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scription of possible relationships between individual nutrients and Klotho activity

macro- and micronutrients and nonnutritive food components with circulating Klotho
levels in a sample of 40- to 79-year-old US adults. Data from the 2015-2016 National
Health and Nutrition Examination Survey were analyzed. Nutrient/food component
intakes were calculated in relation to total energy intake using the nutrient den-
sity method, and available pristine serum samples were analyzed for serum Klotho
concentrations. The final study sample consisted of 2637 participants (mean age
59.0+10.7 years; 52% women). Higher Klotho concentrations were found with higher
intake of carbohydrates (p <.001), total sugars (p<.001), dietary fibers (p <.001), vi-
tamin D (p = .05), total folates (p = .015), and copper (p = .018). The results of the
regression analysis with a crude model showed significant associations among five
nutrients/food components (carbohydrates, alcohol, total sugars, dietary fibers, and
niacin) and soluble Klotho levels across the sample. After adjusting the models for age
and gender, the nutrient/food component-Klotho association remained significant for
carbohydrates, total sugars, and alcohol (p <.05). Dietary exposure to individual nutri-
ents and nonnutritive food components appears to be associated with Klotho activity;
however, additional research is needed to investigate the relationship between cause

and effect in diet composition-Klotho interplay.
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1 | INTRODUCTION fibroblast growth factors-related pathways (Kuro-O, 2019), to con-

trolling cellular uptake and homeostasis of various compounds, in-
Klotho (HFTC3)is a pleiotropic protein that plays many rolesin human cluding calcium, phosphorus, and glucose (Torres et al., 2007). Klotho
physiology, from modulating molecular aging via the activation of isoften seen asanaging suppressor and a metabolic protector against
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several pathogenic processes (Dérmaku-Sopjani et al., 2013). The
prevention of Klotho decline can, therefore, be a novel therapeutic
strategy for many age-related diseases (Kuro-O, 2019). Klotho exists
in two forms, as a membrane-bound enzyme/transporter and as a
soluble hormone-like carrier, with the circulating form often used as a
proxy for the turnover of Klotho proteins (Olauson et al., 2017) and a
biomarker of aging (Veronesi et al., 2021). Klotho expression appears
to be negatively affected by age, bone loss, and alcohol consump-
tion (Chalhoub et al., 2016; Gonzalez-Reimers et al., 2018). Several
dietary factors (including adherence to the Mediterranean diet and/
or nut intake) seem to positively affect Klotho levels (Jurado-Fasoli
et al., 2021; Jurado-Fasoli, Amaro-Gahete, De-la-O, Martinez-Tellez,
et al.,, 2019). Klotho activated by nutrition or other factors might
further affect several metabolic processes, including bioenergetics
balance (Ostojic, 2021). Previous studies linking Klotho with diet
have originated from animal research or recruited a small number of
human participants, without a description of possible relationships
between specific nutrients and Klotho activity. Therefore, the main
aim of the present cross-sectional study was to analyze the asso-
ciation of dietary intake of individual macro- and micronutrients in
addition to nonnutritive food components with circulating Klotho
levels in a large sample of US adults using data from the 2015-2016
National Health and Nutrition Examination Survey.

2 | METHODS
2.1 | Study participants

The National Health and Nutrition Examination Survey (NHANES)
is a regular biannual research program conducted by the National
Center for Health Statistics (NCHS), a part of the Centers for
Disease Control and Prevention of the U.S. Department of Health
and Human Services (DHHS). NHANES was first designed in 1960
to assess and monitor the health and nutritional status of adults and
children in the United States, with rounds continuously conducted
from 1999 onwards in 2-yearcycles. NHANES combines in-home
personal interviews, physical examinations, and laboratory tests
in mobile examination centers, with the survey targeting US civil-
ian noninstitutionalized population aged 0-80years. The sample for
NHANES is selected using a complex four-stage sample design, in
which sample weights were used to produce estimates of health-
related statistics that would have been obtained if the entire sam-
pling frame had been surveyed (Chen et al., 2020). In the 2015-2016
round, 15,327 persons were selected for NHANES from 30 differ-
ent survey locations. Of the selected, 9971 completed the interview
and 9544 were examined. For this article, we selected data from re-
spondents who provided information about dietary intake and were
examined for serum Klotho levels. The ethical approval to conduct
the current round of NHANES 2015-2016 was granted by the NCHS
Research Ethics Review Board (Continuation of Protocol #2011-17)
and informed consent was obtained from all respondents.

