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Background: Although several studies linked the sugary beverages to chronic kidney disease (CKD), the role of different types of sugary beverages in the development of CKD remained inconsistent. This study aimed to examine the associations of sugar-sweetened beverages (SSBs), artificially-sweetened beverages (ASBs), and natural juices (NJs) with CKD risk, and assess the extent to which the associations were mediated through metabolic syndrome (MetS).

Methods: This is a prospective analysis of 191,956 participants from the UK Biobank. Participants with information on beverage consumption and no history of CKD at recruitment were included. Daily consumptions of SSBs, ASBs and NJs were measured via 24-h dietary recall. Cox models were fitted to calculate the hazard ratios (HRs) and confidence intervals (CIs) of sugary beverages intakes on CKD risk. The causal mediation analyses were conducted to investigate whether MetS explained the observed associations.

Results: We documented 4,983 CKD cases over a median of 10.63 years follow-up. Higher consumption of SSBs and ASBs (>1 units/d compared with none) was associated with an elevated risk of CKD (HR: 1.45; 95% CI: 1.30–1.61, P-trend < 0.001 for SSBs and 1.52, 95% CI: 1.36–1.70 for ASBs). In contrast, we observed a J-shaped association between NJs and CKD with the with lowest risk at 0–1 unit/day (0–1 unit/d vs. 0, HR 0.86; 95% CI 0.81–0.91). The proportions of the observed association of higher intakes of SSBs and ASB with CKD mediated by MetS were 12.5 and 18.0%, respectively.

Conclusions: Higher intakes of ASBs and SSBs were positively associated with the development of CKD, while moderate consumption of NJs was inversely associated with CKD risk. More intensified policy efforts are warranted to reduce intake of SSBs and ASBs for CKD prevention.
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Introduction

The deleterious effects of added sugars have been established for multiple health outcomes, and recognized as major risk factors by several health authorities, such as World Health Organization (WHO) (1). As the main source of added sugars in the diet, sugar- sweetened beverages (SSBs) have been linked to with several chronic diseases, such as obesity, type 2 diabetes, certain cancers, cardiovascular disease, and mortality (2–5). A recent study based on the Global Burden of Disease (GBD) 2019 showed that the number of deaths for chronic non-communicable diseases attributed to high SSBs increased from 149,988 in 1990 to 242,218 in 2019, representing a 61% increase (6). Artificially sweetened beverages (ASBs) and natural juices (NJs, 100% pure fruit or vegetable juices) are considered alternatives to SSBs, but their long-term effects on human health are still controversial (7–12). Evidence from systematic reviews and meta-analyses has suggested that higher consumption of ASBs was associated with risk of obesity, hypertension, type 2 diabetes, and all-cause mortality (10–12).

Chronic Kidney Disease (CKD) is a major global public health concern with an increasing prevalence and massive socio-economic impact (13). The study based on GBD data showed that the global prevalence of CKD was 9.1% in 2017, causing 35.8 million disability-adjusted life years and 1.2 million deaths (13). CKD is a complex condition that results from various genetic, environmental, and behavioral factors, such as unhealthy lifestyles, hypertension, obesity, and diabetes mellitus (14). Although higher consumption SSBs and ASB have been linked to CKD risk factors (i.e., obesity, hypertension, and diabetes), their prospective associations with CKD have not yet been well-established due to inconsistent findings of previous studies (15–17).

Previous studies examining the associations of the consumption SSBs and ASBs with CKD risk have yielded contradictory and inconsistent findings (15–19). For example, two prospective studies in the US and Iran found positive associations between higher consumption SSBs and the risk of incident CKD (19, 20), while other studies based on the Atherosclerosis Risk in Communities and Nurses' Health Study in U.S. showed no significant association of SSBs with CKD risk (21, 22). A meta-analysis in 2021 indicated that higher consumption SSBs or ASBs was associated with a non-significant increased risk of CKD (SSBs, RR 1.30, 95% CI 0.88–1.94, n = 6 studies; ASBs, RR 1.40, 95% 0.65–3.02, n = 3 studies) (15). However, the studies found that the risk of CKD significantly increased if the SSBs or ASBs intake exceeded seven servings per week (15). Differences in study design and participants, sample sizes, definitions and measurements of exposure might explain the inconsistent findings, making it difficult to draw definitive conclusions regarding beverages consumption and CKD risk.

Furthermore, the biological pathway underlying the association between beverage consumption and CKD risk remains unclear. Given the causal role of metabolic risk factors such as obesity and hypertension in the CKD development, and the well-established association of SSBs or ASBs intake with these metabolic risk factors, the substantial mediation of the SSBs or ASBs effect through the metabolic risk factors seems biologically plausible. However, no study to date has examined the potential mediation effect of metabolic risk.

In the present study, we conducted a prospective analysis of the UK Biobank cohort to evaluate the long-term association of SSBs, ASBs, and NJs with incident CKD. We further estimated to what extent the metabolic syndrome (MetS) and its individual components mediated the observed associations of different types beverages with CKD risk.



Methods


Study population

The UK Biobank is an ongoing large-scale prospective cohort study that contains in-depth genetic and health information from over 500,000 UK adults aged 40–69 years. Between 2006 and 2010, eligible participants were invited to attend the nearest assessment centers and were asked to complete a touchscreen questionnaire, a brief interview and a range of physical measurements, as well as provide biological samples. Details of the study design, survey methods, data collection and follow-up for the UK Biobank could be found elsewhere (23). The study received full ethical approval from the North West Multi-center Research Ethics Committee, and all participant provided a written informed consent prior to data collection.

For the present study, we included 210,961 participants who completed at least one online 24-h diet recall questionnaire. We excluded participants CKD (n = 4,271), or with cancers diagnosis (n = 14,214) prior to baseline, and those who subsequently withdrew from the study (n = 520). The final analysis dataset comprised 191,956 participants for the primary analysis (Supplementary Figure 1), with 53,701 participants having baseline data on MetS and sugary beverages used in the secondary mediation analyses.



