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Background: Klotho is a longevity-associated protein found in membrane-
bound and secreted forms, with the latter detectable in blood and cerebrospinal 
fluid (CSF). Circulating Klotho mainly originates from the kidney, while the 
choroid plexus (CP) secretes it into the CSF. CP dysfunction is associated 
with reduced Klotho expression and neurodegeneration and may result in CP 
enlargement on magnetic resonance imaging (MRI). In this preliminary study, we 
investigated Klotho levels in neurodegenerative patients and their association 
with CP enlargement.
Materials and methods: We retrospectively analyzed 40 patients from the 
IRCCS Ca′ Granda Ospedale Policlinico, Milan, including 32 neurodegenerative 
patients (Deg) and 8 cognitively normal controls (NonDeg). CSF and serum 
Klotho levels were measured using an ELISA kit. KL-VS and apolipoprotein E 
(APOE) genotyping were performed. CP volumes were segmented using ITK-
SNAP and normalized to total intracranial volume (TIV), resulting in a measure 
known as the CP volume fraction (CPVF). A multivariate linear regression analysis 
was conducted, adjusting for diagnostic group, age, sex, APOEε4, CPVF, and 
gray matter volume fraction (GMVF).
Results: CSF Klotho levels were significantly lower in Deg patients (mean = 729 pg./
mL, SD = 364) compared to NonDeg individuals (mean = 1,077 pg./mL, 
SD = 220) (t = 3.44, p = 0.003). Higher CPVF (β = −0.34, 95% CI [−0.64, −0.05], 
p = 0.023) was independently associated with lower CSF Klotho levels.
Conclusion: In this preliminary study, we observed a strong association between 
CSF Klotho levels and CP enlargement. Reduced CSF Klotho levels, due to 
CP dysfunction, may contribute to neurodegeneration. If confirmed in larger 
cohorts, this association suggests that CSF Klotho may serve as a biomarker for 
CP enlargement, possibly reflecting its underlying dysfunction.
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Highlights

	•	 Klotho levels in cerebrospinal fluid are significantly lower in 
neurodegenerative patients compared to older controls

	•	 Lower Klotho levels in cerebrospinal fluid are associated with 
choroid plexus enlargement on magnetic resonance imaging

	•	 Klotho levels in cerebrospinal fluid could serve as a  
marker of choroid plexus enlargement and dysfunction in 
neurodegenerative conditions

1 Introduction

The choroid plexus (CP), located within the brain ventricular 
system, is the primary site of cerebrospinal fluid (CSF) production, 
forms the blood–CSF barrier, and plays a key role in peripheral–
central immune surveillance (Zhu et al., 2018). Furthermore, the CP 
supports neuronal functioning by producing a large variety of 
neurotrophic factors during embryonic development and adulthood 
(Sadanandan et al., 2024), including Klotho.

Klotho is a transmembrane protein primarily expressed by the 
kidneys, parathyroid glands, and CP (Semba et al., 2014). The 
extracellular domain of the Klotho protein undergoes shedding, 
resulting in two forms: membrane-bound Klotho and secreted Klotho 
(Massó et al., 2015; Mengel-From et al., 2016). The latter acts on distal 
organs as an endocrine substance, exerting pleiotropic but largely 
unknown effects (Kuro-o, 2019). The level of secreted Klotho is 
increased in heterozygotes for a common haplotype of six missense 
variants in the human klotho gene, termed KL-VS, while it is reduced 
in KL-VS homozygotes compared to major allele homozygotes 
(Yokoyama et al., 2017; Chen et al., 2023).

The klotho gene was originally discovered in a mutant mouse 
strain that exhibited features resembling premature human aging and 
a shortened lifespan (Kuro-o et al., 1997). Consistently, Klotho levels 
in humans decline with age and age-related diseases, such as chronic 
kidney disease (Kuro-o, 2019; Mattinzoli et al., 2023), and reductions 
in Klotho levels are associated with worse cognition in older people 
(Shardell et al., 2016; Yokoyama et al., 2017; Kundu et al., 2022; Wu et 
al., 2023; Ge et al., 2024) and an increased risk of all-cause mortality 
(Prud’homme et al., 2022).

Beyond its role in protecting against the effects of normal aging, 
multiple levels of evidence suggest that Klotho reduces the risk of 
neurodegenerative diseases.

Pre-clinical studies indicate a protective role for Klotho across 
various disease models (Brobey et al., 2015; Dubal et al., 2015; Sedighi 
et al., 2019; Zeldich et al., 2019; Zeng et al., 2019; Ho et al., 2020; Zhao 
et al., 2020). In humans, KL-VS heterozygosity has been associated 
with a reduced burden of amyloid and tau pathology in Alzheimer’s 
disease (AD) (Erickson et al., 2019; Belloy et al., 2020, 2021; Neitzel et 
al., 2021; Ali et al., 2022; Driscoll et al., 2022; Grøntvedt et al., 2022), 
potentially offsetting the negative effect of apolipoprotein E 
(APOE)-ε4 carrier status (Erickson et al., 2019; Belloy et al., 2020, 
2021; Tank et al., 2021; Chen et al., 2023), one of the most well-
established genetic risk factors for AD. Moreover, it has been 
associated with slower cognitive decline in both AD (Chen et al., 
2023) and Parkinson’s Disease (PD) (Zimmermann et al., 2021). In 
addition, recent findings indicate reduced expression of the klotho 
gene in patients with AD and frontotemporal dementia (FTD) 

compared to older healthy controls, independent of genotype, 
suggesting a role for Klotho in shared pathways of neurodegeneration 
(Sorrentino et al., 2023). Moreover, higher levels of Klotho in CSF are 
associated with reduced pathological burden and enhanced cognitive 
function in AD (Semba et al., 2014; Grøntvedt et al., 2022) and PD 
(Yalcin et al., 2024; Zimmermann et al., 2024). In contrast, findings on 
peripheral Klotho levels have been less consistent and do not always 
align with those observed in CSF (Grøntvedt et al., 2022).

