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Background: Toothache, as an oral pain condition, may disrupt neuroimmune signaling and potentially influence neurodegenerative 
processes. This study investigated the relationship between toothache and Alzheimer’s disease (AD) through a neuroimmune axis 
involving N-acetylaspartylglutamate (NAAG) and CD33+ myeloid monocytes.
Methods: We conducted a two-sample Mendelian randomization (MR) analysis using genome-wide association study (GWAS) 
summary statistics from the UK Biobank for toothache, a large-scale plasma metabolomics study for NAAG, and immune cell trait 
cohorts for CD33+ myeloid monocyte-related traits, including CD33 on HLA DR+/CD11b+ cells and monocytic myeloid-derived 
suppressor cells. The AD dataset, derived from a large-scale meta-analysis, primarily focused on late-onset sporadic cases. Pairwise 
associations among toothache, NAAG, CD33-related traits, and AD were explored. Heterogeneity and horizontal pleiotropy were 
assessed using Cochran’s Q test and MR Egger regression.
Results: Reduced NAAG in toothache individuals (p = 0.024) exhibited a robust association with increased CD33 expression in 
myeloid monocytes (p = 0.005), which were associated with increased AD risk (p = 0.003). Sensitivity analyses confirmed the 
robustness of the results.
Conclusion: This study provides preliminary evidence for a potential causal axis linking toothache, reduced NAAG, increased 
CD33+ myeloid monocytes, and AD. This study bridges the gap between clinical observations of oral pain-related cognitive decline 
and the neuroimmune mechanisms underlying this process.
Keywords: toothache, alzheimer’s disease, NAAG, CD33, neuroimmune axis

Background
Toothache presents as persistent and severe pain and is often associated with oral diseases. Due to the unique anatomical 
structure and dense neural innervation of the tooth, pain originating from the pulp, dentin, or periodontium is particularly 
intense.1,2 Meanwhile, severe pain, including toothache and other conditions such as pain during natural labor, can 
disrupt neuroimmune signaling and may contribute to neurodegeneration.3,4 Epidemiological studies have shown that 
poor oral health (toothache, periodontitis, and tooth loss) is associated with an increased risk of cognitive decline and 
dementia, including Alzheimer’s disease (AD), which is marked by the neuroimmune injury and formation of β-amyloid 
plaques in the brain.5–7 These results suggest that oral health may have important implications for population-level 
neurodegenerative risk. Exploring the neuroimmune axis between toothache and AD offers novel mechanistic insights 
into the pathophysiology of this widespread neurodegenerative condition and enhances our understanding of the 
molecular basis of the oral-brain connection.
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As a severe pain, toothache and its associated trigeminal neuralgia are transmitted from primary neurons to the trigeminal 
ganglion, then cross over at the trigeminal nucleus, projecting to the ventral posteromedial (VPM) nucleus of the thalamus, and 
ultimately reaching the postcentral gyrus (areas 3, 1, and 2) in the cerebral cortex, where pain perception is registered.8 N- 
acetylaspartylglutamate (NAAG), a neuropeptide abundant in the cerebral cortex, exerts neuroprotective effects by inhibiting 
excessive excitatory signaling.9 Watanabe et al found that NAAG release in the nucleus accumbens negatively correlates with 
pain intensity and that NAAG injection reduces pain triggered by neural stimulation, highlighting the critical role of NAAG in 
modulating pain transmission.10

Intense and persistent trigeminal nociception can compromise blood–brain barrier (BBB) integrity. Sustained activa
tion of trigeminal afferents triggers neurogenic inflammation, during which perivascular nerve endings release vasoactive 
neuropeptides such as substance P and calcitonin gene-related peptide (CGRP), directly increasing BBB permeability.11 

Concurrently, the dysregulated glutamatergic signaling and elevated extracellular glutamate can further disrupt BBB 
function via excitotoxic mechanisms.12,13

NAAG has been shown to modulate extracellular glutamate levels, partly through activation of the metabotropic 
glutamate receptor 3 (mGluR3).14 Glutamate is the central nervous system’s primary excitatory neurotransmitter, 
extensively present across various brain regions.15 Given its inability to cross the BBB, glutamate concentration is 
inherently isolated from peripheral influences. Dysregulation of glutamate homeostasis has been linked to various 
neurological disorders, with AD being notably affected.16,17

