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Background: Magnesium deficiency and low levels of the anti-aging protein Klotho have been independently associated with various age-related diseases. The Magnesium Depletion Score (MDS) is recognized as a more valuable and reliable predictor of body magnesium status than traditional clinical markers such as serum and urine magnesium. However, the relationship between magnesium status and serum Klotho levels remains unexplored. This study aimed to investigate the association between magnesium depletion, as quantified by MDS, and serum Klotho levels in US adults.

Methods: We analyzed data from 11,387 participants aged 40–79 years in the National Health and Nutrition Examination Survey (NHANES) 2007–2016. Participants were divided into three groups based on MDS: low (0–1 points), middle (2 points), and high (3–5 points), reflecting cumulative risks of magnesium depletion derived from diuretic use, proton pump inhibitors, renal function, and alcohol intake. Serum Klotho levels were measured using a validated ELISA assay. Sample-weighted multivariable linear regression models were used to examine the association between MDS and serum Klotho levels, adjusting for age, sex, race, socioeconomic status, lifestyle factors (smoking, alcohol use), clinical parameters (body mass index, blood pressure, lipid levels), and energy intake.

Results: The weighted average serum Klotho concentrations decreased significantly across MDS groups (low: 864.50, middle: 805.67, high: 755.02 pg./mL; p < 0.0001). After full adjustment, compared to the low MDS group, participants in the middle and high groups had significantly lower serum Klotho levels (β = −35.49, 95% CI: −62.29 to −8.69; β = −64.82, 95% CI: −115.30 to −14.34, respectively; p for trend = 0.003). This inverse association remained consistent across various subgroups, with particularly strong relationships observed in individuals with BMI <25, current smokers, and those with low income.

Conclusion: This study provides novel evidence of an inverse association between MDS, a new valuable indicator of magnesium status, and serum Klotho levels in a large, representative sample of US adults. These findings suggest that monitoring magnesium status via MDS could help identify individuals at risk of accelerated aging, prompting interventions such as dietary adjustments or magnesium supplementation in high-risk populations. Further research is warranted to elucidate the mechanisms underlying this association and its implications for age-related diseases.
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1 Introduction

Magnesium, the fourth most abundant cation in the human body, plays a crucial role in numerous physiological processes, including energy production, protein synthesis, and the regulation of various enzymes, which highlights its significance in cellular metabolism and overall health (1–4). Despite its importance, magnesium deficiency is a prevalent yet often overlooked condition in the general population, with estimates suggesting that up to 50% of Americans consume less than the recommended daily allowance (5). The consequences of chronic magnesium depletion are far-reaching, affecting multiple organ systems and potentially contributing to the development of various chronic diseases, including cardiovascular disorders, type 2 diabetes, and osteoporosis (6, 7).

Emerging evidence suggests that magnesium status may influence the aging process through multiple mechanisms (8, 9). Inadequate magnesium levels have been linked to increased oxidative stress, inflammation, and mitochondrial dysfunction, all of which are hallmarks of aging (10, 11). These pathways are particularly significant because they overlap with key aging-related processes regulated by anti-aging factors such as Klotho. The relationship between magnesium status and aging is further evidenced by its effects on cellular senescence, telomere length, and age-related disease development (12–14).

Despite the clinical significance of magnesium, accurate assessment of magnesium status remains challenging (15). Traditional markers, such as serum magnesium concentration, often fail to reflect total body magnesium content accurately, as they represent only a small fraction (< 1%) of the body’s magnesium stores (16, 17). To address this limitation, Fan et al. recently developed the Magnesium Depletion Score (MDS), a novel and more comprehensive assessment tool for magnesium status which has been validated against the gold standard magnesium tolerance test (MTT) (18). MDS incorporates multiple factors known to influence magnesium homeostasis, providing a more accurate assessment of magnesium status than traditional markers. Studies have shown that MDS is associated with systemic inflammation and cardiovascular mortality in US adults (18). In comparison to other clinical indicators of magnesium deficiency, MDS has been shown to be more accurate and reliable. Clinically, MDS offers a practical tool to identify individuals with chronic magnesium depletion who may benefit from targeted interventions, potentially mitigating Klotho decline and age-related disease risks.

While the development of MDS has improved our ability to assess magnesium status, understanding its relationship with other aging-related biomarkers is crucial for comprehending the broader role of magnesium in age-related processes. Of particular interest is the anti-aging protein Klotho, which shares several biological pathways with magnesium in regulating aging and metabolism. Klotho has emerged as a critical regulator of aging processes, with significant overlap in the biological pathways affected by magnesium status. Klotho was initially identified as an aging suppressor gene (19). This transmembrane Klotho protein exists in two forms: a membrane-bound form that acts as a co-receptor for fibroblast growth factor 23 (FGF23), and a secreted form that circulates in the blood and cerebrospinal fluid, exerting various systemic effects (20–22). Like magnesium, Klotho plays crucial roles in various physiological processes, including oxidative stress protection and inflammatory regulation. Specifically, serum Klotho exerts various systemic effects, including suppression of insulin/IGF-1 signaling, inhibition of Wnt signaling, and protection against oxidative stress (23–25). Low levels of serum Klotho have been associated with a longevity, cardiovascular diseases, chronic kidney disease, and cognitive decline, making it a potential biomarker of biological aging and overall health status (26–29). The kidney plays a central role in both Klotho expression and magnesium homeostasis. As the primary site of Klotho production, the kidney is responsible for maintaining circulating Klotho levels (30). Simultaneously, it regulates magnesium homeostasis by controlling magnesium reabsorption and excretion (31). This dual role of the kidney makes it particularly important to consider kidney function when examining the relationship between magnesium status and Klotho levels.

Recent research has begun to reveal intriguing connections between magnesium homeostasis and aging-related processes. Evidence from the Wang et al. revealed that each unit increase in MDS was associated with approximately a 30% higher risk for metabolic syndrome, even after adjusting for confounding factors (32). A study by Liu et al. showed that individuals with high MDS had elevated all-cause and CVD death risk (33). Jian et al. provided evidence that elevated MDS was related to a higher abdominal aortic calcification prevalence (34). Given the overlapping roles of magnesium and Klotho in aging processes, particularly in oxidative stress regulation and inflammation, investigating their relationship could provide valuable insights into aging biology. However, the potential association between magnesium depletion, as measured by the MDS, and serum Klotho levels remains unexplored. Intriguingly, emerging evidence suggests a possible link between magnesium status and Klotho expression and function (35, 36). However, the potential association between magnesium depletion, as measured by the MDS, and serum Klotho levels remains unexplored. Based on the emerging evidence and overlapping roles of magnesium and Klotho in aging processes, we hypothesized that magnesium depletion, as measured by MDS, would be associated with lower serum Klotho levels in older adults. Understanding this relationship could provide new insights into aging biology and potential therapeutic targets. Therefore, this study aims to investigate the association between magnesium depletion, as quantified by the Magnesium Depletion Score, and serum anti-aging protein Klotho levels using data from the National Health and Nutrition Examination Survey (NHANES) 2007–2016. By leveraging this large, nationally representative sample of U.S. adults, we seek to provide robust evidence regarding the relationship between these two important factors in aging biology.



2 Methods


2.1 Study participants

Data for this study were obtained from the National Health and Nutrition Examination Survey (NHANES) database, which covers the period from 2007 to 2016. NHANES is a national survey conducted in the United States to gather information about the noninstitutionalized civilian population. The survey uses a complex, stratified, and multistage probability sampling design to ensure representative results (37). To learn more about the NHANES survey and access detailed information, please visit the official website of the Centers for Disease Control and Prevention at https://www.cdc.gov/nchs/index.htm. The NHANES study protocol has received approval from the National Center for Health Statistics Research Ethics Review Board, and all participants have given written informed consent. The study was conducted in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology guidelines, which provide a framework for reporting cross-sectional studies (38).

The survey was limited to individuals in the United States who were middle-aged and older, specifically those aged 40–79 years. Serum klotho levels were not measured in participants aged<40 years. After excluding participants with missing serum klotho data (n = 36,824), participants with incomplete data on MDS (n = 804), and participants with incomplete data of covariates (n = 1,573), a total of 11,387 participants were included in the final analysis (Figure 1).

