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Introduction: Klotho has emerged as a promising biomarker of aging processes.
Although inflammation is known to modulate Klotho expression, the relationship
between Pan-Immune-Inflammation Value (PIV) and serum Klotho levels has not
been investigated. This study aimed to examine the association between PIV and
serum Klotho levels while exploring the potential mediating effects of renal
function parameters.

Methods: A cross-sectional analysis was conducted using data from the National
Health and Nutrition Examination Survey (NHANES) 2007-2016. A total of 13,406
participants were included. Multiple linear regression models were used to
evaluate the association between PIV and Klotho levels. Boruta feature
selection method was used to identify variables included in the multivariable
models. Smooth curve fitting was performed to examine potential non-linear
relationships and threshold effect analysis was conducted using a two-piecewise
linear regression model. Mediation analysis was conducted to assess the role of
renal function indicators. Stratified analyses were performed to identify potential
effect modifiers.

Results: After fully adjusting for potential confounders, PIV showed a significant
inverse association with serum Klotho levels (B=-0.11, 95%Cl: -0.15, -0.07,
P <0.0001). This relationship exhibited a U-shaped pattern with a threshold
effect at PIV=800 (P for log-likelihood ratio = 0.003). Renal function indicators
significantly mediated this association, with serum uric acid showing the
strongest mediating effect (8.32%, P <0.0001), followed by estimated
glomerular filtration rate (6.91%, P <0.0001), blood urea nitrogen (6.64%,
P <0.0001), and serum creatinine (5.49%, P <0.0001). Cancer survivors
exhibited significantly lower Klotho levels than non-cancer participants
(813.74 + 8.55 vs. 849.69 + 5.08 pg/mL; P < 0.0001), as well as higher PIV
values (320.07 + 6.58 vs. 299.07 + 3.44; P = 0.0059).
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Conclusion: Elevated PIV was found to be significantly associated with lower
klotho levels, with renal function indicators playing a mediating role.

pan-immune-inflammation value, Klotho, NHANES, inflammation, renal function

Introduction

The Klotho protein, which is primarily secreted by the kidneys,
has been demonstrated to possess many physiological functions,
including the regulation of mineral metabolism, the inhibition of
oxidative stress, and the delaying of cellular senescence (1). Previous
studies have demonstrated that there is a progressive decline in
Klotho expression levels with age (2). This decline is closely
associated with the onset and progression of some age-related
diseases, including cardiovascular disease, renal dysfunction, and
neurodegenerative disease (3). The results of animal studies indicate
that Klotho deficiency accelerates the emergence of aging-like
phenotypes, whereas exogenous Klotho supplementation
ameliorates various pathological conditions, which underscores its
critical role in the regulation of aging (4). C-reactive protein (CRP)
is a sensitive marker for detecting inflammation, and the literature
indicates that it serves as a valuable indicator of the inflammatory
levels associated with cardiovascular disease (5, 6). In a case-control
study conducted by Martin-Nuiiez et al., the results demonstrated
that reduced levels of soluble Klotho were linked to a pro-
inflammatory state characterized by elevated CRP levels in
patients with cardiovascular disease (7). Moreover, patients with
chronic kidney disease (CKD) exhibit significantly reduced Klotho
levels accompanied by elevated inflammatory cytokines, including
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-o) (8).

Despite the established importance of Klotho in inflammatory
pathways and aging, the precise interplay between Klotho levels and
comprehensive inflammatory assessments, such as the Pan-Immune-
Inflammation Value (PIV), has yet to be systematically explored. The
PIV, derived from the product of the neutrophil count, platelet count,
and monocyte count divided by the lymphocyte count, emerges as a
novel inflammatory indicator that enables a comprehensive
assessment of systemic inflammatory status (9). PIV is distinguished
from traditional inflammatory markers (such as neutrophil-
lymphocyte ratio (NLR) and platelet-lymphocyte ratio (PLR)),
through its integration of multiple immune cell components, rather
than focusing on limited cell types, thereby offering a more
comprehensive assessment of systemic inflammatory and immune
status (10). Research has shown that PIV exhibits superior predictive
capability compared to conventional inflammatory markers across
various clinical conditions, including cancer prognosis and
cardiovascular diseases (11, 12). The prognostic value of PIV has
been further validated in diverse pathological conditions, including
nephropathy and age-related conditions (13, 14).
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The kidney is one of the primary organs expressing membrane-
bound Klotho protein and thus plays a pivotal role in modulating
inflammatory responses and the aging process (15). The kidney-Klotho
axis operates through multiple mechanisms, including regulation of
oxidative stress, systemic inflammatory responses, fibrosis, and mineral
homeostasis. Specifically, Klotho protects kidney function by partially
inhibiting nuclear factor kappa B (NF-kB) activation to reduce
inflammation, suppressing transforming growth factor-beta 1 (TGF-
[31) signaling to attenuate renal fibrosis, and acting as a co-receptor for
fibroblast growth factor 23 in calcium-phosphate metabolism (16-18).
Collectively, these mechanisms contribute to maintaining renal function
and delaying disease progression. The available body of evidence
suggests a potential mediating role of renal function in the interplay
between inflammation and Klotho regulation, given the frequent
coexistence of decreased Klotho expression and heightened
inflammatory status with impaired renal function (19). Nevertheless,
the precise clinical mechanisms underlying this mediation remain to be
elucidated. Additionally, cancer status significantly affects inflammatory
responses and aging processes. Studies have shown that cancer patients
commonly exhibit various physiological and metabolic changes, such as
increased inflammation, oxidative stress, and reduced renal function, all
of which may influence Klotho expression (20). However, few studies
have systematically examined how cancer status affects the relationship
between inflaimmation and Klotho level.

