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ABSTRACT 

Klotho, a multifunctional protein, acts as a co-receptor in fibroblast growth factor 23 and exerts its impact through 

various molecular pathways, including Wnt, hypoxia-inducible factor and insulin-like growth factor 1 pathways. The 
physiological significance of Klotho is the regulation of vitamin D and phosphate metabolism as well as serving as a vital 
component in aging and neurodegeneration. The role of Klotho in aging and neurodegeneration in particular has gained 
considerable attention. In this narrative review we highlight several key insights into the molecular basis and 
physiological function of Klotho and synthesize current research on the role of Klotho in neurodegeneration and aging. 
Klotho deficiency was associated with cognitive impairment, reduced growth, diminished longevity and the development 
of age-related diseases in vivo . Serum Klotho levels showed a decline in individuals with advanced age and those 
affected by chronic kidney disease, establishing its potential diagnostic significance. Additionally, multiple medications 
have been demonstrated to influence Klotho levels. Therefore, this comprehensive review suggests that Klotho could 
open the door to novel interventions aimed at addressing the challenges of aging and neurodegenerative disorders. 
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NTRODUCTION 

ging and neurodegenerative disorders are complex medical 
onditions with poorly understood underlying pathophysiology 
hat may affect virtually all tissues and organs. A limited num- 
er of genes and their transcripts have been associated with ei- 
her premature aging, as seen in progeria, or with longevity [1 ,
 ]. The α-Klotho protein, first identified in mice studies in 1997 
3 ], primarily functions as a co-receptor for fibroblast growth fac- 
or 23 ( FGF23) in the kidneys and parathyroid gland and there- 
ore has a crucial role in phosphate homeostasis, vitamin D 

etabolism and vascular calcification [4 ]. In addition, α-Klotho 
as been identified in a wide variety of tissues, consistent with 
ts role in the aging process, including endocrine organs, arter- 
es and reproductive, epithelial and neuronal tissue [5 , 6 ]. β- 
lotho is primarily expressed in the liver, adipose tissue and 
idneys and plays a role in lipid and energy metabolism by act- 
ng as co-receptor for FGF15 and FGF21 [7 , 8 ], while the γ -Klotho 
soform is expressed in the brown adipose tissue, skin and kid- 
eys with as yet poorly defined roles and by acting as co-receptor 
or FGF receptor 1b ( FGFR1b) , FGFR1c, FGFR2c and FGFR4 [4 , 9 ,
0 ] and are not discussed in the current review. Nevertheless,
reclinical studies conducted on Klotho knockout mice have re- 
ealed that Klotho deficiency is associated with impaired cog- 
ition, shorter lifespan, cardiac hypertrophy, vascular calcifica- 
ion, multi-organ atrophy and fibrosis and growth retardation 
3 , 11 ]. Moreover, overexpression of the Klotho gene has been 
hown to lengthen lifespan in mice [12 ], which raises the po- 
ential question of whether Klotho may be utilized as a target to 
ontrol or reverse aging and/or neurodegeneration. One draw- 
ack of such models is the lack of distinction between soluble 
nd transmembrane Klotho molecules, which may potentially 
ave distinct physiological roles in the human body. Whether 
uch physiological and pathological outcomes of Klotho defi- 
iency and/or overexpression may simply be attributable to the 
ole of Klotho on phosphate metabolism is unclear and should 
e evaluated with caution with the discovery of multiple phos- 
hate metabolism–independent functions of Klotho protein. In 
his narrative review, our aim is to evaluate the potential patho- 
hysiological and therapeutic role of Klotho protein in aging and 
eurodegenerative conditions. 

