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Background: This is the initial investigation assessing the association between caffeine consumption through diet and circulating Klotho concentrations, with Klotho being recognized as a key biomarker of healthspan and aging.

Methods: This cross-sectional analysis utilized data from 11,169 adults who participated in the National Health and Nutrition Examination Survey (NHANES). Caffeine consumption was evaluated using 24-h dietary recall interviews by trained professionals, and serum Klotho concentrations were measured via an enzyme-linked immunosorbent assay (ELISA). Generalized linear models and threshold effect analysis were employed to examine the relationship between caffeine intake and serum Klotho concentrations. Interaction tests and subgroup analyses were conducted to identify potential effect modifiers.

Results: After controlling for covariates, a negative correlation was observed between dietary caffeine consumption and serum Klotho concentrations, with each additional 100 mg of dietary caffeine consumption, Klotho decreased by 3.40 pg./mL (95% confidence interval [CI]: −5.73, −1.07). Participants in the fourth quartile of dietary caffeine consumption showed a 23.00 pg./mL reduction in serum Klotho concentrations (95% CI: −39.41, −6.58) compared to individuals in the first quartile. Threshold effect analysis revealed a threshold point corresponding to natural log-transformed caffeine value >3.74 (equivalent to ~41 mg/day), above which Klotho levels demonstrated a more pronounced decline. Subgroup analyses indicated that this association was more significant in participants with sedentary activity >480 min and without hypertension.

Conclusion: Our study reveals a significant, dose-dependent negative association linking caffeine intake with serum Klotho concentrations in the United States adults aged 40–79 years, with potential thresholds beyond which the effects become more pronounced. Additional studies are required to verify these results and investigate the underlying biological processes involved.
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1 Introduction

Caffeine ranks among the most commonly consumed psychoactive substances globally (1), predominantly sourced from coffee, energy drinks, and tea. Its health-related benefits and risks have been extensively studied (2). Prior studies have suggested that coffee consumption may reduce mortality risk (3, 4), decrease Parkinson’s disease risk (5), and have anti-aging effects (6, 7). Coffee contains various antioxidants, including caffeine, diterpenes, and polyphenols (8), which contribute to its noted health benefits. Evidence suggests that consuming up to 400 mg of caffeine daily does not present significant health risks for adults (2, 9). However, excessive caffeine intake may lead to insomnia, anxiety (10), increased risk of osteoporosis (11), and digestive issues (12). These mixed findings highlight the need for continued research on caffeine’s biological impact.

Klotho, a multifunctional protein, has gained increasing attention due to its connections to aging and longevity (13–15). Originally recognized for its role in promoting longevity in mice (13), Klotho operates in conjunction with fibroblast growth factors as a co-receptor and plays vital roles in regulating mineral metabolism, oxidative stress, and inflammation (14, 16–18). The protein that the Klotho gene encodes is known to exist as a transmembrane protein and is primarily found in the kidneys, parathyroid glands, and brain, with three known isoforms (19). Our research focuses on α-Klotho, a form capable of being released into circulation in its soluble form (20). In humans, elevated Klotho levels are associated with improved mental performance, renal protection, and reduced risk of age-related diseases (21–24), making it a key biomarker of healthspan and aging (25). Klotho protein expression decreases with age in both animals and humans (25, 26) and is influenced by factors like fibroblast growth factor 23, estrogen deficiency, oxidative stress, and angiotensin II (27, 28).

Emerging evidence suggests that dietary components may influence Klotho levels by modulating inflammatory pathways, oxidative stress responses, and cellular aging processes (29, 30), which are potential targets of caffeine’s bioactivity. Given that caffeine can exhibit both antioxidant and pro-oxidant properties depending on experimental conditions (31), it is plausible that caffeine might impact Klotho expression either directly, by altering oxidative stress levels, or indirectly, by influencing related metabolic or inflammatory pathways. Furthermore, studies have shown that caffeine can inhibit DNA repair (32), shorten telomeres (33), and may have carcinogenic effects (34). These effects, which are crucial in cellular aging, could provide additional mechanisms through which caffeine might potentially impact Klotho levels and aging.

To our knowledge, research on the connection between caffeine intake and Klotho concentrations is scarce, marking this as an emerging topic within aging research. In a large NHANES study of 4,780 women, Jason J. Liu identified a notable link between higher coffee intake and longer telomere length. However, the linear trend observed for total dietary caffeine consumption with telomere length (P for trend <0.05) vanished once adjustments for overall coffee consumption were made (P for trend = 0.37) (35). Similarly, Larry A. Tucker’s study, also using NHANES data, reported a negative correlation between caffeine intake and telomere length (p = 0.0005), while coffee intake was positively correlated (p = 0.0013) (36). These differing findings on caffeine and coffee suggest that caffeine’s impact on aging biomarkers could differ from that of coffee itself, prompting us to further investigate its specific association with the anti-aging protein Klotho. Clarifying this relationship could have important implications for refining dietary guidelines and interventions aimed at promoting healthy aging.

Our research seeks to evaluate the link between caffeine consumption with Klotho concentrations in a clinical population using NHANES data, while considering the impact of covariates such as sex, age, race, sedentary activity, and comorbidities. This study aims to uncover how caffeine might affect aging processes and related health outcomes. Given the widespread consumption of caffeine and the pivotal role of Klotho in aging, these findings could inform novel strategies to improve quality of life and promote longevity.



2 Materials and methods


2.1 Population sample

Organized under the Centers for Disease Control and Prevention, NHANES is a continuous program that gathers detailed nutrition and health information from the United States population by collecting extensive data via questionnaires, laboratory assessments, and physical examinations. NHANES assesses a nationally representative cohort of nearly 5,000 individuals annually, selected across various counties throughout the United States, with 15 counties visited per year. NHANES uses a stratified, multistage probability sampling approach (37). The approval for NHANES protocol was granted by the National Center for Health Statistics (NCHS) Research Ethics Review Board, and all participants provided documented consent in writing. Additional information on NHANES is available on its website.1

Our study participants were selected across the consecutive NHANES years spanning 2007 through the 2016 cycle. Individuals who had fully available serum Klotho data, precise dietary recalls, and relevant confounding variables were included (n = 11,169). From the initial pool of 50,588 individuals aged 40–79 years, we excluded 36,824 individuals who were missing serum Klotho data. An additional 804 participants with inadequate dietary recalls and 1,791 with insufficient covariate information were also removed. Figure 1 illustrates the detailed procedure for participant exclusion and inclusion.
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FIGURE 1
 Flowchart illustrating the selection process of participants from the NHANES 2007–2016 dataset.




