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A B S T R A C T   

This study examined how single nucleotide polymorphisms (SNPs) related to choline synthesis 
and metabolism, processes largely regulated by estrogen, influenced hippocampal volume and 
neuropsychological function following menopause. We investigated the effect of choline kinase 
alpha (CHKA) genotype on brain volume and neuropsychological performance in postmenopausal 
women. The effect alleles of certain CHKA SNPs (rs6591331 T, rs10791957 A) are associated with 
varied responses to choline deficiency and delegation of choline to physiological pathways. The 
presence of these alleles was hypothesized to correlate with worse cognitive performance in 
women after menopause. Results from structural MRI scans revealed larger right hippocampal 
volumes in subjects with a T/T CHKA rs6591331 genotype compared to A/A subjects. Delayed 
memory scores from the Repeatable Battery for the Assessment of Neuropsychological Status 
(RBANS) were lower in subjects with T/T genotypes compared to those with the A/T genotype 
and the A/A genotype. Based on these findings, we proposed a CHKA-dependent mechanism 
present within the brain to compensate for the decreased estrogen and biosynthesized choline 
associated with menopause.   

1. Introduction 

Decreased hormonal levels can contribute to menopause-related changes in neuropsychiatric function; however, not all women 
experience these symptoms with menopause, and there is a high degree of individual variability in the effects of decreased estrogen on 
cognition in postmenopausal women. Compared to premenopausal women, some studies reported decreased cognitive ability in 
women during and after menopause, while others found no relationship between cognitive impairment and menopause [1–3]. For 
individuals who do experience changes to cognition, the exact physiological pathways by which hormone decreases result in cognitive 
decline are not yet defined, although many studies support an effect of estrogen-related shifts in levels of biosynthesized acetylcholine 
on structural and cognitive processes in postmenopausal women [4–6]. 

Choline, an essential micronutrient necessary for overall human health, is a substrate in numerous biochemical reactions that occur 
in organs such as the liver, kidney, and brain [7]. The compound is crucial to pathways responsible for the biosynthesis of phos-
phatidylcholine (PC), a highly abundant metabolite that contributes to membrane health and vitality, as well as neuronal plasticity and 
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differentiation [8–10]. PC is synthesized through two major physiological pathways. First, PC synthesis can occur through the 
phosphorylation of choline via the cytidine diphosphocholine (CDP) choline pathway. Second, choline can act as a methyl donor for 
triple methylation of phosphatidylethanolamine (PE) to form PC via the phosphatidylethanolamine methyltransferase (PEMT) 
pathway, which is strongly modulated by estrogen binding [11]. Adequate choline intake is linked to improved neurocognitive per-
formance, and supplementation of the nutrient promotes cell proliferation, enhanced memory and information processing speed, and 
improved performance on serial learning and recall tasks [12–17]. 

Estrogen is also a regulator of neuropsychological function, largely via interactions with neurotransmitter systems. In healthy 
cholinergic neurotransmission, estrogen mediates acetylcholine signaling through effects on cholinergic enzymes and necessary 
precursors [5,6]. Acetylcholine is synthesized from acetyl coenzyme A (acetyl-CoA) and choline, and it acts in neurons of both the 
central and peripheral nervous systems to modulate autonomic response, stress response, attention, and memory [18]. Interestingly, 
the only pathway for endogenous synthesis of choline is catalyzed by an estrogen-mediated enzyme, meaning that acetylcholine 
availability and resulting neurotransmission are partially dependent on estrogen levels [19]. An examination of specific brain regions 
responsible for learning and memory further explains the role of estrogen in cognitive functioning. For example, postmenopausal 
hormone therapy studies showed that estrogen signaling influenced hippocampal functioning, a region highly associated with 
cholinergic signaling [20]. Estrogen treatments in women led to better performance on hippocampus-mediated tasks, namely verbal 
learning and memory tasks, as compared to women not receiving estrogen treatment [21]. 

