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the National Health and Nutrition
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Klotho, a protein primarily expressed in the kidneys and brain, plays a critical role in aging, vascular
health, and various metabolic processes. Lower serum Klotho levels have been associated with several
chronic diseases, including cardiovascular disease, diabetes, and kidney disease. Although the role

of Klotho in platelet regulation remains underexplored, thrombocytosis may be influenced by Klotho
levels. Investigating this relationship could offer new insights into thrombocytosis pathogenesis.

This study aimed to examine the relationship between serum Klotho levels and thrombocytosis

in a U.S. cohort. We hypothesized that lower Klotho levels would be associated with an increased

risk of thrombocytosis, potentially providing a novel perspective on thrombocytosis regulation. We
conducted a cross-sectional analysis of data from 12,700 participants in the NHANES 2007-2016
cohort. Multivariate logistic regression models were used to assess the association between serum
Klotho levels and thrombocytosis, adjusting for relevant covariates. Of the 12,700 participants, 86
had thrombocytosis. The thrombocytosis group had significantly lower mean serum Klotho levels
compared to the non-thrombocytosis group (p <0.01). After adjusting for confounders, an inverse
association between serum Klotho levels and thrombocytosis was observed (odds ratio 0.89, 95% CI
0.82-0.97, p=0.007). Compared to the lowest Klotho quartile (<700.7 pg/ml), the adjusted odds ratios
for thrombocytosis in the second (700.8-915.3 pg/ml) and third (2915.4 pg/ml) quartiles were 0.6 (95%
Cl: 0.36-1.01, p=0.055) and 0.49 (95% Cl: 0.29-0.84, p=0.01), respectively. Our findings suggest an
inverse correlation between serum Klotho levels and thrombocytosis in adults aged 40 and older. These
results highlight the potential role of Klotho in thrombocytosis regulation, and future longitudinal
studies are needed to establish causality and explore the underlying mechanisms.
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METs Metabolic equivalents

BMI Body mass index
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EPO Erythropoietin

IQR Interquartile range
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Thrombocytosis is a global condition caused by various pathogenic factors!. In recent years, there has been a
notable increase in its incidence. Characterized by an elevated platelet count, thrombocytosis is often identified
through abnormal results in routine blood tests, leading to frequent referrals to hematologists?. Thrombocytosis
is a common hematologic disorder associated with various pathological conditions, including inflammation,
infection, and malignancy. Thrombocytosis, marked by elevated platelet counts, poses several risks®. First,
increased platelet levels raise blood viscosity, promoting clot formation and leading to complications like
myocardial infarction, stroke, and pulmonary embolism, which can be life-threatening®®. Second, excessive
platelets may cause dysfunction, paradoxically increasing bleeding risks, especially in the skin, mucous
membranes, and gastrointestinal tract’. Lastly, endothelial damage may trigger systemic inflammation,
potentially impairing vital organs such as the kidneys and liver®. Thrombocytosis is commonly categorized into
essential thrombocythemia (ET) and secondary thrombocytosis?.

Primary thrombocytosis is frequently linked to myeloproliferative disorders like essential thrombocythemia
and polycythemia vera. These conditions are often driven by genetic mutations, such as those in the JAK2,
CALR, or MPL genes, which interfere with the regulation of platelet production®. Secondary thrombocytosis
can arise from various factors, including infections, chronic inflammatory diseases (e.g., rheumatoid arthritis
and inflammatory bowel disease), iron deficiency anemia, and stress responses following surgery or trauma, as
well as certain malignancies. These factors can stimulate the bone marrow, resulting in an overproduction of
platelets®”. An increase in platelet count is associated with various factors, but it is often challenging to pinpoint
the exact cause. Previous studies have revealed that 70% of thrombocytosis cases are secondary, while the precise
etiology remains unclear®.

