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Objective

Klotho is an anti-aging gene, and the α-klotho protein it encodes reportedly has cardiovascular protective effects. The atherogenic index of plasma (AIP) is a novel and comprehensive lipid index that correlates with atherosclerotic burden and is a critical risk factor for cardiovascular diseases. There are no studies examining the relationship between AIP and α-klotho; thus, we aimed to explore this potential association.





Methods

Data were extracted from the National Health and Nutrition Examination Survey 2007–2016 database, and the relationship between AIP and serum α-klotho levels was analyzed using weighted multivariate linear regression.





Results

After adjusting for risk factors, AIP showed a significant negative correlation with the logarithm of serum α-klotho levels in women. The trend analysis and smoothed curve fitting showed a nonlinear dose–response relationship. Threshold effect analysis showed a significant difference in the association between AIP and α-klotho before and after the AIP break point (0.434). Subgroup analyses demonstrated that the negative association of AIP with α-klotho was consistent across subgroups. However, the correlation between AIP and serum α-klotho in men was not significant.





Discussion

Our study provides new evidence for sex differences in the association between AIP and serum α-klotho levels.
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1 Introduction

Since Kuro et al. discovered the klotho gene in 1997 during a study on spontaneously hypertensive mice, numerous studies have investigated its relationship with health (1–3). As an anti-aging gene, klotho is strongly expressed in the epithelial cells of the renal distal tubules and the brain’s choroid plexus (4). It encodes a 135-kDa transmembrane protein, known as the klotho protein, also referred to as the α-klotho protein, which consists of 1,012 amino acids (5). The α-klotho protein exists in two molecular forms: membrane-bound and secreted. The membrane-bound form primarily promotes phosphate excretion in the kidneys and maintains calcium-phosphorus balance. In contrast, the secreted form acts as a hormone-like cytokine, participating in processes such as anti-inflammation, antioxidation, anti-apoptosis, anti-fibrosis, anti-tumor activity, ion channel regulation, and insulin resistance (1, 6, 7). Studies in both mice and humans have consistently demonstrated that low α-klotho expression correlates with premature aging phenotypes, including osteoporosis, atherosclerosis, cognitive deficits, and immune deficiencies. Conversely, overexpressing α-klotho can reverse the progression of these aging-related conditions and prolong lifespan (8–11). Therefore, understanding the factors associated with α-klotho protein levels is critical for health monitoring and prognostic assessment.

The atherogenic index of plasma (AIP) is a newly discovered biomarker associated with lipid metabolism (12). It reflects the balance between triglyceride (TG) and high-density lipoprotein cholesterol (HDL-C) levels in the blood and serves as a sensitive biomarker for atherosclerosis. Studies have shown that AIP is significantly correlated with cardiovascular events and can effectively predict cardiovascular disease risk (13, 14). Therefore, AIP not only holds high diagnostic value in clinical practice but also provides a useful reference for early prevention and intervention. Previously, low-density lipoprotein cholesterol (LDL-C) was considered the primary therapeutic target for dyslipidemia; however, some studies have shown that even when target LDL-C levels are achieved, patients still face a high residual cardiovascular risk (15, 16). Further studies found that small dense LDL-C (sdLDL-C) poses a more significant atherogenic risk than LDL-C (17). However, the complexity and high cost of sdLDL-C testing have limited its clinical application. Recently, it has been demonstrated that AIP can indirectly reflect LDL-C particle size, quantify the degree of lipid metabolism abnormalities, and outperform traditional lipid indices (18, 19). Therefore, studying AIP appears more relevant than focusing on LDL-C. Given the importance of AIP as a marker of atherosclerotic risk and the potential role of α-klotho in lipid metabolism and cardiovascular health, there may be an association between AIP and α-klotho levels. Studying this relationship could have significant clinical implications. In clinical practice, directly measuring plasma α-klotho levels require specialized equipment and techniques, which are complex and costly. In contrast, AIP is a routine, simple, and low-cost test that can be performed through conventional blood testing. If α-klotho levels could be estimated using AIP, it would provide a more convenient and economical screening method, particularly in resource-limited settings. To our knowledge, no studies have investigated the relationship between AIP and α-klotho. Therefore, we aimed to examine this relationship in middle-aged and older US populations using data from the National Health and Nutrition Examination Survey (NHANES) 2007–2016.




