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♦  Introduction:  It has been reported that klotho deficiency 
is associated with oxidative stress and inflammation in 
experimental kidney disease models. Patients with end-
stage renal disease (ESRD) are particularly characterized by 
increased oxidative stress and inflammation. However, little 
is known about the relationship between these features and 
klotho in patients with ESRD.
♦  Methods:  We conducted a single-center, cross-sectional 
study of 78 patients receiving peritoneal dialysis (PD). Serum 
concentrations of klotho, high-sensitivity C-reactive protein 
(hsCRP), interleukin-6 (IL-6), and 8-isoprostane were mea-
sured by enzyme-linked immunosorbent assay. To define 
factors independently associated with klotho, we determined 
Spearman’s correlation coefficients for between co-variates 
and conducted multiple linear regression analyses.
♦  Results:  Patients were classified by median concentra-
tion of klotho. In patients with klotho levels > 329.6 pg/
mL, serum 8-isoprostane and IL-6 levels were significantly 
higher than in those with klotho levels < 329.6 pg/mL. In 
correlation analyses, log 8-isoprostane (γ = –0.310, p = 
0.006) and log IL-6 (γ = –0.343, p = 0.002) were inversely 
correlated with log klotho. After adjustment for age, gender, 
mean arterial pressure, log intact parathyroid hormone, 
and log IL-6, log 8-isoprostane was independently associ-
ated with log klotho (β = –0.158, p = 0.040). However, the 
significant relationship between klotho and IL-6 was not 
seen in an adjusted model.
♦  Conclusions:  This study showed that circulating klotho 
levels were significantly associated with 8-isoprostane 
levels in patients undergoing PD, suggesting a potential 
link between klotho deficiency and enhanced oxidative 
stress in ESRD patients.
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Cardiovascular disease is the leading cause of death in 
patients with end-stage renal disease (ESRD) (1,2). 

ESRD patients have both traditional and nontraditional 
risk factors for cardiovascular disease including anemia, 
inflammation, oxidative stress and abnormal calcium 
phosphorus metabolism (3–5). Oxidative stress and 
inflammation are proposed to play a pivotal role in the 
pathophysiology of uremia and development of cardio-
vascular complications (6). These two features increase 
atherosclerotic burden, amplifying cardiovascular risk 
(3,4), and are clearly evident in patients receiving 
dialysis (3,6–8).

Klotho, an anti-aging gene, is predominantly expressed 
in the distal convoluted tubules of the kidney, but is also 
expressed in the brain choroid plexus, pituitary gland, 
pancreas, and reproductive organs (9). Previous studies 
showed that klotho is downregulated after kidney injury. 
Expression of klotho mRNA and protein in the kidney is 
reduced in experimental models of angiotensin II-induced 
hypertensive renal damage (10), diabetic nephropathy 
(11–13), and ischemia-reperfusion acute kidney injury 
(14). Although findings in humans are lacking, Koh et al. 
showed that klotho mRNA and protein expression in the 
kidneys of patients with ESRD and advanced stages of 
chronic kidney disease (CKD) were significantly lower 
than in healthy controls (15). Furthermore, we recently 
showed that circulating klotho levels decrease as CKD 
stage advances and that levels are inversely correlated 
with estimated glomerular filtration rate (eGFR) (16).

Klotho has two forms. The membrane form is a cofactor 
in fibroblast growth factor 23 (FGF23) signaling in the 
kidney. This complex modulates phosphate homeostasis 
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and vitamin D metabolism (17,18). The soluble form of 
klotho acts like a hormone, with anti-oxidative stress 
(19,20) and anti-inflammatory effects (21). These find-
ings and the distinct features of ESRD patients led us 
to hypothesize that klotho deficiency might contribute 
to increased oxidative stress and inflammation in ESRD 
patients. However, no human studies have addressed this 
issue. Therefore, this study aimed to identify the relation-
ship between klotho, oxidative stress, and inflammation 
in patients receiving peritoneal dialysis (PD).

