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Abstract
Objective
To investigate the relationship between uric acid to high-density lipoprotein cholesterol ratio (UHR) and circulating α-klotho levels in U.S. adults.

Methods
A cross-sectional study used data from the National Health and Nutrition Examination Survey (NHANES) from 2007 to 2016. Circulating α-klotho was defined as the dependent variable and UHR was defined as the independent variable. Multivariable linear regression was performed to assess the relationship between the independent and dependent variables. The nonlinear relationship and effect size between UHR and α-klotho were evaluated using smooth curve fitting and threshold effect analysis. Subgroup analysis and sensitivity analysis were conducted to determine the stability of the results. The diagnostic performance of UHR and α-klotho in common elderly diseases was compared using ROC (Receiver Operating Characteristic) analysis.

Results
Among 12,849 participants, there was a negative relationship between the UHR and circulating α-klotho. In the fully adjusted overall model, each unit increase in UHR was associated with a decrease of 4.1 pg/mL in α-klotho. The threshold effect analysis showed that before the inflection point of 8.2, each unit increase in UHR was associated with a decrease of 15.0 pg/mL in α-klotho; beyond the inflection point of 8.2, each unit increase in UHR was associated with a decrease of 2.8 pg/mL in α-klotho. Subgroup analyses and sensitivity analysis indicated that the relationship between UHR and α-klotho remained stable across most populations. The ROC diagnostic test indicated that the evaluative efficacy of UHR in diagnosing age-related diseases was comparable to that of α-klotho.

Conclusion
This study revealed that the UHR was associated with the circulating α-klotho concentration, with a negative association observed in most cases. This finding suggested that the UHR might be a promising indicator for evaluating circulating α-klotho levels.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12944-024-02234-6.
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Introduction
Since Kuro-OM, Midentified aging phenotypes such as arteriosclerosis, osteoporosis, skin aging, and shortened lifespan in transgenic mice with disrupted klotho genes [1], extensive research has explored the relationship between α-klotho, the predominant klotho protein, and health [2]. Subsequent studies have determined that α-klotho, which is primarily expressed in the kidneys, choroid plexus, and parathyroid glands, manifests in two forms: membrane-bound and circulating [3]. The membrane-bound α-klotho is crucial for regulating the balance of calcium and phosphate within the body, whereas the circulating form, derived from the cleavage of its membrane-bound counterpart, functions hormonally throughout the body. This form exhibits anti-aging, anti-inflammatory, and anti-fibrotic properties; regulates the cell cycle; alleviates oxidative stress; and inhibits the progression of various diseases [4–7]. Recent studies consistently demonstrate that lower levels of circulating α-klotho are associated with an increased mortality risk, while higher levels correlate with extended survival times [8–10]. Therefore, identifying a convenient predictor of circulating α-klotho levels holds clinical significance for health monitoring and prognostic assessment.
Historically, research on α-klotho has focused on its impact on diseases and prognosis, often neglecting that its levels may be influenced by factors such as inflammation, metabolism, and hormones. The uric acid (UA) to high-density lipoprotein cholesterol (HDL) ratio (UHR) emerges as a promising marker, reflecting inflammation and metabolic status with superior evaluative capabilities in conditions such as type 2 diabetes, metabolic syndrome, coronary artery disease, and hypertension, compared to evaluating HDL and UA independently [11–14]. While the relationship between UHR and serum α-klotho is not fully established, indirect evidence hints at a potential connection. Uric acid is primarily excreted by the kidneys, which also predominantly secrete α-klotho [15]. In cases of renal dysfunction, serum uric acid levels rise as α-klotho secretion diminishes [16], suggesting a negative association between uric acid and α-klotho. Furthermore, ionic homeostasis may play a role in this interaction. Fluctuations in calcium and phosphate ion levels may prompt calciprotein particles (comprising calcium phosphate and serum protein fetuin-A) to mediate phosphate-induced secretion of Fibroblast Growth Factor 23 (FGF23) by osteocytes. This process facilitates renal phosphate excretion and calcium retention [17–19]. Concurrently, FGF23 reduces renal and serum α-klotho levels [20]. Elevated FGF23 levels often coincide with increased uric acid, potentially due to FGF23’s role in inhibiting active vitamin D production [21], promoting parathyroid hormone (PTH) secretion, and downregulating uric acid transporters, leading to uric acid accumulation [22]. Although this relationship has not been conclusively validated, it is commonly observed in clinical settings [23, 24]. We propose that a reverse relationship consistently exists between uric acid and α-klotho. Additionally, there may be a link between HDL and α-klotho. Patients with metabolic syndrome and diabetes typically experience chronic inflammation [25, 26], where inflammatory factors suppress HDL secretion by the liver [27, 28] and enhance FGF23 levels, thereby reducing circulating α-klotho [29]. Another clinical study suggests that different klotho genotypes correlate with HDL levels, deepening the intrinsic connection between circulating α-klotho and HDL [30]. Therefore, although reductions in HDL commonly coincide with decreases in α-klotho, their relationship might be more intricate. In summary, uric acid and α-klotho often display a reverse trend, while HDL and α-klotho generally show a synchronous trend. Thus, we hypothesize that the UHR index, derived from these factors, could serve as an indicator of circulating α-klotho levels.
To validate the relationship between UHR and serum α-klotho and to identify a simple and convenient health assessment indicator, we utilized data from the National Health and Nutrition Examination Survey (NHANES) to provide evidence for the clinical application of this index.

