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Abstract
Background and Objective  Klotho is a protein that is closely related to human aging. Soluble Klotho (S-Klotho) 
is a circulating protein, and its level decreases in response to systemic inflammation. The relationship between 
the platelet/high-density lipoprotein cholesterol ratio (PHR), an emerging inflammatory index, and S-Klotho 
concentrations is still unclear. In addition, the mean platelet volume has been confirmed to have a significant 
negative association with S-Klotho concentrations, but the relationship between the platelet count (PC) and S-Klotho 
concentrations has not yet been reported.

Methods  Data from individuals who participated in the National Health and Nutrition Examination Survey (NHANES) 
during the five cycles from 2007 to 2016 were retrieved for analysis. Linear regression, two-piecewise linear regression, 
and restricted cubic spline (RCS) methods were used to analyze the associations of the PHR index and its components 
with S-Klotho concentrations. In addition, subgroup analysis and effect modification tests were conducted.

Results  A total of 11,123 participants (5463 men (48.17%)), with an average age of 56.2 years, were included. After full 
adjustment, the S-Klotho levels of participants in the highest quartile group of PHR (β: -51.19, 95% CI: -75.41 to -26.97, 
P < 0.001) and the highest quartile group of PC (β: -72.34, 95% CI: -93.32 to -51.37, P < 0.0001) were significantly lower 
than those in their respective lowest quartile groups, and a significant downward trend was presented among the 
four groups (P for trend < 0.05, respectively). However, high-density lipoprotein cholesterol (HDL-C) concentrations 
were not significantly associated with S-Klotho concentrations. RCS revealed that the PHR and PC were nonlinearly 
associated with S-Klotho concentrations; two-piecewise linear regression revealed that the inflection points were 
175.269 and 152, respectively, and that these associations slightly weakened after the inflection point. According to 
the subgroup analysis, liver disease status enhanced the association between the PC and S-Klotho concentrations.

Conclusions  Both the PHR and PC were significantly negatively associated with S-Klotho concentrations, and these 
associations were nonlinear. There was no significant association between HDL-C and S-Klotho concentrations. Liver 
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Introduction
The Klotho gene is an emerging antiaging gene, and its 
translation product is a protein that is naturally expressed 
in kidney and brain tissues and circulates in the body in a 
manner similar to that of a hormone [1, 2]. Its expression 
is regulated by multiple factors. For example, active pep-
tides such as calcitonin gene-related peptide and fibro-
blast growth factor 2 can upregulate Klotho expression, 
whereas renin-angiotensin, uremic toxins, inflammatory 
responses, and oxidative stress can downregulate Klotho 
expression [3, 4]. The Klotho protein has two forms, the 
membrane-bound type and the secreted type, and the 
secreted type is also called soluble Klotho (S-Klotho), 
which is detectable in the blood, urine, and cerebrospinal 
fluid [5, 6]. Research has shown that S-Klotho concentra-
tions are closely related to acute myeloid leukemia, cog-
nitive function, and bone density [7–9]. Notably, Wu et 
al. [10] suggested that S-Klotho concentrations are signif-
icantly related to the levels of recognized inflammatory 
biomarkers; a low level of S-Klotho generally indicates 
the presence of systemic inflammation.

Many previous studies have suggested that platelets 
and Klotho may interact. After platelets are activated, 
many cytokines and chemokines are produced, thereby 
generating a variety of immune effects [11]. A popula-
tion-based study revealed that the S-Klotho level was 
significantly negatively associated with the mean platelet 
volume (MPV), an inflammatory biomarker [10]. How-
ever, paradoxically, in 2023, several mechanistic studies 
confirmed that platelet activation is an important link 
between Klotho and systemic inflammation. Platelets 
transmit the Kloth signal to enhance cognitive ability in 
the brain, thereby promoting the release of platelet factor 
4 (PF4) and other molecules, and these molecules exert 
their respective benefits in the aging process [12–14]. In 
addition, high-density lipoprotein cholesterol (HDL-C) 
may be related to the function of Klotho. Research has 
shown that in patients with advanced chronic kidney 
disease, the S-Klotho level is positively associated with 
the number of lipoprotein particles in very small high-
density lipoprotein (HDL) [15]. Hyperlipidemia-related 
renal injury reduces renal Klotho expression [16]. The 
single-nucleotide polymorphisms G-395  A and C1818T 
of the Klotho gene are related to low-density lipoprotein 
cholesterol and uric acid concentrations in hemodialysis 
patients [17]. However, a review revealed that HDL can 
regulate the aging process and may also directly inter-
fere with aging-related signaling or Klotho expression. 

