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Abstract

Background While it is known that klotho has negative regulatory effects in a variety of diseases such as metabolic
disorders and kidney disease, the specific role of klotho in rheumatoid arthritis (RA) and its effect on mortality are
unclear. This study investigated the association between serum klotho levels and mortality in patients with RA.

Methods This study included 841 adults with RA from the National Health and Nutrition Examination Survey
(NHANES) from 2007 to 2016 to extract the concentrations of serum klotho. The association between klotho and RA
was determined using Cox regression, Kaplan-Meier (KM) curves, and restricted cubic spline (RCS) models.

Results A total of 841 patients with RA were included in this study, who were divided into four groups based

on the quartiles of serum klotho levels (Q1, Q2, Q3, and Q4). Cox regression analysis with adjustment for covariates
revealed that high levels of klotho lowered the risk of both all-cause and cardiovascular mortality compared to the Q1
group. The KM curve analysis suggested that this effect was more pronounced for all-cause mortality. The RCS-fitted
Cox regression model indicated a U-shaped correlation between serum klotho levels and RA mortality. The risk

of all-cause mortality increased with decreasing serum klotho levels below a threshold of 838.81 pg/mL. Subgroup
analysis revealed that the protective effect of klotho was more pronounced in patients with the following character-
istics: male, white ethnicity, age > 60 years, body mass index < 25 kg/mz, estimated glomerular filtration rate > 60 mL/
(minx1.73 m?), and 25-hydroxyvitamin D level > 50 nmol/L.

Conclusion Serum klotho levels had a U-shaped correlation with all-cause mortality in patients with RA, indicating
that maintain a certain level of serum klotho could prevent premature death.
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Background
Rheumatoid arthritis (RA) is a chronic disease that mani-
fests primarily as progressive joint damage and can lead
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[4, 5]. The emergence of multiple therapeutic targets for
RA in recent years has been effective in slowing disease
progression and reducing comorbidities. However, the
mortality rate in patients with RA remains higher than
that of the general population [6, 7]. Thus, there is a need
to determine markers associated with RA mortality to
facilitate the identification of at-risk populations for early
intervention.

Klotho was first reported to be associated with aging
phenotypes in 1997 [8]. Klotho proteins exist in two
forms in the human body: membrane type and soluble
type. Soluble klotho is secreted by cells or cleaved from
membrane klotho. The soluble type of klotho can achieve
biological functions through blood circulation [9], regu-
lating target tissues by ameliorating oxidative stress,
inhibiting inflammation, and modulating apoptosis [10].

Many previous studies have confirmed that klotho has
negative regulatory effects and may be involved in a vari-
ety of conditions, such as altered cognitive function [11],
metabolic disorders [12], kidney disease [13], and skeletal
muscle reduction [14]. Serum klotho concentrations are
significantly higher in patients with RA than in controls,
and there is a significant association between klotho con-
centration and disease activity [15]. However, the specific
role of klotho in RA and whether it affects the occurrence
of mortality in RA patients are unclear.

In this study, we aimed to explore the association
between serum klotho levels and RA-related mortal-
ity in adults. We extracted serum klotho data from the
National Health and Nutrition Examination Survey
(NHANES). The combined effects were analyzed using
Cox regression models, restricted cubic spline (RCS)
models, and Kaplan—Meier (KM) curves, with the aim of
providing new insights into therapeutic interventions for
RA and a basis for subsequent in-depth studies.

Materials and methods

Study population

The NHANES (https://www.cdc.gov/nchs/nhanes/) is a
population-based cross-sectional survey that assesses the
health and nutritional status of adults and children in the
USA. A representative sample of approximately 10,000
individuals was randomly included in each 2-year study
period. Data were primarily collected through interviews
(e.g., demographic, socioeconomic, and health-related
information) and examinations (e.g., medical examina-
tions, physiological measurements, and laboratory tests)
performed by trained medical personnel. NHANES was
approved by the National Center for Health Statistics
Institutional Review Board, with all participants pro-
viding written informed consent [16]. The findings help
determine the prevalence of major diseases and risk
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factors for diseases, and provide data to support nutrition
and health policy development.

