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We aimed to assess the associations between caffeine and its metabolites and sex steroid hormones 
among children (aged 6–11 years) and adolescents (aged 12–19 years) using data from the U.S. 
National Health and Nutrition Examination Survey (NHANCES) conducted in 2013–2014. A total of 
579 individuals aged 6–19 years with available data on urinary caffeine and its metabolites, as well as 
serum hormones [total testosterone (TT), estradiol (E2), sex hormone–binding globulin (SHBG)], were 
included. Additionally, the free androgen index (FAI) was calculated as TT/SHBG, and the ratio of TT 
to E2 (TT/E2) was estimated. Puberty status was defined based on hormone levels (TT ≥ 30 ng/dL in 
males and E2 ≥ 20 pg/ml in females for high steroid hormone levels; otherwise considered prepuberty). 
Linear regression, weighted quantile sum (WQS) regression, and Q-gcomp analyses were performed 
to estimate the associations of individual chemicals or chemical mixtures with sex hormones. Linear 
regression analyses indicated inverse associations between 12 and 15 caffeine metabolites with SHBG 
levels in male children and prepubertal boys, respectively. Furthermore, WQS regression demonstrated 
that caffeine mixtures were inversely associated with E2 and TT levels in male adolescents and 
prepubertal boys. Similar results were observed with Q-gcomp analysis. Exposure to caffeine and its 
metabolites, either individually or as a mixture, was inversely associated with SHBG levels in male 
children and prepubertal boys. Additionally, caffeine mixtures were associated with decreased levels of 
E2 and TT in male adolescents and prepubertal boys.

Keywords  Children/adolescents, Caffeine/caffeine metabolites, Sex hormones, National health and nutrition 
examination survey, Mixed exposure

Caffeine (1,3,7-trimethylxanthine, C8H10N4O2) stands as one of the most popular and extensively consumed 
psychoactive substances worldwide. Global coffee consumption is estimated to reach approximately 1 million 
tons annually1. Caffeine pervades a diverse range of sources including foods, energy drinks, soft drinks, dietary 
supplements, and pharmaceuticals2,3. Predominantly, it is worth noting that different populations have varied 
sources of caffeine intake from food. For adults, the majority of caffeine intake is from coffee and tea, while for 
children, caffeinated soft drinks are the main sources of caffeine4. On the other hand, about 73% of American 
children consume caffeinated products daily5, which contains caffeine ranging from 50 to 500 mg (equivalent to 
5 cups of coffee)6. After being ingested, caffeine is rapidly absorbed by the stomach and small intestine within 
45 min, and subsequently metabolized in the liver7. Caffeine typically has an average elimination half-life of 
5 h, and almost all of it undergoes metabolism in the body, with only 3% or less being excreted unchanged 
in urine8. Many studies indicated that caffeine has beneficial health effects including antioxidative properties, 
anti-inflammatory activities, improved mood and wakefulness, enhanced physical performance, and protection 
against diseases such as cardiovascular disease, obesity, and diabetes mellitus9,10. Despite these benefits, there 
are some negative effects of caffeine consumption were also observed like restlessness, insomnia, dehydration, 
addiction and migraine11. For instance, insomnia is one of the most reported side effects of caffeine on sleep. A 
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previous randomized controlled trial showed that the additional caffeine supplementation impaired the sleep 
quality of athletes12. Moreover, another study indicated that decaffeinated green tea remarkably improved sleep 
quality and reduced stress and fatigue13. Therefore, caffeine has dual effects on human health. Special attention 
should be given to the effects of caffeine on specific conditions.

Sex steroid hormones were regulated by the hypothalamic–pituitary–gonadal (HPG) axis, which plays 
a pivotal role in physical development and initiation of puberty14. When puberty initiates, sex hormones 
contribute to the maturation of sexual organs (testes and ovaries) and the maintenance of bone, muscle, and 
endocrine balance15. Several studies indicated that abnormal levels of sex hormones increased the risk of fertility 
disorders by altering the structure of the testis and ovaries, spermatogenesis and sperm quality, oogenesis, and 
follicle maturation16,17. Some previous animal studies have shown that caffeine can interfere with the endocrine 
system by affecting sex hormones. In peripubertal male rats, researchers observed negative influences on the 
histological parameters of the testes and reduced responsiveness to testosterone in Leydig cells among animals 
fed high or low doses of caffeine18,19. As for peripubertal female rats, researchers found that exposure to high 
caffeine levels increases estradiol production in the ovary and delays vaginal opening, thereby interfering with 
sexual maturation20. Another study showed that caffeine upregulates sex hormone-binding globulin (SHBG) 
by increasing adiponectin in the SHBG transgenic mice21. However, few epidemiological studies have assessed 
the association between caffeine and sex hormones. An American study showed an inverse association 
between caffeine and testosterone in adult male22. Moreover, previous studies have reported that coffee and 
caffeine consumption are positively associated with SHBG in postmenopausal women and healthy non-diabetic 
women23,24.

Little is known about the associations between caffeine and sex steroid hormones in children and adolescents. 
Compared to adults, children and adolescents are more sensitive to the side effects of caffeine due to their 
immature physical development. Considering that sex hormones are crucial for the initiation of puberty and 
subsequent sexual maturation, it is essential to comprehend the connections between caffeine, whether as 
individual components or as a mixture and sex hormones in children and adolescents. Therefore, in this study, 
we aimed to assess the association of urinary caffeine and its 14 metabolites with serum sex steroid hormones in 
participants aged 6–19 years old in the U.S. National Health and Nutrition Examination Study (NHANES), and 
to further investigate potential mixture effects.

Material and methods
Study design and population
NHANES is a nationwide cross-sectional survey using multistate complex sampling strategies conducted 
biennially by the National Center for Health Statistics (NCHS), a department of the Centers for Disease Control 
and Prevention (CDC). The project involves in-person interviews conducted at participants’ homes, as well 
as standardized health examinations in the mobile examination center (MEC), where the blood and urinary 
samples were collected. All procedures and contents underwent approval by the NCHS Ethics Review Board, 
and written informed consent was obtained from all participants before their involvement. In our study, publicly 
available data from the 2013–2014 NHANES were utilized. A total of 579 participants aged 6–19 years with 
available data on urinary caffeine, caffeine metabolites, serum total testosterone (TT), estradiol (E2), and sex 
hormone binding globulin (SHBG) were selected. We reviewed participants’ health records and identified only 
one individual with juvenile diabetes among the included sample. Given the very low prevalence, no additional 
exclusions based on health conditions were applied. The participant selection process is outlined in Fig. S.1 in 
the Supplementary Material.

Ethics declarations
This study was based on publicly available data from the National Health and Nutrition Examination Survey 
(NHANES) 2013–2014, conducted by the Centers for Disease Control and Prevention (CDC) and the National 
Center for Health Statistics (NCHS). The NHANES study protocol was reviewed and approved by the NCHS 
Research Ethics Review Committee, and all participants provided written informed consent. As the current 
study involved secondary analysis of de-identified public use data, additional ethical approval was not required. 
Data use complied with the NHANES Data Release and Access Policy and the NCHS Data Use Agreement, 
ensuring participant confidentiality.

Measurements of caffeine metabolites
Urinary caffeine and its 14 metabolites were measured by NHANES using spot urine samples collected at the 
Mobile Examination Center (MEC) and stored under appropriate frozen conditions (-20℃). The measured 
metabolites included 1,3,7-trimethylxanthine (1,3,7-TMX), 1-methyluric acid (1-MU), 3-methyluric acid 
(3-MU), 7-methyluric acid (7-MU), 1,3-dimethyluric acid (1,3-DMU), 1,7-dimethyluric acid (1,7-DMU), 
3,7-dimethyluric acid (3,7-DMU), 1,3,7-trimethyluric acid (1,3,7-TMU), 1-methylxanthine (1-MX), 
3-methylxanthine (3-MX), 7-methylxanthine (7-MX), 1,3-dimethylxanthine (1,3-DMX), 1,7-dimethylxanthine 
(1,7-DMX), 3,7-dimethylxanthine (3,7-DMX), and 5‐acetylamino‐6‐amino‐3‐methyluracil (AAMU).

All laboratory testing was performed by certified laboratories contracted by NHANES, following standardized 
protocols documented in the NHANES Laboratory/Medical Technologists Procedures Manual. Specifically, 
caffeine and its metabolites were quantified using high-performance liquid chromatography-electrospray 
ionization-tandem quadrupole mass spectrometry (HPLC-ESI-MS/MS) with stable isotope-labeled internal 
standards. Detailed methodology is available at the official NHANES website (​h​t​t​p​s​:​​/​/​w​w​w​n​​.​c​d​c​.​g​​o​v​/​N​c​h​​s​/​N​h​a​​
n​e​s​/​2​0​​1​3​-​2​0​1​​4​/​C​A​F​E​​_​H​.​h​t​m).

The lower limits of detection (LLOD) were determined by NHANES as follows: 0.05  μmol/L for 1-MU, 
0.1 μmol/L for 3-MU, 0.04 μmol/L for 7-MU, 0.02 μmol/L for 1,3-DMU, 0.02 μmol/L for 1,7-DMU, 0.03 μmol/L 
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for 3,7-DMU, 0.005  μmol/L for 1,3,7-TMU, 0.03  μmol/L for 1-MX, 0.04  μmol/L for 3-MX, 0.02  μmol/L for 
7-MX, 0.01 μmol/L for 1,3-DMX, 0.006 μmol/L for 1,7-DMX, 0.004 μmol/L for 3,7-DMX, 0.003 μmol/L for 
1,3,7-TMX, and 0.1 μmol/L for AAMU.