The existing literature indicated negative correlations between
Klotho levels and various inflammatory markers, such as the CRP,
Systemic Immune-Inflammation Index (SII), PLR, and NLR (21-23).
However, the relationship between the PIV and Klotho levels remains
unexplored. Understanding this relationship is significant, as it may
reveal the potential role of inflammation in Klotho signaling and its
link to related pathophysiological processes. Therefore, we
hypothesized that there is a negative relationship between PIV and
Klotho levels, suggesting that higher PIV may be associated with lower
Klotho levels. To evaluate this hypothesis, our study analyzed data
from the National Health and Nutrition Examination Survey
(NHANES) conducted from 2007 to 2016. Our objective was to
examine the association between PIV and serum Klotho levels and
to assess how renal function indicators might moderate this
relationship. Additionally, the study aimed to investigate whether the
observed association varies among individuals with different cancer
statuses. The findings have the potential to advance the theoretical
understanding of the mechanisms connecting inflammation, kidney
function, and the aging process, thereby offering new insights into the
prevention and treatment of age-related diseases.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1567367
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

Methods
Study design and participants

NHANES is a nationally representative survey conducted by the
National Center for Health Statistics (NCHS), employing a complex,
multistage probability sampling design to assess the health and
nutritional status of the non-institutionalized civilian US population
(24). Ethical approval for the study was granted by the Institutional
Review Board of the National Center for Health Statistics (NCHS),
and all procedures were performed following the Declaration of
Helsinki. All participants provided informed consent prior to their
involvement in the study. Given that the NHANES dataset is publicly
accessible and unmodified, this allowed for the waiver of additional
informed consent requirements and ethical review processes.
Standardized protocols were followed for all examinations and
blood sample collections at Mobile Examination Centers (25).
Detailed methodological information is publicly available on the
NHANES website (https://www.cdc.gov/nchs/nhanes/).

This cross-sectional study analyzed data from the NHANES
2007-2016. Initially, 50,588 participants were recruited. Then,
individuals with missing data on serum Klotho (n=36,823), PIV
measurements (n=62), renal function biomarkers (n=8), and cancer
history (n=15) were excluded from the study. Furthermore, to reduce
the potential influence of extreme values and ensure robust statistical
analysis, participants with PIV values outside the 1st and 99th
percentiles (PIV <46.565 or >1226.782, n=274) were excluded. The
final analytical sample consisted of 13,406 participants (Figure 1).

Definition of PIV

The PIV was calculated using the following formula: PIV =
neutrophil count x platelet count x monocyte count/lymphocyte
count (all cell counts in x10°/L) (26).

Measurement of the Serum Klotho levels

Serum Klotho levels were measured using frozen samples
collected from participants aged 40 to 79 years during the
NHANES 2007-2016 examination. Samples were stored at -80°C
until analysis. The serum Klotho levels were measured using a
commercially available enzyme-linked immunosorbent assay
(ELISA) kit (IBL International, Japan), following the protocol
stipulated by the manufacturer (27). All samples were analyzed in
duplicate, and the mean values were used for subsequent analyses.

Definition of renal function indicators

The renal function of the subjects in this study was assessed
using four key indicators: serum uric acid (UA), blood urea nitrogen
(BUN), serum creatinine (Cr), and estimated glomerular filtration
rate (eGFR). The eGFR was calculated according to the 2009
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Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation (28). The equation is expressed as: eGFR = 141 x min(Scr/
K5,1)0r x max(Scr/x,1)—-1.209 x 0.993age x 1.018 (if female) x 1.159
(if black), where Scr represents serum creatinine in mg/dL; K equals
0.7 for females and 0.9 for males; o equals —0.329 for females and
—0.411 for males; min and max denote the minimum and
maximum values of Scr/x or 1, respectively.

Assessment of covariates

Based on previous studies and clinical practice, this study took
into account potential confounding factors that might influence the
association between PIV and Klotho levels (29). The covariates
encompassed demographic characteristics (age, sex, race/ethnicity),
socioeconomic factors (family income to poverty ratio (PIR),
education level, marital status), lifestyle behaviors (smoking
status, drinking status), anthropometric measurements (body
mass index (BMI)), and medical conditions (hypertension,
diabetes, high cholesterol, and cancer history).

Information on demographics, lifestyle behaviors, and health
conditions was collected through standardized NHANES
questionnaires. Race was classified into five categories: Mexican
American, Other Hispanic, Non-Hispanic White, Non-Hispanic
Black, and Other Race. Education level was categorized as less than
high school, high school graduate/General Education Development
(GED), or more than high school. Marital status was defined as
married/living with partner, widowed/divorced/separated, or never
married. The smoking status was categorized as current, former, or
never smokers based on lifetime smoking history and current
smoking behavior (30). Current smokers are defined as
individuals who have smoked > 100 cigarettes and currently
smoke (either daily or occasionally). Former smokers are those
who have smoked > 100 cigarettes in the past but no longer smoke,
while never smokers are individuals who have smoked fewer than
100 cigarettes in their lifetime. Alcohol consumption was defined as
the consumption of alcoholic beverages at least 12 times in the past
year (yes/no). BMI was calculated as weight in kilograms divided by
height in meters squared (kg/m?). The presence of medical
conditions, including hypertension, diabetes, high cholesterol, and
cancer, was ascertained through self-reported physician diagnoses.

