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Abstract

Background. The hormone klotho is encoded by aging-suppressor gene klotho and has multiple
roles, including regulating mineral (calcium and phosphate) homeostasis. Vitamin D also regulates
mineral homeostasis and upregulates klotho expression. Klotho positively relates to longevity,
upper-extremity strength, and reduced disability in older adults; however, it is unknown whether
circulating klotho relates to lower-extremity physical performance or whether the relation of
vitamin D with physical performance is mediated by klotho.

Methods. Klotho and 25-hydroxyvitamin D [25(0OH)D] were measured in 860 participants aged
> 55 years in Invecchiare in Chianti, “Aging in Chianti” (INCHIANTI), a prospective cohort study
comprising Italian adults. Lower-extremity physical performance was measured using the Short
Physical Performance Battery, a summary score of balance, chair stand ability, and walking speed.
Weighted estimating equations related plasma klotho and serum 25(0OH)D concentrations measured
at one visit to Short Physical Performance Battery measured longitudinally at multiple visits.
Results. Each additional natural log of klotho (pg/mL) was associated with 0.47 higher average
Short Physical Performance Battery scores (95% confidence interval: 0.08 to 0.86, p value = .02)
after adjustment for covariates, including 25(0OH)D. Each natural log of 25(0OH)D (ng/mL) was
associated with 0.61 higher average Short Physical Performance Battery scores (95% confidence
interval: 0.35 to 0.88, p value <.001) after adjustment for covariates, a result that changed little after
adjustment for klotho.

Conclusions. Plasma klotho and 25(0OH)D both positively related to lower-extremity physical
performance. However, the findings did not support the hypothesis that klotho mediates the
relation of 25(0OH)D with physical performance.
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Poor lower-extremity physical performance is associated with
mortality, morbidity, and poor quality of life in older adults (1,2).
Beyond exercise and physical activity interventions, there are limited
options for preventing physical performance decline in older adults.
Therefore, identifying factors associated with poor performance that
may be modifiable targets for interventions is central to gerontol-
ogy research. Klotho, a recently discovered hormone with antiaging
properties in animal models (3), may play a role in physical perfor-
mance. The aging-suppressor gene klotho encodes klotho, a single-
pass transmembrane protein that is predominantly expressed in the
distal tubule cells of the kidney, parathyroid glands, and choroid
plexus of the brain. Klotho-deficient mice exhibit accelerated aging,
including low bone mineral density, sarcopenia, and shortened life
span; whereas mice that overexpress klotho exhibit enhanced lon-
gevity and health span (3-5).

Two homologous, yet functionally distinct, forms of klotho exist:
membrane and secreted. These forms share about 41% amino acid
identity, but are expressed in different tissues (6). Membrane klotho,
known as B-klotho, is coreceptor for fibroblast growth factor 23, a
hormone produced by bone cells that regulates phosphate homeo-
stasis (7). Secreted klotho, known as a-klotho, is involved in calcium
homeostasis in the kidney and inhibition of intracellular insulin and
insulin-like growth factor-1 signaling (5). Klotho has been shown
to positively relate to longevity (8), upper-extremity strength (9),
and negatively relate to activities of daily living disability (10) and
morbidity (11) in older community-dwelling adults; however, it is
unknown whether klotho relates to lower-extremity physical perfor-
mance in this population.

The discovery of klotho has altered the traditional conceptual
framework of mineral (calcium and phosphate) homeostasis, which
was based on the pathway involving circulating vitamin D and para-
thyroid hormone (PTH) (12,13). Recent research suggests that the
vitamin D/PTH pathway regulates the klotho/fibroblast growth fac-
tor 23 pathway, and vice versa. Specifically, 1,25-dihydroxyvitamin
D [1,25(0OH)D,], the metabolically active form of vitamin D, upreg-
ulates expression of klotho (14), PTH may indirectly upregulate
klotho by upregulating 1,25(0OH)D, (12), and klotho may indirectly
downregulate PTH as a fibroblast growth factor 23 coreceptor,
although the latter mechanism is more controversial (15).