Exposure assessment

Dietary information was assessed using the Oxford WebQ, a web-based 24-h dietary assessment tool, which participants completed via an online questionnaire on five occasions between 2009 and 2012 (Supplementary Figure 1). In this assessment, participants were asked: “how much of low calorie or diet drinks, carbonated drinks, fruit drinks (including J2O, squash, or cordial), natural orange juice, natural grapefruit juice, and other natural fruit/vegetable juice, did you drink yesterday?” Response options included 0, 0.5, 1, 2, 3, 4, 5, and more than 6 units. In the current study, SSBs included fizzy drink and squash, ASBs were defined as low-calorie drinks, and NJs included orange juice, grapefruit juice, and other pure fruit or vegetable juices (24, 25). We calculated the mean beverage intake of participants who completed more than one questionnaire. Participants were categorized into three groups based on consumption of each beverage as follows: 0, 0–1, >1 unit per day, respectively.



Assessment of CKD

The main outcome of the study was incident CKD, identified linkage to electronic health records based on the International Classification of Diseases (ICD)-10 codes (N18). We utilized CKD variables provided by the UK Biobank, which integrated information from various data sources, including primary care, hospital admissions, self-report, and death registers. Details of the methods used to identify CKD can be found on the UK Biobank website (26).



Mediators

The main mediator variable of this study was MetS, defined as the presence of three or more of the following components: central obesity, hypertriglyceridemia, reduced high-density lipoprotein cholesterol, elevated blood pressure and hyperglycemia (27, 28). These components were assessed at baseline and defined according to the NCEP ATP III definition (see Supplementary Table 1). Given the well-established association between Hyperuricemia and CKD (29), a second MetS mediator was derived, which also included Hyperuricemia as part of MetS. To ensure comparability, the same definition of MetS was used (i.e., 3 or more metrics met).



Covariates

Covariate information was collected at baseline using a self-completed touchscreen questionnaire. Sociodemographic factors (age, sex, ethnicity, income, and education level), lifestyle behaviors (including smoking status, alcohol consumption frequency, physical activity, fruit and vegetable intake, red and process meat intake, sleep time and multivitamin intake) and medication use (i.e., aspirin, non-aspirin non-steroidal anti-inflammatory drugs [NSAIDs], and proton-pump Inhibitors) were self-reported. Index of multiple deprivation, a composite score of area-based socioeconomic status, was directly obtain from UK biobank. Additional details regarding the derivation of these variables are provided in Supplementary Table 1.



Statistical analysis

Follow-up time in person-years was from the date of the first available 24-h questionnaire to the to the date of first diagnosis of CKD, death, or end of follow-up (31 October 2021), whichever came first. Cox proportional hazard models were fitted to estimated hazard ratios (HRs) and 95% confidence intervals (CIs) for the effects of SSBs, ASBs, and NJs consumption on the risk of CKD. In the basic model, we stratified the analyses jointly by sex and age (37–50, 50–60, and ≥60 years). We further adjusted for ethnicity, income, education level, smoking status, alcohol consumption, physical activity, fruit and vegetable intake, red and processed meat intake, sleep time, and multivitamin intake in the multivariable-adjusted model 1. Additionally, we adjusted for total sugar intake, total energy, and two other beverages in the multivariable-adjusted model 2. Proportional hazards assumption was checked using Schoenfeld's tests and no violation was shown.

We used restricted cubic splines to explore potential non-linear associations between sugary beverage intake and CKD risk. Substitution analysis was conducted to investigate potential associations between substituting each unit of the three types of sugary beverages with each other and incident CKD. Additionally, we evaluated whether the associations between sugary beverages and CKD risk were modified by sex, age, household income, smoking, drinking status, hypertension, hyperglycemia, MetS status, and the predicted 5-year risk of CKD by testing the interactions of each beverage and covariate and conducting subgroup analyses (30). Several sensitivity analyses were performed to check the robustness of the primary results. First, we lagged the exposure for 2 years to minimize reverse causality. Second, participants with cardiovascular disease at baseline were excluded to minimize the potential influence of the medical condition. Third, the models were further adjusted for energy from beverages to assess if the associations were independent of energy intake. Fourthly, the models were further adjusted for estimated glomerular filtration rate (eGFR) to account for the influence of kidney function at baseline. Lastly, we used the Fine-Gray subdistribution hazard model to account for the competing risk of death.

Mediation analyses were performed to evaluate the role of MetS and its individual components as a mediator of the relationship between beverage consumptions and CKD risk. We used the counterfactual framework approach developed by Valeri and VanderWeele (31), which decomposes the total effect into natural direct and indirect effects and accommodates the interaction of the primary exposure with the mediator of interest. This method has been extended to the context of time-to-event analysis with Cox regression (32). As VanderWeele described (31, 32), the exposure-mediator and exposure-outcome relations were modeled with linear and Cox regression, respectively, adjusted for covariates as in the model above. We estimated the direct association of SSBs, ASBs, and NJs on CKD risk independent of MetS, the indirect association of beverage consumptions mediated through MetS, and the proportion of the total association mediated by MetS. All statistical tests were two-tailed. Statistical analyses were performed using the SAS (release 9.4; SAS Institute Inc) and R software (version 3.5.0).




Results

Among 191,956 participants included in the analysis, 62,453 (32.6%) drank SSBs, 22,790 (11.9%) drank ASBs, and 63,318 (33.0%) drank NJs. Participants who consumed more SSBs were more likely to be younger, male, deprived, smokers, had a higher daily total energy and sugar intake, and a higher prevalence of MetS (Table 1). Meanwhile, those who consumed more ASBs tended to be younger, female, deprived, more highly educated, with a higher prevalence of medication use (e.g., aspirin, proton pump inhibitors) and MetS (Supplementary Table 2). Additionally, NJs consumers tended to be male, more educated, have higher income, be non-smokers, and have higher daily total energy and sugar intakes (Supplementary Table 3).