Similar to the large individual variability in neurocognitive response to decreased estrogen following menopause, there is a large 
amount of individual variability in exact dietary requirements and physiological responses to choline deficiency, perhaps due to 
genetics, sex, menopausal status, or a combination of these factors [22]. Several genetic polymorphisms are linked to variations in the 
biological response to decreased endogenous estrogen production, including certain single nucleotide polymorphisms (SNPs) of genes 
that encode for enzymes also involved choline metabolism. Because estrogen directly modulates PEMT activity, lower levels of es-
trogen lead to decreased enzymatic activity in the conversion of PE to PC, ultimately resulting in smaller amounts of endogenously 
produced choline [23]. In a postmenopausal low estrogen state, levels of PEMT derived PC and choline are effectively diminished. 
Fischer and colleagues suggested that this difference in endogenous choline production may also explain why men and post-
menopausal women have higher dietary choline requirements and are more likely to develop organ dysfunction under a low-choline 
diet [19]. 

The estrogen-related genetic variations that alter choline metabolism may also affect the development and mediation of meno-
pausal symptoms. Postmenopausal women with decreased estrogen levels experience decreased activity of the PEMT enzyme, leading 
to reduced PE methylation and PC synthesis [24]. Thus, these individuals rely more heavily on the CDP-choline pathway for the 
synthesis of PC. The first enzyme in this pathway, choline kinase α (CHKA), catalyzes the phosphorylation of choline to form phos-
phocholine [25]. Under physiologically healthy conditions, CHKA provides phosphocholine for PC biosynthesis, ultimately promoting 
membrane vitality; thus, appropriate CHKA activity is needed to maintain a healthy neural enviornment. Novel findings showed that 
bi-allelic variants that reduce CHKA activity and significantly impair the first step of the CDP-choline pathway led to neuro-
developmental disorder with epilepsy and microcephaly [26]. Conversely, significantly increased CHKA activity contributes to several 
disease states, and CHKA is overexpressed in a wide variety of human tumor types [27]. 

Enzymatic activity and normal physiological function of CHKA may, in part, be modulated by effect alleles that vary by CHKA SNP. 
These polymorphisms also likely contribute to individual differences in dietary choline requirements for women in various life stages. 
For example, one study found that carriers of the A allele of CHKA rs10791957 directed more dietary choline to the CDP-choline 
pathway compared to the PEMT pathway, an effect that was observed in lactating, pregnant, and non-pregnant young women 
[28]. Furthermore, da Costa and colleagues examined genetic polymorphisms involved in the alteration of dietary choline re-
quirements and reported that 18 to 70-year-old female carriers of the protective allele for CHKA rs7928739, rs10791957, and 
rs2512612 were at decreased risk for organ dysfunction when fed a low-choline diet [29]. This same study reported that post-
menopausal women with a T allele of CHKA rs6591331 were more susceptible to organ dysfunction when held to a low-choline diet, an 
effect observed in muscle, the liver, or both [29]. 

Postmenopausal women endogenously synthesize less choline due to decreased estrogen levels, and women with a CHKA effect 
alleles experience variations in choline metabolism and response to deficiency. This study aims to examine other pathological markers 
associated with choline deficiency that may be present in postmenopausal women with one or more CHKA effect alleles. We focused on 
the effect allele (T) of CHKA rs6591331 and (A) of CHKA rs10791957 and examined differences in brain structure and function in 
postmenopausal women with zero, one, or two effect alleles. We hypothesized an effect allele, dose-dependent decrease in the brain 
volumes of postmenopausal women due to reduced PC availability for support of membrane health and neuronal plasticity, as well as 
decreased memory performance resulting from a decline in acetylcholine production and/or excitability of cholinergic neurons in 
regions of the brain responsible for learning and memory. 

