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1 | INTRODUCTION

Patients with chronic kidney disease (CKD) show an increasing risk
of severe cardiovascular diseases (CVD).%? Cardiovascular diseases

account for 30% to 50% of all-cause mortality in patients with CKD

Abstract

Vascular calcification (VC) plays as a critical role on cardiovascular disease (CVD) and
acts as a notable risk factor in cardiovascular system. Vascular smooth muscle cells
(VSMCs) calcification can be triggered by high phosphate treatment; however, the
explicit mechanism remains unclear. In the present study, we isolated VSMCs from
primary rat artery, applied B-GP (B-glycerophosphate) for inducing VSMCs calcifica-
tion in vitro to explore the mechanism of phosphate-induced calcification in VSMCs.
Alizarin red staining was performed to assess the mineralization in VSMCs. Calcium
deposition experiment was taken to evaluate the calcium content. ALP staining was
determined to assess the ALP activity. The recombinant adenoviruses were con-
structed for the overexpression of Klotho and FGF23, respectively. gRT-PCR and
western blot analysis were subjected to measure the expression of Klotho/FGF23 and
correlated genes among Wnt7b/p-catenin pathway. We found that the calcium content
was obviously increased and Alizarin red staining was positive in calcification group
exposure with high phosphate in a time-dependent manner. The expression of Klotho
and FGF23 was significantly decreased in the calcification group. However, over-
expression of Klotho and FGF23 markedly reversed VSMCs calcification stimulating with
high phosphate treatment. Moreover, Wnt7b/p-catenin inhibitor DKK1 could partly
attenuate the effect of high phosphate on calcified VSMCs. These findings demonstrated
that Klotho/FGF23 axis could modulate high phosphate-induced VSMCs calcification via
Whnt7b/B-catenin signaling pathway. Our findings unravel that Klotho/FGF23- Wnt7b/

B-catenin axis functions as a crucial role in the VSMCs calcification.
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and end-stage kidney disease worldwide.>* Although various risk
factors contributed to cardiovascular complications are well recog-
nized during the development of CKD, it is still unable to explain the
specific molecular mechanisms of placing a premium on cardiovascu-

lar disease.
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Vascular calcification (VC) is very common and, at present, it is one
of the main complications of CKD, which increases the CVD related
mortality.> The formation of VC is associated with complex pathologi-
cal mechanisms, including osteochondral differentiation and apoptosis
of vascular smooth muscle cells (VSMCs), instability and release of extra-
cellular vesicles loaded calcium and phosphate.” Among the various
causes in CKD, abnormal deposition of calcium phosphate (Pi) salt is
most closely related to VC.2 It has been proved that elevated serum Pi is
a risk factor for VC and cardiovascular mortality and morbidity among
CKD populations in clinical studies.”*°® Therefore, it is of great signifi-
cance to study the specific molecular mechanism of VSMCs calcification
induced by high phosphorus in CKD.

Recently, it has been reported that Klotho and Fibroblast growth
factor-23 (FGF23) in the field of CKD was closely related to Pi homeo-
stasis.!? The Klotho gene encodes a 130-kDa single-channel transmem-
brane protein with a short cytoplasmic domain (10 amino acids) that is
primarily expressed in the kidney.*?'® FGF23 was identified as a phos-
phaturic hormone and mainly produced by osteocytes in the bone.**'>
Klotho significantly enhances the ability of FGF23 and functions as a
cofactor essential for activation of FGF signaling by FGF23.12 Besides,
Klotho was identified to function as a role in vascular calcification. Lim
et al. found that vascular Klotho deficiency potentiates the development
of human artery calcification and mediates resistance to FGF23.2¢ How-
ever, the role of FGF23 in vascular calcification is currently inconclusive.

The Wnt/p-catenin pathway is a family of proteins that is implicated
in many vital cellular functions such as vascular calcification.'”'® Among
recent reports, Yao et al. revealed that high phosphorus level leads to
aortic calcification via p-catenin in CKD” Besides, VC in CKD was also
reported to be induced via a mechanism involving the Wnt/p-catenin
pathway.'® However, whether the Klotho/FGF23 axis regulates the rel-
evant signaling molecules in Wnt/f-catenin signaling, and then mediates
the osteogenic differentiation and calcification of VMSC has not been
reported.