TABLE 1 Baseline characteristics of participants by consumption of sugar-sweetened beverages.
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During a median follow-up of 10.63 years, we documented 4,983 incident CKD cases. Table 2 presents associations of SSBs, ASBs, and NJs with the risk of CKD. After adjusting for sociodemographic factors, lifestyle behaviors, medication use, total sugar and energy intake, and two other beverages, all three types of beverages were associated with the risk of CKD. In the fully adjusted model, participants consuming >1 units/d of SSBs had a 45% higher risk of CKD compared with non-consumers (HR 1.45; 95% CI 1.30–1.61, P-trend < 0.001). Higher ASBs intake was also associated with a higher CKD risk (P-trend < 0.001), with HRs of 1.14 (95% CI 1.05–1.23) for >0–1 unit/d and 1.52 (95% CI 1.36–1.70) for over 1 unit/d compared to non-consumers. In contrast, participants with moderate NJ intake (>0–1 unit/d) had a 14% reduced CKD risk (HR 0.86, 95% CI 0.81–0.91) compared with non-consumers. We did not observe sufficient evidence of associations for consuming SSBs 0–1 unit/day or NJs >1 units/day compared to none (Table 2). We also found that participants consuming 0.5–1 unit/day of SSBs or ASBs were at a higher risk of CKD (HR 1.09, 95% CI 0.99–1.19 for SSBs; HR 1.31, 95% CI 1.18–1.46 for ASBs), while those consuming 0–0.5 unit/day of SSBs or ASBs did not show an increased risk compared to non-consumers (Supplementary Table 4). In substitution analyses, replacing 1 unit/d of SSBs or ASBs with an equivalent consumption of NJs was associated with a nearly 20% lower risk of CKD (HR 0.82, 95% CI 0.77–0.87 for SSBs; HR 0.80, 95% CI 0.75–0.85 for ASBs). However, substituting SSBs with ASBs did not reduce the risk of CKD (HR 1.02, 95% CI 0.97–1.08).


TABLE 2 Associations between consumption of three types of beverages and risk of chronic kidney diseases.
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In the restricted cubic splines, we observed a significant non-linear relationship between SSBs and NJs to CKD risk, but not for ASBs (P-non-linearity = 0.005 for SSBs, <0.001 for NJs, and 0.989 for ASBs, Figure 1 and Supplementary Figure 2). Higher SSBs intake was associated with a substantially increased CKD risk, but only if SSBs intake was above >0.5 units/day. In addition, we observed a J-shaped association between NJs and CKD risk, with the lowest risk at 0.5 unit/day.


[image: Figure 1]
FIGURE 1
 Risk of incident chronic kidney diseases according to consumption of sugar-sweetened beverages, artificially sweetened beverages, and natural juices. Restricted cubic splines of HRs were calculated from Cox proportional hazard models adjusted for sex, age, race, education levels, household income, socioeconomic status, smoking status, alcohol consumption, physical activity, fruit and vegetable intake, red and processed meat intake, sleep time, medications use (aspirin, non-aspirin NSAIDs, and proton pump inhibitors use), total sugar intake, total energy, and mutually adjusted for another two beverages. (A) Sugar-sweetened beverages. (B) Artificially sweetened beverages. (C) Natural juices.



Mediation analyses of indirect and direct effects for beverages consumption with CKD

As shown in Supplementary Table 5, all three types of beverages were positively associated with MetS risk after adjusting for the aforementioned covariates. As expected, MetS and its individual components were associated with a higher risk of CKD (Supplementary Table 6). Table 3 presents the HRs and 95% CIs of the total effects, natural direct effects, and the natural indirect effects through MetS of the three types of beverages on CKD risk in mediation analyses. The proportion of the observed association between consuming >1 units/d of SSBs and CKD mediated by MetS was 12.5%. Similarly, the observed associations between ASBs consumption and CKD risk were also mediated by MetS, with the proportions mediated being 13.2% for consuming ASBs 0–1 unit/d and 18.0% for consuming ASBs >1 units/d. Notably, the inclusion of hyperuricemia as an extra component of MetS did not substantially change the magnitude of MetS mediated. Regarding the individual MetS component, the MetS subcomponent that accounted for the largest proportion of the mediated associations of SSBs and ASBs consumption with CKD was central obesity (9.3% for SSBs >1 units/d; 27.0% for ASBs >1 units/d; Supplementary Table 7).


TABLE 3 Adjusted direct and indirect associations of three types of beverages with CKD mediated via metabolic syndrome (MetS)a.
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In the subgroup analysis, the observed associations of ASBs and NJs with CKD did not significantly differ by sex, age, smoking status, alcohol drinking, hypertension, MetS, and predicted CKD risk (Table 4). The risk of CKD associated with higher SSB consumption did not significantly differ by household income, smoking status, alcohol consumption, hypertension, hyperglycemia, MetS, or predicted CKD risk, but appeared to be higher among women and participants under 60 years of age (p-interactions < 0.05). Additionally, the risk associated with higher ASB consumption appeared to be elevated in low-income participants and those with hyperglycemia (p-interactions < 0.05). The main results remained robust in several sensitivity analyses, such as lagging the exposure for 2 years, excluding participants with cardiovascular disease at baseline, additional adjustments for energy from beverages or kidney function at baseline, and in the competing risk analysis (Supplementary Table 8). Similar results were also found for the association between all three types of beverage consumption and acute kidney injury (AKI; Supplementary Table 9). In the fully adjusted models, both higher consumption of SSBs and ASBs were associated with an increased risk of AKI (p-trend < 0.001), whereas consuming 0–1 units/d of NJs was associated with an 8% lower risk of AKI (HR 0.92, 95% CI 0.87–0.98).