2.2 Evaluation of dietary caffeine consumption

In this study, caffeine consumption (mg/day) served as the independent variable, with information obtained through the initial 24-h dietary recall which was administered at the Mobile Examination Center, where participants used standardized measurement guides (e.g., bowls, cups, spoons) to report food quantities accurately. Interviewers received rigorous training and conducted computer-assisted interviews. Caffeine consumption was estimated utilizing the United States Department of Agriculture’s Food and Nutrient Database for Dietary Studies (38). The dataset did not include dietary supplements. Caffeine consumption data were derived from a single 24-h dietary recall, which may introduce limitations such as potential memory bias and lack of dietary variability, potentially impacting the accuracy of intake estimates.



2.3 Assessment of serum Klotho concentrations

Serum Klotho concentrations from NHANES participants were measured with an ELISA kit (IBL International, Japan). To maintain accuracy, results from two duplicate analyses were averaged. Samples were stored at −80 degrees Celsius before being processed at the Northwestern Lipid Metabolism and Diabetes Research Laboratory (University of Washington). The assay had a sensitivity of 4.33 pg./mL, with a mean serum Klotho concentration of 698.0 pg./mL. More detailed methods for the Klotho assay are available on the NHANES website.



2.4 Covariates adjustment

Drawing from previous research (25, 39–48), 14 potential covariates related to serum Klotho concentrations were included: sex, age, race, family poverty income ratio (PIR), education, alcohol consumption, serum cotinine, body mass index (BMI), estimated glomerular filtration rate (eGFR), hypertension, diabetes, coronary heart disease (CHD, cancer, and sedentary activity. Covariates, including both continuous and categorical variables, were collected via questionnaires, physical examinations, and lab tests. The study focused on participants aged 40–79, given that Klotho concentrations had been measured within that age range. Race included categories of Mexican American, Non-Hispanic White, Non-Hispanic Black, or Other. The classification of educational attainment included < high school, high school, and college or above. Alcohol consumption was defined as ≥12 or < 12 drinks per year based on questionnaire data. Using the Chronic Kidney Disease Epidemiology Collaboration equation,2 eGFR (mL/min/1.73 m2) was derived and categorized into <90 and ≥ 90 mL/min/1.73 m2 in subgroup analysis. Data on hypertension, diabetes, CHD, cancer, and sedentary activity were all derived from questionnaire data. Detailed descriptions of the measurement techniques are available on the NHANES.



2.5 Statistical analysis

Serum Klotho concentrations were categorized into quartiles. Due to non-normal distribution, continuous data are summarized using the median and interquartile range (IQR). The Kruskal-Wallis rank sum test was applied for intergroup comparisons. Categorical data are shown as percentages, with statistical comparisons made utilizing the chi-square test. These descriptive analyses were conducted unweighted.

In this study, dietary caffeine consumption, being non-normally distributed, was expressed in mg/day and ln-transformed to approximate normality. To assess the relationship of dietary caffeine consumption (per 100 mg/day and ln-transformed) and serum Klotho concentrations, we employed a generalized linear regression model, with controlling for covariates. Three models were constructed: Model 1 without adjustments, Model 2 adjusting for sex, race, and age, and Model 3 with full covariate adjustment (sex, race, age, PIR, education, BMI, eGFR, alcohol consumption, serum cotinine, hypertension, diabetes, CHD, cancer, and sedentary activity). Using the first quartile as the reference, dietary caffeine consumption was divided into quartiles to examine potential nonlinear relationships. The median consumption of each quartile was analyzed as a continuous variable to assess linear trends. Additionally, smooth curve fitting was applied to explore nonlinear dose–response relationships and threshold effect analysis was conducted to explore potential threshold points in the dose–response relationship between dietary caffeine intake and serum Klotho concentrations. A two-segment linear regression model was employed to identify significant threshold points, with separate regression coefficients estimated for caffeine intake levels below and above the identified threshold. Interaction tests and subgroup analyses were conducted to examine associations across various covariates. All analyses, including fully adjusted regression models (Model 3), smooth curve fitting, threshold effect analysis, interaction tests, and subgroup analyses, were conducted with full covariate adjustments and applied NHANES-recommended dietary sample weights to ensure national representativeness of the study population.

Statistical analyses were carried out with EmpowerStats3 (version 4.2) and R software4 (version 4.2.0). Statistical significance was defined as a p-value <0.05 (two-tailed).




3 Results


3.1 General characteristics of the study population

Baseline characteristics of participants across Klotho quartiles are shown in Table 1. Of the 11,169 individuals included, 5,478 were male (49.05%) and 5,691 were female (50.95%). The median age was 58 years (IQR: 49–66). Over half of the participants had completed college or higher education, and nearly 50% identified as non-Hispanic White. Daily caffeine consumption varied from 0 to 4,530 mg, with a median of 120.00 mg/day (IQR: 29.00–246.00). At 800.70 pg./mL (IQR: 654.10–990.00), the serum Klotho concentration’s median was recorded. Significant differences were found across Klotho quartiles for nearly all variables, except BMI and sedentary activity. In the top Klotho quartile, individuals were more frequently female (56.05%) and younger (median age 56 years; IQR: 48–64). A higher percentage had completed college or above (53.72%) and reported higher income levels (median PIR: 2.27). These individuals consumed less alcohol, had normal eGFR (median: 93.15 mL/min/1.73 m2), and were less likely to have hypertension, CHD, or cancer. Participants in this quartile also tended to have lower caffeine consumption.



TABLE 1 Baseline demographic and clinical characteristics of participants in the NHANES study by Klotho quartiles (N = 11,169).
[image: Table1]

Additionally, based on caffeine consumption quartiles (see Supplementary Table 1), significant demographic and clinical differences were observed. Individuals in the highest caffeine intake quartile (Q4) were more frequently male (57.07%) and slightly younger (median age 56 years; IQR: 48–65). A larger proportion of participants in Q4 identified as non-Hispanic White (69.41%), while lower caffeine quartiles had a higher representation of non-Hispanic Black and Mexican American individuals. Education and income levels also varied, with Q4 participants more likely to have completed college or higher education (56.78%). Higher alcohol consumption was observed in Q4, with 82.33% consuming 12 or more drinks per year. Furthermore, Q4 participants had significantly elevated serum cotinine levels (median: 0.07 ng/mL; p < 0.001) and a longer median sedentary time (360 min), reflecting distinct patterns in tobacco exposure and lifestyle across caffeine intake quartiles.



3.2 Association of caffeine consumption with serum Klotho concentrations

The negative correlation of caffeine consumption with serum Klotho concentrations is shown in Table 2. This association was evident both when caffeine was analyzed as a continuous variable (per 100 mg/day increase or ln-transformed) and when divided into quartiles, even after adjusting for confounding factors.



TABLE 2 Relationship between daily caffeine consumption and Klotho concentrations across all study population.
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Each additional 100 mg of daily caffeine consumption was associated with a 6.37 pg./mL reduction in serum Klotho concentrations (95% CI: −8.61, −4.14) in the crude model (Model 1). This inverse association persisted in both Model 2 (β = −4.89, 95% CI: −7.18, −2.59, p < 0.001) and Model 3 (β = −3.40, 95% CI: −5.73, −1.07, p = 0.004), where confounders were adjusted for. Similar results were observed with ln-transformed caffeine consumption, showing a significant negative association as well.

