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Background: Alzheimer’s disease (AD) and related dementias exhibit significant gender disparities in prevalence and progression, 
yet the genetic underpinnings of these differences remain incompletely understood. We aimed to observe gender-specific allelic 
variation patterns in key dementia susceptibility genes among the Bangladeshi population.
Methods: The Community Awareness and Research on Early Dementia (CARED) study is a case-control study that recruited age- and 
gender-adjusted AD patients and healthy controls aged ≥18 years between 2022 and 2024. We conducted a next-generation sequencing 
(NGS) analysis of 112 individuals (57 males and 55 females), focusing on key genes associated with dementia susceptibility. Chi-square 
tests were used to assess gender-specific allele frequency differences for each variant. While Bonferroni-corrected thresholds are noted for 
reference, nominal P-values are reported due to the study’s exploratory design and limited sample size.
Results: The NGS analysis of dementia-associated variants found distinct genotype distribution patterns for Apolipoprotein E (APOE) 
(rs429358, rs7412, and rs405509), Brain-Derived Neurotrophic Factor (BDNF) (rs6265), and Catechol-O-methyltransferase (COMT) 
(rs4680) in males and females. We observed a higher minor allele frequency (MAF) of APOE rs429358 in females than males (23.7% 
vs 15.8%), while APOE rs405509 showed a stronger effect in males, with a significantly higher homozygous MAF (17.5% vs 5.5%, 
P = 0.05). The BDNF variant rs6265 also showed a greater prevalence in males, with a higher proportion of homozygous carriers 
(10.7% vs 3.8%) than in females. Linkage disequilibrium (LD) analysis revealed a strong association between APOE rs429358 and 
rs7412 (r² =0.85), with a rapid decay in LD beyond 10 kb (mean r² =0.15) in the APOE region.
Conclusion: We identified APOE rs405509 and BDNF rs6265 as potential genetic variants associated with gender-specific suscept
ibility to dementia among Bangladeshis. Additionally, APOE variants rs429358 and rs7412 exhibited strong linkage disequilibrium, 
with rapid decay from the APOE locus, indicating a higher rate of genetic mixing in this population. Given the exploratory nature of 
this study, large-scale validation is warranted to confirm these findings.
Keywords: next-generation sequencing, dementia, gender differences, APOE, genetic variants

Introduction
Alzheimer’s disease (AD) represents the most common form of dementia, afflicting over 50 million people worldwide, 
with numbers projected to triple by 2050.1 Notably, epidemiological studies consistently demonstrate significant gender 
disparities, with women accounting for approximately two-thirds of AD cases while exhibiting more rapid cognitive 
decline and greater brain atrophy.2,3 This phenomenon cannot be attributed solely to women’s increased longevity, 
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suggesting complex interactions between biological sex and genetic risk factors.4 Recent advances in next-generation 
sequencing (NGS) technologies have revolutionized our understanding of dementia genetics by enabling comprehensive 
analysis of rare and common variants across the genome.5,6 However, few studies have adequately addressed potential 
gender specific genetic architectures in dementia susceptibility. The interplay between sex chromosomes, hormonal 
influences, and autosomal genetic variants likely creates distinct risk profiles that remain poorly understood.7,8

The apolipoprotein E (APOE) gene, located on chromosome 19, represents the strongest genetic risk factor for late- 
onset AD, with the 4-allele conferring 3–15-fold increased risk depending on zygosity.9,10 Emerging evidence suggests 
that APOE ε4 effects may be more pronounced in women, potentially due to interactions with estrogen metabolism and 
hormonal changes during menopause.11,12 Similarly, triggering receptor expressed on myeloid cells 2 (TREM2), clusterin 
(CLU), and phosphatidylinositol binding clathrin assembly protein (PICALM) have been identified as significant AD risk 
loci through genome-wide association studies.13–15 Understanding gender-specific patterns is essential, as they enable 
accurate risk assessment for precision medicine, inform the differential efficacy of therapeutic interventions based on 
gender-genotype interactions, and may uncover novel sex-specific molecular targets for treatment.16–18

While substantial genetic evidence exists regarding dementia among Caucasians and other South Asian populations, 
such as Chinese and Indians, limited research has investigated allelic variation patterns associated with dementia risk in 
Bangladeshis. This study employs comprehensive NGS analysis to investigate gender-specific allelic variation patterns in 
key dementia susceptibility genes. We focus on four extensively studied loci representing both early-onset and late-onset 
AD risk factors, providing a comprehensive assessment of genetic architecture differences between males and females in 
dementia susceptibility.

