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Abstract
Background Frailty is common and not limited to older age group. Serum α-Klotho works as a biomarker of anti-
aging effect. However, there is limited research about the relationship between them in middle-aged and older 
people and controversy still exists.

Methods Based on data from National Health and Nutrition Examination Survey (NHANES) 2007–2016, we 
constructed weighted logistic regression models and conducted sensitivity tests to investigate the correlation 
between frailty and α-Klotho among people aged 40 to 79. And then their relationship was visualized by Restricted 
Cubic Spline (RCS). Finally, the stratified analyses and interaction tests of covariables was presented in the forest plot.

Results A total of 7052 individuals were involved in this study, with mean age of 62.76 ± 0.18 years and females 
accounting for 51.05%. 2554 of them were in “frailty”. After adjustment for relevant covariables, weighted logistic 
regression models showed that the odds ratio and 95% confidence interval [ORs (95%CI)] of correlation between 
frailty and Natural Logarithm(ln)-transformed α- Klotho[ln(α-Klotho)] was 0.63 (0.50, 0.79); we then performed a 
sensitivity analysis and found that the results remained stable. In model 3, individuals in quartiles 2, 3, and 4 showed 
statistical differences compared with the lowest ln(α-Klotho) quartiles, ORs (95% CI) were 0.74 (0.59, 0.93), 0.72 (0.57, 
0.91), 0.71 (0.57, 0.87), respectively. Subsequently, non-linear associations were exhibited by RCS (p<0.001). The turning 
point for α-Klotho and ln(α-Klotho) were 785.7(pg/ml) and 6.67, respectively. Finally, analysis of the relationship 
between different levels of ln(α-Klotho) and frailty in different populations revealed differences between groups. The 
results of the interaction test showed that no other covariables had significant interaction with serum α-Klotho in our 
study.

Conclusion The L-shaped and negative correlation was found between α-Klotho and frailty among people aged 40 
to 79 in the NHANES from 2007 to 2016.
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Introduction
Frailty is a multifactorial syndrome with dysfunc-
tion of physiological systems that increases with age 
and decreases survival rates at any age [1]. It has been 
exposed as the most problematic manifestation of ageing 
[2], which increases vulnerability of people to stressors 
[3] and the incidence of undesirable events, such as fall, 
disability and hospital admission [4–6]. Frailty is com-
monly found in patients who are in the intensive care 
unit (ICU) [7] and has become a growing global health 
problem [8]. However, frailty assessment criteria have 
not been standardized. Two common approaches are 
always applied to describe this state: frailty phenotype 
[4, 9] and the model of frailty index (FI) [9]. Besides the 
ways mentioned above, other methods included simpli-
fied frailty phenotype and prognostic frailty score [10]. 
The assessment of frailty phenotype includes a combina-
tion of five aspects: shrinking, weakness, poor endurance 
and energy, slowness, low physical activity level [4]. Com-
pared with the frailty phenotype, FI performs better at 
distinguishing status of frailty [11]. The counts and items 
about FI were inconsistent in several different studies 
[11–13]. In our analysis, based on the reliable and obtain-
able clinical features from the examination data, labora-
tory data, and questionnaire data of NHANES dataset, 
a frailty index with 49 items was used for later analyzing 
[14–16].

The human klotho gene, located at the chromo-
some 13q12 and consisting of 5 exons [17], encoded 
two forms of protein: membrane bound and circulating 
forms [17, 18]. α-Klotho was the form following cleavage 
from transmembrane form [19], which was identified to 
include three forms that may have diverse functions, such 
as full-length transmembrane, truncated soluble and 
secreted form [20]. The easiest measuring form is plasma 
Klotho [5]. Soluble α-Klotho is a multifunctional protein 
[20] and associated with anti-oxidative and anti-inflam-
matory [21]. Previous researches have illustrated that 
serum Klotho was associated with chronic kidney disease 
[22], cardiovascular disease [23] and diabetes [24].

Critical focus on frailty screening is needed in clinical 
practice [25, 26], because not all the older suffer from 
frailty [27, 28]. The expression of Klotho decreases after 
40 years old [5]. The relationship between the incidence 
of frailty and α-Klotho remains ambiguous. In order to 
fill the gap, large-scale studies focusing on middle-aged 
and older population with their serum α-Klotho protein 
and frailty are urgently needed. We expect to search for 
indicators that can identify the status of frailty and pre-
vent or reduce the incidence of adverse events through 
early interventions, which is essential to reduce the bur-
den on patients, families, and society.

Methods
Study design cross-sectional study.