he molecular basis 

lotho is a single-pass 130-kD transmembrane protein consist- 
ng of a short cytoplasmic tail, a transmembrane domain and 
wo extracellular domains referred to as Kl1 and Kl2 and pri- 
arily expressed in kidneys, parathyroid glands and choroid 
lexus [13 ]. Membrane-bound Klotho functions as a co-receptor 
or FGF23 and FGFRs, while cleavage of the extracellular domains 
f Klotho protein leads to the formation of soluble Klotho [14 ].
he extracellular domain of Klotho is released into the blood 
irculation through cleavage by a disintegrin and metallopro- 
einase domain-containing protein 10 ( ADAM10) and ADAM17,
hich is stimulated by insulin and inhibited by metallopro- 
einase inhibitors [15 ]. It has been demonstrated that the kid- 
ey has a dual role in Klotho homeostasis, as it has been 
hown to produce and release Klotho into the circulation while 
lso clearing Klotho from the blood into the urinary lumen 
13 ]. Soluble Klotho is the primary form of Klotho present in 
rine via tubular transcytosis, not glomerular filtration [13 ],
nd acts as a paracrine and endocrine signal in many organ 
ystems [16 ]. 
lotho gene 

he Klotho gene is located at chromosome 5 in humans between 
he PDS5B and STARD13 genes, which is homologous to the rat 
nd mouse genomes [17 ]. The Klotho gene includes five exons 
nd four introns [18 ]. The transcription of Klotho is downregu- 
ated in response to pro-inflammatory conditions, angiotensin 
I, nuclear factor κ light chain enhancer of activated B cells ( NF- 
B) signalling, matrix metalloproteinases and certain conditions 
uch as dehydrated states and diabetic nephropathy [19 –21 ]. On 
he other hand, vitamin D, the peroxisome proliferator-activated 
eceptor γ ( PPAR- γ ) signalling pathway and multiple medica- 
ions such as losartan, statins, fosinopril, erythropoietin and ra- 
amycin upregulate Klotho gene expression [17 , 22 –24 ]. 

hysiological functions 

he Klotho protein has multiple physiological functions in vari- 
us organs systems through multiple signalling pathways. 

hosphate homeostasis 

GF23, a bone-derived hormone, is a phosphaturic hormone 
ith gain-of-function mutations leading to resistance towards 
egradation by PHEX ( phosphate regulating endopeptidase ho- 
olog, X-linked) , leading to autosomal dominant hypophos- 
hataemic rickets. FGF23 has weak affinity towards FGFRs in 
roximal tubules, while Klotho protein is crucial in the main- 
enance of such a link. The N-terminal region of FGF23 binds to 
GFRs and the C-terminal region interacts with Klotho protein,
hile completion of such a complex leads to inhibition of phos- 
hate reabsorption through proximal tubules due to downregu- 
ation of NaPi-2a and NaPi-2c and inhibition of active vitamin D 

eneration due to downregulation of enzyme 1-alpha hydroxy- 
ase [25 , 26 ]. Other physiological actions of FGF23 on phosphate 
etabolism include the upregulation of enzyme 24-hydroxylase,
hich is involved in the inactivation of active vitamin D and at- 
enuation of parathyroid hormone release [27 , 28 ]. 

nt signalling pathway 

he Wnt/ β-catenin signalling pathway is involved in cell cycle 
rrest at the G2/M phase and upregulation of pro-fibrotic cy- 
okines and molecules [29 ]. Also, the Wnt/ β-catenin signalling 
athway is a universal pathway involved in embryogenesis 
ia axis development, cell proliferation and cell migration [29 ].
lotho has been shown to inhibit the Wnt signalling pathway 
ia binding to multiple natural Wnt ligands [30 ]. Klotho is also
nvolved in the regulation of intracellular calcium homeostasis 
31 ], which may lead to inducement of μ-calpain, a calcium- 
ependent protease, thus leading to degradation of β-catenin 
32 ]. Moreover, a decrease in the levels of Klotho in chronic kid-
ey disease ( CKD) patients may contribute to the development 
f kidney injury and fibrosis due to loss of suppression on the 
nt/ β-catenin signalling pathway [32 ]. Additionally, augmented 
nt signalling has been linked to stem and progenitor cell dys- 

unction and cellular senescence. Therefore, Klotho-mediated 
ownregulation of the Wnt signalling pathway may reverse such 
 condition and improve tissue regeneration [30 ]. 

