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Highlights 17 

- Low plasma TMAO is associated with vitamin D deficiency in Chinese adults. 18 

- Per 1-SD higher logTMAO, 25(OH)D was 2.18 ng/mL higher. 19 

- Vitamin D deficiency prevalence decreased from 60.3% to 33.9% with increasing 20 

TMAO. 21 

- The TMAO–vitamin D association weakened with increasing BMI. 22 
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Abstract 23 

Background & aims: Trimethylamine N-oxide (TMAO), a gut microbiota-derived 24 

metabolite, has been studied predominantly in relation to adverse outcomes at high 25 

concentrations, whereas the health relevance of low circulating TMAO remains largely 26 

unexplored. Because fatty fish provides both preformed TMAO and vitamin D, we 27 

postulated that plasma TMAO is positively associated with circulating 25-28 

hydroxyvitamin D [25(OH)D]. 29 

Methods: We cross-sectionally analyzed 621 adults undergoing health examinations 30 

(median age 52.0 years; 52.7% men), using multivariable linear regression of serum 31 

25(OH)D on plasma TMAO (per 1-SD logTMAO; quartiles), restricted cubic splines 32 

for dose–response, and likelihood ratio tests for BMI effect modification. 33 

Results: Median TMAO was 170.3 ng/mL (IQR 116.1–247.1); mean 25(OH)D was 34 

22.1 ± 11.7 ng/mL. Adjusted for age, sex, BMI, and season, each 1-SD higher 35 

logTMAO was associated with 2.18 ng/mL higher 25(OH)D (95% CI 1.29–3.07), and 36 

Q4 vs Q1 differed by 4.56 ng/mL (2.05–7.07; both P < 0.001); across TMAO percentile 37 

bands, mean 25(OH)D rose from 20.1 to 29.8 ng/mL and deficiency prevalence fell 38 

from 60.3% to 33.9%. The association was nonlinear (P for nonlinearity = 0.018) and 39 

modified by BMI (P for interaction = 0.018): positive in normal-weight and overweight 40 

participants but attenuated, with a reversed point estimate, in obesity. It remained 41 

positive after excluding participants with obesity, high-leverage observations, and renal 42 

impairment. 43 

Conclusions: In Chinese adults, lower plasma TMAO was associated with lower 44 
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circulating 25(OH)D, with BMI-dependent effect modification. Together with the 45 

established harms of high TMAO concentrations, these findings motivate a U-shaped 46 

TMAO–health hypothesis that awaits prospective confirmation. 47 

Keywords: trimethylamine N-oxide; vitamin D; 25-hydroxyvitamin D; body mass 48 

index; gut microbiota. 49 

 1. Introduction 50 

Vitamin D deficiency is highly prevalent worldwide[1,2] and is associated with 51 

musculoskeletal disorders[3,4], cardiometabolic disease and all-cause mortality[5,6], 52 

and immune dysfunction[7,8], although large supplementation trials have yielded 53 

mixed cardiovascular results[9,10]. In Chinese adults, more than half have insufficient 54 

25-hydroxyvitamin D[25(OH)D] levels[11,12]; identifying modifiable and metabolism-55 

related determinants of vitamin D status is therefore of substantial public health 56 

importance[13,14]. 57 

Trimethylamine N-oxide (TMAO) is a small amine oxide derived from dietary choline, 58 

carnitine, and betaine. Its production involves sequential metabolism by the gut 59 

microbiota and the liver[15,16]. Early work linked elevated circulating TMAO to 60 

higher cardiovascular risk[17], and subsequent meta-analyses have summarized its 61 

associations with a wide range of health outcomes[18]. Since then, a growing body of 62 

evidence has specifically implicated high TMAO levels in heart failure[19–21], chronic 63 

kidney disease (CKD) progression[22–24], type 2 diabetes and its renal 64 

complications[25–27], and all-cause mortality[28–30]. Additional studies have 65 

reported associations with hypertension, stroke, and abdominal aortic aneurysm[31–66 
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33]. This evidence has focused research almost exclusively on the upper end of the 67 

TMAO distribution. 68 

In contrast, the health relevance of low circulating TMAO has received little attention. 69 

TMAO is abundant in fish and seafood[34,35], which are also among the few natural 70 

dietary sources of vitamin D[4,36]. In free-living adults, circulating TMAO tracks with 71 

habitual diet and gut microbial ecology[37]; low TMAO concentrations may therefore 72 

reflect a dietary pattern or gut microbial phenotype that simultaneously limits vitamin 73 

D intake or compromises vitamin D status. Direct evidence linking vitamin D with 74 

