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Review

During the evolution of skeletons, terrestrial vertebrates acquired strong bones made of calcium–phosphate. 
By keeping the extracellular fluid in a supersaturated condition regarding calcium and phosphate ions, they cre-
ated the bone when and where they wanted simply by providing a cue for precipitation. To secure this strategy, 
they acquired a novel endocrine system to strictly control the extracellular phosphate concentration. In response 
to phosphate intake, fibroblast growth factor–23 (FGF23) is secreted from the bone and acts on the kidney 
through binding to its receptor Klotho to increase urinary phosphate excretion, thereby maintaining phosphate 
homeostasis. The FGF23–Klotho endocrine system, when disrupted in mice, results in hyperphosphatemia and 
vascular calcification. Besides, mice lacking Klotho or FGF23 suffer from complex aging-like phenotypes, which 
are alleviated by placing them on a low-phosphate diet, indicating that phosphate is primarily responsible for the 
accelerated aging. Phosphate acquires the ability to induce cell damage and inflammation when precipitated with 
calcium. In the blood, calcium–phosphate crystals are adsorbed by serum protein fetuin-A and prevented from 
growing into large precipitates. Consequently, nanoparticles that comprised calcium–phosphate crystals and 
fetuin-A, termed calciprotein particles (CPPs), are generated and dispersed as colloids. CPPs increase in the 
blood with an increase in serum phosphate and age. Circulating CPP levels correlate positively with vascular 
stiffness and chronic non-infectious inflammation, raising the possibility that CPPs may be an endogenous pro-
aging factor. Terrestrial vertebrates with the bone made of calcium–phosphate may be destined to age due to cal-
cium–phosphate in the blood.

of life. Mice homozygous for the transgene (kl/kl 
mice) were born in the expected Mendelian ratio and 
developed normally until weaning. After weaning, 
they start exhibiting aging-like phenotypes, including 
growth arrest, atrophy of multiple organs (gonads, 
thymus, and skin), sarcopenia, reduced bone mineral 
density3), cardiac hypertrophy4), vascular calcification, 
emphysematous lung, hearing disturbance5), cognition 
impairment6), frailty, and premature death approxi-
mately 2 months of age. The klotho gene was identi-
fied by positional cloning using the transgene as a 
marker and turned out to encode a novel single-pass 
transmembrane protein expressed predominantly in 
renal tubular cells1). As it was a new gene, there was 
no clue to know its function. It took almost 10 years 
before the function of Klotho protein became evident.

Introduction

In 1997, we reported a mouse mutant strain 
exhibiting a premature aging syndrome1). The mutant 
was one of the 28 transgenic mouse strains carrying 
the rabbit type-I sodium–proton exchanger (NHE1) 
gene2). Only three of them expressed the exogenous 
rabbit NHE1 gene, whereas the remaining 25 strains 
did not. Each strain that did not express the transgene 
was maintained individually to generate mice homo-
zygous for the transgene-inserted allele. One of these 
strains exhibited complex phenotypes resembling 
human aging when homozygous for the transgene, 
suggesting that the insertional mutation of the trans-
gene might have disrupted a putative aging suppressor 
gene. The gene was named klotho after one of the god-
desses of destiny in Greek myth who spins the thread 
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functions as the obligate co-receptor for FGF23 12). 
Nine months later, another laboratory published a 
paper that reproduced the same finding14). The fact 
that FGF23 requires Klotho to exert its function 
explains the striking similarity in phenotypes between 
FGF23 knockout mice and Klotho-deficient mice.

These seminal studies identified the FGF23–
Klotho system as a novel endocrine axis indispensable 
for maintaining phosphate homeostasis15). In response 
to phosphate intake, FGF23 is secreted from the bone 
(osteocytes and osteoblasts) and binds to the FGFR–
Klotho complexes expressed on renal tubular cells to 
suppress phosphate reabsorption and increase urinary 
phosphate excretion, thereby balancing between intake 
and excretion of phosphate. FGF23 also has the activ-
ity that inhibits the synthesis and promotes the degra-
dation of active vitamin D in renal tubules, thereby 
suppressing calcium absorption from the intestine to 
prevent an increase in circulating levels of calciprotein 
particles (CPPs), which will be discussed later.