2. Material and methods 

2.1. Participants 

All data were from a cohort of subjects originally recruited for a study that examined the effect of menopause on the dopaminergic 
system and cognition [30]. In this study, 118 women between 50 and 60 years of age, M(SD) = 56.18(2.6), were recruited through 
advertisements distributed in the Burlington, VT area. Initial telephone screens were used to identify postmenopausal subjects that had 
been without menses for at least one year, had not undergone surgically induced menopause, and were not at risk for MRI 
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complications. Additionally, participants that were on medication affecting the central nervous system and those that had been on 
postmenopausal hormone treatment in the past year were excluded from this study. Exclusion criteria relating to physical health 
included a history of breast cancer or cardiovascular disease. 

Subjects participated in one 3-h study day at the University of Vermont (UVM) Clinical Research Center (CRC) and the UVM MRI 
Center for Biomedical Imaging. This study was reviewed and approved by the University of Vermont Institutional Review Board, the 
Committees on Research in the Medical Sciences. Following the consent process, participants supplied a blood sample for SNP analyses 
and confirmation of postmenopausal status, as indicated by FSH >20 IU/L. Blood samples for the FSH assay were collected into a 4 ml 
SST tube by CRC nurses, then sent to the UVM Medical Center laboratory for immediate analysis. Two participants had FSH values that 
indicated they were not menopausal. 

Participants were cognitively evaluated using the Mini Mental State Exam (MMSE [31]; and the Brief Cognitive Rating Scale [32], 
to establish a Global Deterioration Scale score (GDS) which rated the degree of cognitive impairment [32]. Participants were required 
to have an MMSE score greater than or equal to 27 and a GDS score of 1 or 2. All participants met these criteria. 

General neuropsychological functioning was assessed through the Repeatable Battery for the Assessment of Neuropsychological 
Status (RBANS; [33], which measured immediate memory, visuospatial and constructional ability, language, attention, and delayed 
memory. Participants received a raw score for each index, which was then scaled to a mean (SD) of 100 (15) for age and 
education-correction purposes. Episodic memory was also assessed with the Buschke Selective Reminding Test [34]. A full list of 
cognitive and behavioral assessments not examined in the current study is detailed by Ref. [30]. 

2.2. Genetic analysis 

Samples for genotyping were collected in 10 mL EDTA tubes by CRC nurses, then centrifuged at 3000 rpm for 20 min at 4 ◦C. A 
transfer pipette was used to separate the plasma from the buffy coat above the red blood cells, and the buffy coat was collected in a 1.8 
ml screw cap vial. Samples were stored at − 80 ◦C until batch analysis was conducted following the conclusion of the study. Genetic 
analysis of CHKA rs6591331 and rs10791957 was performed by the Genome Technologies Core Facility at the University of Vermont 
Cancer Center. 

2.3. MRI procedure 

Subjects underwent structural and functional scans on a Philips 3T Achieva d-Stream scanner in the UVM MRI Center for 
Biomedical Imaging. Relevant to this study are measurements of total and segmented brain volumes, which were acquired from each 
participant through a sagittal T1-weighted spoiled gradient volumetric MR sequence. The imaging protocol included an orientation 
perpendicular to the anterior commissure (AC)-posterior commissure (PC) plane, a repetition time (TR) of 9.9 ms, an echo time (TE) of 
4.6 ms, a flip angle of 8◦, number signal averages (NSA) of 1, a field of view (FOV) of 256 mm, a 256 × 256 matrix, and 160 contiguous 
slices measuring 1 mm in thickness. A board-certified neuroradiologist reviewed all scans to identify intracranial pathologies, namely 
age-based abnormal increases in white matter hyperintensities. Incidental findings were detected in eight women. These women were 
notified of the findings, and their data were removed and were not replaced. 