Multiple reports have shown that circulating 25-hydroxyvita-
min D [25(OH)D], the gold standard for vitamin D body stores and
substrate for 1,25(OH)D,, positively relates to physical performance
in older adults (16-20). However, it is unknown whether the rela-
tion of 25(OH)D with lower-extremity physical performance can be
explained (ie, is mediated) by its putative effect on klotho.

We hypothesize that, independent of confounders, (i) plasma
klotho concentrations positively relate to lower-extremity physical
performance in older adults and (ii) the relation of serum 25(OH)
D with lower-extremity physical performance is mediated in part by
klotho. We test these hypotheses in a large prospective study of older
community-dwelling adults.

Methods

Participants and Data Collection

Participants included men and women enrolled in the Invecchiare in
Chianti, “Aging in Chianti” (InCHIANTI) Study aged =55 years at the
time of their scheduled blood draw for klotho measurement. The design
and conduct of INCHIANTI has been described elsewhere (21). Briefly,
adults were randomly selected in 1998 from population registries of
two Italian towns (Greve in Chianti and Bagno a Ripoli); 1,453 adults
were enrolled during 1998-2000. Participants received an extensive

description of the study and participated after providing written informed
consent. The Italian National Institute of Research and Care on Aging
Ethical Committee approved the study protocol. The Johns Hopkins
University Institutional Review Board approved this study.

Among enrollees, 1,167 participants returned for a 3-year visit from
2001 to 2003, among whom 985 were aged >55 years. Among par-
ticipants who would have been aged >335 years at the scheduled 3-year
visit, 143 died before the visit. Of the 985 returning participants, 860
underwent a blood draw for analysis of klotho and were included in our
study. Plasma klotho was measured at the 3-year visit owing to greater
availability of stored plasma as compared with the enrollment visit. Of
860 participants aged >55 years with measured klotho, 734 returned
for a 6-year visit (2004-2006), and 615 returned for a 9-year visit
(2007-2009); 99 died before the 6-year visit, another 98 died before the
9-year visit, and the remainder were alive but missed follow-up visits.

Study visits consisted of trained interviewers administering in-
home surveys, and physicians and physical therapists performing
and administering medical examinations and physical function tests,
respectively, in the study clinic.

Measures

Lower-extremity physical performance

We included lower-extremity physical performance assessed at 3-,
6-, and 9-year visits. We operationalized lower-extremity physi-
cal performance using the Short Physical Performance Battery
(SPPB) derived from lower-extremity performance tests used in the
Established Populations for the Epidemiologic Studies of the Elderly
(22). SPPB comprised assessments of balance, chair stand ability,
and walking speed. Balance was measured by participants’ ability
to stand in three increasingly difficult positions for 10 seconds each:
a side-by-side position, a semitandem position, and a full-tandem
position. Chair stand ability was measured by participants’ time to
stand up and sit down in a chair with hands folded across their chest
for five repetitions. Walking speed was the fastest of two 4-m walks
at usual pace (canes and walkers permitted). Each measure was con-
verted into a score ranging from O (unable) to 4 (highest level of
performance). The three scores were summed to produce the SPPB
summary score ranging from 0 (worst) to 12 (best). The summary
and three component scores were the outcomes for the current study.

Biomarkers

Biomarkers were assessed using samples collected at the 3-year visit.
Blood samples were collected in the morning after a 12-hour fast. Aliquots
of serum and plasma were immediately obtained and stored at -80°C.

Klotho

Soluble a-klotho was measured in EDTA plasma using a solid-phase
sandwich enzyme-linked immunosorbent assay (Immuno-Biological
Laboratories, Takasaki, Japan) (23). The minimum assay detection
limit is 6.15 pg/mL, which is lower than plasma concentrations
found here. Intra-assay and interassay coefficients of variation were
4.1% and 8.9%, respectively, in one investigator’s (R.D.S.) labora-
tory. A published study and an internal pilot study found evidence
that the klotho molecule is stable for multiple freeze-thaw cycles
(23). The designation a-klotho describes the original klotho gene
and its product (24) and distinguishes it from a homolog $-klotho
(6). Henceforth, “klotho” refers to a-klotho.