Materials and methods
The study utilized data from the NHANES conducted by the National Center for Health Statistics (NCHS). NHANES is a comprehensive survey designed to collect representative information on the health and nutrition of the civilian population in the United States, including demographics, socio-economic status, dietary habits, and health-related issues. To ensure the diversity of the sample, NHANES employs a stratified, multistage probability sampling method to select participants from across the country. The study protocol was approved by the Research Ethics Review Board of the NCHS at the Centers for Disease Control and Prevention (CDC), and all participants provided written informed consent. Detailed information can be found on the NHANES website.
Data and sample sources
In this study, we primarily focused on adults from the NHANES 2007–2016 study cycle. The initial sample included 50,588 participants. We first excluded participants with missing serum α-klotho data (n = 37,010). Next, we excluded those with HDL and UA data missing(n = 729). Ultimately, 12,849 participants were included as the primary study subjects. Details are shown in Fig. 1.
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Fig. 1Flow chart of the participants selection process



Assessment of UHR and circulation α-klotho level
HDL and uric acid were measured from blood samples drawn from participants in a fasting state in the morning. The steps for HDL measurement were as follows: A magnesium sulfate/dextran solution was added to the sample, forming water-soluble complexes with non-HDL cholesterol, which did not react with the measurement reagents in subsequent steps. Then, by adding polyethylene glycol esterase, HDL cholesterol esters were converted to HDL cholesterol. The hydrogen peroxide generated in this reaction reacted with 4-aminoantipyrine and HSDA to form a purple or blue dye. Finally, laboratory researchers determined HDL levels by photometric measurement at 600 nm. The steps for UA measurement were as follows: Serum uric acid concentration was measured using the timed endpoint method with a DxC800 automated chemical analyzer. Uric acid was oxidized by uricase to produce allantoin and hydrogen peroxide. Hydrogen peroxide reacted with 4-aminoantipyrine (4-AAP) and 3,5-dichloro-2-hydroxybenzenesulfonate (DCHBS) in a peroxidase-catalyzed reaction to produce a colored product, which was then measured photometrically at 520 nm to determine uric acid levels. Then, UHR (%) was then calculated by dividing UA (mg/dL) by HDL (mg/dL) and multiplying by 100 [31, 32].
Serum Klotho levels was determined by the IBL ELISA method. Blood samples were also drawn from participants in a fasting state in the morning. Until the formal operation, samples received on dry ice were stored at -80 °C. The researchers analyzed the samples in duplicate, and the average of the two measurements was used to calculate the final serum free α-klotho value [33].