In this study, we demonstrated that the expression of Klotho and
FGF23 was reduced by high phosphate-induced VSMCs calcification
and the overexpression of Klotho and FGF23 could reverse high
phosphate-induced VC. Furthermore, we found that Klotho and
FGF23 attenuated phosphate-induced vascular calcification through
inhibiting Wnt7b/f-catenin pathway. Additionally, our results identi-
fied that Klotho/FGF23-Wnt7b/f-catenin may act as a novel thera-

peutic target of vascular calcification.

2 | METHODS

2.1 | Cell extraction, cell culture and reagents

Primary rat aortic VSMCs were employed for this study. The primary rat
aortic VSMCs were extracted and cultured as described.® Briefly, Male
Sprague-Dawley (SD) rats (150-180g, 10-12 week) were ordered from
the Laboratory Animal Center of Chongging Medical University. All ani-
mal experiments were approved by the institutional animal care and use
committee (IACUC). The intima and adventitia were memoved carefully.

Then, collected the arota and cut into small sections.

The primary rat aortic VSMCs were cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS, Gibco), 100 U/mL of
penicillin and 100 pg/mL of streptomycin at 37°C under 5% CO, and
95% ambient air.

All primary antibodies were ordered from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Wnt inhibitor DKK1 was purchased from
Sigma-Aldrich (St. Louis, Missouri). B-GP (B-glycerophosphate) for
inducing VSMCs calcification in vitro was ordered from Sigma-Aldrich.

2.2 | Induction of VSMCs calcification

VSMCs were routinely subcultured in DMEM growth medium. When
VSMCs were at 70% to 80% confluence in the media, the cells were
switched to calcification medium (DMEM growth medium containing
10 mM B-GP) for indicated intervals. The medium was replaced every
3 days. For time course experiments, the first day of culture in the cal-

cification medium was defined as Day 0.

2.3 | Alizarin red staining

The cells were fixed with 70% ice-cold ethanol for 1 hour and rinsed
with double-distilled H,O, and then were stained with 40 mM Alizarin
red S (pH 4.9, Sigma-Aldrich) for 15minutes at room temperature.
After staining, the cells were washed five times with double-distilled
H,O. For the quantitative assessment of the degree of mineralization,
the red stain was eluted by 10% (wt/vol) cetylpyridinium chloride
monohydrate (Sigma-Aldrich) for 1 hour and quantified via spectro-

photometric absorbance measurements of the OD at 562 nm.

2.4 | Calcium deposit experiment

Calcium deposit experiment was determined with calcium kit. Cells
were cleaved, centrifuged, and 50pl of supernatant was taken. The
detection reagent was added to determine the OD value at 610 nm.
Total protein content in cells was detected by BCA protein quantita-
tive kit. The content of Ca?* in cells was calculated according to OD
value, standard product concentration and protein concentration of
samples to be measured in each group, and the content was
expressed as mmol/g protein.

2.5 | Quantitative real-time PCR

According to the manufacturer's instructions, TRIzol reagent
(Invitrogen, Carlsbad, California) was using for isolating the total RNA
of cells. First-strand cDNA was synthesized from 1 pg of total RNA by
incubation for 1 hour at 42°C with Superscript |l reverse transcriptase
(Invitrogen) following oligo (dT) priming. After the reverse transcrip-
tion reaction, an ABI 7900HT system using SYBR Premix (Takara,
Dalian, China) was applied to measure the real-time polymerase chain
reaction (RT-PCR) according to the manufacturer's instructions. The
conditions for RT-PCR were as follows: denaturation at 95°C for
10 seconds and 40cycles of 95°C for 10 seconds and 60°C for

30seconds. A dissociation stage was added to the end of the
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amplification procedure. No nonspecific amplification was observed, as
determined using the dissociation curve. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. The data were

2745 method and expressed as the

analyzed using the comparison Ct (
fold change relative to the respective control. Each sample was analyzed

in triplicate.