25-hydroxyvitamin D
Serum 25(OH)D was measured using an enzyme immunoassay
(OCTEIA 25-Hydroxy Vitamin D kit; Immunodiagnostic Systems,



1158

Journals of Gerontology: MEDICAL SCIENCES, 2015, Vol. 70, No. 9

Inc., Fountain Hills, AZ) with intra-assay and interassay coefficients
of variation ranging 5.3%-6.7% and 4.6 %-8.7%, respectively.

Other biomarkers

Serum intact PTH concentrations were measured with two-site
chemiluminescent enzyme-labeled immunometric assay (Intact
PTH; Diagnostic Products Corporation, Los Angeles, CA) and an
IMMULITE 2000 Analyzer (Siemens Medical Solutions Diagnostics,
Tarrytown, NY) with intra-assay and interassay coefficients of vari-
ation ranging 4.2%-5.7% and 6.3%-8.8%, respectively. Serum
creatinine levels were measured using a kinetic-colorimetric assay
based on a rate-blanked and compensated modified Jaffé method for
a Roche/Hitachi analyzer (Roche Diagnostics, GmbH, Mannheim,
Germany) with intra-assay and interassay coefficients of variation
of 0.7% and 2.3%, respectively. Serum creatinine was standardized
to estimate glomerular filtration rate via the Chronic Kidney Disease
Epidemiology Collaboration equation (25).

Other Covariates

All covariates were collected at the 3-year visit, unless otherwise
noted. Alcohol consumption (drinks/week) and calcium intake (mg/
day) were assessed using the European Prospective Investigation into
Cancer and Nutrition questionnaire. Mini-Mental State Examination
(MMSE) measured cognitive function. Comorbidities (hypertension,
congestive heart failure, peripheral arterial disease, stroke, diabetes,
cancer, osteoporosis, and renal disease) were determined using adju-
dicated measures combining self-report, medical records, and clini-
cal examination. Self-reported physical activity was categorized as
moderate-to-intense exercise >3 hours per week (moderate-to-high
activity), light exercise >2 hours per week or moderate exercise
1-2 hours per week (low activity), or sedentary/mostly sitting/some
walking (inactive). We included physical activity at the enrollment
visit, because subsequent activity may be affected by physical per-
formance. We also ascertained age, education (years of schooling),
smoking (pack-years), sex, and blood collection season. Body mass
index (kg/m?) was measured.

Statistical Analysis

Weighted generalized estimating equations related longitudinal SPPB
summary score and each component score (balance, chair stand, and
walk) to the natural log of plasma klotho, In(klotho). We fit three
models for each outcome. Model 1 adjusted for study visit, age,
sex, and visit-by-age interactions. Model 2 additionally adjusted for
natural log of 25(OH)D (In[25(OH)D]), estimated glomerular filtra-
tion rate, calcium and alcohol intake, smoking, body mass index,
MMSE, years of education, physical activity, history of falls, and
comorbidities. Model 3 additionally adjusted for PTH and a PTH-
by-In[25(OH)D] interaction. Models 2 and 3 included 25(OH)D as
a potential confounder; however, there is uncertainty in the scientific
community about regulation between klotho and PTH (particularly
with simultaneously measured biomarkers) (15). Model 2 is appro-
priate to model the directed acyclic graph (26) in Figure 1A, where
PTH mediates the effect of klotho on physical performance; Model 3
is appropriate to model Figure 1B, where PTH confounds the effect
of klotho on physical performance; and both models are appropriate
for Figure 1C where klotho and PTH independently affect lower-
extremity physical performance. We used inverse-probability weight-
ing to address missing data and selective survival (see Supplementary
Material for details) (27). Directed acyclic graphs convey relations
between variables differently than in the regulation pathway figures

A.
> Lower-Extremity
25(0H)D .
Physical Performance
klotho
PTH
B.
> Lower-Extremity
25(0OH)D .
Physical Performance
klotho
PTH