Covariables
This study considered multiple variables that could influence the association between UHR and circulation α-klotho. These variables encompassed a range of demographic characteristics of the study population, including age, race, marital status, education level, and income-to-poverty ratio. Additionally, lifestyle factors such as smoking and drinking habits, BMI, and metabolic diseases were included. Smoking history was determined by whether the participant had ever smoked more than 100 cigarettes. Drinking history was assessed based on whether the participant had consumed 12 ounces of beer, 5 ounces of wine, or 1.5 ounces of liquor within the past year. In addition, the study considered common causes and diseases that may affect metabolic levels and α-klotho, such as eGFR, serum vitamin D (VD), hypertension (HTN), coronary vascular disease (CVD), diabetes (DM), stroke, chronic kidney disease (CKD) and Cancer. These conditions were identified through questionnaires and laboratory indicators. Specific questionnaire content can be found on the NHANES website.

Statistical analyses
According to NCHS recommendations, appropriate weights were applied to each analysis conducted in this study. For normally distributed data, t-tests were used to compare groups, while non-normally distributed data were compared using the Mann-Whitney U test or Kruskal-Wallis rank sum test. For comparisons between categorical variables, the chi-square test or Fisher’s exact test was employed. Participants were stratified into three groups based on UHR tertiles, specifically tertile 1 (CMIQ1 ≤ 33rd percentile), tertile 2 (CMIQ2 > 33rd percentile to ≤ 66th percentile), and tertile 3 (CMIQ3 > 66th percentile).
In assessing association between independent and dependent variables, multivariable linear regression models were utilized. Smooth curve fitting was employed to illustrate the non-linear association between UHR and circulation α-klotho levels. In case of non-linear association, a recursive algorithm was applied to determine the threshold effects of non-linear models and identify meaningful inflection points. Notably, this study employed three different models for multivariable linear regression analysis to ascertain the association between UHR and circulation α-klotho levels. In Model 1, adjustments were not made for any covariables. In Model 2, adjustments were made for age, sex, and race. In Model 3, adjustments were made for age, sex, marital status, race, income-to-poverty ratio, education level, smoking and drinking habits, BMI, eGFR, serum vitamin D levels, HTN, CVD, DM, Stroke, Cancer, and CKD. Additionally, subgroup analyses were conducted on several covariables of interest to assess the stability and reliability of the study. Furthermore, to demonstrate the stability of UHR and serum α-klotho levels across different populations, drug-naive participants were selected, and their association would be validated through multivariable linear regression analysis. Lastly, ROC analysis was performed to compare the diagnostic performance of UHR and serum α-klotho levels for several common diseases. All analyses were performed using R (version 4.2.1) and Empower Stats (version 4.1).


Results
Characteristics of participants
We analyzed data from 12,849 participants collected by NHANES from 2007 to 2016 to investigate the relationship between UHR and serum α-klotho. Since both UHR and α-klotho are continuous variables, we grouped the participants according to tertiles of UHR. Significant differences (P < 0.05) were observed in the distribution of age, sex, lipid levels, blood glucose, α-klotho, eGFR, serum vitamin D, BMI, income-to-poverty ratio, marital status, smoking, drinking, HTN, blood lipids, DM, stroke, CVD and CKD across the three tertiles. Participants in the T3 group exhibited higher disease risk, poorer lifestyle habits, and higher UHR levels compared to the other groups, as detailed in Table 1.
Table 1Characteristics of participants