TMAO is limited but suggestive: vitamin D–based supplementation lowered plasma 75 

TMAO in a small randomized trial, more so with added B vitamins[38]; cholecalciferol 76 

supplementation reduced circulating TMAO in obese, vitamin D-deficient adults[39]; 77 

and vitamin D repletion lowered plasma TMAO in mice by reshaping the gut 78 

microbiota[40]. To our knowledge, no study in a general health-examination setting has 79 

examined the TMAO–vitamin D association. The only previous observational study, 80 

conducted in 104 adults recruited at an Italian university endocrinology unit 81 

(outpatients, hospital volunteers, and employees; 54% with obesity), reported an 82 

inverse association (r = −0.59) that was no longer significant after adjustment for the 83 

fatty liver index, a surrogate of nonalcoholic fatty liver disease[41]; however, that 84 

analysis was not adjusted for BMI, and the association within non-obese individuals 85 

was not separately reported. 86 

We therefore performed a cross-sectional analysis among participants undergoing 87 

routine health examinations, examining the association between plasma TMAO and 88 
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25(OH)D. As a secondary analysis, we further assessed whether this association was 89 

modified by BMI, given that the inverse association in that study appeared to 90 

strengthen across increasing BMI classes[41].  91 

 2. Materials and methods 92 

2.1. Study population 93 

All participants were recruited from the Department of Health Management at the Third 94 

Xiangya Hospital of Central South University, a tertiary medical center in Changsha, 95 

China. The source population consisted of 662 consecutive examinees (aged ≥18 years) 96 

who underwent both plasma TMAO and serum 25(OH)D measurement between 97 

January and July 2026, all of whom completed baseline physical examinations that 98 

included measurements of blood pressure, hepatic and renal function, and serum lipid 99 

levels. After exclusion of participants with a history of malignant neoplasm (n = 12), 100 

650 remained; further exclusion of severe hepatic impairment (ALT/AST>120 U/L, n = 101 

2) left 648; and exclusion of those missing covariate information required for the 102 

prespecified models (age, sex, BMI, or examination season; n = 27) yielded a final 103 

analytic sample of 621 adults (Supplementary Fig. S1). Because these participants 104 

lacked the covariates used in the adjusted analyses by definition, a formal comparison 105 

of included versus excluded participants was not undertaken. This study was approved 106 

by the Independent Ethics Committee of the Third Xiangya Hospital of Central South 107 

University (Approval No. 25955). The study was conducted in accordance with the 108 

Declaration of Helsinki, and written informed consent was obtained from all 109 

participants. 110 
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2.2. Laboratory and clinical measurements 111 

Demographic characteristics and self‑reported medical and family history were 112 

collected using standardized questionnaires; dietary intake, supplement use, and sun 113 

exposure were not systematically recorded. Venous blood samples were obtained after 114 

an overnight fast and analyzed as soon as possible after collection. Laboratory assays, 115 

including serum creatinine, fasting glucose, uric acid, alanine aminotransferase, total 116 

cholesterol, and triglycerides, were performed by certified personnel in the hospital’s 117 

central laboratory according to standard operating procedures. Serum total 25(OH)D 118 

concentrations were measured by two-dimensional ultra-high-performance liquid 119 

chromatography (2D-UHPLC). Plasma TMAO concentrations were measured using a 120 

TMAO assay kit by liquid chromatography‑tandem mass spectrometry (LC‑MS/MS) 121 

(Changsha Duxact Biotech Co., Ltd.). TMAO concentrations are reported in ng/mL. 122 

Estimated glomerular filtration rate (eGFR) was calculated using the 2021 CKD‑EPI 123 

equation without race[42]. 124 

2.3. Definition of vitamin D status 125 

The primary outcome was continuous 25(OH)D (ng/mL), a recognized biomarker of 126 

overall vitamin D status.  127 

Vitamin D deficiency was defined as 25(OH)D < 20 ng/mL, in accordance with the 128 

2011 Endocrine Society clinical practice guideline[4]; severe deficiency was 129 

prespecified as < 10 ng/mL (25 nmol/L) for descriptive purposes. 25(OH)D was 130 

categorized as severe deficiency (<10 ng/mL), deficiency (10 to <20 ng/mL), 131 

insufficiency (20 to <30 ng/mL), and sufficiency (≥30 ng/mL). 132 
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2.4. Covariates 133 

Age (years, continuous), sex (female/male), BMI (kg/m², continuous), and season 134 

(spring: March–May; summer: June–August; autumn: September–November; winter: 135 

December–February). Season was included because cutaneous vitamin D synthesis 136 

depends strongly on solar exposure and 25(OH)D concentrations vary seasonally in 137 