2.4. MRI T1-Weighted scan analysis 

The Freesurfer image analysis suite version 7.1.1, which is documented and available for download online (http://surfer.nmr.mgh. 
harvard.edu/), was used for cortical reconstruction and volumetric segmentation. Processing via the Freesurfer pipeline incorporated 
multiple corrections, including motion correction and averaging of multiple volumetric T1 weighted images [35], removal of 
non-brain tissue using a hybrid watershed/surface deformation procedure [36], and segmentation of the subcortical white matter and 
deep grey matter volumetric structures, including the hippocampus, amygdala, caudate, putamen, and ventricles [37,38]. Structure 
localization was determined based on Freesurfer’s aseg atlas, and volume measurements for structures of interest were obtained using 
the aseg.stats command [37]. Raw measurements for brain volumes were normalized to account for variations in head size using the 
previously outlined linear regression-based residual approach [39]. 

2.5. Statistical analysis 

Statistical comparisons were conducted using IBM SPSS Statistics [40]. Subjects were divided into three groups for analysis: those 
with two effect alleles (rs6591331 T/T, rs10791957 A/A), those with one effect allele (rs6591331 A/T, rs10791957C/A), and those 
without the effect allele (rs6591331 A/A, rs10791957C/C). One-way ANOVAs were used to identify the effect of genetic variation on 
brain volume or cognition, and post-hoc student’s t-tests were used to describe specific differences between the three genotype groups. 
Results were considered significant at α ≤ 0.05. 

3. Results 

3.1. CHKA rs6591331 and rs10791957 genetic analysis 

Of the original 118 women recruited for the parent study, samples were available from a total of 104 women and were analyzed in 
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the present study. For the CHKA rs6591331 genetic analyses, 37 subjects were homozygous T/T, 53 were heterozygous A/T, and 14 
were homozygous A/A. Our sample distribution met the Hardy-Weinberg equilibrium (χ2 = 0.53, df = 1, n.s.). CHKA rs10791957 
genetic analysis revealed 32 subjects were homozygous A/A, 53 were heterozygous A/T, and 19 were homozygous A/A. This sample 
distribution also met the Hardy-Weinberg equilibrium (χ2 = 0.13, df = 1, n.s.). Demographic data for these subjects are outlined in 
Table 1. 

Based on previous findings that suggest an effect of the T allele of CHKA rs6591331 or the A allele of CHKA rs10791957 on choline 
metabolism and distribution of choline to the CDP-choline and PEMT pathways, respectively, subjects were placed into one of three 
groups for analysis: those with no risk alleles (rs6591331 A/A; rs10791957C/C), those with one risk allele (rs6591331 A/T; 
rs10791957C/A), and those with two risk alleles (rs6591331 T/T; rs10791957 A/A). Brain volume data were available from 92 of the 
104 subjects; cognition data were available from 90 of the 104 subjects. 

3.2. Hippocampal volume data 

We first assessed group differences in segmented brain volumes to identify possible effects of the CHKA SNP on brain volume, with a 
specific focus on the hippocampus. Fig. 1 shows that those with two CHKA rs6591331 T alleles had larger right hippocampal volumes 
(F(2,89) = 3.148, p = .048; t(42) = − 2.791, p = .008) as compared to homozygous A/A subjects. Although not significant, the same 
pattern of means was observed between heterozygous A/T individuals and homozygous A/A subjects (t(57) = − 1.953, p = .056). 
Moreover, no differences were observed in the left hippocampal volumes of these subjects, but the trend was similar to that seen in the 
right hippocampal volumes (F(2,89) = 2.467, p = .091; Fig. 1). There was no effect of rs10791957 genotype on hippocampal volumes 
(right F(2,89) = 1.816, p = .169; left F(2,89) = 1.293, p = .297). 

