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Abstract
Background Klotho plays a pivotal role in human aging. Metabolic syndrome (MetS) is composed of multiple 
conditions that are also risk factors for cardiovascular disease and diabetes. We try to discuss gender-specific 
differences in Klotho and the associations between Klotho and MetS components.

Materials and methods The National Health and Nutrition Examination Survey database from cycle 2015–2016 was 
analyzed. MetS was defined according to the 2005 updated criteria by the American Heart Association and National 
Heart Lung and Blood Institute. Gender-specific differences in serum Klotho, and associations between Klotho level 
and MetS components were examined.

Results A total of 2475 participants (40–79 years old) with comprehensive data were included (52% women). 
In general, lower Klotho was associated with advanced age, male sex, tobacco use, elevated triglycerides, renal 
insufficiency, inflammation, low estradiol, and low sex hormone-binding globulin (SHBG). The correlation between 
MetS and Klotho was more obvious in women, mainly in waist circumference and triglyceride. There were no gender-
specific differences in the associations between Klotho and renal dysfunction, but multivariate linear regression 
analysis showed gender differences in other factors associated with Klotho. Estradiol, SHBG, high-density lipoprotein 
cholesterol (HDL), and high-sensitivity C-reactive protein (CRP) were associated with Klotho levels independent of 
age and renal function in men, whereas in women, Klotho was independently associated with triglycerides and white 
blood cell count.

Conclusion Klotho levels had gender disparities regardless of age, renal function, and sex hormones. In the current 
cohort, triglycerides were the major component of MetS that was independently associated with serum Klotho 
levels, and the association was particularly seen in women. However, HDL was found to be the male-specific MetS 
component independently associated with Klotho.
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Introduction
The Klotho gene is expressed primarily in the distal 
tubule of the kidney, encoding a single-pass transmem-
brane protein, named Klotho [1]. Klotho has been rec-
ognized as a longevity protein, which provides a useful 
framework for understanding the human aging process 
[2]. Klotho protein exists in two forms, membrane-bound 
and secreted form [3]. Secreted or soluble Klotho circu-
lates in the bloodstream and functions as a humoral fac-
tor with pleiotropic effects [4]. Soluble Klotho level is a 
promising aging biomarker of kidney function and has 
been found inversely associated with the prevalence of 
cardiovascular disease, and metabolic syndrome (MetS) 
[5, 6]. The MetS is composed of multiple conditions that 
are also risk factors for cardiovascular disease and type 
2 diabetes, with a 2-fold increment of cardiovascular 
events and 1.5-fold of all-cause mortality [7].

Existing evidence indicates that human longevity is 
strongly influenced by gender and factors related to 
behavior, social activity, and lifestyle [8]. However, the 
gender-related differences in the association between sol-
uble Klotho level and MetS have not been fully discussed. 
Therefore, this study aimed to identify gender-specific 
associations between multiple components of MetS and 
soluble Klotho levels, which may contribute to a better 
understanding of human aging.

Materials and methods
Study population
This study population was based on the nationally repre-
sentative database of the National Health and Nutrition 
Examination Survey (NHANES). During the survey cycle 
2015–2016, 3390 participants aged from 40 to 79 were 
screened, and finally, 2475 (52% female) with Klotho tests 
were enrolled in the final analysis. The data was collected 
from the NHANES website, and the use of the data was 
approved by the National Center for Health Statistics 
Research Ethics Review Board (Protocol #2011-17). All 
methods were carried out under relevant guidelines.

Definition of metabolic syndrome
Metabolic syndrome (MetS) was defined by the National 
Cholesterol Education Program (NCEP) Adult Treatment 
Panel III (ATP III) in 2001 and updated by the Ameri-
can Heart Association and the National Heart Lung and 
Blood Institute in 2005 [9]. MetS is present if three or 
more of the following five criteria exist, including waist 
circumference > 40 inches for men and > 35 inches for 
women (central obesity), blood pressure over 130/85 
mmHg, fasting triglyceride (TG) level > 150 mg/dl, fasting 
high-density lipoprotein (HDL) cholesterol level < 40 mg/
dl for men and < 50 mg/dl for women, and fasting plasma 
glucose (FPG) > 100  mg/dl [9]. In the present study, we 

calculated the number of MetS components and scored 
them as 0, 1–2, and ≥ 3 for analysis.

