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Abstract 1 

Background: Tea is a dietary source of flavan-3-ols, which may influence bone health, 2 

but prospective evidence linking tea intake and its circulating biomarkers with 3 

longitudinal bone mineral status remains limited. 4 

Objective: To examine associations of tea consumption and its serum biomarkers with 5 

bone mineral status in Guangzhou Nutrition and Health Study (GNHS). 6 

Methods: In 2,133 participants, whole-body, total hip, lumbar spine, and femoral neck 7 

bone mineral density (BMD) and bone mineral content (BMC) were measured using 8 

dual-energy X-ray absorptiometry at four repeated visits during a 13-year follow-up 9 

period. Baseline serum flavan-3-ols, including Epicatechin [EC], Epigallocatechin 10 

gallate [EGCG], Epicatechin gallate [ECG], Epigallocatechin [EGC], and Catechin, 11 

were quantified using UHPLC–MS/MS. Tea consumption was categorized as non-, 12 

low-, moderate-, or high-frequency. Multivariable linear mixed-effects models, 13 

including exposure × visit interactions, were used to evaluate visit-averaged bone 14 

mineral measures and longitudinal trajectories. 15 

Results: Among 1,708 participants, significant tea consumption group × visit 16 

interactions were observed for whole-body, lumbar spine, and femoral neck BMD and 17 

whole-body BMC (P-interaction ranged from < 0.001 to 0.022). Moderate-frequency 18 

tea drinkers generally had the highest visit-averaged adjusted marginal mean Z-scores, 19 

including 0.107 (95% CI: 0.025, 0.190) for whole-body BMD, 0.090 (0.012, 0.168) for 20 

lumbar spine BMD, and 0.108 (0.029, 0.187) for femoral neck BMD (P-diff ranged 21 

from < 0.001 to 0.017 ). In analyses of serum tea biomarkers, higher biomarker 22 

categories were generally associated with more favorable bone mineral measures; 23 

however, the associations were not consistently linear, and several biomarkers showed 24 

non-monotonic patterns. Visit-averaged differences were most extensive across ECG 25 

and EGCG categories. 26 

Conclusions: Moderate-frequency tea consumption and higher categories of selected 27 

circulating tea biomarkers were associated with more favorable bone mineral status 28 
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1. Introduction 31 

Osteoporosis is a systemic metabolic bone disorder characterized by reduced bone 32 

mass and deterioration of bone microarchitecture [1]. It increases fracture risk and 33 

contributes substantially to disability and mortality [2]. Globally, the prevalence of 34 

osteoporosis is approximately 23.1% in females and 11.7% in males [3]. In China, the 35 

disease burden continues to rise with population aging. Projections suggest that by 36 

2035, osteoporotic fractures will reach nearly 4.83 million cases, imposing an 37 

economic burden of close to $20 billion [4]. Therefore, identifying safe and scalable 38 

interventions to delay bone loss is a public health priority. 39 

Beyond non-modifiable determinants such as genetics and endocrine factors, 40 

modifiable behaviors—including medication use, dietary intake, and lifestyle 41 

patterns—play vital roles in shaping bone health [5, 6]. Tea consumption has attracted 42 

increasing interest because of its widespread consumption, favorable safety profile, and 43 

high content of bioactive compounds. Tea is a major dietary source of flavan-3-ols, 44 

particularly catechins such as epigallocatechin gallate (EGCG), epigallocatechin 45 

(EGC), epicatechin gallate (ECG), epicatechin (EC), and catechin. In green tea, 46 

catechins account for approximately 30–42% of dry leaf weight, with EGCG 47 

comprising 50–70% of total catechins[7] Experimental evidence suggests that these 48 

compounds may influence bone metabolism by suppressing osteoclast activity, 49 

promoting osteoblast differentiation, and modulating signaling pathways involved in 50 

bone remodeling [8, 9]. 51 
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A recent meta-analysis based on 40 observational studies indicated that tea 52 

consumption is inversely correlated with the risk of osteoporosis and fracture, while 53 

positively correlated with bone mineral density (BMD). However, only 14 cohort 54 

studies were included, most of which had limited follow-up duration and relied solely 55 

on self-reported tea intake assessed through questionnaires rather than objective 56 

biomarkers, potentially weakening causal inference[10]. These methodological 57 

differences in study design and exposure assessment may partly explain the 58 

inconsistent findings across previous studies, with some reporting protective 59 

associations of tea consumption with BMD or fracture risk and others showing null 60 

associations .[11-14]. Although tea consumption has been examined in relation to BMD 61 

and fracture risk, existing evidence remains incomplete. Reliance on questionnaires 62 

may fail to capture internal exposure to tea-derived flavan-3-ols, and nonlinear 63 

associations remain poorly studied. Prospective evidence based on repeated bone 64 

measurements remains limited. For example, a 10-year cohort study reported positive 65 

associations between tea consumption and femoral neck and total hip BMD in older 66 

females, but did not assess BMC or circulating tea biomarkers [15]. 67 

The present study aimed to examine the longitudinal associations of tea 68 

consumption and circulating tea biomarkers with repeated site-specific BMD and 69 

BMC Z-scores at the whole body, total hip, lumbar spine, and femoral neck over a 70 
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13-year follow-up among middle-aged and older Chinese adults. Repeated 71 

site-specific BMD and BMC Z-scores were the primary outcomes. 72 

2. Materials and Methods 73 

2.1 Design and participants 74 

The study population was drawn from the Guangzhou Nutrition and Health Study 75 

(GNHS), a community-based prospective cohort. The original GNHS recruited 76 

approximately 4,048 community-dwelling Chinese adults aged 40–80 years who had 77 

lived in Guangzhou for more than 5 years. Participants were recruited from multiple 78 

communities covering most areas of Guangzhou through local advertisements, health 79 

talks, and referrals between 2008 and 2013 [16]. 80 

Of these, 3,169 participants were recruited between 2008 and 2010, and an 81 

additional 879 participants were recruited between 2012 and 2013. For participants 82 

recruited between 2008 and 2010, F0 represented the baseline assessment, F1–F3 83 

represented subsequent questionnaire follow-up visits, and bone measurements were 84 

obtained from F1 through F4. Participants recruited between 2012 and 2013 did not 85 

undergo the F0 assessment and therefore contributed tea consumption information 86 

from F1 through F3 and bone measurements from the corresponding follow-up visits.  87 