CP enlargement, detectable by structural magnetic resonance 
imaging (MRI), is another recognized feature of aging (Čarna et al., 
2023; Hidaka et al., 2024) and neurodegeneration (Choi et al., 2022; 
Assogna et al., 2023; Jeong et al., 2023; Jiang et al., 2023, 2024). 
Growing evidence suggests that CP enlargement may reflect 
underlying CP dysfunction, although this relationship is not yet fully 
established. In turn, CP dysfunction has been associated with reduced 
expression of Klotho in choroid epithelial cells (Zhu et al., 2018; 
Sadanandan et al., 2024).

Against this background, in this preliminary study, we tested the 
hypothesis that reduced Klotho levels are associated with CP 
enlargement in neurodegenerative patients compared to older 
cognitively normal individuals. In addition, we explored the reciprocal 
relationship between Klotho levels in CSF and serum and their 
association with KL-VS haplotype, clinical and biological features, and 
cognitive performance.

2 Materials and methods

2.1 Study participants

For this study, we retrospectively selected 40 individuals who 
underwent a comprehensive neurological work-up for suspected 
dementia at the Neurodegenerative Diseases Unit of the Fondazione 
IRCCS Ca′ Granda Ospedale Maggiore Policlinico in Milan, Italy.

The eligibility criteria included the following: (1) a diagnosis of 
either normal cognition or neurodegenerative cognitive decline, 
specifically amnestic AD or behavioral variant FTD; (2) the availability 
of a brain MRI scan performed on a 3 T unit (Philips Achieva, 
dStream, Eindhoven, Netherlands); (3) a banked CSF sample; and (4) 
a banked blood sample suitable for genetic testing. The participants 
were categorized into two groups: the neurodegenerative (Deg) group, 
comprising individuals with a final diagnosis of amnestic AD or 
behavioral variant FTD, according to current criteria (Rascovsky et al., 
2011; Dubois et al., 2021), and the non-neurodegenerative (NonDeg) 
group, which included cognitively unimpaired older individuals 
without evidence of neurological disorders or neurodegeneration at 
work-up or follow-up.

Written informed consent was obtained from all participants or 
their legal proxies. The study was approved by the local Ethics 
Committee (Comitato Etico Area 2 Milano, approval N 859_2021, 
dated 14 September 2021).

2.2 Assessment of KL-VS heterozygosity 
and APOE status

An allelic discrimination assay was conducted in both patients 
and controls to determine the distribution of the three KL-VS 
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genotypes—wild-type, heterozygote, and homozygote. Genomic DNA 
was extracted from whole blood, and a TaqMan allelic discrimination 
assay (Thermo Fisher Scientific) was performed using the QuantStudio 
12 K Real-Time System (Applied Biosystems). The analysis targeted 
two tagging SNPs that define the KL-VS variant: rs9536314 (T/G) for 
F352V and rs9527025 (G/C) for C370S. In addition, all participants 
were genotyped for APOE alleles using SNPs rs429358 and rs7412. 
The included participants were subsequently categorized based on 
their KL-VS genotype (KL-VShet+ or KL-VShet−) and APOE status 
(APOEε4 + or APOEε4−, defined by the presence of at least one 
APOEε4 allele) for further analysis.

2.3 Sampling and analysis of CSF and 
serum

CSF samples were available for all 40 participants, while serum 
samples suitable for Klotho measurement were available for 26 of 
them. CSF was collected in 15 mL polypropylene tubes via lumbar 
puncture at the L3/L4 or L4/L5 interspace between 8:00 and 
10:00 a.m., following overnight fasting. After collection, the CSF 
samples were centrifuged at 2000 rpm for 10 min at 
4 °C. Simultaneously, serum samples were collected in sterile 
polypropylene tubes without anticoagulant and centrifuged at 
2,000 × g for 10 min at room temperature.

The processed CSF and serum samples were aliquoted into 0.5 mL 
polypropylene tubes and immediately frozen at −80 °C for subsequent 
analysis. Klotho protein levels were quantified in CSF (40/40 samples) 
and serum (26/40 samples) using commercial ELISA kits (IBL, Japan), 
following the manufacturer’s instructions. The serum samples were 
diluted twofold, while the CSF samples were analyzed undiluted. The 
assay’s detection limit was 6.15 pg./mL, with a measurement range of 
93.75–6,000 pg./mL. All readings were performed using a Tecan 
Multiplate Reader at 450 nm. In addition, creatinine levels were 
measured at the time of lumbar puncture.

2.4 CP segmentation

The CP was manually segmented on 3D T1-weighted images by 
GB and LiS, a bioengineer and an informatician trained in CP 
volumetry. Segmentation was performed using the ITK-SNAP 
software (version 3.8.0).1 To account for variability in MRI protocols 
among the participants, all images were resliced prior to segmentation 
to match the resolution of the image with the lowest spatial resolution 
(180 × 240 × 240, isotropic 1 mm voxels). The 1 mm isotropic 
resolution was chosen to ensure consistent spatial sampling and 
visualization for manual segmentation across all participants. A visual 
inspection of all bilateral CP masks was performed (see 
Supplementary Figure 1 for a representative illustration). Tissue 
probability maps of gray matter (GM), WM, and CSF were generated 
using Statistical Parametric Mapping (SPM12, Wellcome Trust Centre 
for Neuroimaging) for total intracranial volume (TIV) calculation. CP 
and GM volumes were expressed as the ratio of TIV (CP and GM 

1  http://www.itksnap.org

volumes were normalized by dividing each by the total intracranial 
volume (TIV)) to account for head size variability.

2.5 Statistical analysis

Statistical analyses were conducted using R Studio (version 
2024.12.0). Data normality was assessed by visual inspection of 
histograms and the Shapiro–Wilk test. Initially, univariate analyses 
were performed using the built-in t.test function for group 
comparisons—which does not assume equal variances and is robust 
to unequal group sizes—and Pearson’s or Spearman’s correlation 
analysis, depending on data normality. Multivariate regression models 
were constructed using forward stepwise selection of variables based 
on the Akaike information criterion (AIC) to reduce the risk of 
overfitting while maintaining optimal predictive performance.

