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Postmenopausal estrogen deficiency accelerates bone mineral density (BMD) decline, significantly
elevating the risk of osteoporotic fractures. Choline, a vital nutrient involved in lipid homeostasis

and inflammatory pathways, has been associated with skeletal health. Yet its role in preserving bone
density among postmenopausal populations, a group at high risk of osteoporosis, requires further
investigation. This study also examined the modifying effects of socioeconomic factors, including
income and race, on the relationship between dietary choline intake and BMD. Using data from

4,160 postmenopausal women aged 50 years and older from the National Health and Nutrition
Examination Survey (NHANES) 2007-2018, we employed weighted linear regression models to
characterize the dose-response relationship between total dietary choline intake and lumbar spine
BMD. In fully adjusted models, each 1 g/day increment in choline intake corresponded to a 0.082 g/
cm?increase in lumbar spine BMD (f: 0.082, 95% Cl: 0.025-0.139). Participants in the highest choline
intake quartile (Q4) exhibited a 0.025 g/cm? higher BMD compared to the lowest quartile (Q1) (B:
0.025, 95% Cl: (0.007, 0.042)). Stratified analyses revealed significant effect modifications by obesity
(P interaction=0.015), income (P interaction=0.003), and race (P interaction=0.039), with amplified
protective effects observed in obese individuals (B: 0.146, 95% Cl: 0.067-0.22), high-income subgroups
(PIR>4)(B: 0.121, 95% Cl: 0.013-0.228), and non-Hispanic Whites (p: 0.110, 95% Cl: 0.034—0.185).
This study demonstrates for the first time the positive association of dietary choline with BMD

in postmenopausal women, supporting the potential of choline-targeted nutrition strategies for
osteoporosis prevention and emphasizing the role of socioeconomic factors in influencing bone health
outcomes.

Keywords Dietary choline, Bone mineral density, Postmenopausal women, NHANES, Nutritional
intervention

Bone mineral density (BMD), recognized as a gold standard for assessing bone strength, is characterized by a
progressive decline that constitutes the central pathological feature of osteoporosis'. Postmenopausal women
experience a sharp decline in estrogen levels, which markedly accelerates BMD depletion. The risk of osteoporotic
fractures escalates when BMD falls below the diagnostic threshold (T-score < -2.5)23. Osteoporosis-related
fractures may lead to diminished quality oflife, increased fracture-associated mortality, and substantial healthcare
costs, with annual expenditures in the United States approximating $17.9 billion*>. However, early-stage bone
loss often remains clinically silent until osteoporotic fractures occur®. Therefore, identifying modifiable factors
influencing BMD in postmenopausal women is critical for refining osteoporosis risk assessment and advancing
targeted prevention strategies.

Choline, an essential dietary nutrient, is integral to multiple physiological processes. It underpins neural
signaling, lipid homeostasis, and inflammatory regulation, supporting human health from early to old age’™.
The National Institutes of Health (NIH) recommends a daily choline intake of approximately 425 mg for
postmenopausal women, a level considered sufficient to maintain critical functions such as liver health and
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neurological performance!®. Although prior research has delineated associations between total choline intake
and bone mineral density (BMD) in both elderly populations (=65 years) and adolescents 12, the dose-
dependent relationship between choline and BMD remains uncharacterized in postmenopausal women, the
highest-risk demographic for osteoporotic fractures. Potential socioeconomic modifiers, such as income and
racial disparities, have yet to be fully elucidated.

Here, we conducted a population-based cross-sectional study to quantify the association between total
dietary choline intake and lumbar spine BMD in postmenopausal women and explore the potential modifying
effects of socioeconomic factors.