Sample population
The data from NHANES is updated every 2 years. The 
methodological design of a complex, stratified, multi-
stage, probability sample was used for gathering data 
of targeted groups. Five continuous cycles (2007–2008, 
2009–2010, 2011–2012, 2013–2014, 2015–2016) were 
involved in our investigation, which included 17,389 par-
ticipants. All the participants gave handwritten agree-
ment and passed the ethics reviews from the National 
Center for Health Statistics (NCHS) Ethics Review 
Board. Serum α-Klotho protein was only measured at the 
ages 40 to 79 years in the NHANES dataset. We choose 
this interval age and exclude individuals with pregnancy 
or without complete data. Finally, 7052 participants met 
the screening requirements and were enrolled in analysis. 
Details about the screening process were shown in Fig. 1. 
Other survey methods can be traced at NHANES web-
sites (https://www.cdc.gov/nchs/nhanes/index.htm).

Serum α-Klotho protein
Clinical samples available were collected by specialist 
workers on dry ice and stored at -80 ℃. Samples of par-
ticipants were tested by enzyme-linked immunosorbent 
assay (ELISA). Each sample was assayed in duplicate. The 
mean value of two samples was calculated as the final 
result. If two outcomes exceeded 10%, the procedure 
would be repeated. The criteria of laboratory quality con-
trol and monitoring can be traced at the NHANES web-
sites [29, 30].

Assessment of frailty
The eligibility questionnaire requires at least 80% com-
pletion of 49 frailty items. It has been reported that if suf-
ficient number of variables are included (about 40), they 
can be randomly selected and still give similar results for 
risk of poor outcome [13, 31]. Handgrip strength was 
not included in this frailty index model because not all 
five selection cycles had data of handgrip strength. As 
data was available from the NHANES dataset, one item 
(difficulty with leisure activities at home) was included 
in relation to the literature reporting that frailty is asso-
ciated with physical activity. We included this and the 
remaining 48 items to form a 49-item frailty index model 
including 7 main categories: cognition (1 item), depen-
dence (16 items), depressive conditions (7 items), comor-
bidities (13 items), hospital and care (5 items), physical 
anthropometry (1 item), and laboratory results (6 items), 
the details of which were presented in the Supplementary 
Table 1 [14–16]. The scores for the specific frailty items 
are summed up and subsequently divided by the amount 
of frailty items. The severity of the deficit is assessed to 

https://www.cdc.gov/nchs/nhanes/index.htm
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give a number between 0 and 1. Number 0 stands for 
no deficit and 1 for a full deficit. This method allows us 
to transform continuous to categorical variables for the 
next analysis. As for the frailty index, we classified it into 
dichotomized status (≤ 0.21, > 0.21). The cutoff value was 
based on previous literature [14].

Covariates
Sex was divided into male and female. Race/ethnicity was 
categorized to 4 subgroups: Non-Hispanic White, Non-
Hispanic Black, Mexican American, and Other. Educa-
tion levels were subcategorized into three levels: less than 
high school, high school or its equivalent, and more than 
high school. Smoking status were grouped into three cat-
egories: never (smoked less than 100 cigarettes in life), 
former (smoked more than 100 cigarettes in life and 
smoke not at all now), now (smoked more than 100 ciga-
rettes in life and smoke some days or every day). Alcohol 
use was classified into five groups according the defini-
tion of questionnaire (last year): never (fewer than 12 
drinks in lifetime), mild (≤ 2 drinks every day for males, 
≤ 1 drinks every day for female), moderate (≤ 3 and > 2 
drinks every day for males, ≤ 2 and > 1 drinks every day 
for female or ≥ 2 to < 5 days per month of binge drinking), 
heavy (≥ 4 drinks every day for males, ≥ 3 drinks every 
day for female or ≥ 5 days per month of binge drinking), 
former (did not drink last year, but had ≥ 12 drinks in 1 
year or drank ≥ 12 drinks in lifetime). Frailty was divided 

into two groups with non-frailty (≤ 0.21) or frailty (>0.21) 
[14]. Ratio of family income to poverty was divided into 
three groups (< 130%, 130–350%, ≥ 350%) [32].