The full regression models included diagnostic group, age, sex, 
CPVF, and GMVF, as well as APOE carrier status and KL-VS 
genotype—given their potential influence on Klotho levels or 
function—as covariates. For models predicting mini–mental state 
examination (MMSE) scores, education was included as an additional 
covariate. A separate analysis was conducted within the Deg subgroup, 
excluding diagnostic group from the covariates. Non-normally 
distributed variables were log-transformed, and MMSE scores were 
inverted and log-transformed using the formula log(31 − MMSE) to 
correct for left skew. All variables were standardized prior to 
model fitting.

Model assumptions, including linearity, homoscedasticity, and 
normality of residuals, were evaluated using diagnostic tools such as 
the Shapiro–Wilk tests, Q-Q plots, and residual plots. Statistical 
significance was defined as a p-value of <0.05 (uncorrected).

Moreover, to assess the stability of multivariate models and 
quantify parameter uncertainty, a bootstrap resampling procedure was 
applied to the full dataset and the Deg subgroup (1,000 iterations). In 
each iteration, the forward-selected model was refitted, and variable 
inclusion frequencies were derived.

3 Results

Among the included participants, 32 were classified as Deg 
patients (F: M 15:17; median age 71, IQR [64, 75.25]), including 19 
with AD and 13 with FTD. A total of eight participants were classified 
as NonDeg cognitively unimpaired participants (F: M 3:5; median age 
70.5, IQR [64.5, 74.75]). Demographic and clinical data are 
summarized in Table 1.

3.1 Univariate analysis

3.1.1 Klotho concentrations and clinical and 
demographic variables

Klotho levels in CSF and serum were not correlated. Neither CSF 
nor serum Klotho levels showed significant differences based on sex. 
CSF Klotho concentrations were not associated with age and 
creatinine levels, whereas serum Klotho levels exhibited significant 
negative associations with both age (Spearman’s rho = −0.43, 
p = 0.029) and creatinine levels (rho = −0.45, p = 0.029) (Table 2).
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3.1.2 Klotho concentrations stratified by KL-VS 
status

Both CSF (mean = 975 pg./mL, SD = 441 vs. mean = 747 pg./mL, 
SD = 331) and serum (mean = 907 pg./mL, SD = 241 vs. 
mean = 732 pg./mL, SD = 310) Klotho levels were consistently higher 
in the KL-VShet+ participants. However, these differences were not 
statistically significant.

3.1.3 Klotho concentrations in the clinical groups
CSF Klotho levels were significantly lower in the Deg patients 

compared to the NonDeg participants (mean = 729 pg./mL, SD = 364 
vs. mean = 1,077 pg./mL, SD = 220, t = 3.44, p = 0.003) (Figure 1). No 
significant differences in serum Klotho concentrations were observed 
between the Deg and NonDeg groups.

3.1.4 Association of Klotho concentrations with 
MMSE scores

CSF Klotho levels, but not serum levels, were positively correlated 
with MMSE scores in univariate analysis (rho = 0.35, p = 0.029) (Table 2).

3.1.5 Association of Klotho concentrations with 
CP volume

CSF Klotho levels showed a significant negative association with 
CPVF (rho = −0.32, p = 0.042) in univariate analysis (Table 2), whereas 
no association was found between serum Klotho levels and CPVF. The 
association was stronger in the Deg subgroup (rho −0.50, p 0.004).

3.2 Multivariate analysis

3.2.1 CSF klotho model
The final multivariate linear regression model for CSF Klotho after 

stepwise variable selection included CPVF and Deg status as 
predictors, explaining 22.5% of the variance (Adjusted R2 = 0.225, 

F = 6.54, p = 0.004). Deg status (β = −1.07, 95% CI [−1.79,−0.35], 
p = 0.005) and higher CPVF (β = −0.34, 95% CI [−0.64,−0.05], 
p = 0.023) were independently associated with lower CSF Klotho 
levels (Supplementary Table 1; Figure 2).

Deg status (87.4%) and CPVF (76.4%) were consistently retained 
across bootstrap resamples, indicating high model stability.

In the Deg subgroup, CPVF was retained as the only significant 
predictor of CSF Klotho levels (β = −0.47, 95% CI [−0.82,−0.13], 
p  = 0.009), explaining 18.1% of its variance (Adjusted R2  = 0.181, 
F = 7.89, p = 0.009) (Supplementary Table 2, Supplementary Figure 2).

In the Deg subgroup, CPVF (91.5%) was the only predictor 
consistently retained across bootstrap iterations.

3.2.2 MMSE model
The final regression model for MMSE scores included Deg status, 

GMVF, education, and age as predictors, explaining 27.0% of the 
variance (Adjusted R2 = 0.270, F = 4.60, p = 0.004). CSF Klotho levels 
were not retained as a significant predictor in the model 
(Supplementary Table 3).

TABLE 1  Demographic and clinical characteristics of the full sample, and 
separately for the degenerative and non-degenerative groups.

NonDeg
N = 8 (6)

Deg
N = 32 (20)

Total
N = 40 (26)

Sex (n)

 � Female: Male 3:5 15:17 18:22

Education (years)

 � Median [Q1, Q3] 8 [8, 13] 13 [8, 13] 12 [8, 13]

Age at CSF (years)

 � Median [Q1, Q3] 70.5 [64.5, 74.75] 71 [64, 75.25] 71 [64, 75.25]

MMSE at CSF

 � Median [Q1, Q3] 26.5 [24.75, 29] 24 [21.75, 27] 22 [22, 27]

APOE status (n)

 � APOEε4 carriers −/+ 7:1 19:13 26:14

KL-VS status

 � KL-VS heterozygotes −/+ 5:3 (3:3) 26:6 (19:1) 31:9 (22:4)

NonDeg, non-degenerative group; Deg, degenerative group; CSF, cerebrospinal fluid; MMSE, 
Mini-Mental State Examination; APOE, apolipoprotein E. Numbers in parentheses indicate 
the subgroup of patients for whom serum Klotho concentrations were available.

TABLE 2  Univariate correlation analysis results.

Klotho serum Klotho CSF

r P-value r P-value

Klotho serum – – 0.27a 0.18

Klotho CSF 0.27a 0.18 – –

Age at CSF −0.43b 0.03 0.09b 0.58

Creatinine at 

CSF

−0.45a 0.03 0.11a 0.51

MMSE at CSF 0.01b 0.96 0.35b 0.03

CPVF −0.05b 0.82 −0.32b 0.04

aPearson’s r. bSpearman’s rho.
Bold values show significant correlations.