[image: Figure 1]

FIGURE 1
 Flowchart of the participant selection from NHANES 2007–2016.




2.2 Measurement of serum Klotho concentrations

The original frozen serum samples used to measure serum Klotho of participants aged 40–79 years, collected during the NHANES 2007–2016 cycles, were stored at a temperature of −80°C. prior to the study commencement, an extensive validation of the ELISA method was conducted for measuring Klotho concentration in human samples. The Klotho concentration analysis was performed by the Northwest Lipid Metabolism and Diabetes Research Laboratory at the University of Washington using a commercially available ELISA kit (IBL International Corporation, Gunma, Japan). All samples were tested in duplicate, and the average of the two measurements was considered the final Klotho concentration. Samples with a difference of more than 10% between duplicate values were re-measured. The quality control measures included validation of standard curves against manufacturer criteria, and evaluation of assay linearity (R2 values >0.997). The intra-assay precision showed CV values of 2.3–3.3% for human samples, while the inter-assay precision yielded CV values of 3.4–3.8%. Quality control samples with values exceeding two standard deviations from the established value were considered invalid for the entire plate and retested. The sensitivity of the Klotho concentration assay was 4.33 pg./mL. To establish a reference range, a set of 114 samples from healthy donors was evaluated, yielding a range of 285.8 to 1638.6 pg./mL with a mean concentration of 698.0 pg./mL. For a more detailed description of the process of testing serum Klotho concentrations, please refer to the NHANES website.1



2.3 Assessment of magnesium depletion score (MDS)


2.3.1 Components and calculation of MDS

MDS is a clinical composite index devised to assess magnesium deficiency within the body. For this study, we calculated MDS specifically using data from the NHANES database (2007–2016), following the established algorithm that evaluates four key risk factors:

1. Diuretic use (current use: 1 point)

2. Proton pump inhibitor (PPI) use (current use: 1 point)

3. Kidney function:

• 60 mL/min/1.73 m2 ≤ eGFR <90 mL/(min/1.73 m2): 1 point.

• eGFR <60 mL/(min/1.73 m2): 2 points.

1. Alcohol consumption (heavy drinker: 1 point; defined as >1 drink/day for women and > 2 drinks/day for men)



2.3.2 MDS classification

Based on the total points calculated from these components, participants were stratified into three groups:

• Low MDS: 0–1 points.

• Middle MDS: 2 points.

• High MDS: 3–5 points.




2.4 Covariates

Potential covariates were selected based on numerous influencing factors listed in previous literature and clinical expertise (34). The demographic characteristics include age, sex (male and female), income poverty ratio (PIR), marital status, education level (below high school, High school and above high school), and race (non-Hispanic White, Mexican Americans, non-Hispanic Black, other Hispanic and or other Race). Dietary data were collected using two 24-h dietary recalls conducted by trained interviewers. Energy intake was calculated by averaging the total caloric intake from these two 24-h recalls, using the USDA Food and Nutrient Database for Dietary Studies (FNDDS) versions corresponding to each NHANES cycle (2007–2016). For participants with only one valid recall day, that single value was used. The average energy intake was expressed as kilocalories per day (kcal/day) in our analyses. The dietary magnesium intake value was determined by averaging the 2 sets of 24-h recall data; The physical examination data include body mass index (BMI), waist circumference (WC), systolic blood pressure (SBP), and diastolic blood pressure (DBP); The laboratory test results include total cholesterol (TC), total triglyceride (TG), high-density lipoprotein (HDL) cholesterol, and calcium level; The lifestyle behaviors: smoking status and drinking status; Comorbidities were defined based on standard clinical criteria: diabetes mellitus (self-reported diagnosis, use of diabetes medications, or laboratory evidence of hyperglycemia), hypertension (self-reported diagnosis, use of anti-hypertensive medications, or elevated blood pressure), and hyperlipidemia (self-reported diagnosis or abnormal lipid profile according to standard clinical thresholds).



2.5 Statistical analysis

The data were processed in accordance with NHANES analytical guidelines. All analyses used appropriate sample weights and strata because of the complex sampling design of NHANES. Continuous variables were summarized as the weighted mean ± standard error and examined using Student t test or one-way ANOVA. Categorical variables were reported as number and weighted percentages, and comparison between groups was investigated using the Chi-square test. In our study, participants with missing data on key variables were excluded from the analysis. No multiple imputation or other methods were used.

We applied sample-weighted multivariable linear regression models to evaluate the relationship between the MDS and serum Klotho concentrations. Model 1 was adjusted for nothing. Model 2 was adjusted for age, sex, and race. Model 3 was based on model 2 and covariates including education level, marital status, PIR, smoking status, drinking status, BMI, WC, SBP, DBP. Model 4 was based on model 3 and covariates including TG, TC, HDL, energy intake. Subgroup analyses stratified by age, sex, BMI, education level, smoking status, drinking status, PIR, hypertension, and diabetes were conducted using stratified multivariate regression analysis. These specific subgroups were selected based on prior evidence of effect modification: (1) age and sex are known to influence both Klotho expression and magnesium metabolism; (2) BMI and lifestyle factors (smoking and drinking) may modify mineral homeostasis and Klotho levels; (3) socioeconomic factors (education level and PIR) might affect dietary patterns and medication use that impact magnesium status; and (4) chronic conditions like hypertension and diabetes have been associated with altered Klotho and magnesium levels. In addition, p values for interaction across subgroups were also calculated by the likelihood ratio test.

All analyses in this study were conducted utilizing R (version 4.3.3). Values of p < 0.05 on both sides were considered to be statistically significant.




3 Results


3.1 Characteristics of study participants

As illustrated in Table 1, baseline characteristics of participants are presented according to three Magnesium Depletion Score (MDS) groups: High MDS (n = 1,079), Middle MDS (n = 2,326), and Low MDS (n = 7,982). A total of 11,387 participants were included in the study. The mean age of all participants was 56.25 ± 0.16 years and 5,596 (weighted percentage, 48.13%) were men. The weighted average serum Klotho concentrations in the MDS (High to Low) groups were 755.02 pg./mL, 805.67 pg./mL, and 864.50 pg./mL, respectively, and the differences between the groups were statistically significant (p < 0.0001). In addition, as the MDS increased, the serum Klotho levels tended to decrease (Figure 2).



TABLE 1 Characteristics of the study participants by MDS groups.
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FIGURE 2
 The distribution of serum Klotho levels in different MDS groups. MDS, magnesium depletion score.


Participants in the High MDS group were older, with a mean age of 65.13 years, compared to those in the Middle and Low MDS groups (60.78 and 53.89 years, respectively; p < 0.0001). The High MDS group also had a higher percentage of females (61.85%) compared to the Middle (51.19%) and Low MDS groups (50.87%; p < 0.0001). In terms of race, the High MDS group had a greater proportion of non-Hispanic White (81.76%) compared to the Middle and Low MDS groups (81.55 and 72.84%, respectively; p < 0.0001). Additionally, participants with higher MDS had higher levels of triglycerides (TG). The prevalence of hypertension, diabetes mellitus (DM), and hyperlipidemia increased with higher MDS.



3.2 Association between MDS and serum Klotho

Weighted multiple regression analysis was employed to examine the relationship between MDS and serum klotho levels (Table 2). When analyzed as a continuous variable, MDS showed a significant inverse association with serum klotho levels across all models, with the fully adjusted model showing β = −23.16 (95%CI: −36.98 to −9.34).



TABLE 2 Association between MDS and serum Klotho.
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When MDS was categorized, compared to the low group, both middle and high MDS groups demonstrated progressively lower serum klotho levels. In the fully adjusted model (Model 4), participants in the middle MDS group showed a 35.49 pg./mL decrease (95%CI: −62.29 to −8.69), while those in the high MDS group showed a more substantial decrease of 64.82 pg./mL (95%CI: −115.30 to −14.34) in serum Klotho levels compared to the low MDS group. This dose-dependent relationship remained significant after adjusting for all covariates (p for trend = 0.003).