TABLE 4 Subgroup analyses for the associations between consumption of three types of beverages and risk of chronic kidney diseases.
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Discussion

In this prospective analysis of over 0.19 million participants, we found that SSB intake of >1 units/day or ASB intake of >0 units/day was each associated with a higher risk of CKD, whereas moderate NJs consumption (0–1 unit/day) was associated with a lower risk. These associations were robust across major subgroups and in sensitivity analyses. Moreover, we found that over 10% of the total association of CKD with SSBs or ASBs consumption was partly mediated through MetS. Regarding individual components of MetS, central obesity mediated the highest proportion of the observed associations of CKD with SSBs or ASBs consumption. These findings highlight the importance of controlling excessive SSB or ASB consumption for CKD prevention. Furthermore, the findings identified the MetS processes as a potentially influential pathway linking SSBs or ASBs consumption to CKD risk.

Previous studies regarding the associations between sugary beverages and CKD have yielded inconsistent results (15–22). Consistent with our findings, a prospective cohort study based on Jackson Heart Study found that higher consumption of SSBs was associated with an increased risk of CKD (OR 1.18, 95% CI, 1.00–1.39) (19). Another study based on the Nurses' Health Study (NHS) indicated that consuming artificially sweetened soda was associated with nearly a 2-fold higher risk of eGFR decline ≥30% compared with consuming <1 servings per month over the 11 years of follow-up (OR 2.02, 95% CI 1.36–3.01), but whereas the association was non-significant for sugar soda (OR for ≥ 1 servings per day vs. <1 servings per month = 1.56, 95% CI 1.84–1.91) (21). In contrast, a cohort study based on the Atherosclerosis Risk in Communities (ARIC) Study showed no association between sweetened beverages and CKD risk (P-trend = 0.30) (22), while a prospective analysis based on the Tehran Lipid and Glucose Study (TLGS) showed a negative association (quintile 5 vs. quintile 1, OR 0.54, 95% CI 0.32–0.94) (18). A recent meta-analysis revealed no association between higher consumption SSBs or ASBs and CKD risk, but reported a higher CKD risk in participants consuming SSBs or ASBs over seven servings per week (15). Given the differences in measurements of beverages, sample size, and cultural background across studies, our findings not only contribute to the current literature in a UK context but also provide further evidence supporting the potential association of SSBs and ASBs with a higher risk of CKD.

As a potential alternative drink for SSBs and ASBs, we found that moderate intake of NJs was associated with a lower risk of CKD, which was in contrast with a previous study that found no association between NJs and CKD risk (19). Furthermore, our substitution analyses showed replacing 1 unit/d of SSBs or ASB with an equivalent consumption of NJs was associated with a nearly 20% lower risk of CKD. Given that the moderate intake of NJs has been linked to a lower risk of central obesity (33), cardiometabolic multimorbidity (34, 35), and dementia (24), our findings suggest that moderate consumption of pure fruit/vegetable juices may be a healthier alternative to SSBs and ASBs for CKD prevention. However, the results from restricted cubic splines suggested participants taking NJ >6 units/d had a higher CKD risk compared those who did not drink any. Since excessive NJs consumption has been linked to a higher risk of weight gain, type 2 diabetes, and increased all-cause mortality (12, 36, 37), further research on fruit juice is warranted to define the optimal intake level.

To our knowledge, this is the first study to investigate that the association between sugar beverages and increased CKD risk may be partly mediated via MetS. Previous studies focused predominantly on the main effect of sugar beverages on CKD risk, neglecting the possibility of multiple pathways and processes (e.g., MetS) linking them (18–22). Our findings, indicating that MetS and its components partially mediate the associations of sugary beverages with CKD risk, offer insights into the mechanisms linking these beverages to CKD development. Notably, higher consumption of SSBs and ASBs has consistently been associated with an elevated risk of obesity, hypertension, diabetes, and MetS (12, 38–40), and MetS and its components were well-established risk factors for CKD (41). This confirmed the observed associations in the study were biologically plausible. Moreover, our findings extend previous research on individual MetS components, such as obesity, which has been shown to mediate the association between sugary beverages and diabetes and cardiovascular disease (42–44). However, given the relatively small mediation proportion of MetS and its individual components, the effect of SSBs and ASBs on CKD is likely explained largely through mechanisms other than MetS, such as chronic low-grade inflammation (20, 45). Further research is needed to explore these mechanisms comprehensively.

The strengths of the present study included data from a well-characterized prospective cohort with large sample size and long-term follow-up, as well as detailed information on sugar beverages, MetS and incident of CKD. The sensitivity and subgroup analyses have confirmed the validity of the findings. In addition, our mediation analyses based on the counterfactual framework provided clues for the underlying mechanisms connecting sugar beverage consumption to CKD risk.

This research has certain limitations. Firstly, sugar beverage consumption was assessed through 24-h diet recall questionnaires, which might be susceptible to recall or reporting biases. Secondly, despite adjusting for several potential confounding factors, the potential for residual confounding from unknown or unmeasured factors cannot be completely ruled out. Thirdly, while efforts were made to minimize reverse causality by lagging the exposure for 2 years, its possibility still exists. Fourthly, as the study participants were primarily from the UK Biobank, and the majority were of white ethnicity, the generalizability of the findings to other racial groups requires further investigation. Fifthly, the observational nature of this study limited our ability to establish causal relationships. Lastly, mediation analysis assumes temporal causation between sugary beverage intake and MetS development, despite both the sugary beverages intake and MetS development were measured at the same time in the UK Biobank. More research with longitudinal data is needed to validated our findings.



Conclusion

This large cohort study found that higher intake of SSBs and ASBs was associated with an increased CKD risk, whereas moderate intake of NJs have protective effect on CKD development. The observed associations partially mediated by MetS. Although the causal relationship cannot be established, our results emphasize the critical importance of limiting the consumption of SSBs or ASBs for CKD prevention. Further research is needed to confirm our findings and explore the optimal intake level for the natural juices.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: UK Biobank. Available at: https://www.ukbiobank.ac.uk/ (accessed June 01, 2020).



Ethics statement

Ethical approval was not required for the study involving humans in accordance with the local legislation and institutional requirements. Written informed consent to participate in this study was not required from the participants or the participants' legal guardians/next of kin in accordance with the national legislation and the institutional requirements.