Microglia, the central nervous system’s principal immune cells, share a myeloid lineage and functional similarities with 
monocytes, which are derived from hematopoietic stem cells and influenced by neurogenic niches (eg, via ANKRD1 signaling) 
to counter cognitive aging.18,19 These cells are remarkably versatile and are critical in maintaining brain homeostasis.20 Research 
indicates pervasive communication between microglia and glutamatergic neurons, suggesting a regulatory relationship.21 

A reduction in NAAG may be associated with altered glutamatergic signaling, which has been implicated in microglial activation 
and dysfunction in neurodegenerative contexts. Moreover, microglia can indirectly influence glutamate homeostasis through 
inflammatory signaling.22

CD33 is an immunosuppressive receptor highly expressed in myeloid cells (including microglia). Recent studies have 
identified CD33 as a susceptibility factor for AD.23,24 CD33 expression has been shown to suppress microglial phagocytic 
activity, thereby impairing the clearance of amyloid-β (Aβ) and other cellular debris and exacerbating neuroinflammatory 
responses.25 Glutamatergic signaling and CD33-mediated microglial regulation may interact within neuroimmune pathways 
relevant to neurodegeneration.21 CD33 affects the activity and function of microglia, which play a crucial role in regulating 
glutamate levels and neuroinflammation.26 This relationship has significant implications for understanding the mechanisms of 
neurodegenerative diseases.

However, the potential link between toothache and AD through specific neuroimmune-related pathways, as well as the 
molecular intermediates that may underlie this association, remains largely unexplored. We hypothesize that toothache may be 
associated with AD through a neuroimmune axis involving NAAG and CD33. To test this hypothesis, we employed two-sample 
Mendelian Randomization (MR) as the primary analytical framework. Due to the limited availability of live human brain tissue 
for large-scale mechanistic studies, plasma NAAG levels and CD33 expression on myeloid monocytes were utilized as 
biological proxies to investigate the systemic components of this neuroimmune axis. MR leverages randomly assigned genetic 
variants as instrumental variables, minimizing the impact of postnatal environmental confounders and reverse causality. By 
taking advantage of this “natural randomized trial” design, our study seeks to elucidate the potential causal relationships within 
the proposed toothache-NAAG-CD33-AD pathway, offering novel insights into how oral sensory signals may be transduced into 
systemic neuroimmune responses.

Methods
Data
Genome-wide association study (GWAS) summary statistics for NAAG were obtained from a large-scale plasma 
metabolomics study conducted within the Canadian Longitudinal Study of Aging (CLSA). This study included 8,299 
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unrelated individuals of European ancestry aged 45–85 years who underwent genome-wide genotyping and circulating 
metabolite profiling.27 NAAG was analyzed as a continuous plasma metabolite trait.

GWAS data for CD33 expression were derived from an immune cell trait study conducted in 1,629 individuals from 
the Sardinian population, in which 539 flow cytometry–defined peripheral blood immune cell traits were assessed, 
including absolute cell counts, mean fluorescence intensities (MFIs) of surface markers, and morphological parameters.28 

Two CD33-related traits were selected according to the original trait annotations provided by the data source: CD33 
expression on CD33dim HLA-DR+ CD11b+ cells and monocytic myeloid-derived suppressor cells. These traits are 
hereafter referred to as CD33 (1) and CD33 (2), respectively. Given their shared myeloid lineage and transcriptional 
similarity, peripheral blood myeloid mononuclear cells were used as proxies for microglial CD33-related immune 
activity, consistent with established MR frameworks.29–31 A detailed rationale for this proxy-based approach is provided 
in the Discussion section.