Materials and methods
Data source and study population
The NHANES program, jointly administered by the Centers for Disease Control and Prevention (CDC) and
the National Center for Health Statistics (NCHS), employs a demographically stratified sampling framework to
evaluate health and nutritional metrics among community-dwelling U.S. residents. The cross-sectional initiative
integrates multimodal data acquisition strategies, including structured interviews, clinical examinations, and
biomarker analyses, to generate population-level health insights'®. Ethical oversight for all procedures was
provided by an institutional review board, with documented participant consent obtained before enrollment.
The current study analyzed data from the 2007-2018 NHANES cycles, excluding periods with missing bone
density measurements (2011-2012 and 2015-2016). From an initial pool of 40,115 participants, we excluded
individuals aged <50 years (N=28,163), males (N=5,870), those with missing or non-postmenopausal status
(N=1,187), those lacking lumbar spine BMD data (N=592), and those without dietary choline intake data
(N=143). The final analytical cohort comprised 4,160 postmenopausal women aged>50 years. A detailed
flowchart of exclusion criteria is provided in Fig. 1.

Total dietary choline intake

Total dietary choline intake was calculated as the mean of two 24-hour dietary recalls, including both dietary and
supplemental sources. Dietary intake was assessed using the USDA Automated Multiple-Pass Method, with the
first recall conducted in-person at a mobile examination center and the second via telephone within 3-10 days'*.
Supplemental choline intake was self-reported, including the type and quantity of all dietary supplements.

Lumbar spine BMD

Lumbar spine BMD was measured using dual-energy X-ray absorptiometry (DXA) by certified radiologic
technologists. The lumbar 1, lumbar 2, lumbar 3, and lumbar 4 vertebral BMDs were averaged to represent the
mean lumbar BMD for the outcome variable studied '°.

Definition of menopausal status
Menopausal status was determined via self-reported reproductive health questionnaires. Women who had not
menstruated for > 12 months due to natural menopause or hysterectomy were classified as postmenopausal'®.

Covariates
Covariates were collected through questionnaires, physical examinations, and laboratory tests, including:
Demographics: Age (<65, 265 years), race (Mexican American, Other Hispanic, Non-Hispanic White, Non-
Hispanic Black, Other Race)!”education (less than high school, high school, college or above), and poverty-to-
income ratio (PIR: <1, 1-4, >4). Lifestyle factors: Obesity (BMI > 30 kg/m?®), physical activity level (categorized
by intensity based on metabolic equivalent task [MET]-minutes per week: low moderate-to-vigorous physical
activity [LMVPA], 1-599 MET-mins/week; moderate moderate-to-vigorous physical activity [MMVPA], 600~
1199 MET-mins/week; and high moderate-to-vigorous physical activity [HMVPA], >1200 MET-mins/week),
diabetes (self-reported diagnosis, insulin/oral hypoglycemic use, fasting glucose > 7.0 mmol/L, or HbAlc>6.5%),
family history of osteoporosis, and glucocorticoid use. Dietary factors: Mean carbohydrate intake (pg/day),
mean dietary fiber intake (mg/day), and dairy consumption. Biochemical markers: Serum calcium (mg/dL),
creatinine (mg/dL), aspartate aminotransferase (U/L), alanine aminotransferase (U/L), alkaline phosphatase
(IU/L), and 25-hydroxyvitamin D3 (nmol/L).

Detailed covariate definitions and data collection procedures are provided in Supplementary Table 1. Missing
covariate data were imputed using mean substitution for normally distributed variables and median substitution
for non-normally distributed variables.

Statistical analysis

To account for the stratified probability sampling methodology employed in NHANES, we incorporated survey
weights to harmonize data across multiple collection waves, thereby enhancing the generalizability of findings
to the broader U.S. demographic. For analytical consistency, primary analyses employed the WTDRD2 (Dietary
two-day sample weight) weighting scheme, with WTDR1D (Dietary day one sample weight) weights serving as
a fallback for cases lacking follow-up dietary recall data.

First, baseline characteristics of the weighted population were analyzed using descriptive statistics, with
continuous variables expressed as means (standard errors) and categorical variables as percentages (95% CI)!8.
Comparative analyses employed weighted statistical tests: t-tests for continuous measures and chi-square tests
for categorical variables '°. Three regression models were then used to control for confounders: model 1 was
unadjusted, model 2 adjusted for age, race, education level, and proportion of families in poverty, and model
3 adjusted for age, race, education level, poverty/income ratio (PIR), obesity status, physical activity, diabetes,
family history of osteoporosis, glucocorticoid use, dairy consumption, average carbohydrate intake (mg/d),
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Fig. 1. Flowchart of the selection in this study.

average dietary fiber intake (mg/d), and serum calcium (mg/dL), blood creatinine (mg/dL), aspartate transferase

(U/L), alanine transferase (U/L), alkaline phosphatase (IU/L), and serum 25-vitamin D3 (nmol/L).