In our analyses, metabolites with a detection frequency greater than 70% were included. Values below the 
LLOD were substituted with LLOD/√2, in accordance with the NHANES analytic guidelines (​h​t​t​p​s​:​​/​/​w​w​w​n​​.​c​d​c​
.​g​​o​v​/​N​c​h​​s​/​N​h​a​​n​e​s​/​2​0​​1​3​-​2​0​1​​4​/​C​A​F​E​​_​H​.​h​t​m).

Measurement of sex hormone
Serum samples were processed and stored at -20℃ until shipping to the National Center for Environmental 
Health for testing. TT and E2 were quantified using isotope dilution liquid chromatography tandem mass 
spectrometry (ID-LC-MS/MS). SHBG concentrations were determined by immunoassay utilizing antibodies 
specific to SHBG, followed by chemiluminescence measurement of the reaction products using a photomultiplier 
tube. The details of the detection method were available from the official site (​h​t​t​p​s​:​​​/​​/​w​w​w​​n​.​c​d​​c​.​g​​o​v​/​N​​c​​h​s​/​N​​h​a​​
n​e​s​/​​2​​0​1​3​-​​​2​0​1​4​​/​​​T​S​T​_​H​.​h​t​m). The LLODs of TT, E2 and SHBG were 0.75 ng/mL, 2.994 pg/m and 0.800 nmol/l, 
respectively. Following previous published studies25–27, we calculated the free androgen index (FAI) equal to 
the value of TT (ng/dL) divided by SHBG (nmol/L) and the ratio of TT to E2 (TT/E2) to indirectly assess the 
approximate amount of circulating free testosterone and the activity of aromatase.

Covariates
Based on previous reports28–30, we selected these potential confounders which were associated with both caffeine 
exposure and sex hormone, including age (years), race/ethnicity (Mexican American, other Hispanic, Non-
Hispanic White, Non-Hispanic Black, Other Race), and family poverty-income ratio (PIR) and body mass index 
(BMI) category (underweight: BMI < 5th percentile, normal weight: 5th ≤ BMI < 85th percentile, overweight: 
85th ≤ BMI < 95th percentile, obese: BMI ≥ 95th percentile). Furthermore, to mitigate the influence of diurnal 
fluctuations in hormone levels, the time of blood draw (morning, afternoon, evening) and time period of 
examination (November 1 through April 30, May 1 through October 31) were adjusted in the regression model as 
covariates. Additionally, serum cotinine levels were utilized to assess tobacco exposure, while urinary creatinine 
concentrations were measured in urine samples to determine the degree of dilution. Since the distribution of 
urinary creatinine was right-skewed, we transformed it using a natural logarithm. Consequently, to diminish 
the influence of tobacco exposure and urinary dilution, we adjusted for cotinine exposure status (> 0.015 ng/
mL, ≤ 0.015 ng/mL) and urinary creatinine in our regression model26.

Statistical analysis
Due to substantial variations in sex hormone levels across different sexes and developmental stages, we conducted 
descriptive statistical analysis and performed stratified analyses based on age groups (children: 6–11 years and 
adolescents: 12–19 years) in both males and females. The distributions of urinary caffeine metabolites, creatinine, 
and sex hormones exhibited predominantly right-skewed patterns. Consequently, they underwent natural-log 
transformation (ln-transformation) to improve normality in both descriptive and regression analyses. Sampling 
weights are usually employed to produce statistically representative and unbiased estimates when analyzing 
survey data. However, it diminishes the accuracy of the estimates and may even introduce over-adjustment bias 
when variables (such as race, age, and income) used in calculating the sampling weights are further adjusted 
in regression analyses. So, we presented our results without using sampling weights, similar to the previously 
published studies31–33.

In our principal analysis, we applied multiple linear regression to assess the relationship between individual 
urinary caffeine, caffeine metabolites, and serum sex hormones. Individual caffeine and its metabolites were 
simultaneously modeled as both continuous variables and categorized variables (quartiles). We further 
conducted tests for trend (p-trend) analysis by using the median urinary chemicals concentration in each 
quantile as a linear variable in the regression models. It is worth noting that sex hormone concentrations are 
notably influenced by puberty status. Therefore, to address this concern, we further categorized participants 
into pubertal and prepubertal groups based on their serum sex hormone levels. Participants were grouped as 
a pubertal group if their levels of TT ≥ 30 ng/dL for boys or E2 ≥ 20 pg/mL for girls34,35. The remaining were 
classified as a prepubertal group.

Moreover, weighted quantile sum (WQS) regression was employed to investigate the mixture effects of caffeine 
and its metabolites on sex hormones. Briefly, WQS regression is a flexible and robust statistical method, that has 
been widely used to estimate the individual’s overall exposure burden value. In our study, the WQS regression 
model computes a weighted linear index that reflects the overall burden of all caffeine and its metabolites in the 
body. Each caffeine metabolite is assigned a corresponding weight, indicating its contribution to the WQS index. 
The WQS model was presented as follows:

	 Y = β0 + β1W QS + β2φ

	
W QS =

∑
wiqij

where Y was continuous sex hormone with ln transformation and β0 reflects the model intercept, while β1 was 
the parameter estimate for the co-exposure index, wi indicates a vector of empirically estimated weights for each 
caffeine metabolite, and qij indicates the quantile rank assigned to each subject per variable, and β2 represents 
the parameter of covariable. We conducted 200 bootstrapped samples to assess the weight estimations, with the 
weights constrained to sum to 1 and to range between 0 and 1 to facilitate comparison. The weight assigned to 
each component indicated its contribution to the WQS index. WQS analyses were divided into training and 
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validation sets (40:60 ratio), with the training dataset utilized for estimating variable weights and the validation 
dataset employed to assess mixture significance. Given the absence of prior evidence regarding the directional 
relationships between each chemical and sex hormones, two models of WQS regression analyses were conducted. 
One model assumed positive relationships between all components of the WQS index and sex hormones, while 
the other model assumed negative relationships for all components of the index.

In our secondary analysis, we conducted several additional statistical analyses to further evaluate the 
robustness of the findings from the primary analysis. Firstly, we reran the multiple linear regression analysis 
including all participants to mitigate potential bias due to limited sample size. Secondly, to validate the mixture 
effect of caffeine metabolites on sex hormones, we also conducted Q-gcomp as a complementary method to 
estimate the overall association of caffeine mixtures with sex hormones. The Q-gcomp integrates the inferential 
simplicity of WQS with the flexibility of g-computation. It relaxes the assumption of directional homogeneity 
and enables individual components within the mixtures to contribute either positively or negatively to a mixture 
index. The total sum of weights for all compounds is constrained to 1. The mixture slope and overall model 
confidence bounds were determined through 200 bootstrap iterations. Furthermore, we also repeated the 
multiple linear regression without adjusting for creatinine to verify the stability of the results similar as the 
previous study. Additionally, we calculated the E-value to evaluate the potential influence from unmeasured 
confounding bias36.

The results of the regression analyses were presented as coefficients along with their respective 95% 
confidence intervals (CIs). All the analyses were conducted in R software (version 4.1.0). WQS and Q-gcomp 
were implemented with R package “gWQS” (version 3.0.5) and “qgcomp” (version 2.15.2), respectively. Statistical 
significance was determined at the 0.05 level.

Results
Descriptive statistics
The demographic characteristics, distributions of sex hormones, and caffeine metabolites of all 579 participants, 
as well as those stratified by sex and age subgroups, are summarized in Table 1. The mean age of the overall 
participants was 12.2 years (± 3.9 years). The overall detection frequencies were 99.5% for TT, 62.7% for E2 and 
100% for SHBG (Table S.1). However, the detection frequencies of E2 in children and prepubertal participants 
were less than 70%. Therefore, analyses for E2 and the ratio of total testosterone to estradiol (TT/E2) were 
not conducted in these groups (Table S.1). As for the detection of urinary caffeine and its metabolites, all of 
the chemicals had the detection frequency above 70% in all participants or subgroups. The overall median 
concentrations of caffeine and its metabolites ranged from 0.4  μg/L to 63.7  μg/L. The pairwise Spearman 
correlations among the caffeine and its metabolites were all statistically significant (P < 0.05), with correlation 
coefficients ranging from 0.37 to 0.98, indicating the need to consider the correlation among the metabolites 
when evaluating their individual and mixture effects (Fig. S.2).

