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This study investigated the relationship between serum Alpha-Klotho (α-Klotho) levels and bone 
mineral density (BMD) in patients with chronic kidney disease (CKD) using data from the National 
Health and Nutrition Examination Survey (NHANES) 2011–2016. A population of 781 CKD patients 
aged ≥ 40 years was analyzed using multiple linear regression models to examine the association 
between serum α-Klotho levels and BMD at different skeletal sites, with adjustments for demographic, 
lifestyle, and clinical factors. Results showed that serum α-Klotho levels were significantly correlated 
with BMD at thoracic spine (β = 0.004 g/cm2, p = 0.00264), total BMD (β = 0.003 g/cm2, p = 0.02591), and 
trunk BMD (β = 0.002 g/cm2, p = 0.03708), while no significant associations were observed at the left 
leg, lumbar spine, or pelvis. Stratified analyses showed that the association was more pronounced in 
men, non-Hispanic whites, those with a body mass index greater than 29.9 kg/m2, and those without 
hypertension and diabetes. The inconsistent associations observed across different skeletal sites 
suggest that it remains unclear whether serum α-Klotho levels are consistently associated with BMD in 
CKD patients. Additionally, the cross-sectional design precludes any determination of causality in the 
observed site-specific associations.
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CKD has increasingly become a critical global public health issue. Recent epidemiological investigations reveal a 
global landscape of CKD, with approximately 18.99 million new cases and an estimated 697.29 million prevalent 
cases reported in 20191. An estimated 14.0% of American adults currently experience CKD2. More alarmingly, 
over 90% of individuals with CKD are unaware of their condition3. The maintenance of BMD is regulated by 
various factors, and its disruption in CKD patients is well documented4. CKD mineral and bone disorder (CKD-
MBD) is a common and serious complication in CKD patients, characterized by a progressive increase in fracture 
and disability risks concurrent with renal function deterioration5. CKD-MBD significantly compromises patient 
well-being and prognosis, while demonstrating a profound correlation with increased cardiovascular and all-
cause mortality risks6. Therefore, a comprehensive investigation of the relationship between CKD and BMD 
holds substantial clinical significance.

The klotho protein, originally identified for its anti-aging characteristics, also functions as a significant 
regulator of mineral metabolism, with its primary expression localized in the kidney7. As a critical co-receptor 
for fibroblast growth factor 23 (FGF23), the protein significantly maintains calcium and phosphorus metabolic 
equilibrium7,8. While traditional CKD-MBD markers such as FGF23 and PTH have been extensively studied 
and incorporated into clinical practice, α-Klotho deserves particular focus for several distinct reasons. First, 
unlike FGF23 and PTH which primarily serve as downstream indicators of disturbed mineral metabolism, 
α-Klotho functions as a fundamental regulator at the crossroads of mineral homeostasis and bone metabolism 
pathways9. Second, while the relationship between elevated FGF23/PTH and bone abnormalities is relatively 
well-characterized, the independent role of α-Klotho in bone health remains considerably underexplored despite 
its critical position as an FGF23 co-receptor10. Third, preliminary evidence suggests α-Klotho possesses direct 
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bone-protective properties through mechanisms separate from its FGF23-related functions, including inhibition 
of osteoclastogenesis and promotion of osteoblast differentiation11. These unique properties become particularly 
relevant in the context of CKD, where significant alterations in α-Klotho expression occur.

Serum klotho levels demonstrate markedly reduced concentrations among CKD patients, with those in 
CKD stages 3–4 exhibiting approximately 30–50% lower serum klotho levels than healthy controls12. Existing 
literature presents conflicting evidence concerning the clinical relationship between klotho protein and BMD, 
with some studies suggesting a potential positive correlation. Research by Zheng et al.13 showed a substantial 
correlation linking klotho levels with BMD in maintenance hemodialysis patients. Investigating end-stage renal 
disease (ESRD) patients across middle and advanced age groups, Huang et al.14 further confirmed a positive 
correlation between klotho protein concentrations and BMD, suggesting that high Klotho levels may act as a 
protective factor. However, Marchelek-Mysliwiec15 reported no significant association between klotho protein 
and BMD in chronic renal failure patients. In a study by Lee16, α-Klotho was found to have no correlation with 
BMD in chronic hemodialysis patients. More controversially, some research indicates that klotho levels may be 
negatively correlated with BMD. For example, research encompassing 59 renal transplant patients demonstrated 
an inverse correlation between α-Klotho protein and lumbar spine BMD17. These controversial findings indicate 
the critical need for comprehensive exploration of the klotho-BMD relationship across more expansive and 
more diverse population cohorts.

This study analyzed the relationship between α-Klotho and BMD in patients aged 40 years and older, utilizing 
data from three cycles of the NHANES (https://www.cdc.gov/nchs/nhanes/) conducted between 2011 and 2016. 
Based on the available evidence, we hypothesized that serum α-Klotho levels are positively associated with 
BMD in patients with CKD, with varying effects across different population subgroups. The study focused on 
examining the association between α-Klotho and BMD in various body regions among patients with CKD. 
Through stratified analyses by gender, age, ethnicity, BMI, and the presence of chronic diseases, we evaluated 
the potential of serum α-Klotho as a predictive indicator for bone loss and osteoporosis in patients with CKD.

Methods and materials
Study population
This study utilized data from the 2011–2016 cycle of the NHANES, a national program led by the Centers for 
Disease Control and Prevention to assess the health and nutritional status of the U.S. population. Comprehensive 
health indicators are collected through questionnaires, physical examinations, and laboratory tests, providing 
nationally representative data on demographic characteristics, biochemical parameters, and physical 
examinations. Over the three survey cycles, we excluded 22,041 individuals lacking α-Klotho measurements, 
4,186 individuals with incomplete BMD data, and 2,894 individuals without CKD from the initial 29,902 
participants, resulting in a final analytic sample of 781 participants (Fig. 1).

Independent variable and dependent variables
In this study, serum α-Klotho was designated as the independent variable. Samples were measured by the 
University of Washington Northwest Lipid Metabolism and Diabetes Research Laboratory using ELISA kits. 
Data analysis incorporated the averaged results from repeated sampling. The dependent variables included left 
leg BMD, trunk bone BMD, thoracic spine BMD, lumbar spine BMD, pelvic BMD, and total BMD. BMD data 
were measured using a dual-energy X-ray absorptiometry (DEXA) scanner (Hologic Discovery DEXA Scanner, 
Hologic, Inc., Bedford, MA, USA) and scans were analyzed using APEX 4.1.

Collection of covariates
We collected and integrated various demographic and clinical characteristics of the participants. Continuous 
variables included age, BMI, ALP, AST, ALT, total serum calcium, creatinine, albumin, blood phosphorus, blood 
urea nitrogen, glomerular filtration rate (GFR), dietary vitamin D2 + D3, dietary calcium and 25(OH)vitamin D; 
categorical variables included gender, race, income poverty ratio, alcohol use, education level, smoking status, 
physical activity and comorbid diabetes and hypertension.