In all three models, participants within the fourth quartile of caffeine consumption showed reductions of 42.70 pg./mL (95% CI: −58.41, −26.99), 32.66 pg./mL (95% CI: −48.90, −16.42), and 23.00 pg./mL (95% CI: −39.41, −6.58) in serum Klotho concentrations compared to those in the first quartile (P for trend <0.001).



3.3 Threshold effect analysis

Smooth curve fitting was employed to examine the relationship between caffeine consumption and serum Klotho concentrations (Figure 2). The analysis did not provide sufficient evidence to confirm a nonlinear association, as the overall curve-fitting test did not reach statistical significance (p = 0.141). Threshold effect analysis (Table 3) identified a threshold point at an ln-transformed caffeine value of 3.74 (equivalent to approximately 41 mg/day). Below this point, no significant relationship was observed (β = 3.64, 95% CI: −2.27, 9.56, p = 0.228), whereas above this point, a significant negative association was detected (β = −14.16, 95% CI: −21.55, −6.78, p < 0.001). The difference in effects between the two segments was statistically significant (p = 0.003). The predicted Klotho concentration at the threshold point was 870.26 pg./mL (95% CI: 858.22, 882.31).

[image: Figure 2]

FIGURE 2
 Smooth curve fitting illustrating the association between ln-transformed dietary caffeine consumption and serum Klotho concentrations. The red line denotes the fitted smooth curve representing the relationship between ln-transformed caffeine and Klotho, with the blue line indicating the 95% CI. Sex, race, age, alcohol consumption, serum cotinine, education, PIR, BMI, eGFR, diabetes, hypertension, CHD, cancer, and sedentary activity were adjusted. The p-value for the smooth term was 0.141, indicating no statistically significant non-linear association.




TABLE 3 Threshold effect analysis of the association between ln-transformed caffeine consumption and serum Klotho concentrations.
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3.4 Interaction test and subgroup analysis

Figure 3 and Supplementary Table 2 present the results of both the interaction tests and the subgroup analyses. The interaction tests revealed significant modifications of the relationship between caffeine consumption and Klotho concentrations by variables including education, PIR, serum cotinine levels, sedentary activity, and hypertension (P for interaction <0.05). This indicates that these variables act as effect modifiers, influencing how caffeine consumption relates to Klotho levels.

[image: Figure 3]

FIGURE 3
 Forest plot for the impact of ln-transformed caffeine consumption on Klotho according to different variables. Sex, race, age, alcohol consumption, serum cotinine, education, PIR, BMI, eGFR, diabetes, hypertension, CHD, cancer, and sedentary activity were adjusted.


In the subgroup analyses, significant negative associations between caffeine consumption and Klotho concentrations were observed among participants aged ≥58 years (p = 0.009), with higher education (college or above, p = 0.005), high income (p < 0.001), serum cotinine <1 ng/mL (p < 0.001), normal kidney function (eGFR ≥90 mL/min/1.73 m2, p = 0.021), sedentary activity >480 min daily (p = 0.001), and without diabetes (p = 0.018), hypertension (p = 0.001), CHD (p = 0.014), or cancer (p = 0.004). Conversely, no significant associations were observed in the sex subgroups.




4 Discussion

Drawing on data from a nationally representative United States sample, this study revealed a robust inverse correlation of caffeine consumption (whether analyzed continuously or by quartiles) and Klotho concentrations, remaining significant after controlling for various influencing factors. Notably, this association was more pronounced among participants with longer durations of sedentary behavior and in those without hypertension.

As far as we are aware, no research to date has specifically investigated the link of caffeine with Klotho. While this study provides evidence of an inverse association, the underlying mechanisms remain unclear. Klotho, known for its involvement in aging, is essential for regulating oxidative stress and inflammation. Caffeine, likewise, has been shown to provide health benefits, such as antioxidant, anti-inflammatory (49), and anti-aging properties. For example, research has shown that caffeine can extend lifespan in model organisms such as yeast (6) and improve both lifespan and healthspan in Caenorhabditis elegans (50). Animal studies have further indicated caffeine’s ability to reduce oxidative stress, neuroinflammation, and neurodegeneration (51). Additionally, coffee consumption, both regular and decaffeinated, has been linked to modulation of aging-related pathways like mTOR, which could mitigate risks of age-related diseases such as cancer (7). These findings suggest that caffeine, at moderate intake levels, may exhibit beneficial properties in biological systems.

Accumulating evidence suggests that caffeine may exert dual effects depending on its intake levels. While coffee consumption is often associated with reduced mortality risk, caffeine itself has been linked to markers of accelerated aging. Ma Jianhua et al. identified a nonlinear relationship between caffeine intake and phenotypic age, observing that moderate consumption initially reduced aging risk, but this trend reversed at higher intake levels (52). Similarly, studies examining telomere length—a recognized biomarker of cellular aging—have reported contrasting effects of caffeine and coffee. For example, Liu et al. found that higher coffee intake was associated with longer telomeres, but this relationship vanished for total dietary caffeine after controlling for coffee consumption (35). Likewise, Tucker et al. demonstrated a negative correlation between caffeine intake and telomere length, whereas coffee intake showed a positive association (36). These findings emphasize the distinct biological impacts of caffeine and coffee, suggesting that non-caffeine components of coffee, such as phenolic compounds and antioxidants (8), may mitigate caffeine’s potential harm. Supporting this, extensive prospective studies by Lopez-Garcia et al. (3) and Loftfield et al. (4) reported inverse associations between coffee consumption, including decaffeinated varieties, and all-cause mortality. Collectively, this evidence highlights caffeine’s potential toxicity at higher doses and underscores the broader protective effects of coffee, likely driven by its non-caffeine constituents.

Excessive caffeine intake, over 1 to 1.5 grams daily, has been shown to cause chronic toxicity resembling anxiety (53), and intakes above 2 grams may require hospitalization, with doses ≥5 grams potentially fatal for adults (54). This established evidence of caffeine toxicity aligns with our findings, suggesting that its impact on aging biomarkers, including Klotho, may be dose-dependent.

Our results further corroborate these insights by demonstrating a threshold effect. Klotho concentrations exhibited a significant reduction at higher caffeine intake levels, specifically above a threshold point of ln-transformed caffeine >3.74 (equivalent to ~41 mg/day). This suggests that while moderate caffeine intake may exert minimal effects or even transient benefits on Klotho levels, excessive intake appears to drive a pronounced decline. The marked difference in effects above and below this threshold supports the hypothesis of a nonlinear relationship, emphasizing that caffeine’s biological impact varies across intake levels.