2.6 | Construction of recombinant adenoviruses for
Klotho and FGF23

The recombinant adenoviruses were constructed following the AdEasy
system.® Briefly, the coding sequence (CDS) of human Klotho and
FGF23 were amplified. These fragments were sub-cloned into shuttle
vectors, respectively. Then, the shuttle vectors were linearized and
transfected into HEK293 cells for packaging recombinant adenovirus,
which were designated as Ad-Klotho and Ad-FGF23. The recombinant
adenovirus expressing AdLaz only was used as vector control. All these
recombinant adenoviruses were purchased from Addgene (Cambridge,

Massachusetts).

2.7 | Small interfering RNA transfection

Klotho or FGF23 shRNA and a negative control were purchased from
GenePharma (Shanghai, China). For transfection, cells were cultured in
six-plates by using Lipofectamine 2000 (Invitrogen), according to the
manufacturer's instructions. The sense strand of Klotho shRNA was as
follows: 5'-CCGGCAAGGCATCCATGAAACATTACTCGAGTAATGTTTC
ATGGATGCCTTGTTTTTTG-3'. The sense strand of FGF23 shRNA was
as follows: 5'-CCGGTCCTCAGAGCCTATCCCAATGCTCGAGCATTGGG
ATAGGCTCTGAGGATTTTTG-3.

FIGURE 1 The expression of (A)

Klotho and FGF23 in VSMCs - od
calcification induced by high E
phosphate treatment. A, Alizarin
red S staining was performed to
detect mineralization in VSMCs
with B-GP treatment for O, 5, 9, or
12 days. Scale bar, 200 pm. B, the
calcium content of VSMCs with
B-GP treatment for O, 5, 9, or

12 days. *P <.05 and **P < .01 vs
0 day. C, gRT-PCR assay was
performed to detect the mRNA
expression of Klotho and FGF23
in VSMCs with or without high (©) == NP
phosphate treatment. #**P < .01 vs m HP
NP. D, Western blot analysis of 15
the protein expression of Klotho
and FGF23 in VSMCs with or
without high phosphate
treatment. *P < .05 vs NP. NP,
normal phosphate; HP, high
phosphate; VSMCs, vascular
smooth muscle cells
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2.8 | Alkaline phosphatase staining and activity assay

ALP staining assay was determined as reported.” ALP staining was
performed on cultured control and p-GP-treated cells. After being
rinsed with PBS three times, the cell layer was fixed in 4% parafor-
maldehyde for 15 minutes at room temperature. And then the cells
were incubated with buffer containing 0.1% naphthol AS-Bi phos-
phate (Sigma-Aldrich) and 2% fast violet B (Sigma-Aldrich). After
incubation for 1 hour at 37°C, the cell layer was washed with
deionized water. An ALP activity assay was performed at 405 nm
using p-nitrophenyl phosphate (pNPP) (Sigma Aldrich) as the sub-
strate. Briefly, a 50 mL sample was incubated with 50 mL of pNPP
(1 mg/mL) in 1 M diethanolamine buffer containing 0.5 mM MgCl,
(pH 9.8) at 37°C for 15minutes. The reaction was stopped by
adding 2 M NaOH to 200 uL of the reaction mixture. BCA method
with a protein assay kit (PIERCE, Rockford, lllinois) was performed
to detect the total protein content and ALP activity was deter-
mined as nmol p-nitrophenol per minute per mg protein and pres-

ented as the fold change relative to that of the control group.