A 4

Lower-Extremity

25(0OH)D .
Physical Performance
klotho

PTH

Figure 1. Directed acyclic graphs depicting possible pathways linking 25(0H)
D, klotho, and PTH to lower-extremity physical performance. In all pathways
(A-C), klotho and PTH are hypothesized mediators of 25(0OH)D on lower-
extremity physical performance. (A) PTH mediates the effect of klotho on
lower-extremity physical performance (Model 2 and Mediation Model 1
appropriate); (B) PTH confounds the effect of klotho on lower-extremity
physical performance (Model 3 and Mediation Model 2 appropriate); (C)
Klotho and PTH affect lower-extremity physical performance through
separate pathways (all models appropriate). 25(0OH)D, 25-hydroxyvitamin D;
PTH, parathyroid hormone.

often used in endocrinology (eg, no feedback loops in directed acy-
clic graphs). Supplementary material (see Supplementary Figure 1)
includes an explanation of these differences.

Finally, we estimated the direct effect of 25(OH)D on lower-
extremity physical performance; that is, the effect not mediated
by klotho. For each outcome, we first obtained an estimate of
the total effect of In[25(OH)D] on performance using inverse-
probability weighted generalized estimating equations with
adjustment for covariates in Model 2 and blood collection sea-
son (Total Effect Model). Next, we fit two models, one appropri-
ate for Figure 1A (Mediation Model 1), and another appropriate
for Figure 1B (Mediation Model 2). Mediation Model 1 added
In(klotho) to the Total Effect Model, where the resulting beta
estimate for In[25(OH)D] combines the direct effect of 25(OH)
D and the indirect effect of 25(OH)D through PTH unmediated
by klotho (ie, holding klotho “fixed”). Since this approach is only
appropriate if no effects of 25(OH)D confound the relation of
klotho with physical performance, and there is uncertainty about
regulation pathways, we fit Mediation Model 2 using an alterna-
tive weighting strategy. Mediation Model 2 involved weighting to
control for PTH as a confounder of the relation between klotho
and lower-extremity physical performance (see Supplementary
Material) (28). Statistical significance was defined as p value
< .05 for all analyses.
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Table 1. Characteristics of 860 INCHIANTI Participants by Plasma Klotho Concentration (median = 669 pg/mL)
Characteristics Klotho >669 pg/mL (N = 432) Klotho <669 pg/mL (N = 428) p Value
Mean (SD), Number (%), N Mean (SD), Number (%), or N
or Median (IQR) Median (IQR)

Age (y) 74\3<7 6) 432 76 3(8.2) 428 <001
Education (y) 6(3.2) 432 8(3.8) 428 .34
Smoking (pack-years) 11 O (19.2) 432 13 3 (20.4) 427 .09
Alcohol consumption (drinks/wk) 3(8.3) 409 6(9.0) 401 .03
Body mass index (kg/m?) 26 6 (4.0) 422 26 3 (3.9) 412 .28
MMSE score 25.5 (4.5) 430 24.5 (5.4) 426 .005
Female sex 255 (59.0%) 432 223 (52.1%) 428 .04
Hypertension 154 (35.6%) 432 132 (30.8%) 428 .14
Congestive heart failure 0 (4.6%) 432 4 (7.9%) 428 .04
Peripheral arterial disease 7 (8.6%) 432 1(9.6%) 428 .60
Stroke 3(5.3%) 432 3(7.7%) 428 .16
Diabetes 4 (10.2%) 432 2 (12.1%) 428 .36
Cancer 8 (1.9%) 432 2(2.8%) 428 35
Renal disease 282 (65.3%) 432 264 (61.7%) 428 27
Osteoporosis 103 (23.8%) 432 7(20.3%) 428 21
Fallen in the past 12 mo 7 (17.8%) 432 100 (23.4%) 428 .044
Physical activity: 432 428 .68

Inactive 1(16.4%) 76 (17.8%)

Low 329 (76.2%) 326 (76.2%)

Moderate-to-high 32 (7.4%) 26 (6.1%)
Blood collection season 432 428 25

Winter (December to February) 149 (34.5%) 173 (40.4%)

Spring (March to May) 123 (28.5%) 119 (27.8%)

Summer (June to August) 1(9.5%) 39 (9.1%)