3.3. Neuropsychological test performance 

Individual neuropsychological status was assessed through RBANS performance (Table 2), and analysis was conducted based on 
average group scores. The effect of the CHKA rs6591331 T allele was observed on delayed memory performance, as displayed in Fig. 2. 
ANOVA results indicated a difference in delayed memory performance among the homozygous T/T subject group, the heterozygous A/ 
T subject group, and the homozygous A/A subject group (F(2,87) = 3.508, p = .034). When compared to T/T subjects, results from the 
post hoc student’s t-test analysis showed stronger performance in both A/T individuals (t(76) = 2.317, p = .023), as well as A/A 
individuals (t(42) = 2.086, p = .043). CHKA rs10791957 did not affect neuropsychological performance (smallest p > .09 for RBANS 
total). 

4. Discussion 

Individual variability exists in both choline synthesis and the onset and progression of menopausal symptoms, two processes that 
are mediated by estrogen. To further understand these individual differences, we examined a gene involved in choline synthesis that is 
potentially affected by the decrease in estrogen at menopause. Our goal was to determine the influence of CHKA genotype on hip-
pocampal volume and memory performance in postmenopausal women. We hypothesized that the presence of the effect alleles in 
either the rs6591331 (T) or rs10791957 (A) would be associated with decreased brain volumes driven by reduced PEMT-mediated 
phosphatidylcholine (PC) production, as PC is necessary for membrane health and neuronal plasticity. We hypothesized that 

Table 1 
Demographic Data. The means, standard deviations, and n values of relevant demographic measurements for the participants are outlined below. 
Subject data were grouped based on the number of effect alleles present in the CHKA rs6591331 genotype (T) or the CHKA rs10791957 genotype (A). 
No significant differences exist in demographic data among the CHKA genotypes of either SNP, or between SNPs (p ≤ .05) Abbreviations: Follicle 
Stimulating Hormone (FSH).  

A: rs6591331  

Homozygous A/A 
N = 15 

Heterozygous A/T 
N = 53 

Homozygous T/T 
N = 38 

Age (y) 55.3 (2.5) 56.5 (2.2) 55.9 (2.9) 
Years since Menopause (y) 7.6 (6.2) 5.3 (3.1) 6.0 (4.4) 
Education (y) 16.0 (2.7) 16.0 (2.4) 16.4 (2.1) 
FSH (IU/ml) 77.4 (25.7) 84.3 (25.3) 79.7 (23.1) 
Estradiol (pg/mL) 10.5 (7.1) 8.6 (6.1) 7.6 (6.0) 

B: rs10791957 

Rs10791957 Homozygous C/C 
N = 19 

Heterozygous C/A 
N = 54 

Homozygous A/A 
N = 33 

Age (y) 55.8 (2.4) 56.3 (2.4) 56.0 (2.9) 
Years since Menopause (y) 7.1 (5.6) 5.2 (3.1) 6.3 (4.5) 
Education (y) 16.2 (2.6) 16 (2.4) 16.3 (2.2) 
FSH (IU/ml) 76.2 (24.1) 85.0 (25.7) 79.3 (22.6) 
Estradiol (pg/mL) 9.5 (6.8) 8.9 (6.1) 7.3 (6.0)  
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memory performance would be impaired by the presence of the CHKA effect alleles because of the reduced availability of choline for 
acetylcholine production, as cholinergic signaling is a known regulator of neurological pathways involved in learning and memory. 

The results showed larger right hippocampal volumes in women who were homozygous for the CHKA rs6591331 T allele as 
compared to those who were homozygous for the A allele. The pattern of means for each genotype group revealed a dose-dependent 
trend, suggesting a positive relationship between hippocampal volume and the number of CHKA rs6591331 T alleles. Neuropsycho-
logical testing showed that the CHKA rs6591331 genotype was associated with delayed memory performance. Homozygous T/T 
women performed worse on delayed memory tasks when compared to heterozygous A/T and homozygous A/A women. These effects 
were limited to rs6591331 genotype. The rs10791957 effect allele did not significantly affect hippocampal volume or neuropsycho-
logical functioning. This warrants further examination of rs10791957-mediated regulation of choline distribution to the CDP-choline 
and PEMT pathways specifically in postmenopausal women, as our results imply that these effects may vary from those observed in 
premenopausal women. Overall, these data revealed the associations of the CHKA rs6591331 genotype with memory functioning and 
brain structure in postmenopausal women, a SNP that had only previously been correlated with organ dysfunction in women on a low 
choline diet after menopause [29]. 