In 2018, the crystal structure of the Klotho pro-
tein was solved (Fig. 1)16, 17). Similar to its namesake 
in Greek myth, Klotho protein sends out a long 
“thread” with an intrinsically disordered structure, 
which is termed the receptor binding arm (RBA) 
because it directly interacts with FGFR. Once the 
RBA captures FGFR and takes a solid structure, a 
high-affinity binding pocket for FGF23 is generated 
between Klotho and FGFR. The formation of the 
FGF23–FGFR–Klotho ternary complex is required to 
activate FGFR tyrosine kinase and the canonical intra-
cellular FGF signaling pathway.

The FGF23–Klotho Endocrine Axis

In 2004, mice lacking fibroblast growth fac-
tor–23 (FGF23) were reported7). At that time, it had 
been known that patients carrying gain-of-function 
mutations in the FGF23 gene8) or tumors producing 
FGF23 9) exhibited hypophosphatemia associated with 
phosphate wasting into the urine, disturbed bone 
mineralization (osteomalacia or rickets), and inappro-
priately low serum levels of active vitamin D 
(1,25-dihydroxyvitamin D3). Hence, FGF23 was 
regarded as a hormone that promoted urinary phos-
phate excretion and counter-regulated active vitamin 
D10). Expectedly, mice lacking FGF23 showed high 
serum phosphate and active vitamin D levels associ-
ated with vascular calcification. Besides these predict-
able phenotypes, these mice exhibited growth retarda-
tion, atrophy of gonads and thymus, reduced bone 
mineral, and shortened life span. Because mice lacking 
Klotho also had high serum phosphate and active vita-
min D levels11), we realized that FGF23 knockout 
mice were a phenocopy of Klotho-deficient mice. 
Prompted by this observation, we pursued a potential 
link between FGF23 and Klotho and found that 
Klotho functioned as a receptor for FGF23 12). More 
precisely, Klotho protein forms constitutive binary 
complexes with specific isoforms of fibroblast growth 
factor receptor (FGFR1c, FGFR3c, and FGFR4). 
Although FGF23 has very low affinity to these FGFR 
isoforms and barely binds to them at its physiological 
concentration13), it can bind to the Klotho–FGFR 
complexes with high affinity, indicating that Klotho 

FGFR Klotho FGF23

kinase

Fig.1. Structure of the FGF23–FGFR–Klotho ternary complex17)

The extracellular domain of Klotho protein is composed of two internal repeats, termed KL1 and KL2 
domains, with homology to family 1 glycosidases. KL2 domain sends out the receptor binding arm (RBA), 
which has an intrinsically disordered structure and interacts with the D3 domain of fibroblast growth factor 
receptor (FGFR). Once the RBA binds to the D3 domain of FGFR, the binding pocket for FGF23 is gener-
ated. Formation of the ternary complex composed of FGFR, FGF23, and Klotho is required for activation of 
the canonical FGF signaling. Modified from Refs. 15 and 17.
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required for the synthesis of active vitamin D. Npt2a 
is expressed on the apical membrane of renal proximal 
tubules and responsible for phosphate reabsorption. 
These dietary and genetic interventions consistently 
lowered serum phosphate levels, whereas the changes 
in serum calcium and active vitamin D levels varied 
(Table 1). Notably, when mice lacking FGF23 were 
placed on a low-phosphate diet, their serum levels of 
active vitamin D were further elevated, which was a 
physiological response to the low-phosphate diet. 
Despite that, the low-phosphate diet alleviated their 
aging-like phenotypes19), indicating that phosphate, 
but not active vitamin D or calcium, was the true cul-
prit of accelerated aging in mice lacking FGF23 or 
Klotho. In other words, phosphate accelerated aging.