2 Materials and methods



2.1 Study population

NHANES is a cross-sectional study that focuses on the health and nutritional status of the US population. It employs a complex multistage probability sampling method that includes face-to-face interviews, physical exams, and laboratory tests for data collection. The survey received ethical approval from the Ethics Review Board of the National Center for Health Statistics, and all participants provided written informed consent. Additional information is available on the NHANES website (www.cdc.gov/nchs/nhanes.htm).

This study included 50,588 participants from a nationally representative sample of NHANES from 2007 to 2016. We excluded 33,199 participants aged <40 or >79 years. Among the participants, 9,657 had missing AIP data, and 1,083 had missing α-klotho data. Ultimately, this study included 6,649 participants comprising 3,458 women and 3,191 men. Figure 1 shows the detailed screening process.




Figure 1 | Flowchart of the study design and participants excluded from the study.






2.2 Assessment of AIP

A professional technician collected participants’ fasting TG and HDL-C levels. AIP was calculated using the formula:

	

TG and HDL-C are expressed in mmol/L in the formula.




2.3 Assessment of serum α-klotho

Due to the lack of α-klotho data for individuals younger than 40 and older than 79, only participants aged 40–79 were included in this study. Notably, all original serum α-klotho samples were frozen, stored at -80°C, and sent to the University of Washington for analysis between 2019 and 2020. α-Klotho concentrations were determined using a commercially available enzyme-linked immunosorbent assay kit manufactured by IBL (Fujioka, Japan). Each sample was analyzed twice, and the average values were calculated. Comprehensive details regarding the laboratory methods and quality assurance protocols are available on the official NHANES website.




2.4 Assessment of covariates

On the basis of previous studies, we identified potential confounders for the relationship between AIP and serum α-klotho (20). These included age, race, education level, marital status, annual household income, physical activity, smoking behavior, drinking behavior, hypertension, diabetes, coronary heart disease, liver disease, kidney failure, and systemic immune-inflammatory index (SII). SII was calculated as follows:

	

Following NHANES recommendations, we categorized race as Mexican American, Other Hispanic, non-Hispanic White, non-Hispanic Black, and other. Educational level was categorized as “less than high school,” “completed high school,” and “more than high school.” Marital status was categorized as married/cohabiting or living alone. Annual household income was categorized as <$20,000 or ≥$20,000. Physical activity was categorized as inactive, moderate, vigorous, both moderate and vigorous. Smoking behavior was characterized by having smoked at least 100 cigarettes during one’s lifetime. Drinking behavior was assessed through two 24-hour dietary recalls, and participants were classified as drinkers if they reported consuming alcohol during at least one of the recalls. Diabetes was determined by meeting at least one of the following criteria: glycated hemoglobin level ≥ 6.5%, fasting blood glucose ≥ 7.0 mmol/L, self-reported physician diagnosis of diabetes, or self-reported use of insulin or glucose-lowering medications.