To mitigate the potential impact of extreme values on the robustness of results across choline intake quartiles,
outliers in dietary choline intake were identified and excluded using the interquartile range (IQR) method, a
standard approach in nutritional epidemiology to enhance data validity and reduce bias?’. Sensitivity analyses

were conducted subsequently to verify the stability of observed associations after outlier exclusion®!.
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Additionally, smoothed curves were then fitted to assess whether there was a nonlinear relationship between
total choline intake and mean lumbar spine BMD, with all covariates controlled. Subgroup analyses were
conducted to evaluate potential interactions between dietary choline intake and key covariates, including age,
race, household income, obesity status, physical activity level, dairy consumption, glucocorticoid use, family
history of osteoporosis, and diabetes. All statistical analyses were performed using R Studio (version 4.2.2) and
EmpowerStats (version 4.2), with statistical significance defined as P<0.05.

Results

Participant characteristics

This study included 4,160 postmenopausal women aged>50 years, with the weighted sample representing
182 million U.S. postmenopausal women. Weighted baseline characteristics are presented in Table 1. Among
the weighted population, 55.31% were aged <65 years, and 43.66% were =65 years. The mean lumbar spine
BMD in the weighted population was 0.95 g/cm?. Participants were stratified into quartiles based on dietary
choline intake. Significant differences (P<0.05) were observed across quartiles for poverty-to-income ratio,
education level, race, dairy consumption, dietary carbohydrate intake, dietary fiber intake, serum creatinine,
and alkaline phosphatase. Compared to the lowest quartile (Q1), the highest quartile (Q4) exhibited distinct
sociodemographic and metabolic profiles: higher income (41.25% with PIR > 4), higher education (63.89% with
college or above), predominance of non-Hispanic Whites (76.23%), and greater intake of dietary fiber and dairy
products (all P<0.01). No significant differences were observed for age, obesity status, glucocorticoid use, family
history of osteoporosis, physical activity level, diabetes, serum calcium, aspartate aminotransferase, alanine
aminotransferase, or serum 1,25-dihydroxyvitamin D3 (all P>0.05).

Association between dietary choline intake and lumbar spine BMD

In Table 2, we used three linear regression models to examine the independent association between total choline
intake and lumbar spine BMD. Model 1 (unadjusted) revealed a significant positive association (p: 0.101, 95%
CI: 0.034-0.167), which persisted in Model 2 (adjusted for demographic variables: B: 0.090, 95% CI: 0.026-
0.155) and Model 3 (fully adjusted for all covariates: B: 0.082, 95% CI: 0.025-0.139). These findings indicate that
each 1 g/day increase in dietary choline intake was associated with a 0.082 g/cm? increase in lumbar spine BMD.
Quartile-based analyses yielded consistent results, with the highest quartile (Q4) showing a 0.025 g/cm? higher
BMD compared to the lowest quartile (Q1) (B: 0.025, 95% CI: 0.007-0.042; P for trend =0.0234).

Considering that extreme values might affect the robustness of the results, sensitivity analyses were
performed excluding outliers identified by the interquartile range (IQR) method. These sensitivity analyses
produced results consistent with the primary findings, reinforcing that the observed associations are stable and
not unduly influenced by extreme dietary choline intake. Detailed results from these analyses are provided in
Supplementary Table 2.

Additionally, the smoothed curve-fitting results further demonstrated a positive correlation between total
choline intake and mean BMD of the lumbar spine (Fig. 2).

Subgroup analyses

Finally, subgroup analyses evaluated the stability of the choline-BMD association across population strata,
stratified by age, PIR, education level, obesity status, physical activity level, dairy consumption, glucocorticoid
use, family history of osteoporosis, and diabetes. Significant interactions were observed for obesity status
(Pinteraction =0.015), race (Pinteraction =0.039), and income level (Pinteraction =0.003) in Table 3. Specifically,
stronger associations were observed in non-Hispanic Whites (f: 0.110, 95% CI 0.034, 0.185), obese individuals
(B: 0.146, 95% CI: 0.067, 0.22), and high-income groups (PIR >4)(f: 0.121, 95% CI 0.013, 0.228). No significant
interactions were detected for age, physical activity, or diabetes (all Pinteraction >0.05).

