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Abstract. Vascular calcification, characterized by the 
active deposition of calcium phosphate in the vascular 
walls, is commonly observed in aging, diabetes mellitus 
and chronic kidney disease. This process is mediated by 
different cell types, including vascular stem/progenitor 
cells. The anti‑aging protein klotho may act as an inhibitor 
of vascular calcification through direct effects on vascular 
stem/progenitor cells with osteogenic differentiation 
potential. A better understanding of the possible effects of 
klotho on vascular stem/progenitor cells may provide novel 
insight into the cellular and molecular mechanisms of klotho 
deficiency‑related vascular calcification and disease. The 
klotho protein may be considered as a promising therapeutic 
agent for treating vascular calcification and disease and 
calcification‑related vascular diseases.
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1. Introduction

Vascular calcification, characterized by the active deposition 
of calcium phosphate in the form of hydroxyapatite crystals 
in the intima, media and adventitia layers of blood vessels, is 
highly prevalent in chronic kidney disease, diabetes mellitus, 
aging and atherosclerosis (1). When present, vascular calci‑
fication increases the risk of adverse cardiovascular events 
and is highly associated with cardiovascular mortality in the 
high‑risk population with diabetes mellitus and chronic kidney 
disease (2). However, the cellular and molecular mechanisms 
underlying vascular calcification are complex and there are 
limited treatment options for the prevention and treatment of 
vascular calcification in these diseases. Therefore, much effort 
has been devoted to investigating the pathogenesis of vascular 
calcification and developing more effective approaches to its 
prevention in the last few decades, and great advances have 
been made. In this context, the anti‑aging protein klotho 
encoded by the klotho gene reportedly has a protective role 
against vascular calcification.

The klotho gene was firstly discovered in 1997 and deter‑
mined to be highly expressed in various tissue types, including 
the kidney and brain. Loss‑of‑function mutation of klotho in 
mice leads to a syndrome resembling human premature aging, 
including hypoactivity, sterility, skin thinning, muscle atrophy, 
osteoporosis, atherosclerosis and vascular calcification (3,4). 
Conversely, klotho overexpression reversed the klotho‑deficient 
phenotypes. These results suggest that the anti‑aging protein 
klotho may exert an inhibitory role in vascular calcification. It 
is therefore important to evaluate the precise effects of klotho 
on vascular calcification and the underlying mechanisms, to 
identify targets for novel therapies. Although vascular calcifi‑
cation is thought to primarily originate from vascular smooth 
muscle cells (VSMCs) (5), other cell types such as stem cells 
have been reported to have a key role in the development of 
vascular calcification. Of note, klotho deficiency acceler‑
ates stem cell aging (6) and exogenous administration of 
klotho attenuates osteogenic differentiation of stem cells (7), 
suggesting a key role of klotho in regulating stem cell‑medi‑
ated vascular calcification. Therefore, the present review will 
focus on the potential role of dysregulation of stem cells in 
mediating vascular calcification and provide novel insight into 
the cellular and molecular mechanisms of how the anti‑aging 
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protein klotho affects stem cells and vascular calcification. The 
anti‑aging protein klotho is proposed as a potential candidate 
therapeutic agent to prevent vascular calcification.

2. Potential role of dysregulation of stem cells in mediating 
vascular calcification

Potential role of stem cells in mediating vascular calcification. 
Stem cells are a cluster of precursor cells with a self‑renewal 
ability and multi‑directional differentiation potential, which 
may differentiate into osteoblasts, chondrocytes, cardio‑
myocytes or vascular cells in response to certain growth 
factors (8‑10). Under normal conditions, these stem cells are 
able to differentiate into vascular endothelial cells and VSMCs 
to mediate the angiogenesis and maintenance of vascular 
homeostasis. During vascular disease, including vascular 
calcification, these stem cells are involved in the vascular 
repair or remodeling in response to different microenviron‑
mental factors (11‑13), including growth factors, reactive 
oxygen species and inflammatory cytokines.