MATERIALS AND METHODS

PATIENTS

This single-center, cross-sectional study examined 135 
ESRD patients receiving PD at Yonsei University Severance 
Hospital, Seoul, Korea. Patients were eligible if they were 
20 to 75 years old and had maintained PD > 3 months. 
Exclusion criteria were history of overt infection during 
the 3 months prior to the study, history of malignancy 
or other chronic inflammatory disease (e.g., rheumatoid 
arthritis or systemic lupus erythematosus), and prior 
history of kidney transplantation. After exclusions, 78 
patients were included (Figure 1). We included healthy 
controls (n = 30) who underwent a routine health exami-
nation, had no history of medical disease and were not 
taking regular medication. 

This study protocol was approved by the Institutional 
Review Boards at our institution and all patients pro-
vided their written informed consent to participate in 
the study.

DATA COLLECTION

Demographic and clinical data were recorded at study 
entry. After an overnight fast, venous samples were 
drawn to assess the following: hemoglobin, blood urea 
nitrogen, creatinine, albumin, calcium, phosphorus, 
intact parathyroid hormone (iPTH), total cholesterol, 
low-density lipoprotein cholesterol, high-density lipo-
protein cholesterol, and triglyceride. The preceding 
overnight dwell was regulated to 1.5% dextrose dialysate 
to standardize glucose load. Body weight and blood pres-
sure were measured in the morning on the same day when 
the first dialysate of the day was drained out. 

SERUM SOLUBLE KLOTHO AND INFLAMMATORY AND 
OXIDATIVE STRESS MARKERS

For measurement of klotho and inflammatory and 
oxidative stress markers, blood samples were immediately 

centrifuged at 1500 x g, 4°C for 10 min, and superna-
tants were stored in aliquots at –80°C. Serum soluble 
klotho was measured by enzyme-linked immunosorbent 
assay (ELISA) kit (Immuno Biological Laboratories 
Co., Ltd, Tokyo, Japan) as previously reported (22). 
Means ± standard deviation (SD) were 6.5 ± 3.3% for 
interassay and 3.6 ± 1.5% for intra-assay coefficients 
of variability. Interleukin-6 (IL-6) serum concentra-
tion was determined by ELISA (R&D Systems Europe, 
Abingdon, Oxon, UK) and 8-isoprostane, an oxidative 
stress marker, was measured in duplicate using a specific 
enzyme immunoassay kit (Cayman Chemicals, Ann Arbor,  
MI, USA).

DIALYSIS ADEQUACY, RESIDUAL RENAL FUNCTION AND 
GLUCOSE EXPOSURE

Urea kinetic studies were conducted using a 24-hour 
collection of dialysate and urine at study enrollment. 
Dialysis adequacy was determined by measuring total 
weekly urea clearance (Kt/Vurea) using the Watson 
equation (23), and residual renal function (RRF) was 
determined as the average of urea and creatinine 
clearance from a 24-hour urine collection. Estimated 
average glucose exposure was calculated by multiplying 
the instilled dialysate volume by the respective glu
cose concentration.

STATISTICAL ANALYSIS

Statistical analysis used SPSS for Windows, ver-
sion 18.0 (SPSS Inc., Chicago, IL, USA). All data were 

Figure 1 — Flow diagram of patient recruitment and exclusion. 
ESRD = end-stage renal disease; PD = peritoneal dialysis.
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expressed as mean ± SD. The Kolmogorov-Smirnov test 
was used to analyze distribution normality of measured 
parameters. Data with a skewed distribution (klotho, 
8-isoprostane, IL-6 and iPTH), were expressed as median 
with interquartile range or log transformations. For 
normally distributed data, variables were compared 
between two groups using Student t-test and chi-square 
test. Pearson’s correlation tests were used to evaluate 
relationships between klotho and clinical and laboratory 
parameters. For skewed data, the Mann-Whitney U-test 
was conducted to compare variables between two groups, 
and Spearman’s correlation coefficient was determined 
to identify relationships between covariates. To define 
independent factors associated with log-transformed 
klotho (log klotho), multiple linear regression analyses 
were conducted using variables such as age, gender and 
other variables that were significantly associated with 
log klotho in correlation analyses. P < 0.05 was consid-
ered statistically significant.