Of these, Income levels were categorized based on family poverty ratio: low income (< 1.3), middle income 
(1.3–3.5), and high income (≥ 3.5). Smoking status was categorized as: non-smokers (less than 100 lifetime 
cigarettes), ex-smokers (≥ 100 lifetime cigarettes, currently non-smokers), and current smokers (≥ 100 lifetime 
cigarettes, currently smokers). Alcohol ues was classified as none (lifetime consumption of < 12 drinks), moderate 
(1 drink per day for women, 1–2 drinks per day for men), and heavy (≥ 2 drinks per day for women, ≥ 3 drinks 
per day for men). Physical activity was converted to metabolic equivalent (MET) minutes per week of moderate 
to vigorous exercise18. According to the Physical Activity Guidelines for Adults19, participants were classified 
as meeting recommendations (≥ 600 MET-minutes/week, equivalent to 150 min/week of moderate-intensity or 
75 min/week of vigorous-intensity physical activity) or not meeting recommendations (< 600 MET-minutes/
week). Dietary vitamin D and calcium intake were assessed using two 24-hour dietary recalls: one in-person 
and one by telephone 3–10 days later. Intake values were calculated by averaging both recalls or using only the 
first when second recalls were missing. Data were collected using the automated multiple pass method and 
structured interviews. Presence of hypertension and diabetes was determined through self-reported physician 
diagnoses obtained during structured interviews.

Diagnosis of CKD
CKD was diagnosed based on either (1) a GFR < 60 ml/min/1.73 m2 (G3a-G5), or (2) a GFR ≥ 60 ml/min/1.73 m2 
(including both G1 and G2 stages) in conjunction with an elevated urinary albumin-to-creatinine ratio 
(ACR) > 30 mg/g (A2 or A3)20. GFR was estimated using the CKD-EPI (Chronic Kidney Disease Epidemiology 
Collaboration) formula that combines serum creatinine, race, and gender21. Serum creatinine was measured 
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using the IDMS-calibrated Jaffe rate method according to the NHANES protocol. Because of the cross-sectional 
design of NHANES, the diagnosis of CKD was based on a single measurement of serum creatinine and ACR 
rather than multiple measurements over a three-month period, as clinically recommended, which is consistent 
with previous epidemiologic studies utilizing NHANES data for CKD research.

Statistical methods
To enhance the representativeness of the NHANES data, we employed sample weights to account for its 
complex multistage sampling design in all analyses. These weights adjust for unequal selection probabilities, 
non-response bias, and post-stratification to match sample demographic characteristics with the U.S. general 
population, thereby ensuring results reflect the target population characteristics rather than merely the sample 
distribution. Specifically, we utilized the Mobile Examination Center (MEC) weights provided by NHANES, 
adjusted for the pooled six-year period (2011–2016) by dividing the weights by 3. For descriptive statistics, study 
subjects were stratified into quartiles based on α-Klotho protein levels. Continuous variables were reported 
as mean ± standard deviation, whereas categorical variables were expressed as percentages. Multiple linear 
regression models were subsequently utilized to analyze the association between serum α-Klotho levels and 
BMD. For clinical interpretation, serum α-Klotho levels underwent a linear transformation (divided by 100), 
expressed as α-Klotho/100 (pg/mL), where regression coefficients represent changes in BMD per 100 pg/mL 
increment in serum α-Klotho. Three progressive adjustment models were developed for the study: Model I, an 
unadjusted model; Model II, adjusted for basic demographic characteristics including race, age, and gender; 
Model III, a fully adjusted model that included all covariate adjustments from Table 1. In addition, stratified 
analyses based on race, gender, age, BMI, and comorbid diabetes and hypertension were performed to assess 
the relationship of serum α-Klotho levels with BMD in CKD patients across different populations. All statistical 
analyses were conducted using Empower Stats (version 4.2) and R software (version 4.2.0) with the “survey” 
package (version 4.1.1) to properly incorporate the complex survey design elements, with significance levels 
indicated by *p < 0.05 and **p < 0.01.

Fig. 1.  Participant Selection Flowchart for the Study Cohort. This study began with 29,902 participants from 
the NAHANSE 2011–2016 survey and sequentially excluded participants who did not meet the participants 
who did not meet the inclusion criteria. CKD was defined using KDIGO guideline criteria and calculated by 
the CKD-EPI formula.
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Statistics Q1 Q2 Q3 Q4 p value p for trend

Gender (%) 0.6091 0.362

 Male 27.28 23.89 29.55 28.56 27.11

 Female 72.72 76.11 70.45 71.44 72.89

 Age (years) 50.40 ± 5.57 51.12 ± 5.54 49.99 ± 5.63 50.37 ± 5.41 50.12 ± 5.63 0.1779 0.142

Race (%) 0.3372 0.287

 Mexican American 8.63 7.25 8.11 10.18 9.08

 Other Hispanic 6.53 6.07 4.04 8.14 8.11

 Non-Hispanic White 67.64 65.98 73.28 63.87 66.94

 Non-Hispanic Black 8.95 11.92 5.15 8.82 10.06

 Other Race 8.25 8.78 9.42 8.98 5.81

Education (%) 0.2625 0.937

 Below high school 14.28 10.64 13.67 13.89 18.92

 High school 23.25 24.36 23.91 26.1 18.81

 Above high school 62.47 65.01 62.42 60.01 62.27

Income poverty Ratio (%) 0.0357 0.840

 Low income 19.16 18.81 20.01 17.5 20.19

 Middle income 30.98 21.83 36.28 31.27 34.35

 High income 45.41 52.44 41.12 48.1 40.33

 Missing 4.45 6.92 2.58 3.14 5.13

Alcohol use (%) 0.0043 0.601

 None 9.65 9.31 6.43 12 11.16

 Moderate 25.96 27.06 24.52 24.39 27.84

 Heavy 49.42 52.66 58.53 46.65 39.25

 Missing 14.97 10.96 10.52 16.97 21.76

Smoking status (%) 0.0984 0.013

 Non-smoker 51.77 49.24 47.87 49.3 60.71

 Ex-smoker 26.23 30.55 27.11 27.7 19.58

 Current smoker 22 20.21 25.02 23 19.71

Dibetes (%) 0.0054 0.968

 No 91.07 89.18 96.9 87.35 90.33

 Yes 8.93 10.82 3.1 12.65 9.67

Hypertension(%) 0.8186 0.812

 No 63.49 64.33 62.35 61.45 65.73

 Yes 36.51 35.67 37.65 38.55 34.27

Physical activity (minutes/week) 0.202 0.467

 ≥ 600 MET 261 (33.42%) 65 (33.33%) 66 (33.85%) 78 (40.00%) 52 (26.53%)

 < 600 MET 295 (37.77%) 75 (38.46%) 70 (35.90%) 66 (33.85%) 84 (42.86%)

 Missing 225 (28.81%) 55 (28.21%) 59 (30.26%) 51 (26.15%) 60 (30.61%)

 Albumin (g/L) 42.40 ± 3.23 42.33 ± 3.28 42.51 ± 3.02 42.36 ± 3.38 42.39 ± 3.23 0.9525 0.959