	 	T1
	T2
	T3
	P

	N
	4277
	4224
	4348
	-

	Age(years)
	56.1 ± 10.5
	56.5 ± 10.2
	56.0 ± 10.5
	0.0358

	BMI
	26.7 ± 5.7
	30.0 ± 6.4
	32.1 ± 6.5
	< 0.0001

	GLU(mg/dL)
	103.0 ± 27.7
	112.7 ± 37.9
	117.6 ± 37.6
	< 0.0001

	HDL(mg/dL)
	70.2 ± 17.1
	51.7 ± 9.1
	39.7 ± 7.6
	< 0.0001

	TC(mg/dL)
	206.7 ± 39.1
	199.7 ± 40.8
	195.3 ± 45.6
	< 0.0001

	TG(mg/dL)
	93.4 ± 95.6
	129.3 ± 76.0
	183.0 ± 130.8
	< 0.0001

	LDL(mg/dL)
	117.6 ± 34.8
	120.6 ± 35.0
	117.4 ± 37.8
	0.0071

	eGFR(mL/min/1.73 m²)
	97.84 ± 32.57
	108.40 ± 37.22
	114.64 ± 40.13
	< 0.0001

	Uric acid(mg/dL)
	4.36 ± 0.96
	5.49 ± 0.97
	6.68 ± 1.24
	< 0.0001

	α-klotho(pg/mL)
	881.3 ± 311.3
	839.4 ± 289.8
	810.8 ± 266.9
	< 0.0001

	VD(nmol/L)
	80.0 ± 32.5
	71.8 ± 27.2
	67.6 ± 24.5
	< 0.0001

	Income-poverty ratio (%)
	3.4 ± 1.6
	3.2 ± 1.6
	3.1 ± 1.6
	< 0.0001

	Male(%)
	19.4
	51.2
	75.2
	< 0.0001

	Ethnic(%)
	 	 	 	0.058

	Non-Hispanic White
	74.1
	71.4
	73.3
	 
	Non-Hispanic Black
	9.4
	9.1
	8.8
	 
	Other Race
	16.6
	19.5
	17.9
	 
	Married(%)
	64.1
	66
	67.9
	< 0.0001

	College and above(%)
	67.3
	60
	57.3
	< 0.0001

	Drinking(%)
	76.7
	76.4
	80.1
	< 0.0001

	Smoking(%)
	43.3
	46.5
	54.5
	< 0.0001

	CVD(%)
	2.1
	4.3
	6.5
	< 0.0001

	DM(%)
	7.2
	13.8
	20
	< 0.0001

	HTN(%)
	31.5
	42.5
	51.6
	< 0.0001

	CKD(%)
	8.39
	5.69
	6.26
	< 0.0001

	Cancer(%)
	13.1
	13.9
	13.5
	0.5701

	Stroke(%)
	2.5
	2.9
	4.5
	< 0.0001


Note T: Tertile, TC: Total Cholesterol, TG: Triglycerides, LDL: Low-Density Lipoprotein Cholesterol, HDL: High-Density Lipoprotein Cholesterol, GLU: Glucose, eGFR: Estimated Glomerular Filtration Rate, VD: serum vitamin D, CVD: Cardiovascular Disease, DM: Diabetes Mellitus, HTN: Hypertension, CKD: Chronic Kidney Disease




Association between UHR and a-klotho
After conducting multivariable logistic regression analysis across three models, we observed a negative association between UHR and serum α-klotho levels. In fully adjusted Model 3, the independent effect of UHR on serum α-klotho levels was (β=-4.1, 95% CI: -5.4, -2.7), indicating that with each unit increase in UHR, serum α-klotho decreases by 4.1 pg/mL (see Table 2). This negative association persisted across UHR tertile groups (P for Trend < 0.001), with the most pronounced decline in α-klotho observed in the T3 group (β=-37.5, 95% CI: -54.3, -20.7) (see Table 3).
Table 2Multivariable regression analysis of the relationship between UHR and its components with circulating α-klotho


	Exposure
	Model1
	Model2
	Model3

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

	UHR
	-6.6 (-7.6, -5.5)
	< 0.001
	-6.2 (-7.2, -5.2)
	< 0.001
	-4.1 (-5.4, -2.7)
	< 0.001

	UA
	-33.3(-36.9, -29.6)
	< 0.001
	-30.7 (-34.7, -26.8)
	< 0.001
	-25.7 (-30.5, -21.0)
	< 0.001

	HDL
	0.5 (0.2, 0.8)
	< 0.001
	0.1 (-0.2, 0.4)
	0.507
	-0.0 (-0.4, 0.4)
	0.93


Note Model 1:unadjusted; Model 2: adjust for gender, age, race; Model 3: adjust for gender, age, race, marital status, Income-poverty ratio, BMI, education, smoking, drinking, eGFR, VD, CVD, DM, HTN, Cancer, CKD, Stroke