Discussion

In this cross-sectional study of 4,160 postmenopausal women, we found that total dietary choline intake—
whether analyzed as a continuous or categorical variable—was positively and linearly associated with lumbar
spine bone mineral density (BMD) in fully adjusted models. Notably, subgroup analyses revealed significant
metabolic and population heterogeneity in this association, with stronger effects observed in obese individuals,
high-income groups, and non-Hispanic Whites. These findings provide critical evidence for precision nutrition
interventions targeting osteoporosis in postmenopausal women.

Choline, an essential nutrient, serves as a key component of phosphatidylcholine and a precursor to the
neurotransmitter acetylcholine. It plays a central role in lipid homeostasis, membrane integrity, and inflammatory
regulation®. Recent studies have explored the relationship between choline and bone health. For instance, a
cross-sectional analysis of NHANES 2005-2018 data identified a positive association between dietary choline
intake and BMD in male adolescents, suggesting that choline supplementation may support bone development
during growth '2. Similarly, an analysis of NHANES 2005-2010 data found that low dietary choline intake was
an independent risk factor for osteoporosis in older U.S. adults (> 65 years)!!. However, these studies did not
focus on postmenopausal women, the group with the most rapid bone loss, nor did they examine socioeconomic
modifiers (e.g., income, race) of choline’s effects.