Furthermore, these findings imply that previous research indicating caffeine’s antioxidant and longevity-promoting effects may reflect modest and dose-dependent benefits. Excessive caffeine intake, as observed in our study, could negate these effects, potentially leading to a reduction in Klotho levels and accelerating aging processes. This finding aligns with prior research demonstrating that caffeine can inhibit DNA repair and shorten telomeres, key biomarkers of aging. These effects, potentially mediated through pathways involving oxidative stress and inflammation, further support the hypothesis that excessive caffeine intake accelerates biological aging. In this context, caffeine’s impact on aging may differ substantially from the broader, potentially protective effects of coffee in its entirety.

These findings underscore the importance of moderating caffeine intake, particularly in individuals with higher daily consumption. Excessive intake could have adverse effects on aging-related biomarkers like Klotho, emphasizing the potential importance of tailored dietary recommendations. Further research is necessary to elucidate the complex interplay between caffeine, Klotho, and aging pathways, and to establish optimal intake levels for minimizing harm while maximizing potential benefits.

Prior research has indicated a connection between serum Klotho concentrations and both physical activity and sedentary behavior (48, 55–57). Consequently, we performed interaction tests and subgroup analyses of sedentary activity as a covariate. Interaction tests indicated that sedentary activity significantly modified the association between caffeine consumption and Klotho concentrations (P for interaction <0.05). Subgroup analyses further revealed that the negative correlation was particularly pronounced in participants sedentary for over 480 min daily. Sedentary behavior has been shown to elevate oxidative stress and systemic inflammation, both of which can inhibit Klotho expression (48, 55). In this context, caffeine may further exacerbate oxidative stress (58), potentially accelerating the decline in Klotho levels. Additionally, Geng et al. demonstrated that exercise improves metabolic disorders through increased sensitivity to FGF21, a protein related to Klotho regulation (59). Conversely, sedentary behavior could reduce FGF21 sensitivity, thereby worsening its impact on Klotho expression. Furthermore, Corrêa et al. highlighted the potential of Klotho as an ‘exerkine’—a beneficial molecule induced by exercise (57). This implies that a lack of physical activity could contribute to decreased Klotho levels in sedentary individuals. Given the strong association between sedentary behavior and chronic conditions like metabolic syndrome and inflammation, individuals with extended sedentary periods might experience greater suppression of Klotho expression, making the negative effects of caffeine more pronounced in this group. These findings suggest that individuals with prolonged sedentary behavior could be more susceptible to caffeine’s adverse impact on Klotho levels. This highlights the potential need for targeted recommendations to moderate caffeine intake in populations with high sedentary time.

Previous studies have associated serum Klotho levels with renal insufficiency (19), hypertension (40), diabetes (60), CHD (46), and cancer (47). In light of these findings, we conducted interaction tests and subgroup analyses, adjusting for covariates including eGFR, diabetes, hypertension, CHD, and cancer. The interaction tests revealed that hypertension significantly moderated the relationship between caffeine intake and Klotho levels, while no significant interaction was found for diabetes, CHD, cancer, or eGFR. In the subgroup analyses, a significant negative association between caffeine intake and Klotho levels was observed in individuals without comorbidities, whereas no such effect was evident in those with comorbidities. Hypertension, diabetes, and CHD are linked to oxidative stress and chronic inflammation, which could potentially suppress Klotho expression. Since Klotho is primarily expressed in the kidneys, renal insufficiency may significantly lower Klotho levels. Additionally, in cancer patients, tumor-related factors often modulate Klotho expression. Therefore, in individuals with comorbidities, these baseline conditions could have already reduced Klotho levels, potentially obscuring the negative effects of caffeine. Conversely, healthier individuals without comorbidities tend to exhibit higher and more variable Klotho levels, making the impact of caffeine more detectable, thus resulting in the observed significant negative correlation. The findings imply that the negative impact of dietary caffeine on Klotho could be more pronounced in healthier individuals without underlying health conditions, indicating the need for cautious recommendations regarding caffeine consumption, especially in populations without comorbidities. However, given that the interaction effects were not statistically significant across all comorbid conditions (only hypertension showed a significant interaction), these associations must be viewed with caution, particularly in view of the study’s cross-sectional design.

Furthermore, interaction tests revealed that the relationship between caffeine intake and Klotho levels was significantly influenced by socioeconomic status (education and income) and serum cotinine levels, suggesting that these factors may modulate the effect of caffeine on Klotho. Subgroup analyses further indicated that the negative association between caffeine consumption and Klotho was stronger in individuals with higher socioeconomic status and lower serum cotinine levels (< 1 ng/mL). This pattern may reflect that lifestyle factors, such as reduced tobacco exposure, allow caffeine’s effects on Klotho to become more observable, as oxidative stress from smoking might otherwise obscure these effects (61, 62). Additionally, higher socioeconomic status often correlates with healthier baseline characteristics (63, 64), making Klotho levels more responsive to dietary influences like caffeine. Therefore, these findings suggest that caffeine’s impact on Klotho could vary depending on lifestyle and socioeconomic factors, supporting the need for tailored public health recommendations based on individual health behaviors and backgrounds.

Given the widespread global consumption of caffeine, the observed association with Klotho levels could have important public health implications, particularly for aging populations, where maintaining Klotho levels may play a role in preventing age-related diseases. Further research is needed to explore whether reducing caffeine consumption helps maintain Klotho levels and improve health outcomes.

Leveraging data from the comprehensive NHANES cohort, our study is the first to explore the association of caffeine consumption with serum Klotho concentrations. However, there are multiple limitations. First, reliance on a single day of 24-h dietary recall may introduce memory-related inaccuracies, as participants may not accurately recall their intake, leading to under-or over-estimation of caffeine consumption. Additionally, a single 24-h snapshot does not capture variability in dietary patterns, such as seasonal or geographic differences, potentially reducing the generalizability of the findings. Multiple dietary recalls across different seasons could provide more reliable estimates of habitual caffeine intake and strengthen future analyses. Second, the ability to infer causality is limited by the design of the study, which is cross-sectional. Third, as the study was restricted to American adults aged 40 to 79, the applicability of the results to other populations could be limited. Finally, despite adjustments for known confounders, some unmeasured factors may still influence the results.

Future studies should prioritize investigating the long-term impact of caffeine on Klotho levels using longitudinal research designs. Additionally, investigating the underlying biological mechanisms in different population subgroups could provide deeper insights into the caffeine-Klotho relationship.



5 Conclusion

Our findings reveal a significant inverse association between caffeine consumption and serum Klotho concentrations in middle-aged American adults, with evidence of a dose-dependent relationship. Specifically, a threshold effect was identified, where higher caffeine intake beyond approximately 41 mg/day was associated with a more pronounced reduction in Klotho levels. Subgroup analyses indicated that this negative association was particularly significant in individuals with sedentary activity >480 min per day and without hypertension. These results underscore the necessity for additional investigation to determine how caffeine consumption impacts aging and overall health.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found at: http://www.cdc.gov/nchs/nhanes.htm.