In our study, we combined data from five cycles of
NHANES between 2007 and 2016. We included all
adults aged >20 years who had completed the arthritis
survey (i.e., those selecting “rheumatoid arthritis” as the
response to the following question: “which type of arthri-
tis was it?”) and had undergone measurement of serum
klotho. Participants with missing data on covariates
were excluded. A total of 841 participants with RA were
included in the analysis (Fig. 1).

Measurement of serum klotho

According to the NHANES website, the klotho assay
has been validated in previous studies. Serum sam-
ples were stored at—80 °C until assay analysis. Klotho
detection was performed using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (IBL
International, Tokyo, Japan). The samples were analyzed
in duplicate, and the average of two values was used to
calculate the final value. Klotho concentrations were
also analyzed in duplicate in each ELISA plate, and qual-
ity control was performed accordingly. Serum klotho
concentrations were divided into quartiles for statisti-
cal analysis: Q1 (<25th percentile, 277-635 pg/mL), Q2
(25-50th percentile, 635-775 pg/mL), Q3 (50-75th per-
centile, 775-980 pg/mL), and Q4 (> 75th percentile, 980—
3178 pg/mL); Q1 was used as the reference.

Mortality outcome

Information on mortality status and follow-up time was
collected through the National Death Index mortal-
ity database from NHANES (up to April 26, 2022). The
cause of death was determined using the International
Classification of Diseases 10th Revision, and the primary
outcomes of our study were all-cause and cardiovascular
mortality (I100-109, 111, 113, 120-151).

Covariates

We included a number of factors that potentially affected
the outcomes as covariates: sex (female, male), age, race
(Non-Hispanic white, Non-Hispanic black, Mexican
American, others), education level (less than 9th grade,
9-11th grade, high school graduate, some college or AA
degree, college graduate or above), marital status (mar-
ried or living with a partner; never married; widowed,
divorced, or separated), family poverty income ratio
(PIR,<1.0, 1.0-3.0, or>3.0), drinking habit (<or>12
alcoholic drinks/lifetime), cotinine (reflects the smok-
ing status and estimates environmental exposure to
tobacco), hypertension (yes, no), diabetes (yes, no), body
mass index (BMI) (<25, 25-30,>30 kg/m?), physical
activity (<600, 600-1199,>1200 MET min per week),
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50,588 participants of
NHANES in 2007-2016

1,457 RA patients with
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age > 20 years

532 participants without complete

data for Klotho were excluded

925 participants

1 participants without all cause
motality data were excluded

924 participants

data for covariates were excluded:

High blood pressure missing (n=1)

83 participants without complete

BMI missing (n=14)
Alcohol missing (n=42)
With pregnant (n=4)

Diabetes missing (n=1)
Blood creatinine missing (n=3)
25-hydroxyvitamin D (n=18)

841 participants

Fig. 1 The flowchart of the study

estimated glomerular filtration rate (eGFR) (estimated
using the Chronic Kidney Disease Epidemiology Col-
laboration equation [17]), serum 25-hydroxyvitamin
D (<50,>50 nmol/L), and the study cycle (2007-2008,
2009-2010, 2011-2012, 2013-2014, 2015-2016). The
serum cotinine concentration was natural logarithm-
transformed as a continuous variable.

Statistical analyses

Patients with RA were divided into four groups based on
the quartiles of serum klotho concentrations (Q1, Q2,
Q3, and Q4). The characteristics of the included popu-
lation were analyzed using descriptive statistics. Serum
cotinine concentrations were not normally distributed.

Continuous variables were compared using analysis of
variance or the Kruskal-Wallis H-test, and categori-
cal variables were compared using the chi-square test.
Appropriate sampling weights were considered in all
analyses.

To assess the association of serum klotho concentra-
tion with all-cause and cardiovascular mortality, we used
Cox proportional hazards regression analysis to calculate
the corresponding hazard ratios (HRs) and 95% confi-
dence intervals (CIs). Three models were established:
model 1 (non-adjusted), model 2 (adjusted for sex, age,
race, and study cycle), and model 3 (adjusted for sex, age,
race, education level, marital status, PIR, cotinine, drink-
ing, hypertension, diabetes, BMI, physical activity, eGFR,
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25-hydroxyvitamin D, and study cycle). KM curves for
all-cause and cardiovascular mortality were plotted
separately for follow-up time (months) according to the
Klotho grouping described above. Statistical differences
between the groups were compared using the log-rank
test.

