
Int. J. Biol. Sci. 2016, Vol. 12 
 

 
http://www.ijbs.com 

1236 

IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  BBiioollooggiiccaall  SScciieenncceess  
2016; 12(10): 1236-1246. doi: 10.7150/ijbs.15195 

Research Paper 

Indoxyl Sulfate Enhance the Hypermethylation of Klotho 
and Promote the Process of Vascular Calcification in 
Chronic Kidney Disease  
Jing Chen1,2,3*, Xiaoyan Zhang1,2,3*, Han Zhang1, Tongqiang Liu1, Hui Zhang1, Jie Teng2, Jun Ji2, Xiaoqiang 
Ding1,2,3 

1. Department of Nephrology, Zhongshan Hospital, Fudan University, Shanghai, China. 
2. Kidney and Dialysis Institute of Shanghai, Shanghai, China. 
3. Kidney and Blood Purification Laboratory of Shanghai, Shanghai, China. 

*These authors contributed equally.  

 Corresponding authors: Xiaoqiang Ding, Department of Nephrology, Zhongshan Hospital, Fudan University, No 180 Fenglin Road, Shanghai 200032, China. 
E-mail: ding.xiaoqiang@zs-hospital.sh.cn; Tel. / fax: +86-21-64038472. Xiaoyan Zhang, Kidney and Dialysis Institute of Shanghai, No 136 Medical College Road, 
Shanghai 200032, China. E-mail: zhang.xiaoyan@zs-hospital.sh.cn; Tel. / fax: +86-21-64038472. 

© Ivyspring International Publisher. Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited. See 
http://ivyspring.com/terms for terms and conditions. 

Received: 2016.02.03; Accepted: 2016.07.29; Published: 2016.09.15 

Abstract 

Chronic kidney disease (CKD) is a state of Klotho deficiency. The Klotho expression may be 
suppressed due to DNA hypermethylation in cancer cells so we have investigated the effects and 
possible mechanisms by which Klotho expression is regulated in human aortic smooth muscle cells 
(HASMCs). The vascular Klotho hypermethylation in radial arteries of patients with end-stage 
renal disease was described. Cultured HASMCs and 5/6-nephrectomized Sprague Dawley (SD) 
rats treated with indoxyl sulfate (IS) were used as in vitro and in vivo models, respectively. IS 
increased CpG hypermethylation of the Klotho gene and decreased Klotho expression in 
HASMCs, and potentiated HASMCs calcification. The expression of DNA methyltransferase 
(DNMT) 1 and 3a in HASMCs treated with IS was significantly increased and specific inhibition of 
DNA methyltransferase 1 by 5-aza-2’-deoxycytidine(5Aza-2dc) caused demethylation of the 
Klotho gene and increased Klotho expression. In rats, injection of IS potentiated vascular 
calcification, increased CpG hypermethylation of the Klotho gene and decreased Klotho 
expression in the aortic medial layer and all of these changes could be reverted by 5Aza-2dc 
treatment. Transcriptional suppression of vascular Klotho gene expression by IS and epigenetic 
modification of Klotho by IS may be an important pathological mechanism of vascular calcification 
in CKD. 

Key words: DNA methylation; DNA methyltransferase; Klotho; Indoxyl sulfate; Vascular calcification; Chronic 
kidney disease. 

Introduction 
Chronic kidney disease (CKD) is the gradual and 

usually permanent loss of kidney function. CKD 
consists of five stages of increasing severity. The fifth 
stage is called as end-stage renal disease (ESRD). The 
mortality of cardiovascular disease (CVD) in the 
patients with chronic kidney disease (CKD) is 
significantly higher than in the general population [1, 
2]. CKD-related mineral and bone disorders (MBDs) 

include abnormal mineral metabolism, abnormal 
bone, and extra-skeletal calcification. Accelerated 
vascular calcification (VC) has been considered to be 
one of the major causes of this elevated mortality [3].  

