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Introduction: Klotho is a protein associated with protection from aging-related
diseases and health conditions. Obesity is associated with lower Klotho
concentrations. Thus, this secondary analysis of adults with obesity examined
1) the change in serum Klotho concentration in response to a behavioral weight
loss intervention by the magnitude of weight loss achieved; and 2) the association
among serum Klotho concentration and weight, body composition, and
cardiorespiratory fitness.

Methods: Participants were randomized to either diet alone (DIET), diet plus
150 min of physical activity per week (DIET + PA150), or diet plus 250min of
physical activity per week (DIET + PA250). Participants [n = 152; age: 45.0 ±
7.9 years; body mass index (BMI): 32.4 ± 3.8 kg/m2] included in this secondary
analysis provided blood samples at baseline, 6-, and 12 months, and were
classified by weight loss response (Responder: achieved ≥10% weight loss at
6 or 12 months; Non-responder: achieved <5% weight loss at both 6 and
12 months). Serum Klotho was measured using a solid-phase sandwich
enzyme-linked immunosorbent assay (ELISA). Analyses of covariance
(ANCOVA’s) were used to examine changes in weight, body composition,
cardiorespiratory fitness, and Klotho concentration by weight loss response
across the 12-month weight loss intervention.

Results: Responders had a greater reduction in measures of weight and body
composition, and a greater increase in cardiorespiratory fitness, compared to
Non-Responders (p < 0.05). Change in Klotho concentration differed between
Responders and Non-Responders (p < 0.05), with the increase in Klotho
concentration from baseline to 6 months for Responders being statistically
significant. The 6-month change in Klotho concentration was inversely
associated with the 6-month change in weight (rs = −0.195), BMI (rs = −0.196),
fat mass (rs = −0.184), and waist circumference (rs = −0.218) (p-values <0.05).

Discussion: Findings provide evidence within the context of a behavioral
intervention, with and without exercise, that change in Klotho concentration is
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significantly different between adults with weight loss ≥10% compared to <5%
across 12 months. These findings suggest that weight loss and reduction in fat mass
may be favorably associated with the change in Klotho concentration. This may
reduce the risk of negative health consequences associated with accelerated aging
in middle-aged adults.
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Introduction

Overweight and obesity are associated with major health risks
and increased risk for premature death (Van Gaal et al., 2006; Hales
et al., 2017). The current prevalence of obesity in the United States is
approximately 41.9% (Stierman et al., 2021). Due to obesity’s
association with many chronic diseases such as cardiovascular
disease, diabetes, and certain cancers, among others, the
increased prevalence of obesity is of significant public health
concern (Must et al., 1999; Vgontzas et al., 2000; Field et al.,
2001; Mokdad et al., 2003; Wolk et al., 2003; Poirier et al., 2006).
These health-related concerns of obesity may be a result of excess
body weight affecting aging mechanisms through the maturation of
adipose tissue, influencing inflammation and glucose homeostasis,
oxidative stress, DNA damage, telomere dysfunction, and increased
vasomotor tone and sympathetic drive (Seidell et al., 1992; Steinberg
et al., 1996; Weinsier et al., 1998; He et al., 2001; Woo et al., 2004;
Poirier et al., 2006; Ahima, 2009; Consitt et al., 2009; Galgani and
Ravussin, 2009; Barton, 2010; Flegal et al., 2012; Hales et al., 2017).
The accelerated aging processes that result from overweight and
obesity may serve as a mechanistic pathway leading to the
development of chronic diseases.

One biomarker, among others, that may provide insight into the
accelerated aging process and accompany obesity is Klotho (Orces,
2022a; Orces, 2022b). Klotho is a protein shown to promote
longevity and provide cardiovascular and neuroprotective effects
(Arking et al., 2003; Wang and Sun, 2009; Semba et al., 2011;
Razzaque, 2012; Semba et al., 2012; Drüeke and Massy, 2013;
Avin et al., 2014; Di Bona et al., 2014; Semba et al., 2015; Xu
and Sun, 2015; Hui et al., 2017). Circulating Klotho results from
either direct secretion by the cell or from cleavage of the intracellular
domain of the full-length protein by secretases (Drüeke and Massy,
2013). Cleavage of the intracellular domain of the full-length protein
is performed by secretases—more specifically by α- β-secretase.
Klotho is cleaved by α-secretases ADAM10 and 17 (A
Disintegrin and Metalloprotease), as well as β-secretase BACE1
(Beta-Secretase 1). The remaining membrane-bound fragment is
a substrate for regulated intramembrane proteolysis by γ-secretase
(Bloch et al., 2009). Both of these processes lead to “soluble” or
circulating Klotho, which is found in blood, urine, and cerebrospinal
fluid (Matsumura et al., 1998; Wang and Sun, 2009; Drüeke and
Massy, 2013). Higher concentrations of Klotho are associated with a
slower aging process and fewer negative-health outcomes (Kuro-o
et al., 1997; Kurosu et al., 2005; Xu and Sun, 2015). Evidence has
shown Klotho to be lower in adults with obesity compared to their
normal-weight counterparts (Amitani et al., 2013). This may suggest
that treatment of overweight and obesity through weight loss may
increase Klotho concentration, potentially counteracting the

