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Abstract Klotho is a transmembrane protein with a wide spectrum of activity. The human 
Klotho gene shows 86% amino acid identity with the mouse protein. 
Many important pleiotropic functions of the Klotho protein have been revealed. 
Amongst them, there is a regulation of nitric oxide production, suppression 
of oxidative stress and inflammation, influence on the insulin-like growth factors 
and fibroblast growth factors signaling, modulation of calcium and phosphate 
metabolism, synthesis of vitamin D and other. Two forms of the Klotho protein are 
known. The secreted form strongly inhibits the oxidative stress, and, in humans, is 
more dominant than the membrane form. 
Studies on a mouse model resulted in the finding of the anti-aging effect of 
the Klotho protein. This activity is mainly associated with the suppression of 
oxidative stress, as well as it could be related to neuroprotective, cardioprotec-
tive, and metabolic functions.It might be speculated that Klotho, regarded as a 
neuroprotective factor, may have therapeutical applications in the future in the 
treatment of demyelinating and neurodegenerative disorders, especially multiple 
sclerosis (MS) and Alzheimer’s disease (AD). 
The Klotho through inhibition of oxidative stress possesses cardioprotective 
properties. Of note, one functional variant of Klotho is a risk factor for coronary 
disease as well as some nucleotide polymorphisms are associated with carotid 
arteriosclerosis. Moreover, the Klotho protein can inhibit Angiotensin II-induced 
cardiomyocyte hypertrophy. All those effects indicate that the Klotho protein may 
be useful in the therapy of heart failure and hypertension.
Undoubtedly, metabolic disturbances play an important role in the pathogenesis 
of many neurodegenerative and cardiovascular diseases. The metabolic effects 
of the Klotho protein are strongly connected with its neuroprotective and cardio-
protective activity. This protein affects adipogenesis, metabolism of glucose and 
lipids as well as calcium-phosphate system by influence on the activity of fibroblast 
growth factors (FGF19, FGF23, FGF21). 
Finally, it has been revealed that the Klotho protein has antitumor activity. Besides, 
the FGF-Klotho system may have a role in longevity and aging-related disorders. 
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THE KLOTHO PROTEIN – STRUCTURE, 
MECHANISM OF ACTION
Klotho is a transmembrane protein with a wide spec-
trum of activity. On one hand, the results of studies 
on a mouse model with Klotho deficiency indicated 
that these animals present systemic aging, infertility, 
arteriosclerosis, neural degeneration, gonadal atrophy, 
pulmonary emphysema and calcification of soft tissue 
(Kuro-o et al. 1997). On the other hand, the overex-
pression of Klotho leads to suppression of aging in mice 
(Kurosu et al. 2005). 

The human Klotho gene is located on chromosome 
13q12 (Matsumura et al. 1998), and shows 86% amino 
acid identity with the mouse protein. The expression 
of Klotho was discovered in some organs such the 
kidney, brain (especially in the choroid plexus), epithe-
lium, parathyroid gland, placenta, ovary, prostate, and 
small intestine (Matsumura et al. 1998; Shiraki-lida et 
al. 1998; Chihara et al. 2006., Lorenzi et al. 2010). The 
Klotho protein is found in both human sera and cere-
brospinal fluid (CSF) (Imura et al. 2009). 

The analysis of Klotho cDNA revealed two spliced 
transcripts, which encode two proteins: membrane 
Klotho and secreted Klotho, which are mainly pro-
duced in the brain and kidney (Matsumura et al. 1998). 
In detail, the secreted form in CSF is derived from the 
choroid plexus of the brain, however, the secreted form 
in serum is derived mainly from the kidney (Wang et 
al. 2009). 

In humans, the secreted form is more dominant than 
the membrane form and strongly modulates the oxida-
tive stress as it is involved in the regulation of nitric 
oxide production in the endothelium (Saito et al. 1998; 
Saito et al. 2000). Besides, this dominant form influ-
ences calcium homeostasis (Imura et al. 2007) as well 
as inhibits insulin-like growth factors signaling (Kurosu 
et al. 1997). 

The membrane form is known to be a co-receptor 
for the fibroblast growth factor (FGF)-23, and FGF 
activates specific receptors with α or β isoforms of the 
Klotho co-factors (Salminen et al. 2017). It has been 
found that the membrane form of Klotho plays a role 
in the mechanism of phosphate excretion in urine 
(Urakawa et al. 2006), and calcium homeostasis (Negri 
et al. 2005; Imura et al. 2007). 

Furthermore, Klotho is involved in the regulation 
of calcium and phosphorus homeostasis and synthe-
sis of vitamin D (Imura et al. 2007; Nabeshima, 2008; 
Nabeshima et al. 2008; Zeng et al. 2019). 

Interestingly, an anti-aging effect of Klotho is related 
to resistance to oxidative stress and inhibition of the 
insulin-like growth factor (IGF) signaling (Yamamoto 
et al. 2005). 

Referring to the above-mentioned data, it could be 
stated that the Klotho protein possesses some impor-
tant pleiotropic functions including the regulation 
of  fibroblast growth factors (including FGF19, FGF21 

and FGF23) signaling, suppression of insulin-like 
growth factor signaling, regulation of nitric oxide pro-
duction suppression of oxidative stress, and regulation 
of calcium homeostasis (German et al. 2012; Jeinsen et 
al. 2019).

THE METABOLIC EFFECTS OF THE 
KLOTHO PROTEIN
According to data from the literature, the Klotho pro-
tein is involved in the regulation of metabolic pro-
cesses (Long et al. 2011; Razzaque, 2012; Berezin and 
Berezin,2019; Silva et al. 2019).

Briefly, Klotho may influence adipogenesis, glucose, 
and lipid metabolism (Razzaque, 2012) by mediating 
FGF19 and FGF21 (Long et al. 2011). Furthermore, the 
involvement of Klotho in the mechanism of adipocyte 
maturation, adipocyte differentiation of preadipocytes 
to adipocyte cells and glucose metabolism has been 
also reported (Arking et al. 2003; Chihara et al. 2006; 
Zhang et al. 2008; Razzaque, 2012).