Several mechanisms contribute to uremic VC, 
including systemic calcium/phosphate imbalances, 
decreased expression of calcification inhibitors, 
vascular smooth muscle cell (VSMC) osteogenic 
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differentiation, and elastic remodeling. The VSMC 
phenotype change is particularly striking, and can be 
triggered by elevated extracellular phosphate. Large 
observational studies have correlated elevated serum 
phosphate with increased cardiovascular mortality in 
end-stage renal disease (ESRD), CKD and the general 
population. Of note, phosphate loading occurs early 
in CKD stage 3, as evidenced by increased serum 
levels of fibroblast growth factor 23 (FGF23) which 
precedes overt hyperphosphatemia [4]. 

It has been demonstrated that indoxyl sulfate 
(IS), a protein-bound uremic toxin, derives from the 
metabolism of dietary tryptophan[5]. Generally, 
intestinal bacteria metabolize tryptophan into indole 
which is further converted into IS in the liver after 
intestinal absorption. Kidney is the main organ that 
excretes IS via proximal tubular secretion. Thus, IS is 
usually accumulated in the blood of patients with 
CKD[5]. Moreover, conventional hemodialysis cannot 
efficiently remove IS due to its high binding affinity to 
albumin[6]. Recently, it has been reported that IS may 
act as a vascular toxin [4]. It is demonstrated IS can 
directly stimulate proliferation of rat vascular smooth 
muscle cells in a concentration-dependent manner [7]. 
In Dahl salt-sensitive hypertensive rats treated with 
IS, increased aortic wall thickness and severe aortic 
calcification accompanied with increased expression 
of osteoblast-specific proteins (core binding factor α 1, 
osteopontin, and alkaline phosphatase) [8]. These 
findings all suggest that IS may be one of the major 
contributors of vascular calcification in the patients 
with CKD. At present, it is still unclear how IS may 
contribute to vascular calcification. 

Klotho expression is decreased in uremic 
patients [9]. Klotho knockout mice (Klotho-/-) have 
shortened lifespan, and develop hyperphosphatemia 
and multiple accelerated age-related disorders, 
including extensive and diffuse VC which is also seen 
in patients with CKD [10]. Studies have demonstrated 
that Klotho comprises anti-aging and 
cardiovascular-protective properties [11, 12]. 
Cleavage of the extracellular domain of Klotho 
generates soluble Klotho found in blood and urine 
[13]. Whether vascular smooth muscle cells express 
endogenous Klotho is currently a matter of debate [14, 
15]. This matter has now been addressed again in an 
interesting article by Ritter [16, 17, 18], and it remains 
an important topic for future investigations. CKD is 
generally accepted as a state of renal [12, 19] and 
therefore systemic state of Klotho deficiency, which 
will in itself readily induce vascular calcification [20, 
21]. Lim and colleagues described for the first time 
that endogenous Klotho is expressed in human 
arteries as well as human aortic smooth muscle cells 
(HASMCs) in culture [22]. Donate-Correa found 

human vascular tissue expresses Klotho [23]. 
Recently, Chang found intermedin (IMD) 1–53 protects 
against vascular calcification by up regulating 
α-Klotho [24]. However, claims of absence of Klotho 
expression have also been reported [25]. Until now, 
the possible cause of vascular Klotho deficiency in 
CKD remains unclear. Indoxyl sulfate (IS) can reduce 
renal Klotho expression through CpG 
hypermethylation of the Klotho gene, suggesting that 
epigenetic modification of Klotho gene may be an 
important mechanism of renal Klotho deficiency [19]. 
Based on these observations, we hypothesized that IS 
could increase DNA methyltransferase expression in 
vascular cells and suppress Klotho expression by 
DNA hypermethylation. We tested this hypothesis in 
human aortic smooth muscle cells (HASMCs) treated 
with IS, as well as in an animal model of uremia. 