Statistical analyses

Statistical analyses accounted for the complex survey design of
NHANES, incorporating appropriate sample weights
(WTMEC2YR/5 for the 10-year sample) to ensure nationally
representative estimates. According to the central limit theorem,
when the sample size is sufficiently large, the distribution of sample
means approaches a normal distribution (31). This property allows
for the reasonable assumption of normality in the sample means
during multivariable linear regression analyses, even when the
original data do not fully adhere to a normal distribution. In this
study, our sample size exceeds 10,000, which meets the
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FIGURE 1
Flowchart of the sample selection.

requirements of the central limit theorem. Variance Inflation Factor
(VIF) was used to assess multicollinearity, and all variables had VIF
values less than 5, indicating that there is no significant
multicollinearity issue (Supplementary Table 1). Continuous
variables were expressed as weighted means + standard errors
(SE), and categorical variables as weighted percentages. Between-
group comparisons were performed using survey-weighted linear
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2007-2016
(N=50,588)
Missing data of klotho level
> (N=36,823)
v
N=13,765
Missing data of PIV
(N=62)
y
N=13,703
Excluded incompleted data
of renal function biomarkers
(N=8)
y
N=13,695
> Excluded incompleted data
of cancer history (N=15)
N=13,680
pExcluded PIV outlier (N=274)
v
N=13,406

regression for continuous variables and survey-weighted Chi-
square tests for categorical variables. The study population was
stratified into quartiles (Q1-Q4) based on PIV distribution. To
examine the association between PIV and Klotho levels, weighted
multiple linear regression analyses were conducted with PIV as both
continuous and categorical variables. Results were expressed as Beta
coefficients (B) with 95% confidence intervals (CI). Three sequential
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models were constructed: Model 1 (unadjusted); Model 2 (adjusted
for age, sex, and race); and Model 3 (further adjusted for PIR, BMI,
education level, marital status, smoking status, drinking status,
hypertension, diabetes, high cholesterol, and cancer history). In
this study, we utilized the Boruta feature selection method to
identify all variables included in the multivariable models. The
Boruta algorithm is a supervised feature selection technique based
on random forests that minimizes the error of the random forest
model, ultimately resulting in a subset of the most optimal features
(32). Effect modification was assessed through stratified analyses by
demographic and clinical characteristics, including sex, age (<65,
>65 years), race, PIR (<1.3, 1.3-3.5, 23.5), BMI categories (<25, 25-
29.9, 230 kg/m?), smoking status (current, former, never), drinking
status, and comorbidities. Potential non-linear relationships were
evaluated using generalized additive models with smooth curve
fitting. When non-linearity was detected, threshold effects were
investigated using two-piecewise linear regression models, with
optimal inflection points determined by likelihood ratio tests.

To evaluate whether renal function indicators (UA, BUN, Cr, and
eGFR) mediated the relationship between PIV and Klotho, we utilized
the R “mediation” package to assess direct, indirect, and total eftects,
while controlling for the covariates included in Model 3. Mediation
was confirmed by the presence of significant indirect effects, total
effects, and positive mediation proportions (33, 34). The calculation of
the mediation proportion involved dividing the indirect effect by the
sum of the indirect and direct effects, followed by multiplying by
100%. To enhance the robustness of our findings, we employed
nonparametric bootstrap methods, specifically performing 1,000
resamples. The ClIs were derived using the percentile method, which
allows for the estimation of the variability in the indirect effects. This
approach helps to address potential non-normality in the sampling
distribution of the estimates and provides more reliable confidence
intervals for the mediation effects. Furthermore, given the potential for
cancer to modify inflammatory pathways, the study undertook
additional analyses stratified by cancer status to examine potential
effect modification in the PIV-Klotho association. All analyses were
performed using EmpowerStats (version 4.2) and R software (version
4.2.0). Statistical significance was defined as P < 0.05 (two-sided). In
our statistical analysis, we calculated the P-values for each primary
outcome and concurrently reported 95% CI to provide a more
comprehensive assessment of the reliability of the effects.

Results

Baseline characteristics of study
participants according to PIV quartiles

This weighted analysis included 108,848,700 participants, who
were classified into four quartiles based on their PIV values. The
Klotho levels exhibited a gradual decline across these quartiles
(Table 1). Additionally, higher PIV quartiles were associated with
elevated creatinine levels and decreased eGFR, indicating a potential
decline in renal function. Compared to participants in the lowest
PIV quartile (Q1), those in the highest quartile (Q4) were more
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likely to be male, non-Hispanic white, older, have a higher BMI,
possess an education level above high school, be married or living
with a partner, consume alcohol, smoke currently, and have a lower
PIR. As PIV levels increased, the prevalence of comorbidities such
as hypertension, diabetes, and a history of cancer also rose, while the
incidence of high cholesterol did not show significant differences.

Feature selection

Based on the results of feature selection using the Boruta
algorithm, as shown in Figure 2, we identified 14 variables that
were included in the multivariable models related to Klotho levels
following 500 iterations. These variables, ranked by z-values,
include PIV, drinking status, race, BMI, smoking status, PIR, age,
hypertension, diabetes, cancer history, education level, gender,
hyperlipidemia, and marital status. Consequently, we conclude
that the most important predictor is PIV, followed by
drinking behavior.

The horizontal axis displays the names of the variables, while
the vertical axis represents their corresponding Z-values. The box
plot illustrates the distribution of Z-values for each variable
throughout the model calculations.

Association between PIV and Klotho levels
in total population

The association between PIV and Klotho levels was evaluated
using three regression models (Table 2). In Model 1, each unit
increase in PIV was associated with a significant decline in Klotho
levels (B = -0.13, 95% CI: -0.16, -0.10, P < 0.0001). This inverse
relationship remained significant in Model 2 (§ = -0.11, 95% CL:
-0.14, -0.08, P < 0.0001), and persisted in Model 3 (§ = -0.11, 95%
CI: -0.15, -0.07, P < 0.0001).

Further analysis revealed a dose-dependent relationship
between PIV quartiles and Klotho levels. In Model 3, participants
in Q4 exhibited the most significant decline in Klotho levels (B =
-67.26, 95% CI: -91.35, -43.18, P < 0.0001). A significant trend
across quartiles was observed in all models (all P for trend < 0.0001),
indicating a robust and consistent inverse association between PTV
and Klotho levels.

U-shaped pattern and threshold effect of
PIV on Klotho levels

To further investigate the potential non-linear relationship
between PIV and Klotho levels, generalized additive models were
employed for smooth curve fitting (Figure 3). The analysis yielded a
U-shaped association, whereby Klotho levels exhibited a steady
decline with rising PIV until approximately 800, followed by a
gradual increase.