Ethics statement

The studies involving humans were approved by National Center for Health Statistics Research Ethics Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

HW: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Writing – original draft, Writing – review & editing. PL: Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

We extend our heartfelt gratitude to all the participants and contributors who generously supported this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1497224/full#supplementary-material



Abbreviations


NHANES, National Health and Nutrition Examination Survey; ELISA, Enzyme-linked immunosorbent assay; CI, confidence interval; eGFR, estimated glomerular filtration rate; CHD, coronary heart disease; NCHS, National Center for Health Statistics; PIR, family poverty income ratio; BMI, body mass index; IQR, interquartile ranges.



Footnotes

1   http://www.cdc.gov/nchs/nhanes.htm

2   https://www.kidney.org/content/ckd-epi-creatinine-equation-2021

3   http://www.empowerstats.com

4   http://www.R-project.org



References

 1. Fredholm, BB, Bättig, K, Holmén, J, Nehlig, A, and Zvartau, EE. Actions of caffeine in the brain with special reference to factors that contribute to its widespread use. Pharmacol Rev. (1999) 51:83–133.

 2. Nawrot, P, Jordan, S, Eastwood, J, Rotstein, J, Hugenholtz, A, and Feeley, M. Effects of caffeine on human health. Food Addit Contam. (2003) 20:1–30. doi: 10.1080/0265203021000007840

 3. Lopez-Garcia, E, van Dam, RM, Li, TY, Rodriguez-Artalejo, F, and Hu, FB. The relationship of coffee consumption with mortality. Ann Intern Med. (2008) 148:904–14. doi: 10.7326/0003-4819-148-12-200806170-00003

 4. Loftfield, E, Freedman, ND, Graubard, BI, Guertin, KA, Black, A, Huang, WY , et al. Association of Coffee Consumption with overall and cause-specific mortality in a large us prospective cohort study. Am J Epidemiol. (2015) 182:1010–22. doi: 10.1093/aje/kwv146 

 5. Ross, GW, Abbott, RD, Petrovitch, H, Morens, DM, Grandinetti, A, Tung, KH , et al. Association of Coffee and Caffeine Intake with the risk of Parkinson disease. JAMA. (2000) 283:2674–9. doi: 10.1001/jama.283.20.2674

 6. Rallis, C, Codlin, S, and Bähler, J. Torc 1 signaling inhibition by rapamycin and caffeine affect lifespan, global gene expression, and cell proliferation of fission yeast. Aging Cell. (2013) 12:563–73. doi: 10.1111/acel.12080 

 7. Takahashi, K, and Ishigami, A. Anti-aging effects of coffee. Aging. (2017) 9:1863–4. doi: 10.18632/aging.101287

 8. Ludwig, IA, Clifford, MN, Lean, ME, Ashihara, H, and Crozier, A. Coffee: biochemistry and potential impact on health. Food Funct. (2014) 5:1695–717. doi: 10.1039/c4fo00042k 

 9. Wikoff, D, Welsh, BT, Henderson, R, Brorby, GP, Britt, J, Myers, E , et al. Systematic review of the potential adverse effects of caffeine consumption in healthy adults, pregnant women, adolescents, and children. Food Chem Toxicol. (2017) 109:585–648. doi: 10.1016/j.fct.2017.04.002 

 10. Juliano, LM, and Griffiths, RR. A critical review of caffeine withdrawal: empirical validation of symptoms and signs, incidence, severity, and associated features. Psychopharmacology. (2004) 176:1–29. doi: 10.1007/s00213-004-2000-x 

 11. Berman, NK, Honig, S, Cronstein, BN, and Pillinger, MH. The effects of caffeine on bone mineral density and fracture risk. Osteoporosis Int: J established as result of cooperation between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA. (2022) 33:1235–41. doi: 10.1007/s00198-021-05972-w 

 12. Nehlig, A. Effects of coffee on the gastro-intestinal tract: a narrative review and literature update. Nutrients. (2022) 14:399. doi: 10.3390/nu14020399 

 13. Kuro-o, M, Matsumura, Y, Aizawa, H, Kawaguchi, H, Suga, T, Utsugi, T , et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature. (1997) 390:45–51. doi: 10.1038/36285 

 14. Xu, Y, and Sun, Z. Molecular basis of klotho: from gene to function in aging. Endocr Rev. (2015) 36:174–93. doi: 10.1210/er.2013-1079 

 15. Castner, SA, Gupta, S, Wang, D, Moreno, AJ, Park, C, Chen, C , et al. Longevity factor klotho enhances cognition in aged nonhuman Primates. Nature Aging. (2023) 3:931–7. doi: 10.1038/s43587-023-00441-x 

 16. Yamamoto, M, Clark, JD, Pastor, JV, Gurnani, P, Nandi, A, Kurosu, H , et al. Regulation of oxidative stress by the anti-aging hormone klotho. J Biol Chem. (2005) 280:38029–34. doi: 10.1074/jbc.M509039200 

 17. Wu, SE, and Chen, WL. Soluble klotho as an effective biomarker to characterize inflammatory states. Ann Med. (2022) 54:1520–9. doi: 10.1080/07853890.2022.2077428 

 18. Donate-Correa, J, Martín-Carro, B, Cannata-Andía, JB, Mora-Fernández, C, and Navarro-González, JF. Klotho, oxidative stress, and mitochondrial damage in kidney disease. Antioxidants (Basel, Switzerland). (2023) 12:239. doi: 10.3390/antiox12020239

 19. Neyra, JA, Hu, MC, and Moe, OW. Klotho in clinical nephrology: diagnostic and therapeutic implications. Clin J American Society of Nephrol: CJASN. (2020) 16:162–76. doi: 10.2215/cjn.02840320 

 20. Li, JM, Chen, FF, Li, GH, Zhu, JL, Zhou, Y, Wei, XY , et al. Soluble klotho-integrin Β1/Erk 1/2 pathway ameliorates myocardial fibrosis in diabetic cardiomyopathy. FASEB J: Official Pub Federation of American Societies for Experimental Biol. (2021) 35:e21960. doi: 10.1096/fj.202100952R 

 21. Sanz, B, Arrieta, H, Rezola-Pardo, C, Fernández-Atutxa, A, Garin-Balerdi, J, Arizaga, N , et al. Low serum klotho concentration is associated with worse cognition, psychological components of frailty, dependence, and falls in nursing home residents. Sci Rep. (2021) 11:9098. doi: 10.1038/s41598-021-88455-6 

 22. Semba, RD, Moghekar, AR, Hu, J, Sun, K, Turner, R, Ferrucci, L , et al. Klotho in the cerebrospinal fluid of adults with and without Alzheimer’s disease. Neurosci Lett. (2014) 558:37–40. doi: 10.1016/j.neulet.2013.10.058

 23. Buchanan, S, Combet, E, Stenvinkel, P, and Shiels, PG. Klotho, aging, and the failing kidney. Front Endocrinol. (2020) 11:560. doi: 10.3389/fendo.2020.00560 