Participants were eligible for the primary tea consumption analysis if they had 88 

sufficient repeated tea consumption data to be classified into one of the predefined 89 

long-term tea consumption groups, at least one valid bone mineral density (BMD) or 90 
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bone mineral content (BMC) measurement during F1–F4, and complete covariate 91 

information after cross-visit supplementation according to predefined visit-priority 92 

rules. Participants were excluded if tea consumption information required for 93 

longitudinal classification was unavailable, or if their observed tea consumption 94 

pattern did not meet the predefined classification criteria. The final primary analysis 95 

included 1,708 participants, comprising 537 non-tea drinkers, 543 low-frequency tea 96 

drinkers, 522 moderate-frequency tea drinkers, and 106 high-frequency tea drinkers. 97 

Among these participants, 247 had no available baseline serum tea biomarker 98 

measurements, leaving 1,461 participants for the serum biomarker analyses 99 

(Supplementary Figure S1). 100 

Prevalent osteoporosis and use of anti-osteoporosis treatment were not used as 101 

exclusion criteria in the primary analyses because corresponding information was not 102 

uniformly available at the participant-specific baseline across the two recruitment 103 

batches. A sensitivity analysis was subsequently performed for the tea consumption 104 

analysis after excluding participants with osteoporosis identified at F1, defined as a 105 

femoral neck T-score ≤ −2.5. 106 

The study protocol was approved by the Ethics Committee of the School of 107 

Public Health, Sun Yat-sen University, and all participants provided written informed 108 

consent. 109 

2.2 Bone Mineral Density and Bone Mineral Content 110 

The primary outcomes of this study were BMD (g/cm²) and bone BMC (g). 111 
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According to the GNHS study protocol[16], Repeated measurements of BMD and BMC 112 

were subsequently obtained at four follow-up visits using dual-energy X-ray 113 

absorptiometry (DXA; Hologic QDR-1000, version 6.10; Hologic Inc., Waltham, MA, 114 

USA). DXA equipment was not available at the original baseline examination (F0); 115 

therefore, BMD and BMC were not measured at F0.. The assessed skeletal sites 116 

included the whole body, lumbar spine (L1–L4), total hip, and femoral neck. All scans 117 

were analyzed using Hologic Discovery software (version 3.2). The precision of BMD 118 

measurements was assessed in a subset of 30 participants who underwent duplicate 119 

scans with repositioning. BMC measurements were obtained concurrently from the 120 

same DXA scans using standardized manufacturer algorithms and were subject to the 121 

same quality control procedures. 122 

To account for sex-related differences in absolute bone measurements, BMD and 123 

BMC values were standardized separately within females and males and expressed as 124 

sex-specific Z-scores. The resulting Z-scores were used in the primary regression and 125 

longitudinal trajectory analyses.  126 

2.3 Assessment of tea consumption and serum tea biomarkers 127 

2.3.1 Long-term tea consumption groups 128 

Tea consumption frequency was assessed using structured questionnaires 129 

administered at F0–F3 for participants in the first recruitment batch and at F1–F3 for 130 

participants in the second recruitment batch. Participants reported their weekly number 131 

of tea-brewing occasions. Tea consumption at each visit was categorized as non-tea 132 
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drinking (0 times/week), low-frequency consumption (1–6 times/week), 133 

moderate-frequency consumption (7 times/week), or high-frequency consumption (>7 134 

times/week). 135 

Long-term tea consumption groups were defined according to predefined 136 

longitudinal criteria using all available questionnaire assessments. Non-tea drinkers 137 

reported no tea consumption at all available visits. Long-term tea consumption groups 138 

were defined according to predefined longitudinal criteria using all available 139 

questionnaire assessments. Non-tea drinkers reported no tea consumption at all 140 

available visits. Low-frequency tea drinkers reported low-frequency tea consumption at 141 

one or more visits and non-tea drinking at all remaining visits. Moderate-frequency tea 142 

drinkers reported moderate-frequency tea consumption at one or more visits and 143 

low-frequency tea consumption at all remaining visits. High-frequency tea drinkers 144 

reported high-frequency tea consumption at one or more visits and moderate-frequency 145 

tea consumption at all remaining visits. Participants whose longitudinal tea 146 

consumption patterns did not meet these predefined criteria were not assigned to a 147 

long-term tea consumption group (Supplementary Table S1).. 148 

In a sensitivity analysis, tea consumption was modeled as a time-varying exposure. 149 

Tea consumption reported at each questionnaire visit was paired with the bone 150 

measurement obtained at the same visit: F1 tea consumption with F1 bone outcomes, 151 

F2 tea consumption with F2 bone outcomes, and F3 tea consumption with F3 bone 152 

outcomes. F4 was not included in this analysis because corresponding tea consumption 153 
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data were unavailable. A cumulative TeaScore was also constructed using five 154 

tea-related characteristics assessed at each questionnaire visit: tea-drinking duration, 155 

weekly tea-drinking frequency, annual tea consumption amount, tea infusion strength, 156 

and tea type, and evaluated in sensitivity analyses, as described in the Supplemental 157 