Summary statistics for AD were obtained from a large-scale meta-analysis, available via the IEU OpenGWAS 
database. This dataset integrated clinical AD cases from the International Genomics of Alzheimer’s Project (IGAP) 
and proxy cases from the UK Biobank. The final analysis comprised 455,258 individuals of European ancestry (71,880 
cases and 383,378 controls). AD cases were identified through a combination of clinically diagnosed individuals, 
primarily those with late-onset sporadic AD, and participants reporting a parental history of AD. This family history- 
based proxy phenotype has been validated as a powerful tool for investigating the genetic architecture of sporadic AD. 
Notably, while the discovery GWAS adjusted for age and sex as covariates to minimize potential confounding, no explicit 
age-stratified analysis was performed within the cohorts.

All GWAS datasets were restricted to individuals of European ancestry to minimize population stratification. Non- 
overlapping samples were ensured across datasets to satisfy the assumptions of two-sample MR. A detailed summary of 
the GWAS statistics is provided in Table 1.

Screening of Instrumental Variables
Following the framework established by Emdin et al,32 instrumental variables were required to meet three assumptions: 
relevance, independence, and exclusion restriction. To meet MR standards, we followed a detailed process for selecting 
instrumental variables. The selection criteria were as follows: (1) We initially chose Single Nucleotide Polymorphisms (SNPs) 
with a strong association with the exposure (p < 5.0×10–6 for Toothache & NAAG; p < 5.0×10–8 for NAAG & CD33 (1); p < 
5.0×10–7 for NAAG & CD33 (2); p < 5.0×10–8 for CD33 & AD). Thresholds were established by evaluating multiple cutoffs 
(10−6, 10−7, 10−8) and selecting the one that provided the best trade-off between SNP availability and the robustness of MR 
estimates, consistent with recommended practices in MR research. (2) We calculated the linkage disequilibrium (LD) for these 
SNPs, retaining only those below the r-threshold and above the kb-threshold (r2=0.001, kb=5000, toothache & NAAG; r2=0.1, 
kb=5000, NAAG & CD33 (1); r2=0.1, kb=1000, NAAG & CD33 (2); r2=0.001, kb=5000, CD33 & AD). (3) To minimize bias, 
we removed all palindromic SNPs. (4) The “MR-PRESSO” R package was used to identify and exclude pleiotropic SNPs. (5) 
Additionally, we used Ldlink (https://ldlink.nih.gov/) to eliminate any confounding factors and risk variables (Table 2). (6) 
Instrument strength was assessed using the F-statistic, calculated as F = (β/SE)2, where β represents the estimated effect of 
each SNP on the exposure and SE represents the corresponding standard error. All retained SNPs had F-statistics greater than 
10, indicating sufficient instrument strength and a low likelihood of weak instrument bias. The remaining SNPs were used for 

Table 1 Detailed Information on GWAS Summary Data

Trait Sample Size Population Cohort Sex Attribute GWAS ID/Cohort

Toothache 461,113 European UKB Mix Exposure ukb-b-19191

NAAG 8091 European CLSA Mix Exposure/outcome GWAS catalog

CD33 on CD33dim HLA DR+ CD11b+ 1633 European Sardinians Mix Exposure/outcome ebi-a-GCST90001948

CD33 on Monocytic Myeloid-Derived Suppressor Cells 1569 European Sardinians Mix Exposure/outcome ebi-a-GCST90001952

Alzheimer’s Disease 455,258 European UKB and IGAP Mix Outcome ebi-a-GCST90012878

Notes: The GWAS IDs provided in the table can be accessed on the IEU OpenGWAS website. 
Abbreviations: UKB, UK Biobank; NAAG, N-acetylglucosylglutamate; CLAS, Canadian Longitudinal Study on Aging; IGAP, International Genomics of Alzheimer’s Project.
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MR analysis (Supplementary Table 1–3). A schematic representation of the research workflow is provided for clarity 
(Figure 1).

Because GWAS sample size and signal strength differed across exposures, a uniform SNP selection threshold was not 
applied. Instead, commonly used significance cutoffs (p = 10−6 to 10−8) were evaluated, and exposure–outcome–specific 
thresholds were selected to balance instrument availability and estimate stability, consistent with prior MR studies.