An RCS model was established to investigate the non-
linear relationship between changes in klotho concentra-
tion and the risk of all-cause or cardiovascular mortality
in patients with RA. This model was adjusted for sex, age,
race, education level, marital status, PIR, cotinine, drink-
ing, hypertension, diabetes, BMI, physical activity, eGER,
25-hydroxyvitamin D level, and study cycle. If a nonlinear
relationship was satisfied, the Cox proportional hazards
regression model was fitted to determine whether there
was a threshold point associated with the HR, as well as
to verify the relationship between mortality and changes
in klotho concentration on both sides of the threshold.

Klotho concentrations were divided into two groups:
the low and the high groups, according to the thresh-
olds determined via the RCS-fitted Cox regression.
We compared the risk of all-cause mortality of the two
groups and performed subgroup analysis with sex, age,
ethnicity, BMI, eGFR, and 25-hydroxyvitamin D levels.
We explored whether there was a significant interac-
tion between 25-hydroxyvitamin D and klotho by testing
whether the coefficients of the product terms or the rela-
tive excess risk due to the interaction were statistically
significant using Cox regression.

All analyses in this study were conducted using R ver-
sion 4.2.1. A two-sided P-value of<0.05 was considered
statistically significant.

Results

Patient characteristics

A total of 841 RA patients (57.79% were >60 years old,
and 57.91% were female) were enrolled in this study and
divided into four groups based on quartiles of serum
klotho concentrations. Patient characteristics are shown
in Table 1. The proportion of male patients decreased
with increasing klotho concentration quartiles, as did
those who drank alcohol. The ratio of klotho concentra-
tions varied among the study cycles. Other covariates
were not significantly different among the four groups.

Serum klotho and mortality

There were 144 documented deaths among the 841
included patients; 35 patients died due to cardiovascu-
lar events. We established KM survival curves based on
serum klotho concentrations and found a significantly
lower overall survival rate in patients with low serum
klotho levels compared to those with high serum klotho
levels (Fig. 2A, B). After adjusting for multiple variables,
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including sex, age, race, education level, marital status,
PIR, cotinine, drinking, hypertension, diabetes, BMI,
physical activity, eGFR, 25-hydroxyvitamin D, and study
cycle, we found that patients with high serum klotho lev-
els (Q2, Q3, and Q4) had a lower risk of all-cause mor-
tality than patients with low serum klotho levels (Q1)
(P<0.05) (Table 2). The results of the multivariate adjust-
ment (model 3) suggested that serum klotho levels and
the all-cause mortality rate were nonlinearly correlated.
A similar trend and nonlinear correlation were indicated
by the Cox regression analysis of the association between
cardiovascular mortality and klotho concentrations.

Further investigation of the relationship between the
serum klotho level and all-cause or cardiovascular mor-
tality via Cox proportional hazard regression with RCS
models demonstrated a U-shaped association. The tan-
gent point of the U-shaped curve for all-cause mortality
was 838.81 pg/mL. When the serum klotho concentra-
tion was less than 838.81 pg/mL, there was a significant
downward trend in the risk of death as the klotho con-
centration increased. In contrast, there was a slight
upward trend in the risk of death as the concentration
increased above 838.81 pg/mL (Fig. 2C). Serum klotho
exhibited a similar role in cardiovascular mortality, with
the tangent point of the U-shaped curve detected at
1061.23 pg/mL (Fig. 2D).

Subgroup analysis of all-cause mortality

Based on the aforementioned tangent point (838.81 pg/
mlL) of klotho for all-cause mortality, we further divided
the population into a high serum klotho concentration
group and a low serum klotho concentration group.
Cox regression analysis showed that the high concentra-
tion group had a lower risk of all-cause mortality than
the low concentration group (HR [95% CI]: 0.52 (0.31,
0.87), P=0.02). Subgroup analysis based on sex (male or
female), age (>60 or<60 years old), ethnicity (white or
others), BMI (>25 or <25 kg/m?), eGFR (> 60 or <60 mL/
[min*1.73 m?]), and 25-hydroxyvitamin D (>50
or <50 nmol/L) found that high serum klotho concentra-
tions were more beneficial in patients with the follow-
ing characteristics: male, white ethnicity, age older than
60 years old, BMI <25 kg/m2, eGFR>60 mL/ (minx1.73
m?), and 25-hydroxyvitamin D > 50 nmol/L (Fig. 3A). The
KM survival curves for the subgroup analysis revealed
that this effect was more pronounced in Caucasians older
than 60 years, with a BMI of <25 kg/m? and 25-hydroxy-
vitamin D level of > 50 nmol/L (Fig. 4).