Besides, the Klotho protein plays a role in the 
regulation of calcium and phosphate metabolism by 
influence on the activity of FGF19, FGF23, FGF21 
(Nabeshima, 2008; Nabeshima et al. 2008; Wu et al. 
2009; Kurosu et al. 2009; Long et al. 2011). Interestingly, 
it has been revealed that the regulation of phosphate 
metabolism by Klotho, which is co-receptor of FGF23, 
and FGF23 may affect aging processes (Kuro-o, 2010). 
Notably, growing data indicate that FGF19, FGF21 
and FGF23 and Klotho, which influence on fibroblast 
growth factors, may participate in many metabolic 
processes, including the metabolism of glucose, lipids, 
phosphate, calcium, and vitamin D. All these functions 
suggest a potential Klotho’s role in the pathophysiology 
of metabolic diseases such as diabetes, obesity, kidney 
disorders and bone diseases (Kurosu et al. 2009; Kuro-
o, 2010). In details, the following metabolic activities 
of the FGF-Klotho system have been reported:
•  FGF19, secreted from the intestine, plays a role in the 

synthesis and metabolism of bile acids. 
•  FGF21 affects energy metabolism by activation 

of the AMPK – protein kinase through the FGF R1/β 
klotho proteins signaling or indirectly by stimula-
tion of expression and secretion of adiponectin and 
corticosteroids by activating the hypothalamo-pitu-
itary-adrenal axis (Salminen et al. 2017). Moreover, 
FGF21 stimulates glucose uptake and lipolysis in 
adipose tissue and activates thermogenesis (Khari-
tonenkov, 2009, Fisher et al. 2012). Besides, FGF21 
may regulate insulin-independent glucose transport 
in adipocytes (Kharitonenkov, 2009). Interestingly, 
an impairment of FGF21 signaling in adipose tissue 
may be connected with the downregulation of FGF21 
co-receptor or βKlotho during the onset of diet-
induced obesity. The group of Markan (Markan et 
al. 2017) showed that βKlotho levels are decreased in 
white adipose tissue but not in liver or brown adipose 
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tissue. The authors concluded that FGF21 resistance 
is not mediated by the downregulation of β Klotho 
expression in white adipose tissue (Markan et al. 
2017).

•  FGF23, secreted from bones, regulates phosphate 
metabolism in kidneys. 

Animal studies showed that in the Klotho mutant 
mouse with low Klotho protein concentration 
a  decreased insulin production and increased insulin 
sensitivity were present (Utsugi et al. 2000). Noticeably, 
a decrease of plasma the Klotho protein was described 
in patients with anorexia nervosa as well as in obese 
individuals (Amitani et al. 2013, Wolf et al. 2016). 

Taking into account that the metabolic disturbances 
play a pathogenetic role in many neurodegenerative 
and cardiovascular diseases, it could be presumed 
that the beneficial metabolic effects of the Klotho 
protein are involved in the mechanism of neuro- and 
cardioprotection.

THE ANTI-AGING AND 
NEUROPROTECTIVE EFFECTS OF THE 
KLOTHO PROTEIN
Data from the literature suggest that the anti-aging 
properties of Klotho are related to increased resistance 
to two unfavorable factors, oxidative stress (Kurosu et 
al. 2005), and inflammation (Liu et al. 2011). It is worth 
to notice that the Klotho gene polymorphisms and the 
FGF-Klotho system were associated with longevity and 
aging-related disorders (Zeng et al. 2018, Zhu et al. 
2019, Kuro-o M 2019). Besides, the Klotho activity is 
also among factors that impact on the length of life and 
disease related to age (Arking et al. 2002; Arking et al. 
2003; Arking et al. 2005; Invidia et al. 2010; Laina et al. 
2018; Zhu et al. 2019).

Animal studies indicated that the secretory form 
of  Klotho possesses neuroprotective properties (Chen 
et al. 2015). The Klotho secreted by the choroid plexus 
may prevent myelin degeneration in the aging brain 
in the mechanism of enhancement of the matura-
tion of  oligodendrocyte progenitors cells (OPCS) and 
myelination in the central nervous system (CNS) (Chen 
et al. 2013; Chen et al. 2015).

The neuroprotective effects of Klotho are also medi-
ated via the regulation of members of the redox system 
(Zeldich et al. 2014). These findings indicate that the 
Klotho protein may participate in the pathophysi-
ological mechanisms of neurodegenerative disorders 
(Prokhorova et al. 2019).

Furthermore, Kuroda et al. showed that FGF21 
drives the proliferation of oligodendrocyte precursor 
cells (OPCs) through interaction with βKlotho, a co-
receptor of FGF21 (Kuroda et al. 2017). In detail, these 
authors demonstrated in the in vitro experiment that 
human OPCs expressed βKlotho and proliferated in the 
response to FGF21.

It has been commonly accepted that the demyelin-
ation and axonal injury observed in multiple sclerosis 
(MS) result, at least partially, from autoimmunological 
processes. Without any doubt, the following features 
characterize multiple sclerosis: demyelination, axonal 
injury, and inflammation (Kamm et la., 2014).

It needs to be highlighted that Klotho can suppress 
TNFα-induced expression of adhesion molecules in the 
endothelium as seen in a model of endothelial inflam-
mation (Maekawa et al. 2009). Besides, in a study by 
Abraham and co-workers the Klotho protein caused 
a decrease of NF-Kβ activation, IkB phosphorylation, 
and inhibition of eNOS phosphorylation induced by 
TNFα (Abraham et al. 2012). 

The experiments on Klotho knockout demonstrated 
that the number of mature oligodendrocytes was lower 
in (Chen et al. 2015). Of note, the experimental results 
in the mouse model also revealed that the Klotho 
protein enhanced oligodendrocyte maturation and 
myelination and inhibited the oxidative stress (Chen et 
al. 2013). Data from human studies showed a decreased 
concentration of Klotho in CSF of patients with relaps-
ing-remitting multiple sclerosis (RRMS) (Emami et 
al. 2015). In a group of individuals with active RRMS 
with prolonged duration, the levels of Klotho tended to 
increase after therapy with immunomodulatory drugs, 
(Ahmadi et al. 2016). 