To examine whether the observed association between MDS and serum Klotho levels was independent of calcium status, we conducted a sensitivity analysis (Supplementary Table S1). Both continuous (β = −41.59, 95%CI: −49.25 to −33.92) and categorical analyses (middle vs. low: β = −60.61, 95%CI: −79.44 to −41.77; high vs. low: β = −111.26, 95%CI: −135.83 to −86.69; p for trend <0.0001) demonstrated that this association still remained with adjustment for calcium levels. Additional sensitivity analyses using an alternative MDS grouping method (MDS < 3 vs. MDS ≥ 3), showed consistent results (Supplementary Table S2). After full adjustment, participants with MDS ≥ 3 had significantly lower serum Klotho levels compared to those with MDS < 3 (β = −52.6, 95%CI: −101.02 to −4.19; p = 0.03). To address potential confounding by magnesium intake, we conducted additional sensitivity analyses (Supplementary Table S3). After adjusting for magnesium intake, the inverse association between MDS and serum Klotho levels remained significant (middle vs. low: β = −59.02, 95%CI: −77.09 to −40.96; high vs. low: β = −109.66, 95%CI: −135.17 to −84.15; p for trend <0.0001).



3.3 Subgroup analysis

Subgroup analysis were performed to examine the robustness of the association between MDS and serum klotho levels in different population settings, including age, sex, BMI, education level, smoking status, drinking status, PIR, hypertension, and diabetes (Table 3). Additionally, interaction tests were conducted among different subgroups.



TABLE 3 Subgroup analysis for the association between MDS and serum Klotho.
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The results of fully adjusted β coefficients across different subgroups were mostly consistent with the main findings, indicating that participants with higher MDS had lower serum klotho levels. Statistically significant negative associations were observed in several subgroups (p for trend <0.05), including age group 50–59, both sexes, BMI <25, all education levels, never and current smokers, former and current drinkers, low and middle PIR, and both hypertension and diabetes status. The most substantial reductions in serum Klotho levels were observed in three key subgroups when comparing high versus low MDS groups: current smokers demonstrated the largest decrease of 234.28 pg./mL (95%CI: −333.564 to −134.996; p for trend <0.0001), followed by individuals with BMI <25 showing a 171.99 pg./mL decrease (95%CI: −273.356 to −70.618; p for trend <0.001), and those with low PIR exhibiting a 135.94 pg./mL decrease (95%CI: −206.433 to −65.446; p for trend =0.002). As for interaction terms, no variables significantly affected the relationship between MDS and serum klotho levels (all p for interaction >0.05). The closest to significance was BMI (p for interaction = 0.053), suggesting a potential difference in the association across BMI categories.

These subgroup analyses generally support the main findings of a negative association between MDS and serum α-klotho levels, with some variations in the strength of the association across different population characteristics.




4 Discussion

This study aimed to investigate the association between the Magnesium Depletion Score (MDS) and serum levels of the anti-aging protein Klotho in U.S. adults. Our analysis of data from 11,387 participants aged 40–79 years in the National Health and Nutrition Examination Survey (NHANES) 2007–2016 revealed a statistically significant inverse relationship between MDS and serum Klotho levels, which persisted across different statistical models and population subgroups. Notably, participants with higher MDS had significantly lower serum Klotho concentrations, with the most substantial reductions observed in those in the high MDS group. Our results suggest that magnesium depletion may contribute to the age-related decline in Klotho levels, an anti-aging protein.

The magnitude of Klotho reduction observed in our study has important clinical implications. Previous research has established that decreases in serum Klotho levels are associated with various adverse health outcomes. Research has demonstrated that individuals with low Klotho levels have more than two-fold increased risk of cardiovascular mortality (39), and a 76% higher risk of cardiovascular events (40). In terms of mortality, low Klotho levels were associated with a 21% increase in all-cause mortality risk (40). Therefore, the 64.82 pg./mL average decrease we observed in the high MDS group suggests potentially significant health implications. In our study, the substantial reductions in serum Klotho levels were particularly notable in specific subgroups, with the most pronounced decreases observed in current smokers (234.28 pg./mL) and individuals with BMI <25 (171.99 pg./mL). These findings suggest that certain population subgroups may be more vulnerable to the effects of magnesium depletion on Klotho levels, highlighting the importance of maintaining adequate magnesium status, particularly in these potentially at-risk populations.

Numerous studies have established the crucial role of magnesium in various physiological processes and its association with aging-related diseases. Magnesium is essential for mitochondrial function, which plays a key role in cellular energy production and longevity (41). Mitochondrial dysfunction is a hallmark of aging, often associated with increased production of reactive oxygen species (ROS) and oxidative stress (42, 43). Our findings of a significant inverse association between MDS and serum Klotho levels suggest that magnesium depletion might compromise the body’s anti-aging mechanisms, particularly through its interaction with Klotho. Similar to Klotho, which has been shown to protect against oxidative stress and regulate mitochondrial function (44), magnesium deficiency has been shown to accelerate the aging process by impairing mitochondrial function and increasing ROS, which damages cellular components, including lipids, proteins, and DNA (9, 45). A study by Barbagallo et al. (46) emphasized that magnesium deficiency leads to oxidative stress, which not only accelerates cellular senescence but also contributes to the development of age-related diseases such as cardiovascular disease, neurodegenerative disorders, and type 2 diabetes. This parallel with Klotho’s protective effects against age-related diseases highlights the potential synergistic relationship between these two factors in preventing age-related oxidative damage (47). In animal studies, magnesium supplementation has been shown to extend lifespan by improving mitochondrial health and reducing oxidative damage, further supporting the link between magnesium and aging (48).

Chronic magnesium deficiency is a common issue, particularly among older adults, where magnesium intake often falls below the recommended levels (9). This aligns with our observation that participants in the High MDS group were significantly older (mean age 65.13 years) compared to those in the Middle and Low MDS groups. Studies have found that magnesium deficiency is associated with several biomarkers of aging, including telomere shortening (49) and systemic inflammation (18). Like Klotho, which has been shown to regulate inflammatory pathways and maintain telomere integrity (50), magnesium has been suggested to play a role in maintaining telomere length by reducing oxidative stress and inflammation. In a population-based study, a significant correlation was observed between low magnesium levels and shorter telomeres, suggesting that magnesium deficiency may accelerate biological aging (51). Furthermore, magnesium deficiency has been linked to increased levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), both of which are associated with the aging process (52). These inflammatory markers are also known to be regulated by Klotho, suggesting a potential mechanistic link between magnesium status and Klotho function in modulating inflammation (53). Chronic inflammation, often referred to as “inflammaging, “is a well-known contributor to age-related diseases, and both magnesium and Klotho’s anti-inflammatory properties are thought to work in concert to counteract this effect (54). A clinical study by King et al. (55) demonstrated that magnesium supplementation reduced inflammatory markers in elderly individuals, thereby suggesting that these two factors may work synergistically in protecting against inflammaging.

MDS, the newly developed assessment metric of magnesium status, integrates 4 key risk factors that influence magnesium reabsorption: alcohol consumption, diuretic use, proton pump inhibitor (PPI) use, and kidney function (18). Alcohol acts as a magnesium diuretic by rapidly increasing magnesium excretion through proximal renal tubular dysfunction, which can occur even in individuals with a negative magnesium balance (56). Diuretics, such as furosemide, reduce the positive transepithelial membrane potential in the thick ascending limb (TAL) of the loop of Henle, leading to magnesium wasting (57, 58). PPIs, including omeprazole, interfere with intestinal magnesium absorption by elevating the pH in the small intestine and downregulating TRPM6 activity, with higher PPI doses exacerbating this effect (59, 60). The kidneys play a critical role in maintaining magnesium homeostasis, reabsorbing over 80% of serum magnesium (2); however, patients with chronic kidney disease (CKD) experience increased urinary magnesium excretion, which can result in hypomagnesemia. Heavy alcohol consumption further contributes to magnesium depletion by increasing urinary magnesium and calcium excretion. Chronic magnesium deficiency, driven by these factors, is associated with the progression of cardiovascular diseases, such as atherosclerosis (1). Given the crucial role of kidney function in magnesium homeostasis, it is important to note that our study included participants with varying degrees of kidney function, as assessed through eGFR levels in the MDS calculation. The relationship between magnesium status and Klotho levels should be considered within the context of kidney function. Chronic kidney disease (CKD) is known to affect both Klotho expression and magnesium homeostasis. The kidney is a major site of Klotho production, and CKD is associated with reduced Klotho levels (30). Similarly, CKD can impact magnesium handling, potentially contributing to magnesium dysregulation (31). Rather than excluding participants with CKD, we incorporated kidney function into our analysis through the MDS scoring system, which assigns points based on eGFR levels. This approach allowed us to examine the relationship between magnesium status and Klotho levels while accounting for the influence of kidney function. However, future studies may benefit from specifically analyzing this relationship in different CKD stages to better understand how varying degrees of kidney dysfunction might modify the association between magnesium status and Klotho levels.