As klotho exhibited a better protective effect in patients
with high 25-hydroxyvitamin D levels, we attempted to
determine whether there was an interaction between
klotho and 25-hydroxyvitamin D. The multiplicative
interaction suggested a lack of significant interaction
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Table 1 The characteristics of RA patients according to the serum klotho concentration

Characteristics Total Serum klotho

Q1 Q2 Q3 Q4 p value
N=841 N=211 N=209 N=210 N=211

Gender (%) 0.024
Male 354 (42.09) 97 (45.97) 95 (45.45) 92 (43.81) 70 (33.18)

Female 487 (57.91) 114 (54.03) 114 (54.55) 118 (56.19) 141 (66.82)

Age, years (%) 0.358
<60 355 (42.21) 86 (40.76) 86 (41.15) 83(39.52) 100 (47.39)
>60 486 (57.79) 125 (59.24) 123 (58.85) 127 (60.48) 111 (52.61)

Race (%) 0.170
Non-Hispanic White 332(39.48) 82 (38.86) 2 (44.02) 92 (43.81) 6 (31.28)
Non-Hispanic Black 251 (29.84) 64 (30.33) 56 (26.79) 53(25.24) 8(36.97)

Mexican American 128 (15.22) 31(14.69) 34(16.27) (1476} 32(15.17)
Others 130 (15.46) 34(16.11) 7(12.92) 4 (16.19) 5(16.59)

Education level (%) 0.092

Less than 9th grade 130 (15.46) (161 ) 0(14.35) 30(14.29) (1706}
—11th grade 155 (1843) 2 (24.64) 7(17.70) 29(13.81) 7(17.54)
High school graduate 189 (22.47) ( 9.43) 50(23.92) 60 (28.57) ( 8.01)
Some college or AA degree 265 (31.51) 64 (30.33) 6 (31.58) 69 (32.86) 66 (31.28)
College graduate or above 102 (12.13) 20(9.48) 6 (12.44) 22(1048) 34(16.11)

Marital status (%) 0.044
Married or living with partner 480 (57.07) 120 (56.87) 134 (64.11) 124 (59.05) 102 (48.34)

Widowed, divorced, or separated 293 (34.84) 73 (34.60) 60 (28.71) 74 (35.24) 86 (40.76)
Never married 68 (8.09) 18 (8.53) 15(7.18) 12(5.71) 23(10.90)

Family poverty income ratio (%) 0.526
0.00-1.00 239 (2842) 63 (29.86) 57(27.27) 60 (28.57) 59 (27.96)
1.00-3.00 375 (44.59) 103 (48.82) 90 (43.06) 88 (41.90) 94 (44.55)
>3.00 227 (26.99) 45 (21.33) 62 (29.67) 62 (29.52) 58 (27.49)

BMI, kg/m? (%) 0422
<250 158 (18.79) 37 (17.54) 40(19.14) 39(1857) 42 (19.91)
25.0-30.0 238(28.30) 58 (27.49) 66 (31.58) 66 (31.43) 48 (22.75)
>30.0 445 (52.91) 116 (54.98) 103 (49.28) 105 (50.00) 21 (57.35)

Ever drinking (%) 0.054
Yes 566 (67.30) 153 (72.51) 142 (67.94) 144 (68.57) 127 (60.19)

No 275 (32.70) 58 (27.49) 67 (32.06) 66 (31.43) 84 (39.81)

Cotinine, ng/ml 0.07 (0.02,92.10)  0.13(0.02,129.00)  0.09 (0.02,163.00)  0.07 (0.02,19.30)  0.05 (0.02,1.06)  0.303

Hypertension (%) 0.714
Yes 541 (64.33) 142 (67.30) 131 (62.68) 136 (64.76) 132 (62.56)

No 300 (35.67) 69 (32.70) 78 (37.32) 74 (35.24) 79 (37.44)

Diabetes (%) 0.661
Yes 239 (28.42) 54 (25.59) 58 (27.75) 62(29.52) 65 (30.81)