Materials and methods 
Human samples 

Human radial arteries were collected from ESRD 
patients undergoing arteriovenostomy for 
hemodialysis. The radial arteries harvested as grafts 
from age- and sex-matched coronary heart disease 
patients undergoing coronary artery bypass graft 
(CABG) were included as control. Human artery 
collection was performed at Zhongshan Hospital, 
Shanghai Medical College, Fudan University, 
Shanghai, China. Ethical approval was obtained from 
the Clinical Research Ethical Committee of 
Zhongshan Hospital, Shanghai Medical College, 
Fudan University and the methods were carried out 
in accordance with the approved guidelines. Each 
patient provided written informed consent to the use 
of their tissues for research purposes. All of the 
demographic and clinical data of patients were 
summarized in table S1. 

Cell culture 
HASMCs (Lot. 6001) were obtained from 

ScienCell Research Laboratory, Carlsbad, CA. 
HASMCs were cultured in 5 % CO2 at 37°C incubator 
with smooth muscle cell medium containing 0.5 
mmol/L phosphate and 1.6 mmol/L calcium (Catalog 
No. 1101; ScienCell Research Laboratory, Carlsbad, 
CA). DMEM (Catalog No.1013, Invitrogen, Carlsbad, 
CA) with 0.5% fetal bovine serum was used as 
starvation medium for short-term experiments to 
assess the role of IS. HASMCs cultures at ~70% 
confluence were synchronized under serum-free 
conditions for 48 h and then treated with IS at 
concentrations of 0, 200, 500, and 1000 μmol/L for 6 d. 
For inhibition experiments, 5-aza-2’-deoxycytidine 
(5Aza-2dc) at concentrations of 0, 0.1, 1, and 10 
μmol/L were added to HASMCs treated with IS at a 
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concentration of 1000 μmol/L for 6d. Each treatment 
was done in triplicates. 

Study animals 
Eight-week-old SD rats with 5/6-nephrectomy 

were used in this study [19]. The experimental rats 
received intraperitoneal injection with IS (Alfa Aesar, 
Lancashire, England; n=5) at a dosage of 100 mg / kg 
/ 48 h [8] for 24 weeks. The control rats (n=5) received 
same volume of phosphate-buffered saline injection 
every 48 h for 24 weeks. At the end of study, the body 
weight of study animal was recorded and the serum 
levels of blood urea nitrogen (BUN) and creatinine 
(Cr) were analyzed. The aortic tissue was micro 
dissected for further analysis. In the 5Aza-2dc 
treatment study, the IS -injected rats received 
intraperitoneal injection with 5Aza-2dc (Sigma, St 
Louis, MO, USA) simultaneously at a dosage of 1 
mg/kg /48 h for 24 weeks (n=5 for each group). All 
animal experiments were approved by the 
experimental animal ethics committee at the 
Zhongshan Hospital, Shanghai Medical College, 
Fudan University and all experiments were 
performed in accordance with relevant guidelines and 
regulations. The flow diagram for animal study is 
summarized in Figure S1 in the online-only Data 
Supplement. 

Quantitative bisulfate pyrosequencing 
DNA methylation analyses were performed on 

bisulfate-treated DNA using a quantitative assay 
based on polymerase chain reaction 
(PCR)-pyrosequencing described in previous reports 
[26, 27]. Briefly, DNA was treated with sodium 
bisulfate using EZ DNA Methylation-Gold kit 
(Zymo Research, CA, USA) per manufacturer's 
instructions. The bisulfate-treated DNA was 
amplified using Qiagen PyroMark PCR Kit (Qiagen, 
Hilden, Germany). The methylation percentage of 6 
CpG sites in humans (-432 to -401) and 5 CpG sites in 
rats (-387 to -351) was measured (Figure S2 in the 
online-only Data Supplement). Thermal cycling 
program and PCR primers are listed in Table S2 in the 
online-only Data Supplement. The specific PCR 
products were then subjected to quantitative 
pyrosequencing analysis using a PyroMark™ Q96 
MD Pyrosequencing System (Qiagen, Germany). The 
degree of methylation in the CpG sites tested is 
expressed herein as the percentage of methylated 
cytosine (mC) over the sum of methylated and 
unmethylated cytosine residues. The reported 
methylation levels are the averages of all CpG sites in 
Klotho. Each marker was pyrosequenced in 
duplicates, and averaged of the results were 
considered. 