 24. Chen, K, Wang, S, Sun, QW, Zhang, B, Ullah, M, and Sun, Z. Klotho deficiency causes heart aging via impairing the Nrf 2-gr pathway. Circ Res. (2021) 128:492–507. doi: 10.1161/circresaha.120.317348 

 25. Abraham, CR, and Li, A. Aging-suppressor klotho: prospects in diagnostics and therapeutics. Ageing Res Rev. (2022) 82:101766. doi: 10.1016/j.arr.2022.101766

 26. Iijima, H, Gilmer, G, Wang, K, Bean, AC, He, Y, Lin, H , et al. Age-related matrix stiffening epigenetically regulates Α-klotho expression and compromises chondrocyte integrity. Nat Commun. (2023) 14:18. doi: 10.1038/s41467-022-35359-2 

 27. Chen, K, and Sun, Z. Estrogen inhibits renal Na-pi co-transporters and improves klotho deficiency-induced acute heart failure. Redox Biol. (2021) 47:102173. doi: 10.1016/j.redox.2021.102173

 28. Ho, BB, and Bergwitz, C. Fgf 23 Signalling and physiology. J Mol Endocrinol. (2021) 66:R23–r32. doi: 10.1530/jme-20-0178 

 29. Jurado-Fasoli, L, Amaro-Gahete, FJ, Arias-Tellez, MJ, Gil, A, Labayen, I, and Ruiz, JR. Relationship between dietary factors and S-klotho plasma levels in young sedentary healthy adults. Mech Ageing Dev. (2021) 194:111435. doi: 10.1016/j.mad.2021.111435

 30. Wu, SE, Chen, YJ, and Chen, WL. Adherence to Mediterranean diet and soluble klotho level: the value of food synergy in aging. Nutrients. (2022) 14:3910. doi: 10.3390/nu14193910 

 31. Azam, S, Hadi, N, Khan, NU, and Hadi, SM. Antioxidant and Prooxidant properties of caffeine, theobromine and xanthine. Medical sci Monitor: Int Medical J Experimental Clin Res. (2003) 9:Br325–30.

 32. Sabisz, M, and Skladanowski, A. Modulation of cellular response to anticancer treatment by caffeine: inhibition of cell cycle checkpoints, DNA repair and more. Curr Pharm Biotechnol. (2008) 9:325–36. doi: 10.2174/138920108785161497 

 33. Romano, GH, Harari, Y, Yehuda, T, Podhorzer, A, Rubinstein, L, Shamir, R , et al. Environmental stresses disrupt telomere length homeostasis. PLoS Genet. (2013) 9:e1003721. doi: 10.1371/journal.pgen.1003721 

 34. Porta, M, Vioque, J, Ayude, D, Alguacil, J, Jariod, M, Ruiz, L , et al. Coffee drinking: the rationale for treating it as a potential effect modifier of carcinogenic exposures. Eur J Epidemiol. (2003) 18:289–98. doi: 10.1023/a:1023700216945 

 35. Liu, JJ, Crous-Bou, M, Giovannucci, E, and De Vivo, I. Coffee consumption is positively associated with longer leukocyte telomere length in the Nurses’ health study. J Nutr. (2016) 146:1373–8. doi: 10.3945/jn.116.230490 

 36. Tucker, LA. Caffeine consumption and telomere length in men and women of the National Health and nutrition examination survey (Nhanes). Nutrition & metabolism. (2017) 14:10. doi: 10.1186/s12986-017-0162-x

 37. Johnson, CL, Dohrmann, SM, Burt, VL, and Mohadjer, LK. National Health and nutrition examination survey: sample design, 2011-2014. Vital and health statistics Series 2, Data evaluation and Methods Res. (2014) 162:1–33.

 38. Dwyer, J, Picciano, MF, and Raiten, DJ. Estimation of usual intakes: what we eat in America-Nhanes. J Nutr. (2003) 133:609s–23s. doi: 10.1093/jn/133.2.609S 

 39. Donate-Correa, J, Martín-Núñez, E, Delgado, NP, de Fuentes, MM, Arduan, AO, Mora-Fernández, C , et al. Implications of fibroblast growth factor/klotho system in glucose metabolism and diabetes. Cytokine Growth Factor Rev. (2016) 28:71–7. doi: 10.1016/j.cytogfr.2015.12.003 

 40. Drew, DA, Katz, R, Kritchevsky, S, Ix, JH, Shlipak, MG, Newman, AB , et al. Soluble klotho and incident hypertension. Clin J American Society of Nephrol: CJASN. (2021) 16:1502–11. doi: 10.2215/cjn.05020421 

 41. Zhu, J, and Wei, Y. Exposure to P-dichlorobenzene and serum Α-klotho levels among us participants in their middle and late adulthood. Sci Total Environ. (2023) 858:159768. doi: 10.1016/j.scitotenv.2022.159768 

 42. Orces, CH. The Association of Obesity and the antiaging humoral factor klotho in middle-aged and older adults. Scientific World J. (2022) 2022:7274858–6. doi: 10.1155/2022/7274858 

 43. Liu, J, Wang, H, Liu, Q, Long, S, Wu, Y, Wang, N , et al. Klotho exerts protection in chronic kidney disease associated with regulating inflammatory response and lipid metabolism. Cell Biosci. (2024) 14:46. doi: 10.1186/s13578-024-01226-4

 44. Jiang, M, Tang, X, Wang, P, Yang, L, and Du, R. Association between daily alcohol consumption and serum alpha klotho levels among U.S. adults over 40 years old: a cross-sectional study. BMC Public Health. (2023) 23:1901. doi: 10.1186/s12889-023-16830-1 

 45. Yao, Y, Long, Y, Du, FW, Zhao, Y, and Luo, XB. Association between serum cotinine and Α-klotho levels among adults: findings from the National Health and nutrition examination survey 2007-2016. Tob Induc Dis. (2022) 20:1–7. doi: 10.18332/tid/144622

 46. Navarro-González, JF, Donate-Correa, J, Muros de Fuentes, M, Pérez-Hernández, H, Martínez-Sanz, R, and Mora-Fernández, C. Reduced klotho is associated with the presence and severity of coronary artery disease. Heart. (2014) 100:34–40. doi: 10.1136/heartjnl-2013-304746

 47. Ligumsky, H, Merenbakh-Lamin, K, Keren-Khadmy, N, Wolf, I, and Rubinek, T. The role of Α-klotho in human Cancer: molecular and clinical aspects. Oncogene. (2022) 41:4487–97. doi: 10.1038/s41388-022-02440-5 

 48. Amaro-Gahete, FJ, Jurado-Fasoli, L, Gutiérrez, Á, Ruiz, JR, and Castillo, MJ. Association of Physical Activity and Fitness with S-klotho plasma levels in middle-aged sedentary adults: the fit-ageing study. Maturitas. (2019) 123:25–31. doi: 10.1016/j.maturitas.2019.02.001