Chinese populations[43–45]. eGFR was treated as a sensitivity covariate rather than a 138 

core confounder, because TMAO is renally cleared and may lie on the causal 139 

pathway[22,23]. TMAO was natural-log transformed (skewness decreased from 7.0 to 140 

0.3; Supplementary Figure S2) and standardized (per 1-SD increment). BMI was 141 

modeled both continuously and categorically using Chinese cutoffs: normal weight 142 

(<24), overweight (24–<28), and obesity (≥28 kg/m²)[46]. 143 

2.5. Statistical analysis 144 

Skewed continuous variables were summarized as median (interquartile range [IQR]), 145 

approximately symmetric continuous variables as mean ± SD, and categorical variables 146 

as n (%). Between-group comparisons used the Wilcoxon rank-sum test (continuous 147 

variables) and the χ² test (categorical variables; Fisher's exact test when expected 148 

frequencies were small). Baseline characteristics were tabulated by vitamin D 149 

deficiency status. 150 

The primary analysis used multivariable linear regression with continuous 25(OH)D as 151 

the outcome. Differences in 25(OH)D (β, 95% CI) were reported per 1-SD increment in 152 

logTMAO and by TMAO quartile (Q1 lowest = reference) across three nested models: 153 

unadjusted; model 1 (age, sex); and model 2 (plus BMI and season). β and 95% CI 154 
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were computed from the fitted regression models, with confidence intervals based on 155 

the t distribution. A cumulative adjustment ladder (M1–M5) is provided in 156 

Supplementary Table S1. Dose–response was assessed by (i) mean 25(OH)D across six 157 

TMAO percentile bands (<P10 to ≥P90), reporting both mean 25(OH)D and the 158 

prevalence of vitamin D deficiency within each band (unadjusted linear trend tests), 159 

and (ii) restricted cubic splines with 3 interior knots (4 degrees of freedom) at the 25th, 160 

50th, and 75th percentiles of log-transformed TMAO for 25(OH)D on logTMAO in 161 

multivariable linear models, with nonlinearity tested against the linear model by F test 162 

(Fig. 1). 163 

Effect modification by BMI was assessed by likelihood ratio interaction tests 164 

comparing models with and without a logTMAO × BMI product term. The primary 165 

interaction test used continuous BMI (1 degree of freedom), as prespecified, because 166 

BMI is inherently continuous and the continuous test has greater power to detect graded 167 

trends. A secondary test used the three-category BMI parameterization (2 degrees of 168 

freedom) for clinical interpretability. Stratum-specific estimates were obtained by 169 

fitting 25(OH)D-on-logTMAO linear models separately within the normal-weight, 170 

overweight, and obesity strata (each adjusted for age, sex, and season); the continuous 171 

modification pattern was assessed with a pooled model containing an interaction 172 

between logTMAO and a restricted cubic spline of BMI (3 degrees of freedom), from 173 

which the conditional slope of 25(OH)D on logTMAO was computed and plotted as a 174 

function of BMI over its 2nd–98th percentiles (Fig. 2). The presentation of effect-175 

modification analyses was informed by the recommendations of Knol and 176 
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VanderWeele[47]. 177 

Prespecified sensitivity analyses re-estimated the model 2 association after (i) 178 

excluding participants with obesity, (ii) excluding high-leverage/influential 179 

observations identified by Cook distance (>4/n), and (iii) excluding participants with 180 

eGFR < 60 mL/min/1.73 m², and, post hoc, (iv) excluding participants with 181 

25(OH)D >50 ng/mL (a range suggestive of vitamin D supplement use). The ordinal 182 

association of TMAO with 25(OH)D severity categories is tabulated in Supplementary 183 

Table S3. 184 

All analyses were performed in R version 4.5.3. All tests were two-sided, and P < 0.05 185 

was considered statistically significant. 186 

 3. Results 187 

 3.1. Participant characteristics 188 

Baseline demographic and biochemical characteristics of the 621 participants, stratified 189 

by vitamin D deficiency status (Table 1 ). The median age was 52.0 (40.0–63.0) years, 190 

327 (52.7%) were men, and median BMI was 23.7 (21.8–25.9) kg/m². Median TMAO 191 

was 170.3 (116.1–247.1) ng/mL and mean ± SD 25(OH)D was 22.1 ± 11.7 ng/mL; 313 192 

participants (50.4%) had vitamin D deficiency, including 37 (6.0%) with severe 193 

deficiency. Compared with participants without vitamin D deficiency, those with 194 

deficiency had lower TMAO (median 158.0 vs 188.8 ng/mL) and were younger 195 

(median 49.0 vs 56.0 years). 196 

Table 1. Baseline characteristics of the 621 participants by vitamin D deficiency status.197 