Indoxyl sulfate measurement 
Serum IS was determined by ultra-performance 

liquid chromatography-mass spectrometry / mass 
spectrometry (UPLC-MS/MS). Agilent 1100 system 
(Agilent, Waldbronn, Germany) consisting of G1312A 
quaternary pump, G1379A vacuum degasser, G1316A 
thermostattedcolumn oven and HTS PAL 
autosampler was used. Mass spectrometric detection 
was performed on API 3000 triple quadrupole 
instrument (Applied Biosystems, Ontario, Canada) in 
multiple reactions monitoring (MRM) mode. Turbo 
Ion Spray ionization interface in negative ionization 
mode was used. The samples were stored at -20ºC and 
allowed to thaw at room temperature before 
processing. All the parameters of LC-MS were 
controlled by Analyst software version 1.4.1 (Applied 
Biosystems).  

Statistical analysis 
All data were expressed as mean ± standard 

error. The one-way analysis of variance was 
performed with Bonferroni corrections for analyzing 
the data of cell culture study. Data from different 
study animal groups were compared using the 
Wilcoxon–Mann–Whitney test and P-values of ＜0.05 
were considered statistically significant. 

Supplemental methods 
Detailed description for quantitative real-time 

PCR, western blotting analysis, calcification staining, 
HE and immunohistochemistry staining protocols 
used can be found in the online-only Data 
Supplement. 

Results 
Vascular calcification and Klotho 
hypermethylation in patients with ESRD 

A great reduction in Klotho protein expression in 
the medial layer of radial arteries from ESRD patients 
were observed compared to healthy controls by 
immunohistochemistry analysis (Figure 1A top 
panels). This reduction in vascular Klotho protein 
expression in ESRD patients was associated with 
extensive medial calcification assessed by Alizarin red 
staining (Figure 1A mid panels). In addition, Figure 
1D showed that the protein level of osteopontin 
(OPN) and core binding factor 1 (Cbfα1) increased in 
ESRD group while α-smooth muscle actin (α-SMA) 
decreased, which suggested vascular calcification in 
the ESRD group. We found that 0 of 10 (0%) of healthy 
arteries from control group and 21 of 30 (70%) of 
ESRD arteries having calcification. We also performed 
quantitative bisulfate-pyrosequencing analysis in 
these artery samples to check the levels of vascular 
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Klotho promoter methylation (Figure S2 in the 
online-only Data Supplement for pyrosequencing 
positions). Arteries from ESRD patients exhibited 
increased levels of vascular Klotho promoter 
methylation compared to control group (7.7 ± 0.7 vs. 
18.0 ± 3.8%, P<0.001), suggesting the existence of 
hypermethylation in ESRD group. Figure 1B 
summarizes the comparison of methylation level 
between ESRD arteries and healthy arteries at 6 
individual CpG islands of Klotho gene, of which 5 
sites showed difference with statistical significance. 
Consistent with promoter hypermethylation, Klotho 
mRNA and protein expression was significantly 
down-regulated in ESRD arteries (Figure 1C and 1A 
bottom panels). We also noted that DNMT1 increased 
in ESRD group (Figure 1E). These findings suggest 
that vascular Klotho hypermethylation may be 
involved in the vascular Klotho deficiency and 
vascular dysfunction of ESRD patients.  

IS suppresses Klotho expression and 
potentiates the development of calcification in 
HASMCs  

Klotho expression was significantly reduced 
after treatment with IS of 500 μmol/L for 6 days 
(Figure 2A) and cells exhibited remarkable 
calcification (Figure 4C). IS has been shown to induce 
osteogenic transformation of HASMCs, an important 
process that orchestrates the development of 
calcification [28]. In parallel with calcification, Cbfα1 
expression was up-regulated, indicating that 
HASMCs underwent transformation to the calcifying 
phenotype (Figure 2B). The changes of key cellular 
regulatory/marker proteins further confirmed this 
transformation, such as the down-regulation of 
α-SMA and smoothelin, as well as the up-regulation 
of alkaline phosphatase (ALP) and OPN (Figure 2C, 
D).  