 49. Barcelos, RP, Lima, FD, Carvalho, NR, Bresciani, G, and Royes, LF. Caffeine effects on systemic metabolism, oxidative-inflammatory pathways, and exercise performance. Nutrition Res (New York, NY). (2020) 80:1–17. doi: 10.1016/j.nutres.2020.05.005 

 50. Sutphin, GL, Bishop, E, Yanos, ME, Moller, RM, and Kaeberlein, M. Caffeine extends life span, improves Healthspan, and delays age-associated pathology in Caenorhabditis Elegans. Longevity & healthspan. (2012) 1:9. doi: 10.1186/2046-2395-1-9

 51. Ullah, F, Ali, T, Ullah, N, and Kim, MO. Caffeine prevents D-galactose-induced cognitive deficits, oxidative stress, Neuroinflammation and neurodegeneration in the adult rat brain. Neurochem Int. (2015) 90:114–24. doi: 10.1016/j.neuint.2015.07.001

 52. Ma, J, Li, P, Jiang, Y, Yang, X, Luo, Y, Tao, L , et al. The association between dietary nutrient intake and acceleration of aging: evidence from Nhanes. Nutrients. (2024) 16:1635. doi: 10.3390/nu16111635 

 53. Willson, C. The clinical toxicology of caffeine: a review and case study. Toxicol Rep. (2018) 5:1140–52. doi: 10.1016/j.toxrep.2018.11.002 

 54. Banerjee, P, Ali, Z, Levine, B, and Fowler, DR. Fatal caffeine intoxication: a series of eight cases from 1999 to 2009. J Forensic Sci. (2014) 59:865–8. doi: 10.1111/1556-4029.12387

 55. Veronesi, F, Borsari, V, Cherubini, A, and Fini, M. Association of Klotho with physical performance and frailty in middle-aged and older adults: a systematic review. Exp Gerontol. (2021) 154:111518. doi: 10.1016/j.exger.2021.111518 

 56. Vázquez-Lorente, H, De-la, OA, Carneiro-Barrera, A, Molina-Hidalgo, C, Castillo, MJ, and Amaro-Gahete, FJ. Physical exercise improves memory in sedentary middle-aged adults: are these exercise-induced benefits associated with S-klotho and 1, 25-Dihydroxivitamin D? The fit-ageing randomized controlled trial. Scand J Med Sci Sports. (2024) 34:e14519. doi: 10.1111/sms.14519 

 57. Corrêa, HL, Raab, ATO, Araújo, TM, Deus, LA, Reis, AL, Honorato, FS , et al. A systematic review and Meta-analysis demonstrating klotho as an emerging Exerkine. Sci Rep. (2022) 12:17587. doi: 10.1038/s41598-022-22123-1

 58. Mandel, HG. Update on caffeine consumption, disposition and action. Food Chem Toxicol. (2002) 40:1231–4. doi: 10.1016/s0278-6915(02)00093-5 

 59. Geng, L, Liao, B, Jin, L, Huang, Z, Triggle, CR, Ding, H , et al. Exercise alleviates obesity-induced metabolic dysfunction via enhancing Fgf 21 sensitivity in adipose tissues. Cell Rep. (2019) 26:2738–52.e4. doi: 10.1016/j.celrep.2019.02.014 

 60. Wang, K, Mao, Y, Lu, M, Liu, X, Sun, Y, Li, Z , et al. Association between serum klotho levels and the prevalence of diabetes among adults in the United States. Front Endocrinol. (2022) 13:1005553. doi: 10.3389/fendo.2022.1005553 

 61. van der Vaart, H, Postma, DS, Timens, W, and ten Hacken, NH. Acute effects of cigarette smoke on inflammation and oxidative stress: a review. Thorax. (2004) 59:713–21. doi: 10.1136/thx.2003.012468

 62. Caliri, AW, Tommasi, S, and Besaratinia, A. Relationships among smoking, oxidative stress, inflammation, macromolecular damage, and Cancer. Mutat Res Rev Mutat Res. (2021) 787:108365. doi: 10.1016/j.mrrev.2021.108365 

 63. Park, S. Exploring the mechanisms between socio-economic status and health: mediating roles of health-related behaviors before and during Covid-19. Plo S one. (2024) 19:e0288297. doi: 10.1371/journal.pone.0288297 

 64. Foster, H, Polz, P, Mair, F, Gill, J, and O’Donnell, CA. Understanding the influence of socioeconomic status on the association between combinations of lifestyle factors and adverse health outcomes: a systematic review protocol. BMJ Open. (2021) 11:e042212. doi: 10.1136/bmjopen-2020-042212 


Copyright
 © 2024 Wu and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnut-11-1497224-t002.jpg
Daily caffeine Model 1 B (95%Cl) Model 2 B (95%Cl) Model 3  (95%Cl) p value

consumption

Per 100 mg increase ~6.37 (-8.61, ~4.14) <0.001 ~4.89 (~7.18, ~2.59) <0.001 ~3.40 (=573, ~1.07) 0.004
La-transformed ~8.18 (~11.16, ~5.21) <0.001 ~5.82(~8.90, 2.73) <0.001 ~3.99 (~7.11,-088) 0012
Quartiles®

Qi Reference Reference Reference

Q@ 139 (~15.45, 18.23) 0871 1.82(~15.04, 18.68) 0832 5.90 (1091, 22.70) 0.492
Q3 ~30.29 (~46.63, ~13.94) <0.001 ~23.72(~40.21,-7.23) 0.005 ~18.14 (~34.65, ~1.62) 0.031
Qi —42.70 (~58.41, ~26.99) <0.001 —3266 (~48.90, ~16.42) <0.001 ~23.00(~39.41, 6.58) 0.006
P for trend <0.001 <0.001 <0.001

Model 1: unadjusted model; Model 2 adjusted for sex, race, and age; Model 3: adjusted for sex, race, age, alcohol consumption, serum cotinine, education, PIR, BMI, eGER, diabetes,
hypertension, CHD, cancer, and sedentary activity. CI, confidence interval; PIR, family poverty income ratio; BMI, body mass index; eGFR, estimated glomerular filtation rate; CHD,
coronary heart disease.

‘Daily dietary caffeine consumption (mg/day) was categorized into quartiles: Q1 [0, 28] ( = 2,745; 25%), Q2 (28, 119] (n = 2,834; 25%), Q3 (119, 245) (1 = 2,788; 25%), and Q4 (245, 4,530]
(n = 2,802; 25%).





OPS/images/fnut-11-1497224-t003.jpg
Adusted p  pvalue

(95%Cl)
“Threshold point 374 -
Ln-transformed caffeine <3.74 3.64 (=2.27,9.56) 0.228
Ln-transformed caffeine >3.74 —14.16 (-21.55, —6.78) <0.001

Difference in effects (below vs. above

~17.80 (~29.53, ~6.08) 0003
the threshold)

Predicted Klotho at threshold 870.26 (858.22, 882.31) -

Likelihood ratio test - 0.003

Adjustment Variables: sx, race, age, alcohol consumption, serum cotinine, education, PIR,
BMI, eGER, diabetes, hypertension, CHID, cancer, and sedentary activity. CI, confidence
interval; PIR, family poverty income ratio; BMI, body mass index; eGER, estimated
glomerular fitration rate; CHD, coronary heart discase.