Association of caffeine and its metabolites with sex hormone by sex-age groups
Table 2 displayed the associations between continuous caffeine metabolites and sex hormone indicators across 
sex-age groups. Additionally, Fig.  1 and Figs. S.3–5 illustrate the relationships between quartiles of caffeine 
metabolites and sex hormone indicators in the respective sex-age groups. Among male children, our study 
revealed an inverse association between 12 caffeine metabolites and SHBG, specifically including 1-MU, 3-MU, 
7-MU, 1,3-DMU, 1,7-DMU, 3,7-DMU, 1-MX, 3-MX, 7-MX, 1,3-DMX, 1,7-DMX, 3,7-DMX, respectively (Table 
2). Furthermore, the trend testing showed monotonic inverse association between 3-MU, 1,3-DMU, 1,7-DMU, 
1,3,7-TMU, 1-MX, 1,3-DMX, 3,7-DMX, 1,3,7-TMX, AAMU and SHBG in male children (all P-trend < 0.05, 
Fig.  1). Among female children, 3,7-DMU was inversely associated with SHBG. Moreover, the trend testing 
indicated that 3,7-DMU associated with SHBG with a monotonic decreasing trend (Fig. S.3). In addition, 
positive associations between 7-MU, 3,7-DMU and FAI. However, there were no consistent trends in FAI with 
increasing quartiles of caffeine metabolites.

In adolescents, no significant association or trend between most caffeine metabolites and sex hormones was 
observed. In male adolescents, only 1-MX (4th vs 1st quartile) was associated with SHBG without a significant 
trend (Fig. S.4). Among female adolescents, 1-MU (4th vs 1st quartile), 1,3-DMU (4th vs 1st quartile) and 3,7-
MX (4th vs 1st quartile) were significantly inversely associated with TT. 3,7-DMU (4th vs 1st quartile) and 3-MX 
(4th vs 1st quartile) presented a decreasing trend with SHBG (Fig. S.5).

Association of caffeine and its metabolites with sex hormone by sex-puberty groups
The associations and patterns across quartiles of caffeine metabolites, stratified by puberty status in both sexes, 
exhibited similarities to those observed in the analysis stratified by sex-age groups (Table 3, Fig. 2 and S.6–8). 
Some novel observations emerged within the sex-puberty groups. Among prepubertal boys, 1,3,7-TMU (2nd 
vs 1st quartile) and 1,3-DMX (3rd vs 1st quartile) were positively associated with FAI (Fig. 2). In prepubertal 
girls, 1,3-DMU (2nd vs 1st quartile) and 1,3,7-TMU (2nd vs 1st quartile) were inversely associated with TT. 
Additionally, considering the effect of limited sample size among different subgroups, we assessed the association 
between caffeine metabolites and sex hormones in all populations (Table. 2). The results revealed that 9 caffeine 
metabolites exhibited significant inverse associations with SHBG, namely 3-MU, 7-MU, 1,3-DMU, 1,7-DMU, 
3,7-DMU, 3-MX, 1,3-DMX, 1,7-DMX, and 3,7-DMX. For pubertal boys and girls, most caffeine metabolites 
did not display significant associations or trends with sex hormones. Only among pubertal girls, 3-MU and 
3,7-DMX were significantly inversely associated with SHBG (− 0.061, 95% CI − 0.105, − 0.017; − 0.06 95% CI 
− 0.115, − 0.006).
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Characteristics

All Male Female

(n = 579) Children (n = 154) Adolescents (n = 163) Children (n = 108) Adolescents (n = 154)

Age [yrs, mean (SD)] 12.2 (3.9) 8.6 (1.7) 15.3 (2.2) 8.6 (1.7) 15.2 (2.3)

Race/ethnicity [n(%)]

Mexican American 138.0 (23.8%) 28.0 (18.2%) 42.0 (25.8%) 27.0 (25.0%) 41.0 (26.6%)

Other Hispanic 52.0 (9.0%) 14.0 (9.1%) 16.0 (9.8%) 7.0 (6.5%) 15.0 (9.7%)

Non-Hispanic White 164.0 (28.3%) 50.0 (32.5%) 47.0 (28.8%) 30.0 (27.8%) 37.0 (24.0%)

Non-Hispanic Black 139.0 (24.0%) 38.0 (24.7%) 36.0 (22.1%) 30.0 (27.8%) 35.0 (22.7%)

Other Race—Including Multi-Racial 86.0 (14.9%) 24.0 (15.6%) 22.0 (13.5%) 14.0 (13.0%) 26.0 (16.9%)

BMI category [n(%)]b

Underweight 28 (4.8%) 7 (4.5%) 9 (5.5%) 6 (5.6%) 8 (5.2%)

Normal weight 464 (80.1%) 124 (80.5) 129 (79.2%) 85 (78.6%) 123 (79.9%)

Overweight 58 (10.0%) 15 (9.7%) 16 (9.8%) 11 (10.2%) 15 (9.7%)

Obese 29 (5.1%) 8 (5.3%) 9 (5.5%) 6 (5.6%) 8 (5.2%)

Time of blood drew [n (%)]

Morning 259.0 (44.7%) 61.0 (39.6%) 77.0 (47.2%) 47.0 (43.5%) 74.0 (48.1%)

Afternoon 206.0 (35.6%) 60.0 (39.0%) 61.0 (37.4%) 38.0 (35.2%) 47.0 (30.5%)

Evening 114.0 (19.7%) 33.0 (21.4%) 25.0 (15.3%) 23.0 (21.3%) 33.0 (21.4%)

Time period of examination [n (%)]

November 1 through April 30 268.0 (46.3%) 73 (47.4%) 81 (50.0%) 52 (48.1%) 62 (40.3%)

May 1 through October 31 311.0 (53.7%) 81 (52.6%) 82 (50.0%) 56 (51.9%) 92 (59.7%)

Poverty income ratio [median (IQR)]c 1.5 (2.3) 1.3 (2.3) 1.7 (2.3) 1.3 (2.0) 1.6 (2.0)

Serum cotinine [ng/mL, median (IQR)] 0.03 (0.3) 0.03 (0.4) 0.03 (0.5) 0.03 (0.3) 0.02 (0.1)

Cotinine exposure status

Exposed (> 0.015 ng/ml) 355.0 (61.3%) 97.0 (63.0%) 97.0 (59.5%) 71.0 (65.7%) 90.0 (58.4%)

Unexposed (≤ 0.015 ng/ml) 224.0 (38.7%) 57.0 (37.0%) 66.0 (40.5%) 37.0 (34.3%) 64.0 (41.6%)

Urinary creatinine [mg/dL median (IQR)] 110.0 (104.0) 94.0 (66.8) 163.0 (103.5) 87.5 (67.0) 121.5 (131.8)

Serum sex hormones indices [median (IQR)]d

TT (ng/dL) 18.3 (122.2) 3.7 (5.0) 378.0 (294.5) 4.8 (6.2) 22.1 (14.7)

E2 (pg/mL) 12.2 (27.3) 2.1 (0.0) 19.2 (14.2) 2.1 (8.1) 47.2 (65.3)

SHBG (nmol/L) 55.5 (59.7) 94.5 (71.0) 32.2 (23.3) 77.0 (63.5) 51.5 (42.5)

FAI 0.3 (3.5) 0.04 (0.1) 12.7 (12.0) 0.1 (0.1) 0.5 (0.4)

TT/E2 1.6 (11.5) 1.7 (2.4) 19.4 (11.7) 1.0 (1.4) 0.5 (0.6)

Urinary caffeine metabolites [ug/L, median (IQR)]

1-MU 22.6 (41.3) 18.4 (26.6) 36.2 (57.0) 16.9 (26.1) 24.0 (42.4)

3-MU 0.4 (1.0) 0.4 (1.0) 0.5 (1.2) 0.4 (0.9) 0.4 (0.9)

7-MU 16.9 (34.7) 17.6 (39.4) 18.7 (40.1) 16.6 (34.1) 14.2 (27.7)

1,3-DMU 1.6 (4.4) 1.0 (2.8) 2.9 (6.3) 0.8 (2.2) 2.1 (5.1)

1,7-DMU 5.7 (17.3) 3.1 (10.3) 10.5 (21.7) 2.9 (8.9) 7.8 (20.8)

3,7-DMU 1.2 (2.6) 1.1 (2.3) 1.4 (2.9) 1.2 (2.1) 1.0 (2.2)

1,3,7-TMU 0.3 (1.0) 0.2 (0.7) 0.4 (1.3) 0.2 (0.5) 0.4 (1.3)

1-MX 9.8 (24.9) 7.2 (20.7) 16.5 (35.3) 6.2 (14.2) 10.8 (24.2)

3-MX 30.9 (66.4) 29.3 (72.4) 31.7 (70.0) 32.9 (57.6) 27.4 (64.1)

7-MX 63.7 (143.3) 63.3 (142.4) 69.9 (152.7) 72.0 (130.8) 53.9 (119.6)

1,3-DMX 0.4 (1.2) 0.2 (0.8) 0.7 (1.5) 0.3 (0.7) 0.6 (1.6)

1,7-DMX 5.2 (12.9) 3.1 (9.5) 8.0 (15.2) 3.5 (8.4) 5.9 (14.4)

3,7-DMX 23.7 (53.5) 23.6 (58.5) 28.1 (56.5) 24.1 (50.8) 19.8 (46.3)

1,3,7-TMX 0.6 (1.9) 0.3 (1.0) 0.7 (2.2) 0.4 (1.3) 0.8 (2.8)

AAMU 17.9 (42.8) 12.9 (36.6) 30.2 (48.8) 11.0 (22.9) 18.4 (52.1)