FIGURE 1

Comparison of Klotho levels in cerebrospinal fluid (CSF) between 
neurodegenerative (Deg, blue) and non-neurodegenerative 
(NonDeg, gray) groups. Box plots show the median and interquartile 
range, with individual data points shown as jittered dots.
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4 Discussion

In this preliminary study, we found that CSF Klotho levels were 
reduced in the neurodegenerative patients compared to the 
cognitively unimpaired older participants and were inversely 
associated with CP enlargement on MRI, a putative marker of 
CP dysfunction.

Moreover, CSF Klotho levels, but not serum levels, were correlated 
with cognitive scores, although this relationship was evident only 
before adjusting for covariates.

In our cohort, CSF Klotho concentrations were significantly lower 
in the patients with AD or bvFTD compared to the cognitively normal 
older adults. This finding aligns with the only two prior studies that 
examined CSF Klotho levels in patients with AD, both of which 
reported similar reductions relative to controls. The absolute CSF 
Klotho values observed in our cohort are consistent with those 
reported in the previous two studies (Semba et al., 2014; Grøntvedt et 
al., 2022). Furthermore, a comparable decrease in CSF Klotho levels 
has been documented in patients with PD relative to controls 
(Zimmermann et al., 2021, 2024).

Collectively, these findings suggest that reduced CSF Klotho levels 
may reflect neurodegenerative processes occurring in the CNS.

In contrast, we did not observe any significant differences in serum 
Klotho levels between the patients with neurodegenerative conditions 
and the control participants. The existing literature on this topic is 
limited and inconsistent. For instance, one study in patients with AD 
reported no differences in serum Klotho levels compared to controls 
(Grøntvedt et al., 2022), whereas another study in patients with PD 
found lower levels in patients versus controls (Yalcin et al., 2024).

Moreover, CSF and serum Klotho levels were not correlated in our 
cohort. Again, available data are conflicting, with some studies 
showing that CSF and serum Klotho levels are unrelated or associated 
only in clinical subgroups (Grøntvedt et al., 2022), others reporting an 
opposite relationship (Sancesario et al., 2021), and yet another 

describing a strong relationship between Klotho levels in blood and 
CSF (Kundu et al., 2022).

Although the lack of association in our results may partly reflect the 
small sample size and missing serum Klotho data in some patients, the 
overall absence of a robust relationship supports the notion that Klotho 
production in CSF and blood occurs independently and is subject to 
different regulatory mechanisms. In fact, the kidney is the primary 
source of circulating Klotho, whereas the CP secretes Klotho into CSF.

Consistent with this, we found that serum Klotho levels were 
predominantly influenced by age and renal function. In fact, serum 
concentrations decline with advancing age and are inversely associated 
with markers of renal function, even in normal aging populations 
(Kuro-o, 2019; Chen et al., 2023; Konnur et al., 2024). Conversely, CSF 
Klotho levels appear to be less affected by peripheral factors, 
suggesting that it may serve as a more reliable marker of CNS-specific 
processes and neurodegeneration (Grøntvedt et al., 2022).

Klotho levels are also influenced by genetic variants, particularly the 
presence of the KL-VS haplotype in heterozygosity. In our cohort, we 
observed a noticeable, although not statistically significant, trend toward 
higher Klotho levels in the KL-VShet+ individuals. This lack of statistical 
significance may reflect the limited sample size and power of the study. 
Nevertheless, the observed trend supports the hypothesis that the 
presence of one copy of the KL-VS variant confers neuroprotective 
effects through increased Klotho production or stability. However, the 
differential expression of the Klotho protein across genetic variant 
subgroups, especially KL-VS homozygotes, and in various fluid 
compartments remains to be fully characterized (Gaitán et al., 2022).

Our study further showed an association between CSF Klotho 
levels and cognitive function, as measured by MMSE scores, in 
univariate analysis. However, this relationship became non-significant 
after adjusting for confounders such as education and GMVF, which 
strongly influence cognition and may have obscured a small but 
meaningful association between CSF Klotho and cognitive 
performance. Multiple prior studies have reported a similar positive 
correlation in patients with neurodegenerative conditions (Semba et 
al., 2014; Grøntvedt et al., 2022; Kundu et al., 2022), although the effect 
size was smaller in the only study that conducted a multivariate analysis 
(Grøntvedt et al., 2022). In addition to the inclusion of covariates, the 
lack of association in our study may be partially attributable to the 
relatively mild disease stage in most patients, resulting in a narrow 
range of MMSE scores. Further research is required to definitively 
elucidate the specific role and mechanisms of Klotho reduction in 
cognitive dysfunction associated with neurodegeneration.

The most significant finding of our study was the association 
between CSF klotho levels and CP enlargement. To the best of our 
knowledge, this is the first study to evaluate this relationship; therefore, 
no previous data are available to corroborate or refute our findings. Of 
note, CPVF accounted for a small proportion of CSF Klotho levels, 
particularly in the Deg subgroup, suggesting that additional factors likely 
play a substantial role in determining the concentration of this protein 
in CSF. Nonetheless, this relationship seems biologically conceivable. In 
fact, not only is the CP the main source of Klotho in the brain, but 
reduced Klotho production in the CP has been associated with aging 
and neuroinflammation, which may exacerbate neurodegeneration 
(Zhu et al., 2018). The effect of Klotho dysregulation at the level of the 
CP may impact cognitive function and exacerbate neurodegenerative 
processes through a variety of mechanisms, which include protecting 

FIGURE 2

Added variable plot (AVP) showing the relationship between Klotho 
levels in cerebrospinal fluid (CSF) adjusted for diagnostic group on 
the y-axis and choroid plexus volume fraction (CPVF) adjusted for 
the same variable on the x-axis. Blue dots correspond to 
neurodegenerative patients, and gray dots represent non-
neurodegenerative individuals.
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myelin integrity and preventing myelin degeneration in the aging brain 
(Chen et al., 2013), promoting synaptic plasticity and calcium regulation 
in the brain (Imura et al., 2007; Chen et al., 2023), modulating 
neuroinflammation (Sadanandan et al., 2024), and regulating glymphatic 
clearance (Li et al., 2023). If our results are confirmed, CSF Klotho levels 
may serve as a novel biomarker of CP enlargement, which could reflect 
underlying dysfunction in the context of neurodegeneration.