Interestingly, increasing Klotho levels may protect 
myelin integrity and prevent myelin degeneration in 
the aged brain. Moreover, Zeldich and colleagues sug-
gested that the Klotho protein may have a beneficial 
role in remyelination in the white matter and it may 
be a potential therapeutical target for myelin repair in 
multiple sclerosis (MS) (Zeldich et al. 2015).

Indeed, it is believed that the Klotho protein may be 
a new therapeutic target in selected diseases, including 
MS and, interestingly, schizophrenia, in which myelin 
dysfunction play a pathogenic role (Taveggia et al. 
2010). However, Yazici and colleagues investigated the 
relationship between neurodegeneration and Klotho 
protein, vitamin D and homocysteine levels in patients 
with schizophrenia and these authors demonstrated 
that in schizophrenia Klotho levels were non-signif-
icantly elevated as compared with the control group. 
Additionally, homocysteine, vitamin B12, and folic acid 
were significantly higher (Yazici et al. 2019). 

It could be speculated that the Klotho protein 
regarded as a neuroprotective factor being downregu-
lated with age may have future therapeutical applica-
tions in demyelinating and neurodegenerative diseases 
including not only multiple sclerosis but also Alzheim-
er’s disease (AD) (Abraham et al. 2012). 

There is a piece of growing evidence that Klotho 
may impact on the pathogenesis of Alzheimer’s disease. 
It has been shown that loss of Klotho expression leads 
to cognitive deficits (Chen et al. 2013). Interestingly, 
the clinical studies indicated that Klotho concentration 
in cerebrospinal fluid of patients with Alzheimer’s dis-
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ease was significantly lower as compared with controls 
(Semba et al. 2014).

The Klotho protein is a substrate for α, β and γ- 
secretase and inhibitors of β secretase reduces amyloid-
beta in Alzheimer’s disease (Bloch et al. 2009). Recently 
published results of experiments with the involvement 
of Alzheimer’s disease mouse model showed that 
intracerebroventricular injection of a lentiviral that 
encoded Klotho may promote the autophagic clear-
ance of amyloid-beta and protect against the cognitive 
deficit in AD mouse (Zeng et al. 2019). These results 
suggest a potential therapeutical application of Klotho 
usage in AD. 

However, it should be noted that the results of Porter 
and colleagues did not support the previous hypothesis 
that Klotho allele status affects Aβ (amyloid β), APOE 
E4 (apolipoprotein E) and cognitive decline in preclini-
cal Alzheimer’s disease (Porter et al. 2019).

Furthermore, the Klotho protein by inhibiting the 
insulin/IGF 1 signaling and decreasing oxidative stress 
in the brain may prevent the development of Alzheim-
er’s disease. Data concerning ligustilide, which inhibits 
IGF1 with simultaneous Klotho upregulation, suggests 
that Klotho may contribute to the neuroprotective 
effect of ligustilide in AD (Kuang et al. 2014). 

Finally, regarding other brain diseases and brain 
damage, the group of Hu found that decreased plasma 
Klotho concentration was related to the poor progno-
sis in patients with intracerebral hemorrhage (Hu et al. 
2019).

THE CARDIOVASCULAR EFFECTS 
OF KLOTHO
The animal and clinical studies showed strongly sug-
gested that the Klotho protein may play an important 
role in the pathophysiology of not only neurogenerative 
but also in cardiovascular complications (Shiozaki et al. 
2008). The results from experiments on animal model 
demonstrated a decrease in nitric oxide production, 
endothelial dysfunction, and arteriosclerosis in Klotho 
deficient mice (Kuro-o et al. 1997; Nagai et al. 2000; 
Shiozaki et al. 2008). The group of Maekawa found 
that Klotho reduces the expression of adhesion mol-
ecules and recovers suppression of endothelial nitric 
oxide synthase (eNOS) induced by immunomodula-
tion of TNF (Maekawa et al. 2009). The Klotho protein 
acting through inhibition of oxidative stress reveals car-
dioprotective, and this property might implicate forth-
coming therapeutical application of Klotho in patients 
with heart failure (Song et al. 2015).

The studies on animal models also showed that 
Klotho inhibits Angiotensin II-induced cardiomyocyte 
hypertrophy (Yu et al. 2016). Therefore, these results 
suggest that Klotho may act as an endogenous antihy-
pertrophic factor and, consequently, in the future, it 
may be a curative agent in heart failure and hyperten-
sion (Yu et al. 2016).

It has been reported that polymorphism in the 
human Klotho gene may be connected with age-related 
diseases such as stroke (Majumdar et al. 2010) coronary 
disease (Arking et al. 2003; Yamada et al. 2005; Semba 
et al. 2011) hypertension (Oguro et al. 2010) osteoporo-
sis (Yamada et al. 2005). 

The polymorphism in the Klotho gene may be asso-
ciated with the risk of ischemic stroke (Kim et al. 2006). 
These authors demonstrated that the G-395 A  in the 
Klotho gene might be a risk factor for cardioembolic 
stroke. Low plasma Klotho in patients with cardiovascu-
lar disease is a predictor of increased mortality (Semba 
et al. 2011). The functional KL-VS variant of the Klotho 
gene was associated with early-onset ischemic stroke 
(Majumdar et al. 2010). Moreover, this particular vari-
ant of Klotho was related to longevity and coronary dis-
ease (Arking et al. 2003; Arking et al. 2005; Invidia et 
al. 2010). Additionally, a relationship between the func-
tional variant of the Klotho gene and HDL cholesterol, 
blood pressure, and stroke was documented (Arking et 
al. 2005). 