nsulin-like growth factor 1 ( IGF-1) signalling pathway 

ultiple studies have demonstrated that Klotho suppresses the 
ownstream signalling pathways of IGF or insulin receptor sub- 
trate ( IRS) without direct interaction [33 , 34 ]. One possible 
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xplanation is through the interactions over forkhead box pro- 
eins ( FOXOs) in which activation of the IGF-1 signalling pathway 
esults in upregulation of the PI3K/Akt pathway and phosphory- 
ation of FOXO1/3a/4 proteins. Such phosphorylation prevents 
he nuclear translocation of FOXOs and thereby interferes with 
heir transcription activity, including glucose-6-phosphatase ac- 
ivity involved in gluconeogenesis in the liver [35 ]. Also, FOXO1
s involved in the downregulation of adipogenesis via binding 
o the promoter region of PPAR γ while Klotho protein leads to
ontradictory action via binding to the same region [36 ]. Another
nti-aging property of Klotho protein is the inhibition of the IGF-
 signalling-mediated increase in reactive oxygen species, lead- 
ng to downregulation of oxidative stress [34 ]. 

ypoxia-inducible factor ( HIF) pathway 

IF [37 ] is a protein complex essential for controlling vascular-
zation and homeostasis. It promotes vascularization in hypoxic 
reas and acts as a transcription factor for many target genes
n response to low oxygen levels [38 ]. It has been indicated that
he transcription level of HIF1 α protein is negatively regulated 
y Klotho [39 ]. Moreover, exogenous supplementation of Klotho 
an reduce the HIF level [40 ]. Klotho deficiency leads to an in-
rease in erythropoietin ( EPO) production through HIF activa- 
ion. However, this increase in EPO production does not lead to
n improvement in haematopoiesis because it is observed that 
aematopoietic stem cells in bone marrow of klotho-deficient 
ice are decreased [41 , 42 ]. Shedding of soluble Klotho by the
idneys is induced by hypoxia [43 ], thus indicating a negative
eedback loop as part of the complex interaction between tissue
xygenation, HIF1 α, EPO, FGF23 and Klotho. 

nzymatic role 

he two internal repeats of the extracellular domain of Klotho
rotein, namely KL1 and KL2, have structural and amino acid
equence homology to family 1 glycosidase enzymes that hy- 
rolyse β-glycosidic bonds in glycoproteins and glycolipids [44 ].
evertheless, such β-glycosidic activity has not been detected in 
n vitro studies [45 ]. On the other hand, Klotho protein exerts β-
lucuronidase and sialidase activity in in vitro models [31 ]. Such
ctivity is involved in the regulation of transcellular transport of
hosphate in renal proximal tubules via proteolytic degradation 
f NaPi-2a transporter via β-glucuronidase activity of Klotho,
eading to phosphaturia [44 , 46 ]. Nevertheless, there is a clear
eed for future studies for a better understanding of the enzy-
atic role of Klotho protein in human physiology. 

thers 

-Klotho and soluble Klotho proteins are involved in multiple 
ther physiological events, including the upregulation of antiox- 
dant defence mechanisms, synthesis of proteins involved in the 
ell cycle such as p15 and p21, regulation of senescence and
poptosis via p53 or transforming growth factor β ( TGF- β) sig- 
alling pathway [47 , 48 ]. 

lotho as an anti-aging target 

he serum levels of Klotho have been shown to decrease with
ertain diseases, including CKD, neurodegenerative conditions,
iabetes mellitus and aging. A recent cross-sectional cohort 
tudy including 346 healthy adult participants 18–85 years of 
ge demonstrated that senior adults ( ages 55–85 years) have 
he lowest serum α-Klotho levels ( P < .01) and serum Klotho 
evels have negative correlation with age ( P < .001) [49 ]. More-
ver, Klotho-deficient mice have illustrated higher rates of vas-
ular calcification, cardiac hypertrophy, cognitive impairment,
ypercalcaemia, hyperphosphataemia, multi-organ atrophy and 
steopenia [3 , 50 ]. A national cohort study in the USA involv-
ng 10 069 adult participants ages 40–79 years with serum
lotho levels measured via enzyme-linked immunosorbent as- 
ay revealed that participants with low serum levels of Klotho
 < 666 pg/ml) have 31% higher risk of all-cause mortality com-
ared with participants with higher serum levels of Klotho
 > 985 pg/ml) {hazard ratio 1.31 [95% confidence interval ( CI) 1.00–
.71], P = .05} during a median follow-up period of 58 months.
uch a statistically significant association persists for cardiovas-
ular disease–related mortality and malignancy-related mortal- 
ty [51 ]. Such a negative association between serum Klotho levels
nd all-cause mortality has also been established in another ob-
ervational cohort study conducted in Italy, involving > 804 adult
articipants ≥65 years of age [52 ]. Moreover, a meta-analysis of
ix cohort studies, including adult patients with CKD, revealed
imilar outcomes of higher risk for all-cause mortality among
atients with lower serum Klotho levels [relative risk 1.88 ( 95%
I 1.29–2.74) , P < .05] [53 ]. Furthermore, overexpression of the
lotho gene in transgenic mice has been shown to reverse or de-
ay aging in preclinical studies, however, the therapeutic appli-
ability of recombinant Klotho in human subjects is unknown
12 ]. 