Table 1.  Characteristics of 6–19-year-old children and adolescents with serum sex hormones and 
urinary Caffeines metabolites in NHANCES 2013-2014a. a Children (6–11 years) and adolescents 
(12–19 years). b BMI category was defined as underweight (BMI < 5th percentile), normal weight (5th 
percentile ≤ BMI < 85th percentile), overweight (85th percentile ≤ BMI < 95th percentile), obese (BMI ≥ 95th 
percentile). c PIR, the ratio of family income to poverty, was calculated by dividing family income by the 
poverty guidelines specific to family size, as well as the appropriate year and state. d TT: total testosterone; 
E2: total estradiol; SHBG: sex hormone binding globulin ; FAI: free androgen index, was calculated as 
Total testosterone (ng / dL)

SHBG (nmol/L) , TT/E2was calculated as TT (ng / dL)
E2(pg/ml) .
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Subgroup
Caffeine 
metabolites

Male Female

TT E2 SHBG FAI TT/E2 TT E2 SHBG FAI TT/E2

β (95% CI)
β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI) β (95% CI)

β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI)

Children 1-MU
− 0.002
(− 0.211, 
0.207)

NA
− 0.108
(− 0.193, 
− 0.023)

0.137
(− 0.102, 
0.376)

NA
− 0.025
(− 0.184, 
0.134)

NA − 0.049
(− 0.178, 0.079)

0.024
(− 0.186, 
0.235)

NA

3-MU
− 0.019
(− 0.102, 
0.065)

NA
− 0.051
(− 0.084, 
− 0.018)

0.023
(− 0.072, 
0.119)

NA
0.021
(− 0.045, 
0.086)

NA − 0.046
(− 0.098, 0.007)

0.067
(− 0.019, 
0.152)

NA

7-MU
− 0.088
(− 0.203, 
0.028)

NA
− 0.071
(− 0.117, 
− 0.024)

− 0.027
(− 0.161, 
0.107)

NA
0.064
(− 0.014, 
0.142)

NA − 0.043
(− 0.106, 0.02)

0.107
(0.005, 0.209) NA

1,3-DMU
− 0.013
(− 0.112, 
0.086)

NA
− 0.048
(− 0.089, 
− 0.008)

0.053
(− 0.06, 0.167) NA

− 0.021
(− 0.096, 
0.055)

NA − 0.046
(− 0.107, 0.015)

0.026
(− 0.075, 
0.126)

NA

1,7-DMU
− 0.001
(− 0.085, 
0.083)

NA
− 0.04
(− 0.074, 
− 0.005)

0.054
(− 0.042, 0.15) NA

− 0.008
(− 0.069, 
0.054)

NA − 0.035
(− 0.084, 0.014)

0.028
(− 0.054, 
0.109)

NA

3,7-DMU
− 0.083
(− 0.198, 
0.032)

NA − 0.075
(− 0.121, − 0.03)

− 0.013
(− 0.146, 0.12) NA

0.060
(− 0.017, 
0.137)

NA
− 0.063
(− 0.126, 
− 0.001)

0.123
(0.023, 0.224) NA

1,3,7-TMU
− 0.02
(− 0.107, 
0.067)

NA − 0.026
(− 0.062, 0.01)

0.020
(− 0.08, 0.12) NA

0.007
(− 0.056, 
0.069)

NA − 0.035
(− 0.085, 0.015)

0.042
(− 0.041, 
0.124)

NA

1-MX 0.005
(− 0.13, 0.139) NA

− 0.061
(− 0.117, 
− 0.006)

0.089
(− 0.065, 
0.242)

NA
− 0.007
(− 0.108, 
0.093)

NA − 0.036
(− 0.117, 0.045)

0.029
(− 0.104, 
0.162)

NA

3-MX
− 0.067
(− 0.173, 
0.039)

NA
− 0.061
(− 0.103, 
− 0.018)

− 0.013
(− 0.136, 0.11) NA 0.046

(− 0.028, 0.12) NA − 0.048
(− 0.108, 0.012)

0.094
(− 0.003, 
0.191)

NA

7-MX
− 0.074
(− 0.187, 
0.039)

NA
− 0.067
(− 0.112, 
− 0.022)

− 0.016
(− 0.146, 
0.114)

NA
0.052
(− 0.026, 
0.131)

NA − 0.045
(− 0.109, 0.019)

0.097
(− 0.006, 
0.201)

NA

1,3-DMX
− 0.009
(− 0.112, 
0.094)

NA
− 0.044
(− 0.087, 
− 0.002)

0.057 
(− 0.061, 
0.175)

NA
− 0.021 
(− 0.098, 
0.057)

NA − 0.043 
(− 0.105, 0.019)

0.023 
(− 0.08, 0.125) NA

1,7-DMX
− 0.040
(− 0.153, 
0.074)

NA
− 0.055
(− 0.102, 
− 0.009)

0.036 
(− 0.094, 
0.166)

NA 0.009
(− 0.07, 0.088) NA − 0.031 

(− 0.095, 0.033)
0.04 
(− 0.065, 
0.144)

NA

3,7-DMX − 0.056
(− 0.152, 0.04) NA

− 0.051
(− 0.090, 
− 0.012)

− 0.006 
(− 0.116, 
0.105)

NA
0.043
(− 0.029, 
0.116)

NA − 0.049 
(− 0.107, 0.009)

0.092 
(− 0.003, 
0.187)

NA

1,3,7-TMX
− 0.006
(− 0.081, 
0.069)

NA − 0.023
(− 0.054, 0.008)

0.029 
(− 0.057, 
0.115)

NA 0.002
(− 0.05, 0.054) NA − 0.031 

(− 0.073, 0.011)
0.033 
(− 0.036, 
0.102)

NA

AAMU
0.003
(− 0.141, 
0.148)

NA − 0.054
(− 0.114, 0.005)

0.085 
(− 0.08, 0.250) NA

− 0.047
(− 0.156, 
0.061)

NA − 0.05 
(− 0.137, 0.038)

0.002 
(− 0.142, 
0.147)

NA

Adolescents 1-MU
− 0.009
(− 0.139, 
0.122)

− 0.04
(− 0.138, 
0.059)

0.055
(− 0.019, 0.129)

− 0.064 
(− 0.215, 
0.087)

0.031
(− 0.058, 
0.12)

− 0.073
(− 0.172, 
0.025)

− 0.053 
(− 0.256, 
0.15)

− 0.066 
(− 0.172, 0.04)

− 0.007 
(− 0.143, 
0.128)

− 0.020 
(− 0.201, 
0.16)

3-MU − 0.005
(− 0.071, 0.06)

− 0.004 
(− 0.054, 
0.046)

− 0.022
(− 0.059, 0.016)

0.016 
(− 0.059, 
0.092)

− 0.001
(− 0.046, 
0.044)

− 0.034
(− 0.076, 
0.008)

− 0.075 
(− 0.161, 
0.011)

− 0.048
(− 0.092, 
− 0.003)

0.014 
(− 0.044, 
0.071)

0.041 
(− 0.036, 
0.118)

7-MU − 0.003
(− 0.09, 0.083)

− 0.015 
(− 0.081, 
0.05)

− 0.01
(− 0.06, 0.039)

0.007 
(− 0.094, 
0.107)

0.012
(− 0.047, 
0.072)

− 0.044
(− 0.1, 0.012)

− 0.098 
(− 0.212, 
0.017)

− 0.053 
(− 0.114, 0.007)

0.009 
(− 0.068, 
0.086)

0.053 
(− 0.05, 
0.156)

1,3-DMU
− 0.015
(− 0.084, 
0.055)

− 0.03 
(− 0.082, 
0.022)

0.017
(− 0.023, 0.057)

− 0.032 
(− 0.112, 
0.049)

0.015
(− 0.032, 
0.063)

− 0.045
(− 0.097, 
0.006)

− 0.043 
(− 0.15, 
0.063)

− 0.047 
(− 0.102, 0.009)

0.001 
(− 0.07, 0.073)

− 0.002 
(− 0.097, 
0.093)

1,7-DMU
− 0.017
(− 0.075, 
0.041)

− 0.023 
(− 0.067, 
0.021)

0.012
(− 0.021, 0.045)

− 0.029 
(− 0.096, 
0.038)

0.006
(− 0.034, 
0.046)

− 0.032
(− 0.076, 
0.013)

− 0.033 
(− 0.125, 
0.059)

− 0.028 
(− 0.076, 0.02)

− 0.004 
(− 0.065, 
0.058)

0.001 
(− 0.08, 
0.083)

3,7-DMU
− 0.018 
(− 0.099, 
0.063)

− 0.024 
(− 0.085, 
0.037)

− 0.017
(− 0.063, 0.029)

− 0.002 
(− 0.095, 
0.092)

0.006
(− 0.05, 
0.061)

− 0.04
(− 0.094, 
0.013)

− 0.104 
(− 0.214, 
0.005)

− 0.047 
(− 0.105, 0.011)

0.007 
(− 0.067, 
0.081)

0.064 
(− 0.034, 
0.162)

1,3,7-TMU − 0.03 (− 0.092, 
0.033)

− 0.023 
(− 0.07, 
0.024)

0.018
(− 0.017, 0.054)

− 0.048 
(− 0.12, 0.024)

− 0.006
(− 0.049, 
0.036)

− 0.041
(− 0.086, 
0.004)

− 0.039 
(− 0.131, 
0.054)

− 0.006 
(− 0.055, 0.042)

− 0.035 
(− 0.096, 
0.027)

− 0.002 
(− 0.085, 
0.08)