accelerated aging effects of obesity. However, the influence of
intentional weight loss on Klotho concentration among adults
with overweight or obesity has not been well characterized.

Behavioral interventions—the use of principles and techniques
to change a participant’s behavior and habits (Wadden and
Stunkard, 2002; Lang and Froelicher, 2006)—for weight loss are
effective strategies for the treatment of overweight and obesity, with
the majority of weight loss resulting from dietary changes via
reduced energy intake (Dietary Guidelines Advisory Committee,
2015; Physical Activity Guidelines Advisory Committee, 2018;
Heinicke and Halle, 2020). However, the addition of physical
activity to dietary changes can enhance weight loss and result in
additional health benefits compared to diet-induced weight loss
alone (Webb andWadden, 2017; Jakicic et al., 2018). The addition of
physical activity to diet for weight loss may also have effects on
Klotho concentration, as prior studies have shown an independent
effect of physical activity increasing concentrations of Klotho (Avin
et al., 2014). However, the effects of weight loss resulting from
dietary changes alone or dietary changes in combination with
physical activity have not been reported, warranting investigation.

The Heart Health Study aimed to examine the effect of a reduced
calorie diet alone compared to diet in conjunction with one of two
prescribed doses of physical activity on weight loss, measures of
cardiac structure, and other cardiometabolic risk factors among
adults with overweight or obesity (Jakicic et al., 2022). The Heart
Health Study collected fasting blood samples, cardiorespiratory
fitness, and body composition measures at baseline, 6 months,
and 12 months during the weight loss intervention period. These
data and blood samples were used to conduct this secondary analysis
in a subsample of participants to examine: 1) the change in Klotho
concentration in response a behavioral weight loss intervention by
magnitude of weight loss achieved; and 2) the association among
Klotho concentration and body weight, waist circumference,
measures of body composition, and cardiorespiratory fitness.

Materials and methods

Study Design. In the Heart Health Study (ClinicalTrials.gov
NCT01500356, recruitment occurred between December 2011 and
June 2015), participants completed assessments prior to (baseline),
during (6 months), and at the end of a 12-month behavioral weight
loss intervention. Participants were randomized to one of three
intervention groups: 1) DIET—diet alone; 2) DIET + PA150—diet
combined with progression to 150 min per week of prescribed
moderate-to-vigorous intensity physical activity (MVPA), or
3) DIET + PA250—diet combined with progression to 250 min per
week of prescribed MVPA. As previously reported, randomization
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was stratified by sex and race (white or nonwhite) in randomly
selected block sizes (Jakicic et al., 2022). The Heart Health Study
protocol was approved by the institutional review board at the
University of Pittsburgh.

Participants. The protocol for participant recruitment has been
previously reported (Jakicic et al., 2022). Eligibility criteria have
previously been reported and included an age between 18 and
55 years and body mass index between 25 and <40 kg/m2 (Rogers
et al., 2020). Exclusion criteria included 1) self-reporting ≥60 min/
week of structured MVPA 2) weight loss of ≥5% within the prior
6 months or a history of bariatric surgery; 3) history of
cardiometabolic disease, diabetes mellitus, or cancer; 4) taking
medication that could affect heart rate or blood pressure; 5)
taking medication that could influence body weight; 6) treatment
for psychological conditions that includedmedication or counseling;
7) currently pregnant, pregnant within the prior 6 months, or
planning a pregnancy within the next 12 months; 8) planning on
geographical relocation outside of the region within 12 months; 9)
inability to comply with the components of the interventions; or (10)
had a contraindication that would prohibit cardiac magnetic
resonance imaging scanning. Participants provided written
informed consent and medical clearance from their physician
prior to engaging in this study.