RESULTS

BASELINE DEMOGRAPHIC, CLINICAL AND  
LABORATORY FINDINGS

Circulating klotho levels were significantly lower in 
patients receiving PD than in healthy controls (329.6 
(215.8–464.8) vs 717.8 (490.3–1080.2) pg/mL, p < 
0.001), whereas serum concentrations of inflammatory 
and oxidative stress markers were significantly higher in 
PD patients compared with in healthy controls (Table 1). 
Baseline characteristics of study patients are presented 
in Table 2. Mean age was 48.9 ± 11.0 years, 38 patients 
(48.7%) were male, and mean PD duration was 76.7 ± 
50.6 months. A total of 93.6% and 17.9% of patients 

had hypertension and diabetes mellitus, respectively. 
In addition, 16.7% of patients had cardiovascular dis-
ease defined as a history of coronary artery disease, 
peripheral artery occlusive disease, or cerebrovascular 
disease. Average body mass index (BMI) was 22.8 ± 
3.0 kg/m2, mean arterial pressure (MAP) was 101.3 ± 
10.6 mmHg and over 70% of the patients were using 
renin-angiotensin system blockades. In addition, 23 
of 78 patients (29.5%) used one daily exchange of  
a long-dwell 2.0 L icodextrin PD solution (Extraneal,  
Baxter Health Corporation, Singapore). Median  
values were 329.6 (215.8–464.8) pg/mL for klotho,  
308.9 (197.5–487.7) ng/mL for 8-isoprostane, and  
7.3 (4.8–8.5) pg/mL for IL-6.

DEMOGRAPHIC, CLINICAL AND LABORATORY PARAMETERS BY 
MEDIAN KLOTHO LEVEL

Patients were stratif ied into two groups using 
median klotho level (329.6 pg/mL) and demographic, 
clinical, and laboratory parameters were compared 
between the two groups (Table 1). Compared to patients  
with klotho ≤ 329.6 pg/mL (L group), patients with 
klotho > 329.6 pg/mL (H group) had signif icantly 
lower MAP (98.9 ± 9.4 vs 103.7 ± 11.4 mmHg, p = 
0.042), log 8-isoprostane (2.4 ± 0.4 vs 2.6 ± 0.3, p = 
0.023), log IL-6 (0.7 ± 0.1 vs 0.9 ± 0.2, p = 0.044), and 
serum uric acid levels (6.3 ± 1.0 vs 6.9 ± 1.4 mg/dL, 
p = 0.019). However, iPTH was significantly higher in 
the H group than the L group (253.1 vs 189.1 pg/mL, 
p = 0.037). No significant differences were observed 
between the two groups in age, gender, BMI, dialysis 
duration, medication use, comorbid conditions, peri-
tonitis episodes, dialysis adequacy and RRF, or other  
serum biomarkers.

TABLE 1 
Serum Concentrations of Klotho, IL-6, and 8-isoprostane in Healthy Controls and Patients with PD

	 Variables	 PD (n=78)	 Control (n=30)	 p-value

Age (years)	 48.9±11.0	 48.4±12.5	 0.751
Male gender, n (%)	 38 (48.7%)	 20 (66.7%)	 0.244
BMI (kg/m2)	 22.8±3.0	 22.6±4.0	 0.553
MAP (mmHg)	 101.3±10.6	 87.1±10.9	 <0.001
Klotho (pg/mL)	 329.6 (215.8–464.8)	 717.8 (490.1–1080.2)	 <0.001
8-isoprostane (ng/mL)	 308.9 (197.5–487.7)	 210.5 (131.8–295.4)	 <0.001
IL-6 (pg/mL)	 7.3 (4.8–8.5)	 3.5 (2.7–4.1)	 <0.001
eGFR (mL/min/1.73m2)	 —	 105.8±20.0	 —

PD = peritoneal dialysis; BMI = body mass index; MAP = mean arterial pressure; IL-6 = interleukin 6; eGFR = estimated glomerular 
filtration rate.
Data are expressed as mean ± SD and median with interquartile range. 
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inversely correlated with age (γ = –0.229, p = 0.044), 
log 8-isoprostane (γ = –0.310, p = 0.006), log IL-6 (γ = 
–0.343, p = 0.002), and MAP (γ = –0.257, p = 0.023), 
but positively correlated with log iPTH (γ = 0.246, p = 
0.030). However, serum calcium and phosphorus levels 

FACTORS ASSOCIATED WITH KLOTHO LEVELS

Bivariate correlation analyses were conducted to 
determine relationships between klotho levels and 
other variables (Table 3 and Figure 2). Log klotho was 