No 602 (71.58) 157 (74.41) 151 (72.25) 148 (70.48) 146 (69.19)

eGFR, mL/(min x 1.73 m?) (%) 0013
<60.0 119 (14.15) 43(20.38) 29(13.88) 27 (12.86) 20(9.48)
>60.0 722 (85.85) 168 (79.62) 180 (86.12) 183 (87.14) 191 (90.52)

Physical activity, MET time/week (%) 0976
<600 446 (53.03) 114 (54.03) 106 (50.72) 113 (53.81) 113 (53.55)

600-1200 87 (10.34) 22(1043) 20 (9.57) 23 (10.95) 22 (1043)
>1200 308 (36.63) 75 (35.55) 83(39.71) 74 (35.24) 76 (36.02)
25-hydroxyvitamin D, nmol/L (%) 0.780
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Table 1 (continued)
Characteristics Total Serum klotho
Q1 Q2 Q3 Q4 p value
N=841 N=211 N=209 N=210 N=211
<500 271(32.22) 148 (70.14) 142 (67.94) 142 (67.62) 138 (65.40)
>50.0 570 (67.78) 63 (29.86) 67 (32.06) 68 (32.38) 73 (34.60)
NHANES cycles (%) 0.006
2007-2008 199 (23.67) 55 (26.07) (20 10) 3(25.24) 9(23.22)
2009-2010 180 (21.40) 51(4.17) 4 (25.84) 8(18.10) 7 (17.54)
2011-2012 143 (1700) 24(11. 37) ( 5.79) 47 (22.38) 39(18.48)
2013-2014 146 (17.36) 26 (12.32) 8(18.18) 43 (20.48) 9(18.48)
2015-2016 173 (20.57) 55 (26.07) 42 (20 0) 29(13.81) 7(22.27)

BMI body mass index, Cl confidence interval, eGFR estimated glomerular filtration rate, HR hazard ratio, PIR poverty income ratio

(HR [95% CI]: 0.62 (0.30, 1.29), P=0.19). Further additive
interaction analysis revealed an increased risk of death
in the high klotho and low 25-hydroxyvitamin D popula-
tion (HR [95% CI]: 1.99 [1.07, 3.70], P=0.03), as well as
the low klotho and low 25-hydroxyvitamin D population
(HR [95% CI]: 2.09 [1.16, 3.78], P=0.01), compared to
the high klotho and high 25-hydroxyvitamin D popula-
tion. However, there was no overall significant difference
(relative excess risk due to the interaction: —0.60 [—1.93,
0.74]) (Fig. 3B).

Discussion

This was the first prospective study to evaluate the asso-
ciation between serum klotho concentrations and RA
mortality by analyzing a cohort of RA patients from the
NHANES 2007-2016. We found a U-shaped relation-
ship between serum klotho concentrations and mortal-
ity, suggesting that low serum klotho concentrations were
significantly associated with higher all-cause and cardio-
vascular mortality among patients with RA. These find-
ings indicate that prompt identification and treatment of
RA patients with low serum klotho concentrations may
be necessary to prevent mortality.

From the U-shaped curve, we found that the tan-
gent point for serum klotho was 838.81 pg/mL. When
the klotho concentration was<838.81 pg/mL, a further
decrease klotho level was significantly associated with an
increased risk of all-cause mortality (HR [95% CI]: 0.996
[0.994,0.998], P<0.01); in contrast, there was a very slight
increase in mortality when the klotho concentrations
exceed 838.81 pg/mL, and the change almost leveled off
(HR [95% CI]: 1.000 [0.999,1.001], P=0.96). A subgroup
analysis for all-cause mortality that was based on sex,
age, ethnicity, BMI, eGFR, and 25-hydroxyvitamin D
found that high serum klotho concentrations were more
beneficial among RA patients who were white, older than

60 years, and with a BMI of <25 kg/m2 and 25-hydroxy-
vitamin D level of > 50 nmol/L.