Author contributions

X-YD: Funding acquisition, Writing – review & editing, Project administration, Supervision. X-YC: Writing – original draft. L-NJ: Writing – original draft. X-TJ: Writing – review & editing, Visualization, Software. X-YP: Writing – review & editing. X-YZ: Funding acquisition, Writing – review & editing. ZJ: Writing – review & editing. J-QY: Data curation, Project administration, Supervision, Writing – review & editing. Q-SH: Data curation, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing. L-LY: Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Sichuan Province Youth Innovation Research Project Fund (Q22098) and Mianyang Health Committee (202314). The funders had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.



Acknowledgments

This research has been conducted using the UK Biobank Resource under Application (No. 51671). We thank all participants and study staff of UK Biobank.



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.2024.1401081/full#supplementary-material



References

 1. WHO Guidelines Approved by the Guidelines Review Committee. Guideline: Sugars Intake for Adults and Children. Geneva: World Health Organization Copyright© (2015).

 2. Malik VS, Hu FB. The role of sugar-sweetened beverages in the global epidemics of obesity and chronic diseases. Nat Rev Endocrinol. (2022) 18:205–18. doi: 10.1038/s41574-021-00627-6

 3. von Philipsborn P, Stratil JM, Burns J, Busert LK, Pfadenhauer LM, Polus S, et al. Environmental interventions to reduce the consumption of sugar-sweetened beverages and their effects on health. Cochr Datab Syst Rev. (2019) 6:CD012292. doi: 10.1002/14651858.CD012292.pub2

 4. Singh GM, Micha R, Khatibzadeh S, Shi P, Lim S, Andrews KG, et al. Global, regional, and national consumption of sugar-sweetened beverages, fruit juices, and milk: a systematic assessment of beverage intake in 187 countries. PLoS ONE. (2015) 10:e0124845. doi: 10.1371/journal.pone.0124845

 5. Huang Y, Chen Z, Chen B, Li J, Yuan X, Li J, et al. Dietary sugar consumption and health: umbrella review. Br Med J. (2023) 381:e071609. doi: 10.1136/bmj-2022-071609

 6. Sun H, Liu Y, Xu Y, Gong X, Zhai C, Hu W, et al. Global disease burden attributed to high sugar-sweetened beverages in 204 countries and territories from 1990 to 2019. Prev Med. (2023) 175:107690. doi: 10.1016/j.ypmed.2023.107690

 7. Yin J, Zhu Y, Malik V, Li X, Peng X, Zhang FF, et al. Intake of sugar-sweetened and low-calorie sweetened beverages and risk of cardiovascular disease: a meta-analysis and systematic review. Adv Nutr. (2021) 12:89–101. doi: 10.1093/advances/nmaa084

 8. Ertuglu LA, Afsar B, Yildiz AB, Demiray A, Ortiz A, Covic A, et al. Substitution of sugar-sweetened beverages for other beverages: can it be the next step towards healthy aging? Curr Nutr Rep. (2021) 10:399–412. doi: 10.1007/s13668-021-00372-2

 9. Johnson RK, Lichtenstein AH, Anderson CAM, Carson JA, Després JP, Hu FB, et al. Low-calorie sweetened beverages and cardiometabolic health: a science advisory from the American Heart Association. Circulation. (2018) 138:e126–40. doi: 10.1161/CIR.0000000000000569

 10. Meng Y, Li S, Khan J, Dai Z, Li C, Hu X, et al. Sugar- and artificially sweetened beverages consumption linked to type 2 diabetes, cardiovascular diseases, and all-cause mortality: a systematic review and dose-response meta-analysis of prospective cohort studies. Nutrients. (2021) 13:2636. doi: 10.3390/nu13082636

 11. Qin P, Li Q, Zhao Y, Chen Q, Sun X, Liu Y, et al. Sugar and artificially sweetened beverages and risk of obesity, type 2 diabetes mellitus, hypertension, and all-cause mortality: a dose-response meta-analysis of prospective cohort studies. Eur J Epidemiol. (2020) 35:655–71. doi: 10.1007/s10654-020-00655-y

 12. Imamura F, O'Connor L, Ye Z, Mursu J, Hayashino Y, Bhupathiraju SN, et al. Consumption of sugar sweetened beverages, artificially sweetened beverages, and fruit juice and incidence of type 2 diabetes: systematic review, meta-analysis, and estimation of population attributable fraction. Br Med J. (2015) 351:h3576. doi: 10.1136/bmj.h3576

 13. Collaboration GCKD. Global, regional, and national burden of chronic kidney disease, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet. (2020) 395:709–33. doi: 10.1016/S0140-6736(20)30045-3

 14. Tuttle KR, Alicic RZ, Duru OK, Jones CR, Daratha KB, Nicholas SB, et al. Clinical characteristics of and risk factors for chronic kidney disease among adults and children: an analysis of the CURE-CKD registry. J Am Med Assoc Netw Open. (2019) 2:e1918169. doi: 10.1001/jamanetworkopen.2019.18169

 15. Lo WC, Ou SH, Chou CL, Chen JS, Wu MY, Wu MS. Sugar- and artificially-sweetened beverages and the risks of chronic kidney disease: a systematic review and dose-response meta-analysis. J Nephrol. (2021) 34:1791–804. doi: 10.1007/s40620-020-00957-0

 16. Cheungpasitporn W, Thongprayoon C, O'Corragain OA, Edmonds PJ, Kittanamongkolchai W, Erickson SB. Associations of sugar-sweetened and artificially sweetened soda with chronic kidney disease: a systematic review and meta-analysis. Nephrology. (2014) 19:791–7. doi: 10.1111/nep.12343

 17. Johnson RJ, García-Arroyo FE, Gonzaga-Sánchez G, Vélez-Orozco KA, Álvarez-Álvarez YQ, Aparicio-Trejo OE, et al. Current hydration habits: the disregarded factor for the development of renal and cardiometabolic diseases. Nutrients. (2022) 14:102070. doi: 10.3390/nu14102070