2.5 Statistical analysis

Given the complex multistage probability sampling design of NHANES data, this study applied weighting using the sample weight calculation method recommended by NHANES, specifically the “WTSAF2YR” or “WTMEC2YR” weights variable, to enhance the reliability of the findings. Our objective was to explore sex differences in the relationship between AIP and α-klotho. Therefore, we compared baseline characteristics and performed multiple linear regressions separately for men and women. Furthermore, to address the severely skewed distribution of α-klotho data and reduce variability between variables, we log-transformed the a-klotho levels and expressed them as Ln(α-klotho) for analysis. In the baseline data, numerical variables with a normal or approximately normal distribution were presented as mean ± standard deviation; while those with a skewed distribution were reported as median (interquartile range). Categorical variables were expressed as frequency (percentage). Baseline characteristic comparisons based on AIP quartiles were conducted using a one-way analysis of variance or the Kruskal–Wallis test for continuous variables, and the chi-square test was used for categorical variables. Weighted multiple linear regression was used to test for independent associations between AIP and Ln(α-klotho) levels across three models. AIP was analyzed as both a continuous and categorical variable (quartiles). Model 1 did not adjust for any covariates. Model 2 adjusted for age, race, education level, marital status, and annual household income. Model 3 included adjustments for all covariates. In addition, to explore the potential nonlinear relationship between AIP and Ln(α-klotho) levels, smooth curve fitting and threshold effect analysis were conducted using EmpowerRCH software to determine the optimal break point. Two-piecewise regression models were applied to examine the relationship between AIP and Ln(α-klotho) levels on either side of the break point. Furthermore, subgroup analyses were performed to test the effects of different subgroups on the results and to explore potential heterogeneity among these subgroups.





3 Results



3.1 Population characteristics

The study included 6,649 participants (3,458 women and 3,191 men). Baseline characteristics of the study population, stratified by sex, are presented in Table 1. Given the close association between α-klotho and aging, we further stratified α-klotho levels by age groups. The results showed that α-klotho levels were 805.03 (664.03, 1002.90) pg/ml in the 40–59 age group and 786.73 (645.62, 959.74) pg/ml in the 60–79 age group, with a statistically significant difference (p = 0.001). The baseline characteristics of male and female participants, classified according to AIP quartiles (less than −0.25, −0.25 to −0.03, −0.03 to 0.19, and more than 0.19), are summarized in Tables 2, 3, respectively. Among female participants, there were significant differences in age, race, education level, annual household income, hypertension, diabetes, liver disease, kidney failure, physical activity, and smoking and drinking behaviors (p < 0.05). SII increased significantly with increasing AIP (p < 0.001), while Ln(α-klotho) decreased significantly with increasing AIP (p < 0.001). Similarly, among male participants, significant differences were observed in age, race, hypertension, diabetes, and smoking and drinking behaviors (p < 0.05). However, no significant differences were observed for SII and Ln(α-klotho) (p > 0.05).


Table 1 | Baseline characteristics of the study participants stratified by sex.




Table 2 | Baseline characteristics of the female population.




Table 3 | Baseline characteristics of the male population.






3.2 Multivariate linear regression model

Weighted multivariate linear regression were used to evaluate the correlation between AIP and Ln(α-klotho) in middle-aged and older women and men, respectively. In the women’s group, Models 1, 2, and 3 showed that AIP was significantly negatively correlated with Ln(α-klotho) (Model 1: β = -0.146, 95% confidence interval [CI] = -0.210, -0.082; Model 2: β = -0.127, 95% CI = -0.194, -0.060; Model 3: β = -0.129, 95% CI = -0.209, -0.048); the higher the AIP, the lower the Ln(α-klotho). After converting the continuous variables to categorical variables, in the Models 1 (Q3: β = -0.090, 95% CI = -0.138, -0.042; Q4: β = -0.133, 95% CI = -0.179, -0.087), 2 (Q3: β = -0.072, 95% CI = -0.123, -0.021; Q4: β = -0.118, 95% CI = -0.167, -0.070), and 3 (Q3: β = -0.071, 95% CI = -0.126, -0.016; Q4: β = -0.120, 95% CI = -0.178, -0.063) results, Ln(α-klotho) was significantly lower in participants with high AIP than in those with low AIP (Q1). The trend analysis was significant, and the adjusted trend was unchanged (p < 0.001) (Table 4). In the men’s group, the relationship between AIP and Ln(α-klotho) was not significant (p > 0.05) in any of the three models, irrespective of whether AIP was used as a continuous or categorical variable (Table 5).