Fall (September to November) 119 (27.5%) 97 (22.7%)
25-hydroxyvitamin D (ng/mL) 29.8 (21.3,51.2) 432 29.7 (18.9,45.3) 427 .16
Calcium intake (mg/d) 788 (625, 998) 409 824 (673, 1,029) 401 13
¢GFR (mL/min/1.73 m?) 67.5 (56.1,79.6) 428 67 (55.2,80.2) 423 55
Klotho (pg/mL) 813 (738, 930) 432 522 (443, 596) 428
Parathyroid hormone (ng/L) 1 (30, 60) 432 1(29,59) 427 47
SPPB summary score, 3-y visit 8.2 (2.4) 420 7.6 (3.0) 414 <.001
SPPB summary score, 6-y visit 8.0 (2.5) 346 7.3(3.1) 311 .001
SPPB summary score, 9-y visit 8.3 (2.4) 260 7.8 (2.8) 234 .08
SPPB balance score, 3-y visit 3.5 (1.1) 426 3.2 (1.4) 424 .001
SPPB balance score, 6-y visit 3.4 (1.1) 354 3.1(1.4) 316 .005
SPPB balance score, 9-y visit 3.4 (1.1) 276 3.3 (1.3) 255 .09
SPPB chair stand score, 3-y visit 2.2 (0.9) 426 2.0 (1.1) 424 .003
SPPB chair stand score, 6-y visit 2.1(0.9) 353 1.9 (1.1) 318 .004
SPPB chair stand score, 9-y visit 2.1(0.9) 278 2.0 (1.0) 252 .03
SPPB walk score, 3-y visit 2.5(0.7) 423 2.3 (1.0) 418 <001
SPPB walk score, 6-y visit 2.4(0.8) 348 2.2 (1.0) 313 .002
SPPB walk score, 9-y visit 2.5(0.8) 262 2.4 (1.0) 234 .10

Notes: Continuous variables compared using two-sample  tests or Wilcoxon rank-sum tests; categorical variables compared using Fisher’s exact tests. MMSE

(Mini-Mental State Examination) score range, 0-30; Short Physical Performance Battery (SPPB) summary score range, 0-12; SPPB balance, chair stand, and walk

score range: 0—4. eGFR = estimated glomerular filtration rate; INCHIANTI = Invecchiare in Chianti, “Aging in Chianti”; IQR = interquartile range; N = number

with available data.

Results

Table 1 shows that participants with plasma klotho >669 pg/mL
(median), on average, were younger, consumed fewer alcoholic
drinks, had higher MMSE scores, were more likely to be female and
to have been diagnosed with congestive heart failure, and were less
likely to have fallen than those with lower klotho (<669 pg/mL; all
p value < .05). We did not find significant associations of plasma
klotho concentrations with 25(OH)D concentrations, PTH concen-
trations, or estimated glomerular filtration rate (all p value > .15).
Participants with higher plasma klotho had higher average SPPB
summary and component scores (balance, chair stand, and walk)

at 3- and 6-year follow-up visits (all p value < .01). SPPB scores
were higher at the 9-year follow-up visit for participants with higher
versus lower plasma klotho; however, only chair stand scores were
significantly different (p value = .03).

Participants with data missing due to death were older, had more
comorbidities, lower MMSE scores, lower 25(OH)D and klotho,
higher PTH, were more likely to be male, and had lower SPPB scores
at earlier visits than survivors (all p value < .035). Similarly, survivors
with missing data were older, had more comorbidities, lower MMSE
scores, lower 25(OH)D, were more likely to be male, and had lower
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SPPB scores at earlier visits than survivors with complete data (all p
value < .05; data not shown).