2.9 | Western blot analysis

We collected the cells from the plates and then used lysis buffer sup-
plemented with protease inhibitors (10 mg/mL leupeptin, 10 mg/mL
pepstatin A, and 10 mg/mL aprotinin) for extracting total protein
about 30 minutes. Protein samples were collected by centrifugation
at 15000g at 4°C for 10 minutes. Then the Micro Bicinchoninic acid
(BCA) Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) was
using for determining protein concentrations. In addition, 20 pg of

total protein extract was then subjected to 10% or 12% sodium
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FIGURE 2 Overexpression of Klotho and FGF23 relieved high phosphate-induced VSMCs calcification. A-B, VSMCs infected with recombinant
adenovirus expressing Klotho or FGF23 and the overexpressing efficiency of Klotho or FGF23 was detected by gRT-PCR and western blot,
respectively. *P <.05,%#P < .01 and ***P < .001 vs AdlaZ. VSMCs were divided into five groups as follows: Normal VSMCs (NP); VSMCs treated with
B-GP for 12 days (HP); VSMCs infected with AdlaZ and treated with B-GP for 12 days (HP+ AdlaZ); VSMCs infected with recombinant adenovirus
expressing Klotho and treated with B-GP for 12 days (HP+ Ad-Klotho); VSMCs infected with recombinant adenovirus expressing FGF23 and treated
with B-GP for 12 days (HP+ Ad-FGF23). C, Alizarin red S staining was performed to detect mineralization and representable pictures was shown. Scale
bar, 500 pm. D, Quantification results for the alizarin red S staining. ***P <.001 vs NP and **P < .01 vs HP + AdlaZ. E, The calcium content of VSMCs in
five groups. *#P < .01 vs NP and #*P < .05 vs HP + AdlaZ. F ALP activity of VSMCs in five groups. **#*P <.001 vs NP and **P <.01 vs HP + AdlaZ. NP,
normal phosphate; HP, high phosphate; VSMCs, vascular smooth muscle cells

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes (Whatman, Piscataway, New
Jersey). After being blocked with 5% BSA, the membranes were incu-
bated with according antibodies overnight at 4°C. A horseradish
peroxidase-conjugated secondary antibody was added and visualized
using an enhanced chemiluminescence detection system (Millipore, Biller-

ica, Massachusetts) as recommended by the manufacturer.

2.10 | Statistical analysis

Statistic comparisons between results from multiple groups were
analyzed using one-way analysis of variance (ANOVA) followed by
Dunnett's test. For experiments involving two groups, an unpaired
Student's t-test was performed. A value of P < .05 was considered sta-
tistically significant. Data are expressed as mean + standard deviation

(SD). A P-value < .05 was considered statistically significant.
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FIGURE 3 High phosphate facilitate VSMCs calcification through activating Wnt7b/p-catenin signaling pathway. A, The mRNA expression levels of
Runx2, a-SMA, BMP9, Wnt7b, and B-catenin were assessed by qRT-PCR. *P < .05 and **P <.01 vs NP. *P < .05 and **P <.01 vs HP + AdlaZ. B, The
protein expression levels of Klotho, FGF23, a-SMA, Rnux2, BMP9, Wnt7b, and p-catenin were measured by western blot analysis. *P < .05 and **P < .01
vs NP. #P < .05 and **P < .01 vs HP + AdlaZ. NP, normal phosphate; HP, high phosphate; VSMCs, vascular smooth muscle cells

3 | RESULTS
3.1 | VSMCs calcification induced by high phosphate
suppressed Klotho and FGF23 expression

It is well-known that vascular calcification can be caused by high
phosphate (HP), therefore, we firstly establish a VSMCs calcification
model by B-GP (B-glycerophosphate) treatment. As shown in
Figure 1A, alizarin red S staining results showed that $-GP induced
mineralized nodules in VSMCs in a time-dependent manner. In line
with this observation, we found that high phosphate enhanced the
calcium content, suggesting p-GP treatment could induce VSMCs cal-
cification (Figure 1B). To further validate the effect of VSMCs calcifi-
cation on Klotho and FGF23, we assessed the mRNA and protein
expression levels using qRT-PCR and western blot analysis. As shown
in Figure 1C,D, B-GP induction suppressed the mRNA and protein
expression of Klotho and FGF23. These results indicated that high
phosphate treatment might promote VSMCs calcification through reg-
ulating the expression of Klotho and FGF23.