  198 
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Variable Overall VD deficient 
VD non-
deficient 

P 

25(OH)D (ng/mL) 19.9 (14.7, 25.8) 14.7 (12.0, 17.3) 25.9 (22.6, 32.1) <0.001 

TMAO (ng/mL) 
170.3 (116.1, 

247.1) 
158.0 (109.8, 

228.5) 
188.8 (121.9, 

276.9) 
0.001 

Sex (male, %) 327 (52.7) 176 (56.2) 151 (49.0) 0.086 

Female 294 (47.3) 137 (43.8) 157 (51.0)  

Season, spring, n (%) 377 (60.7) 214 (68.4) 163 (52.9) <0.001 

Summer 140 (22.5) 63 (20.1) 77 (25.0)  

Winter 104 (16.7) 36 (11.5) 68 (22.1)  

Age (years) 52.0 (40.0, 63.0) 49.0 (38.0, 61.0) 56.0 (42.8, 63.0) <0.001 

BMI (kg/m²) 23.7 (21.8, 25.9) 24.1 (22.2, 26.5) 23.3 (21.4, 25.4) 0.001 

Height (cm) 
163.0 (158.0, 

169.0) 
164.0 (158.5, 

170.0) 
162.0 (157.5, 

168.1) 
0.013 

Weight (kg) 63.5 (55.3, 72.6) 65.5 (57.1, 73.8) 61.2 (54.2, 70.4) <0.001 

Waist circumference 
(cm) 

81.0 (73.0, 90.0) 82.5 (74.8, 91.0) 80.0 (72.0, 88.8) 0.015 

Hip circumference (cm) 93.0 (90.0, 97.0) 94.0 (91.0, 98.0) 92.0 (89.0, 96.0) <0.001 

Systolic BP (mmHg) 
121.0 (111.0, 

131.0) 
120.0 (109.0, 

130.0) 
121.0 (113.0, 

132.0) 
0.313 

Diastolic BP (mmHg) 73.0 (66.0, 80.0) 73.0 (66.0, 80.0) 73.0 (66.0, 80.2) 0.882 

Pulse rate (beats/min) 78.0 (70.0, 85.0) 79.0 (71.0, 87.0) 76.0 (69.0, 84.0) 0.001 

ALT (U/L) 17.0 (11.0, 24.0) 16.0 (11.0, 24.0) 17.0 (11.0, 24.0) 0.769 

Total bilirubin (μmol/L) 12.6 (9.9, 16.4) 12.6 (9.9, 17.0) 12.6 (9.9, 16.1) 0.708 

Serum total protein 
(g/L) 

70.2 (67.9, 72.8) 70.4 (68.0, 72.9) 70.1 (67.7, 72.5) 0.409 
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Serum albumin (g/L) 43.9 (42.3, 45.6) 43.9 (42.3, 45.7) 43.8 (42.4, 45.5) 0.763 

Serum globulin (g/L) 26.3 (24.4, 28.2) 26.4 (24.4, 28.2) 26.1 (24.3, 28.1) 0.537 

Albumin-to-globulin 
ratio 

1.7 (1.6, 1.8) 1.7 (1.6, 1.8) 1.7 (1.6, 1.8) 0.766 

Urea nitrogen (mmol/L) 5.4 (4.6, 6.4) 5.1 (4.4, 6.1) 5.6 (4.9, 6.6) <0.001 

Creatinine (μmol/L) 68.0 (57.0, 81.0) 68.0 (57.0, 82.0) 67.5 (58.0, 79.0) 0.945 

Uric acid (μmol/L) 
322.0 (263.0, 

379.0) 
327.0 (260.0, 

390.0) 
316.0 (264.0, 

371.2) 
0.157 

Fasting glucose 
(mmol/L) 

5.0 (4.7, 5.5) 5.0 (4.6, 5.3) 5.1 (4.8, 5.6) 0.002 

Total cholesterol 
(mmol/L) 

4.9 (4.3, 5.6) 4.9 (4.3, 5.6) 4.9 (4.3, 5.5) 0.662 

Triglycerides (mmol/L) 1.3 (0.9, 1.9) 1.3 (0.9, 2.0) 1.2 (0.8, 1.7) 0.002 

HDL-C (mmol/L) 1.4 (1.2, 1.6) 1.4 (1.2, 1.6) 1.5 (1.3, 1.7) <0.001 

LDL-C (mmol/L) 2.8 (2.2, 3.4) 2.8 (2.2, 3.4) 2.8 (2.2, 3.3) 0.692 

eGFR (mL/min/1.73m²) 
101.5 (92.4, 

112.6) 