Vascular calcification is regarded as an active and 
cell‑mediated process and multiple types of stem cells, 
including resident perivascular pericytes, circulating progen‑
itor cells and mesenchymal stem cells are involved in this 
process (Fig. 1) (14,15). Although these stem cells are able to 
differentiate into vascular endothelial cells and smooth muscle 
cells under normal conditions, the differentiation potential of 
stem cells is largely influenced by various diseases. On one 
hand, chronic kidney disease, diabetes and aging have been 
reported to attenuate the vascular differentiation potential of 
mesenchymal stem cells (16‑18). On the other hand, circulating 
progenitor cells that differentiate into vascular cells undergo 
a phenotypic drift toward a procalcific phenotype in diabetic 
patients (19) and hemodialysis patients with chronic kidney 
disease (20), suggesting that stem cells may function as possible 
players in vascular calcification. In apolipoprotein E (‑/‑) 
mice with chronic kidney disease, GLI family zinc finger 1+ 
mesenchymal stem cell‑like cells resident in the vascular wall 
have been suggested to be a major source of osteoblast‑like 
cells during calcification in the media and intima (21). 
Heterotopically implanted mesenchymal stem cells reportedly 
undergo osteogenic differentiation in rat models of chronic 
kidney disease‑induced vascular calcification (22). Therefore, 
the above‑mentioned results provide crucial support for the 
view that stem cells have a key role in mediating vascular 
calcification (Fig. 2).

Molecular mechanisms of stem cell‑mediated vascular calci‑
fication. Accumulating evidence suggests that the mechanisms 
of vascular calcification are complex and involve multiple 
microenvironmental factors, including hyperphosphatemia, 
oxidative stress and inflammation.

Hyperphosphatemia is a common complication of chronic 
kidney disease and functions as a key pathological factor 
to promote the formation of arterial medial calcification 
in chronic kidney disease (23). Multiple types of stem 
cells, including circulating endothelial progenitor cells and 
Gli1+‑mesenchymal stem cells of the adventitia are involved 
in the calcification process (23). The addition of high phos‑
phate to cultured mesenchymal stem cells reportedly results in 

high expression of bone morphogenetic protein (BMP)‑2 (24), 
a key factor that promotes osteogenic differentiation (25). 
BMP‑2 promotes osteogenic differentiation of human bone 
marrow‑derived mesenchymal stem cells via the Smad/Runx 
family transcription factor 2 (Runx2) pathway (26). Thus, 
hyperphosphatemia may contribute to stem cell‑mediated 
vascular calcification through regulating the osteogenic 
BMP‑2/Runx2 pathway.

Oxidative stress is common in chronic kidney disease, 
diabetes mellitus, atherosclerosis and aging. It is also 
observed in association with vascular calcification in the 
diseases mentioned above (27). In vascular diseases, elevated 
production of hydrogen peroxide by residential vascular cells 
increases oxidative stress in vascular lesions (27) and promotes 
osteogenic differentiation of VSMCs via the Akt signaling 
pathway (28). In embryonic stem cells treated with glucose 
oxidase (GO), the GO‑stimulated oxidative stress promotes 
osteogenic differentiation and Runx expression through acti‑
vating the nuclear factor (erythroid‑derived 2)‑like 2/heme 
oxygenase‑1 signaling and an extracellular signal‑regulated 
kinase (ERK)‑mediated pathway (29). Thus, oxidative 
stress may also act as an osteogenic factor to promote stem 
cell‑mediated vascular calcification.

The vascular inflammatory response involves the recruit‑
ment of inflammatory cells (macrophages, neutrophils and 
monocytes) and the release of inflammatory cytokines (TNF‑α 
and ILs) and is associated with vascular disease, including 
vascular calcification (30,31). TNF‑α has been reported to acti‑
vate osteogenic programming in VSMCs via the BMP‑2, msh 
homeobox 2 and Wnt signaling cascades (31). IL‑1β induces 
senescence of VSMCs to promote vascular calcification 
through activating the NF‑κB/p53/p21 signaling pathway (32). 
In mesenchymal stem cells from the healthy aortas, treatment 
with TNF‑α or IL‑1β promoted the transformation of those cells 
into an osteogenic phenotype (33). Pharmacological targeting 
of pro‑inflammatory cytokines TNF‑α and IL‑1β ameliorated 
calcifying phenotype conversion of vascular progenitors under 
uremic conditions in vitro (34). Thus, inflammation may also 
have a role in mediating stem cell‑mediated vascular calcifica‑
tion.