1-MX − 0.015 
(− 0.109, 0.08)

− 0.029 
(− 0.1, 
0.043)

0.045
(− 0.009, 0.098)

− 0.059 
(− 0.169, 0.05)

0.014
(− 0.051, 
0.079)

− 0.052
(− 0.119, 
0.015)

− 0.031 
(− 0.17, 
0.107)

− 0.027 (− 0.1, 
0.046)

− 0.025 
(− 0.117, 
0.068)

− 0.021 
(− 0.144, 
0.103)

Continued
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Associations of the mixture of caffeine and caffeine metabolites with sex hormones
We utilized a WQS regression model to calculate the WQS index, aiming to assess the association between 
the mixture of caffeine and its metabolites and sex hormones. The relationships between the WQS index and 
sex hormones are summarized in Table 4. When stratified by sex-age groups, the WQS index demonstrated 
an inverse association with SHBG in male children (− 0.129, 95% CI − 0.240, − 0.018). In male adolescents, a 
significant inverse association between the WQS index and E2 was observed (− 0.173, 95% CI − 0.321, − 0.024). 
However, no significant association was detected between the WQS index and sex hormones in female children 
and adolescents. Upon stratification by sex and puberty status, the WQS index consistently displayed an inverse 
association with SHBG in the prepubertal boys (− 0.165, 95% CI − 0.277, − 0.053). Additionally, the WQS index 
was significantly inversely associated with TT in prepubertal boys (− 0.175, 95% CI − 0.341, − 0.010). In the 
pubertal girls, only a significant inverse association between the WQS index and SHBG in the negative model was 
observed (− 0.156, 95% CI − 0.281, − 0.031). A sensitive analysis was conducted by rerunning WQS regression 
models without adjusting creatine. The results are presented in Table S.3 which aligns with the findings in Table 4.

Tables S.4–5 present the estimated weights of the WQS index for the associations with sex hormones by 
sex-age groups and sex-puberty status groups. In general, the predominant components among the caffeine 
metabolites align with those demonstrating significant associations in the multiple linear regression analysis. 
For instance, 1,3,7-TMU was the predominant metabolite responsible for the significant inverse association with 
SHBG (weight = 0.170) in male children.

Table S.6 summarizes the associations between the mixture of caffeine metabolites and sex hormones by 
Q-gcomp regression. Consistent with the results in WQS models, the mixture of caffeine metabolites showed a 
significantly inverse association with SHBG in the male children and prepubertal boys (− 0.108, 95% CI − 0.204, 
− 0.011; − 0.145, 95% CI − 0.254, − 0.036). As for the female adolescents and pubertal girls, the mixture of caffeine 
metabolites was significantly inversely associated with SHBG (− 0.127, 95% CI − 0.244, − 0.010; − 0.137, 95% CI 
− 0.247, − 0.028).

The E value for the associations between caffeine metabolites and sex hormones
E values were calculated to evaluate the impact of potential unmeasured confounding on the relationships 
between caffeine, its metabolites, and sex hormones across various sex-age and sex-puberty subgroups. Overall, 
the E value for the caffeine metabolites that showed a significant association with sex hormones is moderate. For 
example, the largest E value was observed in an inverse association between 1-MU and SHBG in male children 
(E = 1.470). Similarly, the largest E value was noted in this association in prepubertal boys (E = 1.557). Detailed 
E values for each association between caffeine metabolites and sex hormone indicators were summarized in 
Tables S.7–8.

Subgroup
Caffeine 
metabolites

Male Female

TT E2 SHBG FAI TT/E2 TT E2 SHBG FAI TT/E2

β (95% CI)
β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI) β (95% CI)

β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI)

3-MX 0.002
(− 0.077, 0.08)

− 0.021
(− 0.08, 
0.038)

− 0.010
(− 0.055, 0.035)

0.012
(− 0.079, 
0.102)

0.022
(− 0.031, 
0.076)

− 0.038
(− 0.094, 
0.018)

− 0.090
(− 0.205, 
0.025)

− 0.052
(− 0.112, 0.009)

0.014
(− 0.064, 
0.091)

0.053
(− 0.05, 
0.155)

7-MX
− 0.004
(− 0.089, 
0.080)

− 0.021
(− 0.085, 
0.042)

− 0.009
(− 0.057, 0.039)

0.004
(− 0.093, 
0.102)

0.017
(− 0.041, 
0.075)

− 0.041
(− 0.099, 
0.016)

− 0.082
(− 0.2, 
0.036)

− 0.055
(− 0.117, 0.007)

0.014
(− 0.065, 
0.093)

0.041
(− 0.065, 
0.146)

1,3-DMX
− 0.014
(− 0.087, 
0.058)

− 0.028
(− 0.083, 
0.027)

0.017
(− 0.025, 0.058)

− 0.031
(− 0.115, 
0.053)

0.014
(− 0.036, 
0.063)

− 0.041
(− 0.092, 
0.011)

− 0.043
(− 0.15, 
0.064)

− 0.029
(− 0.085, 0.027)

− 0.012
(− 0.083, 0.06)

0.003
(− 0.093, 
0.098)

1,7-DMX
− 0.034
(− 0.104, 
0.035)

− 0.037
(− 0.09, 
0.015)

0.020
(− 0.02, 0.059)

− 0.054
(− 0.134, 
0.026)

0.003
(− 0.045, 
0.051)

− 0.051
(− 0.101, 
− 0.002)

− 0.058
(− 0.161, 
0.045)

− 0.045
(− 0.099, 0.009)

− 0.006
(− 0.076, 
0.063)

0.006
(− 0.086, 
0.099)

3,7-DMX
− 0.002
(− 0.073, 
0.069)

− 0.018
(− 0.072, 
0.036)

− 0.015
(− 0.056, 0.026)

0.013
(− 0.069, 
0.096)

0.016
(− 0.033, 
0.065)

− 0.045
(− 0.096, 
0.005)

− 0.092
(− 0.196, 
0.012)

− 0.045
(− 0.100, 0.010)

0
(− 0.071, 0.07)

0.046
(− 0.047, 
0.14)

1,3,7-TMX
− 0.02
(− 0.075, 
0.034)

− 0.021
(− 0.062, 
0.021)

0.013
(− 0.018, 0.044)

− 0.033
(− 0.097, 0.03)

0
(− 0.037, 
0.038)

− 0.040
(− 0.078, 
− 0.002)

− 0.041
(− 0.119, 
0.038)

− 0.010
(− 0.052, 0.031)

− 0.030
(− 0.082, 
0.023)

0.001
(− 0.07, 
0.071)

AAMU
− 0.021
(− 0.121, 
0.080)

− 0.037
(− 0.113, 
0.038)

0.029
(− 0.029, 0.086)

− 0.049
(− 0.166, 
0.067)

0.017
(− 0.052, 
0.085)

− 0.046
(− 0.117, 
0.026)

− 0.043
(− 0.191, 
0.104)

− 0.056
(− 0.133, 0.021)

0.010
(− 0.089, 
0.108)

− 0.002
(− 0.134, 
0.129)

Table 2.  Association of urinary caffeine and caffeine metabolites with sex hormones by sex- age status groups 
in 6–19-year-old participants in NHANES 2013–2014. Children (6–11 years) and adolescents (12–19 years). 
Estimates were presented as coefficients and 95% confidence intervals (CIs) and were adjusted for urinary 
creatinine (continuous), age (continuous), race/ethnicity (categorical), BMI category, ratio of family income 
to poverty (continuous), cotinine (categorical), time of sample collection (categorical) and Time period of 
examination. “NA” indicates the estimates were not available in children as the detection frequency of E2 
was < 70% in that group. Cells in bold indicate P < 0.05.
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Discussion
Our study is the first to investigate the association between caffeine metabolites and sex hormones among 
participants aged 6–19  years old. We observed significant inverse associations between certain caffeine 
metabolites and SHBG in children and prepubertal individuals. Notably, in adolescents and pubertal individuals, 
our findings revealed significant inverse associations between caffeine mixture and sex steroid hormones, with 
some variations based on sex. Particularly, the caffeine mixture exhibited significant inverse associations with 
TT and E2 in males. However, our study found limited evidence supporting significant associations between 
caffeine mixture and sex steroid hormones in adolescent females and pubertal girls.

To date, there is limited epidemiological research exploring the effects of caffeine exposure on sex hormones. 
Our WQS regression analysis demonstrated a significant inverse association between caffeine mixture and TT 
in prepubertal boys. One cross-sectional study has indicated that caffeine and its metabolites were inversely 
associated with TT levels in adult males, which aligns with our study findings22. Several potential biological 
mechanisms may underlie this inverse association. Firstly, caffeine is a psychoactive substance that antagonizes 
adenosine receptors in the brain, particularly acting on all four adenosine receptor subtypes (A1, A2a, A2b, 
A3)37. Additionally, adenosine receptors are also present in the testes, primarily localized within the Leydig 
and Sertoli cells of the seminiferous tubules38. Activation of these testicular adenosine receptors is associated 
with the inhibition of cellular responses. Consequently, pathways involving cAMP/protein kinase, which are 
typically responsible for mediating testosterone production, are downregulated upon receptor activation. This 
downregulation may consequently lead to reduced testosterone production. Thus, it is plausible that caffeine 
affects testosterone production through these adenosine-dependent pathways. Secondly, caffeine has been 
shown in vitro to induce abnormal DNA methylation and histone acetylation of the steroidogenic factor-1 (SF-
1) promoter in rat fetal adrenals39. This action results in decreased transcription of the SF-1 gene. SF-1 is a crucial 
transcription factor responsible for regulating genes involved in steroidogenesis and testosterone biosynthesis in 
males. Therefore, reduced expression of SF-1 may contribute to low testosterone levels associated with caffeine 
exposure. In addition, the metabolites of caffeine, such as theophylline and theobromine, have been implicated 
in directly affecting gonadotropin-induced steroidogenesis40. Specifically, theophylline and theobromine act as 
phosphodiesterase inhibitors, adenosine receptor blockers, and histone deacetylase activators directly involving 
testicular atrophy and impaired steroidogenesis by inhibiting precursor incorporation into RNA and protein.