Methods. 158 

2.3.2 Serum tea biomarkers 159 

Fasting venous blood samples were collected from participants in the morning 160 

after a 10-hour overnight fast for the determination of tea-derived polyphenols. Serum 161 

was separated within 2–4 hours of collection and stored at −80 °C until analysis. 162 

Serum tea biomarkers, including Catechin, Epicatechin (EC), epigallocatechin (EGC), 163 

epicatechin-3-gallate (ECG), and epigallocatechin-3-gallate (EGCG), were quantified 164 

using an Agilent 1290 ultra-high-performance liquid chromatography (UHPLC) 165 

system coupled with an Agilent 6495 triple quadrupole mass spectrometer. Prior to 166 

analysis, serum samples were incubated with ascorbic acid, Tris-HCl buffer (pH 8.0), 167 

and recombinant β-glucuronidase/sulfatase (IMCSzyme) at 37 °C for 2 hours to 168 

hydrolyze conjugated flavan-3-ols. Samples were subsequently extracted with ethyl 169 

acetate, evaporated under nitrogen, and reconstituted in aqueous methanol for 170 

UHPLC–MS/MS analysis. 171 

Similar numbers of samples from different exposure groups were included within 172 

each analytical batch to minimize potential batch effects. The limits of detection were 173 

0.01 ng/mL for Catechin, 0.005 ng/mL for EC, 0.05 ng/mL for EGC, 0.005 ng/mL for 174 
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ECG, and 0.001 ng/mL for EGCG. Inter-day coefficients of variation were 7.57% for 175 

Catechin, 5.50% for EC, 7.25% for EGC, 6.22% for ECG, and 7.40% for EGCG [17]. 176 

Concentrations below the corresponding limits of detection were recorded as zero in 177 

the analytical dataset and were not statistically imputed. 178 

To facilitate the evaluation of potential dose–response relationships, serum tea 179 

biomarkers were categorized into four groups based on sex-specific distributions 180 

(Supplementary Table S2). For serum EGC and Epicatechin, samples with zero 181 

concentrations were assigned to Group 1, and non-zero concentrations were divided 182 

into sex-specific tertiles (Groups 2–4). For serum Catechin, EGCG, and ECG, 183 

concentrations were categorized into sex-specific quartiles (Groups 1–4). This mixed 184 

categorization strategy was adopted to account for marked differences in 185 

concentration distributions across metabolites, as concentrations of zero were 186 

common for serum EGC (56.5%) and Epicatechin (27.5%), whereas zero values were 187 

relatively infrequent for the other metabolites. These group variables were 188 

subsequently used in sex-standardized linear mixed-effects models, as well as in 189 

adjusted mean plots and forest plots, to evaluate associations with bone mass 190 

parameters. 191 

2.4 Covariates 192 

Information on socio-demographic characteristics, lifestyle factors, physical 193 

activity, dietary intake, and menopausal status (females only) was collected through 194 

face-to-face interviews conducted by trained interviewers using structured 195 
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questionnaires at each follow-up visit. 196 

Age, sex, education level, smoking status, alcohol consumption, vitamin and 197 

calcium supplement use, physical activity, energy intake, years since menopause, and 198 

total body fat mass were selected a priori as potential covariates based on 199 

epidemiologic evidence regarding determinants of bone health and tea-drinking 200 

behavior, biological plausibility, and their potential roles as confounders [18, 19]. 201 

Physical activity was assessed using a validated 19-item questionnaire and expressed as 202 

total metabolic equivalent of task hours per day (MET-h/day), excluding time spent 203 

sleeping and in sedentary activities [20]. Dietary energy intake was estimated from food 204 

frequency data and portion sizes using the 2009 Chinese Food Composition Table and 205 

expressed as kcal/day[21]. Total body fat mass was measured by dual-energy X-ray 206 

absorptiometry and expressed as grams (g). It was selected instead of BMI as the 207 

adiposity-related covariate because it provides a more direct DXA-derived measure of 208 

body composition, distinguishes fat mass from lean and bone mass, and can be 209 

modeled as a time-varying covariate during follow-up. 210 

Participants were classified as smokers or non-smokers based on self-reported 211 

lifetime smoking history. Individuals who reported having smoked more than five 212 

packs of cigarettes over their lifetime were categorized as smokers, whereas those who 213 

had not were classified as non-smokers. Similarly, participants were classified as 214 

drinkers or non-drinkers according to self-reported alcohol consumption history. 215 

Individuals who reported regular alcohol consumption, defined as drinking at least 216 
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once per week for a continuous period of six months or longer, were categorized as 217 

drinkers; all others were classified as non-drinkers. Regular users of vitamin or calcium 218 

supplements were defined as participants reporting more than 30 doses during the 219 

previous year. 220 

Menopausal status was assessed among female participants, and years since 221 

menopause were calculated based on self-reported age at natural menopause. Education 222 

level was categorized into three groups: junior high school or below, high school or 223 

technical secondary school, and college or above. Sex, age, education level, smoking 224 

status, alcohol consumption, use of complex vitamin supplements, calcium 225 

supplementation, years since menopause, energy intake, and physical activity were 226 

treated as baseline covariates, whereas total body fat mass and follow-up interval were 227 

treated as time-varying covariates when repeated measurements were available. 228 

Missing baseline covariate information was supplemented using available information 229 

from other questionnaire visits according to prespecified visit-priority rules. 230 

Participants with unresolved missing covariate information were excluded from fully 231 

adjusted analyses. 232 
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2.5 Statistical Analysis 233 

Continuous variables were presented as means (SDs) or medians (IQRs), as 234 

appropriate, and categorical variables were presented as numbers and percentages. 235 