To our knowledge, this is the first study to employ MDS as a novel indicator of magnesium status in relation to serum Klotho levels in a representative population of US adults. Our findings of lower serum Klotho levels in individuals with higher MDS (progressively decreasing from 864.50 pg./mL in low MDS to 755.02 pg./mL in high MDS) align with these observations, suggesting potential link between magnesium homeostasis and Klotho-related aging processes, highlighting the importance of maintaining adequate magnesium status for healthy aging. The significance of Klotho in aging biology has been extensively demonstrated through genetic studies, where Klotho overexpression extended lifespan by 30% in mice (61), while its deficiency led to premature aging syndromes (62). The Klotho protein, known for its anti-aging properties, has been shown to regulate various physiological processes, including calcium-phosphate homeostasis, oxidative stress resistance, and fibroblast growth factor (FGF) signaling. The work of Kuro-o et al. established Klotho as a critical regulator of aging, with Klotho-deficient mice exhibiting a premature aging phenotype (19). Subsequent research has demonstrated that Klotho’s anti-aging effects extend beyond its original characterization, with studies showing its crucial role in maintaining tissue homeostasis (63) and protecting against age-related organ dysfunction (64). Furthermore, population-based studies have shown that higher circulating Klotho levels are associated with risk of mortality (65) and better preservation of physical function in older adults (66). Our results, showing lower Klotho levels in individuals with higher MDS, suggest that magnesium depletion may contribute to a pro-aging environment by suppressing Klotho expression. This association is particularly noteworthy given that Klotho has been shown to regulate mineral metabolism and influence cellular sensitivity to oxidative stress (21), processes that are also critically dependent on magnesium status (67). This relationship was particularly strong in the high MDS group, indicating that severe magnesium depletion may have a more pronounced effect on Klotho levels and, potentially, on aging processes. These findings have important clinical implications, suggesting the need for regular monitoring of both MDS and Klotho levels in high-risk populations. The clinical relevance of this relationship is underscored by studies demonstrating that interventions aimed at increasing Klotho levels can ameliorate age-related pathologies (68) and improve health outcomes in various chronic conditions (64). The MDS-Klotho axis represents a promising target for early intervention in age-related diseases, potentially offering new approaches to prevent accelerated aging. Future research directions include investigating therapeutic strategies targeting this axis and developing preventive interventions for high-risk populations, which could significantly impact the management of age-related diseases.

The relationship between age, MDS, and Klotho levels deserves special attention in our study. Our findings revealed that participants in the High MDS group were significantly older (mean age 65.13 years) compared to those in the Middle (60.78 years) and Low MDS groups (53.89 years). This age distribution pattern aligns with previous research showing that older adults are more susceptible to magnesium deficiency due to various factors, including reduced intestinal magnesium absorption, increased urinary magnesium excretion, and decreased dietary magnesium intake (69). Notably, our subgroup analyses demonstrated that the association between MDS and serum Klotho levels varied across different age groups, with the strongest and most significant association observed in the 50–59 age group. This age-specific pattern is particularly interesting given that both Klotho levels and magnesium status decline with age (66). The robust association in middle-aged adults (50–59 years) suggests that this might be a critical period where the interaction between magnesium status and Klotho function is most pronounced, potentially representing a key window for preventive interventions. The somewhat attenuated association in older age groups (≥60 years) might reflect the complex interplay of multiple age-related factors affecting both magnesium homeostasis and Klotho expression, including changes in hormone levels, inflammatory status, and renal function. These findings highlight the importance of considering age-specific approaches when developing strategies to maintain optimal magnesium status and Klotho levels, particularly during middle age when interventions might be most effective.

Beyond age-related patterns, the results from our subgroup analysis shed light on specific population groups that may be more vulnerable to the effects of magnesium depletion on Klotho levels. Notably, the association between high MDS and low serum Klotho was particularly pronounced in individuals with a BMI <25, current smokers, and those with low income. These findings suggest that certain lifestyle factors, such as smoking and low socioeconomic status, may exacerbate the detrimental effects of magnesium depletion on Klotho and overall health. Smoking has long been associated with increased oxidative stress and inflammation, which could potentiate the negative effects of magnesium deficiency on Klotho expression. Similarly, low-income individuals may have limited access to magnesium-rich foods, increasing their risk of magnesium deficiency and its associated health consequences. These subgroup-specific findings align with prior research indicating that lifestyle and demographic factors can significantly influence magnesium status and its effects on health outcomes. For instance, a study by Mohammed et al. found that smokers had a significantly higher risk of hypomagnesemia compared to non-smokers, with 24.4% of smokers exhibiting low magnesium levels. This study highlighted a 6.7-fold increased risk of hypomagnesemia in smokers (70). Likewise, individuals with lower socioeconomic status may experience higher rates of magnesium deficiency due to poorer dietary quality and limited access to healthcare (71).

The practical applications of MDS in clinical practice and public health deserve particular attention. As a comprehensive assessment tool, MDS offers distinct advantages over traditional serum magnesium measurements for identifying individuals at risk of aging-related conditions. Unlike serum magnesium measurement alone, MDS provides a more comprehensive evaluation by incorporating multiple clinical risk factors. This makes it valuable as: (1) an initial screening tool before more costly testing, (2) a complement to existing magnesium markers, and (3) a monitoring tool for high-risk patients. The components of MDS are readily available in routine clinical settings, making it a cost-effective and easily implementable screening tool. Our findings suggest that MDS could be particularly valuable for identifying high-risk individuals who might benefit from early interventions, especially among vulnerable populations such as smokers, individuals with low BMI, and those with low income.

From a public health perspective, MDS could be integrated into preventive health programs for risk stratification and targeted interventions. Healthcare providers could use MDS scores to prioritize individuals for lifestyle interventions, nutritional counseling, or more frequent health screenings. Given that MDS incorporates modifiable risk factors such as medication use and alcohol consumption, it could also serve as an educational tool to help patients understand and modify their risk factors for magnesium depletion and accelerated aging. Future research should focus on validating MDS against other established magnesium markers (such as ionized magnesium and intracellular magnesium) and evaluating its predictive value for specific clinical outcomes. The relatively simple nature of MDS calculation makes it suitable for large-scale screening programs and population health management, potentially improving the efficiency of resource allocation in healthcare systems.