 
Figure 1. Arteries from ESRD patients have increased calcification and reduced Klotho expression due to its promoter hypermethylation. (A) 
Hematoxylin-eosin, Alizarin red calcium and immunohistochemistry staining. Histologically, medial layer of the arterial wall was observed much thicker in ESRD group 
than the control group. Alizarin Red calcium staining showed no calcium nodule formation in the control group. However, various degrees of calcium nodule 
formation were found in radial medial layer of ESRD group. Immunohistochemical staining showed that Klotho was weakly and sporadically positive in radial medial 
layer of ESRD patients. (B) Vascular methylation level for 6 CpG islands of Klotho. ESRD Patients had higher vascular methylation level for 5 CpG islands of 
Klothothan control group. (C) Real-time PCR analysis of artery Klotho mRNA expression. Vascular Klotho mRNA expression in ESRD patients (n=30) was 
significantly lower than in healthy individuals (n=10). mC%, percentage of methylated cytosines. Compared with control group, *P<0.05, ** P<0.001. (D) and (E) 
Immunohistochemical staining showed that α-SMA, Cbfα1, OPN and DNMT1 in ESRD patients and control. 
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Figure 2. IS reduces Klotho expression and accelerates osteogenic transformation of HASMCs. (A) HASMCs were treated with IS at concentrations of 
0, 200, 500, and 1000 μmol/L for 6 d, and cellular protein was analyzed with Western blotting. Klotho protein expression was suppressed by 500 and 1000 μmol/L 
IS. (B, C, D) Cbfα1 protein expression, the master regulator towards to a calcifying osteogenic phenotype, increased dramatically, together with decreased 
expression of α-SMA and smoothelin, and increased ALP and OPN. 

 

IS increases DNMT1 and 3a expression and 
DNA methylation of the Klotho gene in 
HASMCs, which can be reverted by DNMT1 
inhibitor, 5Aza-2dc 

Quantitative RT-PCR analysis showed that either 
500 or 1000 μmol/L of IS treatments significantly 
increased DNMT1 mRNA expression in cultured 
HASMCs. The mRNA expression of DNMT3a was 
also increased in HASMCs culture in the presence of 
1000 μmol/L of IS (Figure 3A). Western blotting 
analysis further confirmed the up-regulation of 

DNMT1 expression by IS at the concentration of 1000 
μmol/L (Figure 3B). Furthermore, quantitative 
bisulfate-pyrosequencing analysis indicated that 
HASMCs treated with IS had significantly increased 
CpG methylation levels of the Klotho gene (Figure 
3C). 

We next investigated whether 5Aza-2dc, a 
DNMT1 inhibitor, could suppress Klotho gene 
hypermethylation and restore its expression. As 
shown in Figure 4A, 5Aza-2dc decreased the 
enhanced CpG hypermethylation of the Klotho gene, 
which was induced by 1000μmol/L of IS treatment, in 
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cultured HASMCs by quantitative 
bisulfate-pyrosequencing analysis. Moreover, the 
differences detected in CpG1 and CpG3 reached 
statistical significance. The effect of 5Aza-2dc on the 
CpG hypermethylation showed a dose-dependent 
response, and 10 μmol/L concentration was used in 
the following project. Western blotting results showed 
that 5Aza-2dc, at the concentration of 10 μmol/L, 
largely restored the Klotho protein expression in 
HASMCs (Figure 4B). 5Aza-2dc also significantly 
mitigated HASMCs calcification treated with IS of 
1000 μmol/L (Figure 4C), consistent with the 
observation of Cbfα1 down-regulation and the 
changes of key cellular regulatory proteins, including 
α-SMA, smoothelin, ALP and OPN (Figure 4D). 