Statistical analysis
The statistical analyses in our study were carried out 
with weights. The α-Klotho was categorized into quar-
tiles (Q, pg/ml), which are Q1(≤ 641.775), Q2 (641.775, 
785.7), Q3 (785.7, 973.9) and Q4 (> 973.9), respectively. 
The Chi-square (χ2) test was employed for categorical 
variables and one-way Analysis of Variance (ANOVA) 
test for continuous variables, which were used to search 
for differences between α-Klotho quartiles. The results of 
continuous variables were reported as mean ± standard 
deviation (SD). For binary or multi-categorical variables, 
frequency counts and proportions were presented in 
Table  1. The serum α-Klotho concentration was calcu-
lated using the ln-transformation due to the skewed dis-
tribution. To explore the linkage between the frailty and 
ln(α-Klotho), three weighted logistic regression models 
were constructed. No covariables were adjusted in Model 
1. Model 2 was adjusted for sex, age, and race/ethnic-
ity and model 3 for all covariates from Table  1 except 
frailty and number. Sensitivity analysis was performed 
to assess whether the results were stable. And then their 
associations were visualized by using RCS. Finally, sub-
group analysis was performed to detect the association 
of ln(α-Klotho) and frailty between different populations. 

Fig. 1 Flow chart of screening
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Interaction test between ln(α-Klotho) and frailty was 
assessed among the middle-aged and older adults from 
NHANES 2007–2016. R software 4.2.2 was carried out 
in this study. Statistical significance is defined as a two-
tailed p-value threshold of less than 0.05.

Results
The baseline features of the participants
7052 individuals were enrolled in our study. The aver-
age age was 62.76 ± 0.18 years and 51.05% were female. 
Classified in accordance with the frailty index used in 
this study, 36.22% of the participants were in “frailty”. 
The weighted sampling design represents 50,988,947 
non- institutionalized residents in the United States. 
The analysis highlights statistical differences in age, sex, 
race/ethnicity, education level, smoke status, alcohol use 
and frailty between groups in different concentrations of 
α-Klotho. No significant differences were observed in the 
ratio of family income to poverty. The general character-
istics of this study population are listed in Table 1.

The relationship between ln(α-Klotho) and frailty
Three weighted logistic regression models were fitted to 
explore the correlation between ln(α-Klotho) and frailty, 
as shown in Table 2. The ORs (95% CI) were 0.73 (0.59, 
0.90), 0.63 (0.51, 0.79), 0.63 (0.50, 0.79) respectively in 
model 1, model 2 and model 3. Sensitivity analysis trans-
form the ln(α-Klotho) into quartile variables, which are 
Q1 (≤ 6.464), Q2 (6.464, 6.667), Q3 (6.667, 6.881), and 
Q4 (> 6.881). Adjusting for potential variables or not, the 
relationship between ln(α-Klotho) quartiles and frailty 
in all 3 models are in line with the continuous variable. 
In model 3, compared to Q1, the ORs (95%CI) was 0.74 
(0.59, 0.93), 0.72 (0.57, 0.91), 0.71 (0.57, 0.87), in the par-
ticipants with concentration in Q2, Q3 and Q4, respec-
tively. RCS showed L-shaped association between frailty 
and α-Klotho (continuous and ln-transformed variable) 
in Fig. 2. The turning point for α-Klotho and ln(α-Klotho) 
were 785.7(pg/ml) and 6.67, respectively.

