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increases serum a-klotho levels
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Abstract

The recently discovered klotho proteins have roles in a diverse range of metabolic processes with the oldest protein, a-
klotho, implicated in various cellular pathways in energy, glucose, and phosphate metabolism. Circulating soluble klotho
(sKI), derived from membrane a-klotho cleavage, not only has effects on ion channels and insulin signaling pathways, but is
inversely associated with mortality. Effects of physical exercise on sKI have not been well studied. The effect of a single
high-intensity standardized exercise on sKl and serum phosphate (sPi) levels in healthy adults was investigated. A standard
Bruce protocol treadmill exercise was undertaken by 10 fasting healthy volunteers. sKI, sPi, and blood glucose levels were
measured in samples collected |-week prior, immediately pre (T,re), 0 (Tpose), 30 (T30), 240 (T240) min, and |-week after
exercise. Median (interquartile range) age of participants was 47.5 (44-51) years; five (50%) were male. All study parti-
cipants achieved at least 90% predicted maximum heart rate (MHR). sKl increased acutely after exercise (T,.. median 448
pg/mL vs. T,osc median 576 pg/mL; p < 0.01). There was a nonsignificant sPi decline at T3g (Tpre 0.94 £ 0.12 mmol/L vs. T3o
0.83 + 0.22 mmol/L). Exercise led to a reduction in blood glucose by T,40 with median glucose levels at T;e, Tpose: T30s
and T,y of 6.0, 6.5, 6.3, and 5.7 mmol/L, respectively. In conclusion, a single high-intensity exercise session is associated
with a transient increase in sKI, a delayed reduction in blood glucose, and a nonsignificant decrease in sPi levels in healthy
adults. The evaluation of long-term effects of cardiovascular fitness programs on sKl and sPi in healthy individuals and
disease cohorts are required to identify potential lifestyle modifications to help improve chronic disease management
and long-term outcomes.
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Introduction B-klotho and v-klotho. While all three are single-pass

. . . . . transmembrane proteins of different lengths and share a
Klotho was originally identified as an antiaging protein P g

almost 20 years ago. Genetic studies identified the klotho
(kl) gene highlighting that over-expression extended life
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span and deletion produced complex phenotypes in animals
similar to human aging.! The k/ gene encodes a 1012 amino
acid long protein, which is expressed in different tissues,
although mostly in the kidney especially within the distal
convoluted tubule.'? The gene product is commonly
referred to as a-klotho, to differentiate it from two other
subsequently discovered members of the klotho family:
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substantial degree of homology,” they appear to have dif-
ferent physiological actions and play a role in a diverse
range of metabolic processes.'*®

a-Klotho exists in two forms—membrane-bound klotho
(mK1) and soluble klotho (sK1). The actions of mKI and sK1
differ, with mKI within the kidney predominantly involved
in phosphate regulation and renal tubular phosphate reab-
sorption.® Circulating sKl is the cleaved extracellular
domain of mKIl (approximately 130 kDa) and can act as a
soluble paracrine or endocrine mediator.’'? sKI has also
been directly implicated in phosphate regulation.'* It dis-
plays enzymatic activity that may be important in regulat-
ing other ion channels (predominantly involving potassium
and calcium transport).'*'® sK1 has been implicated in
peroxisome proliferator-activated receptor-y (PPAR~) reg-
ulation and insulin antagonism and has been shown to be
anti-fibrotic, possess antioxidant, and tumor-suppressive
properties.'” 2 Distinguishing between the various auto-
crine, paracrine, and endocrine actions of a-klotho has
been challenging due to its cell- or organ-specific actions
as well as its effects on a wide range of metabolic
pathways.?°

B-Klotho augments FGF-19 and FGF-21 signaling; is
found in the liver, gall bladder, pancreas, colon, and adi-
pose tissue; and participates in bile acid metabolic path-
ways.”® y-Klotho is coupled to FGF19 and is found in the
eye, adipose, and kidney, although its function is not
clearly understood.®> The cleavage of (-klotho, relative
contributions of the three proteins to circulating sKl, the
degree of overlap, and mutual influence between the three
klotho proteins are unclear.® Nonetheless, higher sK1 lev-
els have been associated with improved survival?' and
lower levels with increased cardiovascular and all-cause
mortality.*?

Physical exercise is known to delay the effects of aging
and to protect from cardiovascular disease, diabetes, and
cancer.>*?* However, the mechanisms through which exer-
cise exerts these beneficial effects are not fully elucidated.
It is, therefore, plausible that sK1 may mediate some of the
benefits of exercise, given the many parallels between phy-
siological effects of exercise and the pleiotropy exhibited
by sKl described above. There have been two previous
studies demonstrating increased sKl levels in women only,
one in response to long-term exercise® and the other in
response to acute, high-intensity exercise.”® We aimed to
investigate the effect of an acute high-intensity exercise on
serum klotho, glucose, and phosphate in both healthy male
and female adults.