Our study has several strengths. This is the first large national study to investigate the association between MDS and serum Klotho levels based on the well-designed NHANES data. In this study, the NHANES sampling weights were fully considered and the analytical instructions were followed. In addition, five cycles (2007–2016) were combined to improve the sampled cohorts and make the results more stable and reliable. Furthermore, MDS rather than serum magnesium was used in our study, which is more reflective of the physiological state of magnesium. The use of this comprehensive score provides a more holistic assessment of magnesium status compared to single biomarkers. However, some limitations should be noted in this study. First, the cross-sectional nature of the study precludes causal inferences about the relationship between magnesium depletion and serum Klotho levels. Longitudinal studies are needed to establish temporality and potential causal relationships. Second, while the MDS provides a more comprehensive assessment of magnesium status than single biomarkers, it is still an indirect measure and may not fully capture intracellular magnesium levels or total body magnesium status. Moreover, magnesium homeostasis is influenced by multiple dietary factors, including protein and fiber intake, which can affect its absorption in the digestive tract. While our study adjusted for total magnesium intake, we did not analyze the specific dietary patterns or nutrients that might influence magnesium absorption. Third, our assessment of kidney function was limited to eGFR measurements without albuminuria data, preventing comprehensive CKD staging. Given the complex and often contradictory evidence regarding Klotho’s role in kidney disease, this limitation may affect the interpretation of our findings. Fourth, while we adjusted for a wide range of potential confounders, residual confounding by unmeasured factors cannot be ruled out. Finally, our study population was limited to US adults aged 40–79 years, and the findings may not be generalizable to younger populations or those from other geographic regions with different dietary patterns and environmental exposures. Future studies should incorporate both eGFR and albuminuria measurements for proper CKD staging, which would help clarify how kidney dysfunction modifies the magnesium-Klotho relationship. Additionally, more direct measures of magnesium status, such as intracellular magnesium concentrations or magnesium loading tests, combined with comprehensive dietary assessments including protein and fiber intake patterns, could provide additional insights.



5 Conclusion

Our study provides novel evidence of an inverse association between magnesium depletion, as measured by MDS, and serum Klotho levels in a large, representative sample of US adults. These findings highlight the potential importance of magnesium homeostasis in maintaining adequate Klotho levels, which may have significant implications for healthy aging and age-related diseases. The consistency of this relationship across various subgroups underscores its robustness and potential public health significance. While further research is needed to establish causality and elucidate underlying mechanisms, our results suggest that maintaining adequate magnesium status could be a promising strategy for promoting healthy aging through the modulation of Klotho levels. As the global population continues to age, understanding and leveraging the relationship between magnesium status and Klotho expression may contribute to the development of effective interventions to promote healthier aging and reduce the burden of age-related diseases.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by the National Center for Health Statistics (NCHS) Research Ethics Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

ZZ: Conceptualization, Data curation, Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. SH: Conceptualization, Data curation, Formal analysis, Writing – review & editing. YX: Funding acquisition, Visualization, Writing – original draft. YP: Visualization, Writing – original draft. SC: Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Science and Technology Innovation Guiding Program of Changde City (grant number: 2023ZD64).



Acknowledgments

The authors appreciate the time and efforts invested by the staff members form the National Health and Nutrition Examination Survey (NHANES) project.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.2025.1518268/full#supplementary-material



Footnotes

1   https://wwwn.cdc.gov/nchs/nhanes/



References

 1. Liu, M, and Dudley, SC. Magnesium, oxidative stress, inflammation, and cardiovascular disease. Antioxidants. (2020) 9:907. doi: 10.3390/antiox9100907 

 2. Ellison, DH, Maeoka, Y, and McCormick, JA. Molecular mechanisms of renal magnesium reabsorption. J Am Soc Nephrol. (2021) 32:2125–36. doi: 10.1681/asn.2021010042 

 3. Volpe, SL. Magnesium in disease prevention and overall health. Adv Nutr. (2013) 4:378s–83s. doi: 10.3945/an.112.003483 

 4. Pickering, G, Mazur, A, Trousselard, M, Bienkowski, P, Yaltsewa, N, Amessou, M , et al. Magnesium status and stress: the vicious circle concept revisited. Nutrients. (2020) 12:672. doi: 10.3390/nu12123672 

 5. Tarleton, EK. Factors influencing magnesium consumption among adults in the United States. Nutr Rev. (2018) 76:526–38. doi: 10.1093/nutrit/nuy002 

 6. Wu, J, Xun, P, Tang, Q, Cai, W, and He, K. Circulating magnesium levels and incidence of coronary heart diseases, hypertension, and type 2 diabetes mellitus: a meta-analysis of prospective cohort studies. Nutr J. (2017) 16:60. doi: 10.1186/s12937-017-0280-3 

 7. Oost, LJ, Tack, CJ, and de Baaij, JHF. Hypomagnesemia and cardiovascular risk in type 2 diabetes. Endocr Rev. (2023) 44:357–78. doi: 10.1210/endrev/bnac028 

 8. Barbagallo, M, Veronese, N, and Dominguez, LJ. Magnesium in aging, health and diseases. Nutrients. (2021) 13:463. doi: 10.3390/nu13020463 

 9. Dominguez, LJ, Veronese, N, and Barbagallo, M. Magnesium and the hallmarks of aging. Nutrients. (2024) 16:496. doi: 10.3390/nu16040496 

 10. Souza, ACR, Vasconcelos, AR, Dias, DD, Komoni, G, and Name, JJ. The integral role of magnesium in muscle integrity and aging: a comprehensive review. Nutrients. (2023) 15:127. doi: 10.3390/nu15245127 

 11. Fiorentini, D, Cappadone, C, Farruggia, G, and Prata, C. Magnesium: biochemistry, nutrition, detection, and social impact of diseases linked to its deficiency. Nutrients. (2021) 13:136. doi: 10.3390/nu13041136 

 12. Killilea, DW, and Ames, BN. Magnesium deficiency accelerates cellular senescence in cultured human fibroblasts. Proc Natl Acad Sci USA. (2008) 105:5768–73. doi: 10.1073/pnas.0712401105 

 13. Maguire, D, Neytchev, O, Talwar, D, McMillan, D, and Shiels, PG. Telomere homeostasis: interplay with magnesium. Int J Mol Sci. (2018) 19:157. doi: 10.3390/ijms19010157 

 14. Rowe, WJ. Correcting magnesium deficiencies may prolong life. Clin Interv Aging. (2012) 7:51–4. doi: 10.2147/cia.S28768 

 15. Dent, A, and Selvaratnam, R. Measuring magnesium - physiological, clinical and analytical perspectives. Clin Biochem. (2022) 105-106:1–15. doi: 10.1016/j.clinbiochem.2022.04.001 

 16. Costello, RB, Elin, RJ, Rosanoff, A, Wallace, TC, Guerrero-Romero, F, Hruby, A , et al. Perspective: the case for an evidence-based reference interval for serum magnesium: the time has come. Adv Nutr. (2016) 7:977–93. doi: 10.3945/an.116.012765 

 17. Workinger, JL, Doyle, RP, and Bortz, J. Challenges in the diagnosis of magnesium status. Nutrients. (2018) 10:202. doi: 10.3390/nu10091202 

 18. Fan, L, Zhu, X, Rosanoff, A, Costello, RB, Yu, C, Ness, R , et al. Magnesium depletion score (MDS) predicts risk of systemic inflammation and cardiovascular mortality among US adults. J Nutr. (2021) 151:2226–35. doi: 10.1093/jn/nxab138 

 19. 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 

 20. Kuro, OM. The klotho proteins in health and disease. Nat Rev Nephrol. (2019) 15:27–44. doi: 10.1038/s41581-018-0078-3 

 21. Kim, JH, Hwang, KH, Park, KS, Kong, ID, and Cha, SK. Biological role of anti-aging protein klotho. J Lifestyle Med. (2015) 5:1–6. doi: 10.15280/jlm.2015.5.1.1 

 22. Hu, MC, Shi, M, Zhang, J, Addo, T, Cho, HJ, Barker, SL , et al. Renal production, uptake, and handling of circulating αKlotho. J Am Soc Nephrol. (2016) 27:79–90. doi: 10.1681/asn.2014101030 

 23. 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 

 24. 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. (2023) 12:239. doi: 10.3390/antiox12020239 

 25. Hosseini, L, Babaie, S, Shahabi, P, Fekri, K, Shafiee-Kandjani, AR, Mafikandi, V , et al. Klotho: molecular mechanisms and emerging therapeutics in central nervous system diseases. Mol Biol Rep. (2024) 51:913. doi: 10.1007/s11033-024-09862-2 

 26. Zhu, Z, Xia, W, Cui, Y, Zeng, F, Li, Y, Yang, Z , et al. Klotho gene polymorphisms are associated with healthy aging and longevity: evidence from a meta-analysis. Mech Ageing Dev. (2019) 178:33–40. doi: 10.1016/j.mad.2018.12.003 