3.2 | Overexpression of Klotho and FGF23 alleviated
high phosphate-induced VMSCs calcification

To further validate whether Klotho and FGF23 were involved in the

vascular calcification induced by HP treatment, the expression levels

of Klotho and FGF23 in VSMCs were overexpressed before exposure
to B-GP. Moreover, the Alizarin Red S staining assay, calcium deposit
experiment and ALP staining assay were also performed to determine
their functions in vascular calcification. Firstly, the overexpressing effi-
ciency of Klotho or FGF23 was examined using gRT-PCR and western
blot. As shown in Figure 2A,B, the mRNA and protein levels of Klotho
and FGF23 were both obviously up-regulated. Then, further functional
experiments showed that high phosphate stimulation enhanced VSMCs
calcification, while overexpression of Klotho or FGF23 with recombi-
nant adenovirus both reversed the mineralized nodule formation
increased by HP (Figure 2C,D). Consistently, overexpression of Klotho
and FGF23 also reduced the calcium content and inhibited ALP activity
which were elevated by phosphate incubation (Figure 2E,F). Therefore,
these data indicated that Klotho and FGF23 might be involved in medi-
ating the VSMCs calcification induced by high phosphate.

3.3 | High phosphate facilitated VSMCs calcification
through activating Wnt7b/p-catenin pathway

To gain insight into the explicit molecular mechanism underlying the
vascular calcification induced by HP, we further examined whether HP
enhanced VSMCs calcification via regulating Wnt7b/p-catenin pathway.
Firstly, we determined the expression of Wnt7b/p-catenin signals using
quantitative real-time PCR (gRT-PCR) assay. The results showed that
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HP up-regulated the mRNA expression levels of Wnt7b, f-catenin,
Runx2, and BMP9, while significantly inhibited alpha-smooth muscle cell
actin (a-SMA) expression. On the contrary, either Klotho or FGF23
upregulation both restrained the mRNA levels of Wnt7b, B-catenin,
Runx2, and BMP9 induced by HP treatment but promoted a-SMA

mRNA expression (Figure 3A). Similar findings were confirmed by

western blot analysis. As shown in Figure 3B, upregulation of Klotho
and FGF23 blocked the increasing levels of Runx2, BMP9, Wnt7b, and
fB-catenin protein levels induced by HP stimulation, and reversed the
downregulation of a-SMA protein expression. In summary, these find-
ings indicated that Wnt7b/p-catenin pathway might get involved in the

vascular calcification induced by high phosphate.
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3.4 | Klotho and FGF23 attenuated
phosphate-induced VSMCs calcification through
inhibiting Wnt7b/p-catenin pathway

As Klotho has been reported to act as a suppressor of the Wnt/f-catenin
pathway,?° we next explored whether Klotho/FGF23 has a critical role in
phosphate-induced VSMCs calcification via inhibiting Wnt7b/p-catenin
pathway. We first determined the expression of Wnt7b/p-catenin path-
way in VSMCs silenced by shKlotho/shFGF23 with or without Wnt7
inhibitor DKK1 in the treatment of HP. The silencing efficiency of Klotho
and FGF23 was confirmed using gqRT-PCR and western blot (Figure 4A,
B). Besides, the relative expression levels of vascular calcification related
proteins and Wnt7b/p-catenin signals were further investigated. As
shown in Figure 4C,D, VSMCs cultured with DKK1 promoted a-SMA,
and inhibited the expression of Runx2, BMP9, Wnt7b, and B-catenin
which were increased by HP. Furthermore, DKK1 treatment also rescued
an augment of Wnt7b/B-catenin pathway induced by the knockdown of
Klotho/FGF23 using shKlotho and shFGF23. Taken together, these data
indicated that Klotho/FGF23 attenuated phosphate-induced vascular cal-
cification through inhibiting Wnt7b/p-catenin pathway.