Alpha-klotho, also referred to as klotho, is a multifunctional protein encoded by the klotho gene’. Klotho
is a multifunctional protein that plays a critical role in various physiological processes, including metabolism,
aging, and mineral homeostasis!?~!2, Tt exists in both a membrane-bound form and a secreted form, the latter
of which has been identified as a hormone influencing diverse cellular functions'. Klotho is essential for
regulating calcium and phosphate metabolism, acting as a co-factor for fibroblast growth factor 23 (FGF23),
which lowers serum phosphate levels and inhibits renal phosphate reabsorption!®. Moreover, it is often referred
to as an “anti-aging” gene due to its association with increased lifespan in animal models, while lower levels
of Klotho have been linked to age-related diseases!>~!”. Klotho also exerts protective effects on cardiovascular
health by reducing vascular calcification and inflammation'”. In the context of hematopoiesis, emerging research
suggests that Klotho may influence hematopoietic stem cell (HSC) function, impacting their proliferation and
differentiation'®!?. Additionally, Klotho may interact with signaling pathways related to thrombopoietin (TPO),
potentially modulating platelet production and affecting megakaryocyte function. Lan et al.?’. found renal
Klotho as a long-range regulator of platelet lifespan, shedding light on the molecular mechanisms underlying
CKD-associated thrombocytopenia and hemorrhage, while also presenting a promising therapeutic avenue.
Overall, Klotho is a significant regulatory protein whose diverse functions warrant further investigation to fully
elucidate its roles in hematopoiesis and platelet production.

The relationship between serum Klotho levels and thrombocytosis in middle-aged and older adults remains
poorly understood. We hypothesize that lower serum Klotho levels are associated with an increased risk of
thrombocytosis in middle-aged and older adults, potentially mediated by mechanisms such as endothelial
dysfunction, increased oxidative stress, and systemic inflammation—all of which play critical roles in platelet
production and activation. In older adults, age-related physiological changes may disrupt Klotho-mediated
regulatory pathways, leading to elevated platelet counts. Additionally, as organ function declines with age,
particularly in the kidneys—the primary site of Klotho synthesis and secretion—serum Klotho levels decrease.
This reduction may contribute to an imbalance in platelet homeostasis, further linking Klotho deficiency to
thrombocytosis. Rather than focusing solely on individual symptoms, understanding how variations in serum
Klotho levels influence different manifestations of thrombocytosis holds greater clinical significance. Therefore,
this study aims to investigate the clinical and prognostic relevance of serum Klotho in middle-aged and older
adults with thrombocytosis. To address this gap, we conducted a cross-sectional study utilizing data from 12,700
participants in the National Health and Nutrition Examination Survey (NHANES).

Methods.

Study population.

This cross-sectional study used data from the 2007-2016 NHANES, conducted by the Centers for Disease
Control and Prevention?!. NHANES aimed to assess the health and nutritional status of non-institutionalized
Americans. Survey participants were selected based on a stratified probability design using a multistage
process?>. NHANES collects various health-related data, including demographic characteristics, physical
examination results, laboratory findings, and dietary habits?’. The National Center for Health Statistics collected
the information following ethics review board approval. All participants provided written informed consent
before participating in the NHANES?2. The data are publicly available at the NHANES website (http://www.c
dc.gov/nchs/nhanes.htm). Participants between the ages of 40 and 79 from NHANES 2007-2016 cycles were
included in the study (n=12,700). Serum Klotho concentrations were only measured in this specific age group
and cycles.

Pregnant females and individuals who lacked information about serum klotho, CBC, covariates, or weight
were excluded. Data on demographics, physical examinations, and laboratory tests were gathered during in-
home interviews and study visits conducted at a mobile examination center (MEC)?!. Medication use was
obtained through the interviewer’s observation of individual’s prescription medications.

Serum Klotho levels.

Serum Klotho concentrations were measured by a commercial ELISA kit (IBL International, Japan). As per
the manufacturer’s instructions, the analysis of each sample was carried out twice, and the average of the two
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results was used as the final value. Each plate was analyzed with two quality control samples containing low and
high concentrations of Klotho to ensure accuracy. Sample analyses were repeated when the assigned value of
a quality control sample exceeded two standard deviations. The sensitivity of the assay was 4.33 pg/mL, with
both the intra-assay and inter-assay coefficient of variation was under 5%. The detail description of laboratory
methodology is available on the website at https://wwwn.cdc.gov/Nchs/Nhanes/2007-2008/ SSKL_E. htm.

Platelet level and thrombocytosis assessment.

Blood counts, including platelet counts, were measured using Beckman Coulter Counter (Beckman Coulter
Inc., Brea, CA, USA). Thrombocytosis is defined as a single platelet count>450x 10A9/L, based on the WHO
diagnostic criteria for thrombocytosis®.

Covariates.