Increasing Klotho levels emerges as a promising strategy in
KD. Experiments in rodents via viral delivery of Klotho cDNA
r stimulating endogenous production through various means 
ave shown promising results [54 ]. These methods demonstrate
mprovements in kidney function and protection from related
omplications [54 ]. Existing drugs such as paricalcitol and seve-
amer carbonate also show potential in elevating Klotho levels
16 ]. However, clinical application faces challenges, with safety
oncerns and a lack of knowledge regarding upregulation and
egradation mechanisms. Administering exogenous Klotho pro- 
ein has demonstrated effective results in animal models [55 ],
ffering both restoration of levels and promotion of endogenous
roduction, which is crucial in kidney failure scenarios. Despite
uccess in animal trials, implementing Klotho replacement ther-
py in humans encounters significant obstacles [16 ]. A study
onducted by Zhong et al. [56 ] investigated soluble Klotho ( s-
lotho) derived from two distinct mammalian expression sys- 
ems and found notable differences in their in vitro activities, in
ivo pharmacokinetic properties and post-translational modifi- 
ations ( PTMs) . A mutant s-Klotho with enhanced glycosidase 
unctions exhibited reduced FGF23 co-receptor activity, sug- 
esting structural divergence between the two well-established 
unctions of s-Klotho. These findings offer valuable insights into
he structure–function relationship of s-Klotho and its PTM biol-
gy, providing guidance for future therapeutic protein engineer-
ng of s-Klotho [56 ]. Additionally, fragment-based drug discovery
ethods could potentially overcome obstacles such as screen-

ng problems, early degradation resulting in a short half-life, low
otency and challenges in crossing barriers. This approach may
e particularly beneficial for developing small peptides of Klotho
r other molecules with similar efficacy. 
Multiple currently available drugs have been shown to upreg-

late serum levels of Klotho in human subjects. 

odium–glucose co-transporter 2 ( SGLT2) inhibitors 

GLT2 inhibitors constitute a new class of oral antidiabetic
gents that improve glycaemic control by increasing renal
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odium and glucose excretion. In addition to, and independent 
f, the effect on blood glucose, SGLT2 inhibitors have cardio- and 
enoprotective effects and can slow CKD progression [57 ]. Exper- 
mental studies have demonstrated that SGLT2 inhibitors pre- 
ent the downregulation of Klotho by inflammatory cytokines 
nd high glucose in renal tubular cells, while they improved 
erum and urine Klotho levels and decreased urinary inflam- 
atory markers and albuminuria in patients with early diabetic 
ephropathy [58 ]. In an animal model of unilateral ureteric ob- 
truction, the SGLT2 inhibitor empagliflozin partially inhibited 
idney function decline and the activation of inflammatory and 
rofibrotic pathways [59 ]. Despite these promising clinical and 
xperimental results, further studies are required to elucidate 
he role of Klotho in the cardio- and renoprotective effects of 
GLT2 inhibitors. 

enin–angiotensin–aldosterone system ( RAAS) inhibitors 

AAS blockers are commonly prescribed medications used in 
he management of hypertension, congestive heart failure, di- 
betic nephropathy, CKD and hyperaldosteronism. Losartan and 
alsartan have been shown to lead to an upregulation in serum 