104.1 (94.3, 

114.3) 

99.7 (90.2, 

110.0) 
<0.001 

Values are median (interquartile range) for continuous variables and n (%) for categorical variables. 199 

Vitamin D deficiency defined as 25(OH)D < 20 ng/mL. P-values from Wilcoxon rank-sum test (continuous) or chi-200 

square test (categorical); Fisher's exact test was used when any expected cell count was < 5. 201 

25(OH)D is the variable used to define the groups; its between-group difference is definitional. 202 

Season was derived from the examination date (spring: March–May; summer: June–August; autumn: September–203 

November; winter: December–February); no participants were examined during autumn. Missing values were excluded 204 

from the corresponding analyses (waist and hip circumference, n = 3 each, comprising two blank records and one entry 205 

recorded as "/"; fasting glucose, n = 1). 206 
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Abbreviations: TMAO, trimethylamine N-oxide; VD, vitamin D; BMI, body mass index; BP, blood pressure; ALT, 207 

alanine aminotransferase; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; 208 

eGFR, estimated glomerular filtration rate. 209 

 3.2. Association of plasma TMAO with 25(OH)D 210 

In multivariable linear regression, plasma TMAO was positively associated with 211 

25(OH)D (Table 2). In unadjusted analysis, each 1-SD increment in logTMAO was 212 

associated with a 2.53 ng/mL higher 25(OH)D (95% CI, 1.63–3.43; P < 0.001); the 213 

estimate decreased to 2.07 ng/mL (1.16–2.98) after adjustment for age and sex (model 214 

1) and was 2.18 ng/mL (1.29–3.07; P < 0.001) after further adjustment for BMI and 215 

season (model 2). In quartile analysis, the highest (Q4) vs lowest (Q1) TMAO quartile 216 

differed by 4.56 ng/mL (95% CI, 2.05–7.07; P < 0.001; P for trend < 0.001). Point 217 

estimates increased in a dose–response pattern across quartiles (Q2, Q3, and Q4 vs 218 

Q1: −0.03, 0.57, and 4.56 ng/mL), with the difference concentrated at Q4. Estimates 219 

remained stable across the cumulative adjustment ladder M1–M5 (β per 1-unit 220 

increment in logTMAO, 3.21–3.97; all P < 0.001; model R² increasing from 0.047 to 221 

0.144; Supplementary Table S1). 222 

Table 2. Linear regression of serum 25(OH)D (ng/mL) on plasma TMAO, by TMAO 223 

quartile and per 1-SD increment in logTMAO. 224 

Model Q1 Q2 Q3 Q4 
P for 

trend 
Per 1-SD P 

Unadjusted Ref 

0.23 (-

2.34, 

2.79) 

1.69 (-

0.88, 

4.26) 

5.27 

(2.71, 

7.84) 

<0.001 

2.53 

(1.63, 

3.43) 

<0.001 
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Model 1 Ref 

-0.08 (-

2.58, 

2.42) 

0.45 (-

2.12, 

3.02) 

4.12 

(1.56, 

6.69) 

0.002 

2.07 

(1.16, 

2.98) 

<0.001 

Model 2 Ref 

-0.03 (-

2.47, 

2.41) 

0.57 (-

1.94, 

3.08) 

4.56 

(2.05, 

7.07) 

<0.001 

2.18 

(1.29, 

3.07) 

<0.001 

β (95% CI) = mean difference in 25(OH)D (ng/mL) with 95% confidence interval. 225 

Q1 = lowest TMAO quartile (reference). P for trend from modeling TMAO quartile as a continuous ordinal variable (1-226 

4). 227 

Per 1-SD = per 1-SD increment in log-transformed TMAO. 228 

Unadjusted: no covariates. Model 1: adjusted for age and sex. Model 2: further adjusted for BMI and season. 229 

Abbreviations: TMAO, trimethylamine N-oxide; Q, quartile; SD, standard deviation; BMI, body mass index. 230 

Consistent with the regression results, mean 25(OH)D across TMAO percentile bands 231 

increased from 20.1 ng/mL in the lowest decile (<P10) to 29.8 ng/mL in the highest (≥232 

P90) (P for trend < 0.001; Fig. 1A), with the corresponding vitamin D deficiency 233 

prevalence decreasing from 60.3% to 33.9% (Supplementary Table S2). Restricted 234 

cubic spline analysis suggested some departure from linearity (P for nonlinearity = 235 

0.018), with predicted 25(OH)D remaining relatively flat at low TMAO concentrations 236 

and increasing progressively at higher concentrations, without a discrete threshold (Fig. 237 