During the household interview, the computer-assisted personal interviewing system was used to collect
sociodemographic data including age, sex, race/ethnicity, education, income, smoking status, and medical
conditions. Self-reported race/ethnicity was classified into non-Hispanic black, non-Hispanic white, Mexican
American, and other race (including multi-racial and other Hispanic group). Educational achievement
was divided into three categories: did not complete high school, graduate high school or obtained a General
Educational Development (GED) certificate, and attended college or beyond. Income levels were categorized
into three tiers based on the family’s income-to-poverty ratio (IPR): less than 1.30, 1.30 to 3.49, or 3.50 or
greater. The smoking status was divided into three categories: never smokers, former smokers, and current
smokers (those who have smoked at least 100 cigarettes in their lifetime and continue to smoke). The alcohol
questionnaire is administered during the physical exam at the MEC. The drinking status was classified into three
categories: never drinkers, former drinkers, and current drinkers (who have consumed at least 12 alcoholic
beverages in their lifetime and still continue to consume alcohol).

Hypertension was defined as SBP>140mmHg, DBP>90 mm Hg, a self-reported physician diagnosis, or
currently taking antihypertensive medications**. Diabetes mellitus was defined as hemoglobin Alc>6.5%,
fasting plasma glucose>7.0 mmol/L, random plasma glucose or 2 h plasma glucose (oral glucose tolerance
test) > 11.1 mmol/L, a self-reported physician diagnosis, or current use of antidiabetic medications or insulin®.

Statistical analysis

Histogram distribution, Q-Q plot, and Kolmogorov-Smirnov test were employed to evaluate the normality of
study variables. Normally distributed continuous variables were summarized as mean+SD, whereas skewed
continuous variables were shown as median (interquartile range [IQR]). Categorical variables were represented
as frequencies and percentages. Statistical analyses included chi-square or Fisher’s exact tests for categorical
variables, One-Way ANOVA for normally distributed continuous variables, and Kruskal-Wallis H test for
skewed continuous variables to compare differences among various klotho groups.

A multivariate logistic regression model was used to assess the association between serum Klotho levels
and thrombocytosis. Covariates were selected based on prior literature, clinical relevance, univariate analysis
(p<0.10), and collinearity diagnostics (VIF < 10). The final model included demographic factors (age, sex, race),
lifestyle variables (smoking, alcohol consumption, BMI), hematologic markers (hemoglobin, white blood cell
count), metabolic factors (phosphate, vitamin D), kidney function indicators (creatinine), and comorbidities
(cardiovascular disease, hypertension, diabetes). Adjusted odds ratios (ORs) and 95% confidence intervals (Cls)
were reported. Model robustness was assessed through collinearity diagnostics and model fit criteria, including
the Hosmer-Lemeshow test and AIC/BIC comparisons. Four models were constructed for the analysis: Model 1
adjusted for age, and Model 2 included additional adjustments for race/ethnicity, marital status, poverty-income
ratio (PIR) and education level. Model 3 further adjusted for smoking status, hypertension, diabetes, stroke,
coronary heart disease, and body mass index. Model 4 further adjusted for hemoglobin, white blood cell count,
phosphate, 25(OH)D and creatinine.

All statistical analyses were performed using R Statistical Software (Version 4.2.2, http://www.R-project.org,
The R Foundation) and Free Statistics Analysis Platform (Version 1.9.2, Beijing, China, http://www.clinicalsci
entists.cn/freestatistics). The Free Statistics Analysis Platform is a user-friendly software package for common
analyses and data visualization, leveraging R as the statistical engine and a graphical user interface (GUI)
developed in Python. Most analyses can be executed with minimal effort, making it suitable for reproducible
analysis and interactive computing. A two-sided p-value <0.05 was considered statistically significant.

Results

Characteristics of the research sample

The present study used data from five NHANES periods (2007-2008, 2009-2010, 2011-2012, 2013-2014, 2015-
2016). A total of 50,588 participants completed the survey. A total of 37,888 individuals were excluded, including
36,824 individuals with missing serum Klotho data, 40 individuals with missing complete blood count (CBC)
data, 9 pregnant females and 1,015 individuals with missing demographic data. Thus, 12,700 participants were
included in this study (Fig. 1).