Measurements of serum klotho levels
Evaluation of soluble alpha-Klotho concentrations was 
performed on frozen pristine serum samples from 40 to 
79 years old participants in NHANES cycle 2015–2016, 
who gave informed consent for future research on their 
blood samples. Samples were received and tested dur-
ing the period 2019–2020 with a commercially available 
ELISA kit produced by IBL International, Japan. Samples 
were received on dry ice and were inspected by person-
nel in the laboratory’s receiving area. All samples were 
stored at -80 degrees Celsius until scheduled batches 
were provided to technicians for analysis. There were 
no specific cut-points to indicate human biological age. 
The expected and obtained values had excellent linearity 
in the measurement range (R2 = 0.998 and 0.997, respec-
tively) [10].

Other covariates
Demographic variables included age, gender, and race/
ethnicity. Body mass index, waist circumference, and 
blood pressure (three consecutive readings after resting 
in a seated position for 5  min) were based on standard 
physical examination. Comorbidities were identified by 
the questionnaire of medical conditions, such as heart 
disease (congestive heart failure, coronary heart disease, 
and heart attack), chronic kidney disease/gout, stroke, 
and cancer [11]. Smoking habits were extracted from the 
questionnaire on cigarette use as none, quit, some days, 
and every day.

NHANES collected biological specimens for the labo-
ratory in the mobile examination center (MEC), based on 
the participant’s gender and age at the time of screening. 
This study extracted biochemical profiles regarding kid-
ney function (creatinine, uric acid, and urea nitrogen), 
lipid profiles (cholesterol, triglycerides, HDL-cholesterol, 
and LDL-cholesterol), sex hormones, fasting glucose, and 
hemoglobin A1C levels. The participant’s fasting status 
was assessed by the MEC phlebotomist before the blood 
draw.

Statical analysis
Continuous variables were recorded as mean ± SD, and 
category variables were expressed as numbers with 
percentages. Continuous data were compared using 
the Student t-test or Mann-Whitney U-test. Categori-
cal data were analyzed by Chi-square/Fisher’s exact test 
by using SPSS software version 25.0 (IBM Corporation, 
Armonk, NY). Spearman’s rank correlation analyses were 
performed between Klotho and laboratory parameters. 
Skewed laboratory data were converted to a normal dis-
tribution after logarithmic transformation. Afterward, 
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univariate and multivariate linear regression models were 
used to identify gender-specific factors that were inde-
pendently associated with serum Klotho levels. A p-value 
less than 0.05 was considered statistically significant.

Results
A total of 2475 participants aged from 40 to 79 were 
enrolled in the final analysis, including 1285 (52%) 
females. Table  1 shows the clinical characteristics 
of the participants and their levels of soluble Klotho 
protein. The Klotho protein concentrations were dif-
ferent between men and women in the study cohort 
(796.85±300.49 vs. 855.45±345.36 pg/ml, P < 0.001). The 
ethnicity had no gender difference in the current popu-
lation. A lower Klotho level was found in non-Hispanic 
White, older adults, overweight, current smokers, and 
individuals who had cancer or heart attack. Gender was 
found an independent factor that was associated with 
Klotho concentrations, after adjusting for ethnicity, age, 
BMI, and tobacco intake (Table  2). Females had higher 
Klotho concentrations in the current cohort independent 
of age.

The overall (non-gender specific) expression of Klotho 
had no statistical difference among Mets components 
(Table 1). No statistical differences in Klotho were found 
for male participants according to the current binary 
classification thresholds for each MetS component. How-
ever, lower Klotho levels were found in women with high 
waist circumference (WC > 35 inches) and high fasting 
triglyceride (TG > 150  mg/dl), and there was also a dec-
remental tendency of female Klotho levels with the MetS 
score.