Methods
Study population

This single-center study recruited healthy adult volunteers
aged >18 years old to participate in a single-intervention
study. Exclusion criteria included history of cardiovascular

disease, chronic kidney disease, diabetes mellitus, psycho-
logical or medical illness precluding informed consent, and
physical handicap impairing ability to undertake a tread-
mill intervention. Male and females were age-matched with
equal numbers of males and females recruited. Informed
consent was obtained from all individual participants
included in the study. This study was approved by the local
human research ethics committee (HREC 2015.097) and
conducted in accordance with the ethical standards of the
institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or
comparable ethical standards.

Exercise intervention

All participants were nonsmokers and given routine
instructions on how to prepare for a standard exercise test
(e.g. instructed to dress with appropriate footwear for the
exercise intervention). Participants fasted from midnight,
the night prior to the exercise intervention. None of the
study participants were on treatment with medications that
could affect exercise capacity or exercise responses. A
treadmill-based exercise stress test (EST) was performed
following a standard Bruce protocol.?’” In brief, 12-lead
electrocardiogram (ECG) electrodes were placed on the
torso with limb leads placed on shoulders and below the
level of the umbilicus on respective sides, ensuring good
skin contact to reduce skin resistance. All participants
started at low workload treadmill speed. A gradual and
continuous increase in workload was instituted every 3 min
corresponding to the Bruce protocol. An approximately 0.8
mph increase in treadmill speed and 2% ramp incline
occurred from stage I (1.7 mph and 10% incline) to stage
V (5.0 mph and 18% incline) and a smaller increase in
speed occurred for the final stage (VI—5.5 mph and 20%
incline). MHR was estimated for each individual partici-
pant using the following formula: MHR = [220-age(-
years)]. A target of 85% of MHR was applied for the
EST. Participants were instructed to advise investigators
and EST technician if premature termination of the EST
was required. All participants were monitored in the resting
phase after the completion of the EST for a minimum of 6
min until blood pressure, heart rate, and ECG tracing
approximate baseline values. All participants were pro-
vided with a standard meal at 60 min post EST. Participants
were also instructed to refrain from strenuous exercise or
activity 1-week pre and post the intervention.

Data and sample collection

Baseline measurements including blood pressure, heart
rate, and 12-lead ECG were performed on all participants
in supine and standing resting positions prior to the EST.
ECG recording was continued throughout the EST in accor-
dance with the standard protocol, with standing blood pres-
sure measurements recording at 3-min intervals.
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Table I. Baseline characteristics of study participants (n = 10).%

Clinical parameter Total (n = 10) Males (n = 5) Females (n = 5)
Age (years) 49 (44.75-50.75) 47 (44-50) 50 (48-51)
Gender (male; n, %) 5/10 (50%) 5 5
Resting heart rate (bpm) 843 + 109 86.2 + 10.1 824 + 126
Resting systolic blood pressure (mmHg) 131 + 94 137 + 9.1 125 + 5%
Resting diastolic blood pressure (mmHg) 83 + 7.1 83 + 45 83 + 97
Hemoglobin (g/L) 141.1 + 167 1546 + 4.8 1243 + 53
Serum calcium (mmol/L) 2.38 + 0.05 2.38 + 0.04 2.38 + 0.06
sPi (mmol/L) 0.98 + 0.12 0.92 + 0.12 1.03 £ 0.11
Serum creatinine (mmol/L) 715 + 1.1 790 + 8.6 64.0 + 8.0
eGFR (mL/min/1.73 m?) 98.9 +12.1 994 + 11.0 983 + 144
Serum sKI (pg/mL) 483 (423-767) 423 (415-614) 669 (448-1095)
Blood glucose reading (optima glucometer; mmol/L) 5.07 + 0.42 536 + 0.15 4.78 + 041

eGFR: estimated glomerular filtration rate; sPi: serum phosphate; sKl: soluble klotho.
T-test or Mann—Whitney U-test performed for continuous variables between gender groups.

*p < 0.05 compared to males.

Baseline tests for hemoglobin, blood glucose level,
serum biochemistry, and klotho were measured immedi-
ately prior to exercise intervention (7p..). Blood samples
were also collected 1 week prior to EST (T4.7), 0 (Tpos0), 30
(T30), 60 (T60), 120 (T'120), 240 (T240) min; 1 day (7441); and
1 week post EST (7T4,7) for repeat evaluation of serum
phosphate (sPi) and blood glucose levels. sK1 was mea-
sured at T4.7, Tpres Tposts 130, T40, and Ty 7.

Biochemical analysis

Routine biochemistry was performed at a central labora-
tory using standard techniques. sPi was measured via the
Olympus AU7000 platform (Beckman Coulter, Inc., Brea,
California, USA) using molybdate or the chromogen
Arsenazo III, respectively. The analytical range for sPi
was 0.32-5.00 mmol/L with analytical coefficient of
variation (CV) <2.5%.