A total of 12,700 participants with available data on serum Klotho and thrombocytosis were included in the
analysis and 86 participants (0.7%) suffered from thrombocytosis. Table 1 presents the clinical and biochemical
features of the study population based on Klotho levels. The mean age of participants was 57.9 + 10.8 years, with
6,207 (48.9%) being men. Most participants self-identified as non-Hispanic White (5,610, 44.2%). Participants
with higher Klotho concentrations had higher hemoglobin levels and were more likely to have a history of
cardiovascular disease (CVD), coronary heart disease, stroke, and hypertension. Additionally, they were more
likely to have never smoked and not consumed alcohol.
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Participants in NHANES from 2007-2016
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Fig. 1. Eligible participants in the evaluation of the association between anemia and S-Klotho in middle-aged
and elderly individuals.

Associations between serum Klotho and thrombocytosis

An inverse association between serum klotho and thrombocytosis was observed after adjusting for potential
confounders (Table 2). Multivariate logistic regression analysis, adjusted for potential confounders, revealed that
each 100 pg/ml increase in serum Klotho levels was associated with a 11% decrease in the risk of thrombocytosis
(95% CI=0.82~0.97, P=0.007) (Table 2, model 3). Compared to individuals in the lowest quartile (Q1) of
serum klotho (<700.7 pg/ml), the adjusted ORs for thrombocytosis in Q2(700.8915.3 pg/ml), and Q3 (=915.4
pg/ml), were 0.6 (95% CI: 0.36-1.01, p=0.055), and 0.49 (95% CI: 0.29-0.84, p=0.01) respectively.

Subgroup analysis

In our study, we conducted subgroup analyses to explore whether the relationship between serum Klotho
levels and thrombocytosis varies across different demographic and clinical characteristics. Stability tests were
performed on the results using subgroup analyses (Fig. 2) and interaction testing, but no significant interactions
were observed. These subgroup analyses were based on factors such as age, gender, body mass index (BMI),
education level, smoking, alcohol consumption, cardiovascular disease (CVD), hypertension, and diabetes.
Overall, consistent trends were observed in most subgroups. We divided participants into two age groups:
middle-aged individuals (40-60 years) and older adults (> 60 years). The association between Klotho levels and
thrombocytosis was somewhat more apparent in the middle-aged group, suggesting that age-related changes
in Klotho metabolism may influence platelet regulation. In the female subgroup, a significant correlation
was found, with an odds ratio (OR) of 0.86 (95% CI: 0.78-0.95), indicating that lower serum Klotho levels
are associated with an increased risk of thrombocytosis in women. In contrast, no significant association was
found in the male subgroup, suggesting that the relationship between Klotho and thrombocytosis may be more
pronounced in women, potentially due to hormonal and physiological differences between genders. Among
participants with cardiovascular disease and diabetes, lower Klotho levels were more strongly associated with
thrombocytosis, suggesting that Klotho may play a critical role as a regulator in individuals with chronic
inflammation. Additionally, a correlation between Klotho and thrombocytosis was observed among smokers
and drinkers, further supporting the consistency of the results across these lifestyle factors.
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No. of participants by serum klotho

Q1(<700.7 pg/mL) | Q2(700.8-915.3pg/mL) | Q3(>915.4 pg/mL)

Variables Total (n=12700) | (n=4232) (n=4234) (n=4234) P

Age, Mean +SD 57.9+10.8 59.1+11.0 57.7+10.8 57.0+10.6 <0.001
Sex, n (%) <0.001
Male 6207 (48.9) 2200 (52) 2110 (49.8) 1897 (44.8)

Female 6493 (51.1) 2032 (48) 2124 (50.2) 2337 (55.2)

Race, n (%) <0.001
Non-Hispanic White 5610 (44.2) 1993 (47.1) 1934 (45.7) 1683 (39.7)

Non-Hispanic Black 2506 (19.7) 814 (19.2) 695 (16.4) 997 (23.5)

Mexican American 2013 (15.9) 665 (15.7) 700 (16.5) 648 (15.3)

Other Hispanic 1448 (11.4) 424 (10) 495 (11.7) 529 (12.5)

Others 1123 (8.8) 336 (7.9) 410 (9.7) 377 (8.9)

Marry, n (%) 0.1
Married 7592 (59.8) 2507 (59.2) 2586 (61.1) 2499 (59)

Never married 1051 (8.3) 348 (8.2) 320 (7.6) 383 (9)

Living with partner 610 (4.8) 223 (5.3) 193 (4.6) 194 (4.6)

Others 3447 (27.1) 1154 (27.3) 1135 (26.8) 1158 (27.4)