TABLE 2 
Baseline Characteristics and Comparison between Groups by Median Klotho Level

		  Total 	 Klotho ≤329.6 pg/mL	 Klotho >329.6 pg/mL
		  Variables	 (n=78)	 (n=39)	 (n=39)	 p-value

Age (years)	 48.9±11.0	 50.4±9.0	 47.3±12.6	 0.211
Male gender, n (%)	 38 (48.7%)	 20 (51.3%)	 18 (46.2%)	 0.821
BMI (kg/m2)	 22.8±3.0	 22.6±3.1	 23.0±2.9	 0.547
Hypertension, n (%)	 73 (93.6%)	 36 (92.3%)	 37 (94.9%)	 1.000
Diabetes, n (%)	 14 (17.9%)	 7 (17.9%)	 7 (17.9%)	 1.000
CVD, n (%)	 13 (16.7%)	 8 (20.5%)	 5 (12.8/%)	 0.303
CCI*	 3.2±1.4	 3.3±1.3	 3.0±1.3	 0.294
MAP (mmHg)	 101.3±10.6	 103.7±11.4	 98.9±9.4	 0.042
SGA	 6.5±0.4	 6.2±0.6	 6.6±0.7	 0.811
Dialysis duration (months)	 76.7±50.6	 74.6±53.5	 78.8±48.1	 0.719
Icodextrin use, n (%)	 23 (29.5%)	 12 (30.8%)	 11 (28.2%)	 0.513
Peritonitis episodes (/patient-year)	 0.30	 0.30	 0.29	 0.819
Medication, n (%)				  
	 RAS blockades	 57 (73.1%)	 26 (66.7%)	 31 (79.5%)	 0.307
	 Active vitamin D	 24 (30.8%)	 11 (28.2%)	 13 (33.3%)	 0.807
	 Statin	 8 (10.3%)	 3 (7.7%)	 5 (12.8%)	 0.711
	 Phosphate binders	 75 (96.2%)	 38 (97.4%)	 37 (94.9%)	 1.000
Dialysis parameters				  
	 Total weekly Kt/V urea	 2.1±0.4	 2.1±0.4	 2.1±0.5	 0.823
	 D/P Cr at 4hr	 0.7±0.1	 0.6±0.3	 0.7±0.2	 0.695
	 Residual GFR (mL/min/1.73m2)	 1.3±2.7	 1.4±2.5	 1.3±2.9	 0.919
	 Daily peritoneal UF + urine volume (L)	 1.4±0.6	 1.4±0.5	 1.4±0.6	 0.802
	 Glucose exposure (g/day)	 116±25.8	 115.5±25.9	 116.0±24.6	 0.932
Laboratory values				  
	 Log klotho	 2.5±0.3	 2.3±0.2	 2.7±0.1	 <0.001
	 Log 8-isoprostane	 2.5±0.4	 2.6±0.3	 2.4±0.4	 0.023
	 Log IL-6	 0.8±0.2	 0.9±0.2	 0.7±0.1	 0.044
	 Hemoglobin (g/dL)	 10.9±1.7	 10.9±1.8	 10.8±1.7	 0.729
	 Calcium (mg/dL)	 8.8±0.6	 8.8±0.7	 8.8±0.5	 0.928
	 Phosphorus (mg/dL)	 5.0±1.3	 5.1±1.4	 4.9±1.3	 0.634
	 Log iPTH	 2.2±0.6	 2.1±0.6	 2.3±0.6	 0.096
	 Uric acid (mg/dL)	 6.6±1.2	 6.9±1.4	 6.3±1.0	 0.019
	 Albumin (g/dL)	 3.8±0.4	 3.8±0.4	 3.8±0.4	 0.621
	 T-Chol (mg/dL)	 186.9±36.6	 185.8±29.0	 188.0±43.2	 0.799
	 Triglyceride (mg/dL)	 137.9±115.8	 126.2±71.5	 149.5±147.6	 0.378
	 LDL-Chol (mg/dL)	 115.4±32.8	 119.6±27.3	 111.2±37.3	 0.258
	 HDL-Chol (mg/dL)	 53.1±15.9	 51.6±14.7	 54.7±17.0	 0.393