Two-piecewise linear regression analysis identified a threshold
effect at PIV = 800 (Table 3). In the segment preceding this
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TABLE 1 Baseline characteristics of study participants according to PIV Quartiles.

Variables (@) Q2 Q3 Q4 P-value
PIV 114.71 + 0.63 196.70 + 0.62 296.27 + 0.99 555.50 + 3.68 <0.0001
Klotho (pg/mL) 891.84 + 9.58 84891 + 6.34 836.31 +7.93 811.43 + 6.24 <0.0001
Age (years) 55.88 + 0.24 55.71 £ 0.27 56.18 + 0.27 56.69 + 0.26 0.0288
‘ Gender (%) 0.0009
Male 44.34 48.24 46.7 50.98
Female 55.66 51.76 53.3 49.02
‘ Race (%) <0.0001
Mexican American 7.03 6.84 7.02 6.17
Other Hispanic 53 4.95 4.75 4.04
Non-Hispanic White 63.48 72.82 75.27 78.43
Non-Hispanic Black 16.03 8.52 7.3 5.45
Other Race 8.15 6.87 5.67 591
‘ Education Level (%) <0.0001
Less than High School 6.46 6.23 6.4 5.67
High School or GED 33.07 28.65 32.18 35.88
More than High School 60.47 65.12 61.42 58.45
‘ Marital Status (%) 0.0015
Married/Living with Partner 71.34 72.44 70.9 67.36
Widowed/Divorced/Separated 17.88 18.55 20 21.93
Never married 10.78 9.01 9.1 10.71
PIR 3.24 + 0.06 3.36 + 0.06 3.24 £ 0.06 3.19 + 0.06 0.0209
BMI (kg/m?) 28.49 £ 0.17 29.19 £ 0.17 29.80 + 0.16 30.44 + 0.17 <0.0001
‘ Smoking Status (%) <0.0001
Current 15.01 14.43 17.59 24.94
Former 27.65 30.11 31.51 29.36
Never 57.34 55.47 50.9 45.7
‘ Alcohol Consumption (%) 0.0202
Yes 74.51 78.81 78.36 77.77
No 25.49 21.19 21.64 22.23
‘ Hypertension (%) <0.0001
Yes 36.84 38.55 42.96 46.18
No 63.16 61.45 57.04 53.82
‘ Diabetes (%) <0.0001
Yes 11.71 11.7 13.06 16.74
No 84.94 86.28 84.42 80.4
Borderline 3.35 2.02 2.52 2.85
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2025.1567367

Variables Q1 Q2 Q3 Q4 P-value

High Cholesterol (%) ‘ ‘ 0.07
Yes 44.87 47.35 49.82 48.09

No 55.13 52.65 50.18 51.91

Cancer (%) ‘ ‘ 0.0117
Yes 1091 12.92 14.13 1491

No 89.09 87.08 85.87 85.09

Cr (mg/dL) 0.88 + 0.01 0.89 + 0.01 0.89 + 0.01 0.93 + 0.01 0.0019
BUN (mg/dL) 13.89 + 0.14 14.16 + 0.13 14.14 +0.13 14.50 + 0.13 0.0088
UA (mg/dL) 531 + 0.04 5.46 + 0.04 547 + 0.03 5.63 + 0.03 <0.0001
eGFR (mL/min/1.73m>) 88.27 + 0.45 87.19 + 0.45 87.04 + 0.42 85.10 + 0.49 <0.0001

PIV, pan-immune-inflammation value; PIR, Family Income to Poverty Ratio; BMI, body mass index; Cr, serum creatinine; BUN, blood urea nitrogen; UA, Serum uric acid; eGFR, estimated

glomerular filtration rate.

threshold, a negative association was observed between PIV and
Klotho levels (B = -0.13, 95% CI: -0.17, -0.10, P < 0.0001). In the
segment after the threshold, the association shifted in a positive
direction but did not reach statistical significance (8 = 0.19, 95% CI:
-0.01, 0.39, P = 0.0631). The likelihood ratio test demonstrated that
the two-piecewise linear regression model provided a better fit
compared to the single linear model (P = 0.003). These findings
suggested that the association between PIV and Klotho levels was
non-linear with an inflection point at PIV = 800.

The graph depicts PIV values on the x-axis and Klotho levels
(pg/ml) on the y-axis. The red dots represent the fitted curve and
the blue dots indicate the 95% CI. Adjusted for potential
confounders as specified in Model 3.

Subgroup analyses

Subgroup analyses were conducted to evaluate the consistency of the
association between PIV and Klotho levels across various population
characteristics (Figure 4). The results indicate that, in most subgroups,
there is a consistent relationship between PIV and Klotho levels,
revealing a statistically significant negative correlation. Furthermore,
the association between PIV and Klotho levels remained consistent
across all subgroups, with all P-values for interaction exceeding 0.05.

Forest plots showing [ coefficients (green squares) and 95% CI
(horizontal lines). All models were adjusted for potential
confounders as specified in Model 3, except for the stratification
factor in each subgroup analysis.

15+ + Final Decision
* - Confirmed
§ 104
£ + * * - shadowMax
o
Qo
E %1 * * + * * . - shadowMean
0 - e + - shadowMin
T T T T T T T T T T T T T T T T T
RN o S & o &2 2 o N @ o Q
F S L O YL S N
FE LY @ & & &
F TP o N Ry <O &
) 2% 2 <&
@
Variable

FIGURE 2
Predictor importance for klotho levels according to the Boruta algorithm.
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TABLE 2 Association between PIV Quartiles and Klotho levels in total population.