Family income (PIR), n (%) 0.321
<1.30 3887 (30.6) 1339 (31.6) 1267 (29.9) 1281 (30.3)

1.31-3.50 4597 (36.2) 1535 (36.3) 1536 (36.3) 1526 (36)

>3.50 4216 (33.2) 1358 (32.1) 1431 (33.8) 1427 (33.7)

Education level, n (%) 0.002
<9 3503 (27.6) 1211 (28.6) 1144 (27) 1148 (27.1)

9-12 2835 (22.3) 998 (23.6) 954 (22.5) 883 (20.9)

>12 6362 (50.1) 2023 (47.8) 2136 (50.4) 2203 (52)

Smoking status, n (%) <0.001
Never 6460 (50.9) 1937 (45.8) 2162 (51.1) 2361 (55.8)

Current 3751 (29.5) 1375 (32.5) 1251 (29.5) 1125 (26.6)

Former 2489 (19.6) 920 (21.7) 821 (19.4) 748 (17.7)

Alcohol, n (%) <0.001
Never 1865 (14.7) 528 (12.5) 646 (15.3) 691 (16.3)

Former 2783 (21.9) 956 (22.6) 873 (20.6) 954 (22.5)

Mild 4396 (34.6) 1402 (33.1) 1487 (35.1) 1507 (35.6)

Moderate 1719 (13.5) 601 (14.2) 568 (13.4) 550 (13)

Heavy 1937 (15.3) 745 (17.6) 660 (15.6) 532 (12.6)

BMI_kg m?, Mean +SD 29.8+6.7 299+6.4 29.8+6.8 29.7+£7.0 0.415
CVD, n (%) <0.001
No 10,919 (86.0) 3522 (83.2) 3669 (86.7) 3728 (88)

Yes 1781 (14.0) 710 (16.8) 565 (13.3) 506 (12)

Coronary heart disease (%) <0.001
No 12,027 (94.7) 3957 (93.5) 4024 (95) 4046 (95.6)

Yes 673 (5.3) 275 (6.5) 210 (5) 188 (4.4)

Stroke, n (%) <0.001
No 12,069 (95.0) 3975 (93.9) 4051 (95.7) 4043 (95.5)

Yes 631 (5.0) 257 (6.1) 183 (4.3) 191 (4.5)

Congestive heart failure, n (%) <0.001
No 12,173 (95.9) 3998 (94.5) 4068 (96.1) 4107 (97)

Yes 527 (4.1) 234 (5.5) 166 (3.9) 127 (3)

Hypertension, n (%) <0.001
No 5797 (45.6) 1790 (42.3) 2005 (47.4) 2002 (47.3)

Yes 6903 (54.4) 2442 (57.7) 2229 (52.6) 2232 (52.7)

DM n (%) 0.019
No 9382 (73.9) 3101 (73.3) 3193 (75.4) 3088 (72.9)

Yes 3318 (26.1) 1131 (26.7) 1041 (24.6) 1146 (27.1)
Albumin (g/L), Mean +SD 422+3.1 422+3.2 42.4+3.0 422432 0.002
Creatinine (umol/L), Mean + SD 81.9+46.2 88.6+61.4 80.0+40.4 77.1+30.4 <0.001
Continued
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No. of participants by serum klotho
Q1(<700.7 pg/mL) | Q2(700.8-915.3pg/mL) | Q3(>915.4 pg/mL)
Variables Total (n=12700) | (n=4232) (n=4234) (n=4234) P
Phosphorus (mmol/L), Mean + SD 1.2+0.2 1.2+0.2 1.2+0.2 1.2+0.2 0.276
25(0H)D2 (nmol/L), Median (IQR) | 1.4 (1.4, 1.4) 1.4 (1.4, 1.4) 1.4 (1.4, 1.4) 1.4 (1.4, 1.4) 0.134
25(0H)D3 (nmol/L), Mean + SD 61.9+27.4 63.0+28.2 62.1+27.0 60.5+27.0 <0.001

Table 1. Baseline characteristics of the study participants from NHANES 2007-2016. PIR, poverty income
ratio; CVD, cardiovascular diseases; DM, diabetes mellitus; BMI, body mass index; NHANES, National health
and nutrition examination survey. All values are presented as a number and proportion (%) or mean and SD.