The single nucleotide polymorphisms (SNP) 
of  Klotho have been found to associated with carotid 
atherosclerosis measured with mean carotid artery 
intima-media thickness) (IMI) in patients with hyper-
tension (Oguro et al. 2010).Interestingly, the Klotho 
gene polymorphisms are associated with longevity and 
cardiovascular disease (Laina et al. 2018). It has been 
observed that the functional variant of Klotho (KL-VS) 
is an independent risk factor for coronary artery dis-
ease (Arking et al. 2003). Furthermore, plasma Klotho 
levels negatively correlate with the presence of coronary 
disease and lower Klotho mRNA levels in the thoracic 
aorta (Corsetti et al. 2016). Besides, a relationship 
between the Klotho protein, FGF23, and mortality in 
cardiac diseases was confirmed. Silva and co-workers 
reported that Klotho and FGF 23 were associated with 
cardiovascular risk in the early stage of cardiovascu-
lar diseases (Solva et al. 2019). Higher plasma Klotho 
concentrations were connected with lower cardiometa-
bolic risk (Amaro-Gahete et al. 2019). On the contrary, 
the reduction of soluble Klotho concentrations was 
strongly associated with a proinflammatory status with 
lower IL10 concentrations and higher TNFα/IL10 and 
CRP levels (Martin-Nunez et al. 2019). 

In the literature, data are indicating that FGF23 
levels are increased in patients with congestive heart 
failure (CHF) and FGF23 is independently associated 
with unfavorable outcomes in CHF (Jeinsen et al. 2019). 
Moreover, the relationship between soluble Klotho 
and the cardiometabolic risk was also documented in 
healthy, sedentary middle-aged adults (Amaro-Gahete 
et al. 2019). Interestingly, it has been revealed that met-
abolic disturbances in prediabetes and diabetes mellitus 
with accompanying impairment of the FGF23-Klotho 
axis may lead to cardiovascular dysfunction (Berezin 
and Berezin, 2019) resulting in enhanced cardiovascu-
lar risk in patients with diabetes (Silva et al. 2019). 
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It is accepted that FGF23 is expressed in the bone 
and the myocardium. Although FGF23 plays an impor-
tant role in phosphate and vitamin D homeostasis, 
there is also a documented association between FGF 23 
and outcome in patients with congestive heart failure 
(von Jeinsen et al. 2019). These authors suggested that 
cardiovascular dysfunction may lead to increased bone 
FGF 23 expression. Furthermore, influencing the heart 
– bone axis may have therapeutic applications in the 
future (Jeinsen et al. 2019).

It should be noticed that FGF21 by binding to two 
kinds of receptors, FGFR 1C and FGFR 2C, in the 
presence of co-receptor βKlotho acts as a metabolic 
regulator of glucose and lipids, improves insulin sen-
sitivity and glucose uptake, and suppress lipogenesis, 
lipid oxidation (Cheng et al. 2016). Besides, serum 
FGF21 concentration changes are positively associated 
with atherosclerosis, coronary heart disease, myocar-
dial ischemic cardiac hypertrophy, diabetic cardiomy-
opathy. Therefore, taking into account the favorable 
influence of FGF21 on metabolic and cardioprotective 
activity, it could be speculated that FGF21 may be used 
as pharmacotherapeutic agent in the future. There are 
speculations that supplementation of FGF21 might 
induce beneficial effects in patients with cardiovascular 
diseases (Cheng et al. 2016).

THE ANTITUMOR ACTIVITY OF KLOTHO
The results of many studies indicated that Klotho has 
antitumor activity in humans (Zhou et al. 2015; Rubinek 
and Wolf, 2016; Zhu et al. 2019). The mechanism of this 
ability is based on the inhibition of insulin growth factor 
1 (IGF1) and fibroblast growth factor (Abramowitz et 
al. 2011). Anticancer effects of Klotho were reported 
in tumors of many organs including breast (Wolf et 
al. 2008), stomach (Wang et al. 2011), pancreas (Jiang 
et al. 2014), endometrium (Wójcik-Krowiranda et al. 
2018), cervix (Lee et al. 2010), thyroid (Motylewska et 
al. 2018), and brain especially glioma (Peshes-Yeloz et 
al. 2019). The group of Peshes-Yeloz found that Klotho 
messenger ribonucleic acid expression predicted sur-
vival in patients with high-grade glioma (Peshes-Yeloz 
et al. 2019). Noticeably, immunohistochemical stud-
ies of Pawlikowski and colleagues. demonstrated that 
a decreased expression of α-Klotho is involved in thy-
roid carcinogenesis (Pawlikowski et al. 2019). 

Finally, it has been shown that α Klotho is increased 
in active acromegaly and normalizes after treatment. 
(Jawiarczyk-Przybyłowska et al. 2016). The authors 
suggested that Klotho protein may be a new marker 
of acromegaly activity.

CONCLUSIONS
1.  The Klotho protein is involved in the metabolic pro-

cesses of glucose, lipids, calcium-phosphate, and vita-
min D, as well as in the pathophysiology of metabolic 

diseases like diabetes, obesity, kidney diseases, and 
bone diseases.

2.  The Klotho protein may participate in the patho-
physiological mechanisms of neurodegenerative and 
cardiological diseases.

3.  Metabolic, neuroprotective, cardioprotective, and 
antitumor activity of Klotho may indicate that Klotho 
and FGF system plays an important role in longev-
ity and some aging-related disorders and may have 
therapeutical applications in the future. 

4.  The antitumor activity of Klotho protein was docu-
mented in patients with cancers of many organs.

FUNDING
No external fundings were received to write this 
manuscript.

DISCLOSURE
The authors declare no conflict of interest. 

ACKNOWLEDGMENTS
None.

REFERENCES

1  Abraham CR, Chen C, Cuny GD, Glicksman MA, Zeldich E. (2012). 
Small-molecule Klotho enhancers as novel treatment of neuro-
degeneration. Future Med Chem. 4(13): 1671–9.

2  Abramovitz L, Rubinek T, Ligumsky H, Bose S, Barshack I, Avivi 
C, Kaufman B, Wolf I. (2011) KL1 internal repeat mediates klotho 
tumor suppressor activities and inhibits bFGF and IGF-I signal-
ing in pancreatic cancer. Clin Cancer Res. 17(13): 4254–66.