On the other hand, in our study, we observed an inverse association between caffeine mixture and E2 in 
male adolescents. A previous epidemiological study indicated that caffe consumption was inversely associated 
with estrone in US health professionals which was similar to our present results41. Similarly, another study also 
highlighted the disruptive effect of caffeine on the E2 levels in the Astyanax altiparanae males42. The biological 

Fig. 1.  Associations of quartiles of caffeine and its metabolites with sex hormones in male children of 
6–19 years old in NHANES 2013–2014. Children (aged 6–11 years) and adolescents (aged 12–19 years). 
Estimates were adjusted for urinary creatinine (continuous), age (continuous), race/ethnicity (categorical), 
BMI category, ratio of family income to poverty (continuous), cotinine (categorical), time of sample collection 
(categorical) and time period of examination. Analyses for E2 were not conducted in children due to the 
detection frequency of E2 being less than 70% in that group. The quartiles of caffeine and its metabolites were 
denoted as “Q1” through “Q4”, representing the 1st to 4th quartiles, respectively. In the figures, red error bars 
indicate statistically significant estimates (P < 0.05). The significance of the trend test was indicated as follows: * 
for P < 0.05, ** for P < 0.01, and *** for P < 0.001.
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Subgroup
Caffeine 
metabolites

Male Female

TT E2 SHBG FAI TT/E2 TT E2 SHBG FAI TT/E2

β (95% CI)
β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI) β (95% CI)

β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI)

Prepubertal
Pubertal

1-MU 0.065 
(− 0.091, 0.22) NA

− 0.137 
(− 0.229, 
− 0.045)

0.133 
(− 0.033,  
0.298)

NA
− 0.038 
(− 0.133, 
0.058)

NA
− 0.104 
(− 0.212, 
0.005)

0.066 
(− 0.07, 0.202) NA

3-MU
− 0.028 
(− 0.092, 
0.035)

NA
− 0.049 
(− 0.085, 
− 0.014)

0.032 
(− 0.032, 
0.096)

NA − 0.019 
(− 0.059, 0.02) NA

− 0.061 
(− 0.105, 
− 0.017)

0.041 
(− 0.014, 
0.097)

NA

7-MU
− 0.062 
(− 0.149, 
0.025)

NA
− 0.062 
(− 0.111, 
− 0.013)

0.015 
(− 0.074, 
0.103)

NA
− 0.032 
(− 0.085, 
0.022)

NA
− 0.056 
(− 0.117, 
0.005)

0.024 
(− 0.053, 
0.101)

NA

1,3-DMU
0 
(− 0.078, 
0.078)

NA
− 0.07 
(− 0.112, 
− 0.027)

0.062 
(− 0.015, 
0.139)

NA − 0.033 
(− 0.08, 0.015) NA

− 0.077 
(− 0.13, 
− 0.024)

0.044 
(− 0.024, 
0.112)

NA

1,7-DMU
0.002 
(− 0.065, 
0.068)

NA
− 0.056 
(− 0.091, 
− 0.02)

0.055 
(− 0.009, 0.12) NA

− 0.027 
(− 0.068, 
0.013)

NA
− 0.058 
(− 0.104, 
− 0.012)

0.031 
(− 0.027, 
0.089)

NA

3,7-DMU − 0.073 
(− 0.156, 0.01) NA

− 0.073 
(− 0.12, 
− 0.026)

0.026 
(− 0.06, 0.112) NA

− 0.035 
(− 0.086, 
0.016)

NA
− 0.058 
(− 0.116, 
0.001)

0.022 
(− 0.051, 
0.096)

NA

1,3,7-TMU
− 0.01 
(− 0.079, 
0.059)

NA
− 0.047 
(− 0.085, 
− 0.01)

0.032 
(− 0.035, 0.1) NA

− 0.041 
(− 0.083, 
0.001)

NA − 0.042 
(− 0.09, 0.006)

0.001 
(− 0.06, 0.061) NA

1-MX
0.027 
(− 0.077, 
0.131)

NA
− 0.084 
(− 0.142, 
− 0.025)

0.085 
(− 0.02, 0.191) NA

− 0.038 
(− 0.102, 
0.025)

NA
− 0.056 
(− 0.128, 
0.017)

0.017 
(− 0.074, 
0.109)

NA

3-MX
− 0.050 
(− 0.137, 
0.037)

NA
− 0.053 
(− 0.098, 
− 0.009)

0.015 
(− 0.065, 
0.094)

NA
− 0.029 
(− 0.083, 
0.024)

NA
− 0.064 
(− 0.124, 
− 0.003)

0.034 
(− 0.042, 
0.111)

NA

7-MX
− 0.063 
(− 0.151, 
0.026)

NA
− 0.058 
(− 0.105, 
− 0.011)

0.015 
(− 0.07, 0.099) NA

− 0.035 
(− 0.089, 
0.019)

NA − 0.059 
(− 0.12, 0.003)

0.023 
(− 0.054, 
0.101)

NA

1,3-DMX
0.018 
(− 0.061, 
0.097)

NA
− 0.068 
(− 0.113, 
− 0.024)

0.071 
(− 0.009, 0.15) NA

− 0.027 
(− 0.075, 
0.022)

NA
− 0.067 
(− 0.122, 
− 0.012)

0.040 
(− 0.029, 
0.109)

NA

1,7-DMX
− 0.007 
(− 0.085, 
0.071)

NA
− 0.082 
(− 0.13, 
− 0.033)

0.059 
(− 0.03, 0.147) NA

− 0.037 
(− 0.084, 
0.011)

NA
− 0.078 
(− 0.132, 
− 0.025)

0.042 
(− 0.027, 0.11) NA

3,7-DMX
− 0.047 
(− 0.126, 
0.031)

NA
− 0.051 
(− 0.091, 
− 0.011)

0.014 
(− 0.058, 
0.086)

NA − 0.038 
(− 0.086, 0.01) NA

− 0.06 
(− 0.115, 
− 0.006)

0.022 
(− 0.047, 
0.091)

NA

1,3,7-TMX
− 0.010 
(− 0.067, 
0.047)

NA
− 0.039 
(− 0.071, 
− 0.007)

0.032 
(− 0.026, 
0.089)

NA
− 0.038 
(− 0.072, 
− 0.004)

NA
− 0.043 
(− 0.082, 
− 0.003)

0.004 
(− 0.045, 
0.054)

NA

AAMU
− 0.017 
(− 0.127, 
0.094)

NA
− 0.086 
(− 0.149, 
− 0.024)

0.100 
(− 0.013, 
0.212)

NA
− 0.036 
(− 0.103, 
0.031)

NA
− 0.088 
(− 0.164, 
− 0.012)

0.052 
(− 0.044, 
0.148)

NA

1-MU 0.022 
(− 0.066, 0.11)

− 0.021 
(− 0.111, 
0.068)

0.043 
(− 0.031, 
0.116)

− 0.02 
(− 0.129, 
0.088)

0.044 
(− 0.028, 
0.115)

− 0.038 
(− 0.133, 
0.058)

0.065 
(− 0.091, 
0.22)

− 0.104 
(− 0.212, 
0.005)

0.066 
(− 0.07, 0.202)

− 0.102 
(− 0.258, 
0.054)

3-MU 0.004 
(− 0.042, 0.05)

0.002 
(− 0.045, 
0.049)

− 0.007 
(− 0.046, 
0.032)

0.011 
(− 0.046, 
0.068)

0.002 
(− 0.036, 
0.039)

− 0.019 
(− 0.059, 0.02)

− 0.028 
(− 0.092, 
0.035)

− 0.061 
(− 0.105, 
− 0.017)

0.041
(− 0.014, 
0.097)

0.009 
(− 0.055, 
0.073)

7-MU
0.013 
(− 0.047, 
0.074)

0.002 
(− 0.06, 
0.064)

− 0.003 
(− 0.054, 
0.048)

0.016 
(− 0.059, 
0.091)

0.012 
(− 0.038, 
0.061)

− 0.032 
(− 0.085, 
0.022)

− 0.062 
(− 0.149, 
0.025)

− 0.056 
(− 0.117, 
0.005)

0.024 
(− 0.053, 
0.101)

0.03 
(− 0.058, 
0.118)

1,3-DMU
0.004 
(− 0.044, 
0.052)

− 0.013 
(− 0.062, 
0.036)

0.019 
(− 0.021, 
0.059)

− 0.015 
(− 0.074, 
0.044)