The primary limitation of our study is the relatively small sample 
size, reflecting both the need for lumbar puncture to obtain CSF 
samples and the exploratory nature of the research. Owing to its 
retrospective design, serum Klotho measurements were available only 
for a subset of participants, as genotyping was prioritized, and Klotho 
quantification was performed only when sufficient residual blood was 
available. Moreover, selection bias cannot be ruled out, since only 
patients with milder clinical presentations typically undergo invasive 
procedures such as lumbar puncture for CSF collection. Nevertheless, 
the effect sizes of the main findings are substantial, supporting our 
conclusions. Nonetheless, we consider our results preliminary, urging 
readers to interpret our findings with caution and emphasizing the 
need for replication in larger cohorts.

Second, the cross-sectional design of the study precludes any 
inference regarding the temporal or causal relationship between 
reduced CSF Klotho levels and neurodegeneration.

Third, additional MRI sequences (e.g., susceptibility/QSM, 
FLAIR, or T2-weighted images) were not consistently available across 
participants, preventing a direct assessment of CP tissue composition. 
Nevertheless, CP composition may prove more relevant than CP 
volume itself for understanding plexus dysfunction (Butler et al., 
2023). Future studies should therefore include these sequences to 
better distinguish parenchymal, cystic, and calcified components.

Fourth, cognitive assessment was limited to the MMSE, which 
may not be sensitive enough to detect subtle or specific cognitive 
deficits. This limitation could have reduced our ability to uncover 
associations between reduced Klotho levels and cognitive function. 
We aim to include larger samples and more detailed cognitive 
assessments in future confirmatory studies.

In conclusion, in this preliminary study, we showed that Klotho 
levels are reduced in the CSF of neurodegenerative patients, are 
associated with CP enlargement, and may be related to cognitive function.

These findings suggest that Klotho could be an indicator not only 
of brain aging and neurodegeneration but, more specifically, of CP 
changes in this context. The mechanisms linking Klotho dysregulation 
in the CP to neurodegeneration, as well as the potential role of Klotho 
as a biomarker of CP dysfunction, need to be further explored.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Comitato Etico 
Area 2 Milano, approval N 859_2021. The studies were conducted in 
accordance with the local legislation and institutional requirements. 
The participants provided their written informed consent to 
participate in this study.

Author contributions

LSa: Conceptualization, Formal analysis, Investigation, 
Methodology, Writing – original draft. MA: Investigation, Writing – 
review & editing. GB: Investigation, Software, Writing – review & 
editing. LSc: Investigation, Software, Writing – review & editing. TC: 
Conceptualization, Formal analysis, Writing – review & editing. LG: 
Formal analysis, Writing  – review & editing. MP: Data curation, 
Formal analysis, Writing – review & editing. AP: Formal analysis, 
Writing – review & editing. CF: Investigation, Resources, Supervision, 
Writing – review & editing. MS: Investigation, Writing – review & 
editing. GC: Data curation, Resources, Writing – review & editing. FT: 
Resources, Supervision, Writing – review & editing. RL: Software, 
Supervision, Writing – review & editing. CD: Software, Supervision, 
Writing  – review & editing. DG: Funding acquisition, Project 
administration, Resources, Supervision, Writing – review & editing. 
AA: Conceptualization, Funding acquisition, Project administration, 
Resources, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by grants from the Italian Ministry of Health (Ricerca Corrente to AA 
and DG).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnagi.2025.1688996/
full#supplementary-material

https://doi.org/10.3389/fnagi.2025.1688996
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1688996/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1688996/full#supplementary-material


Sacchi et al.� 10.3389/fnagi.2025.1688996

Frontiers in Aging Neuroscience 07 frontiersin.org

References
Ali, M., Sung, Y. J., Wang, F., Fernández, M. V., Morris, J. C., Fagan, A. M., et al. (2022). 

Leveraging large multi-center cohorts of Alzheimer disease endophenotypes to 
understand the role of klotho heterozygosity on disease risk. PLoS One 17:e0267298. doi: 
10.1371/journal.pone.0267298

Assogna, M., Premi, E., Gazzina, S., Benussi, A., Ashton, N. J., Zetterberg, H., et al. 
(2023). Association of Choroid Plexus Volume with Serum Biomarkers, clinical features, 
and disease severity in patients with frontotemporal lobar degeneration Spectrum. 
Neurology 101, e1218–e1230. doi: 10.1212/WNL.0000000000207600

Belloy, M. E., Eger, S. J., Le Guen, Y., Napolioni, V., Deters, K. D., Yang, H.-S., et al. 
(2021). KL∗VS heterozygosity reduces brain amyloid in asymptomatic at-risk APOE∗4 
carriers. Neurobiol. Aging 101, 123–129. doi: 10.1016/j.neurobiolaging.2021.01.008

Belloy, M. E., Napolioni, V., Han, S. S., Le Guen, Y., and Greicius, M. D.for the 
Alzheimer’s Disease Neuroimaging Initiative (2020). Association of Klotho -VS 
heterozygosity with risk of Alzheimer disease in individuals who carry APOE4. JAMA 
Neurol. 77, 849–862. doi: 10.1001/jamaneurol.2020.0414

Brobey, R. K., German, D., Sonsalla, P. K., Gurnani, P., Pastor, J., Hsieh, C.-C., et al. 
(2015). Klotho protects dopaminergic neuron oxidant-induced degeneration by 
modulating ASK1 and p38 MAPK Signaling pathways. PLoS One 10:e0139914. doi: 
10.1371/journal.pone.0139914

Butler, T., Wang, X. H., Chiang, G. C., Li, Y., Zhou, L., Xi, K., et al. (2023). Choroid 
plexus calcification correlates with cortical microglial activation in humans: a multimodal 
PET, CT, MRI study. AJNR Am. J. Neuroradiol. 44, 776–782. doi: 10.3174/ajnr.A7903