BMI = body mass index; CVD = cardiovascular disease; CCI = Charlson Comorbidity Index; MAP = mean arterial pressure; SGA = sub-
jective global assessment; RAS = rennin angiotensin system; D/P Cr = dialysate-to-plasma creatinine; GFR = glomerular filtration 
rate; UF = ultrafiltration; IL-6 = interleukin-6; iPTH = intact parathyroid hormone; T-Chol = total cholesterol; LDL = low density 
lipoprotein; HDL = high density lipoprotein.
Data are expressed as mean ± SD. 
*Comorbidity was assessed by Charlson comorbidity index score (40).
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and RRF were not associated with log klotho. Log IL-6 
was positively correlated with log 8-isoprostane (γ = 
0.305, p = 0.007). To further identify factors that were 
independently associated with klotho, multiple linear 
regression analysis was conducted. Age, log 8-isopros-
tane, log IL-6, MAP and log iPTH, which were significantly 
correlated with klotho in bivariate correlation analyses, 
were used to construct multiple linear regression models. 
In model 1, log 8-isoprostane (β ± standard error (SE), 
–0.190 ± 0.071; p = 0.010) was significantly associated 
with log klotho after adjusting for age, gender, MAP, and 
log iPTH (Table 4). When log IL-6 was used instead of log 
8-isoprostane in model 2, log IL-6 (β ± SE, –0.372 ± 0.185; 
p = 0.048) was also significantly associated with log 
klotho. In model 3, both log 8-isoprostane and log IL-6 
were used, and only log 8-isoprostane remained inde-
pendently correlated with log klotho (β ± SE, –0.158 ± 
0.075; p = 0.040), while the significant relationship 
between log IL-6 and log klotho disappeared (Table 4). We 

determined variance inflation factor to check potential 
multicollinearity and found no variables with variance 
inflation factor > 10, suggesting that multicollinearity 
was not present among variables.

DISCUSSION

In this study, we investigated the relationship between 
klotho, oxidative stress, and inflammation in patients 
treated with PD. We showed that circulating klotho levels 
were lower in patients with PD than in healthy controls 
and were negatively correlated with 8-isoprostane and 
IL-6 levels. However, only 8-isoprostane showed a sig-
nificant association with klotho level in all analyses, 
suggesting a potential link between klotho deficiency 
and enhanced oxidative stress in ESRD patients.

Klotho is a recently discovered anti-aging gene (9). 
Mutation of the klotho gene accelerates aging and 
shortens lifespan (9,24). The phenotype of mice with a 

TABLE 3 
Correlations between Klotho and Other Variables

		  Log		  Log 8-						      Log	 Uric
		  klotho	 Age	 isoprostane	 Log IL-6	 MAP	 Ca	 P	 RRF	 iPTH	 acid	 Albumin

Log klotho
	 γ		  –0.229	 –0.310	 –0.343	 –0.257	 –0.103	   0.006	   0.118	   0.246	 –0.151	   0.037

	 p-value	
1

	   0.044	   0.006	   0.002	   0.023	   0.371	   0.960	   0.307	   0.030	   0.188	   0.748

Age
	 γ	 	 	   0.015	   0.317	   0.003	   0.135	 –0.208	 –0.233	 –0.117	 –0.060	 –0.220

	 p-value		
1

	   0.899	   0.005	   0.979	   0.237	   0.067	   0.041	   0.307	   0.600	   0.053

Log	 γ	 	 	 	   0.305	   0.047	 –0.003	–0.043	   0.092	 –0.088	   0.184	   0.060
  8-isoprostane	 p-value			 