Spearman’s rank correlations between laboratory 
parameters and serum Klotho are shown in Table  3. 
Laboratory biomarkers and Klotho concentrations were 
log-normalized, and scatter plots were applied to show 
the pooled (Fig.  1) and gender-specific (Figs.  2 and 3) 
associations between them. These associations existed 
in general in terms of creatinine, uric acid, urea nitro-
gen, triglycerides, sex hormone binding globulin (SHBG), 
estradiol, WBC count, and CRP. Nutritional status (albu-
min) was not associated with Klotho levels. The above 
associations of creatinine, uric acid, and estradiol were 
shared between men and women. Differently, Klotho was 
associated with HDL, SHBG, testosterone, and CRP in 
men, and with TG and WBC in women.

Gender-specific stepwise forward multivariate regres-
sion models are shown in Table  4. For both men and 
women, age, tobacco use, creatinine, and uric acid were 
all found independently inversely associated with Klotho 
level. In addition, HDL and CRP were independent fac-
tors negatively correlated with Klotho in men, but estra-
diol and SHBG were independently positively correlated 

with Klotho. TG and WBC were independently nega-
tively correlated with Klotho in women.

Discussion
Serum alpha-Klotho has been recognized as a surrogate 
of the Klotho family that acts as a marker of the aging 
process. Our study first highlighted the associations 
between gender and serum Klotho protein concentra-
tions, and gender-specific associations between Klotho 
and metabolic syndrome. Generally, serum Klotho levels 
had gender disparities regardless of age and renal func-
tion in middle-aged and older adults. Various laboratory 
parameters may be associated with Klotho levels, how-
ever, after adjustment for these confounders as well as 
sex hormones, MetS components still had gender-spe-
cific associations with Klotho levels, i.e., HDL in men and 
TG in women.

The general function of serum Klotho
Serum Klotho is an antiaging protein with essential pro-
tective activity for the proper function of many organs. 
Klotho downregulation has been recognized as an early 
biomarker for aging and several diseases [12]. The reduc-
tion of Klotho with advanced age was apparent in the 
cohort. Also, as reported in the literature, Klotho expres-
sions were significantly lower in people who were over-
weight and current smokers [13–15]. Notably, people 
who have experienced heart arrest had reduced serum 
Klotho concentrations. One explanation may come from 
the study by Takeshita, K., et al., who found that Klotho 
protein is present in the pacemaker cells of the mouse 
sinoatrial node and sinus arrest in Klotho-deficient mice 
[16]. Given the known association between Klotho defi-
ciency and renal dysfunction [17], we found that Klotho 
was negatively correlated with creatinine, uric acid, and 
urea nitrogen. Triglycerides were inversely correlated 
with Klotho, which is consistent with previous studies 
[18]. One explanation may be that Klotho interferes with 
insulin-mediated phosphorylation, blocks insulin-stimu-
lated glucose uptake, and reduces malonyl-CoA, thereby 
promoting fatty acid oxidation, and preventing intracellu-
lar lipid overload and lipotoxicity, a proposed mechanism 
of the life-shortening metabolic syndrome [19]. Since 
inflammation is one of the pathological mechanisms of 
hyperlipidemia, we also found that CRP and WBC were 
negatively correlated with Klotho concentrations, which 
was also in consist with the anti-inflammatory properties 
of Klotho. Similar to a previous study, Klotho was corre-
lated with the level of estradiol and sex hormone-binding 
globulin (SHBG), which may physiologically decrease 
with aging [20].
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Gender-specific differences in Klotho and MetS
Generally, female participants had a higher Klotho level 
when compared with male participants, after adjusting 
for ethnicity, age, BMI, and tobacco intake. One possible 
reason could be that Klotho expressions were inversely 

associated with cigarette smoke—an aging accelera-
tor, which is more common in men, another reason may 
come from the estradiol, which was found positively 
correlated with soluble Klotho concentration. There-
fore, estrogen and gender-specific lifestyles may lead 