Because Klotho is a blood biomarker, to be eligible for this
secondary analysis the participant needed to have blood samples
available for analysis from the baseline, 6-month, and 12-month
assessment periods, along with other outcome measures of interest
for these secondary analyses. Moreover, because the secondary
analysis focused on examining potential differences for change in
Klotho concentration at lower and higher magnitudes of weight loss,
an a priori decision was made to only include participants in these
secondary analyses if they achieved ≥10% weight loss at both
6 months and 12 months (classified as a “responder”) or
achieved <5% weight loss at both 6 months and 12 months
(classified as a “non-responder”).

Intervention. As previously described, participants were
randomized into DIET, DIET + PA150, and DIET +
PA250 intervention groups for a period of 12 months (Jakicic
et al., 2022). Participants in all intervention groups were
instructed to attend weekly weight loss group sessions for weeks
1-24. For weeks 25-52 participants were instructed to attend in-
person intervention sessions approximately every other week and to
also receive an individual brief telephone intervention
approximately every other week. If a participant missed a group
session, a brief individual make-up session was offered to allow the
content to be shared with the participant.

DIET, DIET + PA150, and DIET + PA250 were prescribed the
same diet to reduce energy intake to be between 1,200 and
1,800 kcal/day based on baseline body weight, and to reduce
dietary fat intake to be between 20% and 30% of total daily
energy intake (Jakicic et al., 2022). The intervention staff
reviewed self-monitoring records of dietary intake and provided
written feedback to the participants.

Randomization groups differed in their prescribed physical
activity (Jakicic et al., 2022). DIET was instructed to maintain
their current level of physical activity and was not provided a
prescription to increase their physical activity. DIET +
PA150 was prescribed a progression to 150 min/week of

unsupervised MVPA, whereas DIET + PA250 was prescribed a
progression to 250 min/week of unsupervised MVPA.

Demographic Characteristics. Information on sex, race, and
ethnicity were collected via questionnaire. Age was confirmed from
the birth date listed on a government issued identification card (e.g.,
driver’s license or passport).

Height, Weight, and Body Mass Index. Weight and height
were collected at baseline, 6 months, and 12 months (Rogers et al.,
2020; Jakicic et al., 2022). Participants were clothed in a lightweight
hospital gown and their shoes removed. Weight was assessed to the
nearest 0.1 kg with duplicate measures differing by ≤ 0.2 kg using a
calibrated digital scale. Height was assessed to the nearest 0.1 cm
with duplicate measures differing by ≤ 0.5 cm using a wall-mounted
stadiometer. Weight and height were used to calculate body mass
index (BMI, kg/m2).

Body Composition. Body composition measures were assessed
prior to the start of the intervention, 6 months, and 12 months
(Jakicic et al., 2022). Participants were clothed in a lightweight
hospital gown and their shoes removed. Women completed a urine
pregnancy test to confirm non-pregnancy prior to the measurement.
Total body composition, including measures of fat mass, lean mass,
and percent body fat, were measured using dual-energy x-ray
absorptiometry (DXA, GE Lunar iDXA, Madison, WI). Waist
circumference was measured horizontally in duplicate at the iliac
crest.

Cardiorespiratory Fitness. Submaximal cardiopulmonary
exercise tests were conducted on all participants prior to the start
of the intervention period, 6 months, and 12 months (Jakicic et al.,
2022). All tests were performed using a motorized treadmill, with
oxygen consumption measured using a calibrated metabolic cart.
The test was terminated when the participant first achieved or
exceeded 85% of their age-predicted maximal heart rate
(HRmax = 220—age). Cardiorespiratory fitness is expressed in
absolute (L/min) and relative terms (mL/kg/min). Change in
cardiorespiratory fitness was computed as the difference between
these values on the baseline test and on the subsequent 6-month and
12-month tests. Time to termination was measured as the time the
cardiopulmonary exercise test was stopped in minutes.

Blood Collection and Klotho Concentration. Blood samples
were collected at baseline, 6 months, and 12 months. Samples were
collected in the morning with participants instructed to fast with the
exception of water, abstain from exercise, and abstain from alcohol
and smoking for at least 12 h. Blood samples were collected into
evacuated tubes, processed in a refrigerated centrifuge, and stored
at −80°C. For this secondary analysis, stored serum blood samples
were used to measure Klotho concentration. Klotho was measured
in duplicate by a solid-phase sandwich enzyme-linked
immunosorbent assay (ELISA) (Yamazaki et al., 2010), with
intra- and inter-assay coefficients of variation determined for the
specific Klotho assays. The measurement procedure was performed
as follows.

1) Test sample blank wells were determined, and 100 µL of EIA
buffer was placed into the wells.

2) 100 µL of prepared test samples and 100 µL of prepared
standard were placed into appropriate wells.

3) An incubation period of 60 min with the plate lid was
performed at room temperature.
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4) The plate was washed with the prepared wash buffer four times,
with all liquid completely removed following the fourth wash.