1
	   0.007	   0.680	   0.979	   0.710	   0.424	   0.444	   0.107	   0.599

Log IL-6
	 γ	 	 	 	 	   0.094	 –0.180	   0.032	 –0.071	 –0.239	   0.084	 –0.112

	 p-value				  
1

	   0.417	   0.117	   0.782	   0.541	   0.037	   0.465	   0.332

MAP
	 γ	 	 	 	 	 	 –0.092	   0.054	   0.007	   0.100	 –0.032	 –0.005

	 p-value					   
1

	   0.421	   0.638	   0.950	   0.384	   0.778	   0.964

Ca
	 γ	 	 	 	 	 	 	   0.011	   0.001	 –0.040	   0.075	   0.250

	 p-value						    
1

	   0.922	   0.993	   0.730	   0.513	   0.027

P
	 γ								        –0.168	   0.211	   0.286	   0.216

	 p-value							     
1

	   0.144	   0.063	   0.011	   0.057

RRF
	 γ	 	 	 	 	 	 	 	 	   0.083	   0.225	   0.320

	 p-value								      
1

	   0.471	   0.050	   0.005

Log iPTH
	 γ	 	 	 	 	 	 	 	 	 	 –0.234	   0.019

	 p-value									       
1

	   0.039	   0.869

Uric acid
	 γ	 	 	 	 	 	 	 	 	 	 	   0.378

	 p-value										        
1

	   0.001

Albumin
	 γ

	 p-value											         
1

IL-6 = interleukin-6; MAP = mean arterial pressure; Ca = calcium; P = phosphorus; RRF = residual renal failure; iPTH = intact para-
thyroid hormone.
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defective klotho gene includes atherosclerosis, osteo-
porosis, hypercalcemia, hyperphosphatemia, vascular 
calcification, skin atrophy, and pulmonary emphyse-
ma, resembling human premature-aging syndrome. 
Overexpression of klotho reverses these phenotypes 
(19). The klotho-FGF23 complex induces phosphorus and 
vitamin D homeostasis, and the soluble form of klotho 
is reported to suppress oxidative stress. Klotho has an 
anti-oxidative stress effect that is mediated by inhibi-
tion of insulin/insulin-like growth factor-1 signaling, 

which facilitates nuclear translocation of forkhead box 
O, leading to upregulation of antioxidant enzymes such 
as catalase and mitochondrial manganese-superoxide 
dismutase (19,25). Yamamoto et al. showed that urinary 
8-hydroxydeoxyguanosine levels are lower in mice over-
expressing klotho after paraquat injection, supporting 
the anti-oxidative stress activity of klotho (20). Our 
findings are consistent with these experimental results. 
Uremia has a key role in oxidative stress development 
(26–28). In this study, we showed that 8-isoprostane, 
a reliable marker of oxidative stress in patients with 
uremia (29,30), was correlated with klotho levels. Our 
results provide clinical evidence of a significant relation-
ship between decreased circulating klotho levels and 
increased oxidative stress in ESRD patients.

Inflammation is another well-characterized feature 
of ESRD patients (1,26,31,32), and experimental evi-
dence suggests that klotho modulates inflammation. 
Zhao et al., using a db/db mouse model of diabetes, 
showed that klotho negatively regulates the production 
of NFκB-linked inflammatory cytokines by inhibiting 
phosphorylation of RelA Ser 536 (12). In addition, Liu 
et al. reported that klotho suppresses the retinoic-acid-
inducible gene-1, which decreases expression of IL-6 
and IL-8 both in vitro and in vivo (21). These findings 
suggest that klotho is an anti-inflammatory modulator. 
In this study, we showed that log IL-6 was inversely corre-
lated with log klotho. However, independent association 
between IL-6 and klotho levels was observed only in a 
multivariable model when 8-isoprostane was excluded 
(Table 4, Model 2). It is possible that strong interaction 
between klotho and oxidative stress might mitigate the 
association with inflammation. Because log klotho was 
significantly associated with both log 8-isoprostane and 
log IL-6, and log IL-6 was also significantly correlated 
with log 8-isoprostane (Table 3), we checked interactions 
between klotho, 8-isoprostane, and IL-6 using multiple 
regression analysis and found that variance inflation fac-
tor of each variable was < 10, suggesting that association 
between klotho and oxidative stress is not affected by 

Figure 2 — Correlation between klotho and other variables. 
Log klotho was inversely correlated with age (A), MAP (B), 
log 8-isoprostane (C) and log IL-6 (D), but was positively 
correlated to log iPTH (E). IL-6 = interleukin-6; iPTH = intact 
parathyroid hormone.