Table 2 shows estimated associations of klotho with SPPB sum-
mary and component scores. Higher klotho was associated with
higher average SPPB summary, balance, chair stand, and walk
scores after adjustment for age, sex, and visit (Model 1). After addi-
tional covariate adjustment (Model 2), each In(klotho) was associ-
ated with 0.47 point higher average SPPB summary scores (beta
estimate = 0.49, 95% confidence interval [CI]: 0.08 to 0.86, p value
=.02). We also found statistically significant positive associations
of In(klotho) with balance (beta estimate = 0.21, 95% CI: 0.02 to
0.39, p value = .03) and walk scores (beta estimate = 0.16, 95%
CI: 0.03 to 0.29, p value = .01). The estimate for chair stand scores

was also positive, but not statistically significant (beta estimate =
0.11,95% CI: -0.02 to 0.23, p value = .11). All estimates changed
little after adjustment for PTH and PTH-by-In[25(OH)D] interac-
tion (Model 3).

Table 3 presents findings from mediation analyses. Estimated
total effects of In[25(OH)D] on SPPB and component scores were
all positive and statistically significant (all p value <.001). Estimates
of In[25(OH)D] total effects and effects unmediated by In[klotho]
(i.e., direct effects) estimated by Mediation Models 1 and 2 were
nearly identical. For example, after adjustment for covariates, each
In[25(OH)D] was associated with 0.61 point higher average SPPB
summary scores (beta estimate = 0.61, 95% CI: 0.35 to 0.88, p value
<.001); Mediation Models 1 and 2 estimated effects unmediated by

Table 2. Associations of In(klotho) With SPPB Scores Among InCHIANTI Participants Aged >55 y

SPPB Outcome Model Beta Estimate* 95% Confidence Interval p Value
Summary Model 1 0.63 (0.07,1.20) .03
Model 2 0.47 (0.08, 0.86) .02
Model 3 0.51 (0.11, 0.91) .01
Balance Model 1 0.29 (0.05,0.53) .02
Model 2 0.21 (0.02,0.39) .03
Model 3 0.22 (0.04, 0.41) .02
Chair stand Model 1 0.17 (0.01, 0.33) .04
Model 2 0.11 (-0.02,0.23) A1
Model 3 0.11 (-0.02,0.25) .09
Walk Model 1 0.20 (0.03,0.36) 02
Model 2 0.16 (0.03,0.29) .01
Model 3 0.17 (0.04, 0.30) .01

Notes: Model 1: adjustment for visit, age, sex, and visit-by-age interaction. Model 2: additional adjustment for In[25(OH)D], eGFR, calcium intake, alcohol con-
sumption, smoking, body mass index (continuous and quadratic terms), MMSE, years of education, physical activity level, history of falls, and comorbid conditions
(hypertension, congestive heart failure, peripheral arterial disease, stroke, diabetes, cancer, renal disease, and osteoporosis). Model 3: additional adjustment for
PTH and PTH-by-In[25(OH)D] interaction. 25(OH)D = 25-hydroxyvitamin D; eGFR = estimated glomerular filtration rate; INCHIANTI = Invecchiare in Chianti,
“Aging in Chianti”; MMSE = Mini-Mental State Examination; PTH = parathyroid hormone; SPPB = Short Physical Performance Battery.

*Mean difference in SPPB summary and component scores per In(klotho) in pg/mL.

Table 3. Mediation Analysis of In[25(OH)D] and SPPB Scores by In[klotho] Among InCHIANTI Participants Aged >55 y

SPPB Outcome In[25(OH)D] Effect and Model Beta Estimate*® 95% Confidence Interval p Value
Summary Total 0.61 (0.35,0.88) <.001
Direct (unmediated by klotho): Mediation Model 1 0.61 (0.34,0.87) <.001
Mediation Model 2 0.63 (0.36, 0.90) <.001
Balance Total 0.29 (0.17,0.42) <.001
Direct (unmediated by klotho): Mediation Model 1 0.29 (0.16, 0.42) <.001
Mediation Model 2 0.30 (0.17,0.43) <.001
Chair stand Total 0.15 (0.06, 0.24) .001
Direct (unmediated by klotho): Mediation Model 1 0.15 (0.06, 0.24) .001
Mediation Model 2 0.15 (0.06, 0.25) .001
Walk Total 0.17 (0.09,0.25) <.001
Direct (unmediated by klotho): Mediation Model 1 0.17 (0.09,0.25) <.001
Mediation Model 2 0.18 (0.10, 0.26) <.001