There are several lines of circumstantial evidence 
in support of this notion. Serum phosphate levels 
inversely correlate with average life spans in mammals 
(Fig. 2)23). In humans, high serum phosphate levels 
are associated with high all-cause mortality24). Then, 
what is the mechanism by which phosphate acceler-
ates aging?

Evolution of the Bone 
Made of Calcium Phosphate

Consistent with the notion that life is derived 
from the sea, the composition of the seawater and the 
human body is similar. Indeed, nine out of the top 10 
abundant elements are identical between them (Table 
2)25). The exceptions are magnesium in seawater and 
phosphorus in the human body, suggesting that 
organisms have started accumulating phosphorus at 
some point during evolution. Accumulation of phos-
phorus occurred about 400 million years ago in the 
Devonian era when the bony fish evolved25, 26). Organ-
isms after the bony fish accumulate a large amount of 
phosphorus in the bone in the form of calcium–phos-
phate. Organisms before the bony fish have skeletons 
made of calcium–carbonate or cartilage. Because the 
bone made of calcium–phosphate is physically harder 

Phosphate Accelerates Aging

Disruption of either FGF23 or Klotho leads to 
phosphate retention and elevation of serum active 
vitamin D levels1, 7, 11). Because active vitamin D pro-
motes calcium absorption from the intestine, hyper-
calcemia ensues. The question is which was responsi-
ble for the complex aging-like phenotypes in Klotho-
deficient mice and FGF23-deficient mice, phosphate, 
active vitamin D, or calcium. Several interventions 
that lowered blood phosphate, calcium, and/or active 
vitamin D levels were reported to alleviate the aging-
like phenotypes in these mice, including feeding of 
low-phosphate diet18, 19) or vitamin D deficient diet11, 19), 
ablation of the gene encoding vitamin D receptor20), 
1α-hydroxylase21), or sodium–phosphate co-trans-
porter type IIa (Npt2a)22). 1α-hydroxylase is an 
enzyme expressed in renal proximal tubules and 

Table 1.  Interventions that alleviate aging-like phenotypes in mice lacking FGF23 and/or Klotho and associated 
changes in serum levels of phosphate, calcium, and 1,25-dihydroxyvitamin D3 (vitamin D)59) (modified from 
Ref. 59)

Interventions Changes in serum levels

Phosphate Calcium Vitamin D

Vitamin D-deficient diet
Ablation of vitamin D receptor
Ablation of 1α-hydroxylase
Ablation of Npt2a
Low-phosphate diet

↓

↓

↓

↓

↓

↓

↓

↓

↑

 ↑

↓

↓

↓

 ↑
 ↑

Fig.2. Average life span of mammals is inversely correlated 
with serum phosphate levels23)

1, kl/kl mouse; 2, mouse; 3, rat; 4, hamster; 5, gerbil; 6, nutria, 7, 
rabbit; 8, guinea pig; 9, sheep; 10, squirrel; 11, porcupine; 12, 
naked mole rat; 13, flying fox; 14, bear; 15, rhinoceros; 16, ele-
phant; 17, human; 18, human (centenarian).
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phosphate precipitation in extraosseous tissues. One 
of such defense mechanisms is the formation of CPPs.

Physiology of CPPs

Because blood is a supersaturated solution in 
terms of calcium and phosphate ions, even a slight 
and transient increase in the blood phosphate concen-
tration after meal (postprandial hyperphosphatemia) 
can trigger precipitation of tiny amorphous calcium–
phosphate (Fig. 3). Such calcium–phosphate precipi-
tates in the blood are immediately adsorbed by serum 
protein fetuin-A and prevented from growing into 
large deposits27, 28). Consequently, fetuin-A molecules 
laden with amorphous calcium–phosphate are gener-
ated, which are termed calciprotein monomers 
(CPMs) or primary CPPs (aggregates of CPMs). Cal-