Mendelian Randomization
Causal effects between exposures and outcomes were estimated using five complementary MR methods: inverse variance 
weighted (IVW), MR Egger, weighted median, weighted mode, and simple mode. IVW was designated as the primary method 
due to its higher statistical efficiency under the assumption of no horizontal pleiotropy, whereas the other methods were applied to 

Table 2 SNPs Associated with Known Confounders

Exposure Outcome Sort SNP Confounding Factor Reference (PMID)

NAAG CD33 (2) 1 rs113908435 C-reactive protein levels 36550123
NAAG CD33 (2) 2 rs11570115 Blood glucose levels 22500980

NAAG CD33 (2) 3 rs2170441 Random glucose levels 22500980

CD33 (1) AD 1 rs1801274 Rheumatoid arthritis 36198219

Notes: By using PMID, the relevant literature on confounders can be accessed on the PubMed website. 
Abbreviation: SNP, single nucleotide polymorphism.

Figure 1 Flowchart of the Mendelian randomization process in this study. 
Abbreviations: GWAS, Genome-wide association study; MR, Mendelian randomization; NAAG, N-acetylglucosylglutamate; AD, Alzheimer’s Disease.
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assess robustness. Consistency in effect direction across all five methods, combined with an IVW p-value below 0.05, was used to 
indicate a potential association between exposure and outcome. These associations are interpreted as genetically supported 
evidence rather than definitive causality. All analyses were conducted along a predefined causal pathway; nominal p-values were 
reported and interpreted in conjunction with consistency across MR methods and biological plausibility.

Sensitivity Analyses
To assess the robustness of the MR estimates and potential violations of MR assumptions, multiple sensitivity analyses were 
performed. Heterogeneity was assessed using the Cochran's Q test for MR Egger and IVW methodologies. A Q_pval greater than 
0.1 indicated no heterogeneity among the studies. Additionally, MR Egger was used to evaluate pleiotropy; an Egger_intercept 
close to 0 or a p-value (between the intercept and 0) greater than 0.05 indicated no pleiotropy in the results. We also performed 
a leave-one-out analysis to assess the influence of individual SNPs on the overall findings (Figure 2). Collectively, these analyses 
indicated that the observed associations were not influenced by heterogeneity or by individual SNPs.

All analyses were performed in R (version 4.3.3) using the TwoSampleMR package (version 0.5.10) and MR- 
PRESSO (version 1.0) for horizontal pleiotropy assessment and outlier correction. The analysis code will be available in 
the Supplementary Code.

Results
Toothache and Decreased NAAG Level
We conducted MR analysis using 14 SNPs, carefully screened to exclude outliers, palindromic, or confounding SNPs. 
The weighted median method (p = 0.029, beta = −6.798, 95% CI = −12.886 to −0.710) and IVW (p = 0.024, beta = 
−4.894, 95% CI = −9.139 to −0.649) revealed significant causal evidence supporting a potential causal link between 

Figure 2 Forest plots for leave-one-out analysis in sensitivity analyses. MR analysis after removing SNPs one by one. The red lines represent the effect sizes of the MR Egger 
and IVW analyses for all SNPs. Positive values indicate increased outcome risk/levels, whereas negative values indicate decreased risk/levels. Due to visual crowding from the 
large number of instrumental variables, individual SNP labels have been omitted from the y-axes of the left panels. To facilitate accurate cross-referencing, the top-to-bottom 
sequence of data points in these panels corresponds exactly to the vertical order of SNPs listed in Supplementary Table 1−3. 
Abbreviations: NAAG, N-acetylglucosylglutamate; AD, Alzheimer’s disease.
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toothache and reduced NAAG levels (Figures 3 and 4). These results are statistically significant, consistently indicating 
that toothache is associated with reduced NAAG levels. Detailed results are provided in Table 3. Additionally, Cochran’s 
Q test for heterogeneity (Q_pval = 0.7185 for MR Egger; Q_pval = 0.6509 for IVW) and the MR Egger test (p [between 
intercept and 0] = 0.2163) confirmed the absence of heterogeneity and horizontal pleiotropy.