0.018 
(− 0.022, 
0.057)

− 0.033 
(− 0.08, 0.015)

0 
(− 0.078, 
0.078)

− 0.077 
(− 0.13, 
− 0.024)

0.044 
(− 0.024, 
0.112)

− 0.033 
(− 0.111, 
0.046)

1,7-DMU
0.004 
(− 0.037, 
0.045)

− 0.005 
(− 0.047, 
0.036)

0.017 
(− 0.017, 
0.051)

− 0.013 
(− 0.063, 
0.038)

0.009 
(− 0.024, 
0.042)

− 0.027 
(− 0.068, 
0.013)

0.002 
(− 0.065, 
0.068)

− 0.058 
(− 0.104, 
− 0.012)

0.031 
(− 0.027, 
0.089)

− 0.029 
(− 0.096, 
0.038)

3,7-DMU
− 0.006 
(− 0.064, 
0.052)

− 0.004 
(− 0.063, 
0.055)

− 0.008 
(− 0.057, 0.04)

0.002 
(− 0.07, 0.074)

− 0.002 
(− 0.049, 
0.045)

− 0.035 
(− 0.086, 
0.016)

− 0.073 
(− 0.156, 
0.01)

− 0.058 
(− 0.116, 
0.001)

0.022 
(− 0.051, 
0.096)

0.037 
(− 0.047, 
0.122)

1,3,7-TMU
0.001 
(− 0.042, 
0.045)

− 0.003 
(− 0.048, 
0.041)

0.027 
(− 0.009, 
0.064)

− 0.026 
(− 0.08, 0.027)

0.004 
(− 0.031, 
0.04)

− 0.041 
(− 0.083, 
0.001)

− 0.010 
(− 0.079, 
0.059)

− 0.042 
(− 0.09, 0.006)

0.001 
(− 0.06, 0.061)

− 0.031 
(− 0.1, 
0.038)

1-MX
0.020 
(− 0.044, 
0.085)

− 0.007 
(− 0.073, 
0.059)

0.039 
(− 0.015, 
0.093)

− 0.019 
(− 0.098, 
0.061)

0.027 
(− 0.025, 
0.08)

− 0.038 
(− 0.102, 
0.025)

0.027 
(− 0.077, 
0.131)

− 0.056 
(− 0.128, 
0.017)

0.017 
(− 0.074, 
0.109)

− 0.065 
(− 0.169, 
0.039)
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mechanism underlying the inverse association between caffeine mixture and E2 remains unclear. E2 is primarily 
converted from TT in male individuals. As discussed earlier, caffeine can reduce the TT concentration through 
various pathways, including antagonizing adenosine receptors, disrupting steroidogenic factor-1 promoter 
and toxicity of caffeine metabolites. Thus, the impaired TT levels may indirectly result in reduced E2 levels in 
male individuals. Moreover, animal studies have indicated that caffeine might disrupt estrogen metabolism by 
inhibiting aromatase43. Aromatase is the crucial enzyme responsible for converting androgens into estrogens44. 
The decrease in the concentration and activity of aromatase may contribute to influencing the levels of E2 in 
male individuals.

Regarding SHBG, the association appears to be inconsistent across previous studies. Tanja et al. explored the 
association between consumption of caffeinated beverages and serum SHBG in US adult men45. They observed a 
slight positive association between the frequency of caffeinated drinks and SHBG concentration, but there was no 
consistent association found for caffeine intake. Meanwhile, Frank et al. failed to observe a significant association 
between urinary caffeine and serum SHBG in US adults22. In our adolescent individuals, the association between 
urinary caffeine and serum SHBG was non-significant, consistent with the findings of previous studies. However, 
it is worth noting that we observed a significant inverse association between urinary caffeine and serum SHBG 
in children males and prepubertal boys. Several potential biases might influence the association between caffeine 
and SHBG. Firstly, exposure misclassification is a crucial consideration. Many studies in the past decades have 
evaluated caffeine exposure using information from Food-Frequency Questionnaires (FFQs)46,47. Therefore, 
recall bias may decrease the accuracy and precision of exposure assessment. Additionally, the study population 
itself is another crucial factor to consider. Sex hormone levels vary significantly between genders and age groups, 
with dramatic variations observed among children and adolescents during puberty. Meanwhile, caffeine is 
primarily metabolized in the liver. Children and adolescents might be more sensitive to caffeine exposure due to 
their immature liver function compared to adults. The rational mechanisms by which caffeine may affect SHBG 
are not clear. SHBG is primarily produced and secreted by the human liver under the influence of hormonal 
factors48. A recent study employing Mendelian randomization analysis showed a positive association between 
TT and SHBG in boys49. In our present study, we observed a negative association between caffeine exposure and 
TT. So, there is a reasonable hypothesis that the inverse effect of caffeine on the SHBG might be the feedback 
of the TT concentration in boys. Moreover, a recent study reported that caffeine exposure was significantly 
associated with BMI z-score and waist circumference in both boys and girls50. Traditionally, BMI has been 
considered a major determinant of SHBG concentrations51. Several studies have reported the inverse association 
between BMI and SHBG52–54. Therefore, the negative effect of caffeine exposure on the SHBG may be mediated 
by the BMI. More in vivo and vitro studies are warranted to elucidate the mechanism underlying the association 
between caffeine exposure and SHBG among children and adolescents.

Subgroup
Caffeine 
metabolites

Male Female

TT E2 SHBG FAI TT/E2 TT E2 SHBG FAI TT/E2

β (95% CI)
β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI) β (95% CI)

β (95% 
CI) β (95% CI) β (95% CI)

β (95% 
CI)

3-MX
0.008 
(− 0.047, 
0.063)

− 0.004 
(− 0.06, 
0.053)

0.001 
(− 0.045, 
0.048)

0.007 
(− 0.062, 
0.075)

0.012 
(− 0.033, 
0.057)

− 0.029 
(− 0.083, 
0.024)

− 0.05 
(− 0.137, 
0.037)

− 0.064 
(− 0.124, 
− 0.003)

0.034
 (− 0.042, 
0.111)

0.021 
(− 0.067, 
0.109)

7-MX
0.005 
(− 0.055, 
0.065)

− 0.008 
(− 0.069, 
0.053)

0.003 
(− 0.047, 
0.053)

0.002 
(− 0.072, 
0.076)

0.013 
(− 0.036, 
0.062)

− 0.035 
(− 0.089, 
0.019)

− 0.063 
(− 0.151, 
0.026)

− 0.059 
(− 0.12, 0.003)

0.023 
(− 0.054, 
0.101)

0.027 
(− 0.062, 
0.117)

1,3-DMX
0.007 
(− 0.043, 
0.058)

− 0.008 
(− 0.059, 
0.044)

0.019 
(− 0.024, 
0.061)

− 0.011 
(− 0.073, 
0.051)

0.015 
(− 0.026, 
0.056)

− 0.027 
(− 0.075, 
0.022)

0.018 
(− 0.061, 
0.097)

− 0.067 
(− 0.122, 
− 0.012)

0.04 
(− 0.029, 
0.109)

− 0.045 
(− 0.124, 
0.035)

1,7-DMX
− 0.004 
(− 0.052, 
0.044)

− 0.019 
(− 0.068, 
0.03)

0.020 
(− 0.02, 0.06)

− 0.024 
(− 0.083, 
0.036)

0.015 
(− 0.024, 
0.054)

− 0.037 
(− 0.084, 
0.011)

− 0.007 
(− 0.085, 
0.071)

− 0.078 
(− 0.132, 
− 0.025)

0.042 
(− 0.027, 0.11)

− 0.030 
(− 0.108, 
0.049)

3,7-DMX
0
(− 0.051, 
0.051)

0 
(− 0.052, 
0.052)

− 0.003 
(− 0.046, 0.04)

0.004 
(− 0.059, 
0.067)

0 
(− 0.042, 
0.042)

− 0.038 
(− 0.086, 0.01)

− 0.047 
(− 0.126, 
0.031)

− 0.060 
(− 0.115, 
− 0.006)

0.022 
(− 0.047, 
0.091)

0.009 
(− 0.071, 
0.088)

1,3,7-TMX
0.005 
(− 0.034, 
0.044)

− 0.002 
(− 0.041, 
0.038)

0.019 
(− 0.014, 
0.051)

− 0.014 
(− 0.061, 
0.034)

0.006 
(− 0.025, 
0.038)

− 0.038 
(− 0.072, 
− 0.004)

− 0.010
(− 0.067, 
0.047)

− 0.043 
(− 0.082, 
− 0.003)

0.004 
(− 0.045, 
0.054)

− 0.028 
(− 0.085, 
0.028)

AAMU
0.008 
(− 0.061, 
0.077)

− 0.024 
(− 0.094, 
0.047)

0.032 
(− 0.026, 0.09)

− 0.024 
(− 0.109, 
0.061)

0.032 
(− 0.025, 
0.088)

− 0.036 
(− 0.103, 
0.031)

− 0.017 
(− 0.127, 
0.094)

− 0.088 
(− 0.164, 
− 0.012)

0.052 
(− 0.044, 
0.148)

− 0.019 
(− 0.13, 
0.092)