Table 1 Characteristic of the study population in NHANES 2007–2016
Variables Total Q1 Q2 Q3 Q4 P value
N (%) 7052 (100) 1763 (25.00) 1764 (25.01) 1762 (24.99) 1763 (25.00)
Age (years) 62.76 ± 0.18 63.92 ± 0.29 62.43 ± 0.32 62.61 ± 0.30 62.09 ± 0.33 < 0.0001*
Sex (%) 0.01*
 Female 3600 (51.05) 852 (51.87) 833 (49.59) 928 (54.55) 987 (57.67)
 Male 3452 (48.95) 911 (48.13) 931 (50.41) 834 (45.45) 776 (42.33)
Ethnicity/Race (%) 0.003*
 Non-Hispanic White 3378 (47.90) 875 (77.71) 904 (79.41) 858 (77.76) 741 (73.98)
 Non-Hispanic Black 1442 (20.45) 370 (9.19) 321 (7.51) 307 (7.33) 444 (11.21)
 Mexican American 952 (13.50) 238 (4.53) 232 (4.41) 243 (4.96) 239 (5.06)
 Other 1280 (18.15) 280 (8.58) 307 (8.67) 354 (9.95) 339 (9.75)
Education (%) 0.04*
 Less than high school 1020 (14.46) 254 (6.53) 260 (6.35) 248 (6.68) 258 (7.32)
 High school or equivalent 2737 (38.81) 728 (39.37) 658 (33.75) 684 (33.79) 667 (33.43)
 College or above 3295 (46.72) 781 (54.10) 846 (59.90) 830 (59.54) 838 (59.25)
Smoke Status (%) 0.04*
 Never 3192 (45.26) 725 (41.47) 757 (44.19) 831 (46.18) 879 (48.78)
 Former 2464 (34.94) 661 (38.84) 646 (37.79) 602 (35.79) 555 (32.12)
 Now 1396 (19.80) 377 (19.69) 361 (18.02) 329 (18.03) 329 (19.10)
Alcohol Use (%) 0.004*
 Never 1105 (15.67) 220 (9.26) 285 (13.41) 275 (11.59) 325 (13.73)
 Mild 2474 (35.08) 610 (39.93) 607 (40.00) 651 (41.68) 606 (42.85)
 Moderate 810 (11.49) 224 (14.94) 207 (13.30) 199 (13.51) 180 (11.10)
 Heavy 797 (11.30) 219 (11.47) 216 (12.37) 200 (11.84) 162 (7.66)
 Former 1866 (26.46) 490 (24.40) 449 (20.91) 437 (21.38) 490 (24.64)
Frailty (%) 0.004*
 Non-Frailty 4498 (63.78) 1017 (63.86) 1155 (70.68) 1188 (70.77) 1138 (69.08)
 Frailty 2554 (36.22) 746 (36.14) 609 (29.32) 574 (29.23) 625 (30.92)
Family income to poverty ratio (%) 0.5
 <1.3 2487 (35.27) 627 (21.80) 631 (21.99) 611 (21.24) 618 (23.63)
 1.3–3.5 2623 (37.20) 661 (37.55) 627 (34.55) 659 (36.57) 676 (36.88)
 ≥3.5 1942 (27.54) 475 (40.64) 506 (43.46) 492 (42.19) 469 (39.49)
Note 1: N: number; Q1 (≤ 641.775), Q2 (641.775, 785.7), Q3 (785.7, 973.9), Q4 (> 973.9); * significantly difference
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Stratified analyses and interaction test
After adjusting the relevant covariates (all covariates 
from Table 1 except frailty and number), we analyze the 
interaction and subgroup analysis between ln(α-Klotho) 
and frailty. There was no significant interaction in the 
subgroup analysis stratified by age, sex, race/ethnicity, 
smoking status, alcohol use. Subgroup analyses explored 
the relationship between ln(α-klotho) and frailty in dif-
ferent populations. Results in Fig. 3 showed that in most 
subgroups, ln(α-klotho) with a significant negative asso-
ciation with frailty, however, this relationship was not 
obvious in White and no alcohol use participants. Detail 
results of interaction and subgroups analysis were visual-
ized in forest plot (Fig. 3).

Discussion
7052 individuals were involved in this cross-sectional 
analysis, representing 50,988,947 non-institutionalized 
residents in the United States. The ln(α-Klotho) was 

negative and L-shaped associated with frailty based on 
the data from 5 cycles (2007–2016) of individuals from 
NHANES. Therefore, increasing the concentration of 
α-Klotho may be a potential and effective approach to 
improve the frailty status of the population according to 
the results of our study and literature review.

Frailty is an emerging global health burden and public 
health challenge [8, 26]. There is heterogeneity in clini-
cal manifestations of frailty [26], and there is currently 
no consistent gold standard for frailty [8]. As people age, 
the tendency of developing comorbidities also increases. 
Chronic diseases have been identified as dominant deter-
minant of frailty [33], and cognitive function is closely 
related to physical frailty [34]. Frailty is a dynamic state 
that can worse or alleviate under different conditions. It 
may be influenced through the treatment of chronic dis-
ease [33]. Two common approaches are always applied to 
describe this state: frailty phenotype [4, 9] and the model 
of frailty index (FI) [9]. A recent study has demonstrated 

Table 2 Association between ln(α-Klotho) and frailty
Model 1 Model 2 Model 3
ORs (95%CI) P-value ORs (95%CI) P-value ORs (95%CI) P-value

ln(α-Klotho) 0.73 (0.59, 0.90) 0.005* 0.63 (0.51, 0.79) < 0.001* 0.63 (0.50, 0.79) < 0.001*
Total
 Q1 1 (ref ) 1 (ref ) 1 (ref )
 Q2 0.73 (0.60, 0.89) 0.002* 0.71 (0.58, 0.87) 0.001* 0.74 (0.59, 0.93) 0.01*
 Q3 0.73 (0.59, 0.90) 0.004* 0.69 (0.56, 0.86) 0.001* 0.72 (0.57, 0.91) 0.01*
 Q4 0.79 (0.66, 0.95) 0.01* 0.71 (0.58, 0.86) < 0.001* 0.71 (0.57, 0.87) 0.002*
P for Trend 0.01* < 0.001* < 0.001*
Note 2: ORs = odds ratio; CI = confidence interval; Q1 (≤ 6.464), Q2 (6.464, 6.667), Q3 (6.667, 6.881), Q4 (> 6.881); No covariable was adjusted in Model 1. Model 2 was 
adjusted for sex, age, and race/ethnicity and Model 3 for all covariates from Table 1 except frailty and number