Table 2 Univariate and stepwise forward multivariate regression analysis for associations between clinical characteristics and serum 
Klotho concentrations (log-normalized values)

Univariate Multivariable*
Coefficients Beta t p Coefficients Beta t p

Female gender 0.027 0.091 4.53 < 0.001 0.021 0.069 3.45 < 0.001
Age, /10 years -0.012 -0.086 -4.27 < 0.001 -0.011 -0.079 -3.99 < 0.001
BMI category -0.024 -0.066 -3.30 0.001 -0.025 -0.069 -3.46 < 0.001
Tobacco use -0.015 -0.108 -5.38 < 0.001 -0.014 -0.100 -4.95 < 0.001
WC, /10 cm -0.003 -0.036 -1.80 0.072 -
SBP, /10mmHg -0.003 -0.033 -1.62 0.104 -
MAP, /10mmHg -0.002 -0.015 -0.76 0.446 -
PP, /10mmHg -0.003 -0.034 -1.67 0.095 -
BMI, body mass index, and BMI category include four levels (< 18.5 kg/m2, 18.5–25 kg/m2, 25–29.9 kg/m2, and > 30 kg/m2); WC, waist circumference; SBP, systolic 
blood pressure; MAP, mean artery pressure; PP, pulse pressure; tobacco use includes four levels (none, quit, some days, and every day). *Stepwise forward regression 
model after adjusting for ethnicity

Table 3 Spearman’s rank correlation between serum Klotho and laboratory parameters
Total Men Women
Rho t p Rho t p Rho t p

Hemoglobin (g/dl) 0.036 1.808 0.071 0.153 5.319 < 0.001 0.033 1.182 0.237
Albumin (g/dl) -0.017 -0.845 0.398 0.058 1.992 0.047 -0.045 -1.603 0.109
Creatinine (mg/dl) -0.151 -7.609 < 0.001 -0.097 -3.367 < 0.001 -0.130 -4.702 < 0.001
Uric acid (mg/dl) -0.180 -9.091 < 0.001 -0.142 -4.954 < 0.001 -0.185 -6.730 < 0.001
Urea nitrogen (mg/dl) -0.075 -3.760 < 0.001 -0.039 -1.353 0.176 -0.085 -3.039 0.002
FPG (mg/dl) 0.043 1.497 0.135 0.078 1.906 0.057 0.023 0.568 0.570
A1c (%) 0.024 1.178 0.239 0.035 1.218 0.224 0.010 0.362 0.717
Cholesterol (mg/dl) -0.0004 -0.021 0.983 -0.020 -0.685 0.494 -0.007 -0.257 0.797
Triglycerides (mg/dl) -0.059 -2.941 0.003 0.003 0.107 0.915 -0.116 -4.189 < 0.001
LDL (mg/dl) 0.007 0.257 0.797 0.023 0.556 0.579 -0.020 -0.483 0.629
HDL (mg/dl) 0.028 1.377 0.169 -0.070 -2.428 0.015 0.077 2.748 0.006
WBC count (1000 cells/ul) -0.061 -3.022 0.003 -0.031 -1.064 0.288 -0.093 -3.337 0.001
hs-CRP (mg/l) -0.046 -2.277 0.023 -0.077 -2.658 0.008 -0.037 -1.312 0.190
SHBG (nmol/l) 0.074 3.698 < 0.001 0.083 2.861 0.004 0.030 1.065 0.287
Estradiol (pg/ml) 0.046 2.287 0.022 0.083 2.862 0.004 0.080 2.890 0.004
Testosterone (ng/dl) -0.036 -1.776 0.076 0.093 3.215 0.001 0.040 1.423 0.155
LDL, fasting low-density lipoprotein cholesterol level; HDL, fasting high-density lipoprotein cholesterol level; FPG, fasting plasma glucose; WBC, white blood cell; 
hs-CRP, high-sensitivity C-reactive protein; SHBG, sex hormone binding globulin