3  Ahmadi M, Emami Aleagha MS, Harirchian MH, Yarani R, Tavakoli 
F, Siroos B. (2016). Multiple sclerosis influences on the augmen-
tation of serum Klotho concentration. J Neurol Sci. 362: 69–72.

4  Amaro-Gahete FJ, Jurado-Fasoli L, Sanchez-Delgado G, García-
Lario JV, Castillo MJ, Ruiz JR. (2020) Relationship between 
plasma S-Klotho and cardiometabolic risk in sedentary adults. 
Aging (Albany NY). 12(3): 2698–2710

5  Amitani M, Asakawa A, Amitani H, Kaimoto K, Sameshima N, 
Koyama KI, Haruta I, Tsai M, Nakahara T, Ushikai M, Cheng KC, 
Hamada S, Inui A. (2013). Plasma klotho levels decrease in both 
anorexia nervosa and obesity. Nutrition. 29(9): 1106–9

6  Arking DE, Atzmon G, Arking A, Barzilai N, Dietz HC. (2005). 
Association between a functional variant of the KLOTHO gene 
and high-density lipoprotein cholesterol, blood pressure, 
stroke, and longevity. Circ Res. 96(4): 412–8

7  Arking DE, Becker DM, Yanek LR, Fallin D, Judge DP, Moy TF, 
Becker LC, Dietz HC. (2003). KLOTHO allele status and the risk 
of early-onset occult coronary artery disease. Am J Hum Genet. 
72(5): 1154–61

8  Arking DE, Krebsova A, Macek M Sr, Macek M Jr, Arking A, Mian 
IS, Fried L, Hamosh A, Dey S, McIntosh I, Dietz HC. (2002). Asso-
ciation of human aging with a functional variant of klotho. Proc 
Natl Acad Sci U S A. 99(2): 856–61

9  Berezin AE, Berezin AA. (2019) Impaired function of fibroblast 
growth factor 23 / Klotho protein axis in prediabetes and 
diabetes mellitus: Promising predictor of cardiovascular risk. 
Diabetes Metab Syndr. 13(4): 2549–2556.

10  Bloch L, Sineshchekova O, Reichenbach D, Reiss K, Saftig P, 
Kuro-o M, Kaether C. (2009). Klotho is a substrate for alpha-, 
beta- and gamma-secretase. FEBS Lett. 583(19): 3221–4



74 Copyright © 2020 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

Baranowska et al: The metabolic, neuroprotective cardioprotective and antitumor eff ects of the Klotho protein 

11  Chen CD, Li H, Liang J, Hixson K, Zeldich E, Abraham CR. (2015). 
The anti-aging and tumor suppressor protein Klotho enhances 
differentiation of a human oligodendrocytic hybrid cell line. 
J Mol Neurosci. 55(1): 76–90.

12  Chen CD, Sloane JA, Li H, Aytan N, Giannaris EL, Zeldich E, 
Hinman JD, Dedeoglu A, Rosene DL, Bansal R, Luebke JI, Kuro-o 
M, Abraham CR. (2013). The antiaging protein Klotho enhances 
oligodendrocyte maturation and myelination of the CNS. 
J Neurosci. 33(5): 1927–39

13  Cheng P, Zhang F, Yu L, Lin X, He L, Li X, Lu X, Yan X, Tan Y, Zhang 
C. (2016). Physiological and Pharmacological Roles of FGF21 in 
Cardiovascular Diseases. J Diabetes Res. 2016: 1540267

14  Chihara Y, Rakugi H, Ishikawa K, Ikushima M, Maekawa Y, Ohta 
J, Kida I, Ogihara T. (2006). Klotho protein promotes adipocyte 
differentiation. Endocrinology. 147(8): 3835–42.

15  Corsetti G, Pasini E, Scarabelli TM, Romano C, Agrawal PR, Chen-
Scarabelli C, Knight R, Saravolatz L, Narula J, Ferrari-Vivaldi M, 
Flati V, Assanelli D, Dioguardi FS. (2016). Decreased expres-
sion of Klotho in cardiac atria biopsy samples from patients at 
higher risk of atherosclerotic cardiovascular disease. J Geriatr 
Cardiol. 13(8): 701–711

16  Emami Aleagha MS, Siroos B, Ahmadi M, Balood M, Palangi A, 
Haghighi AN, Harirchian MH. (2015). Decreased concentration 
of Klotho in the cerebrospinal fluid of patients with relapsing-
remitting multiple sclerosis. J Neuroimmunol. 281: 5–8.

17  Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, 
Wu J, Kharitonenkov A, Flier JS, Maratos-Flier E, Spiegelman BM. 
(2012). FGF21 regulates PGC-1α and browning of white adipose 
tissues in adaptive thermogenesis. Genes Dev. 26(3): 271–81. 

18  German DC, Khobahy I, Pastor J, Kuro-O M, Liu X. (2012). 
Nuclear localization of Klotho in brain: an anti-aging protein. 
Neurobiol Aging. 33(7): 1483.e25–30

19  Hu ZJ, Wang XC, Zhu LC, Yao YM, Chen TT, Xu J, Lu RF. (2019) 
Circulating Klotho is linked to prognosis of acute intracerebral 
hemorrhage. Clin Chim Acta. 497: 114–119.

20  Imura A, Iwano A, Tohyama O, Tsuji Y, Nozaki K, Hashimoto N, 
Fujimori T, Nabeshima Y. (2004). Secreted Klotho protein in sera 
and CSF: implication for post-translational cleavage in release 
of Klotho protein from cell membrane. FEBS Lett. 565(1–3): 
143–7

21  Imura A, Tsuji Y, Murata M, Maeda R, Kubota K, Iwano A, 
Obuse C, Togashi K, Tominaga M, Kita N, Tomiyama K, Iijima 
J, Nabeshima Y, Fujioka M, Asato R, Tanaka S, Kojima K, Ito J, 
Nozaki K, Hashimoto N, Ito T, Nishio T, Uchiyama T, Fujimori T, 
Nabeshima Y. (2007). alpha-Klotho as a regulator of calcium 
homeostasis. Science. 316(5831): 1615–8.