Fig. 2 RCS analysis with multivariate-adjusted associations between frailty and α-Klotho, ln(α-Klotho)
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that frailty index exhibits superior reproducibility and 
responsiveness compared to the frailty phenotype in 
older people who are acutely hospitalized [35].The 
frailty index model was developed as a tool of quantify-
ing the frailty conditions on the basis of a comprehensive 
assessment.

Serum α-Klotho is possibly a biomarker for improve-
ments in frailty. The decreasing stem cells and increas-
ing progenitor senescence were observed in the tissues 
and organs of klotho mice [36]. Mutation in the mouse 
klotho gene cause an aging-like syndrome [37]. Whereas 
overexpression of klotho gene extends life spans in mice 
[38]. What comes as a pleasant surprise is that klotho can 
promotes recovery in acute kidney injury of mice [39]. It 
has been shown that injecting klotho protein into aging 
monkeys can improve their cognitive function [40]. In 
the reported clinical study, α-Klotho was negatively cor-
related with mortality among American adults [21]. The 
same conclusion can be seen in the study from Italy [41].

High levels of plasma Klotho were associated with a 
low likelihood of the frailty, in particular with exhaus-
tion, in a study of 774 participants in the Invecchiare in 
Chianti, “Aging in Chianti” (InCHIANTI) [42]. How-
ever, another research of 89 individuals found no sig-
nificant association between them [43]. The relationship 
between α-Klotho and frailty had yielded inconsistent 
results in previous study. This may be attributed to insuf-
ficient samples. In another study based on the NHANES 
database, frailty index of 34 health items and frailty phe-
notypes of 5 items were established to assess the relation-
ship between frailty and klotho protein, and the literature 
showed that higher klotho concentration were associ-
ated with lower frailty in middle-aged and older people 
[44]. The same relationship can be seen in our study. We 
revealed the association in the real world, the conclusions 

of which were mutual verification with previous study. 
These results are robust. In addition, another promi-
nent finding in our results that distinguishes us from the 
above paper is that changes in serum α-klotho protein 
concentration are L-shaped in association with frailty, 
and there is a tendency to stage changes. Although, with 
the increasing of α-Klotho and ln(α-Klotho), the odds 
of frailty decreased, when they reached threshold value 
(785.7 pg/ml and 6.67), the effectiveness of protection 
has declined to a certain extent. At present, the mecha-
nism of this phenomenon is not clear but may closely 
related to oxidative stress and inflammation [45, 46]. A 
study has observed a phenomenon that exposure to ciga-
rette smoke increases oxidative stress [47]. Verde Z et al. 
had found it in the plasma of smokers and non-smokers, 
the levels of Klotho were significantly higher in heavy 
smokers (≥ 20 pack years smoked) than in light smokers 
(< 20 pack years smoked) [48]. Therefore, we hypothesize 
that α-Klotho protein, as a component of the antioxidant 
defense system and an inhibitor of inflammatory damage, 
may exert a protective effect by reducing the detrimen-
tal effects of free radicals and reactive oxygen species on 
the body. Moreover, it is plausible that the upregulation 
of α-Klotho protein expression could serve as a com-
pensatory response to counteract oxidative stress within 
the body. Furthermore, the increased expression of anti-
oxidants correlates with elevated oxidative stress levels 
within the body. Under conditions of heightened levels of 
both antioxidants and pro-oxidants, the efficacy of anti-
oxidants in providing protection may be compromised 
due to the potential damage caused by pro-oxidant com-
ponent, without yielding a corresponding increase in 
protective effects. Nevertheless, increasing the concen-
tration of klotho protein still helps to reduce the odds of 
frailty.

Fig. 3 Subgroup analysis and interaction of the association between ln(α-Klotho) and frailty
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The strength of our study is illustrated as follows: 
firstly, the sample was collected from the nationally rep-
resentative cohort and the sample size in this study was 
increased to 7052. Secondly: in terms of the descrip-
tion of frailty, 49 items encompass a greater number of 
items and provides a more detailed and comprehensive 
account, incorporating more specific indicators that 
offer deeper insights. Thirdly, sensitivity analysis show-
ing that the results of the association between two vari-
ables remain stable, manifest the results robust in present 
investigation. Therefore, assessing complex frailty models 
with relatively simple and easily detectable intervenable 
indicators can reduce clinical workload and facilitate 
clinical implementation. The outcomes can potentially be 
expanded to clinical practice.