Čarna, M., Onyango, I. G., Katina, S., Holub, D., Novotny, J. S., Nezvedova, M., et al. 
(2023). Pathogenesis of Alzheimer’s disease: involvement of the choroid plexus. 
Alzheimers Dement. 19, 3537–3554. doi: 10.1002/alz.12970

Chen, X. R., Shao, Y., and Sadowski, M. J.on behalf of the Alzheimer’s Disease 
Neuroimaging Initiative (2023). Interaction between KLOTHO-VS heterozygosity and 
APOE ε4 allele predicts rate of cognitive decline in late-onset Alzheimer’s disease. Genes 
14:917. doi: 10.3390/genes14040917

Chen, C.-D., Sloane, J. A., Li, H., Aytan, N., Giannaris, E. L., Zeldich, E., et al. (2013). 
The antiaging protein klotho enhances oligodendrocyte maturation and myelination of 
the CNS. J. Neurosci. 33, 1927–1939. doi: 10.1523/JNEUROSCI.2080-12.2013

Choi, J. D., Moon, Y., Kim, H.-J., Yim, Y., Lee, S., and Moon, W.-J. (2022). Choroid 
plexus volume and permeability at brain MRI within the Alzheimer disease clinical 
Spectrum. Radiology 304, 635–645. doi: 10.1148/radiol.212400

Driscoll, I., Ma, Y., Lose, S. R., Gallagher, C. L., Johnson, S. C., Asthana, S., et al. 
(2022). AD-associated CSF biomolecular changes are attenuated in KL-VS heterozygotes. 
Alzheimers Dement 14:e12383. doi: 10.1002/dad2.12383

Dubal, D. B., Zhu, L., Sanchez, P. E., Worden, K., Broestl, L., Johnson, E., et al. (2015). 
Life extension factor klotho prevents mortality and enhances cognition in hAPP 
transgenic mice. J. Neurosci. 35, 2358–2371. doi: 10.1523/JNEUROSCI.5791-12.2015

Dubois, B., Villain, N., Frisoni, G. B., Rabinovici, G. D., Sabbagh, M., Cappa, S., et al. 
(2021). Clinical diagnosis of Alzheimer’s disease: recommendations of the international 
working group. Lancet Neurol. 20, 484–496. doi: 10.1016/S1474-4422(21)00066-1

Erickson, C. M., Schultz, S. A., Oh, J. M., Darst, B. F., Ma, Y., Norton, D., et al. (2019). 
KLOTHO heterozygosity attenuates APOE4 -related amyloid burden in preclinical AD. 
Neurology 92, e1878–e1889. doi: 10.1212/WNL.0000000000007323

Gaitán, J. M., Asthana, S., Carlsson, C. M., Engelman, C. D., Johnson, S. C., 
Sager, M. A., et al. (2022). Circulating klotho is higher in cerebrospinal fluid than serum 
and elevated among KLOTHO heterozygotes in a cohort with risk for Alzheimer’s 
disease. J Alzheimers Dis 90, 1557–1569. doi: 10.3233/JAD-220571

Ge, S., Dong, F., Tian, C., Yang, C.-H., Liu, M., and Wei, J. (2024). Serum soluble 
alpha-klotho klotho and cognitive functioning in older adults aged 60 and 79: an 
analysis of cross-sectional data of the National Health and nutrition examination survey 
2011 to 2014. BMC Geriatr. 24:245. doi: 10.1186/s12877-024-04661-7

Grøntvedt, G. R., Sando, S. B., Lauridsen, C., Bråthen, G., White, L. R., Salvesen, Ø., 
et al. (2022). Association of Klotho Protein Levels and KL-VS heterozygosity with 
Alzheimer disease and amyloid and tau burden. JAMA Netw. Open 5:e2243232. doi: 
10.1001/jamanetworkopen.2022.43232

Hidaka, Y., Hashimoto, M., Suehiro, T., Fukuhara, R., Ishikawa, T., Tsunoda, N., et al. 
(2024). Association between choroid plexus volume and cognitive function in 
community-dwelling older adults without dementia: a population-based cross-sectional 
analysis. Fluids Barriers CNS 21:101. doi: 10.1186/s12987-024-00601-0

Ho, W. Y., Navakkode, S., Liu, F., Soong, T. W., and Ling, S.-C. (2020). Deregulated 
expression of a longevity gene, klotho, in the C9orf72 deletion mice with impaired 
synaptic plasticity and adult hippocampal neurogenesis. Acta Neuropathol. Commun. 
8:155. doi: 10.1186/s40478-020-01030-4

Imura, A., Tsuji, Y., Murata, M., Maeda, R., Kubota, K., Iwano, A., et al. (2007). 
Α-Klotho as a regulator of calcium homeostasis. Science 316, 1615–1618. doi: 10.1126/
science.1135901

Jeong, S. H., Jeong, H., Sunwoo, M. K., Ahn, S. S., Lee, S., Lee, P. H., et al. (2023). 
Association between choroid plexus volume and cognition in Parkinson disease. Eur. J. 
Neurol. 30, 3114–3123. doi: 10.1111/ene.15999

Jiang, D., Liu, L., Kong, Y., Chen, Z., Rosa-Neto, P., Chen, K., et al. (2023). Regional 
glymphatic abnormality in Behavioral variant frontotemporal dementia. Ann. Neurol. 
94, 442–456. doi: 10.1002/ana.26710

Jiang, J., Zhuo, Z., Wang, A., Li, W., Jiang, S., Duan, Y., et al. (2024). Choroid plexus 
volume as a novel candidate neuroimaging marker of the Alzheimer’s continuum. Alz 
Res Therapy 16:149. doi: 10.1186/s13195-024-01520-w

Konnur, A., Gang, S., Hegde, U., Patel, H., Pandya, A., and Shete, N. (2024). Chronic 
kidney disease: decreasing serum klotho levels predict adverse renal and vascular 
outcomes. Int. J. Nephrol. 2024:2803739. doi: 10.1155/2024/2803739