than the skeletons made of calcium–carbonate or car-
tilage, acquisition of the strong bone made of cal-
cium–phosphate may be a prerequisite for the evolu-
tion of terrestrial vertebrates that are required to sup-
port their own body weight and move around without 
the help of water buoyancy. To create the bone made 
of calcium–phosphate, terrestrial vertebrates maintain 
the extracellular fluid in a supersaturated condition 
regarding calcium and phosphate ions and provide a 
cue for precipitation when and where they want to 
make the bone. To secure this strategy, they acquired 
two major mechanisms. First, the FGF23–Klotho 
endocrine system has evolved to strictly control the 
extracellular phosphate concentration. Klotho ortho-
logs exist only in organisms that have bones made of 
calcium–phosphate26). Second, they have developed 
defense mechanisms to prevent the growth of calcium 

Table 2.  The top 10 abundant elements in seawater and the human body25, 60). 
The water abundance (by the number of H and O atoms) in seawater 
was reduced by boiling to the level equivalent to that in humans 
(modified from Ref. 25)

Seawater Human body

1
2
3
4
5
6
7
8
9

10

H
O
Na
Cl
Mg
S
K
Ca
C
N

H
O
C
N
Na
Ca
P
S
K
Cl

Fig.3. Formation of calciprotein particles (CPPs)

Once the concentration of calcium and phosphate ions exceeds the solubility limit in the blood, amorphous 
calcium–phosphate (CaPi) is precipitated and immediately adsorbed by serum protein fetuin-A to generate cal-
ciprotein monomers (CPMs). CPMs spontaneously aggregate to generate primary CPPs. Primary CPPs further 
undergo aggregation and phase transition of calcium–phosphate from the amorphous phase (white circle) to the 
crystalline phase (black circle) to generate secondary CPPs. Calcium–phosphate in CPMs and primary CPPs are 
in the amorphous phase, whereas secondary CPPs contain crystalline calcium–phosphate.
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level31). However, such phosphate-sensing receptor has 
not been identified yet. Furthermore, some studies 
challenged this hypothesis. First, serum FGF23 levels 
correlated not only with serum phosphate but also 
with serum calcium levels. Second, the increase in 
serum phosphate failed to increase FGF23 in the pres-
ence of hypocalcemia in rodents. Conversely, the 
increase in serum calcium failed to increase FGF23 in 
the presence of hypophosphatemia, indicating that 
both serum phosphate and calcium must be above cer-
tain levels to induce FGF23 32, 33). These observations 
can be explained by the fact that CPPs induce FGF23 
expression and secretion in osteoblasts30). Conse-
quently, FGF23 promotes urinary phosphate excretion 
and reduces serum levels of active vitamin D, which 
lowers blood phosphate levels and suppresses calcium 
absorption from the intestine (Fig.4). Therefore, the 
ability of CPPs to induce FGF23 expression and secre-
tion may be required for a negative feedback loop to 
prevent an increase in blood CPPs, which can increase 
the risk for vascular calcification and chronic non-
infectious inflammation as will be discussed in the 
next section.

Pathology of CPPs

CPPs have been reported to exert adverse effects 
on various types of cultured cells. Secondary CPPs, 

cium–phosphate in primary CPPs spontaneously 
undergo phase transition from the amorphous phase 
to the crystalline phase to become secondary CPPs 
over time. These CPPs extravasate through sinusoids 
in the liver and the bone marrow to be phagocytosed 
by the reticuloendothelial system and deposited to the 
bone, respectively29, 30). Thus, CPPs may not merely 
be a by-product of the defense mechanism that pre-
vents the growth of calcium–phosphate precipitates in 
the blood but function as a vehicle that carries calcium 
and phosphate absorbed from the intestine to the 
bone. Indeed, blood CPP levels were increased within 
2 h after phosphate ingestion in mice and then 
restored to the baseline as CPPs accumulated on the 
bone surface30).