Baseline serum tea biomarker concentrations across long-term tea consumption groups 236 

were visualized using box-and-jitter plots. Overall differences among tea consumption 237 

groups were assessed using Kruskal–Wallis tests, and linear trends across ordered tea 238 

consumption categories were evaluated using unadjusted linear regression models with 239 

tea consumption groups assigned ordinal scores.  240 

To assess whether longitudinal patterns of BMD and BMC differed across 241 

long-term tea consumption and serum biomarker groups, linear mixed-effects models 242 

were constructed including categorical visit, tea consumption group, and tea 243 

consumption group × visit interaction terms. F1 and non-tea drinkers were specified 244 

as the reference visit and reference group, respectively. Visit-specific and overall 245 

adjusted marginal means and 95% CIs using proportional weights were estimated. 246 

Two models were applied. Model 1 was adjusted for sex, age, and follow-up interval. 247 

Model 2 was additionally adjusted for education level, smoking status, alcohol 248 

consumption, use of complex vitamin supplements, calcium supplementation, years 249 

since menopause, energy intake, physical activity expressed as total metabolic 250 

equivalent of task, and time-varying total body fat mass. Linear mixed-effects model 251 

assumptions were evaluated using residual-versus-fitted plots and scale–location 252 
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plots to assess linearity and homoscedasticity, and normal Q–Q plots and residual 253 

histograms to assess the approximate normality of residuals. Model convergence and 254 

singularity were also examined. Missing repeated BMD and BMC measurements 255 

were not imputed; linear mixed-effects models were fitted using all available repeated 256 

outcome measurements, and previous methodological research found no clear benefit 257 

of performing multiple imputation before longitudinal mixed-model analysis [22]. 258 

Sensitivity analyses based on linear mixed models were also conducted after 259 

excluding participants with osteoporosis at F1, defined as a femoral neck T-score ≤ −260 

2.5. Tea consumption was also modeled as a time-varying exposure by pairing tea 261 

consumption status with bone measurements obtained at the same visit (F1, F2, and 262 

F3). The associations of tea consumption with bone status were also evaluated using 263 

the constructed cumulative TeaScore. Potential nonlinear associations between 264 

continuous serum tea biomarker concentrations and BMD or BMC Z-scores were 265 

examined using restricted cubic spline models within the linear mixed-effects 266 

modeling framework. Biomarker concentrations were natural log-transformed as ln(x 267 

+ 1 × 10⁻⁶) and subsequently standardized within sex. Restricted cubic spline 268 

functions were fitted using four knots located at the 5th, 35th, 65th, and 95th 269 

percentiles. 270 

As this study was based on an existing prospective cohort, no a priori sample size 271 

calculation was performed. To assess the adequacy of the available sample size, a post 272 
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hoc power analysis was conducted using the pooled standardized mean difference for 273 

hip BMD between tea consumers and non-consumers reported in a previous 274 

meta-analysis [23]. Using an effect size of 0.19, the actual sample sizes of 1,171 tea 275 

consumers and 537 non-consumers, and a two-sided significance level of 0.05, the 276 

available sample provided approximately 95.4% statistical power to detect the reported 277 

effect under an independent two-sample comparison. 278 

All statistical analyses were conducted using R version 4.4.1. All tests were 279 

two-sided, and P values <0.05 were considered statistically significant. No formal 280 

adjustment for multiple comparisons was applied because the analyses involved 281 

prespecified, biologically related exposures and highly correlated bone outcomes. The 282 

primary analyses focused on the associations of long-term tea-drinking frequency with 283 

BMD and BMC, whereas serum tea biomarker analyses and sensitivity analyses were 284 

considered supportive. Results were interpreted based on the overall exposure-group 285 

and exposure-by-visit interaction tests, together with the consistency, magnitude, and 286 

precision of site- and visit-specific estimates. 287 

3. Results 288 

3.1 Characteristics of the participants 289 

A total of 1,708 participants were included in the analysis, comprising 537 non–290 

tea drinkers, 543 low-frequency tea drinkers, 522 moderate-frequency tea drinkers, and 291 

106 high-frequency tea drinkers. Baseline characteristics according to tea consumption 292 
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categories are presented in Table 1. The median age was similar across the four tea 293 

consumption groups, ranging from 57 to 58 years. The proportion of male participants 294 

increased with tea consumption frequency, from 15.1% among non-tea drinkers to 66.0% 295 

among high-frequency tea drinkers. 296 

Serum tea biomarker concentrations differed across long-term tea consumption 297 

groups (Supplementary Figure S2), and descriptive longitudinal trajectories of 298 

site-specific BMD and BMC by sex are shown in Supplementary Figure S3. The 299 

intra-individual coefficients of variation (CVs) for repeated BMD measurements were 300 

1.18% for whole-body BMD, 0.87% for lumbar spine BMD, 1.02% for total hip BMD, 301 

and 1.92% for femoral neck BMD [24]. 302 

3.2 Associations of Tea Consumption with BMD and BMC 303 

Figure 1 and Supplementary Table S3 show the longitudinal trajectories of BMD 304 

and BMC across long-term tea consumption groups in Model 2, with findings generally 305 

consistent with those from Model 1 presented in Supplementary Figure S4. After fully 306 

adjustment, Significant tea consumption group × visit interactions were observed for 307 

whole-body, lumbar spine, and femoral neck BMD and whole-body BMC (P for 308 

interaction ranged from < 0.001 to 0.022), indicating that their longitudinal changes 309 

differed across tea consumption groups. 310 

Adjusted marginal means of sex-specific BMD and BMC Z-scores across 311 

long-term tea consumption groups are presented in Figure 2 and Supplementary Table 312 

S4. Significant overall differences were observed for whole-body, lumbar spine, and 313 
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femoral neck BMD and BMC (P-overall ranged from < 0.001 to P ≤ 0.017), but not for 314 

total hip measures. Moderate-frequency tea drinkers generally had the highest adjusted 315 

marginal means.  316 

Sensitivity analyses broadly supported the primary findings with the esclusion of  317 

participants with osteoporosis at the beginning of bone follow-up (Supplementary 318 