5) 100 µL of the prepared labeled antibody was added into the
wells.

6) An incubation period of 30 min with the plate lid was
performed at room temperature.

7) The plate was washed with the prepared wash buffer five times,
with all liquid completely removed follow the fifth wash.

8) 100 µL of Chromogen—TMB solution was added into the wells.
9) An incubation period of 30 min in the dark was performed at

room temperature.
10) 100 µL of the Stop solution was added to the wells.
11) Removal of dirt and drops of water on the bottom of the plate

was done, as well as confirmation that no bubbles were on the
surface of the liquid. Then the optical density of the standard
and the test samples were measured against a test sample blank,
with the measurement wavelength at 450 nm. The minimum
level of detectability of the assay was 6.15 pg/mL.

Statistical Analysis. Statistical analyses were performed using
Statistical Package for the Social Sciences (SPSS) software, version
27. Repeated measures analyses of covariance (ANCOVA’s)
modeled as weight loss response category x time were conducted
to 1) assess the effect of the 12-month behavioral weight loss
intervention by weight loss response (“responder” vs “non-
responder”) on key variables of body weight, waist
circumference, body composition, and cardiorespiratory fitness;
and 2) to examine the change in Klotho across the 12-month
behavioral weight loss intervention by weight loss response
(“responder” vs “non-responder”). ANCOVA’s controlled for
race and sex, which were randomization stratification variables
for the parent study, intervention group, intervention group × time
interaction, and baseline value of the variable being analyzed.
Association between baseline Klotho concentration and baseline
weight, waist circumference, body composition, and

cardiorespiratory fitness, as well as changes from baseline to
6 months and 12 months were examined using the Spearman’s
rho controlled for race and sex. The analyses assessing the
association between the change in Klotho concentration at 6 or
12 months and the corresponding change in variables for weight,
waist circumference, body composition, and cardiorespiratory
fitness controlled for race, sex, intervention group, baseline
Klotho concentration, and baseline value of the other
corresponding variable. Statistical significance was defined at
p ≤ 0.05. Because the outcome variable in the present study was
not the primary outcome variable for the Heart Health Study, there
were no a priori power calculations for this secondary analysis.

Results

The parent study recruited and randomized 383 participants. As
described above, a subsample of 152 participants (39.7% of the full
sample) were classified as a Responder or Non-Responder, as well as
provided blood samples at baseline, 6 months, and 12 months were
included in these secondary analyses. Descriptive characteristics of
the sample from the parent study and the subsample used for these
analyses are shown in Table 1. Overall, participants included in this
secondary analysis were 45.4 ± 8.0 years of age, women (77.6%), and
White/Caucasian (76.3%). The distribution by intervention group is
shown in Table 2.

In this subsample of participants, the 12-month behavioral
weight loss intervention resulted in significantly greater
reductions in body weight, BMI, lean mass, fat mass, percent
body fat, and waist circumference (p < 0.0001) in Responders
compared to Non-Responders. Moreover, the improvement in
cardiorespiratory fitness (p < 0.0001) was significantly greater in
Responders vs Non-Responders (Table 3).

Baseline Klotho concentration for Responders was 936.2 pg/mL
(95% Confidence Interval (CI): 870.6, 1006.5) and 926.1 pg/mL

TABLE 1 Baseline characteristics by sample.

Variable Total sample (N = 383) Sample with complete blood
samples for klotho analysis (N = 152)