There are still some limitations in this study. On the one 
hand, the participants in NHANES may not represent the 
global population. Whether it might suit different ethnic-
ity is less certain. Additional samples of multiple centers 
are needed to increase credibility. On the other hand, 
the data from cross-sectional study only illustrated their 
association. However, the causal-effect relation has not 
been determined.

Conclusion
L-shaped and negative correlation was presented 
between α-Klotho and frailty among 40 to 79 years old 
in the NHANES. Our investigation provides an effec-
tive and reliable reference to optimize public and clinical 
health care.

Abbreviations
95%CI  95% Confidence Interval
ANOVA  Analysis of Variance
ELISA  Enzyme-linked immunosorbent assay
FI  Frailty Index
ICU  Intensive care unit
InCHIANTI  Invecchiare in Chianti, “Aging in Chianti”
ln  Natural Logarithm
N  Number
NCHS  National Center for Health Statistics
NHANES  National Health and Nutrition Examination Survey
ORs  Odds Ratio
Q  Quartiles
RCS  Restricted Cubic Spline
SD  Standard Deviation
χ2  Chi-square

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12877-023-04324-z.

Supplementary Material 1

Acknowledgements
All authors thank the participants of the NHANES database. Thanks also to Dr 
Zhang, your brilliant technical support makes our study results dependable. 
Special appreciation to Jiachun Jiang for revising the manuscript.

Authors’ contributions
ZW J: Conceptualization, Validation, Investigation, Writing - Original Draft; JX 
W: Methodology, Software, Investigation, Visualization, Writing - Original Draft; 
XD C: Conceptualization, Opinion, Formal analysis; PW: Opinion – Review; SM 
L: Supervision Editing, Conceptualization, Review.

Funding
There was no funding for the research.

Data Availability
Dataset can be found at NHANES online website: https://www.cdc.gov/nchs/
nhanes/index.htm.

Declarations

Ethics approval and consent of participates
All the participants from NHANES 2007–2016 gave documented signed 
consent. These studies were approved by the ethics reviews from the National 
Center for Health Statistics (NCHS) Ethics Review Board. The NCHS IRB/ERB 
protocol number for 2007–2010 was #2005-06 and the number for 2011–2016 
was #2011-17.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 3 April 2023 / Accepted: 16 September 2023

References
1. Song X, Mitnitski A, Rockwood K. Prevalence and 10-Year outcomes of 

Frailty in older adults in relation to Deficit Accumulation. J Am Geriatr Soc. 
2010;58:681–7.

2. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in elderly people. 
The Lancet. 2013;381:752–62.

3. The Lancet. Bringing frailty into all realms of medicine. The Lancet. 
2019;394:1298.

4. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et 
al. Frailty in older adults: evidence for a phenotype. J Gerontol Ser A. 
2001;56:M146–57.

5. Veronesi F, Borsari V, Cherubini A, Fini M. Association of Klotho with physical 
performance and frailty in middle-aged and older adults: a systematic review. 
Exp Gerontol. 2021;154:111518.

6. Angulo J, El Assar M, Rodríguez-Mañas L. Frailty and sarcopenia as the basis 
for the phenotypic manifestation of chronic diseases in older adults. Mol 
Aspects Med. 2016;50:1–32.

7. Muscedere J, Waters B, Varambally A, Bagshaw SM, Boyd JG, Maslove D, et al. 
The impact of frailty on intensive care unit outcomes: a systematic review 
and meta-analysis. Intensive Care Med. 2017;43:1105–22.

8. Hoogendijk EO, Afilalo J, Ensrud KE, Kowal P, Onder G, Fried LP. Frailty: 
implications for clinical practice and public health. Lancet Lond Engl. 
2019;394:1365–75.

9. Kojima G, Iliffe S, Walters K. Frailty index as a predictor of mortality: a system-
atic review and meta-analysis. Age Ageing. 2018;47:193–200.

10. Widagdo IS, Pratt N, Russell M, Roughead EE. Predictive performance 
of four frailty measures in an older australian population. Age Ageing. 
2015;44:967–72.

11. Blodgett J, Theou O, Kirkland S, Andreou P, Rockwood K. Frailty in NHANES: 
comparing the frailty index and phenotype. Arch Gerontol Geriatr. 
2015;60:464–70.

