activation, 
or vice versa. Certainly there is evidence for both processes 
and it is likely there is a dynamic interrelationship between 
BDNF expression and inflammatory changes in the brain 
(Al-Zharani et al., 2025; Dadkhah et al. 2024).

Notwithstanding the preliminary nature of this study, 
and the various unanswered questions that it raises, the 
relationships seen in control brains provide evidence for an 
interrelationship between BDNF function and one aspect 
of neuroinflammatory activity associated with the innate 
immune response in the human brain. The loss of this rela-
tionship in AD identifies a new feature of the disruption of 
neural function in the disease; understanding what specific 
factors underlie this could provide novel opportunities for 
intervention in ameliorating the consequences of the chronic 
inflammatory processes occurring in AD.
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