NAAG Reduction and CD33+ Myeloid Monocytes
For the CD33 (1) group, 46 SNPs were included in the analysis, with all outlier, palindromic, and confounding SNPs 
excluded. Results from the IVW method (p = 0.005, beta = −0.082, 95% CI = −0.139 to −0.025) and the Simple Mode 
method (p = 0.037, beta = −0.165, 95% CI = −0.316 to −0.014) indicate that reduced NAAG levels are associated with 
increased CD33 expression (Figures 3 and 4). Cochran’s Q test (Q_pval = 0.5045 for MR Egger; Q_pval = 0.4911 for 

Figure 3 Causal effects of exposure on outcome. (A) Heatmap illustrating causal relationships between exposure and outcomes. The left panel displays Beta values for 
continuous traits using a green-to-purple color scale (centered at Beta = 0, with green indicating positive associations and purple indicating negative associations). The right 
panel shows Odds Ratios (ORs) for binary outcomes using a red-to-blue color scale (anchored at OR = 1, with red indicating increased risk and blue indicating protective 
effects). Asterisks (*) indicate nominal significance with a p-value < 0.05. (B) Forest plot showing 95% confidence intervals for significant Mendelian randomization analysis 
results. The corresponding OR and β values are provided, and the 95% CI reflects the variability of the estimated effect size. 
Abbreviations: NAAG, N-acetylglucosylglutamate; AD, Alzheimer’s Disease.
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IVW) and the MR Egger intercept test (p = 0.2576) further confirmed the absence of heterogeneity and horizontal 
pleiotropy.

In the CD33 (2) group, after excluding 3 SNPs associated with confounders, we included 72 SNPs for MR analysis. 
The weighted median method (p = 0.011, beta = −0.074, 95% CI = −0.130 to −0.017), IVW (p = 0.0003, beta = −0.078, 
95% CI = −0.121 to −0.035), and weighted mode (p = 0.002, beta = −0.086, 95% CI = −0.138 to −0.033) all indicate 
a negative association between NAAG and CD33 expression, suggesting that reduced NAAG is associated with 
increased CD33 expression (Figures 3 and 4). Cochran’s Q test (Q_pval = 1.000 for MR Egger; Q_pval = 1.000 for 
IVW) and the MR Egger test (p [between intercept and 0] = 0.872) indicated no heterogeneity or horizontal pleiotropy.

CD33+ Myeloid Monocytes Serve as a Risk Factor for AD
In the CD33 (1) group, seven SNPs were retained after rigorous screening, excluding a confounding SNP. Analysis using 
the weighted median method (p = 0.001, OR = 1.002, 95% CI = 1.001–1.004), IVW (p = 0.003, OR = 1.002, 95% CI = 
1.001–1.003), and weighted mode (p = 0.015, OR = 1.002, 95% CI = 1.001–1.004) provided genetic support for the 
associations between genetically predicted CD33 expression and AD (Figures 3 and 4). Cochran’s Q and MR-Egger 
intercept tests showed no evidence of heterogeneity or horizontal pleiotropy.

In the CD33 (2) group, four SNPs passed screening and were included in the MR analysis. Findings were consistent 
with the CD33 (1) group, indicating an association between increased CD33 expression and higher AD risk. While the 
effect sizes appear modest, the consistent directionality observed across both CD33 cohorts underscores the biological 
relevance of this neuroimmune pathway in AD pathogenesis (Figures 3 and 4). No heterogeneity or pleiotropy was 
detected.

Figure 4 Scatter plots of causality. Perform linear regression on the results of the five different methods in MR analysis. The slope is equal to the beta. 
Abbreviations: NAAG, N-acetylglucosylglutamate; AD, Alzheimer’s disease.
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Discussion
Toothache is common among the elderly, likely due to aging tooth structure, periodontal disease, and age-related immune 
decline. A recent prospective cohort study reported a statistically significant association between oral pain and an 
increased risk of AD, as well as adverse structural changes in the brain. Conversely, effective alleviation of oral pain was 
linked to a substantial reduction in AD risk.33 Research has shown that pain activates microglia and astrocytes, triggering 
the release of inflammatory cytokines (eg, IL-1, IL-6, TNF-alpha) and other harmful molecules, which progressively 
cause neuronal damage and contribute to the development of neurodegenerative diseases.34,35 This supports the hypoth
esis of a potential neuroimmune pathway linking toothache and AD risk. Currently, molecular-level research on the link 
between toothache and AD is still limited. This study employs MR analyses to bridge this gap by exploring a novel 
neuroimmune pathway: the toothache-NAAG-CD33-AD axis.