Table 3.  Association of urinary caffeine and caffeine metabolites with sex hormones by sex- puberty status 
groups in 6–19-year-old participants in NHANES 2013–2014. Puberty status was defined as “pubertal” if 
TT ≥ 30 ng/dL in males, E2 ≥ 20 pg/ml in females, otherwise puberty status was defined as “prepubertal”. 
Estimates were presented as coefficients and 95% confidence intervals (CIs) and were adjusted for urinary 
creatinine (continuous), age (continuous), race/ethnicity (categorical), BMI category, ratio of family income 
to poverty (continuous), cotinine (categorical), time of sample collection (categorical) and Time period of 
examination. “NA” indicates the estimates were not available in children as the detection frequency of E2 
was < 70% in that group. Cells in bold indicate P < 0.05.
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Direction Sex Subgroup

TT E2 SHBG FAI TT/E2

β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Positive

Male
Children − 0.140 (− 0.409, 0.128) NA − 0.139 (− 0.247, − 0.03) − 0.003 (− 0.306, 0.299) NA

Adolescents − 0.212 (− 0.425, 0.001) − 0.148 (− 0.288, − 0.007) 0.063 (− 0.041, 0.166) − 0.245 (− 0.479, − 0.01) − 0.040 (− 0.182, 0.102)

Female
Children − 0.033 (− 0.214, 0.148) NA − 0.039 (− 0.176, 0.098) 0.002 (− 0.235, 0.238) NA

Adolescents − 0.034 (− 0.156, 0.088) − 0.071 (− 0.292, 0.15) 0.054 (− 0.043, 0.15) 0.004 (− 0.157, 0.166) 0.109 (− 0.119, 0.337)

Negative

Male
Children − 0.148 (− 0.416, 0.119) NA − 0.129 (− 0.24, − 0.018) − 0.034 (− 0.337, 0.268) NA

Adolescents − 0.090 (− 0.288, 0.108) − 0.173 (− 0.321, − 0.024) 0.043 (− 0.063, 0.149) − 0.23 (− 0.48, 0.02) − 0.014 (− 0.143, 0.115)

Female
Children − 0.014 (− 0.195, 0.167) NA − 0.047 (− 0.188, 0.094) 0.028 (− 0.2, 0.255) NA

Adolescents − 0.067 (− 0.194, 0.061) − 0.182 (− 0.432, 0.069) − 0.063 (− 0.177, 0.051) − 0.058 (− 0.202, 0.085) 0.057 (− 0.143, 0.258)

Positive

Male
Prepubertal − 0.186 (− 0.349, − 0.022) NA − 0.191 (− 0.304, − 0.077) − 0.01 (− 0.21, 0.19) NA

Pubertal − 0.019 (− 0.146, 0.107) − 0.023 (− 0.15, 0.104) − 0.031 (− 0.127, 0.066) − 0.019 (− 0.18, 0.142) − 0.010 (− 0.111, 0.092)

Female
Prepubertal − 0.057 (− 0.267, 0.153) NA − 0.044 (− 0.215, 0.126) − 0.039 (− 0.358, 0.28) NA

Pubertal − 0.073 (− 0.179, 0.033) − 0.006 (− 0.175, 0.162) − 0.104 (− 0.232, 0.024) 0.082 (− 0.06, 0.225) − 0.041 (− 0.225, 0.143)

Negative

Male
Prepubertal − 0.175 (− 0.341, − 0.01) NA − 0.165 (− 0.277, − 0.053) − 0.013 (− 0.217, 0.192) NA

Pubertal − 0.024 (− 0.163, 0.115) 0.008 (− 0.128, 0.144) − 0.041 (− 0.136, 0.054) 0.03 (− 0.131, 0.19) − 0.007 (− 0.111, 0.097)

Female
Prepubertal − 0.053 (− 0.253, 0.147) NA − 0.037 (− 0.221, 0.148) − 0.009 (− 0.301, 0.282) NA

Pubertal − 0.048 (− 0.155, 0.06) − 0.06 (− 0.236, 0.117) − 0.156 (− 0.281, − 0.031) 0.069 (− 0.086, 0.224) − 0.045 (− 0.221, 0.131)

Table 4.  Associations between caffeine metabolites index and sex hormone indicators by sex-age and puberty 
status in participants of 6–19 years old in NHANES 2013–2014. Estimates were obtained in WQS regression 
after adjusting for urinary creatinine (continuous), age (continuous), race/ethnicity (categorical), BMI category 
(categorical), ratio of family income to poverty (continuous), cotinine (categorical), time of sample collection 
(categorical) and Time period of examination. “NA” means WQS regression analysis was not performed 
due to E2 was detected in < 70% of samples in that subgroup; CI: confidence interval. Children (6–11 years), 
adolescents (12–19 years). Puberty status was defined as “pubertal” if TT ≥ 30 ng/dL in males, E2 ≥ 20 pg/ml in 
females, otherwise puberty status was defined as “prepubertal”. Cells in bold indicate P < 0.05.

 

Fig. 2.  Associations of quartiles of caffeine and its metabolites with sex hormones in prepubertal boys of 
6–19 years old in NHANES 2013–2014. Puberty status was defined as “pubertal” if TT ≥ 30 ng/dL in males, 
E2 ≥ 20 pg/ml in females, otherwise puberty status was defined as “prepubertal”. Estimates were adjusted for 
urinary creatinine (continuous), age (continuous), race/ethnicity (categorical), BMI category, ratio of family 
income to poverty (continuous), cotinine (categorical), time of sample collection (categorical) and time period 
of examination. Analyses for E2 were not conducted in children due to the detection frequency of E2 being 
less than 70% in that group. The quartiles of caffeine and its metabolites were denoted as “Q1” through “Q4”, 
representing the 1st to 4th quartiles, respectively. In the figures, red error bars indicate statistically significant 
estimates (P < 0.05). The significance of the trend test was indicated as follows: * for P < 0.05, ** for P < 0.01, and 
*** for P < 0.001.
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There are several strengths to our study. Firstly, we employed HPLC-ESI-MS/MS to measure caffeine and 
its metabolites in urinary samples, a method that offers more precise exposure assessment and reduces the 
potential for recall bias compared to questionnaire-based methods. Additionally, the use of ID-LC-MS/MS 
for measuring sex hormones ensured accurate and reliable quantification, bolstering the credibility of our 
findings. Secondly, we employed diverse methodologies to estimate the impact of 15 chemical mixtures on sex 
hormones. WQS and Q-gcomp, two recently developed regression models for assessing the relationship between 
chemical mixtures and health outcomes, were utilized to account for highly correlated chemicals. Both models 
consistently indicated an inverse association between caffeine mixtures and SHBG levels in male children and 
prepubertal boys. Thirdly, we rigorously controlled for potential confounders by adjusting for various covariates 
based on prior research, including age, BMI status, race, time of blood draw, PIR, time period of examination, 
serum cotinine exposure status, and urinary creatinine. Furthermore, we calculated E values to evaluate the 
magnitude of the effect of unmeasured confounders on the association between caffeine and its metabolites and 
sex hormones.

However, our study also possesses certain limitations. Firstly, due to the cross-sectional design of the 
NHANCES project, we are unable to establish causal relationships between caffeine, its metabolites, and sex 
hormones in children and adolescents. Although there are plausible biological mechanisms that could explain 
the effects of caffeine on sex hormones, large prospective cohort studies are needed to provide more robust 
evidence. Secondly, as our measurements of caffeine exposure were directly obtained from urinary samples, 
we were unable to ascertain the specific sources of caffeine in this study. Different sources of caffeine, such as 
caffeinated drinks versus coffee, may have distinct health profiles that could potentially affect the regulation 
of sex hormones differently. Thirdly, our study lacked accurate data on puberty status in the study population, 
which inevitably limited our ability to adequately adjust for the impact of puberty status on our results. While we 
inferred puberty status based on levels of TT in males and E2 in females, which are indicative but not definitive 
markers of puberty, utilizing Tanner staging as the gold standard for classifying puberty status would have 
been preferable. Furthermore, we included one participant diagnosed with juvenile diabetes, the extremely 
low prevalence suggests minimal impact on the overall results. Nevertheless, we acknowledge that underlying 
health conditions could potentially influence hormone levels and should be considered in future studies. Lastly, 
individual variations in the metabolic capability of caffeine, particularly in relation to cytochrome P450 enzymes 
in the liver, were not taken into account. Several studies have highlighted how polymorphisms in P450 enzymes 
could modify the effects of caffeine on health55,56. Therefore, future studies should consider the metabolic 
capacity of individuals when investigating the relationship between caffeine and its health effects.

Conclusions
In conclusion, our study revealed significant inverse associations between specific caffeine metabolites and 
caffeine mixtures with SHBG levels in male children and prepubertal boys. Additionally, we found that caffeine 
mixtures were inversely correlated with E2 and TT levels in male adolescents and prepubertal boys. These findings 
contribute to a more nuanced understanding of the endocrine profile in children and adolescents. However, it’s 
necessary to acknowledge the limitations of this study, including cross-sectional design and small sample size. 
Therefore, further research is warranted to validate and expand upon our findings.

Data availability
The NHANES data set is publicly available at the National Center for Health Statistics of the CDC ​(​​​h​t​t​p​s​:​/​/​w​w​w​
.​c​d​c​.​g​o​v​/​n​c​h​s​/​n​h​a​n​e​s​/​i​n​d​e​x​.​h​t​m​​​​​)​.​​
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