Kundu, P., Zimmerman, B., Quinn, J. F., Kaye, J., Mattek, N., Westaway, S. K., et al. 
(2022). Serum levels of α-klotho are correlated with cerebrospinal fluid levels and 
predict measures of cognitive function. JAD 86, 1471–1481. doi: 10.3233/
JAD-215719

Kuro-o, M. (2019). The klotho proteins in health and disease. Nat. Rev. Nephrol. 15, 
27–44. doi: 10.1038/s41581-018-0078-3

Kuro-o, M., Matsumura, Y., Aizawa, H., Kawaguchi, H., Suga, T., Utsugi, T., et al. 
(1997). Mutation of the mouse klotho gene leads to a syndrome resembling ageing. 
Nature 390, 45–51. doi: 10.1038/36285

Li, Y., Zhou, Y., Zhong, W., Zhu, X., Chen, Y., Zhang, K., et al. (2023). Choroid plexus 
enlargement exacerbates White matter hyperintensity growth through glymphatic 
impairment. Ann. Neurol. 94, 182–195. doi: 10.1002/ana.26648

Massó, A., Sánchez, A., Gimenez-Llort, L., Lizcano, J. M., Cañete, M., García, B., et al. 
(2015). Secreted and transmembrane αKlotho isoforms have different Spatio-temporal 
profiles in the brain during aging and Alzheimer’s disease progression. PLoS One 
10:e0143623. doi: 10.1371/journal.pone.0143623

Mattinzoli, D., Molinari, P., Romero-González, G., Bover, J., Cicero, E., Pesce, F., et al. 
(2023). Is there a role in acute kidney injury for FGF23 and klotho? Clin. Kidney J. 16, 
1555–1562. doi: 10.1093/ckj/sfad093

Mengel-From, J., Soerensen, M., Nygaard, M., McGue, M., Christensen, K., and 
Christiansen, L. (2016). Genetic variants in KLOTHO associate with cognitive function 
in the oldest old group. J. Gerontol. A Biol. Sci. Med. Sci. 71, 1151–1159. doi: 10.1093/
gerona/glv163

Neitzel, J., Franzmeier, N., Rubinski, A., Dichgans, M., Brendel, M., Alzheimer’s 
Disease Neuroimaging Initiative (ADNI)et al. (2021). KL-VS heterozygosity is 
associated with lower amyloid-dependent tau accumulation and memory 
impairment in Alzheimer’s disease. Nat. Commun. 12:3825. doi: 10.1038/
s41467-021-23755-z

Prud’homme, G. J., Kurt, M., and Wang, Q. (2022). Pathobiology of the klotho 
antiaging protein and therapeutic considerations. Front. Aging 3:931331. doi: 10.3389/
fragi.2022.931331

Rascovsky, K., Hodges, J. R., Knopman, D., Mendez, M. F., Kramer, J. H., Neuhaus, J., 
et al. (2011). Sensitivity of revised diagnostic criteria for the behavioural variant of 
frontotemporal dementia. Brain 134, 2456–2477. doi: 10.1093/brain/awr179

Sadanandan, J., Sathyanesan, M., and Newton, S. S. (2024). Aging alters the expression 
of trophic factors and tight junction proteins in the mouse choroid plexus. Fluids 
Barriers CNS 21:77. doi: 10.1186/s12987-024-00574-0

Sancesario, G. M., Di Lazzaro, G., Grillo, P., Biticchi, B., Giannella, E., Alwardat, M., 
et al. (2021). Biofluids profile of α-klotho in patients with Parkinson’s disease. 
Parkinsonism Relat. Disord. 90, 62–64. doi: 10.1016/j.parkreldis.2021.08.004

Sedighi, M., Baluchnejadmojarad, T., Fallah, S., Moradi, N., Afshin-Majdd, S., and 
Roghani, M. (2019). Klotho ameliorates cellular inflammation via suppression of 
cytokine release and upregulation of miR-29a in the PBMCs of diagnosed 
Alzheimer’s disease patients. J. Mol. Neurosci. 69, 157–165. doi: 10.1007/
s12031-019-01345-5

Semba, R. D., Moghekar, A. R., Hu, J., Sun, K., Turner, R., Ferrucci, L., et al. (2014). 
Klotho in the cerebrospinal fluid of adults with and without Alzheimer’s disease. 
Neurosci. Lett. 558, 37–40. doi: 10.1016/j.neulet.2013.10.058

Shardell, M., Semba, R. D., Rosano, C., Kalyani, R. R., Bandinelli, S., Chia, C. W., et al. 
(2016). Plasma klotho and cognitive decline in older adults: findings From the 
InCHIANTI study. J. Gerontol. A Biol. Sci. Med. Sci. 71, 677–682. doi: 10.1093/
gerona/glv140

Sorrentino, F., Fenoglio, C., Sacchi, L., Serpente, M., Arighi, A., Carandini, T., et al. 
(2023). Klotho gene expression is decreased in peripheral blood mononuclear cells in 
patients with Alzheimer’s disease and frontotemporal dementia. J. Alzheimers Dis. 94, 
1225–1231. doi: 10.3233/JAD-230322

Tank, R., Ward, J., Celis-Morales, C., Smith, D. J., Flegal, K. E., and Lyall, D. M. (2021). 
Testing for interactions between APOE and klotho genotypes on cognitive, dementia, 
and brain imaging metrics in UK biobank. J. Alzheimers Dis. 83, 51–55. doi: 10.3233/
JAD-210181