In recent years, several studies have focused on the role
of klotho in RA. Klotho may be involved in the regula-
tion of T-cell senescence, as a lower expression of both
mRNA and proteins has been observed in CD4% cells of
patients with RA compared to healthy controls; further-
more, klotho in patients with RA has been shown to be
significantly associated with lower glucuronidase activ-
ity and negatively correlated with age [18]. Another study
reported that klotho expression was significantly reduced
in the CD4* cells of patients with RA and that this was
consistent with the downregulation of CD28 [19]. Klotho
expression has also been detected in the synovial tissue;
while expression was found to be significantly lower in
synovial fibroblasts than in the synovial tissue of origin,
the exact mechanism is unclear [20]. Acute aerobic exer-
cise in patients with RA may exert an anti-inflammatory
effect by upregulating klotho [21]. Serum klotho lev-
els were found to be higher in patients with RA than in
healthy controls and were positively correlated with anti-
citrullinated peptide antibodies and rheumatoid factor;
the levels were higher in the biologic treatment group
than in the conventional treatment group [15]. These
results suggest that klotho plays a significant negative
regulatory role in RA. However, its exact mechanism of
action and effect on patient mortality remain unclear.

Disease activity is one of the most important factors
in assessing the efficacy and prognosis of RA, but stud-
ies on the association between klotho and disease activity
are still limited. Alvarez-Cienfuegos and his colleagues
found a negative correlation between plasma klotho lev-
els and disease activity (DAS28-ESR) (correlation coef-
ficient= —0.22, p=0.07) in the included 63 female RA
patients, but no significant correlation between FGF23,
an important ligand for klotho, and disease activity
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Fig. 2 The association between serum klotho and mortality. The KM survival curve of the study populations based on the klotho group: A all-cause
mortality and B cardiovascular mortality; the RCS with cox regression models on the klotho levels: C all-cause mortality and D cardiovascular
mortality, adjusting for gender, age, race, education level, marital status, PIR, cotinine, drinking, hypertension, diabetes, BMI, physical activity, eGFR,

25-hydroxyvitamin D, and study cycle

(correlation coefficient=0.08, p=0.52) [15]. Another
study that included 61 female RA patients found a posi-
tive correlation between FGF23 and DAS28-ESR (cor-
relation coefficient=0.41, p<0.01) [22]. The differences
in age, BMI, disease activity, and treatment regimens in
the study populations included in the two studies may
account for the inconsistent results. We were unable to
further explore the relationship between klotho and dis-
ease activity due to the lack of counts of pain and swelling
joint in RA patients in the NHANES database. The rela-
tionship between serum klotho and disease activity and
prognosis still needs further validation in clinical cohorts.

Several studies have confirmed an association between
low serum klotho levels and mortality in specific dis-
eases. Controversy remains regarding the association
between serum klotho levels and outcomes in patients
undergoing hemodialysis. A single-center cohort
study found no significant correlation between serum
klotho concentrations and the risk of death in hemodi-
alysis patients [23]. A negative association was observed
between soluble klotho and all-cause and cardiovascular
mortality in patients undergoing maintenance hemodial-
ysis [24]. Single-nucleotide polymorphisms in the klotho
gene may help predict non-cardiovascular mortality in
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Table 2 The HR (95% Cls) for all-cause and cardiovascular mortality according to serum Klotho concentration

Serum klotho concentration (pg/ml)

Q1 Q2

Q3 Q4

All-cause mortality

Number of deaths (%) 55 (26.07%)

29 (13.88%)

31 (14.76%) 29 (13.74%)

Model 1: HR (95% Cl), Ref 0.51(0.26,0.99) 045 (0.24,0.381) 0.39(0.22,0.67)
P value 0.049 0.008 0.001

Model 2: HR (95% Cl), Ref 049 (0.25,0.97) 043 (0.23,0.79) 0.43(0.23,0.70) 0.001
P value 0.040 0.007

Model 3: HR (95% Cl), Ref 0.49 (0.25, 0.96) 044 (0.24,0.81) 0.41(0.24,0.71) 0.001
P value 0.038 0.008
Cardiovascular mortality

Number of deaths 18 (8.53%) 4(1.91%) 6 (2.86%) 7(3.32%)

Model 1: HR (95% Cl), Ref 0.21 (0.06, 0.76) 0.32(0.08,1.23) 0.30(0.10,0.88)
Pvalue 0.010 0.100 0.030

Model 2: HR (95% Cl), Ref 0.18 (0.06, 0.58) 0.26 (0.07,0.93) 0.30(0.12,0.76)
P value 0.004 0.039 0.012