B (95% CI) P-value

Model 1 Model 2 Model 3
Per 1 increment -0.13 (-0.16, -0.10) <0.0001 -0.11 (-0.14, -0.08) <0.0001 -0.11 (-0.15, -0.07) <0.0001
Q1 Reference Reference Reference
Q2 -42.93 (-62.46, -23.40) 0.0001 -37.54 (-57.69, -17.38) 0.0005 -37.62 (-60.67, -14.57) 0.0022
Q3 -55.53 (-76.51, -34.54) <0.0001 -48.75 (-70.50, -27.01) <0.0001 -46.37 (-69.02, -23.72) 0.0002
Q4 -80.41 (-100.16, -60.65) <0.0001 -69.68 (-90.16, -49.19) <0.0001 -67.26 (-91.35, -43.18) <0.0001
P for trend <0.0001 <0.0001 <0.0001

Model 1, Unadjusted.
Model 2, Adjusted for age, sex, and race.

Model 3, Adjusted for age, sex, race, PIR, BMI, education level, marital status, smoking status, drinking status, hypertension, diabetes, high cholesterol, and cancer history.
PIV, pan-immune-inflammation value; PIR, Family Income to Poverty Ratio; BMI, body mass index.

Associations of renal function biomarkers
with PIV and Klotho level

In Model 1, higher levels of Cr, BUN, and UA were positively
associated with PIV but negatively associated with Klotho levels (all
P<0.0001) (Tables 4, 5). Conversely, eGFR demonstrated a negative
association with PIV but a positive association with Klotho levels
(both P<0.0001). These associations remained consistent in Model 2
(all P<0.05). In Model 3, Cr, UA, and eGFR maintained significant
associations with both PIV and Klotho levels (all P<0.05), while BUN
was no longer significantly associated with PIV (B = 0.78, 95% CI:
-0.16, 1.72, P = 0.1077) but retained a significant inverse association
with Klotho levels ( = -3.29, 95% CI: -4.66, 1.92, P<0.0001).

The mediating role of renal function

The mediation analysis, after adjusting for all potential
confounding factors in Model 3, revealed significant mediating
effects of renal function indicators on the relationship between
PIV and Klotho levels (Figure 5). Among the four renal function
indicators examined, UA demonstrated the strongest mediating
effect, accounting for 8.32% of the total effect (95% CI: 4.55%,
13.30%, P < 0.0001). This was followed by eGFR, mediating 6.91%
of the total effect (95% CI: 3.43%,11.68%, P < 0.0001). BUN and Cr
showed relatively smaller but still significant mediating effects, with
mediation proportions of 6.64% (95% CI: 3.33%, 11.06%, P <
0.0001) and 5.49% (95% CI: 2.62%, 9.31%, P < 0.0001),
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Relationship between Klotho levels and PIV in the total population.
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TABLE 3 Threshold effect analysis of the association between PIV and

Klotho levels.

Fitting by the standard linear model

Supplementary Table 2.

Adjusted B (95% Cl),

P-value

-0.11 (-0.14, -0.07) <0.0001

Fitting by the two-piecewise linear model

Inflection point
<Inflection point

>Inflection point

800

10.3389/fimmu.2025.1567367

respectively. The results of the mediation analysis are presented in

Adjusted for potential confounders as specified in Model 3.

Cancer-stratified sensitivity analyses

A subsequent sensitivity analysis stratified by cancer status

revealed significant differences between cancer survivors and non-

-0.13 (-0.17, -0.10) <0.0001

cancer participants (Supplementary Table 3). Cancer survivors

0.19 (-0.01, 0.39) 0.0631

exhibited significantly lower klotho levels (813.74 + 8.55 vs. 849.69 +
5.08 pg/mL, P < 0.0001) and higher PIV values (320.07 + 6.58 vs.

P for Log-likelihood ratio 0.003
Adiusted for potential confounders as specified in Model 3. 299.12 + 3.44, P = 0.0059). They were also older and presented with a
higher burden of cardiovascular risk factors, including a higher
Subgroup Analysis

Subgroups B(95% ClI) P for interaction
Sex 0.0597
Male — -0.08 (-0.12,-0.03)

Female — -0.13 (-0.18, -0.09)

Age 0.0665
<65 — -0.08 (-0.12, -0.05)

>65 —_— -0.14 (-0.20, -0.09)

Race 0.8184
Mexican American e -0.13 (-0.21,-0.04)

Other Hispanic —_— -0.11 (-0.20, -0.01)

Non-Hispanic White B -0.11 (-0.15, -0.07)

Non-Hispanic Black —_— -0.10 (-0.18, -0.02)

Other Races —_— -0.04 (-0.15, 0.06)

PIR 0.1674
<1.3 — -0.13 (-0.19, -0.08)

21.3,<35 — -0.12 (-0.17,-0.07)

235 —_— -0.07 (-0.12,-0.01)

BMI 0.4159
<25 — -0.13 (-0.20, -0.07)

225, <30 — -0.08 (-0.13,-0.03)

=30 — -0.11 (-0.16, -0.07)

Smoking behavior 0.9571
Current — -0.11 (-0.18, -0.05)

Former —— -0.10 (-0.16, -0.05)

Never — -0.10 (-0.15, -0.06)

Drinking behavior 0.6539
Yes — -0.10 (-0.14, -0.06)

No — -0.12 (-0.17, -0.06)
Hypertension 0.1670
Yes — -0.08 (-0.13, -0.04)

No — -0.13 (-0.17,-0.08)

Diabetes 0.0935
Yes — -0.16 (-0.22, -0.09)

No — -0.09 (-0.13, -0.06)

Borderline 0.02 (-0.16, 0.19)

High Cholesterol 0.8422
Yes — -0.11 (-0.15, -0.07)

No — -0.10 (-0.15, -0.06)

Cancer 0.8423
Yes —_— -0.10 (-0.18,-0.02)

No | —— | ‘ -0.11 (-0.14, -0.07)

0.2 0 0.2

FIGURE 4

B Coefficient (95% Cl)

Stratified analyses of associations between PIV and klotho levels.
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TABLE 4 The associations between PIV and renal function indicators.