Table 4 | Association between the AIP and Ln(α-klotho) in woman.




Table 5 | Association between the AIP and Ln(α-klotho) in man.






3.3 Smoothed curve fitting and threshold effect analysis

Smooth curve fitting and threshold effect analysis were used to explore the relationship between AIP and Ln(α-klotho) in female participants. The findings revealed a negative nonlinear relationship (Figure 2). Threshold effect analysis showed a significant difference in the association of AIP with α-klotho before and after the AIP break point of 0.434. At this break point, the value of Ln(α-klotho) was 6.618. Before the break point, there was a significant effect of AIP on Ln(α-klotho) (p < 0.001). However, after the break point, the relationship between AIP and Ln(α-klotho) was not significant (p = 0.051) (Table 6).




Figure 2 | Smooth curve fitting for AIP and serum Ln(α-klotho) in woman. Adjusted for age, race, education level, marital status, annual household income, diabetes, hypertension, CHD, liver disease, kidney failure, physical activity, smoking behavior, drinking behavior, and SII. AIP, atherogenic index of plasma; CHD, coronary heart disease; SII, systemic immune-inflammatory index.




Table 6 | Threshold effect analysis of the relationship between AIP and Ln(α-klotho) in woman.






3.4 Subgroup analyses

Furthermore, to assess the consistency of the relationship between AIP and Ln(α-klotho) in different subgroups, we performed subgroup analyses and interaction tests in female participants. The findings indicated that AIP interacted with diabetes, smoking behavior, and drinking behavior (p for interaction < 0.05); however, the significant negative correlation between AIP and Ln(α-klotho) remained unchanged across subgroups (Figure 3). This indicates that the association between AIP and Ln(α-klotho) was consistent across various subgroups, suggesting our results’ reliability.




Figure 3 | Subgroups analyses of the effect of AIP on Ln(α-klotho) in woman. AIP, atherogenic index of plasma.







4 Discussion

Overall, this study included 6,649 participants, which comprised 3,458 women and 3,191 men. Univariate analysis showed that in female participants, Ln(α-klotho) decreased significantly with increasing AIP. However, in male participants, there was no significant difference in Ln(α-klotho) at different AIP levels. Furthermore, after adjusting for other covariates, weighted linear regression analyses of the three models consistently showed a negative correlation between AIP and Ln(α-klotho) in female participants, whereas the correlation was not significant in male participants. Subsequent smooth curve fitting analyses confirmed the negative nonlinear relationship between AIP and Ln(α-klotho) in female participants. However, threshold effect analyses confirmed the differential effect of AIP before and after the break point. Therefore, the results indicate a sex difference in the negative correlation between AIP and Ln(α-klotho); this negative correlation is significant in female participants, supporting its potential as a novel biomarker for evaluating serum α-klotho levels in women.

Current research has confirmed a decline in blood α-klotho levels with increasing age in healthy populations, with an even more pronounced reduction observed in individuals with kidney and endocrine/metabolic disorders (21). Moreover, age-related α-klotho deficiency is associated with medial calcification, intimal hyperplasia, endothelial dysfunction, arterial stiffness, hypertension, impaired angiogenesis, and vascular remodeling—hallmarks of early vascular aging (22). AIP serves as a crucial surrogate metabolic biomarker for atherosclerosis and cardiovascular disease (23). Currently, there is no direct evidence linking AIP to serum α-klotho; however, indirect evidence suggests such a connection. The two main components of AIP, TG and HDL-C, are involved in lipid metabolism. Previous studies have confirmed a potential link between lipid metabolism and aging. For instance, the aging process is associated with increased plasma lipoproteins and decreased plasma TG clearance due to decreased lipoprotein lipase activity (24). Furthermore, mean α-klotho levels were significantly lower in participants with elevated TG than in those with normal TG levels (25). In addition, klotho supplementation has been shown to reduce lipid accumulation and improved dyslipidemia in older adults (26). One study found that hypertriglyceridemia was independently associated with lower serum α-klotho levels; and this association was particularly pronounced in women (27). This finding aligns with our findings, where we observed a significant negative correlation between AIP, a novel indicator of lipid metabolism, and α-klotho levels, with this association present only in female participants.