Our study quantified the relationship between dietary choline intake and lumbar spine bone mineral density
(BMD) in postmenopausal women, showing that for every 1 g increase in choline intake, BMD increased by
0.082 g/cm?. It is well known that one large egg contains approximately 147 mg of choline; therefore, consuming
about two-thirds of a large egg per day (roughly 100 mg of choline) corresponds to an approximate increase
of 0.0082 g/cm? in BMD. The clinical significance of an increase of 0.0082 g/cm* in BMD warrants further
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Dietary choline(mg/d) P-value
Characteristics Total QI (16.20-183.95) | Q2 (184.15-247.35) | Q3 (247.40-330.40) | Q4 (330.59-1099.95)
No. of participants in sample 4160 1039 1040 1041 1040
No. of total people 182,350,085 39,290,035 44,634,237 46,934,151 51,491,662
Age, %(95%CI) 0.7801
<65 55.31(49.59,60.89) | 55.31 (49.59,60.89) | 57.18 (52.88,61.38) | 54.88 (50.09,59.57) | 57.74 (53.86,61.52)
265 43.66 (41.50,45.84) | 44.69 (39.11,50.41) | 42.82 (38.62,47.12) | 45.12 (40.43,49.91) | 42.26 (38.48,46.14)
PIR,%(95%CI) 0.0046
<1 10.04 (8.74,11.52) | 11.50 (9.05,14.51) | 12.00 (9.55,14.97) | 7.77 (6.16,9.77) 931 (7.10,12.12)
1-4 54.12 (51.30,56.91) | 58.25 (52.94,63.38) | 54.24 (49.02,59.37) | 55.67 (50.17,61.04) | 49.44 (44.64,54.26)
>4 35.84 (32.78,39.02) | 30.25 (25.53,35.42) | 33.76 (29.33,38.50) | 36.55 (31.43,42.00) | 41.25 (35.94,46.76)
Education level,%(95%CI) <0.0001
Under high school 5.86 (4.80,7.15) 9.16 (6.97,11.96) | 6.03 (4.44,8.13) 5.02 (3.69,6.80) 3.97 (2.72,5.76)
Completed high school 37.13(34.84,39.48) | 45.30 (39.86,50.85) | 39.84 (34.83,45.08) | 33.18 (28.87,37.78) | 32.14 (27.71,36.92)
Above high school 57.01 (54.70,59.29) | 45.54 (40.49,50.69) | 54.13 (49.06,59.11) | 61.80 (57.36,66.06) | 63.89 (58.88,68.61)
Race,%(95%CI) 0.0005
Mexican American 5.16 (3.79,6.99) 6.08 (4.12,8.89) 5.74 (4.07,8.05) 5.60 (3.97,7.83) 3.55 (2.37,5.29)
Other Hispanic 4.35 (3.44,5.49) 5.50 (3.80,7.90) 4.03 (3.01,5.38) 3.20 (2.15,4.75) 4.80 (3.24,7.06)
Non-Hispanic White 73.90 (70.41,77.11) | 67.47 (62.54,72.04) | 76.68 (73.02,79.99) | 74.08 (69.53,78.15) | 76.23 (71.35,80.51)
Non-Hispanic Black 10.00 (8.33,11.96) | 12.80 (10.32,15.77) | 9.18 (7.17,11.68) 10.32(8.15,12.99) | 8.27 (6.32,10.77)
Other Race 6.59 (5.30,8.17) 8.15(5.24,12.48) | 4.36 (2.93,6.45) 6.81 (4.88,9.41) 7.14 (5.11,9.90)
Obesity,%(95%CI) 0.1112
No 58.55(56.01 ,61.04) | 58.93 (54.05,63.64) | 58.53 (54.42,62.53) | 62.32 (57.44,66.95) | 54.83 (50.00,59.58)
Yes(BMI = 30) 41.4(38.96 ,43.99) | 41.07 (36.36,45.95) | 41.47 (37.47,45.58) | 37.68 (33.05,42.56) | 45.17 (40.42,50.00)
OPA)lgsSlocA)aé?)ctwny level, 03257
LMVPA ) 39.74 (37.38,42.15) | 43.98 (38.81,49.29) | 36.00 (32.19,40.00) | 38.52 (33.28,44.04) | 40.86 (36.21,45.68)
(1-599 MET-mins/week)
?ggg}’fgg MET-mins/week) 9.43(8.27,10.75) | 1053 (7.22,15.10) | 8.80 (6.06,12.60) 9.44 (7.11,12.42) 9.15 (6.83,12.16)
FMVPA ) 50.82 (48.07,53.58) | 45.49 (40.91,50.15) | 55.20 (50.22,60.08) | 52.04 (46.57,57.46) | 49.99 (45.40,54.59)
(21200 MET-mins/week)
go/[(léks‘%r((:)guct consumption, <0.0001
Never (0 times / month) 20.01 (18.25,21.88) | 24.85 (21.09,29.03) | 24.78 (20.36,29.80) | 17.84 (14.18,22.20) | 14.14 (11.39,17.43)
Rarely (1-6 times / month) 16.22 (14.80,17.75) | 20.70 (17.38,24.48) | 15.18 (11.73,19.42) | 13.66 (10.66,17.34) | 16.04 (12.86,19.84)
Sometimes (7-11times/month) 25.86 (23.97,27.84) | 26.93 (22.47,31.92) | 25.99 (22.14,30.26) | 25.81 (21.43,30.73) | 24.96 (21.12,29.24)
Often (12-30 times / month) 37.42 (34.67,40.25) | 27.12 (23.28,31.34) | 33.92(28.98,39.24) | 41.68 (36.34,47.23) | 44.42 (39.23,49.73)
Daily (=31 times / month) 0.50 (0.17,1.41) 0.39 (0.14,1.07) 0.13 (0.02,0.75) 1.01 (0.18,5.43) 0.43 (0.20,0.93)
Glucocorticoid,%(95%CI) 0.2183
No 91.00 (89.47,92.33) | 88.46 (84.64,91.43) | 91.67 (88.42,94.07) | 92.60 (90.02,94.55) | 90.92 (87.63,93.40)
Yes 9.00 (7.67,10.53) | 11.54 (8.57,15.36) | 8.33 (5.93,11.58) 7.40 (5.45,9.98) 9.08 (6.60,12.37)
OFA)a(rélsl}%élgtory of osteoporosis, 02751
No 78.71 (76.51,80.75) | 80.85 (76.73,84.38) | 76.00 (71.52,79.98) | 77.15 (72.23,81.43) | 80.83 (75.87,84.97)
Yes 21.29 (19.25,23.49) | 19.15 (15.62,23.27) | 24.00 (20.02,28.48) | 22.85 (18.57,27.77) | 19.17 (15.03,24.13)
Diabetes,%(95%CI) 0.1267
No 79.42 (77.24,81.43) | 76.60 (72.75,80.06) | 77.93 (74.61,80.93) | 81.68 (78.06,34.83) | 80.79 (76.49,84.46)
Yes 20.58 (18.57,22.76) | 23.40 (19.94,27.25) | 22.07 (19.07,25.39) | 18.32 (15.17,21.94) | 19.21 (15.54,23.51)
;“e‘::?gg)MD(g/ em’), 0.95 (0.00) 0.93(0.01) 0.95(0.01) 0.96 (0.01) 0.96 (0.01) 0.0024
gfatﬁr(ysg)arb"hydme(mg/ ), 207.00 (2.60) 159.86(2.64) 198.79(3.33) 219.39(4.69) 238.8 (6.10) <0.0001
Dietary fiber(mg/d), mean (SE) 15.61 (0.25) 11.18 (0.27) 14.55 (0.33) 16.88 (0.34) 18.76 (0.44) <0.0001
ngf(cs%i“m(mg/ dL), 9.47 (0.01) 9.49 (0.02) 9.46 (0.02) 9.47 (0.02) 9.47 (0.03) 0.5287
Serum creatinine(mg/dL), 0.83 (0.00) 0.85 (0.01) 0.85 (0.01) 0.82 (0.01) 0.80 (0.01) 0.0003
mean (SE)
ALP(IU/L), mean (SE) 75.72 ( 0.56) 78.78 (1.19) 74.65 (0.81) 74.48 (1.10) 75.44 (1.39) 0.0072
ALT(U/L), mean (SE) 21.87 (0.29) 21.22 (0.67) 21.74 (0.50) 21.43 (0.44) 22.89 (0.56) 0.1782
Continued