22  Invidia L, Salvioli S, Altilia S, Pierini M, Panourgia MP, Monti D, 
De Rango F, Passarino G, Franceschi C. (2010). The frequency 
of  Klotho KL-VS polymorphism in a large Italian population, 
from young subjects to centenarians, suggests the presence 
of specific time windows for its effect. Biogerontology. 11(1): 
67–73.

23  Jawiarczyk-Przybyłowska A, Halupczok-Żyła J, Bolanowski 
M. (2016) Soluble α-Klotho - a new marker of acromegaly? 
Endokrynol Pol. 67(4): 390–6.

24  Jiang B, Gu Y, Chen Y. (2014) Identification of novel predictive 
markers for the prognosis of pancreatic ductal adenocarci-
noma. Cancer Invest. 32(6): 218–25. 

25  Kamm CP, Uitdehaag BM, Polman CH. (2014) Multiple sclerosis: 
current knowledge and future outlook. Eur Neurol. 72(3–4): 
132–41

26  Kharitonenkov A. (2009) FGFs and metabolism. Curr Opin Phar-
macol. 9(6): 805–10

27  Kim Y, Kim JH, Nam YJ, Kong M, Kim YJ, Yu KH, Lee BC, Lee C. 
(2006). Klotho is a genetic risk factor for ischemic stroke 
caused by cardioembolism in Korean females. Neurosci Lett. 
407(3): 189–94

28  Kuang X, Chen YS, Wang LF, Li YJ, Liu K, Zhang MX, Li LJ, Chen 
C, He Q, Wang Y, Du JR. (2014). Klotho upregulation contributes 
to the neuroprotection of ligustilide in an Alzheimer's disease 
mouse model. Neurobiol Aging. 35(1): 169–78.

29  Kuroda M, Muramatsu R, Maedera N, Koyama Y, Hamaguchi 
M, Fujimura H, Yoshida M, Konishi M, Itoh N, Mochizuki H, 
Yamashita T. (2017). Peripherally derived FGF21 promotes 
remyelination in the central nervous system. J Clin Invest. 
127(9): 3496–3509.

30  Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi 
T, Ohyama Y, Kurabayashi M, Kaname T, Kume E, Iwasaki H, Iida 
A, Shiraki-Iida T, Nishikawa S, Nagai R, Nabeshima YI. (1997). 
Mutation of the mouse klotho gene leads to a syndrome 
resembling aging. Nature. 390(6655): 45–51

31  Kuro-o M. (2010) Klotho. Pflugers Arch. 459(2): 333–43. 
32  Kuro-O M. (2019) The Klotho proteins in health and disease. Nat 

Rev Nephrol. 15(1): 27–44.
33  Kuro-o M. Klotho as a regulator of oxidative stress and senes-

cence. Biol Chem. 2008. 389(3): 233–41. 
34  Kurosu H, Kuro-O M. (2009). The Klotho gene family as a regula-

tor of endocrine fibroblast growth factors. Mol Cell Endocrinol. 
299(1): 72–8.

35  Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani P, 
McGuinness OP, Chikuda H, Yamaguchi M, Kawaguchi H, Shimo-
mura I, Takayama Y, Herz J, Kahn CR, Rosenblatt KP, Kuro-o M. 
(2005). Suppression of aging in mice by the hormone Klotho. 
Science. 309(5742): 1829–33. 

36  Laina A, Stellos K, Stamatelopoulos K. (2018). Vascular aging: 
Underlying mechanisms and clinical implications. Exp Geron-
tol. 109: 16–30.

37  Lee J, Jeong DJ, Kim J, Lee S, Park JH, Chang B, Jung SI, Yi L, 
Han Y, Yang Y, Kim KI, Lim JS, Yang I, Jeon S, Bae DH, Kim CJ, Lee 
MS. (2010) The anti-aging gene KLOTHO is a novel target for 
epigenetic silencing in human cervical carcinoma. Mol Cancer. 
9: 109.

38  Liu F, Wu S, Ren H, Gu J. (2011). Klotho suppresses RIG-I-medi-
ated senescence-associated inflammation. Nat Cell Biol. 13(3): 
254–62.

39  Long YC, Kharitonenkov A. (2011). Hormone-like fibroblast 
growth factors and metabolic regulation. Biochim Biophys 
Acta. 1812(7): 791–5. 

40  Lorenzi O, Veyrat-Durebex C, Wollheim CB, Villemin P, Rohner-
Jeanrenaud F, Zanchi A, Vischer UM. (2010). Evidence against 
a  direct role of klotho in insulin resistance. Pflugers Arch. 
459(3): 465–73.

41  Maekawa Y, Ishikawa K, Yasuda O, Oguro R, Hanasaki H, Kida I, 
Takemura Y, Ohishi M, Katsuya T, Rakugi H. (2009). Klotho sup-
presses TNF-alpha-induced expression of adhesion molecules 
in the endothelium and attenuates NF-kappaB activation. 
Endocrine. 35(3): 341–6

42  Majumdar V, Nagaraja D, Christopher R. (2010). Association 
of the functional KL-VS variant of Klotho gene with early-onset 
ischemic stroke. Biochem Biophys Res Commun. 403(3-4): 
412–6. 

43  Markan KR, Naber MC, Small SM, Peltekian L, Kessler RL, Pot-
thoff MJ. (2017) FGF21 resistance is not mediated by down-
regulation of beta-klotho expression in white adipose tissue. 
Mol Metab. 6(6): 602–610.

44  Martín-Núñez E, Donate-Correa J, Ferri C, López-Castillo Á, Del-
gado-Molinos A, Hernández-Carballo C, Pérez-Delgado N, Rodrí-
guez-Ramos S, Cerro-López P, Tagua VG, Mora-Fernández C, 
Navarro-González JF. (2020) Association between serum levels 
of Klotho and inflammatory cytokines in cardiovascular disease: 
a case-control study. Aging (Albany NY). 12(2): 1952–1964.