 ALT (U/L) 26.74 ± 22.49 25.94 ± 14.64 25.71 ± 13.83 26.81 ± 34.87 28.57 ± 21.39 0.5761 0.207

 AST (U/L) 27.79 ± 24.89 25.95 ± 10.99 25.96 ± 13.87 28.27 ± 36.67 31.09 ± 29.51 0.1281 0.025

 ALP (IU/L) 70.50 ± 24.74 68.03 ± 23.13 67.57 ± 20.39 71.11 ± 24.11 75.45 ± 29.72 0.005 0.001

 Blood Urea Nitrogen(mmol/L) 4.89 ± 2.01 5.13 ± 2.33 4.98 ± 2.01 4.88 ± 1.95 4.57 ± 1.67 0.0465 0.006

 Total Calcium (mmol/L) 2.34 ± 0.10 2.34 ± 0.09 2.34 ± 0.09 2.34 ± 0.12 2.35 ± 0.09 0.5151 0.364

 Cholesterol (mmol/L) 5.46 ± 1.22 5.65 ± 1.37 5.35 ± 1.23 5.29 ± 1.03 5.56 ± 1.16 0.0094 0.409

 Creatinine (umol/L) 74.95 ± 38.06 82.20 ± 55.43 75.57 ± 38.48 73.56 ± 20.17 68.35 ± 25.71 0.0039 < 0.001

 Phosphorus (mmol/L) 1.20 ± 0.17 1.20 ± 0.18 1.19 ± 0.18 1.21 ± 0.16 1.22 ± 0.17 0.3662 0.290

 Uric acid (umol/L) 316.69 ± 90.26 336.06 ± 85.56 332.97 ± 96.77 307.27 ± 86.28 289.05 ± 82.82 < 0.0001 < 0.001

 Triglycerides(mmol/L) 2.11 ± 2.65 2.44 ± 4.58 2.00 ± 1.48 1.87 ± 1.37 2.13 ± 1.66 0.1902 0.219

 BMI 31.20 ± 7.44 32.81 ± 7.99 31.30 ± 6.83 30.51 ± 7.24 30.11 ± 7.39 0.0017 < 0.001

 25(OH)vitamin D (nmol/L) 72.04 ± 30.23 74.16 ± 29.47 69.08 ± 26.30 73.43 ± 32.40 71.73 ± 32.37 0.3431 0.764

 GFR 66.67 ± 30.64 64.70 ± 29.65 68.60 ± 30.18 66.27 ± 32.18 66.99 ± 30.47 0.6415 0.629

 Dietary vitamin D2 + D3 (mcg) 4.41 ± 5.72 4.65 ± 8.81 4.00 ± 3.64 4.47 ± 4.51 4.50 ± 4.49 0.729 0.912

 Dietary calcium (mg) 885.66 ± 450.27 853.31 ± 439.83 885.33 ± 459.27 897.30 ± 484.52 906.59 ± 416.52 0.676 0.146

 Left Leg BMD 1.13 ± 0.13 1.13 ± 0.13 1.14 ± 0.12 1.13 ± 0.14 1.13 ± 0.14 0.4801 0.431

 Thoracic Spine BMD 0.82 ± 0.13 0.81 ± 0.13 0.82 ± 0.13 0.82 ± 0.13 0.82 ± 0.14 0.5114 0.295
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Results
Basic characteristics of the study population
The demographic and clinical characteristics of the study population were stratified and presented in Table 1 
according to serum α-klotho (pg/ml) protein quartiles: Q1 (289.20-667.70), Q2 (667.80-811.40), Q3 (811.50-
1012.50), and Q4 (1016.90–2453.00). Among all participants, there were more females (72.72%) than males 
(27.28%), and the mean age was 50.40 ± 5.57 years. The racial distribution was predominantly white African-
Hispanic (67.64%). However, gender, age, and racial distribution were not statistically different between quartiles 
of alpha-klotho levels (p > 0.05).

Significant associations were mainly in metabolic and renal function indices. As α-klotho levels increased 
from the lowest quartile (Q1) to the highest quartile (Q4), BMI values showed a significant decreasing trend 
(p < 0.001) from 32.81 ± 7.99  kg/m2 in Q1 to 30.11 ± 7.39  kg/m2 in Q4. Renal function-related indices also 
demonstrated significant associations, with serum creatinine levels decreasing significantly (p < 0.001) with 
increasing α-klotho levels, from 82.20 ± 55.43 umol/L in Q1 to 68.35 ± 25.71 umol/L in Q4; similarly, uric acid 
levels showed a significant decreasing trend (p < 0.001) from 336.06 in Q1 ± 85.56 umol/L to 289.05 ± 82.82 
umol/L in Q4.Blood urea nitrogen likewise showed a trend of negative correlation (p = 0.006) with α-klotho 
level from 5.13 ± 2.33 mmol/L in Q1 to 4.57 ± 1.67 mmol/L in Q4.

In contrast, ALP activity increased significantly (p = 0.001) with increasing α-klotho levels, from 68.03 ± 23.13 
IU/L in Q1 to 75.45 ± 29.72 IU/L in Q4.AST levels showed a similar increasing trend (p = 0.025), from 
25.95 ± 10.99 U/L in Q1 to 31.09 ± 29.51 U/L in Q4.

Regarding lifestyle factors, α-klotho level showed a significant association with smoking status (p_
trend = 0.013), with 60.71% of non-smokers in the highest α-klotho level group (Q4), compared to only 49.24% 
in the lowest group (Q1). Alcohol intake pattern also differed significantly among the groups (p = 0.0043), with 
a higher proportion of heavy drinkers (Q2:58.53%, Q3:46.65%) in the intermediate quartile groups (Q2-Q3) 
compared to a lower proportion (39.25%) in the highest quartile group (Q4).

The prevalence of diabetes mellitus differed significantly between groups with different alpha-klotho levels 
(p = 0.0054), but did not show a clear linear trend, with the lowest prevalence in Q3 (3.10%) and the highest in 
Q2 (12.65%). The proportion of income poverty was also statistically different between the groups (p = 0.0357), 
particularly in the changes in the distribution of the middle-income and high-income groups.

Correlation of serum α-klotho with BMD
Table 2 evaluates the association between serum α-Klotho levels and BMD. serum α-klotho levels demonstrated 
significant positive associations with BMD at multiple skeletal sites in the fully adjusted model (Model III). Each 
100 pg/mL increment in serum α-Klotho was associated with increases of 0.004 g/cm2 (95% CI: 0.002, 0.007; 
p = 0.00264) in thoracic spine BMD, 0.002 g/cm2 (95% CI: 0.000, 0.005; p = 0.03708) in trunk BMD, and 0.003 g/
cm2 (95% CI: 0.000, 0.005; p = 0.02591) in total BMD. Quartile analysis further confirmed these associations, with 
the strongest relationship observed in the thoracic spine: compared to the lowest quartile, the Q2, Q3, and Q4 
quartiles showed progressively higher BMD values (Q2: β = 0.028 g/cm2, 95% CI: 0.006, 0.050; Q3: β = 0.036 g/
cm2, 95% CI: 0.013, 0.059; Q4: β = 0.048  g/cm2, 95% CI: 0.024, 0.071; p for trend = 0.0001). Similar linear 
associations were observed for trunk and total BMD (Q4 vs. Q1: trunk β = 0.025 g/cm2, p = 0.01224; total BMD 
β = 0.029 g/cm2, p = 0.00845), with significant linear trends (p for trend = 0.02110 and 0.01561, respectively). It 
is important to note that no significant associations were found between serum α-Klotho levels and BMD at 
the left leg (β = 0.001, p = 0.29042), lumbar spine (β = 0.001, p = 0.41913), or pelvis (β = 0.002, p = 0.27368) in the 
Model III. As illustrated in Fig. 2, the multivariate-adjusted smoothed curve-fit analysis reflects the relationship 
between serum α-Klotho and BMD at each anatomic site. Although some of the curves were not visually 
correlated enough, the statistical analysis did support the existence of significant positive correlations at multiple 
anatomical sites, particularly thoracic spine, trunk, and total BMD.