Although these different osteogenic stimuli promote 
vascular calcification through regulating different signaling 

Figure 1. Origin of osteoblast‑type cells. Several cell types may differentiate 
into osteoblast‑type cells within the vessel wall. EC, endothelial cell; VSMC, 
vascular smooth muscle cell; BM‑MSC, bone marrow‑derived mesenchymal 
stem cell; CPC, circulating progenitor cell; RPC, resident pericytes. 
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pathways, the conversion of vascular cells into an osteogenic 
phenotype is a key step in the development of vascular 
calcification in response to various osteogenic stimuli. When 
vascular cells acquire osteogenic differentiation potential, 
they begin to produce mineralization‑competent matrix 
vesicles and release them into the extracellular fluid. Activated 
type III sodium‑dependent phosphate transporter (Pit1) in 
matrix vesicles promotes phosphate loading of matrix vesicles 
and initiates mineralization within the extracellular matrix 
(Fig. 2). Pit1 silencing was reported to attenuate the osteogenic 
differentiation and calcification of aortic smooth muscle 
cells (35).

3. Possible roles of klotho in regulating vascular calcification

Effects of klotho deficiency on stem cells and vascular 
calcification. A loss‑of‑function mutation of the klotho 
gene in mice led to premature aging syndrome, including 
osteoporosis, atherosclerosis and vascular calcification (4), 
suggesting a possible role of a lack of klotho in mediating 
vascular calcification. The deficiency of the klotho gene has 
been reported to upregulate the osteogenic transcription factor 
Runx2 in aortic valves through the adenosine monophosphate 
kinase‑α pathway (36). Oxidative stress, a common risk factor 
for chronic kidney disease, diabetes mellitus, atherosclerosis 
and aging, may downregulate the expression of endogenous 
klotho protein to promote vascular calcification (37). Thus, 
the above‑mentioned results support a possible role of klotho 
deficiency in regulating vascular calcification.

A possible mechanism underlying the role of klotho in 
vascular calcification is that klotho deficiency alters the 
functional features of stem cells. Klotho deficiency has been 
reported to lead to impaired differentiation potential, cellular 
senescence and apoptosis in stem cells during aging (6,38,39), 
suggesting an important role of endogenous klotho in 
regulating stem cell fate and function. Furthermore, klotho 
deficiency may lead to the activation of calcification‑associated 
signaling pathways in stem cells, including the TGF‑β1 (6) and 
Wnt (40) pathways, both of which are reportedly associated 

with the osteogenic differentiation potential of vascular 
cells (41‑43). A recent study by Zhang et al (7) suggested that 
klotho significantly attenuated the osteogenic differentiation 
potential of human bone marrow‑derived mesenchymal stem 
cells cultured in osteogenic medium. Therefore, it is tempting 
to speculate from these observations that klotho deficiency 
may contribute to vascular calcification through regulating the 
osteogenic differentiation potential of vascular stem cells. In 
the future, research efforts should be made to investigate the 
effects of endogenous klotho deficiency on the differentiation 
potential of stem cells during vascular calcification.

Exogenous klotho as a therapeutic agent. Various in vivo and 
in vitro studies support an important protective role of exog‑
enous klotho administration in vascular calcification. First, 
genetic overexpression of the klotho gene is able to reverse 
vascular calcification (44,45). Furthermore, administration of 
soluble klotho attenuates vascular calcification in vivo (46) 
and in vitro (47). In addition, klotho mediates drug treat‑
ment‑induced suppression of vascular calcification (48,49). 
However, the mechanisms of action remain elusive.

The precise mechanisms of klotho's actions are complex 
and dependent on the reduction of phosphate and other alterna‑
tive mechanisms. As for reduction of phosphate, klotho inhibits 
the reabsorption of phosphate in the kidney to decrease serum 
phosphate levels, thus contributing to the improvement of 
high phosphate‑mediated vascular calcification. Additionally, 
klotho directly inhibits the osteogenic phenotype conversion 
of vascular progenitors through regulating Runx2, BMP‑2 
or Wnt signaling pathways to reduce the release of matrix 
vesicles and attenuate matrix mineralization (Fig. 3). On one 
hand, the delivery of soluble klotho attenuated hyperphospha‑
temia and vascular calcification in a mouse model of chronic 
kidney disease‑mineral bone disorder (46). On the other hand, 
genetic overexpression of klotho prevented chronic kidney 
disease‑induced medial calcification in a high‑phosphate‑inde‑
pendent manner (50), suggesting a direct effect of klotho on 
the vasculature. A possible explanation for the contradictory 
results is that the two studies adopted different animal models 

Figure 2. Involvement of stem/progenitor cells in the calcification process. (A) In the calcification microenvironment, stem/progenitor cells are induced 
to differentiate into osteoblast‑like cells. (B) These osteoblast‑like cells synthesize and release the osteogenesis matrix vesicles. EC, endothelial cell; 
VSMC, vascular smooth muscle cell; BM‑MSC, bone marrow‑derived mesenchymal stem cell; CPC, circulating progenitor cell; RPC, resident pericytes; 
Pi, phosphate; Runx, Runt‑related transcription factor 2; BMP‑2, bone morphogenetic protein 2; Pit1, type III sodium‑dependent phosphate transporter. 
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to investigate the role of klotho protein in regulating vascular 
calcification.