However, these conclusions are based on cell and animal 
experiments and need to be verified in in vivo models 
[18].

The platelet/high-density lipoprotein cholesterol ratio 
(PHR) was proposed in 2021 for diagnosing metabolic 
syndrome (MetS) [19]. Some subsequent population 
studies have suggested that the PHR is closely related 
to increased risks of kidney stones [20], chronic kidney 
disease [21], nonalcoholic fatty liver disease (NAFLD) 
[22], and stroke [23]. However, the relationship between 
the PHR and S-Klotho concentrations has not yet been 
reported.

In this study, it was first hypothesized that the PHR, as 
a new type of inflammatory biomarker, may reduce the 
S-Klotho level, and this scientific conjecture was veri-
fied by analyzing cross-sectional data from the National 
Health and Nutrition Examination Survey (NHANES).

Methods
Study population
The NHANES investigators conduct complex multistage 
probability sampling every two years, systematically 
tracking the health and nutritional status of the U.S. pop-
ulation. This study was approved by the Ethics Review 
Committee of the National Center for Health Statistics 
(NCHS). Data from five consecutive sampling cycles 
from 2007 to 2016 were included. Individuals with miss-
ing outcome variables (n = 36,824), exposure variables 
(n = 41), or covariables (n = 2,600) were excluded. A total 
of 11,123 participants had complete data, which were 
included in the final analysis (Fig. 1).

Platelet/high-density lipoprotein cholesterol ratio (PHR) 
and its components
The platelet count (PC) is a laboratory parameter 
obtained by blood sampling of participants at the Mobile 
Examination Center (MEC), with a unit of 1000 cells/µL. 
Like the acquisition process of PC, HDL-C is also a blood 
biochemical parameter obtained at the MEC, noted as 
mmol/L. The PHR is the ratio of PC to HDL-C [19, 23]. 
Considering the right-skewed distributions of the PC, 
HDL-C concentrations, and the PHR, the original values 
were standardized.

Soluble Klotho (S-Klotho)
The determination of S-Klotho concentrations was car-
ried out from 2019 to 2020. The S-Klotho concentration 
of frozen blood samples from NHANES participants 

disease status enhances the negative association between the PC and S-Klotho concentrations, and the specific 
mechanism deserves further exploration.
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from 2007 to 2016 was detected, and the unit was pg/
mL. The analysis was performed via a commercially avail-
able enzyme-linked immunosorbent assay kit produced 
by IBL International Co., Ltd. in Japan. The samples were 
analyzed in duplicate, and the average of these two values 
was taken to calculate the final value. Samples with more 
than a 10% difference in duplicate results were marked 
for repeat analysis. If the value of a quality control sample 

was outside the 2 standard deviation range of the speci-
fied value, the entire analysis process was rejected, and 
the sample analysis was repeated. For more detailed 
detection procedures, please refer to SSKL_E (cdc.gov), 
SSKL_F (cdc.gov), SSKL_G (cdc.gov), SSKL_H (cdc.gov), 
and SSKL_I (cdc.gov).

Fig. 1  Flow chart for inclusion of participants
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Confounding factors
On the basis of previous studies and peer feedback, the 
following factors were determined to be confound-
ing factors [23–25]. The demographic characteristics 
included age, sex, race, educational level, marital status, 
and the poverty–income ratio (PIR). Lifestyle and physi-
cal indicators included alcohol and smoking status, total 
dietary energy intake, physical activity level, and body 
mass index (BMI). The following comorbidities were 
considered: tumor, liver disease, cardiovascular disease 
(CVD), chronic kidney disease (CKD), diabetes melli-
tus (DM), arthritis, and thyroid disease. The medication 
history, including the use of statin drugs and antiplatelet 
drugs, was considered. In addition, when the association 
between the PC and S-Klotho concentrations was ana-
lyzed, the mean platelet volume (MPV) was also regarded 
as a confounding factor.