45  Matsumura Y, Aizawa H, Shiraki-Iida T, Nagai R, Kuro-o M, 
Nabeshima Y. (1998). Identification of the human klotho gene 
and its two transcripts encoding membrane and secreted 
klotho protein. Biochem Biophys Res Commun. 242(3): 626–30

46  Motylewska E, Stępień T, Borkowska M, Kuzdak K, Siejka A, 
Komorowski J, Stępień H, Ławnicka H. (2018) Alteration in the 
serum concentrations of FGF19, FGFR4 and βKlotho in patients 
with thyroid cancer. Cytokine. 105: 32–36.

47  Nabeshima Y, Imura H. (2008). alpha-Klotho: a regulator that 
integrates calcium homeostasis. Am J Nephrol. 28(3): 455–64. 

48  Nabeshima Y. (2008). The discovery of alpha-Klotho and FGF23 
unveiled new insight into calcium and phosphate homeostasis. 
Cell Mol Life Sci. 65(20): 3218–30. 



75Neuroendocrinology Letters Vol. 41 No. 2 2020 • Article available online: www.nel.edu

Baranowska et al: The metabolic, neuroprotective cardioprotective and antitumor eff ects of the Klotho protein 

49  Nagai R, Saito Y, Ohyama Y, Aizawa H, Suga T, Nakamura T, 
Kurabayashi M, Kuroo M. (2000). Endothelial dysfunction in the 
klotho mouse and downregulation of klotho gene expression 
in various animal models of vascular and metabolic diseases. 
Cell Mol Life Sci. 57(5): 738–46

50  Negri AL. (2005). The klotho gene: a gene predominantly 
expressed in the kidney is a fundamental regulator of aging 
and calcium/phosphorus metabolism. J Nephrol. 18(6): 654–8. 

51  Oguro R, Kamide K, Kokubo Y, Shimaoka I, Congrains A, Horio 
T, Hanada H, Ohishi M, Katsuya T, Okamura T, Miyata T, Kawano 
Y, Rakugi H. (2010). Association of carotid atherosclerosis with 
genetic polymorphisms of the klotho gene in patients with 
hypertension. Geriatr Gerontol Int. 10(4): 311–8

52  Pawlikowski M, Pisarek H, Borkowska M, Winczyk K. (2019) 
Expression of α-Klotho protein in human thyroid cancers - an 
immunohistochemical study. Endokrynol Pol. 70(3): 237–240

53  Peshes-Yeloz N, Ungar L, Wohl A, Jacoby E, Fisher T, Leitner M, 
Nass D, Rubinek T, Wolf I, Cohen ZR. (2019) Role of Klotho Protein 
in Tumor Genesis, Cancer Progression, and Prognosis in Patients 
with High-Grade Glioma. World Neurosurg. 130: e324–e332. 

54  Porter T, Burnham SC, Milicic L, Savage G, Maruff P, Lim YY, Ames 
D, Masters CL, Martins RN, Rainey-Smith S, Rowe CC, Salvado O, 
Groth D, Verdile G, Villemagne VL, Laws SM. (2019) Klotho allele 
status is not associated with Aβ and APOE ε4-related cognitive 
decline in preclinical Alzheimer's disease. Neurobiol Aging. 
76: 162–165.

55  Prokhorova TA, Boksha IS, Savushkina OK, Tereshkina EB, Bur-
baeva GS. (2019) α-Klotho protein in neurodegenerative and 
mental diseases. Zh Nevrol Psikhiatr Im S S Korsakova. 119(1): 
80–88.

56  Razzaque MS. (2012). The role of Klotho in energy metabolism. 
Nat Rev Endocrinol. 8(10): 579–87

57  Rubinek T, Wolf I. (2016) The Role of Alpha-Klotho as a Universal 
Tumor Suppressor. Vitam Horm. 101: 197–214.

58  Saito Y, Nakamura T, Ohyama Y, Suzuki T, Iida A, Shiraki-Iida T, 
Kuro-o M, Nabeshima Y, Kurabayashi M, Nagai R. (2000). In vivo 
klotho gene delivery protects against endothelial dysfunc-
tion in multiple risk factor syndrome. Biochem Biophys Res 
Commun. 276(2): 767–72

59  Saito Y, Yamagishi T, Nakamura T, Ohyama Y, Aizawa H, Suga T, 
Matsumura Y, Masuda H, Kurabayashi M, Kuro-o M, Nabeshima 
Y, Nagai R. (1998). Klotho protein protects against endothelial 
dysfunction. Biochem Biophys Res Commun. 248(2): 324–9.

60  Salminen A, Kauppinen A, Kaarniranta K. (2017). FGF21 acti-
vates AMPK signaling: impact on metabolic regulation and the 
aging process. J Mol Med (Berl). 95(2): 123–131.

61  Semba RD, Cappola AR, Sun K, Bandinelli S, Dalal M, Crasto C, 
Guralnik JM, Ferrucci L. (2011). Plasma klotho and cardiovascu-
lar disease in adults. J Am Geriatr Soc. 59(9): 1596–601

62  Semba RD, Cappola AR, Sun K, Bandinelli S, Dalal M, Crasto C, 
Guralnik JM, Ferrucci L. (2011). Plasma klotho and mortality risk 
in older community-dwelling adults. J Gerontol A Biol Sci Med 
Sci. 66(7): 794–800.

63  Semba RD, Moghekar AR, Hu J, Sun K, Turner R, Ferrucci L, 
O'Brien R. (2014). Klotho in the cerebrospinal fluid of adults 
with and without Alzheimer's disease. Neurosci Lett. 558: 
37–40

64  Shiozaki M, Yoshimura K, Shibata M, Koike M, Matsuura N, Uchi-
yama Y, Gotow T. (2008). Morphological and biochemical signs 
of age-related neurodegenerative changes in klotho mutant 
mice. Neuroscience. 152(4): 924–41

65  Shiraki-Iida T, Aizawa H, Matsumura Y, Sekine S, Iida A, Anazawa 
H, Nagai R, Kuro-o M, Nabeshima Y. (1998). Structure of the 
mouse klotho gene and its two transcripts encoding mem-
brane and secreted protein. FEBS Lett. 424(1–2): 6–10.