Although our findings did not support the hypothesized positive association between hippocampal volume and neuropsychological 
performance, this is not the first study to report better cognition associated with smaller brain volumes. In postmenopausal APOE e4 
carriers, hippocampal volume was negatively associated with performance on non-memory cognitive measures [41]. In a study 
investigating hippocampal atrophy in Alzheimer’s disease, delayed verbal recall correlated negatively with hippocampal volume in 
healthy control subjects [42]. Meta-analyses have established three general perspectives that exist surrounding the relationship be-
tween hippocampal volume and memory ability [43]. Support is strong for perspectives that consider both development and the 
neuropsychological effects of aging and a number of studies contradict hypotheses built on an assumed association between larger 
brain volumes and stronger cognitive performance [43]. It is likely that a complex combination of the effects of development and aging 
explains the observed relationships between hippocampal volume and cognitive function in the postmenopausal women included in 
these previously published studies, as well as in our present results. 

Our findings described an observed effect of CHKA genotype on hippocampal structure and function driven by the effect allele 

Fig. 1. The effect of CHKA rs6591331 genotype on hippocampal volume 
Results were derived from the FreeSurfer hippocampal segmentation feature. Differences between subjects with a CHKA rs6591331 genotype of A/A 
(blue bar), A/T (purple bar), or T/T (pink bar) are illustrated for both the left and right hippocampi. (*p ≤ .05). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) ANOVA Results for rs6591331. The average RBANS scores for 
each of the five domains plus the total average score are presented by group below. Subject data were grouped based on the number of T effect alleles 
present in the CHKA rs6591331 genotype. The last column shows the p-value resulting from the ANOVA analysis of groups within each domain.  

Cognitive Domain Average Score Homozygous A/A Average Score 
Heterozygous A/T 

Average Score Homozygous T/T One-Way ANOVA p-value 

Immediate Memory 114.1 106.9 103.9 .074 
Visuo/Construct 116.4 114.9 114.0 .855 
Language 112.6 109.2 104.7 .070 
Attention 111.7 110.8 114.2 .436 
Delayed Memory 109.8 107.0 100.2 .034 
Total Average Score 119.8 114.4 110.1 .064  
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rs6591331, but not rs10791957, inviting further studies surrounding the mechanisms driving these novel associations. Our results may 
be explained by a CHKA rs6591331-dependent mechanism that compensates for decreased estrogen, and thus decreased bio-
synthesized phosphatidylcholine and choline, occurring during menopause. This proposed mechanism aligns with recently reported 
findings suggestive of an adaptive compensation mechanism in the nervous system of women undergoing the menopausal transition, a 
conclusion supported by grey matter volume recovery, in vivo brain mitochondria ATP production, and preserved neurocognitive 
function post-menopause (Mosconi et al., 2021). 

Prior studies suggest that low levels of choline may intrinsically heighten CHKA activity; indicating potential enzymatic activity 
increases in postmenopausal with limited choline synthesis capabilities [44]. The CHKA rs6591331 SNP is located in the first intron of 
the gene, a potential regulatory enhancer region [29]. Based on our findings, we anticipate that the T allele may further increase CHKA 
activity by promoting transcription of the enzyme. Put together, this information suggests that postmenopausal women with a CHKA 
rs6591331 T allele may have inherently increased CHKA enzymatic activity, which may promote the use of choline for the CDP-choline 
pathway in the brains of these individuals. The main product of this pathway is the highly abundant membrane component PC, which 
contributes to overall cell health and restores neuronal plasticity under inflammatory conditions, such as those observed in normal 
aging [8]. Typically, this compound is produced largely by the PEMT and CDP-Choline pathways; however, following menopause, PC 
production occurs largely through the CDP-Choline pathway, as activity of the PEMT pathway is limited by the low levels of estrogen 
observed in this state. We hypothesize that increased CHKA activity within the CDP-Choline pathway, driven by the CHKA rs6591331 T 
allele, leads to accumulation of PC in postmenopausal individuals with a T/T CHKA rs6591331 genotype. This accumulation promotes 
neuronal vitality and prevents atrophy in the hippocampus, thus explaining the larger hippocampal volumes observed in these 
subjects. 