10.3389/fimmu.2025.1567367

B (95% CI) P-value

Model 2 Model 3

Model 1
Cr 23.34 (12.65, 34.04) <0.0001 ‘
BUN 1.59 (0.86, 2.32) <0.0001 ‘
UA 11.08 (7.91, 14.24) <0.0001 ‘
eGFR -0.68 (-0.91, -0.46) <0.0001 ‘

Model 1: Unadjusted.
Model 2: Adjusted for age, sex, and race.

22.74 (12.22, 33.27) <0.0001
0.92 (0.19, 1.65) 0.0161
11.01 (7.26, 14.76) <0.0001 ‘

-0.52 (-0.80, -0.24) 0.0006

20.26 (8.24, 32.28) 0.0016
‘ 0.78 (-0.16, 1.72) 0.1077
5.34 (0.68, 10.01) 0.0287

‘ -0.51 (-0.84, -0.18) 0.0039

Model 3: Adjusted for age, sex, race, PIR, BMI, education level, marital status, smoking status, drinking status, hypertension, diabetes, high cholesterol, and cancer history.
PIV, pan-immune-inflammation value; Cr, serum creatinine; BUN, blood urea nitrogen; UA, Serum uric acid; eGFR, estimated glomerular filtration rate.

prevalence of hypertension, diabetes, and hypercholesterolemia
(all P<0.05).

The inverse association between PIV and klotho levels remained
significant in both populations, though with varying magnitudes
(Supplementary Table 4). Among cancer survivors, Klotho levels in
Q4 showed the most significant decline compared to those in Ql,
with a coefficient of § = -59.13 (95% CI: -116.43, -1.83, P = 0.0478; P
for trend = 0.0233). Similarly, non-cancer participants exhibited a
progressive decrease in Klotho levels across PIV quartiles, with the
most substantial reduction observed in Q4 ( = -67.82, 95% CI:
-94.34, -41.29, P < 0.0001; P for trend < 0.0001).

Smooth curve fitting revealed distinct patterns between groups
(Figure 6). Non-cancer participants showed an initial decline in
klotho levels that plateaued at higher PIV values, while cancer
survivors demonstrated a more pronounced and continuous
decline, particularly at higher PIV values.

The graph depicts PIV values on the x-axis and Klotho levels
(pg/ml) on the y-axis. Two distinct trend lines are presented: cancer
survivors (blue dots) and non-cancer participants (red dots).
Adjusted for potential confounders as specified in Model 3,
except for cancer status.

Discussion

This study analyzed the relationship between PIV and Klotho
levels for the first time. In this large-scale cross-sectional study of
13,406 US adults (weighted N=108,848,700), we found a robust inverse

association between PIV and serum Klotho levels that persisted after
comprehensive adjustment for potential confounders. Participants in
QI exhibited significantly lower Klotho levels compared to those in Q4
(811.43 + 6.24 vs. 891.84 + 9.58 pg/mL, P<0.0001). Notably, this
relationship demonstrated a U-shaped pattern with a threshold effect
at PIV=800 (P for log-likelihood ratio = 0.003), suggesting a complex,
non-linear interaction between systemic inflammation and Klotho
expression. The association was consistent across different subgroups.
Furthermore, our mediation analysis revealed that renal function
indicators, particularly UA and eGFR, significantly mediated this
relationship, accounting for up to 8.32% and 6.91% of the total
effect, respectively (both P < 0.0001). These findings extend the
current understanding of the intricate relationship between
inflammation and aging-related proteins while highlighting the
crucial role of renal function in this interaction.

The potential molecular mechanisms underlying the
relationship between PIV and Klotho are multifaceted. As a
comprehensive marker of systemic inflammation, PIV integrates
immune cell counts (neutrophils, monocytes, platelets, and
lymphocytes), offering advantages over single inflammatory
markers in reflecting systemic inflammatory status (35). Previous
studies have demonstrated that pro-inflammatory cytokines,
particularly TNF-o and Interferon-gamma (IFN-y), downregulate
Klotho expression through the NF-xB signaling pathway (36-38).
Under inflammatory conditions, cytokines such as TNF-q,
Interleukin-1 beta (IL-1B), and IL-6 modulate Klotho levels
through interconnected mechanisms, including direct suppression
of Klotho gene transcription, activation of NF-kB signaling

TABLE 5 The associations between renal function indicators and klotho levels.

Klotho

Model 1
Cr -68.28 (-93.88 -42.69) <0.0001
BUN -4.71 (-5.98 -3.44) <0.0001 ‘
UA -30.67 (-36.82 -24.53) <0.0001 ‘
eGFR 2.16 (1.84 2.47) <0.0001 ‘

-58.87 (-83.86 -33.88) <0.0001
-3.01 (-4.20 -1.81) <0.0001
-29.34 (-35.75 -22.93) <0.0001 ‘

1.87 (1.51 2.24) <0.0001

B (95% CI) P-value

Model 2 Model 3

-59.94 (-90.43, -29.46) 0.0003
‘ -3.29 (-4.66, -1.92) <0.0001
-30.02 (-36.64, -23.41) <0.0001

‘ 1.89 (1.45, 2.32) <0.0001

Model 1: Unadjusted.
Model 2: Adjusted for age, sex, and race.