lotho levels in preclinical and clinical studies, however, the 
linical importance of such an observation is less well under- 
tood [60 –63 ]. The efficiency of valsartan and fluvastatin therapy 
eparately or in combination in terms of anti-aging properties 
as been evaluated in a study including 130 healthy adult male 
articipants. Participants received either fluvastatin 10 mg/day 
lone, valsartan 20 mg/day alone, fluvastatin 10 mg/day and val- 
artan 20 mg/day in combination or placebo for 30 days. Blood 
amples were obtained prior to therapy, after 30 days of ther- 
py and 5 months after the discontinuation of therapy, while 
xpression levels of six genes ( SIRT1 , PRKAA , KLOTHO , NFE2L2 ,
TOR and NF- κB) were analysed. The combination therapy leads 
o a 1.8-fold increase in SIRT1 ( P < .0001) , a 1.5-fold increase in 
RKAA ( P = .262) and a 1.7-fold increase in KLOTHO ( P < .0001) 
evels while either therapy alone only leads to a slight increase 
n SIRT1 expression. Such a pattern of gene expression disap- 
eared following the discontinuation of therapy [64 ]. This study 
s significant by demonstrating alterations in gene expression 
evels with commonly utilized medications, however, whether 
uch alterations have clinical significance in terms of mortality 
r morbidity is unclear. Such an association has been validated 
n a randomized controlled clinical trial conducted in 76 pa- 
ients with type 2 diabetes mellitus and diabetic kidney disease 
 DKD) in which participants were randomized to receive either 
alsartan/hydrochlorothiazide ( n = 37) or amlodipine therapy 
 n = 39) . Participants receiving valsartan/hydrochlorothiazide 
herapy had a statistically significant increase in serum Klotho 
evels ( from 432.7 ± 179 to 506.4 ± 226.8 pg/ml; P = .01) even 
fter comparison with the amlodipine group ( P = .03) [60 ]. Fur- 
hermore, a similar pattern of elevation at serum Klotho levels 
n patients with DKD has been demonstrated with losartan ther- 
py as well [62 ]. 

On the other hand, there is no clinical trial, to the best of 
ur knowledge, conducted on human subjects regarding the ef- 
ects of spironolactone or epleronone, aldosterone receptor an- 
agonists, on serum Klotho levels. A preclinical trial conducted 
n mice and human embryonic kidney cells demonstrated that 
pironolactone therapy leads to upregulation of Klotho gene ex- 
ression [65 ]. Nevertheless, there is a clear need for confirmatory 
tudies in human participants for a better understanding of this 
ssue. 
tatins 

tatins, 3-hydroxy-3-methyl-glutaryl-coenzyme A ( HMG-CoA) 
eductase inhibitors, are widely used medications in the man- 
gement of atherosclerosis, hyperlipidaemia, ischaemic cardio- 
ascular or cerebrovascular diseases and peripheral artery dis- 
ases. Atorvastatin, pitavastatin and simvastatin have been 
hown to upregulate Klotho expression in preclinical studies 
24 , 66 , 67 ]. An animal model of cognitive decline induced via 
ntracerebroventricular streptozotocin administration has been 
tilized to evaluate the response to statin therapy in terms of 
ognitive functions. Klotho expression decreased significantly 
ollowing the administration of streptozotocin compared with 
ontrol models. Spatial performance was improved in animal 
odels treated with simvastatin for 3 weeks, which may be at- 

ributable to the upregulation of Klotho and manganese super- 
xide dismutase [68 ]. 

ammalian target of rapamycin ( mTOR) inhibitors 

he mTOR inhibitors are widely used immunosuppressive med- 
cations utilized in autoimmune disorders and transplantation.
erum Klotho levels were evaluated in an observational study in- 
luding 36 kidney transplant recipients either taking everolimus 
r not in which serum Klotho levels were measured before and 
 year after kidney transplantation. Serum Klotho levels were 
igher 1 year after kidney transplantation as expected with the 
mprovement in renal function ( 369.3 versus 211.8 pg/ml) . More- 
ver, serum Klotho levels have been found to be higher in pa- 
ients receiving everolimus therapy compared with others, in a 
tatistically significant manner ( 536.7 versus 332.4 pg/ml) [69 ].
nother study conducted on 100 kidney transplant recipients,
0 treated with rapamycin and 50 treated with calcineurin in- 
ibitors, showed similar findings, while elevated Klotho expres- 
ion has been linked to the activation of mTORC2 via the phos-
horylation of AKT [70 ]. 

thers 

PAR γ agonists such as pioglitazone and rosiglitazone and vita- 
in D supplementations have been shown to upregulate Klotho 
xpression in experimental animal models. Nevertheless, their 
pplicability to human subjects is doubtful [71 –75 ]. Multiple pre- 
linical therapeutic modalities primarily targeting Klotho ex- 
ression or functions are present in the literature. 