Additionally, CPPs function as a regulator of the 
FGF23–Klotho endocrine axis30). FGF23 is secreted 
from osteocytes and osteoblasts in response to phos-
phate intake; however, the mechanism by which these 
cells sense phosphate intake had been elusive. It had 
been speculated that osteocytes and osteoblasts might 
sense a postprandial increase in the blood phosphate 
level through a putative “phosphate-sensing” receptor 
and secrete FGF23 to lower the blood phosphate level. 
This hypothesis was prompted by the fact that para-
thyroid cells sense a decrease in the blood calcium 
level through the calcium-sensing receptor and secrete 
parathyroid hormone to raise the blood calcium 

Fig.4. The FGF23–Klotho endocrine axis

In response to dietary phosphate (Pi) and calcium (Ca) intake, CPPs appear in the blood and extravasate from sinusoids 
in the bone marrow. CPPs act on osteoblasts/osteocytes to make them produce and secrete FGF23. FGF23 circulates in 
the blood and binds to the FGFR–Klotho complex expressed on renal tubular cells to suppress reabsorption of phos-
phate and synthesis of active vitamin D. Suppression of phosphate reabsorption increases urinary phosphate excretion, 
thereby lowering blood phosphate levels that have transiently increased after phosphate ingestion (postprandial hyper-
phosphatemia) to their baseline levels. Suppression of serum active vitamin D levels attenuates calcium absorption from 
the intestine. The ability of FGF23 to restore serum phosphate levels and attenuate calcium absorption reduces blood 
CPP levels and closes the negative feedback loop.
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induced inflammation in the absence of overt infec-
tion and reduced regeneration of liver and intestine, 
associated with accumulation of senescent cells and 
shortened life span. Although inflammation has been 
established as a potent accelerator of aging, endoge-
nous “pathogens” that can trigger non-infectious 
inflammation responsible for accelerated aging remain 
to be identified. Damage-associated molecular pat-
terns (DAMPs) are candidates of such pathogens, 
including ATP, mitochondrial and genomic DNA, 
RNA, and histones among others42). Given the ability 
of CPPs to induce cell damage and innate immune 
responses, CPPs may function as a pathogen of aging.

Mechanism of Vascular Calcification 
Induced by CPPs

Secondary CPPs, but not primary CPPs, have 
the activity that induces calcification in cultured 
VSMCs34). Secondary CPPs activate NFκB signaling 
in VSMCs to induce phenotypic transformation to 
osteoblastic cells43). The transformed VSMCs start 
secreting bone matrix proteins, providing an extracel-
lular scaffold for the deposition of calcium–phosphate. 
Reportedly, zinc inhibited calcification not only in 
cultured VSMCs but also in the aorta of Klotho-defi-
cient mice, subtotal nephrectomized mice, and chole-
calciferol-overloaded mice44). Zinc binds to a “zinc-
sensing receptor” GPR39 expressed on the surface of 
VSMCs and induces expression of a zinc-finger pro-
tein TNFα-induced protein 3, which functions as a 
potent inhibitor of NFκB activation (Fig.5). There-
fore, zinc suppresses vascular calcification primarily 
through inhibiting the osteoblastic transformation of 
VSMCs.

Magnesium can also inhibit vascular calcifica-
tion, as evidenced by the fact that a high magnesium 
diet rescued Klotho-deficient mice from aortic calcifi-
cation45). Furthermore, a randomized control trial 
demonstrated that the administration of magnesium 
oxide suppressed the progression of coronary artery 
calcification in patients with stages 3 and 4 CKD46). 
The beneficial effect of magnesium on vascular calcifi-
cation may depend on its ability to suppress the tran-
sition of primary CPPs to secondary CPPs (Fig.5)47).