Figure S5). When tea consumption was treated as a time-varying exposure, associations 319 

differed across follow-up visits. Low-frequency tea drinkers showed more favorable 320 

changes in whole-body BMD and total hip BMC, particularly at F2, compared with 321 

non-drinkers. Moderate- and high-frequency tea drinkers showed greater increases in 322 

whole-body BMC at F2 and more favorable femoral neck BMD and BMC changes 323 

during follow-up. Total hip BMC also showed positive associations, particularly at later 324 

visits (Supplementary Figure S6). Analyses based on cumulative TeaScore categories 325 

showed significant overall interactions for most BMD and BMC outcomes, with more 326 

favorable changes generally observed in the high TeaScore group (Supplementary 327 

Figure S7). . 328 

3.3 Associations of Serum tea biomarkers with BMD and BMC 329 

Longitudinal trajectories of BMD and BMC across baseline serum tea biomarker 330 

categories after fully adjustment are shown in Figures 3, 4, Supplementary Table S5 331 

and Table S6. The findings were generally consistent with those from Model 1, 332 

presented in Supplementary Figures S8–S9. 333 

After adjustment for all potential confounders, significant overall interactions 334 
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were observed mainly for lumbar spine outcomes. Catechin categories were associated 335 

with lumbar spine BMD and BMC trajectories (both P for interaction <0.001). 336 

Compared with Group 1, the F1-to-F4 changes in lumbar spine BMD and BMC were 337 

0.282 and 0.279 sex-specific SD units greater, respectively, in Group 3 (BMD: β = 338 

0.282; 95% CI: 0.184, 0.380; BMC: β = 0.279; 95% CI: 0.181, 0.378; both P < 0.001). 339 

ECG categories were associated with lumbar spine BMC trajectories (P for overall 340 

< 0.001; P for interaction = 0.042). Compared with Group 1, Group 4 showed a greater 341 

F1-to-F4 increase in lumbar spine BMC (β = 0.165; 95% CI: 0.066, 0.264; P = 0.001). 342 

EGC categories were associated with whole-body and lumbar spine BMD and BMC 343 

trajectories (all P-overall ≤ 0.009; all P-interaction ≤ 0.007). Compared with Group 1, 344 

the largest F1-to-F4 increases were observed in Group 3 for whole-body BMD and 345 

BMC (β = 0.164 and 0.118, respectively), in Groups 2 and 3 for lumbar spine BMD (β 346 

= 0.169 and 0.166, respectively), and in Group 4 for lumbar spine BMC (β = 0.186; 347 

all P ≤ 0.001). Epicatechin categories were associated with whole-body and lumbar 348 

spine BMD and lumbar spine BMC trajectories (P-interaction = 0.022, 0.002, and 349 

0.003, respectively), with the largest F1-to-F4 increases observed in Group 3 for 350 

lumbar spine BMD and Group 4 for lumbar spine BMC (β = 0.194 and 0.185, 351 

respectively; both P < 0.001). 352 

No significant overall interactions were observed for EGCG. Several isolated 353 

visit-specific coefficients were also observed for outcomes without significant overall 354 

interactions and were interpreted cautiously. Overall, the longitudinal associations were 355 
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concentrated mainly at the lumbar spine and varied across biomarkers, categories, and 356 

visits. 357 

Visit-averaged adjusted marginal means are shown in Figures 5 and 6 and 358 

Supplementary Table S7. Significant differences across ECG categories were observed 359 

for whole-body, lumbar spine, and femoral neck BMD and for whole-body and lumbar 360 

spine BMC (P-diff ranged from <0.001 to 0.010). EGCG categories also differed in 361 

lumbar spine and femoral neck BMD and in whole-body and lumbar spine BMC (P-diff 362 

ranged from <0.001 to 0.028). Participants with higher catechin and epicatechin also 363 

tended to have higher BMD and/or BMC at lumbar spine and femoral neck (P-trend 364 

ranged from 0.020 to 0.034). No significant overall differences or linear trend were 365 

observed for EGC. 366 

Supplementary Figures S10–S14 show the sensitivity analyses treating serum 367 

biomarker concentrations as continuous exposures using restricted cubic spline models. 368 

Significant overall associations were observed for selected outcomes, with the most 369 

extensive findings for ECG and EGCG (all P-overall ≤ 0.001), whereas catechin, EGC, 370 

and epicatechin showed more site-specific associations (P-overall ranged from < 0.001 371 

to 0.042). Significant biomarker × visit interactions were also observed for several 372 

outcomes, indicating that the associations varied across follow-up visits. Nonlinear 373 

associations were most evident for EGCG (P-nonlinearity ranged from < 0.001 to 374 

0.004), particularly across multiple BMC sites, while more limited and 375 

outcome-specific nonlinearity was observed for catechin, ECG, EGC, and epicatechin 376 
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(P-nonlinearity ranged from 0.003 to 0.043). 377 

4. Discussion 378 

This prospective cohort study systematically evaluated the associations of 379 

long-term tea consumption and baseline serum tea biomarker concentrations with 380 

repeated BMD and BMC measurements at multiple skeletal sites in middle-aged and 381 

older adults. Moderate- frequency tea drinkers generally exhibited better bone mineral 382 

status and more favorable longitudinal changes. Higher categories of several baseline 383 

serum tea biomarkers were generally associated with better bone mineral status. 384 

To date, several meta-analyses have evaluated the association between tea 385 

consumption—assessed using dietary intake estimates—and bone health. A recent 386 

meta-analysis of 18 studies including 48,615 postmenopausal women reported higher 387 