Age (years) 45.0 ± 7.9 45.4 ± 8.0

Weight (kg) 90.9 ± 13.7 90.4 ± 13.1

Body Mass Index (kg/m2) 32.4 ± 3.8 32.1 ± 3.7

Lean Mass (kg) 48.6 ± 8.7 48.1 ± 8.7

Fat Mass (kg) 39.2 ± 8.2 39.1 ± 7.8

Tissue Percent Body Fat (%) 44.5 ± 5.6 44.8 ± 5.6

Region Percent Body Fat (%) 43.2 ± 5.5 43.5 ± 5.6

Waist Circumference (cm) 106.4 ± 9.9 106.6 ± 9.6

Cardiorespiratory Fitness (mL/kg/min) 22.6 ± 4.4 22.9 ± 4.5

Cardiorespiratory Fitness (Termination Time - minutes) 7.7 ± 3.0 8.0 ± 3.0

Female (N, %) 304, 79.4% 118, 77.6%

Non-White (N, %) 104, 27.2% 36, 23.7%

Values are mean ± standard deviation unless indicated otherwise.
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(95% CI: 800.4, 1077.0) for Non-Responders. There was a significant
difference for the change in Klotho from baseline between
Responders and Non-Responders (Baseline to 6-month change:
74.1 (95% CI: 30.5, 117.7) pg/mL vs. −10.6 (95% CI: −84.1, 62.9)
pg/mL; Baseline to 12-month change: 25.9 (95% CI: −16.7, 68.5) pg/
mL vs. −44.7 (95% CI: −116.6, 27.1) pg/mL; p = 0.047) (Table 3;
Figure 1). Klotho concentration significantly increased from baseline
to 6 months in Responders; however, while Klotho remained above
baseline levels at 12 months, the change from baseline to 12 months
was not statistically significant. The change in Klotho concentration
from baseline to both 6 and 12 months for Non-Responders was not
statistically significant. Of potential importance, when intervention
group (DIET, DIET + PA150, and DIET + PA250) was entered into
the ANCOVA, intervention group as a covariate was not statistically
significant.

Correlation analysis, controlling for covariates described above,
showed baseline Klotho concentration was not significantly
associated with measures of weight, body composition, waist
circumference, or cardiorespiratory fitness (Table 4). The change
in Klotho concentration from baseline to 6 months was inversely
associated with change in weight (rs = −0.195, p = 0.019), BMI
(rs = −0.196, p = 0.016), fat mass (rs = −0.184, p = 0.026), and waist
circumference (rs = −0.218, p = 0.008) but not significantly
associated with the change in other measures of body
composition or cardiorespiratory fitness. The change in Klotho
from baseline to 12 months was not significantly associated with
the change in measures of weight, body composition, waist
circumference, or cardiorespiratory fitness.

Discussion

The purpose of this secondary analysis was to investigate the
potential association between obesity, weight loss, and Klotho
concentration. Obesity is associated with many chronic
conditions and promotion of advanced aging activity (Ahima,
2009; Barton, 2010), with Klotho being a biomarker of premature
aging processes (Kuro-o et al., 1997; Xu and Sun, 2015). We found
Klotho concentration significantly increased from baseline to
6 months in participants with weight loss ≥10% (Responders),
but the increase observed at 12 months was no longer statistically

significant. The Non-Responders had no significant change in
Klotho concentration at either 6 or 12 months.

Baseline Klotho concentration for the middle-aged adults with
overweight or obesity included in this secondary analysis was
approximately 930 pg/mL. However, there is variability
surrounding the concentration of circulating Klotho dependent
upon age and BMI. Amitani et al. (2013), investigated Klotho’s
role in human metabolism by examining the association between
plasma Klotho concentration and BMI. Participants (n = 34) either
with normal weight (mean BMI: 21.8 kg/m2), underweight or
diagnosed with anorexia nervosa (mean BMI: 13.1 kg/m2), or
with obesity (mean BMI: 35.7 kg/m2) and a mean age of 21 years
old. Findings show mean Klotho concentration for participants with
normal weight to be 1391.6 pg/mL, underweight or diagnosed with
anorexia nervosa to be 764.6 pg/mL, and for participants with
obesity to be 847.1 pg/mL (Amitani et al., 2013). When studying
children and adolescents of ranging BMI’s, Klotho concentrations
continue in this variable trend. Children and adolescents with
obesity had a significantly higher Klotho concentration (median:
168.6 pg/mL) compared to individuals with overweight (median:
131.3 pg/mL) and normal weight status (median: 116.6 pg/mL)
(Socha-Banasiak et al., 2020). The change in Klotho
concentration, to the best of our knowledge, has not been
reported for healthy young and middle-aged adults with
overweight or obesity undergoing a behavioral weight loss
intervention. The findings presented in this report suggest that
weight loss, of sufficient magnitude, may have a favorable
influence on this biomarker of aging, which may be of clinical
importance. This may also suggest that in adults with excess weight
or obesity, intentional weight loss may have a favorable influence of
reducing the risk for premature deleterious health effects of aging.
There is evidence that Klotho, specifically β-Klotho, acts as an
essential component in endocrine fibroblast growth factor
receptor complexes. β-Klotho is required for high-affinity binding
of endocrine fibroblast growth factors to induce a signaling cascade
(Kuro-o, 2019). This cascade is actively involved in homeostatic
maintenance of glucose metabolism,—which is largely dependent on
adipose tissue—energy expenditure, and cardiovascular
complications in abdominal obesity and obesity-related diseases
(Chen et al., 2007; Ornitz and Itoh, 2015; Scheja and Heeren,
2016; Meex and Watt, 2017; Ghadge et al., 2018). Potentially

TABLE 2 Number of participants by randomized intervention group by weight loss response.