Chronic IS injection reduces aortic Klotho 
expression and causes aortic calcification in 
5/6-nephrectomized rats 

To model the high IS concentration in ESRD 
patients, we continuously injected rats with IS for 24 
weeks (Figure S1 in the online-only Data 
Supplement). The IS concentration and other 
biochemical indicators are listed in Table 1. The serum 
IS concentration in IS-injected rats was significantly 
higher than the control rats (14.3±3μM vs. 0.9±0.13μM, 

P<0.001), which is in the same range of with the IS 
concentration in ESRD patients [8, 29]. However, the 
body weight of IS-injected rats was not significantly 
different from those of the control rats (334±14 vs. 
323±12g, P>0.05). HE and Alizarin red calcium 
staining results showed that IS-injected rats had 
significantly increased aortic calcification compared 
to the control rats (Figure 5C). The increased Cbfα1 
expression also indicated vascular cells 
transformation to the calcifying phenotype, together 
with changes of the key cellular regulatory proteins 
α-SMA, smoothelin, and OPN (Figure 5D).  

Consistent with the HASMCs data again, both 
western blotting analysis and immunohistochemistry 
stain showed that Klotho protein expression was 
significantly lower in the aorta of IS-injected rats 
when than in the 5/6-nephrectomized rats without IS 
injection (Figure 5B). Quantitative 
bisulfate-pyrosequencing analysis indicated that 
IS-injected rats had significantly increased aortic CpG 
methylation levels of the Klotho gene (Figure 5A, 
Figure 2 in the online-only Data Supplement for 
pyrosequencing positions), which was probably due 
to the upregulation of DNMT1 in these cells (Figure 
5F). 

 

 
Figure 3. IS increases DNA methyltransferase 1, 3a, and 3b expression and DNA methylation of the Klotho gene in HASMCs. (A) Real-time PCR 
analysis showed that IS significantly increased DNMT 1 and 3a expression. (B) Western blotting analysis showed that IS at 1000 μmol/L significantly increased DNMT 
1 protein expression. (C) Chromatin DNA samples from cultured HASMCs treated with IS for 6 d were analyzed by quantitative bisulfite pyrosequencing. It revealed 
that Klotho methylation levels of HASMCs treated with IS were significantly increased at concentrations of 200, 500, and 1000 μmol/L. HASMCs treated with IS of 
1000 μmol/L had higher methylation level for 6 CpG islands of Klotho. Compared with lane 1, *P<0.05, ** P<0.01, ***P<0.001. mC%, percentage of methylated 
cytosines. 
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Figure 4. DNA methyltransferase 1 inhibitor demethylates the Klotho gene, increases Klotho expression and mitigates osteogenic 
transformation of HASMCs induced by IS. (A) Quantitative bisulfite pyrosequencing showed that 10 μmol/L 5-Aza-2dc inhibited Klotho gene hypermethylation 
in cultured HASMCs treated with 1000 μmol/L IS. Compared with lane 1, *P<0.05, ** P<0.01. (B) Western blotting showed that 10 μmol/L 5Aza-2dc significantly 
increased the Klotho protein expression in HASMCs treated with 1000 μmol/L IS. (C)Qualitative assessment of calcification by Alizarin red staining in HASMCs 
treated with IS at concentrations of 1000 μmol/L for 6 d revealed calcium deposition. These effects were mitigated by10 μmol/L 5Aza-2dc. (D) 5Aza-2dc dramatically 
down-regulated Cbfα1 protein expression, up-regulated α-SMA and smoothelin expression, and down-regulated ALP and OPN expression. 
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Figure 5. DNMT 1 inhibitor demethylates the Klotho gene, increases Klotho expression, and mitigated aortic calcification induced by IS 
in5/6-nephrectomized rats. (A) Quantitative bisulfite pyrosequencing revealed that Klotho methylation levels of IS-injected rats were significantly increased. 
IS-injected rats had higher methylation level for 6 CpG islands of Klotho than control rats, while simultaneous treatment with 5Aza-2dc in IS-injected mice significantly 
demethylated the Klotho gene. mC%, percentage of methylated cytosines. (B) Western blotting showed that 5Aza-2dc significantly increased the Klotho expression 
in IS-injected rats. (C) Hematoxylin-eosin and Alizarin red staining in IS -injected 5/6-nephrectomized rats revealed increased aortic wall thickness and severe aortic 
calcification. These effects were mitigated by 5-aza-2dc. (D) 5Aza-2dc dramatically down-regulated Cbfα1 protein expression, up-regulated expression of α-SMA and 
smoothelin, and suppressed ALP and OPN expression. (E) Immunohistochemical staining revealed that Klotho protein expression was significantly lower in aorta of 
the rats treated with IS. (F) Western blot analysis showed that IS significantly increased the DNMT 1 expression. 