TABLE 4 
Multiple Linear Regression Analysis for Klotho

	 Model 1a	 Model 2a	 Model 3b

	 Variables	 β±SE	 p-value	 β±SE	 p-value	 β±SE	 p-value

Log 8-isoprostane	 –0.190±0.071	 0.010	 —	 —	 –0.158±0.075	 0.040
Log IL-6	 —	 —	 –0.372±0.185	 0.048	 –0.245±0.207	 0.239

SE = standard error; IL-6 = interleukin-6; MAP = mean arterial pressure; iPTH = intact parathyroid hormone.
a	 Model 1 & 2 : Adjusted for age, gender, MAP, and log iPTH.
b	 Model 3 : Adjusted for age, gender, MAP, log iPTH, log 8-isoprostane, and log IL-6.
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inflammation. However, our cross-sectional study could 
not fully explain the pathogenic link between klotho, 
oxidative stress, and inflammation. Further studies are 
required to clarify the relationships.

We previously showed that circulating klotho levels 
are inversely correlated with phosphorus and iPTH levels 
in patients with CKD prior to dialysis (31). However, the 
results of this study were not consistent with our earlier 
findings. This discrepancy can be partly explained by the 
dysregulated relationship between klotho, phosphorus, 
and PTH in ESRD patients. This study included patients on 
long-term dialysis, many of whom were anuric. Atrophied 
kidney tubules in this late stage of CKD do not have the 
same physiological response as tubules in earlier stages 
of CKD. In addition, more of the patients with PD in this 
study were treated with active vitamin D and phosphorus 
binders than patients in our previous study (16). These 
factors might make the relationship between relevant 
parameters more complicated and difficult to analyze. 
The dysregulated relationship between klotho, phos-
phorus, and PTH was further supported by the lack of 
significance we observed in relationships between cal-
cium, phosphorus, and iPTH levels (Table 3), while these 
parameters are significantly interrelated in patients with 
earlier stages of CKD (33).

In our previous work (34), circulating klotho levels 
were inversely associated with GFR in CKD patients prior 
to dialysis, suggesting that klotho is largely affected by 
kidney function. There have been some conflicting data 
on the relationship between serum soluble klotho level 
and RRF in ESRD patients. Akimoto et al. (35) reported 
that urinary klotho level rather than serum klotho level 
was significantly related to RRF. In addition, it was also 
reported that serum klotho level was not associated 
with RRF, but was related to residual diuresis volume 
in a recently published paper (36). In this study, we 
investigated the association between log klotho and 
RRF in these patients and found that log klotho level was 
not related to RRF (γ = 0.118, p = 0.307). However, this 
should be interpreted with caution because 55 (71.4%) 
patients exhibited residual GFR < 1 mL/min/1.73 m2; 
thus the relationship between klotho and RRF could not 
be accurately assessed in our study.

This study had several limitations. First, the single-
center, cross-sectional study design had inherent biases. 
The cross-sectional design did not allow causality to 
be determined between klotho and oxidative stress. 
Although klotho is reported to attenuate oxidative 
stress, recent studies showed that oxidative stress itself 
downregulates klotho expression (37,38). Klotho and 
oxidative stress might work together in a vicious cycle of 
reduction in klotho levels and aggravation of oxidative 

stress. Second, we did not measure FGF23 levels. In 
patients with CKD prior to dialysis, circulating klotho 
levels are inversely correlated with FGF23 levels (16,39). 
However, whether this relationship between klotho and 
FGF23 occurs in ESRD patients is unknown. A recent 
study showed that serum klotho levels were not cor-
related with FGF23 levels in patients with hemodialysis, 
suggesting that klotho-FGF23 relationship is altered in 
ESRD patients. Finally, patients with hemodialysis were 
not included in this study. Therefore, our findings cannot 
be extrapolated to the entire ESRD population. However, 
uremia per se is associated with increased oxidative stress 
activity (26–28). In addition, both hemodialysis and PD 
further enhance oxidative stress and contribute to a 
decrease in antioxidant capacity (3,6). 

In conclusion, this study showed that circulating 
klotho levels were independently associated with oxida-
tive stress in ESRD patients undergoing PD. Significant 
association of klotho with inflammation was attenuated 
after adjustment for oxidative stress, suggesting that 
klotho is more strongly correlated to oxidative stress than 
inflammation. However, our findings suggest hypotheses 
based on many previous experimental studies. Further 
studies with larger sample sizes are required to clarify 
the relationship between klotho, oxidative stress, and 
inflammation in ESRD patients.
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