OPS/images/fnut-11-1497224-g003.jpg
Subgrowp N Pvalne P for Interaction

Sex 0274
Male sa7s —t 0063
Femile seo1 —_— o086

s

<SS years 5528 —_— om
= 58 years soit —— 0009

Educaton 006
< Highschool 1537 —_— 0223
High school 061 —_— o611
College orabove sm —_— o005

PR <00
Lowincome (PIR < 1.3) 5307 —_— o2
Middi-ncome (13 <PIR < 3.5) 4038 —_— osss
Highincome (PIR > 3.5 524 — <000

Seran cotnine 0001
<1ngml s — <0001
= Ingil 261 _ o716

cGR 0057
<00 mimin1 73ms s ——t 02
= 90 mimin'1 T3n’ 194 — o021

Sedentry vy o005
< 450 min 007 —— 0215
> 450 min 260 —_— o001

Disbetes 0364
Yes 1989 _—
No S50 —_—
Bordeline 2

Hypertension 0003
Yes s — 0908
No 031 — o001

. 0627
Yes s55 — e o078
No Tossd —— o0

Cancer 0351
Yes 1365 —_— o615
No o504 —— o004






OPS/images/fnut-11-1497224-t001.jpg
Variables AUN = 11,169
(100%)

Quartiles of serum Klotho concentrations (pg/mi) pvalue

Q1IN =2791 Q2N =2,793 Q3N =2791 Q4N =2794
(25%) (25%) (25%) (25%)

Caffeine (mg/day) 120.00 (29.00-246.00)

Lo-transformed caffeine 480 (3.40-551)

Klotho (pg/mi) 500,70 (654.10-990.00)
Sexth

Male 5,478 (49.05)
Female 5,691 (50.95)

Age (years) 58.00 (49.00-66.00)
Race %

Mexican American 1,703 (15.25)

Non-Hispanic White 5153 (46.14)

Non-Hispanic Black 2216 (19.84)
Other 2097 (18.78)
Education %

< High school 1337 (11.97)
High school 4061 (36.36)

College or above 5771 (5167)
PIR 266 (1.65)

BMI (kg/m) 2882 (25.30-33.30)
Alcohol consumption %
> 12 drinks/year 8000 (71.63)
<12 drinks/year 3,169 (2837)
Serum cotinine (ng/ml) 001 (001-239)
CGFR (mlmin/L73 ) 9104 (7548-102.47)

Sedentary activity 300,00 (180.00-480.00)

(minutes)

Diabetes %

Yes 1989 (17.81)
No 8851 (79.25)
Borderline 329(295)
Hypertension %

Yes 5238 (46.90)
No 5931 (53.10)
CHD %

Yes 585 (5.24)
No 10,584 (94.76)
Cancer %

Yes 1,365 (12.22)
No 9,804 (87.78)

124,00 (29.00-253.00)
483 (3:40-554)

554,80 (488.30-608.70)

5263
4737

60.00 (50.00-68.00)

1537
4801
2010

1652

1247
3902
4851

214 (1.14-426)

29.00 (25.60-33.30)

7625
2375
0.04 (0.01-33.45)
8724 (70.24-100.19)

300.00 (180.00-480.00)

1978
7764

258

5124

4876

677

9323

1365

8635

133.00 (34.00-259.00)
490 (3.56-5.56)
725,50 (689.60-762.20)

5227

4773

58.00 (49.00-67.00)

1561
49.45
1665

1830

123
3555

5213

231 (1.18-4.50)

2888 (25.35-33.30)

7297

27.03

0.04 (0.01-7.09)
90.67 (75.12-10251)

30000 (180.00-480.00)

1676
8013

31

4565

5435

505

9495

1189

88.11

12100 (33.00-250.00)

480 (3.53-5.53)

88420 (840.00-932.95)

47.33

5267

57.00 (48.00-66.00)

1559
47.40
1695
2006

1139
3630
5231

245(1.23-465)

2873 (25.20-33.17)

7119
2881

0.03(0.01-093)

9221 (77.20-102.75)

30000 (180.00-480.00)

1619
8072
308

45.00

5500

484

95.16

1268

8732

102,00 (22.00-224.75)

463 (3.14-5.42)

117175 (1067.93-1340.33)

1395
5605

56.00 (48.00-64.00)

1442
3969
2566

2022

170
3457
5372

227 (1.16-4.48)

2870 (24.93-33.47)

66.11
3389
0.03 (0.01-0.69)

93.15(79.51-103.93)

30000 (180.00-480.00)

1850
7849

301

4571

5429

429

9571

1067

8933

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

0.006

0.007
0.097

<0.001

0.005
<0.001

0949

0011

<0.001

<0.001

0.006

Data are presented as median (IQR) for continuous variables and percentage for categorical variables. Variables were analyzed across Klotho quartiles using the Kruskal-Walli rank sum test
for continuous variables and the chi-square test for categorical variables (unweighted). Quartiles of serum Klotho concentrations (pg/ml): Q1 [151.3, 653.9], Q2 (633.9, 800.6], Q3 (800.6,
989.9], Q1 (989.9, 5038.3]. PIR, family poverty income ratio; BMI, body mass index; eGFR, estimated glomerular filtration rate; CHD, coronary heart disease.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dietary caffeine and its negative link to serum Klotho concentrations: evidence from the National Health and Nutrition Examination Survey



		1 Introduction



		2 Materials and methods



		2.1 Population sample



		2.2 Evaluation of dietary caffeine consumption



		2.3 Assessment of serum Klotho concentrations



		2.4 Covariates adjustment



		2.5 Statistical analysis









		3 Results



		3.1 General characteristics of the study population



		3.2 Association of caffeine consumption with serum Klotho concentrations



		3.3 Threshold effect analysis



		3.4 Interaction test and subgroup analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Abbreviations



		Footnotes



		References



















OPS/images/fnut-11-1497224-g001.jpg
Total participants in NHANES from 2007 to 2016

N=50588
Exclusion
) Missing data of serum Klotho
N=36824
A 4
Participants with serum Kiotho data
N=13764
Exclusion
> Missing data of dietary caffeine intake
N=804
A 4
Participants with serum Kiotho data and dietary
caffeine intake data
N=12960
Exclusion
) Missing or unreliable data of covariates
N=1791
Y

Study participants.
N=11169






OPS/images/fnut-11-1497224-g002.jpg
Klotho (pg/ml)

850

870 880

860

840

830

T T T
2 4 6
Ln-transformed dietary caffeine intake






OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Dietary caffeine and its negative
link to serum Klotho
concentrations: evidence from
the National Health and Nutrition
Examination Survey












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