Therefore, based on our findings, we suggest that the following mechanisms may mediate the association between AIP and serum α-klotho. First, α-klotho can inhibit the inflammatory response, potentially through the inhibition of nuclear factor kappa B and Wnt activity (28, 29). Liu et al. demonstrated in an in vitro model of chronic kidney disease that α-klotho reduces cellular inflammatory responses and improves cellular lipid metabolism (30). In addition, serum α-klotho can inhibit insulin signaling through the insulin-like growth factor receptor 1→ phosphatidylinositol 3 kinase (PI3K) → protein kinase B (Akt) → mammalian target of rapamycin complex 1 → peroxisome proliferator-activated receptor α pathway. This mechanism regulates energy metabolism in the liver and adipose tissue, promoting lipid oxidation and reducing lipogenesis (31). Finally, abnormal lipid metabolism can disrupt endoplasmic reticulum homeostasis, leading to the generation of large amounts of reactive oxygen species (32). However, α-klotho can mitigate oxidative stress induced by abnormal lipid metabolism by activating the PI3K/Akt/endothelial nitric oxide synthase pathway, downregulating lectin-like oxidized LDL receptor 1 expression, and upregulating oxidative scavengers (superoxide dismutase and nitric oxide) (33). Overall, the role of α-klotho in lipid metabolism appears complex and warrants further investigation.

Currently, the mechanisms underlying sex differences in the relationship between AIP and α-klotho remain unclear. One possible explanation is that sex hormones play distinct roles in regulating lipid dynamics, leading to sex differences in lipid profiles (34), These differences may contribute to the observed sex-specific association between AIP and α-klotho. In addition, the androgen receptor (AR) in the renal distal tubule is functionally associated with α-klotho. Androgens may bind to the AR, potentially influencing klotho gene expression (35), thereby contributing to differences in α-klotho levels between men and women. However, the exact role of this interaction in health outcomes is complex and requires further investigation. Since AIP can serve as an indicator for pharmacological interventions, further studies on the potential association between AIP and α-klotho levels, as well as sex differences in this association, are necessary.This is the first study to examine the relationship between AIP and α-klotho, revealing that higher AIP is associated with lower serum α-klotho levels. In addition to its originality, a significant strength of our study is the large sample size from NHANES and the reliability of its data sources, which minimizes bias.

Despite our promising results, this study has some limitations. First, due to its cross-sectional design, we could not establish a causal relationship between AIP and serum α-klotho protein levels. Therefore, further prospective cohort studies are necessary to investigate this causality in the future. Second, our study was based on a non-institutional US population aged 40–79, limiting the generalizability of our findings to other populations. Additional studies in diverse populations are needed to confirm these findings. Thirdly, although we controlled for several confounders, we could not account for all potential confounding factors. Some of these factors may act as mediators rather than true confounders in the observed associations. Therefore, our results should be interpreted with caution. Finally, while AIP shows promise as a biomarker, our study does not fully justify its use over LDL-C. Residual effects after LDL-C treatment may arise from genetic variability and apolipoprotein differences, which contribute to population heterogeneity. AIP alone cannot address this variability, highlighting the need for further research to compare the advantages and limitations of AIP and LDL-C in different populations.




5 Conclusions

Our study provides new evidence for sex differences in the association between AIP and serum α-klotho levels. AIP and serum α-klotho levels were negatively correlated in female participants but not significantly correlated in male participants. Further prospective studies in diverse populations are necessary to validate our findings and assess causality more thoroughly.
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