 
Lastly, we tested if 5Aza-2dc could revert the 

DNA hypermethylation of the Klotho gene and 
restore its expression in these IS treated experimental 
animals. We gave 5Aza-2dc every 48 h together with 
IS injection throughout the 24-week treatment period 
(Figure S1 in the online-only Data Supplement for 

experiment design). 5Aza-2dc did not change the 
serum IS level itself (14.7 ± 2.6μM for 5Aza-2dc group 
vs.14.3±3μM for IS group) but indeed, efficiently 
prevented DNA hypermethylation of Klotho gene in 
IS- injected rats as shown by quantitative 
bisulfate-pyrosequencing analysis (Figure 5A). As a 
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result, aortic Klotho expression in these rats was 
largely restored (Figure 5B). Furthermore, 5Aza-2dc 
significantly inhibited aortic calcification in 
IS-injected rats (Figure 5C). These observations were 
again confirmed by examining protein expression of 
Cbfα1, α-SMA, smoothelin, ALP and OPN (Figure 
5D). 

 

Table 1. Laboratory parameters in Control, IS and IS+ 5-Aza-2dc 
rats. 

 Control(n=5) IS(n=5) IS+5-Aza-2dc(n=5) 
BW(g) 334±14 323±12 341±17 
BUN(mg/dL) 10.1±5.4 20.4±6.4* 19.2±5.9# 
Scr(μmol/L) 45±9.7 179.3±16.9* 140.2±10.6# 
U-protein(μg/mL) 134.4±23.1 165.7±34.5* 150.6±36.8# 
IS(pg/mL) 0.21±0.03 3.3±0.7* 3.4 ± 0.6* 
Ca (mg/dL) 9.3±0.3 9.1±0.2 9.4±0.4 
P (mg/mL) 7.1±0.26 6.8±0.43 7.3±0.36 
* Compared with control group, P<0.01, # Compared with IS group, P<0.01. 

 

Discussion 
The relation between chronic kidney disease 

(CKD) and cardiovascular disease (CVD) has been 
extensively studied in the past years. CKD is 
considered to be one of the major risk factors that lead 
to accelerated vascular calcification. Klotho, a gene 
functions as a cofactor for FGF23 regulated urinary 
phosphate excretion, is thought to link CKD and 
vascular calcification [15]. It has been shown that 
severe Klotho deficiency is usually found in CKD 
patients, however underlying mechanisms remain 
elusive [15]. In the current study, we have compared 
Klotho gene methylation status in human arteries 
from CKD patients and from healthy individuals, and 
found that Klotho gene hypermethylation could be 
one of the mechanisms for uremia induced Klotho 
silencing. Studies using HASMCs and 5/6 
nephrectomized rats further demonstrated that IS, a 
protein-bound uremic toxin, decreased vascular 
Klotho expression through epigenetically silencing its 
promoter region.  