Statistical analysis
During the investigation, the NHANES adopted a com-
plex sampling design, and it is officially recommended 
that weighted analysis be conducted on the data to 
ensure the representativeness of the overall population 
(NHANES Tutorials - Weighting Module (cdc.gov)). 
The exposures and outcomes of the five cycles included 
in this study were all obtained through laboratory tests, 
so WTMEC2YR/5 was selected as the analysis weight. 
The characteristics of the participants in the different 
PHR quartiles were compared. One-way analysis of vari-
ance (ANOVA) or H tests were used to analyze continu-
ous variables, and the results are expressed as the means 
(standard errors) or medians (interquartile ranges, IQRs). 
Chi-square tests were used to analyze categorical vari-
ables, and the results are expressed as the number of cases 
(n) and percentage (%). Multiple linear regression mod-
els were constructed to evaluate the associations of the 
PHR, the PC, and HDL-C concentrations with S-Klotho 
concentrations: (1) without including any covariables; (2) 
while adjusting for demographic factors (sex, age, race, 
educational level, the PIR, and marital status); (3) while 
further adjusting for smoking status, drinking status, 
physical activity level, total dietary energy intake, and 
BMI; and (4) while further adjusting for comorbidity fac-
tors, medication use, and MPV. The PHR, the PC, and 
HDL-C concentrations were included in the regression 
model as categorical variables based on quartiles. Inte-
ger values (1, 2, 3, and 4) were used to calculate the trend 
effect of the gradually increasing exposure group. To 
ensure the validity of the model, the basic assumptions 
of linear regression were tested. Scatter plots were drawn 
to explore the linear relationship between the exposure 
and outcome variables. Residual plots were used to check 
whether the residuals were independent of each other. 
In addition, the Q-Q plot was used to check whether 

the residuals were normally distributed. Moreover, the 
residuals versus fitted values plot was used to check the 
homogeneity of variance of the residuals. In this study, 
models met the above-mentioned premises. Finally, the 
variance inflation factor (VIF) was used to evaluate the 
collinearity of the linear regression model, and the VIF of 
each model in this study was within 3. A restricted cubic 
spline (RCS) regression model with three nodes (10th 
percentile, 50th percentile, and 90th percentile) was 
constructed on the basis of the minimization principle 
of the Akaike information criterion (AIC) to determine 
the dose‒response relationships of the PHR, the PC, and 
HDL-C concentrations with S-Klotho concentrations. In 
the RCS model, the median of the exposure variable was 
used as the reference point, and the Wald test was used 
to evaluate the statistical significance of nonlinearity. If 
the RCS determined nonlinearity, we used a two-piece-
wise linear regression to determine the inflection point of 
the association. In addition, subgroup analyses were per-
formed to identify potential effect modifiers. Specifically, 
an interaction term between the exposure factor and the 
stratification variable was included in the model, and the 
likelihood ratio test was used to compare the difference 
between this model and the original model.

The statistical analysis required for this study was com-
pleted via R software version 4.3.3 (http://www.r-project.
org). The following R packages were used: “survey”, “seg-
mented”, “car”, “rms”, and “lmtest”. Finally, a two-sided P 
value less than 0.05 was considered to indicate statistical 
significance.

Results
Population characteristics
After individuals who did not meet the conditions were 
excluded, a total of 11,123 participants were analyzed in 
this study (Fig. 1). As shown in Table 1, the average age 
of all participants was 56.2 years, among which 5463 
were men (48.17%). Compared with the participants in 
the lowest quartile group of the PHR, the participants in 
the highest quartile group of the PHR were younger, the 
proportion of men was approximately 50% greater, there 
were more Mexican Americans, the educational level was 
lower, the economic situation was significantly worse, 
more people drank alcohol and were current smokers, 
weight management was worse, dietary energy intake 
was slightly greater, and physical activity levels were 
lower. With respect to comorbidities and medication his-
tory, the prevalence of DM in individuals in the highest 
quartile group increased by twofold, and there was no 
significant difference in other aspects. In addition, the 
MPV was lower in the groups with higher PHRs.