Scientific Reports|  (2025) 15:23483 | https://doi.org/10.1038/s41598-025-08891-6 nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Dietary choline(mg/d) P-value
Characteristics Total Q1 (16.20-183.95) | Q2 (184.15-247.35) | Q3 (247.40-330.40) | Q4 (330.59-1099.95)
AST(U/L), mean (SE) 24.23(0.27) 24.04 (0.76) 24.87 (0.45) 23.81(0.38) 24.20 (0.46) 0.363
Serum 25(OH)D3(nmol/L), mean (SE) | 72.88 (1.34) 71.85(2.29) 74.79 (1.91) 72.18 (1.65) 72.65 (1.84) 0.4934

Table 1. Weighted characteristics of the study population based on dietary choline. Mean(SE) for continuous
variables: the p—value was calculated by the weighted linear regression model. % (95% CI) for categorical
variables: a weighted proportion. The p—value was calculated by the weighted chi—square test. Q, quartile;

PIR, ratio of family income to poverty; BMI, body mass index; LMVPA, low moderate—to—vigorous physical
activity; MMVPA, moderate moderate—to—vigorous physical activity; HMVPA, high moderate—to—vigorous
physical activity; BMD, bone mineral density; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
ALP, alkaline phosphatase; Serum 25(OH)D3, 25—hydroxyvitamin D3.

Dietary Choline (Cases/participants) | Model 1 [ (95% CI)] | P value | Model 2 [ (95% CI)] | P value | Model 3 [B (95% CI)] | P value
Continuous variable (per 1 g) 0.101 (0.034, 0.167) 0.0043 | 0.090 (0.026, 0.155) 0.0085 | 0.082 (0.025, 0.139) 0.0077
Quartile

Q1 Reference Reference Reference

Q2 0.026 (0.003, 0.049) 0.0305 | 0.022 (- -0.001, 0.046) | 0.0712 | 0.021 (0.001, 0.042) 0.0490
Q3 0.030 (0.008, 0.052) 0.0093 | 0.026 (0.004, 0.048) 0.0245 | 0.030 (0.010, 0.050) 0.0059
Q4 0.034 (0.013, 0.054) 0.0020 | 0.029 (0.010, 0.049) 0.0051 | 0.025 (0.007, 0.042) 0.0085
P for trend 0.0077 0.0169 0.0234