 27. Lee, J, Kim, D, Lee, HJ, Choi, JY, Min, JY, and Min, KB. Association between serum klotho levels and cardiovascular disease risk factors in older adults. BMC Cardiovasc Disord. (2022) 22:442. doi: 10.1186/s12872-022-02885-2 

 28. Charoenngam, N, Ponvilawan, B, and Ungprasert, P. Lower circulating soluble klotho level is associated with increased risk of all-cause mortality in chronic kidney disease patients: a systematic review and meta-analysis. Int Urol Nephrol. (2020) 52:1543–50. doi: 10.1007/s11255-020-02510-1 

 29. Zhang, H, Yu, L, and Yun, G. Reduced serum levels of klotho are associated with mild cognitive impairment in patients with type 2 diabetes mellitus. Diabetes Metab Syndr Obesity. (2023) 16:129–37. doi: 10.2147/dmso.S394099 

 30. Hu, MC, Kuro-o, M, and Moe, OW. Renal and extrarenal actions of klotho. Semin Nephrol. (2013) 33:118–29. doi: 10.1016/j.semnephrol.2012.12.013 

 31. Curry, JN, and Yu, ASL. Magnesium handling in the kidney. Adv Chronic Kidney Dis. (2018) 25:236–43. doi: 10.1053/j.ackd.2018.01.003 

 32. Wang, X, Zeng, Z, Wang, X, Zhao, P, Xiong, L, Liao, T , et al. Magnesium depletion score and metabolic syndrome in US adults: analysis of NHANES 2003-2018. J Clin Endocrinol Metab. (2024) 109:e2324–33. doi: 10.1210/clinem/dgae075 

 33. Ye, L, Zhang, C, Duan, Q, Shao, Y, and Zhou, J. Association of Magnesium Depletion Score with Cardiovascular Disease and its Association with Longitudinal Mortality in patients with cardiovascular disease. J Am Heart Assoc. (2023) 12:e030077. doi: 10.1161/jaha.123.030077 

 34. Lu, J, Li, H, and Wang, S. The kidney reabsorption-related magnesium depletion score is associated with increased likelihood of abdominal aortic calcification among US adults. Nephrol Dial Transp. (2023) 38:1421–9. doi: 10.1093/ndt/gfac218 

 35. Rodríguez-Ortiz, ME, Canalejo, A, Herencia, C, Martínez-Moreno, JM, Peralta-Ramírez, A, Perez-Martinez, P , et al. Magnesium modulates parathyroid hormone secretion and upregulates parathyroid receptor expression at moderately low calcium concentration. Nephrol Dial Transpl. (2014) 29:282–9. doi: 10.1093/ndt/gft400 

 36. Ter Braake, AD, Smit, AE, Bos, C, van Herwaarden, AE, Alkema, W, van Essen, HW , et al. Magnesium prevents vascular calcification in klotho deficiency. Kidney Int. (2020) 97:487–501. doi: 10.1016/j.kint.2019.09.034 

 37. Curtin, LR, Mohadjer, LK, Dohrmann, SM, Kruszon-Moran, D, Mirel, LB, Carroll, MD , et al. National Health and nutrition examination survey: sample design, 2007-2010. Vital Health Statist. (2013) 160:1–23. Available at: https://www.cdc.gov/nchs/data/series/sr_02/sr02_160.pdf

 38. von Elm, E, Altman, DG, Egger, M, Pocock, SJ, Gøtzsche, PC, and Vandenbroucke, JP. The strengthening the reporting of observational studies in epidemiology (STROBE) statement: guidelines for reporting observational studies. J Clin Epidemiol. (2008) 61:344–9. doi: 10.1016/j.jclinepi.2007.11.008 

 39. Kanbay, M, Brinza, C, Ozbek, L, Guldan, M, Sisman, U, Copur, S , et al. The association between klotho and kidney and cardiovascular outcomes: a comprehensive systematic review and meta-analysis. Clin Kidney J. (2024) 17:sfae255. doi: 10.1093/ckj/sfae255 

 40. Tang, J, Xu, Z, Ren, L, Xu, J, Chen, X, Jin, Y , et al. Association of serum klotho with the severity and mortality among adults with cardiovascular-kidney-metabolic syndrome. Lipids Health Dis. (2024) 23:408. doi: 10.1186/s12944-024-02400-w 

 41. Liu, M, and Dudley, SC. Beyond ion homeostasis: hypomagnesemia, transient receptor potential Melastatin Channel 7, mitochondrial function, and inflammation. Nutrients. (2023) 15:920. doi: 10.3390/nu15183920 

 42. Somasundaram, I, Jain, SM, Blot-Chabaud, M, Pathak, S, Banerjee, A, Rawat, S , et al. Mitochondrial dysfunction and its association with age-related disorders. Front Physiol. (2024) 15:1384966. doi: 10.3389/fphys.2024.1384966 

 43. Song, J, Xiao, L, Zhang, Z, Wang, Y, Kouis, P, Rasmussen, LJ , et al. Effects of reactive oxygen species and mitochondrial dysfunction on reproductive aging. Front Cell Dev Biol. (2024) 12:1347286. doi: 10.3389/fcell.2024.1347286 

 44. Zeng, Y, Xu, G, Feng, C, Cai, D, Wu, S, Liu, Y , et al. Klotho inhibits the activation of NLRP3 inflammasome to alleviate lipopolysaccharide-induced inflammatory injury in A549 cells and restore mitochondrial function through SIRT1/Nrf2 signaling pathway. Chin J Physiol. (2023) 66:335–44. doi: 10.4103/cjop.CJOP-D-23-00029 

 45. Cazzola, R, Della Porta, M, Piuri, G, and Maier, JA. Magnesium: A defense line to mitigate inflammation and oxidative stress in adipose tissue. Antioxidants. (2024) 13:893. doi: 10.3390/antiox13080893 

 46. Barbagallo, M, and Dominguez, LJ. Magnesium and aging. Curr Pharm Des. (2010) 16:832–9. doi: 10.2174/138161210790883679 

 47. Orellana, AM, Mazucanti, CH, Dos Anjos, LP, de Sá, LL, Kawamoto, EM, and Scavone, C. Klotho increases antioxidant defenses in astrocytes and ubiquitin-proteasome activity in neurons. Sci Rep. (2023) 13:15080. doi: 10.1038/s41598-023-41166-6 

 48. Villa-Bellosta, R. Dietary magnesium supplementation improves lifespan in a mouse model of progeria. EMBO Mol Med. (2020) 12:e12423. doi: 10.15252/emmm.202012423 

 49. Dhillon, VS, Deo, P, Thomas, P, and Fenech, M. Low magnesium in conjunction with high homocysteine and less sleep accelerates telomere attrition in healthy elderly Australian. Int J Mol Sci. (2023) 24:982. doi: 10.3390/ijms24020982 

 50. Prud'homme, GJ, and Wang, Q. Anti-inflammatory role of the klotho protein and relevance to aging. Cells. (2024) 13:413. doi: 10.3390/cells13171413 

 51. Hu, L, Bai, Y, Hu, G, Zhang, Y, Han, X, and Li, J. Association of Dietary Magnesium Intake with Leukocyte Telomere Length in United States middle-aged and elderly adults. Front Nutr. (2022) 9:840804. doi: 10.3389/fnut.2022.840804 

 52. Nielsen, FH. Magnesium deficiency and increased inflammation: current perspectives. J Inflamm Res. (2018) 11:25–34. doi: 10.2147/jir.S136742 

 53. Sedighi, M, Baluchnejadmojarad, T, Fallah, S, Moradi, N, Afshin-Majd, S, and Roghani, M. The association between circulating klotho and dipeptidyl Peptidase-4 activity and inflammatory cytokines in elderly patients with Alzheimer disease. Basic Clinic Neurosci. (2020) 11:349–58. doi: 10.32598/bcn.11.2.1747.1 