12. Searle SD, Mitnitski A, Gahbauer EA, Gill TM, Rockwood K. A standard proce-
dure for creating a frailty index. BMC Geriatr. 2008;8:24.

13. Rockwood K, Mitnitski A. Frailty in Relation to the Accumulation of deficits. J 
Gerontol Ser A. 2007;62:722–7.

14. Hakeem FF, Bernabé E, Sabbah W. Association between oral health and Frailty 
among American older adults. J Am Med Dir Assoc. 2021;22:559–563e2.

https://doi.org/10.1186/s12877-023-04324-z
https://doi.org/10.1186/s12877-023-04324-z
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm


Page 8 of 8Jiang et al. BMC Geriatrics          (2023) 23:716 

15. Kolehmainen L, Havulinna S, Ngandu T, Strandberg T, Levälahti E, Lehtisalo J, 
et al. Earlier life leisure-time physical activity in relation to age-related frailty 
syndrome. Age Ageing. 2021;50:161–8.

16. Rockwood K, Song X, MacKnight C, Bergman H, Hogan DB, McDowell I, et 
al. A global clinical measure of fitness and frailty in elderly people. CMAJ. 
2005;173:489–95.

17. Matsumura Y, Aizawa H, Shiraki-Iida T, Nagai R, Kuro-o M, Nabeshima Y. 
Identification of the HumanKlothoGene and its two transcripts encoding 
membrane and SecretedKlothoProtein. Biochem Biophys Res Commun. 
1998;242:626–30.

18. Buendía P, Ramírez R, Aljama P, Carracedo J. Chapter five - Klotho prevents 
translocation of NFκB. In: Litwack G, editor. Vitamins & hormones. Academic 
Press; 2016. pp. 119–50.

19. Leon J, Moreno AJ, Garay BI, Chalkley RJ, Burlingame AL, Wang D, et al. Periph-
eral elevation of a Klotho Fragment enhances brain function and resilience in 
Young, Aging, and α-Synuclein transgenic mice. Cell Rep. 2017;20:1360–71.

20. Xu Y, Sun Z. Molecular basis of Klotho: from gene to function in aging. Endocr 
Rev. 2015;36:174–93.

21. Kresovich JK, Bulka CM. Low serum Klotho Associated with all-cause Mortality 
among a nationally Representative Sample of American adults. J Gerontol Ser 
A. 2022;77:452–6.

22. Zhang Z, Zhou X, Deng L, Jin K, Xiong X, Su X, et al. The association between 
serum soluble Klotho and chronic kidney disease among us adults ages 40 to 
79 years: cross-sectional study. Front Public Health. 2022;10:995314.

23. Lee J, Kim D, Lee H-J, Choi J-Y, Min J-Y, Min K-B. Association between serum 
klotho levels and cardiovascular disease risk factors in older adults. BMC 
Cardiovasc Disord. 2022;22:442.

24. Wang K, Mao Y, Lu M, Liu X, Sun Y, Li Z, et al. Association between serum 
klotho levels and the prevalence of diabetes among adults in the United 
States. Front Endocrinol. 2022;13:1005553.

25. Walston J, Buta B, Xue Q-L. Frailty Screening and Interventions: considerations 
for clinical practice. Clin Geriatr Med. 2018;34:25–38.

26. Dent E, Martin FC, Bergman H, Woo J, Romero-Ortuno R, Walston JD. 
Management of frailty: opportunities, challenges, and future directions. The 
Lancet. 2019;394:1376–86.

27. Frailty in Older People. Lancet. 2013;381:752–62.
28. Alfano CM, Peng J, Andridge RR, Lindgren ME, Povoski SP, Lipari AM, et al. 

Inflammatory cytokines and Comorbidity Development in breast Cancer 
Survivors Versus Noncancer Controls: evidence for Accelerated Aging? J Clin 
Oncol. 2017;35:149–56.

29. Drew DA, Katz R, Kritchevsky S, Ix J, Shlipak M, Gutiérrez OM, et al. Association 
between Soluble Klotho and change in kidney function: the Health Aging 
and Body Composition Study. J Am Soc Nephrol JASN. 2017;28:1859–66.

30. Yamazaki Y, Imura A, Urakawa I, Shimada T, Murakami J, Aono Y, et al. 
Establishment of sandwich ELISA for soluble alpha-klotho measurement: 
age-dependent change of soluble alpha-klotho levels in healthy subjects. 
Biochem Biophys Res Commun. 2010;398:513–8.