Fig. 1 Scatter plots for the linear correlations between Klotho concentrations and some laboratory biochemical markers in the population cohort
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to different aging processes in men and women. The 
overall (non-gender specific) expression of Klotho was 
negatively associated with triglyceride levels, and the 
correlation was particularly significant in women, who, 
as a cohort, also had a higher proportion of individuals 
with high waist circumference. This finding suggested 
that central obesity and hyperlipidemia may be the major 
MetS factors associated with reduced Klotho concentra-
tions, and therefore impact aging in women. Further-
more, the adjusted multivariate regression model showed 
that HDL should be a pivotal MetS component affect-
ing male aging. These findings may provide therapeutic 

implications for future anti-aging management targeting 
abnormal lipid profiles in different genders.

Gender-specific risk factors associated with aging
Hu et al. have proposed that Klotho acts as an auto-
crine enzyme in the renal proximal tubule [21]. Klotho 
deficiency has been known associated with renal inter-
stitial fibrosis and chronic kidney disease, which is also 
a known risk factor for cardiovascular disease and mor-
tality [22]. In multiple regression analysis, serum Klotho 
was correlated with renal function biomarkers such as 
creatinine and uric acid independent of age and gender. 
Tobacco use was another factor associated with reduced 

Fig. 3 Scatter plots for the linear correlations between Klotho concentrations and serum biomarkers in women

 

Fig. 2 Scatter plots for the linear correlations between Klotho concentrations and serum biomarkers in men
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Klotho levels, which may result from the effect of smok-
ing on chronic inflammation (elevated CRP, fibrinogen, 
IL-6, and CEA levels), immune disorders, and blood cell 
composition [23]. Consistently, we found tobacco use and 
CRP were independent factors that were negatively asso-
ciated with Klotho levels in men, owing to men’s higher 
frequency of smoking and tobacco-associated chronic 
inflammation. Estradiol and SHBG were positively cor-
related with Klotho in men, which may stem from their 
potentially correlated changes during aging. Interestingly, 
a previous meta-analysis found that lower SHBG levels 
were associated with MetS but not gender-specific [24]. 
In women, WBC count was seen as a factor negatively 
associated with Klotho independent of renal function, 
age, smoking, and TG. It is well known that the endo-
thelial function of human arteries may deteriorate with 
age and cigarette intake, leading to inflammatory athero-
sclerosis, lipid disorder, and obesity, and increasing the 
risk of metabolic disorders. Therefore, postmenopausal 
women may be more fragile than their counterparts 
owing to impaired endothelial function, resulting in an 
increased risk of inflammatory status and MetS. Nota-
bly, adjusted multivariate regression analysis showed that 
estradiol was not independently associated with Klotho 
in women. Therefore, the mechanism underlying the 
complex gender-specific association between Klotho and 
MetS may be related to inflammation. Although the anti-
inflammatory and lipid-lowering effects of Klotho have 
been widely discussed [25], gender differences in anti-
aging treatments require more attention.

Limitations
Due to its retrospective nature, the current study has 
some intrinsic limitations. Although the data were col-
lected in a random sample set of the US population will-
ing to participate in the NHANES study, there may still 
be some selection bias. The gender-specific pathologi-
cal context of the association between Klotho and MetS 
remains unclear. For the potential inflammatory back-
ground of these associations, we currently only had hs-
CRP and WBC counts, which may have some limitations 
in interpreting these findings.

Conclusion
In middle-aged and older adults in the current cohort, 
gender was an independent factor associated with serum 
soluble Klotho concentrations, independent of age, renal 
function, and sex hormones. Lower Klotho concentra-
tions were associated with gender-specific inflammatory 
biomarkers. Triglycerides, a major component of MetS, 
were independently reversely associated with Klotho 
levels, suggesting a lipid-induced inflammatory back-
ground in the aging process, and the association was 
female-specific. HDL was a male-specific MetS compo-
nent independently associated with Klotho. Therefore, 
gender-specific associations between MetS and Klotho 
highlighted future gender-specific anti-inflammation or 
anti-aging therapeutic strategies.
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