Stratified analysis
Table 3 presents stratified analyses by age, gender, race, BMI, and comorbidities (diabetes and hypertension) to 
evaluate the associations between serum α-Klotho and BMD across different CKD patient subgroups. Gender-
specific analyses revealed stronger associations in males, particularly for thoracic spine BMD (β = 0.009  g/
cm2, 95% CI: 0.003, 0.015; P = 0.0016), compared to females (β = 0.004 g/cm2, 95% CI: 0.000, 0.007; P = 0.028), 
although the interaction was not significant (p for interaction = 0.0821). Age-stratified (≤ 50 vs. > 50 years) 
analyses showed that this association was not significantly different between age groups (P > 0.05 for all 
interactions). Younger patients (≤ 50 years) showed statistically significant positive associations in thoracic 
spine and trunk BMD. Among racial groups, Non-Hispanic Whites demonstrated the most consistent positive 

Statistics Q1 Q2 Q3 Q4 p value p for trend

 Lumbar Spine BMD 1.02 ± 0.15 1.03 ± 0.15 1.03 ± 0.15 1.01 ± 0.15 1.02 ± 0.14 0.2319 0.127

 Pelvis BMD 1.21 ± 0.16 1.20 ± 0.16 1.22 ± 0.14 1.20 ± 0.16 1.21 ± 0.16 0.2819 0.848

 Trunk Bone BMD 0.86 ± 0.11 0.85 ± 0.11 0.87 ± 0.10 0.86 ± 0.11 0.86 ± 0.11 0.5041 0.576

 Total BMD 1.08 ± 0.11 1.08 ± 0.11 1.08 ± 0.11 1.08 ± 0.11 1.08 ± 0.12 0.9685 0.883

Table 1.  Weighted characteristics of participants based on serum α-klotho levels quartiles. Continuous 
variables are expressed as mean ± standard deviation and were calculated using weighted linear regression 
models. Categorical variables are expressed as percentages and were calculated using chi-square tests.
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Characteristics
Model I
β (95% CI) p value

Model II
β (95% CI) p value

Model III
β (95% CI) p value

Left Leg BMD

 α-klotho/100 -0.000 (-0.003, 0.003) 0.88278 -0.002 (-0.004, 0.001) 0.21600 0.001 (-0.001, 0.004) 0.29042

 α-klotho/100 quartile

 Q1 Reference Reference Reference

 Q2 0.013 (-0.013, 0.040) 0.33234 0.000 (-0.021, 0.022) 0.97170 0.016 (-0.004, 0.036) 0.12722

 Q3 -0.006 (-0.033, 0.022) 0.69249 -0.015 (-0.036, 0.007) 0.19509 0.004 (-0.016, 0.025) 0.69503

 Q4 -0.005 (-0.032, 0.022) 0.70829 -0.009 (-0.030, 0.013) 0.43242 0.020 (-0.002, 0.041) 0.07286

 p for trend 0.43060 0.24291 0.17518

Thoracic Spine BMD

 α-klotho/100 0.002 (-0.001, 0.005) 0.21905 0.001 (-0.002, 0.004) 0.64921 0.004 (0.002, 0.007) 0.00264**

 α-klotho/100 quartile

 Q1 Reference Reference Reference

 Q2 0.018 (-0.009, 0.044) 0.18677 0.011 (-0.013, 0.035) 0.36216 0.028 (0.006, 0.050) 0.01342*

 Q3 0.017 (-0.010, 0.044) 0.21758 0.009 (-0.015, 0.034) 0.46675 0.036 (0.013, 0.059) 0.00210**

 Q4 0.015 (-0.011, 0.042) 0.25790 0.010 (-0.014, 0.035) 0.41653 0.048 (0.024, 0.071) 0.00010**

 p for trend 0.29512 0.47714 0.00010**

Lumbar Spine BMD

 α-klotho/100 -0.002 (-0.005, 0.002) 0.39635 -0.002 (-0.005, 0.002) 0.32106 0.001 (-0.002, 0.005) 0.41913

 α-klotho/100 quartile

 Q1 Reference Reference Reference

 Q2 0.002 (-0.027, 0.031) 0.88644 -0.000 (-0.030, 0.029) 0.97429 0.012 (-0.017, 0.041) 0.42270

 Q3 -0.025 (-0.055, 0.005) 0.10457 -0.025 (-0.055, 0.005) 0.09939 -0.008 (-0.037, 0.022) 0.61632

 Q4 -0.016 (-0.045, 0.014) 0.30570 -0.015 (-0.044, 0.015) 0.32822 0.013 (-0.018, 0.044) 0.39895

 p for trend 0.12662 0.14949 0.69423

Pelvis BMD

 α-klotho/100 0.000 (-0.003, 0.004) 0.85346 -0.001 (-0.004, 0.002) 0.55457 0.002 (-0.002, 0.006) 0.27368

 α-klotho/100 quartile

 Q1 Reference Reference Reference

 Q2 0.026 (-0.004, 0.056) 0.09480 0.014 (-0.014, 0.043) 0.32663 0.021 (-0.007, 0.050) 0.14355

 Q3 -0.000 (-0.032, 0.031) 0.97884 -0.006 (-0.036, 0.023) 0.66978 0.008 (-0.021, 0.038) 0.58062

 Q4 0.012 (-0.019, 0.043) 0.44635 0.003 (-0.027, 0.032) 0.86338 0.028 (-0.003, 0.059) 0.07355

 p for trend 0.84835 0.77424 0.15576

Trunk Bone BMD

 α-klotho/100 0.001 (-0.001, 0.004) 0.33793 0.000 (-0.002, 0.003) 0.81800 0.002 (0.000, 0.005) 0.03708*

 α-klotho/100 quartile

 Q1 Reference Reference Reference

 Q2 0.016 (-0.005, 0.037) 0.12646 0.011 (-0.008, 0.030) 0.26402 0.019 (0.001, 0.038) 0.04160*

 Q3 0.009 (-0.013, 0.030) 0.42457 0.004 (-0.015, 0.023) 0.67417 0.017 (-0.002, 0.036) 0.07807

 Q4 0.009 (-0.012, 0.030) 0.40518 0.005 (-0.014, 0.024) 0.59924 0.025 (0.006, 0.045) 0.01224*

 p for trend 0.57569 0.78498 0.02110*

Total BMD

 α-klotho/100 0.001 (-0.002, 0.003) 0.62127 0.000 (-0.002, 0.003) 0.88374 0.003 (0.000, 0.005) 0.02591*