Model 3: Adjusted for age, sex, race, PIR, BMI, education level, marital status, smoking status, drinking status, hypertension, diabetes, high cholesterol, and cancer history.
Cr, serum creatinine; BUN, blood urea nitrogen; UA, Serum uric acid; eGFR, estimated glomerular filtration rate.
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A Indirect effect = -1.87
95%Cl =-2.79, -1.04, P < 0.0001

UA

Proportion of mediation = 8.32%

10.3389/fimmu.2025.1567367

B Indirect effect = -1.55
95%Cl =-2.33, -0.79, P < 0.0001

eGFR

Proportion of mediation = 6.91%

PIV

Y

Klotho

PIV

Y

Klotho

Direct effect = -20.56
95%Cl = -26.35, -14.03, P < 0.0001

C Indirect effect = -1.49
95%ClI =-2.29, -0.77, P < 0.0001

BUN

Proportion of mediation = 6.64%

Direct effect = -20.88
95%Cl = -26.88, -14.41, P < 0.0001

D Indirect effect = -1.23
95%Cl = -1.89, -0.62, P < 0.0001

Cr

Proportion of mediation = 5.49%

PIV >

Klotho

PIV

Y

Klotho

Direct effect = -20.94
95%Cl =-26.91, -14.32, P < 0.0001

FIGURE 5

Direct effect =-21.20
95%Cl = -27.27, -14.49, P < 0.0001

Mediation analysis of renal function indicators in the association between PIV and Klotho levels (pg/ml): (A) UA (mg/dL); (B) eGFR (mL/min/1.73m?);

(C) BUN (mg/dL); (D) Cr (mg/dL).

pathways, and disruption of cellular anti-inflammatory networks
(39, 40).

Conversely, Klotho itself has potent anti-inflammatory properties
through several mechanisms. It has been demonstrated that Klotho
suppresses the NF-xB signaling pathway, thereby reducing the
production of pro-inflammatory cytokines such as IL-6 and TNF-o.
(41, 42). Moreover, Klotho has been shown to exhibit a critical

regulatory mechanism involving Toll-like receptor 4 (TLR4), a key
pattern recognition receptor in inflammatory responses (43). Studies
have shown that Klotho can suppress TLR4-mediated inflammatory
signaling through its deglycosylation activity, effectively reducing
TLR4 protein accumulation and subsequent pro-inflammatory
cascade activation (44). By attenuating TLR4 signaling, Klotho
effectively diminishes the recruitment of inflammatory cells and
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prevents excessive inflammatory responses. Furthermore, Klotho
promotes M2 macrophage polarization, thereby enhancing anti-
inflammatory responses (45, 46). Its regulatory role extends to the
TGF-B1 signaling pathway, where it prevents epithelial-mesenchymal
transition and mitigates tissue fibrosis (47, 48). In addition, recent
evidence also suggests that Klotho enhances cellular antioxidant
capacity by activating the nuclear factor erythroid 2-related factor 2
(Nrf2) signaling pathway, thus protecting cells from oxidative stress-
induced damage (49, 50).

In this study, we observed a significant negative association
between the systemic inflammation marker PIV and serum Klotho
levels, suggesting that Klotho levels decrease with chronic
inflammation. This finding supports the hypothesis that Klotho
may act as a potential anti-inflammatory factor. However, other
studies indicate that an increase in inflammation is not always
associated with a decrease in Klotho levels (51). For instance,
Alvarez-Cienfuegos et al. reported that patients with rheumatoid
arthritis (RA) exhibited significantly higher levels of Klotho
compared to healthy controls (52). These findings suggest that
the elevation of Klotho may be a compensatory response to systemic
inflammation in RA patients, with its anti-inflammatory properties
potentially playing an important role in inflammatory states.
Additionally, their study found a positive correlation between
Klotho levels and anti-citrullinated protein antibodies (ACPA) as
well as rheumatoid factors, indicating that pathologically elevated
Klotho may be related to disease activity. This discrepancy
highlights the complexity of the relationship between Klotho and
systemic inflammation, emphasizing the need for further research
to elucidate the mechanisms of Klotho in different disease contexts.
Longitudinal studies are also necessary to clarify the temporal
dynamics between Klotho and inflammation markers. Moreover,
due to the cross-sectional design of the present study, it has not
been possible to establish a causal relationship between PIV and
Klotho levels. However, should a causal relationship be
demonstrated between inflammation and Klotho, this might
suggest that increasing endogenous Klotho secretion or providing
exogenous Klotho supplementation could have significant clinical
implications for treating chronic inflammation (53). Therefore,
further prospective studies are needed to validate this hypothesis.

Additionally, previous research has identified an L-shaped
association between SIT and Klotho levels, revealing an inflection
point at 255 pg/ml beyond which the relationship plateaus (29).
This finding suggested that the regulatory interaction between
inflammation and Klotho expression may involve complex
threshold-dependent mechanisms. Similarly, our analysis revealed
a distinctive threshold effect at PIV = 800 in the overall population,
where the previously significant negative association between PIV
and Klotho levels became attenuated. This phenomenon may be
attributed to several interconnected mechanisms. Firstly, the
deglycosylation activity of Klotho, which is crucial for the
degradation of TLR4, may be compromised at elevated
inflammatory states, further reducing TLR4 protein turnover and
subsequent amplification of inflammatory signaling pathways (44).
As PIV levels rise above the threshold, the regulatory capacity of
Klotho may reach a saturation point, diminishing its ability to
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counteract TLR4-mediated inflammation. Moreover, feedback
mechanisms of TLR4 signaling potentially create a self-
perpetuating inflammatory cycle. As PIV levels rise, the increased
TLR4 activation may further suppress Klotho expression,
weakening its protective cellular mechanisms (54-56).

Notably, cancer survivors exhibit a distinct pattern in the PIV-
Klotho relationship compared to non-cancer participants. While non-
cancer individuals display an initial decline in Klotho levels at higher
PIV values followed by stabilization, cancer survivors demonstrate a
more pronounced and sustained decrease in Klotho levels at elevated
PIV values. The NF-kB signaling pathway likely plays a crucial role in
this linear relationship in cancer survivors. Existing research indicates
that pro-inflammatory cytokines can suppress Klotho gene expression
by activating NF-«kB, a mechanism particularly evident in high-
inflammatory states associated with cancer (57, 58). Animal
research evidence further supports a direct relationship between
Klotho expression and cancer progression, suggesting that Klotho
suppression correlates with higher histologic grades (P = 0.013) and
increased Ki-67 expression (P = 0.024) (59). These findings suggest
that Klotho suppression is driven by cancer-related inflammation,
which generates a unique inflammatory environment through
interactions between malignant cells and the tumor
microenvironment (60, 61). While these observations provide
valuable insights, they should be interpreted cautiously due to the
cross-sectional study design, which inherently limits causal inference.
Further longitudinal research is essential to elucidate the molecular
mechanisms underlying these intricate interactions.