To date, two forms of klotho protein have been identified: 
Membrane‑bound klotho and soluble klotho. In the study 
by Hum et al (46), the anti‑calcification activity of soluble 
klotho was evaluated in a transgenic mouse strain with 
loss‑of‑function mutation of the klotho gene that exhibited 
phenotypes resembling human premature‑aging syndromes, 
including vascular calcification. The study indicated that 
delivery of soluble klotho remedied hyperphosphatemia and 
prevented vascular calcification in a fibroblast growth factor 
receptor 1 (FGFR1)‑dependent manner. Conversely, in the 
study by Hu et al (50), klotho‑attenuated vascular calcifica‑
tion in chronic kidney disease was investigated in transgenic 
mice with overexpression of membrane‑bound klotho. The 
study indicated that klotho overexpression ameliorated 
vascular calcification by enhancing phosphaturia, preserving 
glomerular filtration and directly inhibiting phosphate uptake 
by VSMCs. Furthermore, Chen et al (47) reported that soluble 
klotho ameliorated the calcification and osteogenic transition 
of VSMCs through inhibiting the Wnt/β‑catenin signaling 
pathway. Zhang et al (7) indicated that soluble α‑klotho 
attenuated high‑phosphate‑induced calcification of human 
bone marrow‑derived mesenchymal stem cells via inactiva‑
tion of the FGFR1/ERK signaling pathway. In a study by 
Chen et al (44), overexpression of membrane‑bound klotho 
attenuated high‑phosphate‑induced VSMC calcification 
through inhibiting the Wnt7b/β‑catenin pathway. Another 
study by Chang et al (49) suggested that intermedin1‑53 
increased the levels of membrane‑bound klotho protein in 
calcified VSMCs and klotho knockdown blocked the inhibi‑
tory effect of intermedin1‑53 on VSMC calcification and their 
transformation into osteoblast‑like cells. Therefore, both 
soluble and membrane‑bound klotho protein may have thera‑
peutic potential for vascular calcification.

4. Summary and perspectives

Since the klotho gene was first identified in 1997, the under‑
standing of its role as an endogenous inhibitor of vascular 
diseases, including vascular calcification, has been constantly 

growing. Klotho protein was determined to exert pleiotropic 
protective effects against aging, chronic kidney disease, 
diabetes mellitus, coronary artery disease, atherosclerosis 
and cardiac hypertrophy (40,51‑53). However, the amount of 
currently available data about the effects of klotho on vascular 
stem/progenitor cells during vascular remodeling and diseases 
is limited. A better understanding of the effects of klotho on 
stem cells during vascular calcification not only provides novel 
insight into the precise role of stem cells in the pathogenesis 
of calcification‑associated vascular diseases but also novel 
therapeutic targets for these diseases.

Patient and animal studies have indicated that aging, 
chronic kidney disease and diabetes mellitus are able to 
downregulate the expression of klotho (40,54). Although the 
mechanisms underlying the downregulation of klotho during 
calcification‑associated diseases require to be fully eluci‑
dated, overexpression of the klotho gene or administration 
of exogenous klotho protein may be regarded as a potential 
therapeutic approach for treating vascular calcification and 
calcification‑associated vascular diseases.

As mentioned above, previous studies have indicated 
the possible role of klotho deficiency in regulating cell fate 
and the function of stem cells in aging, and treatment with 
klotho prevents the osteogenic differentiation of stem cells 
and induces preservation of aging stem cells. Aging, diabetes 
mellitus and chronic kidney disease may impair the vascular 
differentiation potential of stem/progenitor cells and induce a 
phenotype drift of stem cells toward a procalcific phenotype. 
Therefore, if soluble klotho is able to protect stem cells or 
reverse the adverse osteogenic differentiation of stem cells, 
klotho may be applied as a promising therapeutic strategy for 
vascular repair and calcification.
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