Discussion

Utilizing data from 12,700 participants aged 40 and older in the NHANES (2007-2016) dataset, this study is
the first cross-sectional analysis to examine the relationship between serum Klotho levels and thrombocytosis
in a nationally representative adult population. Our study demonstrated a significant inverse association
between serum Klotho levels and thrombocytosis in middle-aged and older adults. Individuals with lower
serum Klotho concentrations were more likely to present with thrombocytosis, and this association remained
robust after adjusting for multiple confounders, including age, BMI, smoking status, alcohol consumption, and
comorbid conditions such as cardiovascular disease, hypertension, and diabetes. Although we adjusted for major
demographic, hematologic, metabolic, and comorbid conditions, residual confounding cannot be ruled out.
Future studies with more comprehensive biomarker data may help further clarify these relationships. Subgroup
analyses further confirmed the robustness of this association across various demographic and clinical groups.
Notably, the inverse relationship between Klotho levels and thrombocytosis was more pronounced in females,
while no significant association was observed in males. This suggests a potential sex-specific regulatory role
of Klotho in platelet homeostasis, warranting further investigation. Given Klotho' established involvement in
endothelial function, oxidative stress reduction, and anti-inflammatory processes, our findings provide novel
insights into its potential role in thrombocytosis. However, further mechanistic studies are needed to elucidate
the exact pathways through which Klotho influences platelet production and activation.

Currently, there is limited research on the relationship between Klotho and platelet levels. The Klotho
gene was initially identified as a potential anti-aging gene’, with its overexpression extending lifespan and its
deficiency accelerating aging®®. The Klotho protein is involved in a wide range of physiological and pathological
processes, playing a crucial role in maintaining homeostasis. Klotho is a co-receptor for fibroblast growth
factor (FGF), which is involved in maintaining homeostasis of the endocrine system and plays a key role in
vascular health and homeostasis?’. The regulatory effects of Klotho on platelet production and activation may be
mediated through multiple biological pathways, primarily by modulating oxidative stress and calcium signaling.
Klotho proteins play a crucial role in regulating platelet activity and endothelial function through multiple
biological pathways. They have been shown to reduce platelet overactivation induced by the uremic toxin indole
sulfate (IS) by inhibiting reactive oxygen species (ROS) production and the p38MAPK signaling pathway?s.
In Klotho-deficient mice, the calcium signaling pathway is disrupted, as evidenced by the reduced expression
of calcium release-activated calcium channels (CRACs) and their regulator STIM1/Orail. This inhibition is
partly attributed to the downregulation of NF-kB activity by 1,25(OH), vitamin Ds, which subsequently affects
platelet and megakaryocyte functions®. Klotho proteins are essential for maintaining endothelial integrity
and preventing endothelial dysfunction, both of which are critical for inhibiting platelet overactivation and
thrombocytosis. They significantly enhance the antioxidant capacity of endothelial cells and mitigate oxidative
stress and inflammation by regulating the PI3K/AKT/Nrf2/HO-1 pathway, thereby protecting endothelial cells
from oxidative damage®*>!. Additionally, Klotho regulates calcium influx, preserves endothelial cell integrity,
and prevents endothelial apoptosis and hyperpermeability by interacting with VEGF receptor-2 and TRPC-
1 calcium channels®?. Furthermore, Klotho inhibits excessive proliferation of vascular endothelial cells and
maintains normal vascular structure by modulating the AMPK and YAP signaling pathways*’. Through these
diverse mechanisms, Klotho proteins play a pivotal role in enhancing endothelial integrity and suppressing
endothelial dysfunction, thereby contributing to the prevention of platelet overactivation and thrombocytosis.
Due to its anti-inflammatory and antioxidant properties, Klotho may regulate platelet homeostasis in vivo by
mitigating systemic inflammation and reducing oxidative stress-induced platelet hyperactivity. Klotho influences
platelet generation and function by modulating calcium signaling and counteracting the effects of uremic toxins
like indoxyl sulfate. This highlights its potential therapeutic role in managing platelet-related complications,
especially in CKD.