Model 3: HR (95% Cl), Ref 0.12 (0.04,0.38) 0.27 (0.08,0.91) 0.24 (0.10,0.54)
Pvalue 0.001 0.035 0.001

Model 1 was non-adjusted; model 2 was adjusted for sex, age, race, and study cycle; model 3 was adjusted for sex, age, race, education level, marital status, PIR,
cotinine, drinking, hypertension, diabetes, BMI, physical activity, eGFR, 25-hydroxyvitamin D, and study cycle

BMI body mass index, Cl confidence interval, eGFR estimated glomerular filtration rate, HR hazard ratio, PIR poverty income ratio

patients with chronic kidney disease [25]. An analysis of
a cohort from the NHANES found that lower klotho con-
centrations in people with hypertension were associated
with higher all-cause mortality, but not cardiovascular
mortality [26]. Low serum klotho levels were reported to
be negatively associated with all-cause mortality in peo-
ple older than 40 years in the USA [27]. Another study
suggested that serum klotho levels were negatively asso-
ciated with cardiovascular mortality, but not associated
with all-cause mortality, in hemodialysis patients with no
or mild abdominal aortic calcification [28]. A prospec-
tive cohort study reported an independent association
between elevated serum klotho levels and higher mor-
tality in patients with septic shock [29]. Our study is the
first to suggest that serum klotho is strongly associated
with all-cause mortality in RA.

Studies conducted in recent years have greatly
advanced the understanding of the role and mechanism
of klotho in a wide range of diseases [14, 30—32], particu-
larly those involving the kidney. The protective effects of
klotho primarily comprise anti-oxidation, induction of
autophagy, and the inhibition of cellular senescence and
apoptosis. Klotho can inhibit cellular senescence by regu-
lating expression of the Wnt signaling pathway [33], and
inflammatory factors such as interleukin-6 (IL-6) [34].
Klotho may also be involved in the regulation of oxidative
stress injury and apoptosis in kidney cells [35]. A prior
study using a mouse model of immune-mediated glomer-
ulonephritis reported that klotho attenuated renal injury

by reducing mitochondrial DNA fragmentation, super-
oxide anion production, lipid peroxidation, and apop-
tosis in kidney tissues [36]. By upregulating autophagy,
klotho can reduce ischemic kidney injury and mitigate
progression to chronic kidney disease [37]. Klotho is
also involved in maintaining the integrity of the vascular
endothelium [38] and inhibiting fibrosis in the kidneys
[39]. Therefore, we hypothesized that the soluble klotho
could inhibit systemic and local synovial inflammation in
RA patients by suppressing the production of inflamma-
tory factors such as tumor necrosis factor and IL-6, and
participate in the regulation of local synovial cell prolif-
eration and pannus to improve disease activity and prog-
nosis. And the specific mechanism of action of klotho in
RA requires more in-depth experimental validation.

Additionally, klotho has been reported to participate
in the regulation of vitamin D [40]. Elevated circulat-
ing vitamin D levels promote the expression of FGF23
in the bone; FGF23 subsequently enters the circula-
tion and partially binds to klotho to regulate vitamin
D expression [41]. Klotho is also involved in the regu-
lation of calcium and phosphorus metabolism [42]
and the expression of parathyroid hormones [43]. Our
study found that klotho had a greater protective effect
in patients with high levels of vitamin D. Further analy-
sis of multiplicative and additive interactions did not
reveal a significant interaction effect between klotho
and vitamin D; a larger cohort may be required for fur-
ther validation.
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Overall survival

Event HR (95% Cls)

P value

All patients 144/841(17.12%) 0.52(0.31~0.87) +—l—— 0.013
Gender

Male 74/354(20.90%) 0.33(0.13~0.82) +—ll—— 0.017
Female 70/487(14.37%) 0.62(0.33~1.14)  +——— 0.123
Age

>= 60 years old 113/486(23.25%) 0.40(0.22~0.74) +—ll—— 0.004
<60 years old 31/355(9.25%) 0.58(0.16~2.11) F——l——T————————— 0.410
Race

White 72/332(21.69%) 0.36(0.16~0.81) +—l—— 0.013
Others 72/509(14.15%) 0.78(0.44~1.39) —— 0.405
BMI

>=25 104/685(15.18%) 0.63(0.37~1.07)  +——Jl—H 0.085
<25 40/158(25.32%) 0.25(0.08~0.74)—— 0.012
eGFR