Materials and Methods
The CARED Study
The Community Awareness and Research on Early Dementia (CARED) study is a case-control study involving 125 
participants recruited from the National Institute of Neurosciences & Hospital (NINS) in Dhaka, Bangladesh, between 
2022 and 2024. Participants were age- and gender-matched individuals presenting with subjective memory complaints 
who met the DSM-5 diagnostic criteria for dementia. The inclusion criteria required participants to be 18 years or older, 
have undergone a clinical evaluation for dementia or cognitive impairment, and possess a sufficient DNA sample for 
next-generation sequencing. To optimise the selection bias, individuals were excluded if they had other neurodegenera
tive dementias or reversible causes of cognitive impairment, such as a history of traumatic brain injury, brain tumours, 
infections, depression, current substance abuse, malnutrition, or if they were unable to provide informed consent. After 
quality control procedures, 112 individuals (57 males, 55 females) with complete genotype and phenotype data were 
included in the final analysis. The Institutional Review Board of the National Institute of Neurosciences and Hospital 
Ethics Committee granted formal ethical approval to conduct the study (IRB/NINS/2024/393). The study protocol 
adhered to the principles outlined in the Declaration of Helsinki, and written informed consent was obtained from all 
participants or their legal representatives.19

Next-Generation Sequencing (NGS)
Targeted NGS libraries were constructed focusing on 23 single nucleotide polymorphisms (SNPs) identified through 
genome-wide association studies for dementia risk.15–18,20,21 Key variants included APOE gene variants (rs429358 for 4 
allele, rs7412 for 2 allele, rs405509 for promoter region), brain-derived neurotrophic factor (BDNF rs6265), and 
catechol-O-methyltransferase (COMT rs4680). Genomic DNA was extracted from peripheral blood samples using 
standard phenol-chloroform extraction protocols. Library preparation employed targeted amplicon sequencing with high- 
fidelity polymerase chain reaction amplification. Sequencing was performed using Illumina platform technology with 
paired end reads, achieving average coverage of 100X per sample with 95% target bases covered at 20X depth. Raw 
sequence data underwent comprehensive quality assessment using standard bioinformatics pipelines. Adapters and low- 
quality reads were removed using Trimmomatic software. Alignment to GRCh38 reference genome employed BWA- 
MEM algorithm. Variant calling employed GATK HaplotypeCaller for SNVs, with joint genotyping across all samples.22 
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Stringent filtering criteria included: genotype quality 20, mean mapping quality 30, and genotype calling rate 95%. 
Gender was confirmed through clinical records and verified against genetic data. Hardy-Weinberg equilibrium testing 
was performed for each variant, with deviations noted but not used for exclusion given the case-control study design.

Statistical Analysis
Statistical analyses were performed using Python v3.10 with scipy.stats, pandas, and matplotlib packages, as well as 
PLINK software where appropriate.23 Gender-specific allele frequencies were assessed using chi-square tests, while 
clinical characteristics were compared using Student’s t-test for continuous variables and chi-square tests for categorical 
variables.24 Given the exploratory nature of the study and relatively small sample size, nominal P-values are reported 
without correction for multiple comparisons, though Bonferroni corrected thresholds are noted for reference. Age 
distributions by genotype and gender were analysed using analysis of variance (ANOVA) with Tukey’s post-hoc 
comparisons for multiple group comparisons.25 Effect sizes were calculated using Cramer’s V for categorical associa
tions and Cohen’s d for´ continuous variable comparisons. Statistical significance was set at P ≤0.05 for individual tests, 
with P <0.01 considered significant after Bonferroni correction for 5 primary variants tested. We also analysed linkage 
disequilibrium (LD) patterns using genotype data by calculating r² and LD decay between APOE variants and flanking 
SNPs to show population-specific recombination.

Results
After stringent quality control, 112 individuals (57 males, 55 females) with complete genotype and phenotype data were 
included in analysis. The mean age was 63.7±10.5 years for males and 65.1±11.6 years for females (P=0.49). The case- 
control distribution showed 60 controls and 52 cases, with similar representation across genders (males: 28 controls, 29 
cases; females: 32 controls, 23 cases). Five key dementia-associated single nucleotide polymorphisms (SNPs) were 
analysed, focusing on APOE variants and other neurologically relevant genes (Table 1). While no variants reached 
statistical significance for gender differences after correction for multiple testing, several showed notable trends worthy 
of discussion. The catechol-O-methyltransferase (COMT) rs4680 variant, involved in dopamine metabolism, showed 
relatively balanced distributions between genders, though females had slightly higher overall minor allele burden.