Simultaneously, we found that the association between HDL and α-klotho was not significant. Although there was a significant association between UA and α-klotho, the multivariable regression analysis by tertiles showed that the 95% CI for UA’s T3 group [-68.7 (-85.0, -52.4)] was wider than that for UHR’s T3 group [-37.5 (-54.3, -20.7)], indicating that the stability of the association between UA and α-klotho is weaker compared to that of UHR and α-klotho.
Table 3Multivariable regression analysis of the relationship between UHR groups and its components groups with circulating α-klotho


	Exposure
	Tertile group
	Model 1
	Model 2
	Model 3

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

	UHR
	0.68–8.73
	Ref
	-
	Ref
	-
	Ref
	-

	8.73–12.85
	-46.4 (-59.4, -33.4)
	< 0.001
	-44.1 (-57.1, -31.2)
	< 0.001
	-35.1 (-49.4, -20.8)
	< 0.001

	12.93–39.62
	-72.6 (-85.5, -59.7)
	< 0.001
	-54.7 (-68.8, -40.6)
	< 0.001
	-37.5 (-54.3, -20.7)
	< 0.001

	groups trend
	-7.5 (-8.9, -6.2)
	< 0.001
	-5.6 (-7.1, -4.1)
	< 0.001
	-3.8 (-5.5, -2.0)
	< 0.001

	UA
	0.40–4.70
	Ref
	 	Ref
	 	Ref
	-

	4.80–5.90
	-46.7 (-59.8, -33.6)
	< 0.001
	-38.3 (-51.7, -24.9)
	< 0.001
	-32.8 (-47.6, -17.9)
	< 0.001

	6.10–13.00
	-98.9 (-111.8, -86.0)
	< 0.001
	-86.5 (-100.5, -72.5)
	< 0.001
	-68.7 (-85.0, -52.4)
	< 0.001

	groups trend
	-36.7 (-41.4, -31.9)
	< 0.001
	-32.1 (-37.3, -27.0)
	< 0.001
	-25.5 (-31.5, -19.4)
	< 0.001

	HDL
	10.82–42.92
	Ref
	 	Ref
	 	Ref
	-

	44.08–56.84
	10.5 (-2.5, 23.6)
	0.113
	0.8 (-12.3, 13.9)
	0.905
	0.2 (-14.2, 14.6)
	0.98

	58.00-225.83
	25.7 (12.4, 39.0)
	< 0.001
	7.4 (-6.5, 21.3)
	0.296
	2.5 (-13.6, 18.6)
	0.759

	groups trend
	0.8 (0.4, 1.3)
	< 0.001
	0.3 (-0.2, 0.7)
	0.265
	0.1 (-0.4, 0.6)
	0.742


Note Model 1:unadjusted; Model 2: adjust for gender, age, race; Model 3: adjust for gender, age, race, marital status, Income-poverty ratio, BMI, education, smoking, drinking, eGFR, VD, CVD, DM, HTN, Cancer, CKD, Stroke




Non-linear relationship between UHR and α-klotho
We performed smooth curve fitting and threshold effect analysis to investigate the relationship between UHR levels and serum α-klotho. The results indicated a negative, nonlinear relationship, as shown in Fig. 2. The threshold effect analysis revealed a significant difference in the effect of UHR on α-klotho before and after the inflection point at UHR 8.2. Specifically, at the UHR inflection point of 8.2, the serum α-klotho level was 862 pg/mL. Before the inflection point of 8.2, each 1% increase in UHR was associated with a 15.0 pg/mL decrease in α-klotho levels. After the inflection point, each 1% increase in UHR was associated with a 2.8 pg/mL decrease in α-klotho levels (see Table 4).
[image: ]
Fig. 2The association between UHR and α-klotho level. (A) The red line represents the curve fitting between the independent variable and the dependent variable. The blue line indicates the 95% confidence interval for the fit. (B) Each black dot represents a sample from a participant


Table 4Threshold effect analysis of the relationship between UHR and circulating α-klotho