http://www.r-project.org
http://www.r-project.org
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The estimated associations of the PHR, the PC, and HDL-C 
concentrations with the S-Klotho level
The results of the weighted linear regression of the rela-
tionships of the PHR, the PC, and HDL-C concentra-
tions with S-Klotho concentrations are shown in Table 2. 
From Model 0 to Model 3, the associations between the 
PHR and S-Klotho concentrations remained robust after 
adjustment for covariables. Compared with those of the 
participants in the lowest quartile group, the S-Klotho 
levels of the participants in the second (β: -22.13, 95% CI: 
-41.86 to -2.40, P = 0.03), third (β: -42.9, 95% CI: -65.05 to 
-20.76, P < 0.001), and highest (β: -51.19, 95% CI: -75.41 
to -26.97, P < 0.001) quartile groups showed a significant 
decreasing trend (P for trend < 0.0001).

Overall, the association between the PC and S-Klotho 
concentrations was stronger than that between the 
PHR and S-Klotho concentrations. Compared with 
those of the participants in the lowest quartile group, 
the S-Klotho levels of the participants in the second 
(β: -44.59, 95% CI: -66.13 to -23.05, P < 0.001), third (β: 
-59.78, 95% CI: -81.71 to -37.84, P < 0.001), and high-
est (β: -72.34, 95% CI: -93.32 to -51.37, P < 0.0001) quar-
tile groups showed a significant decreasing trend (P for 
trend < 0.0001) (Table 2).

However, after full adjustment, there was no significant 
association between HDL-C and S-Klotho concentra-
tions (Table 2).

The dose-response relationship and inflection point 
determination for the associations of the PHR, the PC, and 
HDL-C concentrations with S-Klotho concentrations
As shown in Fig.  2, the weighted RCS revealed that the 
PHR (P for nonlinear < 0.0001) and PC (P for nonlin-
ear < 0.0001) were nonlinearly associated with S-Klotho 
concentrations. The two-piecewise linear regression sug-
gested that the inflection points of the associations of the 
PHR and PC with S-Klotho concentrations were 175.269 
and 152, respectively.

Segmented linear regression based on inflection points
As shown in Table 3, in the fully adjusted linear regres-
sion model (Model 3), when the PHR was less than 
175.269, S-Klotho levels decreased by 18.56 pg/mL for 
every one-standard-deviation increase in the PHR (β: 
-18.56, 95% CI: -27.20 to -9.92, P < 0.0001); when the PHR 
was greater than or equal to 175.269, the negative associ-
ation between the PHR and S-Klotho concentrations was 
significantly weakened (β: -9.52, 95% CI: -17.28 to -1.75, 
P = 0.02). In the fully adjusted linear regression model 
(Model 3), when the PC was less than 152, S-Klotho lev-
els decreased by 68.96 pg/mL for every one-standard-
deviation increase in the PC (β: -68.96, 95% CI: -103.79 to 
-34.13, P < 0.001); when the PC was greater than or equal 
to 152, the negative association between the PC and 

S-Klotho concentrations was also significantly weakened 
(β: -17.83, 95% CI: -23.97 to -11.68, P < 0.0001).

Subgroup analysis
As shown in Supplementary Fig.  1, the associations 
between the PHR and S-Klotho concentrations were 
consistent across all strata, and no significant interac-
tions were detected. However, as shown in Supplemen-
tary Fig. 2, the negative association between the PC and 
S-Klotho concentrations was stronger in patients with 
liver disease (P for interaction = 0.017).

Discussion
In this large cross-sectional study, a total of 11,123 
people over 40 years of age were included. The results 
strongly supported the negative associations of the PHR 
and PC with the S-Klotho level, and these associations 
remained quite robust even after the confounding fac-
tors were fully considered. In addition, subgroup analysis 
suggested that the association between the PHR and the 
S-Klotho level remained robust in all strata; however, the 
association between the PC and S-Klotho concentrations 
was greater in patients with liver disease. Regarding the 
dose‒response relationship, although there was an over-
all negative relationship, RCS and two-piecewise linear 
regression suggested that the associations of the PHR 
and PC with S-Klotho concentrations showed a threshold 
effect, and the inflection points were 175.269 and 152, 
respectively; before the inflection point, this association 
was stronger.