Wu, Y., Lei, S., Li, D., Li, Z., Zhang, Y., and Guo, Y. (2023). Relationship of klotho with 
cognition and dementia: results from the NHANES 2011–2014 and mendelian 
randomization study. Transl. Psychiatry 13:337. doi: 10.1038/s41398-023-02632-x

https://doi.org/10.3389/fnagi.2025.1688996
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0267298
https://doi.org/10.1212/WNL.0000000000207600
https://doi.org/10.1016/j.neurobiolaging.2021.01.008
https://doi.org/10.1001/jamaneurol.2020.0414
https://doi.org/10.1371/journal.pone.0139914
https://doi.org/10.3174/ajnr.A7903
https://doi.org/10.1002/alz.12970
https://doi.org/10.3390/genes14040917
https://doi.org/10.1523/JNEUROSCI.2080-12.2013
https://doi.org/10.1148/radiol.212400
https://doi.org/10.1002/dad2.12383
https://doi.org/10.1523/JNEUROSCI.5791-12.2015
https://doi.org/10.1016/S1474-4422(21)00066-1
https://doi.org/10.1212/WNL.0000000000007323
https://doi.org/10.3233/JAD-220571
https://doi.org/10.1186/s12877-024-04661-7
https://doi.org/10.1001/jamanetworkopen.2022.43232
https://doi.org/10.1186/s12987-024-00601-0
https://doi.org/10.1186/s40478-020-01030-4
https://doi.org/10.1126/science.1135901
https://doi.org/10.1126/science.1135901
https://doi.org/10.1111/ene.15999
https://doi.org/10.1002/ana.26710
https://doi.org/10.1186/s13195-024-01520-w
https://doi.org/10.1155/2024/2803739
https://doi.org/10.3233/JAD-215719
https://doi.org/10.3233/JAD-215719
https://doi.org/10.1038/s41581-018-0078-3
https://doi.org/10.1038/36285
https://doi.org/10.1002/ana.26648
https://doi.org/10.1371/journal.pone.0143623
https://doi.org/10.1093/ckj/sfad093
https://doi.org/10.1093/gerona/glv163
https://doi.org/10.1093/gerona/glv163
https://doi.org/10.1038/s41467-021-23755-z
https://doi.org/10.1038/s41467-021-23755-z
https://doi.org/10.3389/fragi.2022.931331
https://doi.org/10.3389/fragi.2022.931331
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1186/s12987-024-00574-0
https://doi.org/10.1016/j.parkreldis.2021.08.004
https://doi.org/10.1007/s12031-019-01345-5
https://doi.org/10.1007/s12031-019-01345-5
https://doi.org/10.1016/j.neulet.2013.10.058
https://doi.org/10.1093/gerona/glv140
https://doi.org/10.1093/gerona/glv140
https://doi.org/10.3233/JAD-230322
https://doi.org/10.3233/JAD-210181
https://doi.org/10.3233/JAD-210181
https://doi.org/10.1038/s41398-023-02632-x


Sacchi et al.� 10.3389/fnagi.2025.1688996

Frontiers in Aging Neuroscience 08 frontiersin.org

Yalcin, A., Gemci, E., Yurumez, B., Yilmaz, R., Varli, M., Atmis, V., et al. (2024). Serum 
alpha klotho levels in Parkinson’s disease. Neurol. Sci. 46, 743–749. doi: 10.1007/
s10072-024-07809-w

Yokoyama, J. S., Marx, G., Brown, J. A., Bonham, L. W., Wang, D., Coppola, G., et al. 
(2017). Systemic klotho is associated with KLOTHO variation and predicts intrinsic 
cortical connectivity in healthy human aging. Brain Imaging Behav. 11, 391–400. doi: 
10.1007/s11682-016-9598-2

Zeldich, E., Chen, C.-D., Boden, E., Howat, B., Nasse, J. S., Zeldich, D., et al. (2019). 
Klotho is neuroprotective in the superoxide dismutase (SOD1G93A) mouse model of 
ALS. J. Mol. Neurosci. 69, 264–285. doi: 10.1007/s12031-019-01356-2

Zeng, C.-Y., Yang, T.-T., Zhou, H.-J., Zhao, Y., Kuang, X., Duan, W., et al. (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. doi: 
10.1016/j.neurobiolaging.2019.02.003

Zhao, Y., Zeng, C., Li, X., Yang, T., Kuang, X., and Du, J. (2020). Klotho overexpression 
improves amyloid-β clearance and cognition in the APP/PS1 mouse model of 
Alzheimer’s disease. Aging Cell 19:e13239. doi: 10.1111/acel.13239

Zhu, L., Stein, L. R., Kim, D., Ho, K., Yu, G.-Q., Zhan, L., et al. (2018). Klotho controls 
the brain–immune system interface in the choroid plexus. Proc. Natl. Acad. Sci. USA 
115, E11388–E11396. doi: 10.1073/pnas.1808609115

Zimmermann, M., Fandrich, M., Jakobi, M., Röben, B., Wurster, I., Lerche, S., et al. 
(2024). Association of elevated cerebrospinal fluid levels of the longevity protein 
α-klotho with a delayed onset of cognitive impairment in Parkinson’s disease patients. 
Eur. J. Neurol. 31:e16388. doi: 10.1111/ene.16388

Zimmermann, M., Köhler, L., Kovarova, M., Lerche, S., Schulte, C., Wurster, I., 
et al. (2021). The longevity gene klotho and its cerebrospinal fluid protein profiles 
as a modifier for Parkinson’s disease. Eur. J. Neurol. 28, 1557–1565. doi: 10.1111/
ene.14733

https://doi.org/10.3389/fnagi.2025.1688996
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s10072-024-07809-w
https://doi.org/10.1007/s10072-024-07809-w
https://doi.org/10.1007/s11682-016-9598-2
https://doi.org/10.1007/s12031-019-01356-2
https://doi.org/10.1016/j.neurobiolaging.2019.02.003
https://doi.org/10.1111/acel.13239
https://doi.org/10.1073/pnas.1808609115
https://doi.org/10.1111/ene.16388
https://doi.org/10.1111/ene.14733
https://doi.org/10.1111/ene.14733

	Association between Klotho levels in cerebrospinal fluid and choroid plexus enlargement in neurodegeneration
	Highlights
	1 Introduction
	2 Materials and methods
	2.1 Study participants
	2.2 Assessment of KL-VS heterozygosity and APOE status
	2.3 Sampling and analysis of CSF and serum
	2.4 CP segmentation
	2.5 Statistical analysis

	3 Results
	3.1 Univariate analysis
	3.1.1 Klotho concentrations and clinical and demographic variables
	3.1.2 Klotho concentrations stratified by KL-VS status
	3.1.3 Klotho concentrations in the clinical groups
	3.1.4 Association of Klotho concentrations with MMSE scores
	3.1.5 Association of Klotho concentrations with CP volume
	3.2 Multivariate analysis
	3.2.1 CSF klotho model
	3.2.2 MMSE model

	4 Discussion

	References