BMD at several skeletal sites and lower risks of osteoporosis and fractures among tea 388 

consumers[25]. However, other meta-analyses have failed to find a significant 389 

association between tea consumption and the risk of osteoporotic fractures[26, 27]. A 390 

recent prospective cohort study with repeated measurements of tea drinking and bone 391 

mineral status over 10 years of follow-up showed that tea consumption was positively 392 

associated with total hip BMD[15]. In our study, moderate-frequency tea drinkers 393 

generally had the highest adjusted bone mineral measures. These findings are broadly 394 

consistent with the meta-analysis by Sheng et al., which suggested a nonlinear 395 

relationship between tea intake and hip fracture risk[28]. A one-stage dose–response 396 

analysis showed that individuals who consumed fewer than 4.5 cups of tea per day had 397 
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a statistically significant lower risk of bone health–related outcomes than non-tea 398 

drinkers [10]. Together, these findings suggest that the association between tea 399 

consumption and bone health may be nonlinear and that higher intake does not 400 

necessarily confer proportionally greater skeletal benefits. 401 

We also found that higher categories of several serum tea biomarkers were 402 

generally associated with better bone mineral status, with the most consistent 403 

visit-averaged associations observed for ECG and EGCG. Participants with higher 404 

circulating levels of most biomarkers also exhibited more favorable changes in bone 405 

measures across most skeletal sites. Human intervention evidence provides some 406 

biological support for our findings, although results have not been entirely consistent. 407 

In a 6-month randomized trial among postmenopausal women with osteopenia [29], 408 

supplementation with 500 mg/day of green tea polyphenols increased bone-specific 409 

alkaline phosphatase (BAP) and the ratio of BAP to tartrate-resistant acid phosphatase 410 

(TRAP). A secondary analysis of the same trial showed that supplementation 411 

increased circulating EGCG and ECG concentrations and reduced urinary oxidative 412 

DNA damage [30]. In contrast, a 12-month trial providing decaffeinated green tea 413 

extract containing 843 mg/day of EGCG did not significantly improve BMD in 414 

overweight or obese postmenopausal women [31]. Short-term changes in bone turnover 415 

markers may not necessarily translate into measurable improvements in BMD within 416 

6–12 months. Moreover, these trials support biological plausibility but do not directly 417 

establish associations between naturally occurring circulating catechin concentrations 418 
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and bone mineral outcomes. 419 

Experimental studies suggest that major Catechins, including EGCG, ECG, and 420 

Epicatechin, may influence bone remodeling through distinct anti-resorptive and 421 

pro-osteogenic mechanisms. EGCG has been shown to suppress RANKL-induced 422 

osteoclastogenesis by inhibiting NF-κB and MAPK/AP-1 signaling and 423 

downregulating osteoclastogenic genes such as NFATc1 and cathepsin K[32, 33], while 424 

Epicatechin, ECG, and EGCG have been reported to promote osteoblast 425 

differentiation through upregulation of Runx2 and osterix and enhancement of 426 

mineralized matrix formation[34-36]. These dual anti-resorptive and pro-formative 427 

actions are closely linked to structural features: gallated catechins (EGCG, ECG) 428 

exhibit stronger protein-binding affinity and redox activity than non-gallated 429 

forms[37-41], whereas differences in hydroxylation patterns influence reactive oxygen 430 

species scavenging and modulation of redox-sensitive signaling pathways[42]. 431 

Nevertheless, these biological effects may vary according to exposure level and 432 

metabolic context. At physiologically relevant concentrations, Catechins attenuate 433 

TNF-α–mediated inflammatory signaling and oxidative stress, thereby favoring 434 

balanced remodeling[43-46]. Furthermore, extensive phase II metabolism and gut 435 

microbial biotransformation generate circulating metabolites with altered bioactivity 436 

profiles, which may contribute to variation in the biological effects associated with 437 

different circulating biomarkers [47, 48]. These structural and metabolic differences may 438 

partly explain the biomarker-specific patterns observed in our study, although the 439 
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underlying mechanisms remain uncertain. 440 

Advantages and Limitations 441 

This study has several notable strengths. Using a large community-based cohort 442 

with a long follow-up and repeated bone assessments, we comprehensively evaluated 443 

associations between tea consumption and both BMD and BMC across multiple 444 

skeletal sites. This design provides a more complete characterization of bone mineral 445 

status and longitudinal changes than studies limited to a single site or to fracture 446 

outcomes alone. In addition, integrating self-reported tea intake with objective serum 447 

tea biomarkers (flavan-3-ol metabolites) complemented the questionnaire-based 448 

exposure assessment and provided additional information on internal exposure. 449 

Nonetheless, several limitations merit consideration: First, residual confounding and 450 

reverse causality cannot be excluded. Second, tea consumption was self-reported and 451 

may have been misclassified; serum flavan-3-ol biomarkers were measured only once 452 

and could not capture changes during follow-up. Third, the high-frequency tea group 453 

was small, resulting in less precise estimates. Although the exposures and outcomes 454 

were prespecified, the number of biomarker-, skeletal-site-, and visit-specific 455 

comparisons increased the possibility of chance findings. Because no formal 456 

adjustment for multiple comparisons was applied, isolated associations, particularly 457 

those without significant overall tests, should be interpreted cautiously and require 458 

confirmation in independent studies. Finally, participants were recruited from 459 

Guangzhou, and the results may not be generalizable to populations with different 460 
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tea-drinking habits, tea types, or preparation methods. 461 

5. Conclusion 462 

In this prospective cohort, moderate-frequency tea consumption was associated 463 

with better bone mineral status and more favorable longitudinal changes. These 464 

findings suggest that habitual tea consumption and circulating flavan-3-ol 465 

concentrations may be related to bone health; however, they do not establish an optimal 466 

level of tea intake or serum biomarker concentration. Further studies incorporating 467 

repeated biomarker measurements and more detailed assessments of tea intake, dose, 468 

and preparation methods are warranted. 469 
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Table 1. Participant characteristics by tea consumption frequency (n =1,708) 643 