 18. Asghari G, Yuzbashian E, Mirmiran P, Azizi F. The association between Dietary Approaches to Stop Hypertension and incidence of chronic kidney disease in adults: the Tehran Lipid and Glucose Study. Nephrol Dial Transplant. (2017) 32(Suppl.2):ii224–30. doi: 10.1093/ndt/gfw273

 19. Rebholz CM, Young BA, Katz R, Tucker KL, Carithers TC, Norwood AF, et al. Patterns of beverages consumed and risk of incident kidney disease. Clin J Am Soc Nephrol. (2019) 14:49–56. doi: 10.2215/CJN.06380518

 20. Yuzbashian E, Asghari G, Mirmiran P, Zadeh-Vakili A, Azizi F. Sugar-sweetened beverage consumption and risk of incident chronic kidney disease: Tehran lipid and glucose study. Nephrology. (2016) 21:608–16. doi: 10.1111/nep.12646

 21. Lin J, Curhan GC. Associations of sugar and artificially sweetened soda with albuminuria and kidney function decline in women. Clin J Am Soc Nephrol. (2011) 6:160–6. doi: 10.2215/CJN.03260410

 22. Rebholz CM, Crews DC, Grams ME, Steffen LM, Levey AS, Miller ER 3rd, et al. DASH (Dietary Approaches to Stop Hypertension) diet and risk of subsequent kidney disease. Am J Kidney Dis. (2016) 68:853–61. doi: 10.1053/j.ajkd.2016.05.019

 23. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an open access resource for identifying the causes of a wide range of complex diseases of middle and old age. PLoS Med. (2015) 12:e1001779. doi: 10.1371/journal.pmed.1001779

 24. Chen H, Chen J, Cao Y, Sun Y, Huang L, Ji JS, et al. Sugary beverages and genetic risk in relation to brain structure and incident dementia: a prospective cohort study. Am J Clin Nutr. (2023) 117:672–80. doi: 10.1016/j.ajcnut.2023.01.015

 25. Fu T, Chen H, Chen X, Sun Y, Xie Y, Deng M, et al. Sugar-sweetened beverages, artificially sweetened beverages and natural juices and risk of inflammatory bowel disease: a cohort study of 121,490 participants. Aliment Pharmacol Ther. (2022) 56:1018–29. doi: 10.1111/apt.17149

 26. UK Biobank. Biobank. (2020). Available at: https://www.ukbiobank.ac.uk/ (accessed June 1, 2020).

 27. Huang PL. A comprehensive definition for metabolic syndrome. Dis Model Mech. (2009) 2:231–7. doi: 10.1242/dmm.001180

 28. Executive Summary of the Third Report of the National Cholesterol Education Program (NCEP). Expert panel on detection, evaluation, and treatment of high blood cholesterol in adults (adult treatment panel III). J Am Med Assoc. (2001) 285:2486–97. doi: 10.1001/jama.285.19.2486

 29. Li L, Yang C, Zhao Y, Zeng X, Liu F, Fu P. Is hyperuricemia an independent risk factor for new-onset chronic kidney disease? a systematic review and meta-analysis based on observational cohort studies. BMC Nephrol. (2014) 15:122. doi: 10.1186/1471-2369-15-122

 30. Nelson RG, Grams ME, Ballew SH, Sang Y, Azizi F, Chadban SJ, et al. Development of risk prediction equations for incident chronic kidney disease. J Am Med Assoc. (2019) 322:2104–14. doi: 10.1001/jama.2019.17379

 31. Valeri L, Vanderweele TJ. Mediation analysis allowing for exposure-mediator interactions and causal interpretation: theoretical assumptions and implementation with SAS and SPSS macros. Psychol Methods. (2013) 18:137–50. doi: 10.1037/a0031034

 32. Valeri L, VanderWeele TJ. SAS macro for causal mediation analysis with survival data. Epidemiology. (2015) 26:e23–24. doi: 10.1097/EDE.0000000000000253

 33. Yu B, Sun Y, Wang Y, Wang B, Tan X, Lu Y, et al. Associations of artificially sweetened beverages, sugar-sweetened beverages, and pure fruit/vegetable juice with visceral adipose tissue mass. Diabet Metab Syndr. (2023) 17:102871. doi: 10.1016/j.dsx.2023.102871

 34. Luo Y, He L, Ma T, Li J, Bai Y, Cheng X, et al. Associations between consumption of three types of beverages and risk of cardiometabolic multimorbidity in UK Biobank participants: a prospective cohort study. BMC Med. (2022) 20:273. doi: 10.1186/s12916-022-02456-4

 35. Zhang Y, Chen H, Lim CCW, Carrillo-Larco RM, Yan LL, Mishra GD, et al. Intake of sugary beverages with chronic conditions and multimorbidity: a prospective cohort study of UK Biobank. Int J Epidemiol. (2023) 52:1473–85. doi: 10.1093/ije/dyad057

 36. Malik VS, Li Y, Pan A, De Koning L, Schernhammer E, Willett WC, et al. Long-term consumption of sugar-sweetened and artificially sweetened beverages and risk of mortality in US adults. Circulation. (2019) 139:2113–25. doi: 10.1161/CIRCULATIONAHA.118.037401

 37. Collin LJ, Judd S, Safford M, Vaccarino V, Welsh JA. Association of sugary beverage consumption with mortality risk in US adults: a secondary analysis of data from the REGARDS study. J Am Med Assoc Netw Open. (2019) 2:e193121. doi: 10.1001/jamanetworkopen.2019.3121

 38. Malik VS, Popkin BM, Bray GA, Després JP, Willett WC, Hu FB. Sugar-sweetened beverages and risk of metabolic syndrome and type 2 diabetes: a meta-analysis. Diabet Care. (2010) 33:2477–83. doi: 10.2337/dc10-1079

 39. Tran QD, Nguyen THH, Le CL, et al. Sugar-sweetened beverages consumption increases the risk of metabolic syndrome and its components in adults: consistent and robust evidence from an umbrella review. Clin Nutr ESPEN. (2023) 57:655–64. doi: 10.1016/j.clnesp.2023.08.001