How CPPs fuel calcium–phosphate to calcified 
lesions remains to be determined. Two mechanisms 
are considered, which are not mutually exclusive. One 
possible mechanism is that CPPs should be endocy-
tosed by VSMCs to induce vascular calcification 
(Fig.5). Although the mode of endocytosis and endo-
somal pathways through which CPPs are processed in 
VSMCs remain elusive, inorganic calcium–phosphate 
nanocrystals were reported to be endocytosed and 

but not CPMs and primary CPPs, induce calcification 
and innate immune responses when applied to cul-
tured vascular smooth muscle cells (VSMCs) and 
macrophages, respectively34, 35). Clinical studies have 
shown that serum levels of CPPs correlate with param-
eters of vascular calcification (coronary artery calcifi-
cation scores), vascular stiffness (pulse wave velocity), 
and inflammation (hs-CRP) in patients with chronic 
kidney disease (CKD)36, 37).

In these studies, serum CPP levels were deter-
mined by the “fetuin-A method.” First, the fetuin-A 
level in the serum sample was measured using enzyme-
linked immunosorbent assay (ELISA, X mg/mL). Sec-
ond, the remaining serum sample was centrifuged at 
16,000–24,000 g for 2 h to precipitate CPPs. Lastly, 
the fetuin-A level in the supernatant was measured 
using ELISA (Y mg/mL). The reduction ratio of the 
fetuin-A level by the centrifugation, (X–Y)/X was 
defined as a surrogate of the serum CPP level. This 
assay is based on the fact that fetuin-A is the major 
protein component of CPPs. However, the fetuin-A 
method entails two fundamental limitations. First, the 
assay becomes increasingly inaccurate as the reduction 
ratio becomes lower and closer to the coefficient of 
variation of the ELISA. Second, low-density CPPs 
that were not precipitated by the centrifugation were 
not measured.

To overcome these limitations of the fetuin-A 
method, we developed a novel assay using OsteoSense, 
an infrared fluorescent probe that specifically binds to 
calcium–phosphate crystals38). Serum/plasma samples 
were inoculated with OsteoSense and incubated for an 
hour to let OsteoSense bind to calcium–phosphate 
crystals in CPPs. The mixture was then subjected to a 
gel filtration spin column to remove unbound Oste-
oSense. The fluorescence intensity of the flow-through 
fraction quantified by an infrared scanner represented 
the amount of CPPs. We measured plasma CPP levels 
in 148 patients with CKD and observed an increase in 
CPP levels with age, the progression of CKD stages, 
and an increase in serum phosphate levels. Multivari-
ate analysis identified the serum phosphate level and 
the age as two independent determinants of the 
plasma CPP level38).

Notably, chronic, low-grade, non-infectious 
inflammation is associated with accelerated aging and 
age-related disorders. This phenomenon is termed the 
“inflammaging” and regarded as a significant risk for 
morbidity and mortality in the aged39, 40). In mice, 
chronic inflammation caused by constitutive activa-
tion of the NFκB pathway was reported to accelerate 
aging41). Specifically, targeted disruption of the Nfκb1 
gene encoding p105 subunit of NFκB that functions 
as a repressor of pro-inflammatory gene transcription 
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induce calcification in cultured VSMCs even after 
they are fixed with formalin or methanol51). In either 
case, the phenotypic transformation of VSMCs to 
osteoblastic cells and secretion of bone matrix proteins 
appear to be a prerequisite for vascular calcification.

Colloids and Arteriosclerosis

Generally, colloids are used as vehicles that trans-
port insoluble materials between organs through the 
bloodstream. Lipids are one of the major insoluble 
biological materials. Lipids form complexes with apo-
proteins to become lipoproteins, which exist as a poly-
disperse colloidal system that comprised nanoparticles 
with different physical properties such as size and den-
sity52). When lipids, which should be stored in adipose 
tissues, are deposited to arterial walls, atherosclerosis 
ensues. (Patho)physiological activity of lipoproteins 
depends on their physical property; low-density lipo-
proteins, whose diameter and density are ~25 nm and 
＜1.063 g/mL, respectively, are pro-atherogenic and 
therefore regarded as “bad” cholesterol. By contrast, 
high-density lipoproteins, whose diameter and density 
are ~9 nm and ＞1.063 g/mL, respectively, are anti-
atherogenic and hence designated as “good” choles-