 α-klotho/100 quartile

 Q1 Reference Reference Reference

 Q2 0.006 (-0.017, 0.029) 0.61728 0.003 (-0.017, 0.024) 0.74135 0.009 (-0.010, 0.029) 0.35503

 Q3 0.003 (-0.021, 0.026) 0.83553 -0.005 (-0.026, 0.017) 0.67061 0.007 (-0.013, 0.028) 0.48952

 Q4 0.003 (-0.020, 0.026) 0.79304 0.006 (-0.015, 0.027) 0.57690 0.029 (0.007, 0.050) 0.00845**

 p for trend 0.88307 0.76385 0.01561*

Table 2.  Association of serum α-klotho/100 level (pg/mL) with BMD (g/cm2) among CKD patients. 
Regression coefficients represent the change in BMD (g/cm2) per 100 pg/mL increase in serum α-Klotho 
concentration. *p < 0.05, **p < 0.01 Model I: no covariates were adjusted; Model II: race, age, gender were 
adjusted; Model III: race, gender, age, education, income poverty ratio, alcohol, smoking, ALP, AST, ALT, total 
calcium, creatinine, globulin, phosphorus, hypertension, BMI, HGB, PLT, Hba1c, physical activity, dietary 
vitamin D, dietary calcium and 25(OH)vitamin D were adjusted.
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associations across multiple skeletal sites, with a significant race interaction observed for total BMD (p for 
interaction = 0.0380). BMI-stratified analyses showed significant associations exclusively in obese individuals 
(BMI > 29.9) for thoracic spine BMD (β = 0.005 g/cm2, 95% CI: 0.001, 0.010; P = 0.0187). Similarly, in diabetes-
stratified analyses, significant associations were found only in non-diabetic individuals for thoracic spine BMD 
(β = 0.004 g/cm2, 95% CI: 0.001, 0.007; P = 0.0074), while diabetic patients showed no significant associations.

Notably, hypertension status significantly modified the relationship between α-Klotho and BMD, particularly 
in thoracic spine and pelvis (P for interaction = 0.0177 and 0.0386, respectively). The positive association was 
more pronounced in non-hypertensive individuals (thoracic spine: β = 0.005  g/cm2, P = 0.0029) compared to 
those with hypertension (β=-0.002 g/cm2, P = 0.5469).

Subgroup analysis by CKD pathophysiology
We further divided CKD patients into two subgroups according to pathophysiologic mechanisms: the group 
with decreased renal function (GFR < 60  ml/min/1.73  m2) and the group with preserved renal function but 
proteinuria (GFR ≥ 60 ml/min/1.73 m2 + ACR > 30 mg/g), in order to investigate the α-Klotho-BMD relationship 
in different CKD subtypes. Distinct patterns of association were observed in these two subgroups: in the group 
with decreased renal function, α-Klotho showed a positive correlation with BMD at multiple sites, whereas in 
the group with preserved renal function but proteinuria, a trend toward a negative correlation was observed. 
Detailed results of the subgroup analyses are shown in Tables S2 and S3 of the Supplementary Material.

These findings represent associations observed in a cross-sectional analysis and do not imply causality.

Discussion
Main associations and potential threshold values
In this study, we investigated the association between serum α-Klotho levels and BMD at multiple anatomical 
sites using data from 781 patients with CKD from the NHANES database from 2011 to 2016. Through a 
comprehensive multivariate adjusted analysis, we found significant positive correlations between serum α-Klotho 
levels and BMD at specific skeletal sites, with the most pronounced correlation in the thoracic spine region 
(β = 0.004 g/cm2, p = 0.00264), and a significant positive correlation between serum α-Klotho levels and BMD 
at total BMD (β = 0.003 g/cm2, p = 0.02591) and trunk BMD (β = 0.002 g/cm2, p = 0.03708), and this association 
is more extensive and stronger in specific populations (such as males, non-Hispanic whites, obese patients, and 
those without hypertension and diabetes).

Fig. 2.  Correlation of serum α-klotho/100 levels with site-specific BMD. Analyzing linear and nonlinear 
relationships between α-Klotho and BMD using generalized additive models. The solid red line represents the 
smooth curve fit between variables. Blue bands represent the 95% confidence interval of the fit. Race, gender, 
age, education, income poverty ratio, alcohol, smoking, ALP, AST, ALT, total calcium, creatinine, globulin, 
phosphorus, hypertension, BMI, HGB, PLT, Hba1c, physical activity, dietary vitamin D, dietary calcium and 
25(OH)vitamin D were adjusted.
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These findings align with and extend previous research in this field. Based on our quartile analysis, we can 
also propose potential reference values of serum α-Klotho for bone health in CKD patients. Our quartile analysis 
showed a significant association between serum α-Klotho levels and BMD in patients with CKD. The observed 
dose-response relationship permits two interpretations: The transition points between quartiles, particularly 
between Q2-Q3 (360–480 pg/mL) (non-transformed values, pg/mL), could serve as hypothetical reference 
values. The significant improvement in BMD observed from Q2 onwards suggests that the lower limit of Q3 may 
represent a level beneficial for bone health. Concurrently, the significant positive correlation of α-Klotho as a 
continuous variable with BMD indicates a potential “higher is better” pattern, rather than a specific threshold. 
The biological mechanisms underlying the observed association between α-Klotho and BMD are supported by 
several lines of evidence.

Differential effects based on CKD pathomechanism
Although these associations represent the overall findings, the relationship between α-Klotho and BMD showed 
significant differences when CKD patients were categorized into the group with decreased renal function and 

Left Leg BMD Thoracic Spine BMD Lumbar Spine BMD Pelvis BMD Trunk Bone BMD Total BMD

Gender

 Male 0.004 (-0.001, 0.009) 0.1127 0.009 (0.003, 0.015) 0.0016* 0.005 (-0.002, 0.012) 0.1681 0.004 (-0.003, 0.012) 
0.2487

0.005 (0.000, 0.009) 
0.0493

0.003 (-0.002, 
0.008) 0.2952

 Female 0.001 (-0.002, 0.004) 0.4496 0.004 (0.000, 0.007) 0.0280* 0.001 (-0.003, 0.005) 0.6634 0.001 (-0.003, 0.005) 
0.6446

0.002 (-0.001, 0.005) 
0.1370

0.003 (0.000, 
0.006) 0.0225*

p for interaction 0.2855 0.0821 0.2982 0.4134 0.3099 0.8390

Age(Year)

 ≤50 0.001 (-0.002, 0.004) 0.6415 0.004 (0.001, 0.008) 0.0185* 0.003 (-0.002, 0.008) 0.2412 0.002 (-0.003, 0.007) 
0.3531