1B). In the reverse direction, median TMAO increased across 25(OH)D severity 238 

categories, from 138.2 ng/mL in severe deficiency to 208.7 ng/mL in sufficiency (P for 239 

trend < 0.001; Supplementary Table S3). 240 
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 241 

Figure 1. Dose–response association between plasma TMAO and 25(OH)D. (A) Mean 242 

25(OH)D (ng/mL) with 95% CIs across six TMAO percentile bands (<P10, P10–25, 243 

P25–50, P50–75, P75–90, ≥P90); P for trend from unadjusted linear regression of 244 

25(OH)D on the ordinal band index. (B) Restricted cubic spline (4 degrees of freedom; 245 

3 interior knots) prediction of 25(OH)D on logTMAO adjusted for age, sex, BMI, and 246 

season; shaded areas are 95% CIs; P for nonlinearity from an F test against the linear 247 

model. In both panels, the dashed line marks the vitamin D deficiency threshold (20 248 

ng/mL); in (B), TMAO is displayed on the log scale (ng/mL). 249 

 3.3. Effect modification by BMI 250 

The TMAO–25(OH)D association was modified by BMI (P for interaction = 0.018, 1 251 

df, continuous). In stratified analyses adjusted for age, sex, and season, the association 252 

was positive in normal-weight (β = 3.85 ng/mL per 1-unit increment in logTMAO; 95% 253 

CI, 1.69–6.01; P < 0.001; n = 332) and overweight (β = 3.01; 1.10–4.93; P = 0.002; n = 254 

218) participants but was attenuated, with a reversed point estimate, among participants 255 

with obesity (β = −1.34; 95% CI, −5.50 to 2.83; P = 0.524; n = 71; Fig. 2A). The three-256 

category parameterization was not statistically significant (P = 0.146, 2 df), likely 257 

owing to the limited sample size of the obesity subgroup. In the pooled spline model, 258 
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the conditional slope of 25(OH)D on logTMAO decreased monotonically with 259 

increasing BMI. The slope crossed zero at a BMI of approximately 28.4 kg/m², close to 260 

the Chinese obesity cutoff of 28 kg/m², and was negative at higher BMI values (Fig. 261 

2B). 262 

 263 

Figure 2. BMI effect modification of the TMAO–25(OH)D association. (A) Stratum-264 

specific β (ng/mL) per 1-unit increment in logTMAO (95% CI) by Chinese BMI 265 

categories (normal weight, <24 kg/m², n = 332; overweight, 24–<28, n = 218; obesity, 266 

≥28 kg/m², n = 71). (B) Restricted cubic spline (3 degrees of freedom) of the 267 

conditional slope of 25(OH)D on logTMAO as a continuous function of BMI (2nd–268 

98th percentile range); the zero line marks no association. All estimates are adjusted for 269 

age, sex, and season.  270 

 3.4. Sensitivity analyses 271 

The direction and statistical significance of the association were robust in prespecified 272 

sensitivity analyses (Table 3). The estimate strengthened after exclusion of participants 273 

with obesity (β per 1-SD increment = 2.40, consistent with the BMI modification in 274 

Section 3.3; P < 0.001); remained positive and statistically significant, although 275 

attenuated (β = 1.44; P < 0.001), after exclusion of the 27 high-leverage observations 276 
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identified by Cook distance (>4/n); and was essentially unchanged after exclusion of 277 

participants with eGFR < 60 mL/min/1.73 m² (n = 9; β = 2.19; P < 0.001). All point 278 

estimates retained the same direction and nominal significance. Similarly, excluding 18 279 

participants with 25(OH)D >50 ng/mL (a range suggestive of vitamin D supplement 280 

use) attenuated the estimate to β = 1.18 (95% CI, 0.52–1.84) per 1-SD increment, 281 

without altering the direction or significance of the association. 282 

Table 3. Sensitivity analyses: adjusted association of 25(OH)D with TMAO after 283 

prespecified and post hoc exclusions. 284 

Scenario n Q4−Q1 β 
β (95% CI) per 1-SD 

increment 

P for 

trend 

Main (n=621) 621 
4.56 (2.05, 

7.07) 
2.18 (1.29, 3.07) 

P < 

0.001 

Exclude obese (BMI≥28) 550 
5.71 (2.98, 

8.44) 
2.40 (1.45, 3.34) 

P < 

0.001 

Exclude Cook's distance >4/n 

(n=594) 
594 

3.24 (1.44, 

5.04) 
1.44 (0.75, 2.13) 