	Results of threshold effect analysis
	Outcome
	P-value

	Model 1
	-
	-

	one-line effect
	-4.1 (-5.4, -2.7)
	<0.001

	Model 2
	-
	-

	Break point (K)
	8.2
	-

	< K
	-15.0 (-20.9, -9.0)
	<0.001

	> K
	-2.8 (-4.3, -1.3)
	<0.001

	Difference in effect before and after the breakpoint
	12.2 (5.7, 18.7)
	<0.001

	α-klotho content at the folding point
	862.0 (852.6, 871.4)
	-

	Logarithmic likelihood ratio test P-value
	-
	< 0.001





Results of subgroup analyses
To determine the stability of the association between UHR and serum α-klotho levels, we conducted subgroup analyses. The results indicated that the negative association between UHR and serum α-klotho levels remained stable across most subgroups, supporting the reliability of the study. Additionally, the subgroup analyses revealed that gender and BMI might influence the association between UHR and serum α-klotho levels, as detailed in Table 5.
Table 5Subgroup analyses of the association between UHR and serum α-klotho


	Subgroup
	β(95% CI)
	P for interaction

	Male
	-2.8 (-4.4, -1.1)
	0.0058

	Female
	-6.3 (-8.4, -4.2)

	Age < 60
	-4.5 (-6.3, -2.8)
	0.3878

	Age > 60
	-3.6 (-5.4, -1.8)

	Drinking
	-4.2 (-5.7, -2.7)
	0.7155

	No Drinking
	-3.7 (-6.1, -1.4)

	Smoking
	-3.7 (-5.4, -2.1)
	0.4771

	No Smoking
	-4.5 (-6.4, -2.7)

	BMI < 25
	-8.0 (-11.3, -4.7)
	0.0010

	BMI:25–30
	-3.5 (-5.8, -1.2)

	BMI > 30
	-2.3 (-4.0, -0.5)

	CVD
	-6.6 (-10.8, -2.3)
	0.2230

	No CVD
	-3.9 (-5.3, -2.4)

	DM
	-4.7 (-7.3, -2.1)
	0.5408

	No DM
	-3.8 (-5.3, -2.3)

	Cancer
	-2.1 (-5.6, 1.4)
	0.2236

	No Cancer
	-4.4 (-5.8, -3.0)

	HTN
	-4.0 (-5.7, -2.4)
	0.9115

	No HTN
	-4.2 (-6.0, -2.3)

	Stroke
	-3.0 (-8.2, 2.3)
	0.6781

	No Stroke
	-4.1 (-5.5, -2.7)

	CKD
	-3.8 (-7.4, -0.2)
	0.8855

	No CKD
	-4.1 (-5.5, -2.6)


Note BMI: Body Mass Index, CVD: Cardiovascular Disease, DM: Diabetes Mellitus, HTN: Hypertension, CKD: Chronic Kidney Disease




Sensitivity analyses
Considering the impact of medications on serum α-klotho, uric acid, and lipid profiles, this section focuses on the association between UHR and α-klotho in a population not taking medications. We excluded individuals taking RAAS inhibitors (Including angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, and aldosterone receptor antagonists.), statins, allopurinol, and febuxostat, as well as other medications. ultimately including 7442 participants for the study. Similar to the main study, we analyzed the association between UHR and α-klotho using three multivariable regression models. The results confirmed that the association between UHR and α-klotho persisted, indicating the stability of the association between UHR and circulating α-klotho. Details can be found in Table 6.
Table 6Multivariable regression analysis of UHR and circulating α-klotho in unmedicated population


	Exposure
	Model1
	Model2
	Model3

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

	UHR
	-6.1 (-7.5, -4.6)
	< 0.001
	-4.2 (-5.8, -2.6)
	< 0.001
	-4.2 (-6.2, -2.3)
	< 0.001

	UHR T1: 1.35–8.12
	ref
	 	ref
	 	ref
	 
	UHR T2: 8.12–12.26
	-42.8 (-60.0, -25.7)
	< 0.001
	-32.8 (-50.4, -15.3)
	< 0.001
	-33.3 (-53.1, -13.4)
	< 0.001

	UHR T3: 12.26–37.05
	-65.2 (-82.3, -48.0)
	< 0.001
	-41.3 (-60.3, -22.2)
	< 0.001
	-40.9 (-63.7, -18.1)
	< 0.001

	UHR groups trend
	-6.9 (-8.8, -5.1)
	< 0.001
	-4.3 (-6.3, -2.2)
	< 0.001
	-4.1 (-6.6, -1.6)
	< 0.001