 54. Veronese, N, Pizzol, D, Smith, L, Dominguez, LJ, and Barbagallo, M. Effect of magnesium supplementation on inflammatory parameters: a meta-analysis of randomized controlled trials. Nutrients. (2022) 14:679. doi: 10.3390/nu14030679 

 55. King, DE, Mainous, AG 3rd, Geesey, ME, and Woolson, RF. Dietary magnesium and C-reactive protein levels. J Am Coll Nutr. (2005) 24:166–71. doi: 10.1080/07315724.2005.10719461

 56. Rivlin, RS. Magnesium deficiency and alcohol intake: mechanisms, clinical significance and possible relation to cancer development (a review). J Am Coll Nutr. (1994) 13:416–23. doi: 10.1080/07315724.1994.10718430 

 57. Gröber, U. Magnesium and Drugs. Int J Mol Sci. (2019) 20:94. doi: 10.3390/ijms20092094 

 58. de Baaij, JH, Hoenderop, JG, and Bindels, RJ. Magnesium in man: implications for health and disease. Physiol Rev. (2015) 95:1–46. doi: 10.1152/physrev.00012.2014 

 59. Lameris, AL, Hess, MW, van Kruijsbergen, I, Hoenderop, JG, and Bindels, RJ. Omeprazole enhances the colonic expression of the mg (2+) transporter TRPM6. Pflugers Archiv. (2013) 465:1613–20. doi: 10.1007/s00424-013-1306-0 

 60. Gommers, LMM, Hoenderop, JGJ, and de Baaij, JHF. Mechanisms of proton pump inhibitor-induced hypomagnesemia. Acta Physiol. (2022) 235:e13846. doi: 10.1111/apha.13846 

 61. Cheikhi, A, Barchowsky, A, Sahu, A, Shinde, SN, Pius, A, Clemens, ZJ , et al. Klotho: an elephant in aging research. J Gerontol A Biol Sci Med Sci. (2019) 74:1031–42. doi: 10.1093/gerona/glz061 

 62. Kuro, OM. Klotho and calciprotein particles as therapeutic targets against accelerated ageing. Clinic Sci. (2021) 135:1915–27. doi: 10.1042/cs20201453 

 63. Chuchana, P, Mausset-Bonnefont, AL, Mathieu, M, Espinoza, F, Teigell, M, Toupet, K , et al. Secreted α-klotho maintains cartilage tissue homeostasis by repressing NOS2 and ZIP8-MMP13 catabolic axis. Aging. (2018) 10:1442–53. doi: 10.18632/aging.101481 

 64. Vázquez-Sánchez, S, Blasco, A, Fernández-Corredoira, P, Cantolla, P, Mercado-García, E, Rodríguez-Sánchez, E , et al. Recombinant klotho administration after myocardial infarction reduces ischaemic injury and arrhythmias by blocking intracellular calcium mishandling and CaMKII activation. J Pathol. (2025) 265:342–56. doi: 10.1002/path.6388 

 65. Han, S, Zhang, X, Wang, X, Wang, Y, Xu, Y, and Shang, L. Association between serum klotho and all-cause mortality in chronic kidney disease: evidence from a prospective cohort study. Am J Nephrol. (2024) 55:273–83. doi: 10.1159/000535808 

 66. Arroyo, E, Leber, CA, Burney, HN, Narayanan, G, Moorthi, R, Avin, KG , et al. Relationship between klotho and physical function in healthy aging. Sci Rep. (2023) 13:21158. doi: 10.1038/s41598-023-47791-5 

 67. Arancibia-Hernández, YL, Hernández-Cruz, EY, and Pedraza-Chaverri, J. Magnesium (mg (2+)) deficiency, not well-recognized non-infectious pandemic: origin and consequence of chronic inflammatory and oxidative stress-associated diseases. Cell Physiol Biochem. (2023) 57:1–23. doi: 10.33594/000000603 

 68. Miao, J, Huang, J, Luo, C, Ye, H, Ling, X, Wu, Q , et al. Klotho retards renal fibrosis through targeting mitochondrial dysfunction and cellular senescence in renal tubular cells. Physiol Rep. (2021) 9:e14696. doi: 10.14814/phy2.14696 

 69. Dominguez, LJ, Veronese, N, Guerrero-Romero, F, and Barbagallo, M. Magnesium in infectious diseases in older people. Nutrients. (2021) 13:180. doi: 10.3390/nu13010180 

 70. Mohammed, A, Hashish, A, and El-Saeed, G. Studying the association between cigarette smoking and serum copper, zinc, and magnesium concentrations a cross-sectional study. J Public Health Prim Care. (2023) 4:42–7. doi: 10.4103/jphpc.jphpc_36_22

 71. Anand, S, Jaggi, R, and Bala, N. Serum magnesium levels in preterm labour in relation to socio-economic status. Int J Reprod Contracept Obstet Gynecol. (2022) 11:552. doi: 10.18203/2320-1770.ijrcog20220068


Copyright
 © 2025 Zhuang, Huang, Xiong, Peng and Cai. 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-12-1518268-t003.jpg
Magnesium depletion score, (95% CI) P for trend P for interaction

Middle High

Age 05
40-49 Ref —82.373(~140.102, ~24.644) —6.59(~219.790, 206.609) 0071
50-59 Ref —42.237(~88.647, 4.173) —109.762(~185.674, ~33.850) 0.001
60-69 Ref —4.286(-62.482, 53.910) —49.139(-137.711, 39.433) 0351
70-79 Ref ~27.947(~78.936, 23.042) —43.536(-107.248, 20.177) 0.147

Sex 0976
Female Ref ~32.866(~70.718, 4.985) ~62951(~112.025, ~13.876) 0.007
Male Ref —40.78(~77.313, ~4.246) —61.357(~138.343, 15.629) 0035

BMI 0053
<25 Ref ~88.985(-151.974, -25.996) | —171.987(~273.356, ~70.618) <0.001
25-30 Ref ~1.902(~58.035, 54.232) ~90.378(~155.498, ~25.257) 0057
>30 Ref ~35.852(~73.879, 2.176) ~12.161(~88.619, 64.297) 0375

Education level 0.845
Below high school Ref ~16.697(~86.805, 53.411) ~96.302(~183.340, 9.264) 0046
High school Ref —44314(-100.175, 11.547) ~69.566(~147.748, 8.616) 0044
Above high school Ref ~36.403(~71.349, ~1.458) ~49.283(~113.073, 14.508) 0025

Smoking status 0.205
Never Ref ~33.514(-72.199, 5.171) —49.447(105.743, 6.848) 0033
Former Ref ~18.42(-69.227, 32.388) ~40.736(-110.914, 29.443) 0245
Now Ref —84.36(~137.889, ~30.830)  —234.28(~333.564, ~134.996) <0.0001

Drinking status 0308
Never Ref 81.878(~14.407, 178.164) —10287(~129.309, 108.736) 0473
Former Ref —30711(~94.549, 33.128) ~99.765(~187.908, -11.622) 0028
Now Ref —48.17(~81.109,-15.230) ~57.003(~118.814, 4.629) 0.007

PIR 0.081
<13 Ref ~10.363(66.156, 45.430) ~135.94(~206.433, ~65.446) 0.002
13-35 Ref ~51.076(-98.176,-3.976)  ~104915(~171.814, ~38.016) 0.002
535 Ref ~32631(~70.410, 5.148) ~5.362(~82.738, 72.013) 0392

Hypertension 0779
No Ref ~16.36(-72.239,39.519) ~63.913(~153.968, 26.142) 0272
Yes Ref ~48.265(~76.461,-20.070) ~73.643(~128.844, ~18.442) 0.002

DM 0.867
No Ref ~38.043(-66.556, ~9.530) ~68.927(~145.156,7.302) 0014
Yes Ref —39.701(=77.901, ~1501) | —69.135(~124.373, ~13.896) 0,005

Each stratification was adjusted for age, sex, race, education, marital status, PIR, smoking staus, drinking status, BMI, WC, SB, DB, TG, TC, HDL, and energy intake except the stratification
factor itself. CI, confidence interval; MDS, magnesium depletion score; PIR, family poverty income ratio; BMI, body mass index; WC, waist circumference; SB, systolic blood pressure; DBP;
diastolic blood pressure; TG, total triglyceride; TC, total cholesterol; HDL, high-density lipoprotein cholesterol.