Classification Intervention group

DIET DIET + PA150 DIET+250

N = 182

Responder 43 44 44

Non-Responder 20 15 16

N = 152*

Responder 37 35 39

Non-Responder 15 13 13

*Indicates that blood samples were available for Klotho analysis at 0, 6, and 12 months. Responder: ≥10% weight loss at both 6 months and 12 months. Non-responder: <5% weight loss at both

6 months and 12 months.

Frontiers in Aging frontiersin.org05

Collins et al. 10.3389/fragi.2023.1213228

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2023.1213228


signifying Klotho concentrations may serve as a predictor for
prediabetes, type 2 diabetes, cardiovascular disease, and obesity,
however more work needs to be done in this area of research.

Abdominal obesity, or visceral obesity, is independently linked
to several pathological conditions including impaired glucose and
lipid metabolism, insulin resistance, increased predisposition to
cancers of the colon, breast, and prostate, prolonged hospital
stays, increased incidence of infections and non-infectious

complications, and increased mortality in the hospital (Schapira
et al., 1994; Von Hafe et al., 2004; Fox et al., 2007; Ritchie and
Connell, 2007; Oh et al., 2008; Tsujinaka et al., 2008). The similar
pathological pathways affected by visceral adiposity and Klotho
suggest a possible relationship. A cross-sectional analysis aimed
to evaluate the association between visceral adiposity index and
serum Klotho among 6,252 adults (Cui et al., 2023). The visceral
adiposity index represents the waist circumference relative to the

TABLE 3 Change in Klotho (pg/mL), body weight (kg), lean mass (kg), fat mass (kg), and relative cardiorespiratory fitness (mL/kg/min) by weight loss response
category (responder vs non-responder) across the 12-month intervention.

Variable Category Baseline mean
(95% CI)

Change from baseline* p-values

6 Month 12 Month Category Time*** Category X
time***

Body Weight (kg) Responder
(N = 111)

91.0 (88.6, 93.4) −14.1
(−14.8, −13.5)**

−16.8
(−17.8, −15.8)**

<0.001 0.236 <0.001

Non-Responder
(N = 41)

88.7 (84.8, 92.6) −2.0
(−3.1, −0.9)**

−0.4 (−1.9, 1.1)

Body Mass Index (kg/m2) Responder
(N = 111)

91.0 (88.6, 93.4) −5.0
(−5.2, −4.8)**

−5.9
(−6.3, −5.6)**

<0.001 0.079 <0.001

Non-Responder
(N = 41)

88.7 (84.8, 92.6) −0.7
(−1.0, −0.3)**

−0.1 (−0.7, 0.4)

Lean Mass (kg) Responder
(N = 111)

48.4 (46.8, 49.9) −2.2
(−2.1, −1.9)**

−2.3
(−2.6, −1.9)**

<0.001 0.205 0.762

Non-Responder
(N = 41)

47.2 (44.7, 49.8) −0.1 (−0.5, 0.4) −0.2 (−0.7, 0.4)

Fat Mass (kg) Responder
(N = 111)

39.3 (37.9, 40.9) −11.6
(−12.1, −11.0)**

−14.0
(−14.8, −13.2)**

<0.001 0.472 <0.001

Non-Responder
(N = 41)

38.4 (36.2, 40.7) −2.0
(−2.8, −1.1)**

−0.3 (−1.7, 1.0)

Percent Body Fat (%) Responder
(N = 111)

44.8 (43.7, 45.8) −7.5
(−7.9, −7.0)**

−9.6
(−10.3, −8.9)**

<0.001 0.688 <0.001

Non-Responder
(N = 41)

45.0 (43.1, 46.4) −1.2
(−2.0, −0.5)**

−0.1 (−1.3, 1.0)

Waist Circumference (cm) Responder
(N = 111)

107.3 (105.4, 109.2) −12.6
(−13.5, −11.6)**

−15.2
(−16.3, −14.1)**

<0.001 0.185 0.010

Non-Responder
(N = 41)

104.5 (101.7, 107.3) −2.0
(−3.6, −0.3)**

−2.2
(−4.1, −0.3)**

Cardiorespiratory Fitness
(mL/kg/min)

Responder
(N = 110)

23.0 (22.3, 23.8) 3.9 (3.3, 4.5)** 4.7 (4.1, 5.3)** <0.001 0.154 <0.001

Non-Responder
(N = 37)

22.6 (21.2, 24.2) 0.8 (−0.1, 1.8) −0.5 (−1.6, 0.6)

Cardiorespiratory Fitness
(minute to termination)