Variable 

Non-tea drinkers 

(n=537) 

Low-frequency 

tea drinkers 

(n=543) 

Moderate-frequency 

tea drinkers 

(n=522) 

High-frequency 

tea drinkers 

(n=106) 

Age (years) 58 (54.7-62) 57 (54-61.2) 58 (54-63) 57 (54-60.8) 

Sex (n,%)     

female 456 (84.9%) 403 (74.2%) 289 (55.4%) 36 (34%) 

male 81 (15.1%) 140 (25.8%) 233 (44.6%) 70 (66%) 

BMI 

(kg/m²) 22.3 (20.5-24) 23.2 (21.4-25.2) 23.6 (21.5-25.5) 23.8 (22.1-26) 

MET 

(MET-h/day

) 36 (30.6-56.1) 35.5 (30.6-44.2) 36 (31.1-45.2) 35.2 (31.4-50.7) 

Energy 

intake 

(kcal/d) 
1636.4 

(1346.9-1988.9) 

1697.5 

(1450-2010.1) 

1669.8 

(1426.7-2070.6) 

2053 

(1675.6-2426.3) 

Years Since 

Menopause 

(years) 6 (1-11) 4 (0-9) 1 (0-7) 0 (0-1.9) 

Serum tea 

biomarkers 

(ng/mL) 

    

Catechin 0.2 (0-0.6) 0.3 (0.1-0.8) 0.6 (0.2-1.3) 0.9 (0.2-1.8) 

Epicatechin 0 (0-0.2) 0.1 (0-0.2) 0.3 (0.1-1.1) 0.8 (0.3-3.1) 

EGC 0 (0-0) 0 (0-0) 0.1 (0-0.4) 0.2 (0-1.3) 

EGCG 0.1 (0-0.7) 0.6 (0.1-2) 3.9 (0.8-11.7) 8.7 (1.5-29.2) 

ECG 0.4 (0.1-1.6) 1.6 (0.3-4.6) 8 (2.4-20.4) 16.6 (4.9-36.7) 

Education 

Level (n,%) 
    

Junior high 

or below 161 (30%) 125 (23%) 123 (23.6%) 32 (30.2%) 

High school 

or technical 

secondary 244 (45.4%) 259 (47.7%) 245 (46.9%) 45 (42.5%) 

College or 

above 132 (24.6%) 159 (29.3%) 154 (29.5%) 29 (27.4%) 

Smoking 

Status (n,%) 
    

no 516 (96.1%) 483 (89%) 406 (77.8%) 53 (50%) 

yes 21 (3.9%) 60 (11%) 116 (22.2%) 53 (50%) 
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Alcohol 

Consumptio

n (n,%) 
    

no 525 (97.8%) 520 (95.8%) 461 (88.3%) 93 (87.7%) 

yes 12 (2.2%) 23 (4.2%) 61 (11.7%) 13 (12.3%) 

Complex 

vitamin 

users (n,%) 
    

no 404 (75.2%) 416 (76.6%) 430 (82.4%) 85 (80.2%) 

yes 133 (24.8%) 127 (23.4%) 92 (17.6%) 21 (19.8%) 

Calcium 

supplement 

users (n,%) 
    

no 359 (66.9%) 367 (67.6%) 385 (73.8%) 71 (67%) 

yes 178 (33.1%) 176 (32.4%) 137 (26.2%) 35 (33%) 

Note: Continuous variables are presented as median (interquartile range, IQR) due to 644 

non-normal distribution, and categorical variables are presented as number (percentage). 645 

Smoking status and alcohol consumption were categorized as yes/no based on self-reported 646 

history. Education level was categorized as junior high school or below, high school or 647 

technical secondary school, and college or above. Complex vitamin users and calcium 648 

supplement users were defined as participants reporting more than 30 doses during the 649 

previous year.  650 

Abbreviations: BMI, body mass index; MET, metabolic equivalent of task. 651 
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Figure legends 653 

Figure 1. Longitudinal trajectories of BMD and BMC according to long-term tea 654 

consumption groups 655 

Note: Analyses included 1,708 participants. The y-axis displays adjusted marginal 656 

means of sex-specific bone mineral density (BMD) and bone mineral content (BMC) 657 

Z-scores. Points and error bars represent adjusted marginal means and 95% confidence 658 

intervals (CIs) of sex-specific bone mineral density (BMD) and bone mineral content 659 

(BMC) Z-scores at each visit, estimated using linear mixed-effects models with tea 660 

consumption group, visit, and tea consumption group × visit interaction terms and a 661 

participant-specific random intercept. Non-tea drinkers and F1 were the reference 662 

categories. P-overall and P-interaction were obtained using likelihood-ratio tests; 663 

individual interaction coefficients were tested using t tests with 664 

Satterthwaite-approximated degrees of freedom. Models were adjusted for age, sex, 665 

education, smoking, alcohol consumption, complex vitamin and calcium supplement 666 

use, years since menopause, energy intake, total physical activity, time-varying total 667 

body fat mass, and follow-up interval. Only interaction coefficients with P < 0.05 are 668 

displayed. WB, whole body; LS, lumbar spine; FN, femoral neck; TH, total hip. 669 

Figure 2. Adjusted mean BMD and BMC across tea consumption groups after 670 

accounting for tea group × visit interactions 671 

Note: Analyses included 1,708 participants. Bars and error bars represent 672 

visit-averaged adjusted marginal means and 95% confidence intervals (CIs) of 673 
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sex-specific bone mineral density (BMD) and bone mineral content (BMC) Z-scores. 674 