4 | DISCUSSION

The Klotho/FGF23 axis is identified as a target for kidney clinics, and
Klotho/FGF23 is a prognostic biomarker for CKD and CVD.*® The pres-
ence of Klotho in vascular walls is unclear; however, all the experiments
have shown that Klotho prevents VC development. Hu et al. found that
Klotho deficiency in CKD mice leads to VC.?* Lim et al. found that vascu-
lar Klotho deficiency potentiates the development of human artery calci-
fication.!® Zhao et al. reported that inhibition of mammalian target of
rapamycin signaling suppresses VC in CKD via up-regulating membrane
bound vascular a-Klotho.?? These results suggest that Klotho is the
potential therapeutic target of VC in CKD. However, the potential effects
of FGF23 on VC remain unclear. Jimbo et al. reported that FGF23 accel-
erates phosphate-induced vascular calcification in the absence of Klotho
deficiency.?® However, Massy et al. suggested that the disturbances of
the FGF23/Klotho axis observed in CKD appears to play an important
role in CKD-associated VC.2* FGF23 was also reported as an indepen-
dent biomarker of vascular calcification in patients with various CKD
stages including early stages.* In this article, we revealed that the expres-
sion of Klotho and FGF23 was reduced by high phosphate-induced
VSMCs calcification and the overexpression of both Klotho and FGF23
could reverse high phosphate-induced VC, indicating that Klotho and
FGF23 might play an important mediator on VSMCs calcification.

VC is an active and complex process involving the pathological depo-
sition of mineral in the vascular system, including intimal calcification and
medial calcification, which can also be found in the valves of the heart.2
VC was previously considered as passive deposition of calcium salts,
however, recent studies have found that VC, especially the medial calcifi-
cation, is an active and controllable complex biological process similar to
bone development, and the critical process of VSMCs calcification is the

transition of an osteoblastoid phenotype.2” This process, which has been

seemed as the osteoblastic differentiation of VSMCs, accompany with
the downregulation of VSMC-related markers, such as a-SMA and
SM220.28 It is well-known that phosphate plays a vital role in the devel-
opment of VSMCs calcification.??° Thus, in the present study, we
applied B-GP for inducing VSMCs calcification in vitro to explore the
mechanism of VSMCs calcification. Similarly, our study also revealed that
high phosphate induced VSMCs calcification, accompanied by the down-
regulation of VSMC markers (such as a-SMA) and upregulation of osteo-
genic markers (such as RUNX2). In addition, overexpression of Klotho
and FGF23 could significantly reverse the negative effects of high phos-
phate, which increased the a-SMA expression and inhibited theRUNX2
expression. These findings identified Klotho/FGF23 signaling axis as a
key role in VSMCs calcification.

Several important signal pathways have been activated in VC,
such as BMPs/Smads and Wnt/p-catenin pathway. Wnt/p-catenin
pathway recently was reported to be involved in VC, but whether it
plays as an inducer or inhibitor was unclear. Liu et al. identified that
increased activation of Wnt pathways in the arteries of patients with
end-stage renal disease. And it is significantly correlated with the inci-
dence of vascular calcification* Besides, Rong et al. reported that BMP-
2 plays a crucial role both in calcium deposition in VSMCs and VC in
CKD patients via a mechanism involving the Wnt/p-catenin pathway.2®
In addition, BMP-9 was also been reported to induce VC through activat-
ing the Wnt/p-catenin pathway.® In contrast, Deng et al. revealed
secreted frizzled-related protein 5 (SFRP5) attenuates high phosphate-
induced calcification in vascular smooth muscle cells by inhibiting the
Whnt/p-catenin pathway.3? Thus, Whnt/p-catenin pathway was generally
identified as an inducer of vascular calcification, and regulated by several
signal molecules, including BMP family and SFRP5. In this study, we
suggested that vascular calcification was promoted by Wnt7b/p-catenin
pathway in the presence of high phosphate. The treatment of Wnt inhib-
itor DKK1 rescued an augment of Wnt7b/p-catenin pathway induced by
the knockdown of Klotho/FGF23.

In summary, we demonstrated that both Klotho and FGF23 reversed
the VSMCs calcification induced by high phosphate. In addition, Klotho
and FGF23 impaired phosphate-induced vascular calcification through
inhibiting Wnt7b/B-catenin pathway. With these newly acquired mecha-
nistic insights, this article provides “Klotho/FGF23-Wnt7b/p-catenin
pathway” as a novel target for the prevention and treatment of VC.
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