OPS/images/fnut-12-1518268-t001.jpg
Characteristics Overall Low MDS Middle MDS High MDS p value

(N =11,387) (N =7,982) (N =2,326) (N =1,079)
Age (years) 56.25(0.16) 53.89(0.17) 60.78 (031) 65.13(0.47) <0.0001
Age group (%) <0.0001
40-49 3,121 (31.25) 2770 (38.59) 292(16.32) 59(5.75)
50-59 3,004 (31.29) 2341 (33.32) 498 (28.19) 165 (21.74)
60-69 3230 (24.16) 2033 (20.72) 824(31.96) 373 (34.20)
70-79 2032 (13.30) 838(7.37) 712(23.53) 482 (38.31)
Sex (%) <0.0001
Female 5,791 (51.87) 4,031 (50.87) 1,158 (51.19) 602 (61.85)
Male 559 (48.13) 3,951 (49.13) 1,168 (48.81) 477 (38.15)
Race (%) <0.0001
Non-Hispanic White 5255 (75.38) 3389 (72.84) 1,259 (81.55) 607 (81.76)
Mexican American 1741 (6.13) 1,397 (7.29) 254(3.55) 90 (2.66)
Non-Hispanic Black 2,254 (8.79) 1,502(8.71) 488(8.42) 264 (10.36)
Other Hispanic 1,209 (4.12) 937 (4.76) 195 (2.61) 77 (241)
Other Race 928 (5.58) 757 (6.40) 130 (3.87) 41281
Marital status (%) <0.0001
Divorced 1751 (13.94) 1,214 (13.83) 361 (13.79) 176 (15.24)
Living with partner 543 (450) 411 (4.70) 102 (4.43) 30 (2.93)
Married 6,803 (65.95) 4858 (66.79) 1342 (64.13) 603 (63.31)
Never married 930 (7.19) 691(7.62) 176 (7.10) 63(3.79)
Separated 432(248) 315(249) 85(2.71) 32(1.89)
Widowed 928 (5.93) 493(4.57) 260(7.83) 175 (12.84)
Education level (%) 0.04
Below high school 2987 (15.36) 2,121 (15.60) 570 (13.47) 296 (17.95)
High school 2541 (22.25) 1732 (2204) 542(22.76) 267 (22.83)
Above high school 5853 (62.37) 4,124 (62.36) 1,214(63.77) 515 (59.22)
PIR (%) <0.001
<13 3402(17.13) 2382(17.24) 638 (15.15) 362 (20.99)
13-35 4,124 (3292) 2871(32.33) 844 (33.46) 409 (36.58)
535 3,861 (49.96) 2,729 (50.44) 824(51.39) 308 (42.43)
Smoking status (%) <0.0001
Never 5735 (51.32) 4207 (53.12) 1,064 (47.23) 464 (46.31)
Former 3,423 (30.53) 2,116 (27.31) 850 (37.06) 457 (41.96)
Now 2225 (18.12) 1,655 (19.58) 412015.71) 158 (11.73)
Drinking status (%) 0.002
Never 1,570 (9.98) 1,123 (1024) 288(8.57) 159 (11.16)
Former 2506 (18.12) 1676 (17.67) 525 (17.84) 305 (22.59)
Now 7311 (71.90) 5,183 (72.08) 1513 (73.59) 615 (66.26)
BMI (kg/m?) 2963 (0.11) 2924(0.12) 30.19.(0.19) 3157 (033) <0.0001
BMI group (%) <0.0001
<25 2,600 (23.99) 1991 (25.84) 451 (21.19) 158 (1694)
25-30 3903 (34.79) 2,824 (35.56) 763 (34.31) 316(31.98)
>30 4,782 (40.59) 3114 (38.59) 1,084 (4451) 584 (51.08)
WC (cm) 102,03 (0.26) 100.87 (0.30) 104,18 (0.43) 106.74 (0.62) <0.0001
SBP (mmHg) 12433 (0.26) 12305 (0.31) 127.06 (0.44) 128.49 (0.64) <0.0001
DBP (mmHg) 7190 024) 7251 (0.26) 7134 (037) 68.04(0.55) <0.0001
TG (mmol/L) 153 (0.02) 150 (0.03) 158 (0.05) 165 (0.07) 0.04
TC (mmol/L) 521(0.02) 5.24(0.02) 5.17 (0.03) 501 (0.06) <0.0001
HDL cholesterol (mmol/L) 140 (0.01) 138 (0.01) 1.44(0.02) 143 (0.02) <0.0001
Energy intake (kcal/day) 2047.93 (11.40) 2079.74 (13.18) 2023.82 (23.48) 184232 (32.38) <0.0001
Magnesium intake (mg/day) 30677 (2.56) 312,69 (2.65) 301.77 (4.61) 26979 (433) <0.0001
Calcium (mg/dL) 940 (0.01) 9.38 (0.01) 9.46 (0.01) 9.46 (0.02) <0.0001
Hypertension (%) 200001
No 5,191 (51.24) 4451 (60.49) 626 (34.36) 114 (14.50)
Yes 6,195 (48.75) 3,530 (39.51) 1700 (65.64) 965 (85.50)
DM (%) <0.0001
No 7241 (69.93) 5419 (73.31) 1,328 (65.08) 494(53.73)
Yes 4,139 (30.02) 2,556 (26.69) 998 (34.92) 585 (46.27)
Hyperlipidemia (%) <0.0001
No 2245 (19.84) 1753 (22.55) 376 (14.76) 1169.41)
Yes 9,142 (80.16) 6,229 (77.45) 1950 (85.24) 963 (90.59)
Klotho(pg/mL) 84319 (5.38) 864.50(5.71) 805.67(9.05) 75502 (12,52) <0.0001
Klotho group (%) <0.0001
Q 2,848 (24.69) 1749 (21.90) 677(29.34) 422(36.92)
Q@ 2,847 (26.12) 1967 (25.58) 602 (26.92) 278 (28.77)
a5} 2,845 (25.61) 2099 (26.58) 548 (24.80) 198 (19.41)
Q4 2,847 (23.57) 2,167 (25.94) 499 (18.94) 181 (14.90)

MDS, magnesium depletion score; PIR, family poverty income ratio; BMI, body mass index; WC, waist circumference; SBE, systolic blood pressure; DB, diastolic blood pressure; TG, total
iglyceride; TC, total cholesterol; HDL, high-density lipoprotein cholesterol; DM, diabetes mellitus. Categorical variables are presented as numbers (percentages). Sampling weights were
applied for calculation of demographic descriptive statistics. N reflect the study sample while percentages reflect the survey-weighted data.
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p (95% CI)

Model 1 Model 2 Model 3 Model 4
MDS —40.56(~48.18,-32.93) ~37.32(~45.46,-29.19) ~34.34(~42.90,:25.77) ~23.16(~36.98, ~9.34)
MDS group
Low Reference Reference Reference Reference
Middle ~58.83(~77.61,-40.04) ~50.77(~71.19,-30.35) ~45.79(~66.47,-25.12) ~35.49(~62.29, ~8.69)
High ~109.48(~13421,-84.76) ~102.45(~128.07,-76.84) ~98.81(~125.03,72.60) ~64.82(~11530,1434)
pfortrend <0.0001 <0.0001 <0.0001 0.003

Cl, confidence interval; MDS, magnesium depletion score; PIR, family poverty income ratio; BMI, body mass index; WC, waist circumference: SBP, systolic blood pressure; DB, diastolic
blood pressure; TG, total triglyceride; TC, total cholesterol; HDL, high-density lipoprotein cholesterol. Model 1: unadjusted. Model 2 adjusted for age, sex, race. Model 3:adjusted for all the
factors in Model 2 and education, marital status, PIR, smoking status, drinking status, BMI, WC, SBP, DBP. Model 4: adjusted for all the factors in Model 3 and TG, TC, HDL, energy intake.
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