In the central nervous system, choline for acetylcholine synthesis is derived from the breakdown of previously released acetyl-
choline or from PC. Thus, the synthesis of acetylcholine is ultimately limited by choline availability and may be affected by menopausal 
status or use of PC for other pathways [45,46]. Elevated enzymatic activity of CHKA, as further mediated by the effect allele of the 
rs6591331 SNP, may lead to a disproportionate use of PC for the prevention of neuronal atrophy in the hippocampus, leaving less 
available PC for acetylcholine synthesis. Acetylcholine is essential to processes involved in converting short-term memories for 
long-term storage, and low levels of the neurotransmitter are associated with impaired cognitive function. Based on these known 
associations, we anticipate that postmenopausal subjects with the CHKA rs6591331 effect allele may experience hippocampal PC 
accumulation combined with limited acetylcholine production, driving the observed increase in right hippocampal volume and decline 
in delayed memory performance observed in this group. 

This study included a relatively small number of subjects and examined the effect of one SNP on brain structure and function. Thus, 
using larger data sets to further investigate the association between menopausal symptoms and genes involved in choline metabolism 
may provide more insight into the mechanisms behind the relationship. Furthermore, the findings reported here were assessed from a 
single measurement time point. Thus, no conclusions can be made on changes in hippocampal volume or cognition throughout pre- 
peri- and postmenopausal states. Finally, this study examined the effects of one SNP on a singular brain region in well-characterized 
women. We acknowledge that the effect of CHKA genotype on hippocampal volume is not the single cause of individual differences in 

Fig. 2. The effect of CHKA rs6591331 genotype on delayed memory Results were derived from RBANS scores for delayed memory tasks. Differences 
in delayed memory performance between subjects who were homozygous A/A, heterozygous A/T, or homozygous T/T for CHKA rs6591331 are 
shown. (*p ≤ .05). 
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menopause. Rather, the present findings suggest that co-examining choline metabolism and menopause may reveal further infor-
mation about the variability seen in the onset of menopausal symptoms. These results support further investigation of CHKA genotype, 
enzymatic activity, PC accumulation, and acetylcholine availability in women throughout their lifetimes to yield additional under-
standing of the proposed compensation mechanism. 

5. Conclusion 

Estrogen supports many biological functions, including endogenous choline synthesis and hippocampal neurogenesis [23,47]. 
However, when estrogen levels drop during the menopausal transition, adaptations must be made to compensate for the decreased 
hormone levels. We examined how CHKA genotype contributed to variations in this postmenopausal compensation by comparing 
hippocampal volumes and neuropsychological function among subjects with zero, one, or two effect alleles for CHKA rs6591331 or 
rs10791957. Individuals with a rs6591331 T/T genotype had larger right hippocampal volumes but performed worse on delayed 
memory tasks when compared to individuals with an A allele. We suggest that the CHKA rs6591331 T allele contributes to a post-
menopausal compensation mechanism, possibly by increasing PC production to promote neuronal vitality and act as a protective factor 
against hippocampal atrophy. The use of PC for this mechanism may result in less available PC for acetylcholine production, explaining 
the lower delayed memory scores exhibited by rs6591331 T/T subjects. 
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