Responder
(N = 111)

8.0 (7.5, 8.6) 2.9 (2.5, 3.3)** 2.9 (2.5, 3.3)** <0.001 0.556 0.099

Non-Responder
(N = 40)

7.9 (7.0, 8.8) 0.8 (0.1, 1.5)** 0.0 (−0.7, 0.7)

Klotho (pg/mL) Responder
(N = 111)

936.2 (870.6, 1006.5) 74.1 (30.5,
117.7)**

25.9 (−16.7, 68.5) 0.047 0.547 0.727

Non-Responder
(N = 41)

926.1 (800.4, 1077.0) −10.6
(−84.1, 62.9)

−44.7
(−116.6, 27.1)

*LS Means (95% confidence interval); analysis adjusted for race, sex, intervention group, and baseline value.

**p < 0.05 for change from baseline.

***Time effect represents the comparison of change scores at 6 and 12 months.

Bolded values indicate statistical significance (p < 0.05).
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combination of BMI, triglycerides, and high-density lipoprotein. A
multivariable regression analysis found serum Klotho concentration
was lower in participants with a high visceral adiposity index. A
segmented regression analyses showed that this relationship was
non-linear, only being observed when the visceral adiposity index
score was less than 3.21. These findings may suggest that a lower
level of adiposity may have anti-aging and health benefits by
increasing Klotho concentrations (Cui et al., 2023). However, this
analysis is limited in its cross-sectional nature and suggests the need
for prospective studies to confirm a causal relationship and
mechanistic pathway. The current study demonstrated a
significant association between reduction in waist circumference
at 6 months and the change in Klotho, suggesting that reduced
abdominal adiposity may contribute to beneficial changes in
biomarkers reflective of healthy aging.

While Klotho concentration did significantly increase at 6 months
in Responders—defined as reducing weight by at least 10%—the
increase in Klotho concentration from baseline to 12 months in
these participants was no longer statistically significant despite
weight loss being sustained. This may suggest that Klotho begins to
regress toward baseline levels during periods of weight loss
maintenance. Of interest, the regression of health benefits observed
with weight loss has been shown in response to other weight loss
treatments. A randomized clinical trial from Courcoulas and others
(Courcoulas et al., 2015), observed significant weight loss among
individuals who underwent bariatric surgery, which was maintained
up to 3 years following the intervention (Courcoulas et al., 2015).
Moreover, 60% individuals who underwent Roux-en-Y Gastric
Bypass (RYGB) surgery and 45% of individuals who underwent
laparoscopic adjustable gastric band (LAGB) surgery had complete
or partial remission of type 2 diabetes at year one following surgery.
However, 3 years following surgery only 29% of the RYGB and 40% of

the LAGB participants remained in remission (Courcoulas et al., 2015).
Thus, the pattern of change in Klotho concentration observed in the
current study may not be a unique phenomenon, but rather the body’s
potential desire to return to baseline levels despite weight loss
maintenance and this warrants further investigation.

There is evidence to support performing exercise may lead to
improvements in Klotho concentration in both human and animal
models (Avin et al., 2014; Dalise et al., 2017); potentially indicating
reducing sedentary time and increasingmuscle activity through exercise
may provide either improvements or maintenance in Klotho
concentration. In a 16-week exercise training program (Avin et al.,
2014) among individuals with obesity, participants showed a substantial
increase in Klotho concentration in response to an acute exercise bout
performed post-intervention compared to an acute exercise bout
performed pre-intervention (Avin et al., 2014). Further, in mice
models (Dalise et al., 2017), a 30-min bout of exercise resulted in a
significant upregulation of Klotho in mice from pre-to post-exercise
bout (Dalise et al., 2017). However, when adults with overweight or
obesity undergo a behavioral weight loss intervention using dietary
restriction and two intervention groups including physical activity, the
association between change in Klotho concentration and weight loss
was not altered. Moreover, change in Klotho concentration was not
significantly associated with change in cardiorespiratory fitness. This
may suggest that the effects of physical activity, or physical activity that
increases cardiorespiratory fitness, on Klotho concentration may be
influenced by whether physical activity is accompanied with dietary
restriction that results in weight loss. This potential difference in
response warrants further investigation.

Strengths include that the parent study included a 12-month
behavioral weight loss intervention, withmeasures collected prior to,
during, and post-intervention. This intervention resulted in
variability in weight loss, that allowed the present analysis to

FIGURE 1
Change in Klotho concentration (pg/mL) by weight loss response category across the 12-month behavioral weight loss intervention. Results based
on analysis of covariance adjusted for race, sex, intervention group, and baseline Klotho concentration. Values represent LS means (95% confidence
interval).
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TABLE 4 Spearman’s rho between Klotho concentration at baseline and change at 6- and 12 months with corresponding measures of body weight, body mass
index, body composition, and cardiorespiratory fitness.