 40. Diaz C, Rezende LFM, Sabag A, Lee DH, Ferrari G, Giovannucci EL, et al. Artificially sweetened beverages and health outcomes: an umbrella review. Adv Nutr. (2023) 14:710–7. doi: 10.1016/j.advnut.2023.05.010

 41. Alizadeh S, Ahmadi M, Ghorbani Nejad B, Djazayeri A, Shab-Bidar S. Metabolic syndrome and its components are associated with increased chronic kidney disease risk: evidence from a meta-analysis on 11,109,003 participants from 66 studies. Int J Clin Pract. (2018) 2018:e13201. doi: 10.1111/ijcp.13201

 42. Malik VS, Popkin BM, Bray GA, Després JP, Hu FB. Sugar-sweetened beverages, obesity, type 2 diabetes mellitus, and cardiovascular disease risk. Circulation. (2010) 121:1356–64. doi: 10.1161/CIRCULATIONAHA.109.876185

 43. Malik VS, Hu FB. Sugar-sweetened beverages and cardiometabolic health: an update of the evidence. Nutrients. (2019) 11:81840. doi: 10.3390/nu11081840

 44. Papier K, D'Este C, Bain C, Banwell C, Seubsman S, Sleigh A, et al. Consumption of sugar-sweetened beverages and type 2 diabetes incidence in Thai adults: results from an 8-year prospective study. Nutr Diabet. (2017) 7:e283. doi: 10.1038/nutd.2017.27

 45. Lin W-T, Kao Y-H, Sothern MS, Seal DW, Lee C-H, Lin H-Y, et al. The association between sugar-sweetened beverages intake, body mass index, and inflammation in US adults. Int J Publ Health. (2020) 65:45–53. doi: 10.1007/s00038-020-01330-5

Copyright
 © 2024 Dai, Chen, Jia, Jing, Pan, Zhang, Jing, Yuan, He and Yang. 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-11-1401081-t004.jpg
Sugar-sweetened beverages Artificially sweetened beverages = Natural juices unit/day

unit/day unit/day

0-1 >1 (0] 0-1 >1 (0] 0-1 =il
Sex
Male Ref | 0.94([0.87,1.03 140 [1.23, 1.59. Ref | 1.17[1.06, 1.29] 1.53[1.33,1.77) Ref 0.86 (0.8, 0.93) 0.96 [0.83, 1.11]
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Low Ref | 1.15[0.94,1.39] 1.67[1.29,2.18 Ref | 1.32[1.07, 1.64] 1.61[1.22,2.12, Ref | 0.85(0.71,1.02] 0.97 [0.70, 1.35
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Estimated effects were based on the fully adjusted model (see the footnote in Table 2). The predicted 5-year CKD risk were calculated by previously developed 5-year risk prediction equations
for CKD and then categorized into three groups by tertiles (low, medium, and high).
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Sugar-sweetened beverages

0 unit per day 3,273/1,368,343.4 Ref Ref Ref

0-1 unit per day 1,263/527,344 1.04[0.97, 1.11] 1.02 [0.96, 1.09] 1.03 [0.96, 1.10]
>1 units per day 447/136,586.6 1.67 [1.51,1.85] 1.49 [1.35, 1.65) 1.45 [1.30, 1.61]
P for trend <0.001 <0.001 <0.001

Artificially sweetened beverages

0 unit per day 3,873/1,610,144.7 Ref Ref Ref

0-1 unit per day 753/310,887.4 121(1.12,1.31) 114 [1.05, 1.23] 114 (105, 1.23]
>1 units per day 357/111,241.9 1.87 (1.67,2.08) 157 (140, 1.75) 152 (136, 1.70]
P for trend <0.001 <0.001 <0.001

Natural juices

0 unit per day 2,650/982,635.8 Ref Ref Ref
0-1 unit per day 1,967/901,712.2 0.74[0.70, 0.78] 0.85[0.8,0.91] 0.86 [0.81,0.91]
>1 units per day 366/147,926 0.87[0.78,0.97] 0.99[0.89, 1.11] 1.01 [0.90, 1.13]
P for trend <0.001 0.001 0.009

{ Multivariable adjusted model 1: additionally adjusted for race (white, or other), education levels (less than high school, high school or equivalent, or college or above), household income (low,
medium, high, unknown, or missing), socioeconomic status (index of multiple deprivation, fifth), smoking status (never smoker, previous smoker, or current smoker), alcohol consumption
(daily or almost daily, one to four times a week, one to three times a month, special occasions only or never), physical activity (low, moderate, or high), fruit and vegetable intake (=5 portions
or <5 portions), red and processed meat intake (<2.0 times per week, 2.0-2.9 times per week, 3.0-3.9 times per week, and >4.0 times per week), sleep time (<8, 8-9 , >9h), and medications
use (aspirin, non-aspirin NSAIDs, and proton pump inhibitors use).

Multivariable adjusted model 2: additionally adjusted for total sugar intake, total energy, and mutually adjusted for another two beverages.
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MetS
Total association® Ref 1.04 (089, 1.21 1.42 [1.02, 1.98] Ref 1.4 119, 1.74 1.59 [1.26,2.01 Ref 0.88 [0.77, 1.00 1.03 [0.81, 1.30]
Natural direct association 1.03 (0.8, 1.20] 137 (0.97, 1.94] 138 [1.12, 1.69 1.48 [1.14, 1.93] 0.88 [0.77, 1.00 1.01(0.79, 1.29)
Natural indirect association 1.01 [1.00, 1.02] 1.04 [1.00, 1.08] 104 [1.01, 1.07 1.07 [1.02, 1.13] 1.00 [1.00, 1.00] 1.01 [1.00, 1.03]
Proportion mediated (%) NA 125 132 180 06 NA