0.003 (0.000, 0.006) 
0.0326*

0.003 (-0.001, 
0.006) 0.1125

 >50 0.001 (-0.003, 0.005) 0.6624 0.004 (-0.001, 0.008) 0.0970 0.000 (-0.005, 0.005) 0.9991 0.003 (-0.002, 0.009) 
0.2804

0.001 (-0.002, 0.005) 
0.4332

0.002 (-0.002, 
0.005) 0.4367

p for interaction 0.9762 0.7532 0.4221 0.8333 0.3943 0.6470

Race

 Mexican 
American -0.006 (-0.017, 0.005) 0.3066 -0.003 (-0.016, 0.009) 0.5994 -0.005 (-0.021, 0.012) 0.5607 -0.005 (-0.021, 0.011) 

0.5480
-0.003 (-0.014, 
0.007) 0.5237

-0.002 (-0.013, 
0.008) 0.6577

 Other Hispanic 0.001 (-0.016, 0.018) 0.9059 0.002 (-0.017, 0.020) 0.8719 -0.003 (-0.027, 0.021) 0.8175 0.016 (-0.007, 0.039) 
0.1796

0.003 (-0.013, 0.018) 
0.7316

-0.001 (-0.018, 
0.017) 0.9253

 Non-Hispanic 
White 0.004 (0.001, 0.008) 0.0239* 0.007 (0.003, 0.011) 0.0007** 0.004 (-0.001, 0.009) 0.1196 0.003 (-0.002, 0.008) 

0.2248
0.004 (0.001, 0.008) 
0.0107*

0.005 (0.002, 
0.009) 0.0027**

 Non-Hispanic 
Black -0.005 (-0.013, 0.004) 0.2623 0.002 (-0.008, 0.011) 0.7429 -0.001 (-0.013, 0.011) 0.8509 -0.005 (-0.016, 0.006) 

0.3835
-0.002 (-0.009, 
0.006) 0.6859

-0.005 (-0.014, 
0.003) 0.2209

 Other Race 0.003 (-0.009, 0.015) 0.5866 0.001 (-0.012, 0.015) 0.8287 0.001 (-0.016, 0.019) 0.8873 0.004 (-0.013, 0.021) 
0.6296

0.002 (-0.009, 0.013) 
0.7249

0.003 (-0.009, 
0.014) 0.6575

p for interaction 0.0668 0.2628 0.6370 0.2259 0.2754 0.0380*

BMI

 ≤ 24.9 0.001 (-0.006, 0.008) 0.7805 0.002 (-0.006, 0.011) 0.6121 0.000 (-0.011, 0.011) 0.9709 0.002 (-0.009, 0.012) 
0.7631

0.001 (-0.006, 0.007) 
0.8294

0.001 (-0.006, 
0.008) 0.8515

 > 24.9, ≤ 29.9 0.000 (-0.005, 0.006) 0.8913 -0.001 (-0.007, 0.005) 0.7799 -0.004 (-0.012, 0.003) 0.2404 -0.002 (-0.009, 0.005) 
0.6127

-0.000 (-0.005, 
0.004) 0.9153

-0.001 (-0.006, 
0.004) 0.7444

 > 29.9 -0.000 (-0.004, 0.003) 0.8520 0.005 (0.001, 0.010) 0.0187* 0.002 (-0.003, 0.008) 0.3721 0.002 (-0.003, 0.008) 
0.3801

0.002 (-0.001, 0.005) 
0.2321

0.002 (-0.002, 
0.006) 0.3611

p for interaction 0.9209 0.1905 0.2536 0.5769 0.6665 0.6505

Diabetes

 No 0.000 (-0.002, 0.003) 0.7576 0.004 (0.001, 0.007) 0.0074** 0.000 (-0.003, 0.004) 0.8663 0.002 (-0.002, 0.006) 
0.3099

0.002 (-0.000, 0.005) 
0.0763

0.002 (-0.000, 
0.005) 0.0940

 Yes 0.002 (-0.018, 0.021) 0.8585 0.001 (-0.015, 0.016) 0.9025 0.000 (-0.019, 0.020) 0.9921 0.003 (-0.016, 0.023) 
0.7396

0.003 (-0.010, 0.016) 
0.6396

-0.000 (-0.021, 
0.020) 0.9670

p for interaction 0.8845 0.6756 0.9801 0.8859 0.8950 0.7859

Hypertension

 No 0.001 (-0.003, 0.004) 0.6917 0.005 (0.002, 0.009) 0.0029** 0.003 (-0.002, 0.007) 0.2267 0.004 (-0.000, 0.009) 
0.0771

0.003 (0.000, 0.006) 
0.0280*

0.002 (-0.001, 
0.005) 0.2454

 Yes -0.000 (-0.005, 0.004) 0.8664 -0.002 (-0.007, 0.004) 0.5469 -0.002 (-0.009, 0.005) 0.5585 -0.004 (-0.010, 0.003) 
0.2685

-0.001 (-0.005, 
0.003) 0.5955

0.001 (-0.003, 
0.006) 0.5457

p for interaction 0.6932 0.0177* 0.2064 0.0386* 0.0677 0.8703

Table 3.  Associations between serum α-klotho/100 (pg/mL) and BMD (g/cm2) by gender, age, race, BMI, 
diabetes and hypertension. Note: Regression coefficients represent the change in BMD (g/cm2) per 100 pg/mL 
increase in serum α-Klotho concentration. *p < 0.05, **p < 0.01 In the subgroup analysis, data were stratified by 
covariates, with the model not adjusted for the stratification variable itself.
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the group with normal renal function but proteinuria. In the group with decreased renal function (GFR < 60 ml/
min/1.73 m2), high α-Klotho levels were associated with thoracic spine (Q2: β = 0.045, p = 0.00231; Q3: β = 0.040, 
p = 0.00653), pelvis (Q2: β = 0.059, p = 0.00264) and trunk BMD (Q2: β = 0.040, p = 0.00164) were significantly 
positively correlated. However, in the group with preserved renal function but concomitant proteinuria 
(GFR ≥ 60 ml/min/1.73 m2 + ACR > 30 mg/g), high α-Klotho levels showed a negative correlation with lumbar 
spine (Q2-Q4: β=-0.051 to -0.067, p < 0.05) and pelvic BMD (Q3: β=-0.054, p = 0.03283).

It should be noted that the association of α-Klotho with lumbar spine BMD should be interpreted with 
caution. Lumbar spine DXA measurements are susceptible to degenerative changes, vascular calcification, and 
osteoarthritis, which are common in CKD patients, and may lead to measurement artifacts that artificially 
elevate BMD values. In addition, CKD-associated alterations in bone metabolism affect the lumbar spine, which 
is dominated by cancellous bone, differently from other sites, which are dominated by cortical bone, which may 
explain the site-specific variability in the results we observed.

This contrasting phenomenon suggests that the role of α-Klotho in bone metabolism may vary depending 
on the pathomechanism of CKD. In patients with decreased renal function, α-Klotho may exert osteoprotective 
effects by regulating mineral metabolism and PTH signaling pathway; whereas, in patients with proteinuria, 
systemic inflammation and oxidative stress may alter the physiological function of α-Klotho, leading to negative 
correlation with BMD, while proteinuria may promote α-Klotho urinary loss and affect its bioavailability.