A significant finding of our study is that the inverse association between Klotho levels and thrombocytosis
was more pronounced in females, whereas no significant relationship was observed in males. This sex difference
may be attributed to several biological mechanisms. A significant relationship exists between estrogen and
Klotho expression. Estrogen regulates Klotho expression and has a protective effect on endothelial function.
Research has shown that estrogen regulates Klotho gene expression, which plays a crucial role in various
physiological and pathological processes*. In hepatocellular carcinoma (HCC), Klotho expression was
positively correlated with estrogen receptor (ER)a expression, suggesting that Klotho may partially regulate
the estrogenic pathway mediated through Era®. Sex differences in immune responses may contribute to the
observed variations in Klotho's effects on thrombocytosis. Women generally exhibit a stronger immune response
and higher baseline levels of inflammation than men®. Given Klotho’s anti-inflammatory properties, its
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Subgroup Variable Total Event (%) OR (95%Cl) P for interaction
Overall
Klotho per100mg/d 12700 86(0.7) 0.89 {0.82~0.97) .
Age
40-59 6763 56 (0.8) 0.87 {0.78~0.97) —— 0.803
60-79 5937  30(0.5) 0.92 {0.8~1.08) —_—
Sex
Male 6207  22(0.4) 0.96 {0.84~1.1) —_ 0.293
Female 6493 B84(1) 0.86 {0.78~0.95) ——
Body mass index
<25 kagim* 2963 22(0.7) 0.9 (0.77~1.06) _— 0.945
250-29.9 kgim* 4407  19(0.4) 0.95 {0.8~1.12) _—
230 kgfm’ 5330  45(0.8) 0.86 {0.76~0.98) ——
Education level
<9 3503 32(0.9) 0.87 (0.75~1.01) —_ 0.988
9~12 2835  19(0.7) 0.89 {0.73~1.08) _
>12 6362  35(0.6) 0.91{0.8~1.04) —_—
Smoking status
Never 6460  35(0.5) 0.87 {0.76~1) —_— 0.801
Current 3751 24 (0.6) 0.94 {0.81~1.09) ——
Former 2489  27(1.1) 0.85 {0.71-1.01) —_——
Alcohol status
Never 1865 17 (0.9) 0.82 {0.66~1.01) —_—_ 0.999
Former 2783  21(0.8) 0.88 {0.76~1.02) —_—
Mild 4396 20 (0.5) 0.92 (0.77~1.08) —_——
Maderate 1719 15(0.9) 0.94 {0.75~1.17) F &>
Heavy 1937 13(0.7) 0.88 {0.68~1.12) C - {
CcvD
No 10919 75(0.7) 0.9 (0.82~0.98) —_ 0.574
Yes 1781 11(0.6) 0.87 {(0.64~1.16) ¢ &
Hypertension
No 6797  34(0.6) 0.84 (0.73~0.97) p———i 0.333
Yos 6903  52(0.8) 0.93 (0.84~1.03) —_
Diabetes
No 9382  54(0.6) 0.92 {0.84-1.02) —— 0.166
Yes 3318 32(1) 0.83 (0.71~0.97) ——
1
0.71 1.0
Effect(95%CI)

Fig. 2. The relation of serum Klotho concentration with the prevalence of thrombocytosis in various
subgroups. Adjusted for sociodemographic (age, sex, marital status, race/ethnicity, education level, family
income), smoking status, hypertension, diabetes, stroke, coronary heart disease, body mass index, if not
stratified.

deficiency may have a more pronounced impact on platelet overproduction in females'’, further strengthening
the observed inverse association. Klotho has been reported to exert antioxidant effects through the PI3K/AKT/
Nrf2/HO-1 pathway, reducing oxidative stress and preserving endothelial function®. Given that women are
more vulnerable to oxidative stress-related damage due to hormonal fluctuations, the protective role of Klotho
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may be more pronounced in females®, potentially contributing to the stronger association observed in our
study. Sex-based differences in platelet production may further explain the stronger association observed in
females. Ranucci, M. et al.*showed that women typically have higher baseline platelet counts than men, which
may enhance the regulatory role of Klotho in platelet homeostasis. The stronger inverse association between
Klotho levels and thrombocytosis in females may be attributed to multiple biological mechanisms. Estrogen-
mediated upregulation of Klotho expression, sex-specific differences in immune response and oxidative stress
susceptibility, and inherent variations in platelet production may all contribute to this observed discrepancy.
Further research is needed to elucidate these mechanisms and explore the potential clinical implications of
Klotho-based interventions in thrombocytosis.