MetS + hyperuricemia

Total association® Ref 1.06 [0.90, 1.24] 1.47 [1.05, 2.07] Ref 1.44 [1.18, 1.75] 1.58 [1.24, 2.00] Ref 0.87 [0.76, 1.00] 1.06 [0.83, 1.34]
Natural direct association 1.04 [0.89, 1.23] 1.42 [0.99, 2.04] 1.37 [1.11, 1.70 1.46 [1.11, 1.92] 0.87 [0.76, 1.00] 1.04 [0.81, 1.33]
Natural indirect association 1.01 [1.00, 1.02] 1.04 [1.00, 1.07] 1.05 [1.02, 1.08] 1.08 [1.02, 1.14] 1.00 [0.99, 1.00] 1.01 [1.00, 1.02]
Proportion mediated (%) NA 109 147 201 1.0 NA

*The HRs and 95% CI of the total effect, natural direct effect, and natural indirect effect were calculated using the VanderWeele counterfactual-framework approach (31, 32). The models were adjusted for sex, age, race, education levels, household income, socioeconomic
status, smoking status, alcohol consumption, physical activity, fruit and vegetable intake, red and processed meat intake, sleep time, medications use (aspirin, non-aspirin NSAIDs, and proton pump inhibitors use), total sugar intake, total energy, and mutually adjusted
for another two beverages. Total effect estimates may vary between models for different mediators due to differences in the number of missing values for each mediator and exposure-mediator interactions.

bProportion mediated not given in cases where the null effect (i.c., 1) is contained in the 95% CI of the HR of the total effect.
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Sugar-sweetened beverages intake, unit/day

(0] 0-1 >1

Number of participants 129,413 49,504 12,949
Mean (SD) age, years 56.63 (7.83) 55.91 (8.02) 53.60 (8.14)
Male 56.802 (43.9) 23,464 (47.3) 7,224 (55.8)
N (%) white 124,336 (96.1) 47,176 (95.1) 12,051 (93.1)
Mean (SD) index of multiple deprivation 1520 (12.12) 15.38 (12.38) 17.40 (13.86)
Education
Less than high school 11,676 (9.0) 3,985 (8.0) 1,136 (8.8)
High school or equivalent 48,385 (37.4) 19,189 (38.7) 5,567 (43.0)
College or above 69,352 (53.6) 26,420 (53.3) 6,246 (48.2)
Household incomey
Low 17,459 (13.5) 6,530 (13.2) 2,001 (15.5)
Medium 60,685 (46.9) 23,856 (48.1) 6,215 (48.0)
High 37,838 (29.2) 14,269 (28.8) 3461 (26.7)
Unknown/missing 13,431 (10.4) 4,939 (10.0) 1,272(9.8)
Smoking statusy
Current 10,220 (7.9) 3,649 (7.4) 1,345 (10.4)
Previous 46,454 (35.9) 16,659 (33.6) 4,127 (31.9)
Never 72,739 (56.2) 29,286 (59.1) 7,477 (57.7)
Alcohol consumptiony
Daily or almost daily 30,892 (23.9) 10,649 (21.5) 2,274 (17.6)
One to four times a week 65,185 (50.4) 25,072 (50.6) 6,108 (47.2)
One to three times a month 13,771 (10.6) 5,625 (11.3) 1,694 (13.1)
Special occasions only/never 19,565 (15.1) 8,248 (16.6) 2,873 (22.2)
Physical activityy

Low 19,696 (15.2) 7,890 (15.9) 2,174 (16.8)

Medium 46,548 (36.0) 18,026 (36.3) 4,258 (32.9)

High 43,419 (33.6) 16,363 (33.0) 4,562 (35.2)

Unknown/missing 19,750 (15.3) 7,315 (14.7) 1,955 (15.1)
Mean (SD) fruit and vegetable intake, portions per day 4.82 (3.06) 4.56 (2.89) 434 (3.11)
Mean (SD) red and process meat intake, times per day 3.40 (2.16) 3.61(2.19) 3.89 (2.38)
Mean (SD) sleep time 8.15 (1.01) 8.14 (1.01) 8.07 (1.10)
Multivitamin intake 19,663 (15.2) 7,521 (15.2) 1,837 (14.2)
Artificially sweetened beverages unit/dayy
0 106,623 (82.4) 36,107 (72.8) 9,415 (72.7)
>0-1 16,183 (12.5) 10,820 (21.8) 2,250 (17.4)
>1 6,607 (5.1) 2,667 (5.4) 1,284 (9.9)
Natural juices unit/day

0 66,095 (51.1) 20,316 (41.0) 6,586 (50.9)

>0-1 54,301 (42.0) 25,635 (51.7) 5,111 (39.5)

>1 9,017 (7.0) 3,643 (7.3) 1,252 (9.7)
Total sugar intake (mean, SD; g/day) 117.13 (46.65) 133.35 (45.34) 173.66 (65.69)

Total energy intake (mean, SD; KJ/day) 8,437.55 (2,484.16) 8,899.86 (2,376.86) 9,908.38 (3,224.16)
Aspirin use 15,555 (12.0) 5,939 (12.0) 1,590 (12.3)
NASIDs use 36,257 (28.0) 14,918 (30.1) 4,360 (33.7)
Proton pump inhibitors use 10,052 (7.8) 4,081 (8.2) 1,214 (9.4)
Metabolic syndrome 29,640 (26.7) 12,260 (28.7) 3,707 (33.2)
Central obesity 36,978 (28.6) 15,028 (30.3) 4,561 (35.3)
Hypertriglyceridemia 54,216 (44.0) 22,032 (46.7) 6,179 (50.3)
Reduced HDL 19,600 (17.6) 8,404 (19.6) 2,795 (25.0)
Elevated blood pressure 91,116 (70.4) 35,070 (70.8) 9,153 (70.7)
Hyperglycemia 17,993 (16.0) 6,643 (15.4) 1,800 (16.0)
Hyperuricemia 13,687 (11.2) 5,625 (12.0) 1,718 (14.1)

HDL, High-Density Lipoprotein; NASIDs, Non-steroidal Anti-Inflammatory Drug; SD, standard deviation.
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