These findings elucidate the complex relationship between α-Klotho and bone metabolism in patients with 
chronic renal failure, provide possible explanations for inconsistent results in previous studies, and underscore 
the need for individualized bone health strategies based on chronic renal failure subtypes.

Comparison of the literature and its underlying molecular mechanisms
Our findings are consistent with some of the previous reports in the literature, and there are also discrepancies, 
which need to be understood by comparing a wide range of related studies. Zheng et al. conducted a cross-
sectional study involving 125 patients on maintenance hemodialysis, demonstrating significant positive 
correlations between serum klotho protein levels and BMD at the lumbar spine and femoral neck. Multivariate 
linear regression analysis indicated that serum klotho represents a primary determinant of BMD13. Similarly, 
among 87 patients with end-stage renal disease, serum klotho demonstrated a positive relationship with BMD 
in a clinical study14. Cailleaux et al.22 in a 4.3-year longitudinal study, found that bone loss in nondialysis CKD 
patients occurred predominantly in the proximal radius, providing a temporal dimension to our observation of 
regional BMD associated with α-Klotho. In addition, Silva et al.23 showed that α-Klotho was not only associated 
with bone mineral metabolism but also strongly correlated with cardiovascular risk in nondialysis CKD patients, 
suggesting that the overall cardiovascular status of the patient needs to be taken into account when assessing 
the relationship between α-Klotho and BMD. Recently, Fan et al.24 confirmed a significant correlation between 
low levels of soluble Klotho and increased risk of CKD-MBD in CKD patients, further supporting our findings.

The basic mechanism by which klotho affects BMD involves binding to the fibroblast growth factor receptor 
(FGFR), resulting in the formation of a high-affinity receptor that targets FGF23. FGF23 is an endocrine 
signaling protein originating from osteocytes and osteoblasts, primarily responsible for regulating serum 
1,25-(OH)2D and phosphate levels, thereby maintaining phosphate homeostasis25. Additionally, FGF23 can 
suppress osteoclast activity and promote osteoblastogenesis. Klotho serves as a co-receptor for FGF23, forming 
the Klotho/FGF23 axis and significantly increasing the affinity of FGF23 with FGFR, thereby regulating calcium-
phosphate metabolism and decelerating bone mass loss26–28. Soluble klotho, distributed across blood, urine, 
and cerebrospinal fluid, demonstrates β-glucuronidase functionality and modulates diverse cellular receptors 
and ion transport proteins, playing a critical role in protecting renal and skeletal functions29–31. Klotho shows 
high sensitivity to both chronic and acute renal damage, with its levels notably declining early in kidney 
disease patients and CKD experimental models32,33. This reduction limits the regulatory effects on FGF-23, 
consequently making hyperphosphatemia a primary factor in FGF-23 secretion. The elevated FGF-23 expression 
indirectly induces and exacerbates hypocalcemia, subsequently increasing parathyroid hormone (PTH) levels. 
The combined action of PTH and FGF-23 enhances bone resorption, ultimately leading to osteoporosis34,35.

Experimental studies have revealed that klotho protein expression deficiency is a key factor in kidney 
injury and significant BMD reduction in CKD mouse models36. When the Klotho gene is knocked out in 
mice, abnormalities in osteoblast differentiation to osteocytes are observed. However, mature osteoclasts retain 
their resorptive activity, resulting in pathological osteoporotic changes. This suggests that Klotho protein 
simultaneously participates in bone metabolism regulation37. Consequently, the decreased expression of klotho 
protein emerges as a crucial factor driving the pathogenesis of osteoporosis within CKD38.

Although our study provides clinical evidence for the relationship between α-Klotho and BMD in patients 
with CKD, it is critical to understand the relationship between these findings and the mechanisms revealed in 
animal studies. Our observation of a positive correlation between α-Klotho and BMD in human CKD patients 
may reflect the fact that the role of Klotho in the regulation of bone metabolism revealed in animal experiments 
has a similar mechanism in humans. However, it is important to recognize that there are significant species-
specific differences between rodent models and human bone metabolism, including the influence of the bone 
remodeling cycle, the complexity of hormonal regulatory networks, and clinical factors. This makes the direct 
causal relationships observed in animal studies potentially more complex to manifest in humans.

However, some studies have reported different findings. A cross-sectional study demonstrated that klotho 
and fibroblast FGF-23 were associated with bone trabecular scores in the initial stages of CKD, but not with 
BMD39. Additionally, among individuals experiencing chronic renal failure, klotho protein has no relationship 
with lumbar spine and femoral neck BMD15. Within a Canadian stratified case-cohort investigation, linear 
analysis demonstrated no significant correlation between α-Klotho and BMD during the intermediate phases 
of CKD40. In contrast to Ribeiro’s research revealing an inverse U-shaped pattern linking α-Klotho levels and 
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fracture incidence41, Chalhoub’s investigation within the Healthy ABC cohort found no association between 
klotho, BMD, and fracture risk in an elderly population aged 70–79 years42. These discrepancies might originate 
from fundamental differences in population characteristics, sample size, and methods of klotho detection43. It 
is worth emphasizing that this study primarily included non-dialysis CKD patients with relatively preserved 
renal function. In contrast, end-stage CKD patients and those receiving dialysis treatment exhibit more complex 
pathophysiological states, including severe imbalance of the PTH-vitamin D-FGF23 axis44, significant metabolic 
disturbances, exacerbated oxidative stress responses45, decreased erythropoietin secretion, and various effects 
from the dialysis treatment itself. These additional pathological factors may interfere with and complicate the 
intrinsic association between α-Klotho and BMD. The relative absence of these confounding factors in our study 
population may be one reason we were able to observe a more consistent positive correlation between serum 
α-Klotho and BMD, particularly in the thoracic spine region.

Subgroup analyses
Adhering to the methodological guidelines of the STROBE statement46, this study systematically identified 
subgroups within the population that exhibited differential trends by stratifying the analysis. The findings showed 
that α-Klotho was significantly and positively associated with thoracic spine, trunk bone, and total BMD in non-
Hispanic whites, which is consistent with previous studies’ findings regarding the positive association of klotho 
gene polymorphisms with BMD in white and Japanese menopausal women47. Significant differences in vitamin 
D metabolism between races have been demonstrated, and non-Hispanic whites have specific differences in 
genetic polymorphisms of vitamin D-binding proteins compared with other races, which affect vitamin D 
bioavailability and thus regulate α-Klotho mediated calcium metabolism and bone formation processes, possibly 
explaining the race-specific associations we observed48.

Our study found that the association between α-Klotho and BMD was stronger in males than in females. This 
gender difference may originate from the differential regulation of α-Klotho expression by androgens. Zhang et 
al.49 demonstrated that in U.S. males aged 40–79 years, total testosterone was significantly positively correlated 
with serum α-klotho levels, and this association remained robust after adjusting for multiple confounding factors. 
Testosterone may enhance FGF23 signaling pathway sensitivity and optimize calcium-phosphorus balance by 
upregulating α-Klotho expression, thus exhibiting a stronger correlation with BMD in males.