66  Silva AP, Mendes F, Carias E, Gonçalves RB, Fragoso A, Dias C, 
Tavares N, Café HM, Santos N, Rato F, Leão Neves P, Almeida 
E. (2019) Plasmatic Klotho and FGF23 Levels as Biomarkers 
of CKD-Associated Cardiac Disease in Type 2 Diabetic Patients. 
Int J Mol Sci. 20(7).

67  Song S, Si LY. (2015). Klotho ameliorated isoproterenol-induced 
pathological changes in cardiomyocytes via the regulation 
of oxidative stress. Life Sci. 135: 118–23

68  Taveggia C, Feltri ML, Wrabetz L. (2010). Signals to promote 
myelin formation and repair. Nat Rev Neurol. 6(5): 276–87.

69  Urakawa I, Yamazaki Y, Shimada T, Iijima K, Hasegawa H, Okawa 
K, Fujita T, Fukumoto S, Yamashita T. (2006). Klotho converts 
canonical FGF receptor into a specific receptor for FGF23. 
Nature. 444(7120): 770–4.

70  Utsugi T, Ohno T, Ohyama Y, Uchiyama T, Saito Y, Matsumura 
Y, Aizawa H, Itoh H, Kurabayashi M, Kawazu S, Tomono S, Oka 
Y, Suga T, Kuro-o M, Nabeshima Y, Nagai R. (2000). Decreased 
insulin production and increased insulin sensitivity in the 
klotho mutant mouse, a novel animal model for human aging. 
Metabolism. 49(9): 1118–23

71  von Jeinsen B, Sopova K, Palapies L, Leistner DM, Fichtlscherer 
S, Seeger FH, Honold J, Dimmeler S, Aßmus B, Zeiher AM, Keller 
T. (2019) Bone marrow and plasma FGF-23 in heart failure 
patients: novel insights into the heart-bone axis. ESC Heart Fail. 
6(3): 536–544.

72  Wang L, Wang X, Wang X, Jie P, Lu H, Zhang S, Lin X, Lam EK, Cui 
Y, Yu J, Jin H. (2011) Klotho is silenced through promoter hyper-
methylation in gastric cancer. Am J Cancer Res. 1(1): 111–119.

73  Wang Y, Sun Z. (2009). Current understanding of klotho. Aging 
Res Rev. 8(1): 43–51.

74  Wójcik-Krowiranda KM, Szczepaniec S, Bieńkiewicz A. (2018) 
The role of the βKlotho gene in uterine endometrial cancer. 
Ginekol Pol. 89(10): 563–567

75  Wolf I, Levanon-Cohen S, Bose S, Ligumsky H, Sredni B, Kanety 
H, Kuro-o M, Karlan B, Kaufman B, Koeffler HP, Rubinek T. (2008) 
Klotho: a tumor suppressor and a modulator of the IGF-1 and 
FGF pathways in human breast cancer. Oncogene. 27(56): 
7094–105.

76  Wolf I, Stein D, Shahmoon S, Ziv SI, Hemi R, Kanety H, Rubinek 
T, Modan-Moses D. (2016). Alteration in serum klotho levels in 
anorexia nervosa patients. Clin Nutr. 35(4): 958–62.

77  Wu X, Li Y. (2009). Role of FGF19 induced FGFR4 activation in 
the regulation of glucose homeostasis. Aging (Albany NY). 
1(12): 1023–7

78  Yamada Y, Ando F, Niino N, Shimokata H. (2005). Association 
of polymorphisms of the androgen receptor and klotho genes 
with bone mineral density in Japanese women. J Mol Med 
(Berl). 83(1): 50–7.

79  Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu 
H, Miyoshi M, Ogawa Y, Castrillon DH, Rosenblatt KP, Kuro-o 
M. (2005). Regulation of oxidative stress by the anti-aging hor-
mone klotho. J Biol Chem. 280(45): 38029–34

80  Yazici E, Mutu Pek T, Guzel D, Yazici AB, Akcay Ciner O, Erol A. 
(2019) Klotho, vitamin D and homocysteine levels during acute 
episode and remission periods in schizophrenia patients. Nord 
J Psychiatry. 73(3): 178–184

81  Yu L, Meng W, Ding J, Cheng M. (2016). Klotho inhibits angio-
tensin II-induced cardiomyocyte hypertrophy through suppres-
sion of the AT1R/beta catenin pathway. Biochem Biophys Res 
Commun. 473(2): 455–61. 

82  Zeldich E, Chen CD, Avila R, Medicetty S, Abraham CR. (2015). 
The Anti-Aging Protein Klotho Enhances Remyelination Follow-
ing Cuprizone-Induced Demyelination. J Mol Neurosci. 57(2): 
185–96.

83  Zeldich E, Chen CD, Colvin TA, Bove-Fenderson EA, Liang J, 
Tucker Zhou TB, Harris DA, Abraham CR. (2014). The neuropro-
tective effect of Klotho is mediated via regulation of members 
of the redox system. J Biol Chem. 289(35): 24700–15.

84  Zeng QY, Yang TT, Zhou HJ, Zhao Y, Kuang X, Duan W, Du JR. 
(2019). Lentiviral vector-mediated overexpression of Klotho 
in the brain improves Alzheimer's disease-like pathology and 
cognitive deficits in mice. Neurobiol Aging. 78: 18–28. 

85  Zhang H, Li Y, Fan Y, Wu J, Zhao B, Guan Y, Chien S, Wang N. 
(2008). Klotho is a target gene of PPAR-gamma. Kidney Int. 
74(6): 732–9.

86  Zhou X, Wang X. (2015) Klotho: a novel biomarker for cancer. 
J Cancer Res Clin Oncol. 141(6): 961–9. 

87  Zhu Z, Xia W, Cui Y, Zeng F, Li Y, Yang Z, Hequn C. (2019) Klotho 
gene polymorphisms are associated with healthy aging and 
longevity: Evidence from a meta-analysis. Mech Aging Dev. 
178: 33–40.