Note Model 1:unadjusted; Model 2: adjust for gender, age, race; Model 3: adjust for gender, age, race, marital status, Income-poverty ratio, BMI, education, smoking, drinking, eGFR, VD, CVD, DM, HTN, Cancer, CKD, Stroke




ROC curves of UHR and α-klotho in Age-related diseases
To better evaluate the diagnostic efficacy of UHR and α-klotho in age-related diseases, we conducted diagnostic tests on four common diseases. The results showed that UHR has slightly lower evaluative value compared to α-klotho in diagnosing CKD. For diagnosing DM, HTN, stroke, and CVD, UHR exhibits evaluative efficacy that is no less than that of circulating α-klotho. However, both of them are less effective in diagnosing cancer, as detailed in Fig. 3 and Table S1.
[image: ]
Fig. 3ROC curves of UHR and α-klotho in Age-related diseases: (A) ROC curves of UHR and α-klotho in CVD (B) ROC curves of UHR and α-klotho in HTN (C) ROC curves of UHR and α-klotho in DM (D) ROC curves of UHR and α-klotho in CKD (E) ROC curves of UHR and α-klotho in Cancer (F) ROC curves of UHR and α-klotho in Stroke




Discussion
This cross-sectional study encompassed a total of 12,849 participants. Among these, those with poor lifestyle habits and metabolic diseases exhibited higher UHR levels and lower serum α-klotho levels. Additionally, after adjusting for other covariables, multivariable regression analysis across three models consistently indicated a negative association between UHR and serum α-klotho. Subsequent smooth curve fitting analysis reinforced the negative nonlinear relationship between UHR and serum α-klotho, while threshold effect analysis confirmed varying impacts of UHR values before and after the inflection point. Consequently, the results suggest that the UHR index is negatively related to α-klotho, supporting its potential as a novel biomarker for assessing circulating α-klotho levels.
Currently, research on the relationship between UHR and circulating α-klotho is sparse, with no direct evidence to corroborate this link. However, indirect evidence points to a connection. The two major components of UHR, UA and HDL, may be implicated in the pathophysiological mechanisms related to α-klotho. Lee HJ proposed that UA might associated with α-klotho via FGF23 as an intermediary [34]. When FGF23 and α-klotho interact with FGFR in the parathyroid gland, they can diminish PTH [35, 36], enhancing the excretion of uric acid in renal tubules [37]. Conversely, impaired FGF23/α-klotho signaling elevates PTH, diminishes UA excretion, and increases serum UA levels [38]. This mechanism links α-klotho and uric acid to some extent. Additionally, hyperuricemia often corresponds with reduced circulating α-klotho levels. Various studies indicate that elevated uric acid levels are frequently observed in patients with renal insufficiency [39–43], and interventions targeting uric acid may alleviate kidney damage [44, 45]. Given that the kidneys are the primary production site for α-klotho, a decline in renal function would reduce α-klotho levels while uric acid accumulates, leading to simultaneous increases in uric acid and decreases in α-klotho. Similarly, HDL and α-klotho levels often decline concurrently. Chronic inflammation can affect liver ApoA-I synthesis, thus reducing HDL production [46]. Inflammatory factors may also elevate FGF23 through inflammatory pathways, reducing circulating α-klotho levels [47]. Interestingly, treatments like statins, niacin, and fibrates are known to increase HDL levels and simultaneously elevate α-klotho content [48, 49]. Moreover, while our study did not find statistical significance between HDL and α-klotho, they exhibited a similar trend in the baseline characteristics of the population. Though the underlying mechanism remains unclear, HDL, and α-klotho consistently fluctuate showed a similar trend in fluctuating in the same direction. In summary, this study’s conclusion that UHR is negatively association with α-klotho is align with clinical and physiological evidence, affirming UHR’s potentialaligns with clinical and physiological insights. Therefore, UHR indeed shows promise as an indicator for assessing α-klotho levels in the body.