-Aminobutyric acid receptor ( GABA) agonists 

he use of GABA agonists is a novel therapeutic approach cur- 
ently in preclinical studies. Administration of GABA has been 
hown to increase the levels of circulating Klotho and Klotho 
evels at pancreatic islet of Langerhans among streptozotocin- 
nduced diabetic mice subjects, which may be diminished in 
lotho-knockdown subjects. However, infusion of soluble Klotho 
ay reverse such conditions, thus indicating the pathophys- 

ological importance of Klotho in the underlying mechanism 

f both type 1 diabetes mellitus and GABA-induced improve- 
ent [76 ]. In another study conducted on immunodeficient 
treptozotocin-induced diabetic mice models with human pan- 
reatic β cell transplantation, the superiority of GABA + dipep- 
idyl peptidase ( DPP) -IV inhibitor, namely sitagliptin, was re- 
ealed [77 ]. A preclinical study conducted on human islet 
ells incubated under cytokine mixture for 24 hours demon- 
trated that cytokine-induced apoptosis is significantly reduced 
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y either GABA or glucagon-like peptide-1 analogue, namely 
xendin-4, therapy. However, the combination therapy has led 
o superior outcomes via upregulation of Klotho and sirtuin 1
xpression and activation of the AKT signalling pathway [78 ]. 

ecombinant protein and gene therapy 

ene therapy and the use of recombinant proteins in the man-
gement of certain conditions are novel areas of medical re-
earch, while considerable efforts have been made regarding 
uch therapeutic alternatives linked to Klotho over the last 
ecade. Supplementation with recombinant Klotho has been 
hown to protect against kidney fibrosis caused by hypoxia or
ther insults via inhibiting TGF- β signalling in cell lines and an-
mal models [79 –81 ]. Also, recombinant Klotho therapy has been
hown to exert protective actions on myocardial ischaemia–
eperfusion injury, insulitis in diabetic subjects and hyperten- 
ion in various models [40 , 82 , 83 ]. Moreover, Klotho-derived pep-
ide 6 ( KP6) mimics the function of the anti-aging protein Klotho 
nd shows promise in treating DKD. KP6 reversed protein- 
ria, reduced kidney damage and inhibited β-catenin activation,
uggesting a potential therapeutic strategy for DKD treatment 
84 ]. Furthermore, gene therapies focusing on Klotho are be-
ng evaluated for therapeutic alternatives for conditions such as 
iabetes mellitus and neurodegenerative diseases such as 
pilepsy and Alzheimer’s disease [85 –87 ]. Nevertheless, such 
herapeutic alternatives are far from any clinical use and re-
uire multiple large-scale studies evaluating their efficiency and 
afety in human subjects. 

iet and nutrition 

he serum level of Klotho is also affected by food and diet types.
o decipher the role of diet in the serum level of Klotho is cru-
ial to its relationship with aging and related diseases. A cross-
ectional study based on 2007–2016 data with 7906 participants 
n the USA indicated that the serum Klotho level significantly in-
reases [ β coefficient 9.41 ( 95% CI 6.08–12.74) , P < .001; 9.41 pg/ml
ncrease per 1 point in the Mediterranean Diet Score) in peo-
le who adhere to a Mediterranean diet, probably due to a syn-
rgistic effect of food combinations, while in people who pre-
er low-fat and low-carbohydrate diets, non-significant associa- 
ions were seen [88 ]. Additionally, a cross-sectional study with
456 participants ages 40–79 years in the USA demonstrated a
ositive correlation between a Healthy Eating Index 2015 score 
nd the serum Klotho level [ β 0.74 ( 95% CI 0.21–1.27) , P = .0067]
89 ]. Moreover, another study showed that Klotho is a significant
ediator in the enhancement of kidney function by a healthy
iet ( Healthy Eating Index 2015 score) [ β 0.05 ( 95% CI 0.02–0.08) ,
 < .001] [90 ]. According to a cross-sectional study based on
ata from 2015–2016 with 2637 participants, 40–79 years old, in
he USA, a high-fibre diet in men increases serum Klotho level
91 ], while a similar study with 11 282 participants ( 2007–2016 
ata from participants 40–79 years old in the USA) showed that
 high-fibre diet in overweight, obese and elderly participants 
as a more robust association with serum Klotho levels [92 ]. Al-
hough the benefit of a healthy and high-fibre diet on Klotho
evels has been shown in multiple studies, it is crucial to note
hat the connection between serum Klotho and diet is not en-
irely understood. More studies are required to demonstrate a 
efinite causal relationship between eating habits and Klotho
evels. Furthermore, genetics, lifestyle variables and other envi-
onmental influences all have a role in klotho levels and overall
ealth. Fig. 1 demonstrates the summary of negative and posi-
ive factors affecting Klotho production as well as the signalling
athways with which Klotho interacts to exert its physiological
mpacts. 