>= 60 110/722(15.24%) 0.52(0.29~0.94)  +—ll—— 0.030

<60 34/119(28.57%) 0.55(0.20~1.50) +———————
25-hydroxyvitamin D
>=50 80/570(14.04%) 0.37(0.16~0.89) +—l———

——

T T T 1

<50 64/271(23.62%) 0.77(0.40~1.49)
T

0 0.5 1 1.5
Benefit:Klotho Higher VS Lower

0.246

0.026

0.433
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B

RERI -0.60 (95% —1.93 to 0.74) P>0.05

The characteristic population Event HR (95% Cls) P value

high Klotho & high 25-hydroxyvitamin D 19/225(8.44%) Reference

low Klotho & high 25-hydroxyvitamin D 0.051

61/345(17.68%) 1.70(0.99~2.88) — —|

] o

high Klotho & low 25-hydroxyvitamin D 28/113(24.78%) 1.99(1.07~3.70)

low Klotho & low 25-hydroxyvitamin D 36/158(22.78%) 2.09(1.16~3.78)

] o

115 2 25 3 35 4
HR

Fig. 3 The forest map. A HRs of benefit with high klotho vs low klotho for all-cause mortality according to the subgroups (sex, age, ethnicity, BMI,
eGFR and 25-hydroxyvitamin D). B The association of 25-hydroxyvitamin D with all-cause mortality by serum klotho

The stimulation of exogenous or endogenous klotho
expression to achieve anti-aging and anti-inflammatory
effects may have potential as a new therapeutic strat-
egy; however, to date, there have been no human stud-
ies on the klotho protein. Nevertheless, klotho treatment
has been reported in several animal models. Preclinical
data suggest that exogenous soluble klotho-based pro-
teins have therapeutic potential for age-related diseases
and diseases associated with klotho deficiency [44].
The klotho automatic production model made of spe-
cial materials was better confirmed in mouse models
of ischemia—reperfusion injury and unilateral ureteral
obstruction [45]. In addition, some drugs such as vitamin
D receptor agonists [40], sevelamer carbonates [46], and
statins [47] can elevate the expression of klotho. There
are no clinically applicable specific agonists for klotho,
and the application of klotho in RA needs to be explored
and validated in depth.

While our use of Cox regression analysis, KM curve
analysis, and the RCS model was able to indicate the
importance of klotho levels in patients with RA, our
study has some limitations. First, owing to the lack of
repeated klotho measurements, we could not deter-
mine the association between dynamic klotho levels
and mortality. Second, since klotho measurement in the

NHANES was limited to patients aged >40 years, our
results may not be generalizable to patients with RA in
other age groups. Third, the definition of RA was based
on the following question: “which type of arthritis was
it?” This may have biased the results to some extent, as
we were unable to further confirm the applicable diag-
nostic criteria. Fourth, the low prevalence of cardiovas-
cular mortality in the cohort may have influenced the
statistical analysis of its association with serum klotho
levels. Last but not the least, while we adjusted for
some covariates in the analysis, we could not exclude
the possibility that other covariates, which were not
included, affected mortality or klotho levels. Therefore,
large prospective cohort studies evaluating dynamic
klotho levels are required to validate the correlation
between serum klotho levels and RA mortality.

Conclusions

In conclusion, our study analyzed the association
of serum klotho levels with both all-cause and car-
diovascular mortality in patients with RA using
NHANES data. We observed a significant U-shaped
association between serum klotho levels and all-
cause mortality, which suggests that lower serum
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0 20 40

60 100 120 0 20 0
Follow-up time(month)

low 92 87 83 69 55 45 30 low 415 405 381 303

high 66 66 64 51 40 34 21 high 307 304 285 237

Numbers at risk
Fig. 4 The KM survival curve of the study populations based on the subg
eGFR =60 mL/(minx1.73 m?); F 25-hydroxyvitamin D > 50 nmol/L

klotho was significantly associated with higher all-
cause mortality in RA patients, especially those serum
klotho < 838.81 pg/mL. Our results indicate a protective
role of klotho on patients with RA, which provides a
theoretical basis for subsequent experimental valida-
tion, as well as new insights into potential interventions
for improving survival with adequate serum klotho in
this patient group.
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