P < 

0.001 

Exclude eGFR<60 612 
4.65 (2.12, 

7.18) 
2.19 (1.29, 3.10) 

P < 

0.001 

Excluding 25(OH)D >50 

ng/mL (post hoc; n = 18) 
603 

3.23 (1.40, 

5.06) 
1.18 (0.52, 1.84) 

P < 

0.001 

Linear regression adjusted for age, sex, BMI and season. 285 

Q4-Q1 β = adjusted mean 25(OH)D difference (ng/mL) between the highest and lowest TMAO quartiles. Per 1-SD = 286 

per 1-SD increment in log-transformed TMAO. P for trend from the ordinal quartile term, as in Table 2. 287 

Cook's distance threshold = 4/n. eGFR computed by 2021 CKD-EPI race-free equation. The exclusion of 25(OH)D >50 288 

ng/mL was post hoc. 289 

Abbreviations: TMAO, trimethylamine N-oxide; eGFR, estimated glomerular filtration rate; BMI, body mass index. 290 
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 4. Discussion 291 

4.1. Principal findings 292 

In this cross-sectional study of 621 Chinese adults undergoing health examinations, 293 

lower plasma TMAO was associated with lower circulating 25(OH)D independent of 294 

age, sex, BMI, and season: each 1-SD increment in logTMAO corresponded to a 2.18 295 

ng/mL higher 25(OH)D, and mean 25(OH)D increased from 20.1 ng/mL in the lowest 296 

TMAO percentile band to 29.8 ng/mL in the highest. The association was nonlinear, 297 

modified by BMI, and remained positive and statistically significant across four 298 

sensitivity analyses, although attenuated in magnitude after exclusion of influential 299 

points and of probable supplement users (β = 1.18). To our knowledge, this is the first 300 

study of the TMAO–vitamin D association in a health examination cohort and the first 301 

to demonstrate that it is positive in non-obese adults. 302 

4.2. Comparison with previous studies 303 

The TMAO literature summarized in the Introduction has concentrated almost 304 

exclusively on high concentrations, with meta-analytic[18] and narrative[48] syntheses 305 

consolidating the cardio-renal-metabolic evidence. Few studies have addressed the low 306 

end of the distribution. Our finding that low TMAO tracks with low vitamin D adds a 307 

previously overlooked dimension, suggesting that both ends of the TMAO distribution 308 

may carry health relevance. The BMI-dependent directionality of our association also 309 

helps reconcile the inverse TMAO–25(OH)D association reported by Barrea et al. in 310 

Italian endocrinology outpatients[41], which did not persist after adjustment for the 311 

fatty liver index: in our data, normal-weight and overweight participants (together 89% 312 



 18

of the sample) showed a positive association, whereas the association was attenuated, 313 

with a reversed point estimate, in the obesity subgroup (n = 71). 314 

This convergence across metabolically distinct populations argues against a simple 315 

contradiction and supports BMI modification of the TMAO–vitamin D axis that should 316 

be modeled rather than averaged over. Our larger sample size and prespecified formal 317 

interaction testing extend these preliminary observations. 318 

4.3. A U-shaped TMAO–health hypothesis 319 

More broadly, our findings motivate a U-shaped TMAO–health hypothesis. High 320 

circulating TMAO has been consistently linked to cardiovascular and renal 321 

harm[17,19,22,31], whereas the present study characterizes the other end of the 322 

distribution—the low end—as a correlate of vitamin D deficiency. This perspective was 323 

anticipated by early debate over whether TMAO is friend or foe and by experimental 324 

evidence that seafood-derived TMAO improved diuresis and survival in heart failure 325 

rats[49,50]. The two extremes of plasma TMAO may thus carry different health risks, 326 

with a presumed optimum in the intermediate range. This cross-domain U-shape must 327 

be distinguished from a U-shaped dose–response of TMAO with vitamin D itself: in 328 

our cohort the TMAO–25(OH)D association was positive and essentially monotonic 329 

(Fig. 1), and the two arms of the hypothesized U correspond to different health 330 

endpoints (vitamin D status vs cardio-renal outcomes) drawn from different 331 

populations. Direct evaluation of the U-shaped TMAO–health hypothesis will require 332 

prospective cohorts with concurrent measurement of vitamin D status and cardio-renal 333 

endpoints. 334 
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4.4. Possible mechanisms 335 

Several non-exclusive mechanisms could underlie the low-TMAO–low-25(OH)D 336 

association. First, the dietary precursors of TMAO—choline, carnitine, and betaine—337 

are abundant in fish, seafood, eggs, and red meat, and fish is also one of the few natural 338 

vitamin D sources[34]. Low TMAO concentrations may reflect a dietary pattern low in 339 

these foods, jointly limiting TMAO biosynthetic substrates and dietary vitamin D 340 

intake. Consistent with a shared-source pathway, median TMAO rose monotonically 341 

across 25(OH)D severity categories, from severe deficiency to sufficiency (138.2 to 342 