Table 2. Association of dietary choline(g/d) with lumbar BMD(g/cm?)among participants in the NHANES
2007-2018 cycle. Model 1: no covariates were adjusted. Model 2: Age, PIR, Education level, and Race were
adjusted. Model 3: Age, PIR, Education level, Race, Obesity, Physical activity level, Milk product consumption,
Glucocorticoid, Family history of osteoporosis, Diabetes, Dietary Carbohydrate, Dietary fiber, Blood calcium,
Serum creatinine, ALP, ALT, AST, Serum 25(OH)D were adjusted.
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Fig. 2. Association between Lumbar BMD(g/cm?) and Dietary choline(g/d) (The solid red line represents the
smooth curve fit between variables).

discussion. Notably, a previous study demonstrated that an increase in BMD as small as 0.01 g/cm” is associated
with a significant reduction in hip fracture risk?2. This suggests that an additional daily intake equivalent to two-
thirds of an egg, resulting in a BMD increase of 0.0082 g/cm’, may have clinically meaningful benefits. Other
foods, such as chicken liver and beef liver—each containing approximately 356 mg of choline per 3 ounces—
can also substantially contribute to choline intake and potentially further improve bone density. However, the
current study did not include fracture data, which limits our ability to assess whether the observed increases
in BMD translate into reduced fracture rates. Future studies incorporating fracture outcomes are warranted to
better evaluate the clinical relevance of these findings.

This study establishes the first evidence of a positive dose-response relationship between dietary choline
intake and lumbar spine bone mineral density (BMD) in postmenopausal women, though the mechanistic
underpinnings require further elucidation. Current evidence points to choline’s multifactorial skeletal protection
through interconnected biological pathways. Functioning as a betaine precursor, choline contributes to one-
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Subgroup Adjusted B (95%CI) P-value | P for interaction
Age 0.4566
<65 0.100 (0.025, 0.176) 0.0139

>65 0.056 (-0.031, 0.143) 0.2164

PIR 0.0026
<1 -0.123 (-0.244, -0.002) 0.0540

>1,<4 0.099 (0.033, 0.164) 0.0057

>4 0.121 (0.013, 0.228) 0.0348

Education level 0.1660
Under high school -0.053 (-0.234, 0.129) 0.5730
Completed high school 0.053 (-0.036, 0.141) 0.2519

Above high school 0.114 (0.044, 0.184) 0.0033

Race 0.0392
Mexican American -0.048 (-0.156, 0.059) 0.3844

Other Hispanic 0.139 (-0.043, 0.321) 0.1443
Non-Hispanic White 0.110 (0.034, 0.185) 0.0082
Non-Hispanic Black -0.016 (-0.126, 0.095) 0.7821

Other Race 0.015 (-0.123, 0.154) 0.8299

Obesity 0.0149
No 0.032 (-0.036, 0.100) 0.3632

Yes 0.146 (0.067, 0.226) 0.0010

Physical activity level 0.3799
LMVPA (1-599 MET-mins/week) 0.071 (-0.004, 0.145) 0.0723

MMVPA (600-1199 MET-mins/week) | 0.184 (0.036, 0.331) 0.0205

HMVPA (= 1200 MET-mins/week) 0.070 (-0.023, 0.164) 0.1509

Milk product consumption 0.6121
Never (0 times/month) 0.050 (-0.062, 0.163) 0.3852

Rarely (1-6 times/month) 0.117 (-0.070, 0.304) 0.2300
Sometimes (7-11 times/month) 0.104 (0.016, 0.193) 0.0283

Often (12-30 times/month) 0.069 (-0.018, 0.156) 0.1325

Daily (=31 times/month) -0.215(-0.631, 0.201) 0.3192
Glucocorticoid 0.7299
No 0.078 (0.015, 0.141) 0.0205