Toothache is a prevalent pain experience that involves complex neurotransmitter dynamics during its transmission 
from peripheral receptors to the cerebral cortex.36 NAAG has been implicated in nociceptive signaling and shown to 
exert analgesic effects through activation of mGluR3. Studies indicate that both NAAG and its enzyme inhibitors (eg, JZ- 
43 and 2-PMPA) exhibit notable analgesic properties within the spinal cord and other pain-regulatory systems, especially 
in cases of inflammatory and neuropathic pain.37 The strong association between NAAG and cognitive function led us to 
examine the relationship between toothache and NAAG levels using MR analysis.14,38 Our results indicated a significant 
reduction in NAAG levels among individuals with toothache (p = 0.024, IVW), consistent with animal study findings by 
Watanabe et al.10 Preclinical studies in AD-relevant animal models have reported NAAG-related alterations, suggesting 
a potential role for NAAG in neurodegeneration.39 A possible explanation is that reduced NAAG is associated with 
altered glutamatergic signaling, potentially increasing vulnerability to excitotoxicity.40,41

Table 3 MR Estimates for the Association Between Exposures and Outcome

Exposure Outcome MR Method No. of SNP Beta/OR 95% CI P-value SE

Toothache NAAG MR Egger 14 −13.491 −27.080 to 0.098 0.075 6.933
Toothache NAAG Weighted median 14 −6.798 −12.886 to −0.710 0.029 3.106

Toothache NAAG IVW 14 −4.894 −9.139 to −0.649 0.024 2.166

Toothache NAAG Weighted mode 14 −7.817 −17.809 to 2.175 0.149 5.098
Toothache NAAG Simple mode 14 −7.905 −17.891 to 2.081 0.145 5.095

NAAG CD33 (1) MR Egger 46 −0.034 −0.134 to 0.066 0.515 0.051

NAAG CD33 (1) Weighted median 46 −0.054 −0.135 to 0.026 0.183 0.041
NAAG CD33 (1) IVW 46 −0.082 −0.139 to −0.025 0.005 0.029

NAAG CD33 (1) Weighted mode 46 −0.064 −0.138 to 0.010 0.101 0.038
NAAG CD33 (1) Simple mode 46 −0.165 −0.316 to −0.014 0.037 0.077

NAAG CD33 (2) MR Egger 72 −0.073 −0.145 to −0.00005 0.054 0.037

NAAG CD33 (2) Weighted median 72 −0.074 −0.130 to −0.017 0.011 0.029
NAAG CD33 (2) IVW 72 −0.078 −0.121 to −0.035 0.0003 0.022

NAAG CD33 (2) Weighted mode 72 −0.086 −0.138 to −0.033 0.002 0.027

NAAG CD33 (2) Simple mode 72 −0.092 −0.186 to 0.002 0.061 0.048
CD33 (1) AD MR Egger 7 1.003 1.001 to 1.005 0.054 0.001

CD33 (1) AD Weighted median 7 1.002 1.001 to 1.004 0.001 0.001

CD33 (1) AD IVW 7 1.002 1.001 to 1.003 0.003 0.001
CD33 (1) AD Weighted mode 7 1.002 1.001 to 1.004 0.015 0.001

CD33 (1) AD Simple mode 7 1.003 0.999 to 1.006 0.190 0.002

CD33 (2) AD MR Egger 4 1.003 1.001 to 1.005 0.110 0.001
CD33 (2) AD Weighted median 4 1.002 1.001 to 1.003 0.002 0.001

CD33 (2) AD IVW 4 1.002 1.001 to 1.003 0.005 0.001

CD33 (2) AD Weighted mode 4 1.002 1.001 to 1.003 0.045 0.001
CD33 (2) AD Simple mode 4 1.002 0.999 to 1.005 0.246 0.002