lotho in aging 

ging can be defined as an irreversible process that leads
o the gradual deterioration of tissue and organ function,
ventually resulting in death. It is characterized by molecu-
ar and cellular changes such as genomic instability, oxida-
ive stress, mitochondrial dysfunction and telomere shorten- 
ng [93 ]. The role of Klotho protein in aging has been evaluated
n multiple preclinical and clinical studies. Overexpression of
lotho mediated via the control of human elongation factor 1 α
romoter has been linked to an increase in the lifespan of mice
12 ]. A meta-analysis regarding the genetic variation of Klotho
nd its relation to longevity indicated a significant association
etween healthy aging and the KL-VS variant of the Klotho gene
94 ]. On the other hand, a case–control study showed no signifi-
ant relation between the KL-VS variant of Klotho and longevity
95 ]. A prospective cohort study conducted in 804 adult partic-
pants ≥65 years of age with a 6-year follow-up period demon-
trated that low serum Klotho levels ( < 575 pg/ml) are linked to
 higher risk for mortality compared with higher serum Klotho
evels ( < 763 pg/ml) after multivariate adjustments [52 ]. Another
rospective study conducted in 1023 adult participants demon-
trated that plasma Klotho levels are inversely correlated with
ge ( P < .001) and serum C-reactive protein levels ( P < .001) .
oreover, age-adjusted serum Klotho levels are inversely cor-

elated with the risk of cardiovascular disease ( P < .001) . Addi-
ionally, after adjustment for multiple cardiovascular disease–
elated variables ( age, gender, smoking, lipid profile, diabetes 
ellitus, systolic blood pressure) , log plasma Klotho levels were
ssociated with cardiovascular disease risk [odds ratio per 1
tandard deviation increase = 0.85 ( 95% CI 0.72–0.99) ] [96 ]. Other
ohort studies have illustrated a statistically significant inverse
orrelation between serum Klotho levels and cognitive decline
r physical performance [97 , 98 ]. 
Furthermore, several studies have shown that serum Klotho

evels are inversely correlated with age. In other words, younger
eople tend to have higher plasma Klotho levels [99 , 100 ]. Also,
eficiency of Klotho contributes to hypertension, arterial stiff-
ning, endothelial dysfunction and many other age-associated 
isorders [4 ]. It has been shown that expression impairments of
he Klotho gene in mice produce a bundle of symptoms similar
o aging in humans, such as decreased lifetime, skeletal and der-
al problems, infertility and arterial stiffening [3 ]. 
Nevertheless, one significant concern and confounding fac- 

or in such research is the clear link between CKD and aging
rrespective of serum Klotho levels [101 , 102 ]. Multiple patho-
hysiological mechanisms, including uraemic toxin–mediated 
lterations, traditional cardiovascular disease–related neurode- 
eneration, polypharmacy, anaemia and dialysis-related factors 
re involved in this complex pathway [102 ]. Therefore it is impor-
ant not to overlook such confounding factors in the discussion
nd evaluation of the role of Klotho in aging and neurodegener-
tive conditions. 
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Figure 1: Summary of the molecular basis and physiological impacts of Klotho. Factors that negatively affect Klotho production are shown in the upper left part of the 
figure and those that have positive impacts are shown in the upper right. The molecular pathways affected by Klotho, including IGF-1, Wnt, HIF [36 ] and phosphate 