Gender-specific genetic variant distributions in dementia-associated genes are shown in Figure 1. The APOE ε4 
variant (rs429358) showed a trend toward higher minor allele frequency in females compared to males (23.7% vs 15.8% 
combined heterozygous and homozygous carriers) (1a), though this difference did not reach statistical significance 
(P=0.52). Conversely, the APOE promoter variant (rs405509) demonstrated the most pronounced gender difference, 
approaching statistical significance (P=0.05), with males showing higher homozygous minor allele frequency (17.5% vs 
5.5%) (1c). Further, brain-derived neurotrophic factor (BDNF) rs6265 variant showed interesting gender-specific 

Table 1 Genotype Frequencies and Allele Distributions by Gender

Variable Male (%) Female (%) P-value

0 1 2 0 1 2

APOE 4 (rs429358) 84.2 12.3 3.5 76.4 16.4 7.3 0.527

APOE 2 (rs7412) 98.2 1.8 0.0 96.4 3.6 0.0 0.556

APOE promoter (rs405509) 49.1 33.3 17.5 43.6 50.9 5.5 0.056

BDNF (rs6265) 58.9 30.4 10.7 62.3 34.0 3.8 0.378

COMT (rs4680) 42.1 40.4 17.5 34.5 43.6 21.8 0.688

Notes: Here, 0=major allele homozygous, 1=heterozygous, and 2=minor allele homozygous.
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patterns, with males having higher homozygous minor allele frequency (10.7% vs 3.8%) (1d), potentially reflecting 
differential neuroplasticity mechanisms. Age distributions varied across genotypes and gender groups (Table 2). 
Individuals carrying APOE ε4 variants showed differential age patterns between genders, with female carriers having 

Figure 1 Gender-specific genetic variant distributions in dementia-associated genes. Bar charts show percentage distributions of genotypes (0=major allele homozygous, 
1=heterozygous, 2=minor allele homozygous) for key SNPs: (a) APOE 4 (rs429358), (b) APOE 2 (rs7412), (c) APOE promoter (rs405509), and (d) BDNF (rs6265). Error 
bars represent 95% confidence intervals.

Table 2 Clinical Characteristics by Genotype and Gender for Key Variants

Variant Gender Genotype Sample Mean Age ±SD Cases/Controls (n/N)

6x APOE 4 Male 0 48 63.8±10.4 24/24

Male 1 7 62.1±12.1 4/3

Male 2 2 65.5±7.8 1/1

Female 0 42 64.2±11.8 17/25

Female 1 9 68.4±10.2 4/5

Female 2 4 69.3±12.1 2/2

(Continued)
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slightly higher mean ages compared to male carriers, suggesting potential survival bias or age-related penetrance 
differences.

Additionally, the gender-specific impact of the APOE ε4 allele on cognitive performance is illustrated in Figure 2. 
The cognitive score distributions indicate a trend toward greater susceptibility among females in the Bangladeshi 
population, showing a steeper decline in cognitive scores in males (from ~29.5 to ~22.5) compared to females (from 
~30.5 to ~25.5) across the allele count spectrum (2a). Furthermore, the box plot indicates that while both genders have 
similar median cognitive scores and overall distributions, males exhibit slightly more variability in cognitive performance 
and a greater susceptibility to the detrimental cognitive effects of carrying multiple APOE ε4 alleles (2b).

Linkage disequilibrium (LD) analysis of the APOE region revealed moderate overall LD (Figure 3). The defining 
SNPs rs429358 and rs7412 showed strong LD (r² =0.85), while moderate LD was observed with flanking SNPs within 5 
kb (mean r² =0.42) (3a). LD rapidly decayed with distance, with a mean r² of 0.15 beyond 10 kb, consistent with high 
regional recombination rates (3b). While no variants achieved statistical significance after multiple testing correction, 

Table 2 (Continued). 

Variant Gender Genotype Sample Mean Age ±SD Cases/Controls (n/N)

6x APOE promoter Male 0 28 64.1±9.8 15/13

Male 1 19 62.8±11.5 9/10

Male 2 10 64.2±10.9 5/5

Female 0 24 66.1±12.4 10/14

Female 1 28 64.5±11.2 11/17

Female 2 3 63.7±9.1 2/1

Note: Here, 0=major allele homozygous, 1=heterozygous, and 2=minor allele homozygous; n= case sample and N=Control 
sample size.

Figure 2 Gender-specific impact of the APOE ε4 allele on cognitive performance.
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several showed moderate effect sizes, suggesting biological relevance. The APOE promoter variant (rs405509) demon
strated the largest effect size (P=0.05), warranting replication in larger Bangladeshi cohorts.

Discussion
This next-generation sequencing study revealed notable gender-specific patterns in dementia-associated genetic variants, 
particularly APOE rs405509 and BDNF rs6265, linked to sex-specific dementia susceptibility among Bangladeshis. 
Additionally, APOE variants rs429358 and rs7412 showed strong LD with rapid decay from the APOE locus, suggesting 
high recombination rates. Despite a sizable sample, the current study results help us understand how biological factors 
may cause differences between men and women in the risk and development of dementia among the Bangladeshi 
population.