Notes: CD33 (1), CD33 on CD33dim HLA DR+ CD11b+; CD33 (2), CD33 on Monocytic Myeloid-Derived Suppressor Cells. 
Abbreviations: IVW, Inverse-Variance Weighted; OR, odds ratio; SE, standard error; CI, confidence interval; NAAG, 
N-acetylglucosylglutamate; AD, Alzheimer’s Disease.
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Elevated glutamate, as the central nervous system’s primary excitatory neurotransmitter, is associated with neuro
toxicity and may activate neuroimmune signaling pathways relevant to AD pathology, potentially contributing to 
neuronal damage.17,42 Microglia, the brain’s resident immune cells, play a crucial role in managing neuroimmune 
responses.43,44 Evidence suggests that elevated glutamate levels may activate microglia, triggering an inflammatory 
cascade that could exacerbate neurodegenerative progression.26,45 In this activated state, microglia may release increased 
levels of inflammatory cytokines, and immune-modulating receptors such as CD33, which has been implicated in AD 
risk, may influence microglial immune responses.46

To further investigate the neuroimmune pathways linking NAAG to microglial function, we used CD33 expression 
GWAS data from two myeloid monocyte sources as a proxy for microglia-relevant CD33-related immune activity. The 
biological validity of this surrogate is supported by the conserved myeloid lineage and the observed phenotypic 
convergence, where infiltrating monocytes undergo microglial-like transcriptomic reprogramming in AD pathological 
environments.47–49 Methodologically, recent proteomic MR studies have suggested that peripheral genetic signals 
provide directionally consistent and, in certain contexts, robust predictive insights into central nervous system (CNS) 
pathology comparable to or even complementary to cerebrospinal fluid.29,50 By focusing on two specific myeloid 
monocyte subpopulations associated with immune regulation and phagocytosis, our approach seeks to mitigate tran
scriptomic distortions typically associated with post-mortem microglia isolation while enhancing biological relevance to 
the neuroinflammatory niche.

Following this rationale, we conducted MR analysis with NAAG as the exposure and found a significant association 
between reduced NAAG levels and increased CD33 expression in CD33-related traits (p = 0.005; p = 0.0003, IVW, 
respectively)—a relationship that may be influenced by elevated glutamate levels.51 Increased glutamate in neuroin
flammatory or neurodegenerative conditions has been shown to strongly activate microglia, potentially promoting a shift 
toward a disease-associated microglia (DAM) phenotype.21,52 This DAM subtype, prevalent in AD and other neurode
generative disorders, may be characterized by specific molecular markers, including CD33-related changes.53,54 Under 
such pathological conditions, heightened CD33 expression may impair microglial phagocytic function and modulate 
inflammatory signaling, thereby promoting a shift toward a pro-inflammatory profile and potentially exacerbating 
neuronal injury and AD pathology.24,55 This dysregulated microglial state could contribute to a self-reinforcing cycle 
of neuroinflammation and neurotoxicity.

CD33 is an immune-modulatory receptor implicated in the neuroinflammatory pathology of AD.56,57 Current 
evidence underscores CD33 as a pivotal neuroimmune checkpoint in the pathogenesis of AD. Genetic meta-analyses 
have consistently identified variants at the CD33 locus as robust risk factors, positioning this receptor alongside other key 
modulators of microglial function.58,59 Mechanistically, CD33 acts as a “brake” on the central immune system; its 
expression inhibits microglial phagocytosis and the subsequent clearance of Aβ plaques.60 The functional significance of 
this neuroimmune signaling pathway is further supported by in vivo studies in AD mouse models (eg, 5XFAD), where 
modulation of CD33 significantly alters microglial responses and plaque accumulation.24 Moreover, the development of 
therapeutic agents, such as the humanized antibody HuM195 designed to neutralize CD33-mediated inhibitory signaling, 
underscores the therapeutic potential of targeting this pathway for disease-modifying interventions.61 Consistent with this 
biological framework, our MR results align directionally with both experimental paradigms and recent genetic studies.