homeostasis, are shown. The respective physiological alterations are depicted. Blunt and conventional arrows indicate inhibition and activation, respectively. 
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lotho in neurodegenerative disorders 

he highest level of Klotho production in the brain occurs at 
he choroid plexus, while lower production occurs in the hip- 
ocampus, substantia nigra, medulla and cerebral/cerebellar 
ortex [103 ]. Klotho expression is seen in both neurons and 
ligodendrocytes, while the production starts in utero and di- 
inishes with age. Mean cerebrospinal fluid Klotho levels are 

ignificantly lower in older adults compared with younger in- 
ividuals ( P = .005) and in patients with Alzheimer’s disease 
 P = .02) [104 ]. An observational study conducted in 103 elderly 
atients in Spain revealed that lower serum Klotho levels in 
dults are associated with higher frailty and more likely to ex- 
erience falls in the following 6 months [105 ]. The physiological 
unctions of Klotho in the central nervous system have initially 
een illustrated via studies conducted on Klotho-knockout an- 
mal subjects and include diminished axonal transport, forma- 
ion of a myelin sheath and maturation of oligodendrocytes, a 
ecrease in the proliferation of hippocampal neural progenitor 
ells and cognitive impairment [106 , 107 ]. Additional physiolog- 
cal functions have been identified via studies including admin- 
stration of recombinant Klotho or epigenetic studies inducing 
he overexpression of Klotho protein. Incubation of hippocam- 
al neuronal cell cultures with soluble Klotho leads to a decrease 
n oxidative stress via upregulation of superoxide dismutase 
ctivity and pro-inflammatory cytokines such as interleukin- 
, tumour necrosis factor- α and NF- κB and causes protection 
gainst amyloid- β or glutamate-induced oxidative toxicity [108 ,
09 ]. Administration of soluble Klotho peripherally to mice sub- 
ects has led to enhancement of synaptic plasticity and glu- 
amate receptor signalling, while similar findings have been 
ecorded when secreted Klotho is overexpressed in mice mod- 
ls [110 , 111 ]. Furthermore, overexpression of the full-length 
lotho gene results in a decrease in oxidative and endoplas- 
ic reticulum stress, inhibition of NLRP3 inflammasomes, im- 
rovement in synaptic plasticity and amyloid- β clearance mech- 
nisms, protection of dopaminergic and hippocampal neurons 
nd improvement in memory and cognition ( Fig. 2 ) [112 –115 ]. 

On the other hand, Klotho does not cross the blood–brain 
arrier ( BBB) . However, Leon et al. [111 ] demonstrated that ad- 
inistering the alpha Klotho fragment ( α-KL-F) peripherally re- 
ults in an immediate enhancement of cognitive function and 
eightened neural resilience and plasticity in mice at vari- 
us life stages. Interestingly, peripherally administered α-KL-F 
hows its effect by cleavage of the N-methyl-D-aspartate recep- 
or ( NMDAR) subunit GluN2B and results in increased NMDAR- 
ependent synaptic plasticity [111 ]. Additionally, it has been 
hown that platelet factor 4 induced by Klotho can cross the 
BB and can increase hippocampal synaptic plasticity [116 ].
espite the promising discoveries regarding the action and 
echanism of Klotho, there are still crucial gaps in the liter- 
ture, especially how Klotho exerts its effects on memory and 
eurocognition. 
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Figure 2: Infographic summary of the promising aspects, concerns and research recommendations of Klotho. 
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ONCLUSION 

nowledge regarding the physiological functions of Klotho pro- 
ein, first identified in 1997, has expanded over the years,
espite initial studies primarily focusing on its role in vitamin
 metabolism, vascular calcification and phosphate homeosta- 
is, especially among patients with CKD. Preclinical studies have 
emonstrated potential links between serum Klotho levels and 
ultiple conditions including CKD progression, cardiovascular 
brosis, aging and neurodegenerative disorders. Emerging clin- 
cal and experimental insights suggest Klotho deficiency not 
nly as a risk factor, but also a modifiable therapeutic target.
ven though there is a clear need for future large-scale human
tudies in order to develop clinical and therapeutic strategies 
nvolving Klotho proteins in humans, this field appears to be
romising. 
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