The mediating effects of renal function parameters provide critical
insights into the complex interactions within the PIV-Klotho axis.
Inflammatory factors can directly damage glomerular and tubular
cells, leading to a progressive decline in kidney function (62).
Meanwhile, deteriorating kidney function significantly reduces
Klotho production, consequently exacerbating inflammatory
responses and kidney damage (63). A previous study revealed a
significant negative correlation between UA and o-Klotho levels,
demonstrating its critical intermediary role in the testosterone-o.-
Klotho axis (64). These findings suggested that UA was involved in the
interaction mechanism between metabolic regulation and Klotho
expression. Consistent with these insights, the present study
substantiated the pivotal role of renal function parameters in
mediating inflammation levels and Klotho expression. Our results
showed that UA exhibited the most pronounced mediating effect,
accounting for 8.32% of the total effect, with eGFR following closely at
6.91%. Mechanistically, UA has a dual role: at low concentrations, it
has antioxidant properties; however, at high concentrations, it may
induce oxidative stress (65). Elevated UA induces oxidative stress in
renal tubular epithelial cells, establishing a deleterious positive
feedback loop that progressively compromises the antioxidative
protective mechanisms through Klotho (66). Specifically, elevated
UA levels activate the NF-xB signaling pathway, thereby promoting
inflammatory responses and subsequently suppressing Klotho gene
expression (67, 68). A comprehensive systematic review and meta-
analysis found a significant positive correlation between soluble ot
Klotho levels and eGFR among CKD patients (69). Similarly, Ferri
et al. revealed a significant increasing trend in eGFR across Klotho
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gene mMRNA tertiles in patients with CKD. The highest tertile
demonstrated improved eGFR (42.3 mL/min/1.73 m?) compared to
the lowest tertile (36.7 mL/min/1.73 m?) (70). These findings
substantiated that reduced eGFR is closely associated with decreased
Klotho expression. Collectively, metabolic dysregulation in renal
dysfunction triggers a cascade of pathological changes, characterized
by toxic metabolite accumulation and an inflammatory positive
feedback loop (71, 72). These possible alterations may directly
influence Klotho synthesis and cellular signaling pathways
regulating its expression and protective functions.

In conclusion, the present study demonstrated that the
relationship between PIV and serum Klotho levels exhibits a U-
shaped pattern, with renal function parameters (particularly UA
and eGFR) acting as significant mediators. It is also noteworthy that
the PIV-Klotho association exhibited a threshold effect at PIV=800.
Furthermore, cancer survivors exhibited a sustained linear decrease
in Klotho levels with increasing PIV, while non-cancer survivors
demonstrated a U-shaped relationship. The findings of this study
underscore the significance of monitoring inflammatory status and
renal function parameters in clinical settings. Furthermore, in
patients with impaired renal function, maintaining Klotho levels
may be particularly important given its protective effects on kidney
function. Future research should elucidate the molecular
mechanisms underlying the complex relationship between
systemic inflammation and Klotho expression, focusing on the
mediating effects of renal function and the different patterns
observed in different pathological conditions.

Strengths and limitations

The present study was distinguished by several notable
strengths. Firstly, it was the first study to investigate the
correlation between PIV and Klotho levels. The research
identified a statistically significant U-shaped relationship between
PIV and Klotho expression with a threshold effect. Furthermore, the
study revealed the mediating effect of renal function indicators,
specifically UA and eGFR. The mediation analysis provided
valuable insights into the potential mechanistic pathways
underlying the interplay between inflammatory processes, kidney
function, and Klotho protein regulation, thereby suggesting
potential therapeutic targets for further research.

However, several limitations of the study should be
acknowledged. Firstly, as a cross-sectional study, it cannot
establish causal relationships among the variables since data were
collected at a single time point. Consequently, the directionality
remains unclear; systemic inflammation, as indicated by PIV, may
influence Klotho levels, or Klotho levels may influence systemic
inflammation. Therefore, longitudinal studies are recommended to
clarify the temporal dynamics of this association and strengthen
causal inferences. Additionally, uncontrolled confounding
variables, such as genetic factors, dietary habits, and medication
use, limit the ability to control for these influences when studying
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the relationship between systemic inflammation and Klotho
expression. Additionally, recall bias may impact results, especially
concerning self-reported lifestyle factors or health conditions.
Participants may struggle to accurately recall past events or
behaviors, leading to misclassification and potential inaccuracies
in association estimates. This bias complicates the interpretation of
findings by introducing additional variability not accounted for in
the analysis. Furthermore, the sample from the NHANES database
primarily represents the U.S. population, raising concerns about
selection bias and limiting the generalizability of the findings to
other ethnic or socio-demographic groups. Given these limitations,
caution is warranted in extrapolating the findings to broader
populations, as biological responses to inflammation and
variations in Klotho levels may differ significantly across diverse
ethnic groups and geographical contexts. Notwithstanding these
limitations, the study offers novel insights into the intricate
interplay between systemic inflammation and Klotho expression.
By unveiling the complex relationship between inflammation and
Klotho, this study provided valuable insights for future anti-aging
research and potential intervention strategies. Future studies should
consider multi-center, larger sample-size longitudinal designs that
comprehensively collect a broader range of variables to validate the
generalizability of the conclusions.

Conclusion

The findings revealed a U-shaped relationship between PIV and
Klotho levels, partially mediated by renal function indicators. These
results emphasized the importance of monitoring renal function
markers when considering the impact of systemic inflammation on
the aging process.
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