208.7 ng/mL), and the 18 participants with 25(OH)D >50 ng/mL had nearly twice the 343 

cohort-average TMAO concentration (408.3 vs 217.6 ng/mL), a pattern compatible 344 

with marine-source supplementation or habitual fatty-fish intake. Second, TMAO 345 

production depends on gut microbiota composition, which is itself shaped by host 346 

vitamin D status through vitamin D receptor (VDR)-mediated and bile acid signaling 347 

pathways[51,52]; dysbiosis could thus couple low TMAO production with impaired 348 

vitamin D homeostasis, and vitamin D-dependent reshaping of the microbiome has 349 

demonstrated functional immune consequences in experimental models[53]. Consistent 350 

with a microbiome-mediated arm, probiotic interventions lower circulating TMAO in 351 

humans[54]. Third, both TMAO and 25(OH)D undergo hepatic and renal handling: 352 

circulating TMAO rises as kidney function declines[22,23], kidney function exerts a 353 

causal and modifiable influence on circulating TMAO[55], and shared metabolic 354 

determinants cannot be excluded as residual confounding. Obesity-related changes in 355 

vitamin D metabolism and bioavailability may contribute in parallel[56]. The 356 
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attenuation, with a reversed point estimate, in obesity may also reflect obesity-specific 357 

alterations in gut microbial ecology, an expanded bile acid pool, and a chronic 358 

inflammatory milieu that may decouple TMAO from its dietary sources[57]. The 359 

reported associations between TMAO and nonalcoholic fatty liver disease[58,59] echo 360 

the covariate that abolished the association in the study of Barrea et al.[41]. 361 

4.5. Strengths and limitations 362 

Strengths include the systematic, prespecified evaluation of nonlinearity, BMI-363 

dependent effect modification, and directional robustness to influential-point and 364 

subgroup exclusions, as well as the use of a real-world health examination population 365 

reflective of routine vitamin D testing. Main limitations include the cross-sectional 366 

design, which precludes causal inference; single measurements of TMAO and 367 

25(OH)D (TMAO reflects recent intake over hours to days, whereas 25(OH)D 368 

integrates exposure over weeks to months, so single measurements would tend to 369 

attenuate rather than inflate the association); the absence of data on sun exposure, 370 

dietary intake, and vitamin D supplementation, although excluding the 18 participants 371 

with 25(OH)D >50 ng/mL (probable supplement users) attenuated the adjusted estimate 372 

to 1.18 ng/mL per 1-SD (95% CI, 0.52–1.84) without abolishing significance; 373 

unrecorded medication information (including lipid-lowering, antihypertensive, and 374 

glucose-lowering agents), which may confound the TMAO–25(OH)D association; and 375 

the single-center, Chinese composition of the cohort, which limits generalizability. 376 

Sampling was concentrated in spring (60.7%), followed by summer (22.5%) and winter 377 

(16.7%), with no autumn representation; however, the TMAO–25(OH)D association 378 
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was essentially unchanged with and without season adjustment (β 2.18 vs 2.11). The 379 

BMI modification finding rests on the continuous-BMI interaction test and a small 380 

obesity subgroup (n = 71), with the categorical interaction not reaching significance 381 

(interaction tests require approximately four-fold the sample size of main effects, and 382 

the minimum detectable interaction in our data, |β| = 0.42 per kg/m², exceeded the 383 

observed −0.36), and should be considered hypothesis-generating. Residual and 384 

unmeasured confounding cannot be excluded. 385 

 5. Conclusions 386 

In Chinese adults undergoing health examinations, lower plasma TMAO was associated 387 

with lower circulating 25(OH)D independent of age, sex, BMI, and season, and with a 388 

higher prevalence of vitamin D deficiency; the association was nonlinear and modified 389 

by BMI. These findings extend the clinical relevance of TMAO from its established 390 

harms at high concentrations to the lower end of the distribution. These data, together 391 

with the cardio-renal harms of high TMAO established in other populations, motivate a 392 

U-shaped TMAO–health hypothesis, whereby the two ends of the TMAO distribution 393 

carry distinct risks. This hypothesis warrants evaluation in prospective cohorts, 394 

alongside in-depth investigation of the low-TMAO phenotype, its dietary and microbial 395 

determinants, and its implications for skeletal and cardiometabolic health. 396 

Data availability 397 
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