A reasonable explanation for the negative association 
between the PC and S-Klotho concentrations is inflam-
mation. Previously, Wu et al. [10] reported that S-Klotho 
was significantly negatively associated with a total of 
four inflammatory markers, such as uric acid, C-reactive 
protein (CRP), white blood cell count (WBC), and mean 
platelet volume (MPV). Two population-based studies 
have shown the reverse association between the systemic 
immune-inflammation index (SII) and S-Klotho concen-
trations [26, 27]. The present study is the first to report 
a negative association between the PHR and S-Klotho 
concentrations, indicating that the latter is a new type 
of inflammatory marker. The PC and MPV are often 
inversely proportional, and an increase or decrease in 
MPV represents various inflammatory processes and dis-
eases [28]. However, interestingly, the PC was still signifi-
cantly negatively associated with S-Klotho concentrations 
even after adjusting for MPV. Although previous studies 
have seldom focused on the PC as a possible indepen-
dent inflammatory marker, peripheral PC is used as the 
numerator of the ratio in pan-immune indicators such as 
the PLR and the SII. Platelets play an important role in 
inflammation. Thrombocytosis is related to an enhanced 
series of cascading inflammatory responses caused by 
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microcirculation disorders and increased permeability, 
platelet activation, and platelet aggregation [29, 30]. In 
systemic inflammatory response diseases such as sepsis, 
malignant tumors, rheumatism, and trauma, both IL-6 
and IL-1 induce platelet proliferation [31, 32]. Klotho is a 
recognized longevity hormone. In addition to regulating 
phosphate homeostasis, antioxidative stress and the inhi-
bition of inflammation are important pleiotropic activi-
ties [33]. Many studies have shown that Klotho plays a 
crucial role in aging-related diseases such as DM, cancer 
CKD, and arteriosclerosis [6]. Therefore, from the per-
spective of inflammation, the PC and S-Klotho concen-
trations may be in a dynamic balance and have a negative 
relationship. However, in 2023, several insightful studies 
confirmed that platelet activation is an important bridge 
through which Klotho plays a role and that Klotho seems 
to exert its antiaging function by promoting the release of 
platelet factor 4 (PF4) by platelets [12–14]. On the basis 
of this mechanism, excessive platelet activation may have 
inhibited the level of S-Klotho through negative feed-
back. Notably, in the subgroup analysis, the association 
between the PC and S-Klotho concentrations was stron-
ger in patients with liver disease. Thrombocytopenia is a 
common hematological disease in patients with chronic 
liver disease. Thrombopoietin is produced mainly by the 
liver, and when the mass of liver cells is severely dam-
aged, the level of thrombopoietin is reduced [34]. The 
S-Klotho protein can inhibit oxidative stress in platelets, 
thereby retaining the expression of B-cell lymphoma-
extra-large (Bcl-xL) and prolonging the platelet lifespan 

[35]. Therefore, it is speculated that in patients with liver 
disease, the body needs to secrete more S-Klotho to 
maintain the PC, so a stronger association is observed.

The PHR, an important inflammatory marker, has 
been confirmed to be positively associated with the risk 
of developing nonalcoholic fatty liver disease (NAFLD), 
CKD, kidney stones, stroke, and MetS [19, 21, 23, 36, 37]. 
S-Klotho concentrations are also closely related to these 
diseases. Studies have shown that S-Klotho concentra-
tions are negatively associated with the risk of developing 
NAFLD, and gene point mutations encoding Klotho are 
associated with increased NAFLD severity [38, 39]. The 
most common causes of systemic Klotho deficiency are 
acute kidney injury (AKI) and CKD [40, 41]. In addition, 
the TT genotype of the single-nucleotide polymorphism 
(SNP) (rs650439) of the klotho gene is associated with an 
increased incidence of stroke in patients with hyperten-
sion, and the mechanism of this association may involve 
the effect of the rs650439 T allele on the plasma klotho 
concentration [42]. Moreover, the plasma Klotho concen-
tration is related to the presence, burden, and progres-
sion of cerebral small vessel disease in patients with acute 
ischemic stroke [43]. Finally, there is a J-shaped associa-
tion between S-klotho concentrations and the risk of kid-
ney stone disease [44]. However, an association between 
the PHR and S-Klotho concentrations has not been 
reported. The present study fills this gap in the literature, 
and the association between the PHR and S-Klotho con-
centrations maintains a consistent negative relationship 
in each sublayer, which seems to imply that the potential 