The trend toward higher APOE ε4 carrier frequency in females aligns with previous literature suggesting enhanced 
female vulnerability to this major dementia risk factor.11,12 While our finding did not reach statistical significance, the 
effect size and direction are similar with larger population studies demonstrating that APOE ε4 effects may be more 
pronounced in women, potentially due to interactions with estrogen metabolism and hormonal changes during 
menopause.26,27 The observed pattern where female APOE ε4 carriers showed higher mean ages compared to males 
may reflect differential survival patterns or age-related penetrance, warranting longitudinal investigation. The APOE 
promoter variant (rs405509) demonstrated an interesting gender difference in our study, with males showing substantially 
higher homozygous minor allele frequency. This variant affects APOE gene expression levels and has been associated 
with cognitive decline and neuroimaging changes.28 The gender-specific distribution pattern suggests potential sex- 
hormone regulation of APOE transcription, as experimental evidence indicates that estradiol can upregulate APOE 
expression in astrocytes.29 This variant appears more often in males than in females, which could be a way the body 
compensates or a result of different evolutionary pressures.30,31 Our findings indicate that genetic differences between 
sexes can influence dementia risk, which can inform precision medicine approaches that consider each person’s unique 
biology.

The BDNF rs6265 variant showed an opposite pattern, with males having higher minor allele burden. The BDNF 
gene plays crucial roles in neuronal survival, synaptic plasticity, and cognitive function, and the Met allele (minor allele) 
of rs6265 has been associated with reduced BDNF secretion and altered hippocampal function.32,33 The higher frequency 
in males might reflect differential neuroplasticity mechanisms or compensatory pathways that could influence dementia 

Figure 3 Linkage disequilibrium (LD) analysis of the APOE region.
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risk and progression patterns between genders. The catechol-O-methyltransferase (COMT) rs4680 variant, which affects 
dopamine metabolism in the prefrontal cortex, showed relatively balanced distributions between genders. This finding is 
somewhat unexpected given previous reports of sex-specific effects of COMT variants on cognitive performance.33,34 In 
a recent Indian study, LD analysis revealed moderate LD in the APOE region, with stronger LD between the two defining 
SNPs (rs429358 and rs7412), but rapid decay with flanking variants, which supports our study findings.35 This pattern 
suggests that APOE variants are likely the causal variants rather than proxies for other functional variants, supporting 
direct biological effects of APOE isoforms on AD pathogenesis.36,37 However, the possibility of population-specific 
modifier variants in linkage with APOE cannot be excluded and warrants further investigation through fine-mapping 
studies. We found that males and females may possess and transmit distinct genetic risks for Alzheimer’s disease and 
related dementias among Bangladeshis. Elucidating the differential effects of genes such as APOE and BDNF in each sex 
may clarify the observed disparities and inform the development of more targeted prevention and treatment 
strategies.36–38

Several limitations constrain our interpretations. Although the sample size may have limited the detection of subtle 
gender differences, especially for variants with low minor allele frequencies, this study provides an important first step in 
understanding the genetic susceptibility to dementia in the Bangladeshi population. Second, the cross-sectional design 
prevents assessment of temporal relationships between genotype and disease progression. Third, population stratification 
effects cannot be entirely excluded, though our cohort was recruited from a relatively homogeneous geographic region. 
The observed trends support the development of gender-stratified genetic counselling protocols and risk assessment tools. 
If replicated in larger cohorts, these patterns could inform personalized medicine approaches where genetic risk scores 
are weighted differently for males and females. The differential age patterns observed in APOE ε4 carriers between 
genders suggest that screening and intervention strategies might benefit from sex-specific timing considerations. Future 
research should replicate these findings in larger and more diverse cohorts with longitudinal follow-up to assess incident 
dementia cases and validate the robustness of the current study’s results, given its exploratory nature. Integration of 
hormonal biomarkers, neuroimaging data, and cognitive assessments would provide mechanistic insights into the 
observed gender-genotype interactions. Additionally, investigation of X-chromosome variants and epigenetic modifica
tions could further elucidate sex-specific dementia risk architectures.

Conclusion
APOE rs405509 and BDNF rs6265 variants may increase dementia susceptibility in Bangladeshi males, whereas the 
APOE rs429358 risk allele is more prevalent in females, highlighting gender-specific vulnerability and the need for sex- 
stratified screening and personalised prevention strategies. However, as this study is exploratory and hypothesis- 
generating, large-scale validation in diverse cohorts with longitudinal follow-up is necessary to confirm these findings 
and assess incident cases of dementia.
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