Yes 0.116 (-0.077, 0.310) 0.2479

Family history of osteoporosis, 0.5738
No 0.074 (0.016, 0.132) 0.0179

Yes 0.116 (-0.025, 0.256) 0.1160

Diabetes 0.2099
No 0.059 (-0.007, 0.125) 0.0867

Yes 0.161 (0.023, 0.300) 0.0291

Table 3. Subgroup analyses of the association between lumbar BMD(g/cm?) and dietary choline(mg/d).

carbon metabolism, facilitating homocysteine remethylation and thereby reducing serum homocysteine levels—a
recognized biomarker associated with accelerated bone loss and fracture risk?’. This metabolic pathway may be
especially relevant in postmenopausal women, where estrogen depletion suppresses phosphatidylethanolamine
N-methyltransferase (PEMT) activity, as shown in preclinical studies, leading to increased reliance on dietary
choline to sustain bone remodeling homeostasis*’. Furthermore, choline may mitigate estrogen deficiency-
induced pro-inflammatory states—marked by elevated TNF-a and IL-6—by inhibiting NF-xB/MAPK
signaling pathways, thereby reducing inflammation-driven osteoclastogenesis 2°. Therefore, estrogen may be
a potential modulator of the relationship between dietary choline intake and bone mineral density (BMD) in
postmenopausal women. However, due to insufficient estrogen data in the current cycle, further analysis could
not be performed. This presents an important avenue for future research.

Our subgroup analyses revealed that obesity significantly modified the association between dietary choline
intake and lumbar spine BMD. This may be explained by higher endogenous estrogen production in obese
individuals due to increased aromatase activity in adipose tissue, which converts androgens to estrogens, thereby
supporting bone maintenance?®. This biological mechanism offers a plausible explanation for the significant
interaction between obesity and the choline-BMD relationship. Additionally, we observed significant interactions
by race and socioeconomic status. Higher choline intake among African Americans, along with genetic and
metabolic differences, may influence BMD outcomes?”28, Moreover, greater access to choline-rich foods and
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supplements in higher-income groups could amplify osteoprotective effects 2°. These findings highlight the
complex interplay of hormonal, genetic, metabolic, and socioeconomic factors in modulating choline’s impact
on bone health, underscoring the need for tailored nutrition strategies.

This study benefits from several methodological strengths, including the use of the nationally representative
NHANES database, a large sample size (N=4,160), and complex survey weighting to ensure generalizability
to the U.S. postmenopausal population. The robust adjustment for demographic, socioeconomic, lifestyle, and
biochemical confounders enhances the validity of the observed association.

However, several limitations should be acknowledged. First, the cross-sectional design precludes causal
inferences, and reliance on 24-hour dietary recalls for estimating choline intake may introduce measurement
errors, particularly due to dietary variability. Self-reported dietary data are susceptible to recall and reporting
biases, potentially resulting in over- or underestimation of actual choline intake. This limitation is inherent in the
24-hour recall methodology employed in NHANES?®. Secondly, the limited availability of estradiol data prevented
subgroup analyses based on estrogen levels, which may have modulated the relationship between choline intake
and bone mineral density (BMD). This highlights the need for future research to explore the role of estrogen
deficiency in this association. Finally, residual confounding from unmeasured genetic or environmental factors
may persist despite comprehensive covariate adjustment. Future studies should prioritize longitudinal designs
incorporating objective biomarkers of choline metabolism (e.g., plasma phosphatidylcholine) and repeated
dietary assessments to establish temporality. Furthermore, Mendelian randomization approaches could help
disentangle confounding factors and provide stronger evidence for precision nutrition interventions aimed at
osteoporosis prevention.

Conclusions

The cross-sectional study is the first to demonstrate a significant linear dose-response relationship between total
dietary choline intake and lumbar spine bone mineral density (BMD) in postmenopausal women aged > 50 years
(B=0.082, 95% CI: 0.025-0.139). The association was particularly pronounced in obese individuals (f=0.146),
high-income subgroups (PIR>4; B=0.121), and non-Hispanic Whites (f=0.110). These findings suggest that
optimizing dietary choline intake may serve as a cost-effective intervention strategy for improving bone health
in postmenopausal women.

Data availability
All NHANES data for this study are publicly available and can be found here: https://www.cdc.gov/nchs/nhanes.
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