2.2 | Dietary assessment

Detailed dietary intake data from the NHANES 2015-2016 co-
hort were obtained through a dietary interview component. All
NHANES participants were eligible for two 24-hour dietary re-
call interviews. The first dietary recall interview was collected in-
person in the mobile examination center, and the second interview
was collected by telephone 3-10days later. For this article, we used
the mean energy and nutrient/food component intakes of the two
dietary recalls for each individual, from their Total Dietary Intake
Data registry including foods and beverages as well as water. The
calculated intakes did not include nutrients obtained from dietary
supplements or pharmacological agents. Nutrient/food component
intakes are presented in absolute numbers, and also in relation to
total energy intake using the nutrient density method; for major
macronutrients, nutrient densities are expressed as the propor-
tion of the total energy intake, and for micronutrients and other
food components, nutrient density was expressed as intake in ap-
propriate units per 1000kcal. The dietary interview component
was conducted as a partnership between the U.S. Department of
Agriculture (USDA) and DHHS. In this partnership, NCHS, Division
of Health and Nutrition Examination Surveys, was responsible for
the survey sample design and all aspects of data collection, and
USDA's Food Surveys Research Group was responsible for dietary
data collection methodology, maintenance of the databases used to
code and process the data, and data review and processing (CDC/
National Center for Health Statistics, 2018).

2.3 | Serum klotho analyses

Only participants from the NHANES 2015-2016 cohort who pro-
vided dietary intake data and were examined for soluble Klotho
levels were included in the final sample. Available pristine serum
samples from 40- to 79-year-old participants in NHANES 2015-
2016cycles were analyzed for soluble Klotho levels with the
IBL ELISA method (assay sensitivity 6 pg/mL). The Northwest
Lipid Metabolism and Diabetes Research Laboratories, Division
of Metabolism, Endocrinology, and Nutrition, University of
Washington, performed the Klotho analyses. The final data set was
additionally reviewed for completeness, consistency, and illogi-
cal values. Further details of the NHANES 2015-2016 round data
protocol and procedures are documented elsewhere (CDC/National
Center for Health Statistics, n.d.).

2.4 | Demographics

NHANES 2015-2016 Demographics Data and Body Measures com-
ponents were explored to acquire data on the general characteris-
tics of participants, including individual, family, and household-level

information, and weight, height, and body mass index data.
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2.5 | Statistical analyses

Descriptive statistics were used to explore the distribution of Klotho
levels in the sample, sample characteristics, and dietary intake. One-
way ANOVA was used to compare serum Klotho values across quar-
tiles of dietary intake for each nutrient/food component (except for
alcohol where we compare data below or above the median), with
post hoc pairwise comparison tests employed to identify differences
between individual sample pairs. The Kruskal-Wallis H test was
used for testing trends across quartile categories. Bivariate analyses
were used to identify relevant covariates, with the regression mod-
els adjusted for a posteriori recognized set of covariates. To avoid
confounding of the nutrient-Klotho association due to variation in
absolute food intake related to physical activity level and/or body
size, we applied nutrient intake relative to energy intake as an inde-
pendent variable in all models. Simple (crude) and multivariate linear
regression analyses were performed to test the association between
energy-adjusted individual nutrients/food components and serum
Klotho levels. An interaction term (gender x dietary constituent)
was included in each model in addition to gender and the specific
dietary component, to identify potential interactions by gender on
the nutrient/food component-Klotho associations. If the interaction
term was significant for a given model, we presented the specific
nutrient/food component-Klotho association stratified by gender.
In models where the interaction term was not significant, the inter-
action term was omitted and the nutrient/food component-Klotho
association for both genders was presented combined. Data were
analyzed using SPSS Statistics for Mac (Version 24.0; IBM), with the
significance level set at p<.05.

3 | RESULTS

The final study sample consisted of 2637 participants (52% women)
who provided dietary data and soluble Klotho levels (Flowchart,
Supplementary material). The demographic and basic dietary
characteristics of the study participants are shown in Table 1. The
mean soluble serum Klotho level across all participants was
827.1+324.9pg/mL (95% confidence interval [Cl] from 814.7 to
839.5) (Figure 1). Significantly lower serum Klotho levels were found
in men than in women (797.4+302.8pg/mL vs. 854.4+341.9pg/
mL; p<.001). Significant gender differences were found for energy-
adjusted intakes of several nutrients/food components (p<.05),
including carbohydrates, alcohol, total sugars, dietary fibers, polyun-
saturated fatty acids, alcohol, and several micronutrients and other
food components (Table S1). For most nutrients/food components,
women had a higher nutrient density than men.