transferred to lysosomes48), where calcium–phosphate 
in CPPs can be dissolved under the acidic condition. 
Hence, the concentration of calcium and phosphate in 
the lysosomes is assumed to be rapidly increased, 
which potentially induces disruption of lysosomal 
integrity, leakage of calcium and phosphate to the 
cytoplasm, and cell death. Indeed, VSMC death 
induced by calcium–phosphate nanocrystals was inter-
fered with a lysosomal proton pump inhibitor bafilo-
mycin A1 that increases pH in lysosomes48). Given 
that CPPs are processed similarly as calcium–phos-
phate nanocrystals by VSMCs, endocytosed CPPs are 
transferred to lysosomes to induce cell death. Alterna-
tively, the lysosomes laden with CPPs may fuse with 
multivesicular bodies (MVBs)49) to provide them with 
calcium, phosphate, and fetuin-A. Vesicles within the 
MVBs are secreted as exosomes containing calcium–
phosphate crystals, which are termed matrix vesicles 
(MVs). Indeed, MVs secreted by calcifying VSMCs 
are specifically loaded with calcium, phosphate, and 
fetuin-A and serve as the first nidus for calcification50). 

The other mechanism is that CPPs may be 
deposited directly to the bone matrix without being 
endocytosed by transformed VSMCs (Fig.5). This 
possibility is supported by the fact that CPPs can 

Fig.5. A hypothesis on the mechanism of vascular calcification

Secondary CPPs have the activity that induces phosphorylation (P) of NFκB in vascular smooth muscle cells (VSMCs), 
followed by osteoblastic transformation and inflammatory responses. It is assumed that secondary CPPs are endocy-
tosed and transferred to lysosomes in which calcium–phosphate may be dissolved under the acidic environment. These 
lysosomes may fuse with multivesicular bodies (MVBs) and provide calcium, phosphate, and fetuin-A to vesicles within 
MVB, which are secreted as matrix vesicles (MVs). Calcium–phosphate crystals grow in the MVs and accumulate on 
the bone matrix (blue lines) secreted from the transformed VSMCs. Zinc (Zn) inhibits vascular calcification through 
binding to its cell surface receptor GPR39 and inducing expression of TNFα-induced protein 3 (TNFAIP3), a potent 
inhibitor of NFκB activation. Magnesium (Mg) inhibits vascular calcification possibly through suppressing the transi-
tion of primary CPPs to secondary CPPs.
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arteries (Fig.6)15).

Hemodialysis Patients and 
Klotho Deficient Mice

Klotho-deficient mice suffer from hyperphospha-
temia. In humans, hyperphosphatemia is universally 
observed in patients with end-stage renal disease 
receiving hemodialysis. Because blood phosphate lev-
els positively correlate with blood CPP levels38), both 
hemodialysis patients and Klotho-deficient mice have 
high blood CPP levels. Additionally, they share similar 
aging-like symptoms and pathophysiology, including 
shortened life span, vascular calcification, cardiac 
hypertrophy, sarcopenia, frailty, loss of Klotho expres-
sion in the kidney, and chronic non-infectious inflam-
mation53). Furthermore, both of them benefit from 
dietary phosphate restriction. However, Klotho-defi-
cient mice are distinct from hemodialysis patients in 
that they never suffer from renal failure. Indeed, their 
serum creatinine levels are not increased1). Hyperphos-
phatemia in Klotho-deficient mice is caused by an iso-
lated deficiency of urinary phosphate excretion due to 
refractoriness to FGF23. By contrast, hyperphospha-
temia in hemodialysis patients is caused by a general-
ized loss of renal function. Despite this fundamental 
difference, hemodialysis patients and Klotho-deficient 