As a potential therapeutic target, Klotho may offer several advantages. Its ability to regulate platelet activity
through various signaling pathways, such as ROS/p38MAPK, positions it as a key modulator in inflammatory
conditions that often lead to platelet overactivation?®. Additionally, Klotho supplementation or gene therapy
could be explored as a means to restore its function in individuals with Klotho deficiency, potentially offering
a novel approach to managing thrombocytosis, particularly in patients with underlying conditions such as
chronic kidney disease, atherosclerosis, or cardiovascular disease. Future studies are needed to validate the
feasibility of Klotho as a therapeutic target for thrombocytosis. These studies should focus on its ability to
modulate platelet activity and assess its efficacy in reducing thrombotic events in animal models and human
clinical trials. Moreover, exploring the potential of Klotho in combination with other treatments, such as anti-
platelet therapies or inflammation-modulating drugs, could provide a more comprehensive therapeutic strategy
for patients with thrombocytosis and related conditions. Klotho holds promise as a therapeutic target for
thrombocytosis, particularly in patients with conditions that exacerbate platelet activation. Continued research
into its mechanisms of action and clinical application will be essential in determining its viability as a treatment
option for platelet-related disorders.

This study utilized a single platelet count measurement to define thrombocytosis. However, we acknowledge
that this approach may not fully reflect the true nature of thrombocytosis, especially since thrombocytosis can
be transient or fluctuate, particularly when influenced by other clinical factors such as infection or stress. As a
result, relying on a single measurement may introduce some risk of misclassification. To more accurately assess
thrombocytosis, future studies could consider using multiple platelet count measurements or adopt criteria such
as sustained elevation to define thrombocytosis. This would help reduce the potential for misclassification and
provide a more robust reflection of the true state of thrombocytosis, thereby allowing a more precise examination
of the relationship between Klotho levels and thrombocytosis. However, due to the limitations of the current
dataset, we were unable to implement multiple measurements, and we acknowledge this as a limitation in the
present study. This limitation should be addressed in future longitudinal research.

Strengthen and limitation

Due to the limitations of the cross-sectional design and the observed number of related events, this study cannot
clearly establish a causal relationship between thrombocytosis and serum Klotho levels. The absence of data on
Klotho levels in younger populations further underscores the need for additional clinical trials. Moreover, based
on the current research, it remains difficult to distinguish whether thrombocytosis is of primary or secondary
origin. This limitation hinders a comprehensive understanding of the relationship between thrombocytosis and
serum Klotho levels, as well as the development of targeted research and treatment strategies, which should be
addressed in future studies. Although most subgroup analyses yielded p-values below 0.05, some comparisons
(e.g., Q2) resulted in borderline p-values (e.g., 0.073). While these do not meet the conventional threshold for
statistical significance, the consistent trends observed across multiple models support the robustness of the
findings. Future studies with larger sample sizes may help clarify these marginal associations. Additionally,
due to the limitations of the NHANES dataset, we were unable to include certain important confounders,
such as inflammatory markers (e.g., CRP, ferritin), which may affect both Klotho levels and platelet counts.
Despite controlling for several relevant covariates, residual confounding remains a possibility. Furthermore,
the lack of longitudinal data prevented us from exploring how changes in Klotho levels over time influence
thrombocytosis. Future studies incorporating repeated measurements or longer follow-up periods will be
crucial for understanding how Klotho levels fluctuate and affect platelet regulation over time. Despite these
limitations, the consistent trends observed across different models offer valuable insights into the relationship
between Klotho levels and thrombocytosis.

However, the main strength of our study is the robust evidence on the association of serum Klotho levels
with thrombocytosis based on a nationally representative and noninstitutionalized US civilian population. The
NHANES is a large-scale study that employs standardized study protocols, strict quality control metrics, and
well-trained specialized technicians to collect and process data. Our research discovered a negatively association
between serum Klotho levels and thrombocytosis, independent of other confounding factors, including such
as educational level, race, BMI, smoking status, alcohol intake, history of CVD and hypertension. All adjusted
models confirmed the robustness of this association.

Conclusion

Our study found an inverse association between serum Klotho levels and thrombocytosis in adults aged 40 and
older. However, due to the cross-sectional nature of the study, this association does not imply causality. Future
longitudinal studies and clinical trials are necessary to assess the causal relationship and explore the mechanisms
underlying this association.
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Da

ta availability

The data used in this study are publicly available from the NHANES database, which can be accessed through the
NHANES website. The National Health and Nutrition Examination Survey (NHANES) data used in this study is
available through the Centers for Disease Control and Prevention (CDC). You can access the data sets by visiting

the

NHANES website: URL: https://wwwn.cdc.gov/nchs/nhanes/Default.aspx.
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