Mean serum Klotho levels varied across quartiles of dietary
intake for several nutrients/food components, including carbohy-
drates, total sugars, dietary fibers, vitamin D, and calcium (Figure 2).
A significant trend for higher Klotho levels with higher intake of a
specific nutrient was found for carbohydrates (p <.001), total sugars
(p<.001), dietary fibers (p<.001), vitamin D (p = .05), total folates

TABLE 1 Demographic and basic dietary characteristics of the
study sample.

Total
n = 2637

Age, mean (SD), years 58.0(10.7)
Women, n (%) 1372 (52.0)
Body mass index, mean (SD), kg/m? 30.1(6.8)
Race, %

Mexican American 18.8

Other Hispanic 14.8

Non-Hispanic White 33.8

Non-Hispanic Black 18.8

Other Race, including multi-racial 13.8
Educational level, %

Less than 9th grade 14.7

9-11th grade 11.6

High school graduate 221

Some college 27.6

College graduate or above 23.9
Annual family income, %

$0to$ 14,999 14.9

$ 15,000 to $ 44,999 32.5

$ 45,000 to $ 74,999 18.1

$ 75,000 and over 25.1
Energy intake, mean (SD), kcal/d 2027 (887)
Protein, mean (SD), g/d 79.1(39.4)
Carbohydrate, mean (SD), g/d 239.0(112.4)
Fat, total, mean (SD), g/d 79.5 (44.3)
Alcohol, mean (SD), g/d 9.3 (24.9)

(p = .015), and copper (p = .018) (Table S2). The participants who
consumed over 1.39% of the total energy intake from alcohol per
day (median intake) had significantly lower serum Klotho concen-
trations as compared to participants who consumed less alcohol
(770.2+313.2pg/mL vs. 848.0+331.8pg/mL; p<.001). Serum
Klotho levels across quartiles for other nutrients/food components
are presented in Table S2.

A bivariate analysis identified age (r = -.077; p<.001) and
gender (r = .081; p<.001) as relevant covariates for a regression
model, while other variables (e.g., race, educational level, family in-
come, body mass index) did not provide a significant contribution
to the model and were excluded for regression analyses (p>.05).
The results of the regression analysis with a crude model showed
a significant association among five nutrients/food components
(carbohydrates, alcohol, total sugars, dietary fibers, and niacin) and
soluble Klotho levels across the sample (Figure 3); the crude regres-
sion models for all nutrients and food components are presented in
Table S3. We identified a significant interaction by gender on the
nutrient-Klotho association for dietary fibers, phosphorus, and po-
tassium. The specific regression coefficients stratified by gender are
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presented in Table 2, with significant associations found only in men
(p< .05). In the other multivariable models, the interaction term was
not significant, and the interaction was omitted from the models,
with the nutrient/food component-Klotho association analyzed for
both genders combined. After adjusting the models, we found that
the nutrient/food component-Klotho association remained signifi-
cant for carbohydrates, total sugars, and alcohol (p <.05) (Table S3).

4 | DISCUSSION

The present study is, to our knowledge, the first cross-sectional
report that demonstrated significant associations between several
individual nutrients or food components and serum Klotho levels at
a populational level. We found that middle-aged U.S. adults who re-
port having a higher intake of carbohydrates, total sugars, and less
alcohol have higher levels of circulating Klotho, compared to individ-
uals with lower intakes of carbohydrates and total sugars, and more

T T T T
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0 1000 2000

FIGURE 1 Histogram of serum Klotho levels in U.S. adults aged
40-79years (n = 2637).
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alcohol, after controlling for age and gender. Significantly lower
Klotho levels were found in men than in women. Higher dietary in-
takes of dietary fibers, phosphorus, and potassium predicted higher
serum Klotho only in men. Our findings suggest that exposure to
several nutrients and food components may need to be considered
when monitoring Klotho biodynamics in population studies.