Notes: Total effect: adjustment for study visit, age, sex, visit-by-age interaction, eGFR, calcium intake, alcohol consumption, smoking, body mass index
(continuous and quadratic terms), MMSE, years of education, physical activity level, history of falls, comorbid conditions (hypertension, congestive heart
failure, peripheral arterial disease, stroke, diabetes, cancer, renal disease, and osteoporosis), and season of blood collection. Mediation Model 1: addition-
ally included In(klotho). Mediation Model 2: additional adjustment for PTH using weighting (see Supplementary Material). 25(OH)D = 25-hydroxyvita-
min D; eGFR = estimated glomerular filtration rate; INCHIANTI = Invecchiare in Chianti, “Aging in Chianti”; MMSE = Mini-Mental State Examination;
PTH = parathyroid hormone; SPPB = Short Physical Performance Battery. *Mean difference in SPPB summary and component scores per In[25(OH)D] in
ng/mL.
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klotho to be 0.61 (95% CI: 0.34 to 0.87, p value < .001) and 0.63
(95% CI: 0.36 to 0.90; p value < .001), respectively.

Discussion

This study found that plasma klotho concentrations are positively
associated with lower-extremity physical performance, after adjust-
ment for 25(OH)D and other confounders. These findings are con-
sistent with the interpretation of klotho as an “anti-aging” hormone
demonstrated in studies in mice (3-5,7,14,24,29-32) and in humans
(8-11).

We found no evidence that klotho mediates the association of
25(OH)D with lower-extremity physical performance, because esti-
mated total effects were negligibly different from estimated direct
effects unmediated by klotho. One possibility is that klotho and
25(OH)D may affect performance through different mechanisms.
Mediation analysis was motivated by mechanistic roles that klotho
plays in mineral homeostasis and regulation of 1,25(0OH)D,, and
by reports of associations between klotho genetic variants and
bone mineral density (33-36). However, klotho may impact physi-
cal performance through other mechanisms. First, klotho regulates
growth factor signaling (3), such as inhibition of the insulin/insulin-
like growth factor-1 signaling pathway (5,30), which positively
relates to health in older adults (37). Second, klotho helps to main-
tain endothelial function (3), which protects against atherosclerosis
and cardiovascular disease. Third, klotho regulates ion channels in
the kidney (3) responsible for increasing calcium reabsorption and
potassium excretion (29,38). Lastly, klotho suppresses oxidative
stress by inhibiting insulin/insulin-like growth factor-1 signaling
pathway and upregulating antioxidant enzymes (32).

This study had multiple strengths including a large longitudinal
cohort, multiple biomarkers and other covariates, rigorous media-
tion analysis (including sensitivity analyses that address uncertainty
about regulation between PTH and klotho), and rigorous handling
of missing data and selective survival. Furthermore, the mediation
analysis supports and extends previous work on 25(OH)D and
lower-extremity physical performance in InCHIANTI (17) by using
repeated SPPB measures.

Despite these strengths, some limitations must be acknowledged.
First, biomarker concentrations were measured once, possibly with
error. However, if error is unsystematic, then estimates may be con-
servative. Second, there were missing data due to nonresponse and
mortality, but we attempted to reduce potential bias using modern
statistical methods (27). Furthermore, the study would have ben-
efited from measured phosphate concentrations, which were not
available in InCHIANTTL, given the role of klotho in phosphate regu-
lation. Lastly, as in any observational study, there is potential for
unmeasured confounding. We selected confounders based on current
scientific knowledge about klotho and included relevant interaction
terms to mitigate this possibility.

Future research on klotho can help to identify novel targets to
be investigated in longitudinal studies of older adults. Also, assess-
ing klotho concentrations as a secondary outcome in vitamin D
supplementation trials may help determine whether klotho can be
modified by vitamin D among vitamin D-deficient older adults. In
the meantime, this and previous work in humans (8-11) and mice
(3-5,7,14,24,29-32) provide an impetus for examining the role of
klotho in health and aging, including whether klotho relates pro-
spectively to other important conditions in older adults such as pain
(39), sarcopenia (19), and frailty (40).

Supplementary Material

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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