31. Rockwood K, Mitnitski A, Song X, Steen B, Skoog I. Long-term risks of death 
and institutionalization of Elderly People in Relation to Deficit Accumulation 
at Age 70. J Am Geriatr Soc. 2006;54:975–9.

32. Buckley JP, Kim H, Wong E, Rebholz CM. Ultra-processed food consumption 
and exposure to phthalates and bisphenols in the US National Health and 
Nutrition Examination Survey, 2013–2014. Environ Int. 2019;131:105057.

33. Onder G, Vetrano DL, Marengoni A, Bell JS, Johnell K, Palmer K. Accounting 
for frailty when treating chronic diseases. Eur J Intern Med. 2018;56:49–52.

34. Arai H, Satake S, Kozaki K. Cognitive Frailty in Geriatrics. Clin Geriatr Med. 
2018;34:667–75.

35. Feenstra M, Oud FMM, Jansen CJ, Smidt N, van Munster BC, de Rooij SE. 
Reproducibility and responsiveness of the Frailty Index and Frailty phenotype 
in older hospitalized patients. BMC Geriatr. 2021;21:499.

36. Liu H, Fergusson MM, Castilho RM, Liu J, Cao L, Chen J, et al. Augmented 
wnt signaling in a mammalian model of Accelerated Aging. Science. 
2007;317:803–6.

37. Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi T, et al. 
Mutation of the mouse klotho gene leads to a syndrome resembling ageing. 
Nature. 1997;390:45–51.

38. Kuro-o M, Klotho. Pflüg Arch - Eur J Physiol. 2010;459:333–43.
39. Hu M-C, Shi M, Zhang J, Quiñones H, Kuro-o M, Moe OW. Klotho deficiency is 

an early biomarker of renal ischemia–reperfusion injury and its replacement 
is protective. Kidney Int. 2010;78:1240–51.

40. Castner SA, Gupta S, Wang D, Moreno AJ, Park C, Chen C, et al. Longevity fac-
tor klotho enhances cognition in aged nonhuman primates. Nat Aging. 2023. 
https://doi.org/10.1038/s43587-023-00441-x

41. Semba RD, Cappola AR, Sun K, Bandinelli S, Dalal M, Crasto C, et al. Plasma 
klotho and mortality risk in older community-dwelling adults. J Gerontol A 
Biol Sci Med Sci. 2011;66:794–800.

42. Shardell M, Semba RD, Kalyani RR, Bandinelli S, Prather AA, Chia CW, et al. 
Plasma Klotho and Frailty in older adults: findings from the InCHIANTI Study. J 
Gerontol A Biol Sci Med Sci. 2019;74:1052–7.

43. Polat Y, Yalcin A, Yazihan N, Bahsi R, Mut Surmeli D, Akdas S, et al. The relation-
ship between frailty and serum alpha klotho levels in geriatric patients. Arch 
Gerontol Geriatr. 2020;91:104225.

44. Guan Z, Ma L, Wu C. Association between serum Klotho and Physical Frailty 
in Middle-Aged and older adults: finding from the National Health and Nutri-
tion Examination Survey. J Am Med Dir Assoc. 2023. S1525-8610(23)00226-8.

45. Egea J, Fabregat I, Frapart YM, Ghezzi P, Görlach A, Kietzmann T, et al. 
European contribution to the study of ROS: a summary of the findings and 
prospects for the future from the COST action BM1203 (EU-ROS). Redox Biol. 
2017;13:94–162.

46. Liu CK, Lyass A, Larson MG, Massaro JM, Wang N, D’Agostino RB, et al. 
Biomarkers of oxidative stress are associated with frailty: the Framingham 
offspring study. Age. 2016;38:1.

47. Tuder RM, Petrache I. Pathogenesis of chronic obstructive pulmonary disease. 
J Clin Invest. 2012;122:2749–55.

48. Verde Z, González-Moro JMR, Chicharro LM, Reinoso-Barbero L, Bandrés F, 
Gómez-Gallego F, et al. A Paradox: α-Klotho levels and smoking intensity. 
Lung. 2017;195:53–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://doi.org/10.1038/s43587-023-00441-x

	L-shaped association of serum α-Klotho and frailty among the middle-aged and older adults: results from NHANES 2007–2016
	Abstract
	Introduction
	Methods
	Sample population
	Serum α-Klotho protein
	Assessment of frailty
	Covariates
	Statistical analysis

	Results
	The baseline features of the participants
	The relationship between ln(α-Klotho) and frailty
	Stratified analyses and interaction test

	Discussion
	Conclusion
	References