After adjusting for BMI, we observed a significant positive correlation exclusively in the obese population with 
a BMI ≥ 29.9 kg/m2. This BMI threshold effect can be explained from two perspectives50: from a biomechanical 
standpoint, the increased mechanical load in obese individuals directly stimulates bone tissue remodeling; from 
a molecular mechanism perspective, inflammatory factors secreted by adipose tissue in obesity may activate 
the anti-inflammatory regulatory pathway of α-Klotho, thereby influencing bone metabolism. This is consistent 
with previous research showing that BMD positively correlates with BMI52, with α-Klotho potentially serving as 
a key regulatory factor in this relationship, especially in high BMI states53.

After stratification by comorbidities, we found that in non-hypertensive individuals, α-Klotho shows 
significant positive correlations with thoracic spine BMD and trunk bone BMD, while in hypertensive patients, 
these correlations disappear, with interaction analyses showing statistical significance in the thoracic spine 
and pelvis regions. This phenomenon reflects the complex changes in the relationship between α-Klotho 
and bone metabolism under hypertensive conditions. Abnormal Klotho protein expression and function are 
closely associated with various adverse cardiovascular outcomes, including inflammatory processes, arterial 
calcification, and endothelial dysfunction54. Persistent inflammation in hypertensive patients produces TNF-α 
that can directly damage Klotho protein, while increased ROS from oxidative stress not only interferes with 
Klotho activity but also disrupts the bone microenvironment55. Furthermore, elevated angiotensin II due to 
hypertension inhibits Klotho expression56, while metabolic disorders and FGF23-Klotho axis imbalance work 
together to mask or even reverse the potential physiological relationship between α-Klotho and BMD.

In diabetes stratification analysis, we found that the positive correlation between α-Klotho and BMD was 
significant only in thoracic spine of non-diabetic patients (β = 0.004  g/cm2, p = 0.007), with no association 
observed in diabetic patients. The mechanism may involve hyperglycemia directly inhibiting bone formation and 
promoting bone resorption, insulin resistance interfering with FGF23/FGFR signaling pathway, inflammatory 
cytokines disrupting bone metabolic balance, and microvascular complications affecting bone blood supply 
and calcium-phosphorus metabolism, collectively weakening the positive correlation between α-Klotho and 
BMD57,58.

Clinical implications of personalized BMD management
Our findings suggest several important clinical applications. First, we observed that patients with α-Klotho 
levels above certain ranges (360–480 pg/mL) showed higher BMD values, as patients above this range showed 
significantly higher BMD values, which may be useful in identifying patients with CKD who require closer 
monitoring. Second, our analyses showed stronger correlations in specific subgroups (men, non-Hispanic 
whites, patients with a BMI greater than 29.9 kg/m2, and patients without hypertension/diabetes), providing 
an opportunity for a more targeted management approach. In addition, we found different associations based 
on the pathophysiologic mechanisms of CKD (decreased renal function versus preserved renal function with 
proteinuria), which underscores the need for mechanism-specific strategies rather than a generalized approach. 
Finally, the strongest associations were seen at the thoracic spine site, suggesting the particular value of 
monitoring this site for the early detection of bone changes that may respond to α-Klotho pathway interventions. 
Collectively, these findings highlight the potential utility of α-Klotho as a biomarker for bone health in CKD 
patients, though longitudinal studies are needed to fully establish its predictive value for osteoporosis risk.
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Strengths and limitations
When interpreting our findings, several methodological strengths and limitations should be considered. This 
study possesses several notable strengths: Firstly, it leveraged the large-scale NHANES 2011–2016 database, 
encompassing 781 patients with CKD and comprehensively assessed changes in BMD at multiple anatomical 
sites. This large sample improves the representativeness of the results compared to previous studies. Secondly, 
a multilevel multivariate adjustment model was employed to control for confounding factors, including 
demographic characteristics, socioeconomic factors, and biochemical indicators, which bolsters the internal 
validity of the findings. Thirdly, the heterogeneity of the association between klotho protein and BMD among 
CKD populations was elucidated through stratified analyses of subgroups defined by age, gender, and race. This 
provides valuable molecular epidemiological evidence for the development of personalized medicine. Finally, 
through statistical processing, such as logarithmic transformation, the study effectively reduced data distribution 
bias and enhanced the accuracy of the analysis.

At the same time, the research presents several limitations. Firstly, the study population was limited to CKD 
patients aged ≥ 40 years, as NHANES measured serum α-Klotho levels only in participants in this age group. 
This limitation may affect the generalizability of the study results to younger patients, as younger CKD patients 
(< 40 years of age) often have different etiologies (e.g., congenital disorders, primary glomerulonephritis) and 
bone metabolic characteristics. Future studies specifically targeting younger CKD patients would be valuable to 
determine whether the associations we observed extend to the entire age range of CKD. Secondly, as a cross-
sectional observational design, it could only reveal associations between α-Klotho and BMD, yet precluded 
establishing conclusive causal determination. Despite controlling for multiple confounding factors through 
multivariate modeling, the possibility of residual confounding cannot be completely eliminated. For example, 
we were unable to isolate vitamin D supplementation and bone resorption inhibitors as confounders because of 
the large amount of missing data and the insufficient number of users in the study population. The NHANES 
database is limited by the design of cross-sectional measurements at a single time point, and therefore it is not 
possible to track the dynamic relationship between α-Klotho levels, BMD, and dynamic changes in α-Klotho 
and various metabolic parameters, including mineral metabolism. In addition, our study population consisted 
mainly of patients with CKD stage 2 or early stage 3, in which certain metabolic disturbances may not yet be 
clearly manifested because the compensatory mechanisms of renal function are still relatively well-established. 
These complex physiologic regulatory mechanisms may need to be fully elucidated by a longitudinal study 
design. Despite the large sample size, the statistical power for certain subgroups after stratified analysis may be 
inadequate, and larger prospective studies are needed for further validation in the future. Additionally, CKD 
classification was based on a single measurement of eGFR and albuminuria, which may misclassify transient 
reductions in kidney function as CKD. This limitation is inherent to the cross-sectional design of NHANES and 
should be considered when interpreting our findings.

Conclusions and future directions
In conclusion, this study found that serum α-Klotho levels were significantly associated with BMD at thoracic 
spine, total body, and trunk sites in CKD patients, but not at lumbar spine, pelvis, or legs. The inconsistent 
associations across different skeletal sites suggest that it remains unclear whether serum α-Klotho levels are 
associated with BMD in CKD patients, as no correlation was observed at three out of the six sites measured. This 
highlights the complexity of bone metabolism in CKD and the need for further research to elucidate these site-
specific differences. However, the cross-sectional design further limits causality inferences. Future efforts should 
focus on validating these site-specific associations in larger cohorts with diverse CKD stages. Subsequently, 
longitudinal and interventional studies could further explore the potential relationship between α-Klotho and 
bone metabolism, as well as the biological mechanisms underlying any site-specific effects. Elucidation of these 
mechanistic pathways is prerequisite to establishing the clinical significance of α-Klotho in skeletal homeostasis 
among CKD patients.

Data availability
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