Variable Assessment period Klotho concentration (pg/mL)

Baseline* Change#: Baseline to
6 months**

Change#: Baseline to
12 months**

Body Weight (kg) [N = 152] Baseline rs = −0.076 (p =
0.361)

----- -----

Change#: baseline to
6 months

----- r = -0.223 (p = 0.007) -----

Change#: baseline to
12 months

----- ----- r = −0.070 (p = 0.399)

Body Mass Index (kg/m2) [N = 152] Baseline rs = −0.100 (p =
0.226)

----- -----

Change#: baseline to
6 months

----- r = -0.205 (p = 0.013) -----

Change#: baseline to
12 months

----- ----- r = −0.068 (p = 0.412)

Lean Mass (kg) [N = 152] Baseline rs = −0.148 (p =
0.073)

----- -----

Change#: baseline to
6 months

----- r = −0.108 (p = 0.195) -----

Change#: baseline to
12 months

----- ----- r = −0.122 (p = 0.143)

Fat Mass (kg) [N = 152] Baseline rs = 0.005 (p =
0.952)

----- -----

Change#: baseline to
6 months

----- r = -0.192 (p = 0.020) -----

Change#: baseline to
12 months

----- ----- r = −0.042 (p = 0.615)

Percent Body Fat (%) [N = 152] Baseline rs = 0.067 (p =
0.421)

----- -----

Change#: baseline to
6 months

----- r = −0.188 (p = 0.023) -----

Change#: baseline to
12 months

----- ----- r = −0.061 (p = 0.464)

Waist Circumference (cm) [N = 152] Baseline rs = −0.079 (p =
0.340)

----- -----

Change#: baseline to
6 months

----- rs = -0.218 (p = 0.008) -----

Change#: baseline to
12 months

----- ----- rs = −0.026 (p = 0.752)

Cardiorespiratory Fitness (mL/kg/min)
[N = 147]

Baseline rs = 0.015 (p =
0.856)

----- -----

Change#: baseline to
6 months

----- r = 0.042 (p = 0.620) -----

Change#: baseline to
12 months

----- ----- r = 0.067 (p = 0.424)

(Continued on following page)
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investigate change in Klotho concentration in participants with at
least 10% weight loss (Responders) compared to participants with
less than 5% weight loss (Non-Responders).

Despite these strengths, the present analysis is not without
limitations that could impact the interpretation of the observed
results. The study sample included individuals with overweight or
obesity but otherwise relatively healthy individuals, therefore
functional impairments needed to observe associations with Klotho
concentrations may not have been detected. This analysis contains a
subsample of the original 383 participants recruited for the parentHeart
Health Study, with only 152 participants included and stratified into
category of weight loss response classification to the weight loss
intervention. Though weight loss of ≥10% is clinically meaningful,
whether Klotho concentration changes differently with other
magnitudes of weight loss may warrant future research. Also, the
average age of this population was 45 years, representing a slightly
younger population than what has been typically reported within the
Klotho literature. Thus, future research should consider assessing the
impact of intentional weight loss on Klotho concentration among older
adults, where Klotho concentration has been predominantly studied,
and where excess body weight and adiposity are also present. Although
Klotho is primarily produced and released into circulation by the kidney
(Kim et al., 2018; Cheikhi et al., 2019), this study did not measure or
estimate renal function. Klotho levels are strongly correlated with
chronic kidney disease and renal failure, and individuals with
obesity are at a greater risk for developing these conditions (Kim
et al., 2018; Lakkis and Weir, 2018; Nehus, 2018; Cheikhi et al.,
2019; Chen et al., 2021). Therefore, future research should consider
including a measure of renal function in their screening criteria.

In conclusion, this secondary analysis of the Heart Health Study
provides evidence within the context of a behavioral weight loss
intervention, that Klotho concentration significantly increases with
weight loss of ≥10%. This may suggest that weight loss in middle-
aged adults with overweight or obesity may have a favorable effect on
biomarkers associated with aging, and this warrants additional
investigation. Moreover, future studies should examine whether
similar findings are present in older adults with overweight or
obesity and whether weight loss has a similar effect as what was
observed in this current study. There is also a need for future
studies to disentangle the potential effects of variations in macro-
nutrient composition. These findings may have clinical importance

for understanding the effects of excess weight and adiposity, along with
reductions in these factors, on health outcomes.
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