Moreover, subgroup analyses indicated that gender and BMI might influence the association between UHR and serum α-klotho levels. The negative relationship of UHR and α-klotho was significantly observed in female participants compared to males, possibly due to differences in how estrogen and androgen affect UA, HDL, and α-klotho. Influenced by estrogen, UA and HDL levels are generally lower in females [50]. However, once females reach menopause, the rapid decline in estrogen accelerates aging and exacerbates metabolic diseases. This could explain the more pronounced negative impact of UHR on α-klotho among 40-79-year-old female participants in this study [51, 52]. Additionally, patients with lower BMI showed a more significant negative association between UHR and α-klotho, possibly due to higher HDL and lower UA levels, resulting in reduced UHR values. This is consistent with the threshold analysis, which indicated more significant fluctuations in α-klotho before a UHR value of 8.2. This may be because individuals with lower BMI have fewer pro-inflammatory factors in their blood; conversely, increased BMI sharply elevates pro-inflammatory factors released by adipocytes, leading to abnormal lipid profiles and the rapid development of adverse conditions, causing a sudden drop in α-klotho levels [53, 54]. Furthermore, many studies have observed that lighter-weight patients have higher circulating α-klotho levels, which might explain the greater fluctuations in serum α-klotho among lower BMI patients [55]. Meanwhile, Considering the impact of urate-lowering drugs, RAAS inhibitors, statins, and other medications on UHR and α-klotho, we conducted a sensitivity analysis. The results confirmed that the association between UHR and α-klotho remained robust, even after excluding individuals taking these medications. Despite the known effects of kidney disease, metabolic disorders, diabetes, age, and medications on HDL, UA, and α-klotho [56–58], our study determined that these factors did not influence the association between UHR and α-klotho. To verify that the UHR metric can assess α-klotho levels while maintaining diagnostic efficacy for age-related diseases akin to that of α-klotho, we conducted ROC diagnostic tests. The results indicated that UHR, though less effective than α-klotho in diagnosing CKD, performed slightly better than α-klotho in diagnosing other common age-related diseases such as CVD, DM, stroke, and HTN. However, both metrics were less effective in diagnosing cancer. These findings suggest that UHR can effectively assess α-klotho levels in most cases and has the potential to be an indicator for evaluating age-related diseases and α-klotho levels in the body.
In conclusion, our study has several strengths. To our knowledge, this is the first study to explore and establish the relationship between UHR and α-klotho, demonstrating its novelty. Secondly, we observed that the measurement cost of α-klotho is higher than that of HDL and UA, and current α-klotho testing kits on the market vary in quality, with inconsistent measurement standards. Therefore, our study recommends using the simple and portable UHR index to estimate α-klotho fluctuations and levels, significantly reducing the cost and variability of assessing α-klotho [59]. However, there are some limitations to our study. Firstly, many potential factors influence UHR and α-klotho, and the physiological role of α-klotho is highly complex and not fully understood. Although this study included covariables such as CKD, HTN, and DM, we cannot exclude all potential confounding variables affecting the results. Therefore, the conclusions of this study should be validated by subsequent research. Secondly, although cross-sectional studies are useful for preliminary exploratory research and hypothesis generation, they cannot provide causal evidence. Although we found a negative association between the UHR index and blood α-klotho, we could not explain the intrinsic mechanisms underlying their association. Future research should consider longitudinal designs or experimental methods to deepen the understanding of this issue. Thirdly, the range for determining low circulating α-klotho levels is not yet established, limiting our ability to compare the sensitivity and accuracy of UHR and other evaluative indicators in assessing low α-klotho levels. Although the ROC curve indicates that UHR has slightly strength diagnostic efficacy for age-related diseases than α-klotho, its effectiveness is modest. Therefore, further research is necessary to identify more effective indicators. Finally, significant differences in genetic background, lifestyle, medical standards, and socioeconomic conditions exist across different countries and regions. Our findings may not be entirely applicable to other countries, so caution is needed when applying these results globally, taking into account local environmental and population characteristics. Future research should expand the sample size to include more countries and cultures, enhancing the generalizability and applicability of the findings.

Conclusion
This study confirmed a negative association between UHR and circulating α-klotho, with different evaluative effects of α-klotho values before and after the inflection point. Additionally, the study found that the negative association between UHR and α-klotho applies to most situations, indicating that this index has a certain stability in assessing circulating α-klotho levels.
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