Besides many other functions, the Klotho protein is often sug-
gested as a main molecular suppressor of aging and perhaps a new
therapeutic target for various antiaging interventions. Several
cross-sectional studies reported an inverse association between
age and serum Klotho levels (Koyama et al., 2015; Martin-Nufez
et al., 2020). In addition, higher serum Klotho concentrations are
reported to be associated with better cognition, psychological com-
ponents of frailty, dependence, and less severe falls in the elderly
(Sanz et al., 2021). Klotho may protect against age-related conditions
through multiple mechanisms, including optimal synaptic function
promotion, stimulating the antioxidant defense system, reducing in-
flammation, and promoting autophagy (Hanson et al., 2021). Various
dietary factors have been found to be associated with higher Klotho
activity in preclinical, clinical, and small-scope populational stud-
ies, including phosphate-deficient diet (Hikone et al., 2017), diets
enriched with keto-analogs (Milovanova et al., 2017), high-sucrose
diet (Maekawa et al., 2017), calcium reduction (Wilkens et al., 2018),
diet rich in nuts (Jurado-Fasoli, Amaro-Gahete, De-la-O, Martinez-
Tellez, et al., 2019), protein restriction (Zapata et al., 2019), low-
calorie high-protein diets (Shafie et al., 2020), low-salt diet (Hu
et al., 2020), and vitamin D replacement (Dos Santos et al., 2021).
The most comprehensive diet-Klotho study to date evaluated the
relationship between dietary factors and soluble Klotho plasma lev-
els in young (mean age 22.1years) sedentary healthy adults (Jurado-
Fasoli et al., 2021). The authors reported an inverse association
between Klotho levels and the dietary inflammatory index (a com-
posite score of 28 nutrients; an individual's diet is considered more
pro-inflammatory when the score is higher) in 139 young men and
women. The study also demonstrated no significant associations be-
tween total energy intake (also macronutrients) with Klotho plasma

levels, except for a direct association found between alcohol intake

FIGURE 2 Mean serum Klotho
concentrations across quartiles for
intakes of carbohydrates (% of energy),
total sugars (g/1000kcal/day), dietary
fibers (g/1000kcal/day), vitamin

D (mcg/1000kcal/d), and calcium
(mg/1000kcal/d). The dietary intakes per
quartile are depicted inside the bars for
each nutrient. Error bars are removed for
clarity. Rounded lines mark significant
differences between quartiles at p<.05.
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FIGURE 3 Simple (crude) regression models with significant association (p <.05) between specific nutrients/food components and serum

Klotho levels in U.S. adults aged 40-79 years.

TABLE 2 Adjusted regression model (adjusted for age) with
significant interaction by gender on the energy-adjusted nutrient/
food component-Klotho association in men and women.

B p

Men

Dietary fibers 0.128 <.001

Phosphorus 0.067 .020

Potassium 0.074 .011
Women

Dietary fibers -0.033 .238

Phosphorus -0.016 .558

Potassium -0.020 471

and serum Klotho levels in women. Our study partially corroborates
these previous findings, but we identified several additional energy-
adjusted nutrients and food components linked with serum Klotho
levels and expand the research scope to middle-aged adults.

In terms of macronutrients, we found a significant positive asso-
ciation between carbohydrates and total sugars and serum Klotho
levels. Specifically, significantly higher Klotho concentrations in
the fourth quartiles of dietary intake of carbohydrates (>53.7% of
energy) and total sugars (>62.7 grams per 1000kcal per day) were
observed compared to the other quartiles. A recent trial observed
a weak positive association between pro-inflammatory diet (which
accounts for carbohydrates consumed) and soluble Klotho plasma
levels in a small sample of 40- to 65-year-old adults (Jurado-Fasoli
et al., 2020), yet the total intake of carbohydrates and sugars was
not quantified in this study, and the association disappeared after

controlling for body mass index. Our study demonstrated an asso-
ciation between energy-adjusted carbohydrates/total sugars and
soluble Klotho levels, even after adjusting for age and gender. A
possible explanation for this interconnection could be related to the
role of all factors in glucose turnover, with Klotho protein involved in
the modulation of glucose homeostasis through signaling pathways
involving insulin, insulin-like growth factor (IGF-1), and fibroblast
growth factor 21 (FGF-21) across various tissues (Gu et al., 2020;
Wolf et al., 2008). Hypothetically, a higher intake of dietary carbo-
hydrates might upregulate Klotho activity, either directly or through
IGF-1 and FGF-21 axis modulation. This was preliminarily reported
in an animal study (Maekawa et al., 2017), where a high-sucrose diet
was accompanied by increased Klotho mRNA expression in brown
adipose tissue.