For instance, Gu et al reported that higher peripheral blood CD33 mRNA levels were associated with an increased 
risk of AD (p = 3.25 × 10−5; OR = 1.156, IVW), with a slightly attenuated association for CD33 expression in myeloid 
monocytes (p = 0.005; OR = 1.055, IVW).62 Similarly, Zhang et al reported a positive association between CD33 
expression on peripheral myeloid monocytes and increased AD risk (OR = 1.02).63 The modest effect size observed in 
our primary analysis (OR = 1.002, p = 0.003 and p = 0.005, IVW, respectively) is likely a result of stringent 
methodological rigor and the inherent limitations of cell-specific MR. Notably, our study utilized a more contemporary 
and substantially larger AD outcome dataset, offering greater statistical power and precision compared to previous 
cohorts. Moreover, by applying a conservative genome-wide significance threshold (P < 5 × 10−8) for instrument 
selection—compared to the more lenient P < 1 × 10−5 used in earlier studies—we ensured robust genetic instruments, 
albeit resulting in more conservative effect estimates. Crucially, when applying our CD33 genetic instruments to previous 
analytical frameworks (same outcome database and P < 1 × 10−5), we obtained consistent results, confirming the stability 

Journal of Pain Research 2026:19                                                                                                     https://doi.org/10.2147/JPR.S603587                                                                                                                                                                                                                                                                                                                                                                                                       9

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



and reliability of both our exposure data and MR pipeline. In this context, elevated CD33 expression may impair 
microglial phagocytosis, promoting the accumulation of neuronal debris and Aβ,64,65 thereby amplifying neuroinflamma
tion and exacerbating AD pathology.19 While these results provide preliminary insights into a hypothesized neuroim
mune axis, the modest effect size suggests that this pathway should be interpreted as a subtle regulatory signal rather than 
as a direct clinical target for disease prevention.

Our findings suggest that toothache is associated with a neuroimmune regulatory axis implicated in AD. Glutamate 
signaling emerges as a potential intermediary in the NAAG-CD33 signaling pathway, suggesting a plausible crosstalk 
between neuroimmune responses to toothache and AD pathology. MR analyses indicate that toothache liability is 
associated with lower NAAG levels, which are linked to elevated glutamate, potentially leading to neurotoxicity. 
Moreover, this reduction in NAAG may promote a shift toward the DAM phenotype, likely involving CD33-related 
changes, which impair microglial phagocytic activity. High CD33 expression impairs microglial clearance of neurotoxic 
molecules, such as Aβ, contributing to a self-sustaining cycle of neurotoxicity and inflammation. Notably, this neuroim
mune pathway and the resulting neuroinflammation seem to be more closely associated with sporadic AD, which is 
primarily influenced by a combination of environmental and genetic risk factors. In contrast, familial AD is predomi
nantly driven by specific high-penetrance genetic mutations. These findings are consistent with three MR analyses and 
are supported by previous studies linking neuroimmune dysregulation to AD risk, positioning the NAAG-CD33 pathway 
as a candidate mediating axis for the effect of toothache on AD pathogenesis by disrupting CNS homeostasis.

While these findings provide new insights, several limitations must be considered. First, the GWAS data used in this 
study were exclusively from European populations, emphasizing the need for validation in more diverse ethnic groups to 
confirm broader applicability. Second, the toothache phenotype in this study was based on self-reported data, which is 
inherently subjective and may introduce measurement error or recall bias. Although we implemented a stringent 
methodological pipeline, we cannot completely exclude the influence of unmeasured socioeconomic or behavioral 
confounders that could independently affect both oral health and cognitive decline. Third, since NAAG levels and 
CD33 expression were measured in peripheral blood rather than the CNS, these proxies may attenuate the biological 
signal, as reflected in the modest effect sizes observed. Finally, our study proposes a hypothesized molecular framework, 
and future research should focus on larger, multi-ancestry cohorts and CNS-specific mechanistic models to further 
validate the role of the NAAG-CD33 axis in the complex oral-brain connection.

In conclusion, this study provides preliminary genetic evidence suggesting that toothache liability is associated 
with Alzheimer’s disease risk through the potential NAAG-glutamate-CD33 neuroimmune axis. These findings high
light the NAAG-glutamate-CD33 pathway as a candidate therapeutic target for further investigation, though further 
mechanistic studies and longitudinal clinical cohorts are needed to validate these results and fully elucidate its role 
in AD pathology.
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