Fig. 2  Restricted cubic spline regression and two-piecewise linear regression. Figure legend: In restricted cubic spline regression, three knots (10th, 
50th, 90th percentiles) were selected for fitting the restricted cubic spline model, and the median values were served as the reference point. All models 
were adjusted for age, sex, ethnicity, education, marital status, poverty-income ratio, dietary energy intake, BMI, physical activity level, smoking, drinking, 
arthritis, thyroid problems, cancer, liver problems, DM, CVD, and CKD; (A, D) further adjusted for statins and antiplatelet drug; (B, E) further adjusted for 
antiplatelet drug and MPV; (C) further adjusted for statins. Abbreviation: PHR, platelet/high-density lipoprotein cholesterol ratio; BMI, body mass index; 
DM, diabetes mellitus; CVD, cardiovascular disease; CKD, chronic kidney disease; MPV, mean platelet volume; CI, confidence interval
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connection between the two does not change due to indi-
vidual factors.

Despite the robust associations of the PHR and PC 
with S-Klotho concentrations, this study revealed that 
the HDL-C level is not related to the S-Klotho level. On 
the basis of current evidence, high-density lipoprotein 
(HDL) and S-Klotho may collaborate in the realization 
of biological functions. In patients with advanced CKD, 
the S-Klotho concentration seems to be positively asso-
ciated with the number of lipoprotein particles in very 
small HDL [15]. In human studies, HDL-C can protect 
the Klotho protein, helping it to exert its function [45, 
46]. Although the specific mechanism is not clear, cell 
experiments have confirmed that the two work together 
to achieve functions such as antiapoptotic effects and 
the inhibition of insulin signal transduction [47–49]. In 
addition, HDL may also assist Klotho in preventing cel-
lular lipid overload through cellular lipid clearance [50]. 
In conclusion, although there was no significant rela-
tionship between HDL-C and S-Klotho in terms of their 
expression levels, the two are closely related in terms of 
their biological functions.

Strengths and limitations
First, the large sample size is a major advantage of this 
study. Second, unlike previous PHR-related studies, we 
systematically analyzed the relationships of the two con-
stituent subindicators of the PHR with S-Klotho con-
centrations and revealed strong associations of the PC, 
HDL-C concentrations, and the PHR with S-Klotho 
concentrations.

However, there are some flaws in this study. First, 
owing to the limitations of cross-sectional research, the 
potential causal and temporal relationships could not be 
assessed in this study. Second, some potential confound-
ing factors may not have been taken into account. Finally, 
the database on which this study relied only provided 
S-Klotho data for participants over 40 years old, so the 
conclusions of the study cannot be generalized to the 
younger population.

Conclusion
In conclusion, this study provides real-world evidence of 
the relationships of the PHR, the PC, and HDL-C concen-
trations with S-Klotho concentrations in the American 
population. The PHR and PC were significantly nega-
tively associated with S-Klotho concentrations, whereas 
HDL-C concentrations were not related to the S-Klotho 
level. Liver disease status enhanced the negative associa-
tion between the PC and S-Klotho concentrations, and 
the specific mechanism underlying these relationships 
warrants further exploration.
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HDL-C	� High-density lipoprotein cholesterol
IQR	� Interquartile Range
MetS	� metabolic syndrome
MPV	� Mean platelet volume
NAFLD	� Non-alcoholic fatty liver disease
NCHS	� National Center for Health Statistics
NHANES	� National Health and Nutrition Examination Survey
PC	� Platelet count
PF4	� Platlete factor 4
PHR	� Platelet/high-density lipoprotein cholesterol ratio
PIR	� Poverty-income ratio
PLR	� Platelet to lymphocyte ratio
RCS	� Restricted cubic spline
SII	� Systemic immune-inflammation index
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