IS is usually accumulated in the serum of CKD 
patients. IS induces the production of free radicals in 
both renal cells and vascular smooth muscle cells and 
oxidative stress is one of the most important 
mechanisms for the tissue injury caused by IS [30, 31]. 
Oxidative stress results in increased expression of 
DNMT during carcinogenesis [32]. It has been 
suggested that IS could increase DNMT expression in 
kidney tubular cells [19]. DNMTs are the key enzymes 
that are responsible for the regulation of DNA 
methylation [33] and DNMT1 is the most abundant 
DNMT in mammals and is considered to be the key 
methyltransferase responsible for maintaining 
promoter methylation [34, 35]. Exactly, as DNMT 

inhibition may have effects on other genes, we could 
not conclude that 5-Aza2dc treatment inhibits 
vascular calcification via Klotho, although this may 
partially be the case. Previous studies have shown 
that SM22a promoter methylation was an important 
event in vascular smooth muscle cells calcification 
and that high phosphate could induce this epigenetic 
modification via increased DNMT expression [36]. 
Several other studies have shown that Klotho 
hypermethylation is associated with DNMT1 
expression in kidney. Our study in cultured HASMCs 
suggested that administration of IS increased DNMT1 
and 3a expression. Inhibiting DNMT1 activity with 
5Aza-2dc reduced CpG methylation of the Klotho 
gene and increased Klotho expression in HASMCs 
treated with IS.  

Previous studies have shown that administration 
of IS to hypertensive rats promote aortic calcification 
through activation of Cbfα1 and promote cell 
senescence with expression of senescence-related 
proteins such as p16, p21 and p53 in the aorta of 
hypertensive rats [28, 37]. Inhibition of Klotho gene 
expression by RNA interference up-regulated 
p53/p21 pathway and induced premature senescence 
in human cells [38]. Our results showed that 
epigenetic silencing of the Klotho gene by IS partially 
explained the possible mechanism of cell senescence 
process caused by uremic toxins. 

It has been demonstrated that osteogenic 
transformation of vascular smooth muscle cells can 
render them mineralization competent to secrete an 
osteoid-like extracellular matrix over a defined time 
course [39]. Our results showed that suppression of 
Klotho is associated with up-regulation of Cbfα1 and 
vascular smooth muscle cells phenotype 
transformation. Up-regulation of Cbfα1 orchestrates 
with osteoblastic differentiation of vascular smooth 
muscle cells by regulating downstream bone-related 
proteins, including alkaline phosphatase and OPN. 
Our data suggested that phenotypic adaptation of 
HASMCs may be involved in the pathogenesis of 
endogenous vascular Klotho loss. Inhibiting DNMT1 
activity with 5Aza-2dc demethylated CpG of the 
Klotho gene, and increased α-SMA and smoothelin 
expression and suppressed ALP and OPN expression 
in HASMCs treated with IS. 

The levels of serum IS are different at different 
stages of CKD [4, 40]. The IS level induced in our 
experimental rats (14.3 μM) was similar to the level of 
patients with CKD stage 4, although serum IS level 
can be as high as 500-600 μM when severe kidney 
function loss was developed in ESRD patients. Thus, 
our animal model may only represent the pathology 
of relatively end-stage CKD patients. However, the 
development of vascular calcification in CKD patients 
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is a very slow process and it may be caused in vivo by 
other risk factors such as hyperphosphatemia. 
HASMC in vitro culture system only allowed us to test 
the effect of IS on Klotho gene hypermethylation and 
other cellular changes within 7 days. Under this 
condition, it required at least 200-500 μM IS treatment 
to visualize the changes (Figure 2). We are currently 
developing a prolonged primary cell culture system 
for studying vascular calcification with pathologically 
relevant concentration of IS. 

Transcriptional suppression of vascular Klotho 
gene expression by IS is associated with CpG 
hypermethylation of Klotho and epigenetic 
modification of Klotho by IS may be an important 
pathological mechanism of vascular calcification in 
chronic kidney disease. A more comprehensive 
animal study with different serum IS levels may lead 
to a better understanding of the role of serum IS and 
Klotho hypermethylation in the progression of 
chronic kidney disease. 
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