Higher alcohol intake was inversely associated with Klotho levels
in our study, confirming the interrelationship reported in several pre-
vious studies (for a review, see Ref. (Martin-Gonzélez et al., 2019)),
but not all (Gonzélez-Reimers et al., 2019). Being a pro-inflammatory
and pro-oxidative agent, alcohol intake can contribute to loss of
health across the lifespan. Its effects on Klotho downregulation
could be mediated by a combination of oxidative stress, inflamma-
tion, and dehydration (Hu et al., 2013; Jurado-Fasoli, Amaro-Gahete,
De-la-O, Gutiérrez, & Castillo, 2019; Tang et al., 2011), and perhaps
affected by the amount of alcohol consumed (Gonzalez-Reimers
et al,, 2018).

The observed association between Klotho levels and dietary
fiber, phosphorus, and potassium confined to male participants is
of uncertain significance. Jurado-Fasoli and co-workers found no in-
teraction of the diet-Klotho association by gender in a middle-aged
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sample (Jurado-Fasoli et al., 2021). Gender-specific differences
in diet-health outcomes are, however, not implausible (Vinke
et al., 2020). Male participants in our sample had lower mean Klotho
levels combined with lower nutrient density for dietary fiber, phos-
phorus, and potassium compared with women. Given the small ef-
fect sizes for phosphorus and potassium, these associations should
be interpreted with caution. The positive association with dietary
fiber was, however, stronger than the associations observed for
carbohydrates and total sugars in the whole sample. We have no
explanation for this but it may be that the association between di-
etary fiber intake and Klotho might plateau for dietary intake above
a certain level in line with higher energy-adjusted fiber intake among
women. Potential gender differences in the observed diet-Klotho
associations should be confirmed in future studies.

As opposed to the more robust findings observed for carbohy-
drates, including total sugars, and for alcohol in this study, the links
between Klotholevels and the intake of dietary fibers, vitamin D, total
folates, copper, and niacin must be interpreted with great caution.
Our findings on dietary fiber remain unclear, as previously discussed.
This is also the case for vitamin D, although Klotho's suggested role
in calcium and phosphate homeostasis, through suppressing serum
vitamin D in the form of 1,25(0OH)(2)D has been known for more
than a decade (Martin et al., 2012), also confirmed by the negative
association between serum 1,25(0OH)(2D) and Klotho levels recently
observed in a sample of sedentary adults (De-la-O et al., 2021). In
our study, there was a significant increase in serum Klotho levels
across increasing quartiles of dietary intake of vitamin D, but we did
only observe a borderline positive association between Klotho and
vitamin D in both the crude and adjusted regression models. This po-
tentially weak positive association is corroborated by the findings of
a double-blinded RCT in older adults (> 60 years) assessing the effect
of vitamin D supplements on serum Klotho (Azimzadeh et al., 2020),
but clearly needs to be confirmed in other studies. Moreover, when
conducting multiple hypothesis tests at once, as done in our study,
the risk of false-positive results increases. Until future studies con-
firm that dietary fibers, vitamin D, total folates, copper, and niacin
are associated with Klotho, we conjecture that there is no pertinent
association.

Although we analyzed a relatively large and heterogeneous sam-
ple of middle-aged US adults using an extensive list of independent
variables (dietary exposures) and covariates, the present study is not
without limitations. First, the cross-sectional design of our study
prohibits any assertion of causality. Second, a 24-hour dietary re-
call used in this study to collect dietary information is based on self-
reports and prone to bias, and has low reliability at the individual
level, due to large day-to-day variations in diet, and hence a two-day
intake does not capture the usual diet. This is especially a limitation
for episodically consumed foods and beverages, like alcohol. On the
contrary, the intake of carbohydrates, including total sugars, fluc-
tuates less than alcohol on a day-to-day basis. Hence, the findings
for carbohydrates and total sugars may be better grounded than
the observations for alcohol. Furthermore, we analyzed a sample of
middle-aged adults which limits the interpretation of our findings to

this population; additional studies are highly warranted to extrapo-
late our results to younger cohorts, elderly over 80years, and clinical
populations. Finally, well-designed longitudinal observational stud-
ies including advanced biomarkers of Klotho activity and expression,
in addition to detailed and rigorous dietary assessment, are neces-
sary to advance our understanding of the possible effects of nutri-

ents and food components on serum Klotho levels and health.

5 | CONCLUSION

In conclusion, energy-adjusted intake of carbohydrates, total sug-
ars, and alcohol from a regular diet is associated with soluble Klotho
serum levels in U.S. adults aged 40-79years. Dietary exposure to
individual nutritional components should be included in decipher-
ing Klotho turnover in populational studies, with additional research
needed to investigate the relationship between cause and effect in
diet composition-Klotho interplay.
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