Estimates were obtained from linear mixed-effects models including tea consumption 675 

group, visit, and tea consumption group × visit interaction terms, with a 676 

participant-specific random intercept, and were averaged across visits using 677 

proportional weighting. P-diff was obtained using a joint Wald test of equality across 678 

the four visit-averaged means; P-trend was obtained using a Wald t test of a 679 

prespecified linear contrast across ordered tea consumption groups. Models were 680 

adjusted for age, sex, education, smoking, alcohol consumption, complex vitamin and 681 

calcium supplement use, years since menopause, energy intake, total physical activity, 682 

time-varying total body fat mass, and follow-up interval. WB, whole body; LS, lumbar 683 

spine; FN, femoral neck; TH, total hip. 684 

Figure 3. Longitudinal trajectories of BMD according to baseline serum tea 685 

biomarker categories 686 

Note: Panels A–E represent the following serum tea biomarkers: A, catechin; B, 687 

epicatechin gallate (ECG); C, epigallocatechin (EGC); D, epigallocatechin gallate 688 

(EGCG); and E, epicatechin. Analyses included 1,461 participants with baseline serum 689 

tea biomarker measurements and bone follow-up data. The y-axis displays adjusted 690 

marginal means of sex-specific bone mineral density (BMD) and bone mineral 691 

content (BMC) Z-scores. Points and error bars represent adjusted marginal means and 692 

95% confidence intervals (CIs) of sex-specific bone mineral density (BMD) Z-scores at 693 

each visit, estimated using linear mixed-effects models including biomarker category, 694 
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visit, and biomarker category × visit interaction terms, with a participant-specific 695 

random intercept. Group 1 and F1 were the reference categories. P-overall and 696 

P-interaction were obtained using likelihood-ratio tests; individual interaction 697 

coefficients were tested using t tests with Satterthwaite-approximated degrees of 698 

freedom. Models were adjusted for age, sex, education, smoking, alcohol consumption, 699 

complex vitamin and calcium supplement use, years since menopause, energy intake, 700 

total physical activity, time-varying total body fat mass, and follow-up interval. Only 701 

interaction coefficients with P < 0.05 are displayed. WB, whole body; LS, lumbar 702 

spine; FN, femoral neck; TH, total hip. 703 

Figure 4. Longitudinal trajectories of BMC according to baseline serum tea 704 

biomarker categories 705 

Note: Panels A–E represent the following serum tea biomarkers: A, catechin; B, 706 

epicatechin gallate (ECG); C, epigallocatechin (EGC); D, epigallocatechin gallate 707 

(EGCG); and E, epicatechin. Analyses included 1,461 participants with baseline serum 708 

tea biomarker measurements and bone follow-up data. The y-axis displays adjusted 709 

marginal means of sex-specific bone mineral density (BMD) and bone mineral content 710 

(BMC) Z-scores. Points and error bars represent adjusted marginal means and 95% 711 

confidence intervals (CIs) of sex-specific bone mineral content (BMC) Z-scores at each 712 

visit, estimated using linear mixed-effects models including biomarker category, visit, 713 

and biomarker category × visit interaction terms, with a participant-specific random 714 

intercept. Group 1 and F1 were the reference categories. P-overall and P-interaction 715 
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were obtained using likelihood-ratio tests; individual interaction coefficients were 716 

tested using t tests with Satterthwaite-approximated degrees of freedom. Models were 717 

adjusted for age, sex, education, smoking, alcohol consumption, complex vitamin and 718 

calcium supplement use, years since menopause, energy intake, total physical activity, 719 

time-varying total body fat mass, and follow-up interval. Only interaction coefficients 720 

with P < 0.05 are displayed. WB, whole body; LS, lumbar spine; FN, femoral neck; 721 

TH, total hip. 722 

Figure 5. Adjusted mean BMD across serum tea biomarker categories after 723 

accounting for biomarker category × visit interactions 724 

Note: Analyses included 1,461 participants with baseline serum tea biomarker 725 

measurements; panel-specific sample sizes are shown in the figure. Points and error 726 

bars represent visit-averaged adjusted marginal means and 95% confidence intervals 727 

(CIs) of sex-specific bone mineral density (BMD) Z-scores. Estimates were obtained 728 

from linear mixed-effects models including biomarker category, visit, and biomarker 729 

category × visit interaction terms, with a participant-specific random intercept, and 730 

were averaged across visits using proportional weighting. P-diff was obtained using a 731 

joint Wald test of equality across the four visit-averaged means; P-trend was obtained 732 

using a Wald t test of a prespecified linear contrast across ordered biomarker categories. 733 

Models were adjusted for age, sex, education, smoking, alcohol consumption, complex 734 

vitamin and calcium supplement use, years since menopause, energy intake, total 735 

physical activity, time-varying total body fat mass, and follow-up interval. 736 
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Figure 6. Adjusted mean BMC across serum tea biomarker categories after 737 

accounting for biomarker category × visit interactions 738 

Note: Analyses included 1,461 participants with baseline serum tea biomarker 739 

measurements; panel-specific sample sizes are shown in the figure. Points and error 740 

bars represent visit-averaged adjusted marginal means and 95% confidence intervals 741 

(CIs) of sex-specific bone mineral content (BMC) Z-scores. Estimates were obtained 742 

from linear mixed-effects models including biomarker category, visit, and biomarker 743 

category × visit interaction terms, with a participant-specific random intercept, and 744 

were averaged across visits using proportional weighting. P-diff was obtained using a 745 

joint Wald test of equality across the four visit-averaged means; P-trend was obtained 746 

using a Wald t test of a prespecified linear contrast across ordered biomarker categories. 747 

Models were adjusted for age, sex, education, smoking, alcohol consumption, complex 748 

vitamin and calcium supplement use, years since menopause, energy intake, total 749 

physical activity, time-varying total body fat mass, and follow-up interval. 750 
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