terol27).
Besides lipids, calcium–phosphate is another 

major insoluble material in mammals. calcium–phos-
phate forms complexes with fetuin-A to become CPPs 
with different size, density, and the phase (amorphous 
or crystalline) of calcium–phosphate27). When cal-
cium–phosphate, which should be stored in the bone, 
are deposited to arterial walls, vascular calcification 
ensues. Similar to lipoproteins, the activity of CPPs 
depends on their physical property. CPMs, which are 
small (~9 nm in diameter), low in density (not precip-
itated by centrifugation at 16,000–24,000 g for 2 h), 
and contain amorphous calcium–phosphate but not 
crystalline calcium–phosphate, have the potent ability 
to induce FGF23 expression in osteoblasts and never 
induce cell damage. Therefore, CPMs are regarded as 
“good” CPPs. By contrast, secondary CPPs are large 
(＞35 nm in diameter), high in density (precipitated 
by centrifugation at 16,000–24,000 g for 2 h), and 
contain crystalline calcium–phosphate. Secondary 
CPPs are potent inducers of cell damage, calcification, 
and innate immune responses34, 35) and thus regarded 
as “bad” CPPs.

Although atherosclerosis and vascular calcifica-
tion represent two distinct pathologies of arterioscle-
rosis, they can be sublated as a disorder caused by the 
mistargeting of colloidal particles in the blood to 

Fat Bone

Endothelium

Smooth muscle

Fig.6. Colloidal particles as pathogens of arteriosclerosis

Two distinct forms of arteriosclerosis, atherosclerosis and vascular calcification, can be viewed collectively to be caused 
by mistargeting of circulating colloidal particles (lipoproteins and CPPs) containing insoluble materials (lipids and cal-
cium–phosphate) to arterial walls. White circles, amorphous calcium–phosphate; black circles, crystalline calcium–
phosphate; gray circles, fetuin-A; yellow circles, triglyceride; orange circles, cholesterol; blue circles, apoproteins.
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mice show striking similarity in their symptoms, 
pathophysiology, and response to the treatment. The 
complex symptoms in hemodialysis patients are col-
lectively designated as uremia and have been believed 
to be caused by the accumulation of multiple uremic 
toxins. However, the fact that the isolated deficiency 
of urinary phosphate excretion leads to pathophysiol-
ogy closely resembling uremia suggests that phosphate, 
or more specifically CPPs, may be the most important 
uremic toxin.

Aging Research in the Future

Basic aging research has focused on understand-
ing mechanisms of accelerated aging and extended 
longevity that are evolutionarily conserved throughout 
various species across the animal kingdom, including 
yeast, nematodes, flies, rodents, and primates. During 
this research endeavor, several important discoveries 
have been made including, but not limited to, the fol-
lowing: appropriate inhibition of insulin-like activ-
ity54) and restriction of calorie intake55) extend life 
span, and the accumulation of senescent cells acceler-
ates organismal aging56). Based on these findings, calo-
rie restriction mimetics and senolytic drugs that selec-
tively kill senescent cells have been developed, aiming 
at suppressing aging to solve healthcare problems in 
the aging society57, 58). By contrast, mechanisms of 
aging that are specific to particular species have never 
been explored. However, the serendipitous discovery 
of the kl/kl mouse exhibiting a premature aging syn-
drome has revealed that the FGF23–Klotho endocrine 
system, which is specific to vertebrates with the bone 
made of calcium–phosphate, leads to phenotypes 
resembling aging when disrupted1, 7). Furthermore, 
the fact that phosphate is responsible for the aging-
like phenotypes in mice lacking FGF23 or Klotho 
suggests that phosphate, or more precisely CPPs, may 
be a pro-aging factor specific to vertebrates. That is, 
vertebrates with the bone made of calcium–phosphate 
may be destined to age because of ectopic calcium–
phosphate. Studies on the aging mechanism specific 
to higher animals may open a new avenue for the 
development of effective anti-aging medicine.
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