Blood collected in a serum separator tube (SST™; BD
Biosciences, Franklin Lakes, New Jersey, USA) was
allowed to stand at room temperature for 30 min prior to
centrifugation (10 min, 4°C, 3000 x g) and aliquoted for
storage at —80°C until batched analysis. Serum sKI con-
centrations were measured using the IBL sKI ELISA kit
(Immuno-Biological Laboratories Co., Ltd, Gunma, Japan)
according to the manufacturer’s protocol. Based on dupli-
cate measurements, the intra-assay and inter-assay CVs for
this study were 3.1 and 7.2%, respectively.

Blood glucose levels were tested at the above time
points using a calibrated Freestyle Optium H' (Abbott
Diabetes Care, Doncaster, VIC, Australia) blood gluc-
ometer and accompanying blood glucose test strips.

Statistical analysis

Continuous variables have been reported using mean and
standard deviation or median and interquartile range (IQR)
as appropriate. Student’s ¢-test or Mann—Whitney tests

were used first to evaluate differences between male and
females as appropriate. Friedman’s test with Dunn’s mul-
tiple comparison was used to assess changes in sKI and
blood glucose levels across all time points measured.
Wilcoxon-signed rank test was used to evaluate individual
time points against either Tp,.. or Tpos. Repeated measures
ANOVA was used to assess changes in sPi. All statistical
analyses were performed with SPSS Statistics Version 24.0
(IBM Corp., Armonk, New York, USA). All graphics have
been created with GraphPad Prism 7 for Macintosh (La
Jolla, California, USA). A p-value of <0.05 was considered
significant unless otherwise stated.

Results

A total of 10 participants were included in the analysis. All
participants were nonsmokers and none were on treatment
with medications that could affect exercise capacity or
exercise responses (such as beta-blockers or calcium chan-
nel blockers). Five participants (50%) were male. Median
(IQR) age of participants was 47.5 (44-51) years. Baseline
(resting/fasting) characteristics of study participants are
presented in Table 1. All participants had baseline blood
pressure, heart rate, hemoglobin, glucose, and serum crea-
tinine values that were within the expected range for age
and sex. Males exhibited higher resting systolic blood pres-
sures (137 + 9.1 vs. 125 + 5 mmHg (females); p = 0.032).
Males demonstrated a trend toward lower baseline sKl lev-
els compared with females (423 (415-614) pg/mL in males
vs. 669 (448-1095) pg/mL in females; p = 0.117).

All participants achieved at least 90% estimated MHR,
and 9/10 reached 100% MHR, with a mean duration of 12.3
min of exercise. All exercise was terminated by the parti-
cipants with fatigue, and no ECG changes suggesting ische-
mia were noted at any time during or at least 6 min into
recovery. No adverse events were recorded during or fol-
lowing the EST. Mean heart rate and blood pressure read-
ings throughout the EST are shown in Figure 1.
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Figure |. Changes in blood pressure and heart rate with EST
intervention. EST: exercise stress test.
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Figure 2. Change in sKl levels in males (black lines) and females
(dotted lines) following EST (percentage change from T,.). *¥p <
0.005 versus Tpe. *p < 0.05 and *p < 0.005 versus Tpoq. sKI:
soluble klotho; EST: exercise stress test.

Changes in sKl for study participants throughout the
study period are presented in Figure 2 and Table 2. A
significant increase after the EST in sKI was seen (Tpre
median 483 (423-766) pg/mL vs. T}, 602 (514-831) pg/
mL; p < 0.01) but levels returned to baseline by T3, (497
(445-746) pg/mL).

Changes in sPi and blood glucose are presented in
Figure 3. A nonsignificant trend toward reduction in sPi
post EST was observed, with sPi at T},,. compared to T3
(Tpre 0.94 £ 0.12 mmol/L vs. T3¢ 0.83 £+ 0.22 mmol/L;

p > 0.05). This reduction was sustained until 755, 0.77 +
0.17 mmol/L (Figure 3).

Median glucose levels at Tpre, Tpost> T30, and Tr49 were
6.0, 6.5, 6.3, and 5.7 mmol/L, respectively. An initial non-
significant rise in blood glucose was seen at T, following
EST (p = 0.26 vs. Ty,ye). This was followed by a reduction
in blood glucose observed at the earliest at T, median
glucose level 5.8 mmol/L (p = 0.65 vs. T,o). This reduc-
tion was sustained at 7549 (p = 0.013 vs. T},o; Figure 3).

Discussion

A standardized high-intensity physical exercise in healthy
adults causes a transient but immediate increase in sKl
levels and a delayed reduction in blood glucose levels. Two
other studies have reported an increase in sKl following
exercise, and neither of these showed the time course of
this rise and were performed in postmenopausal women
undergoing a 12-week aerobic exercise program®> or in
men and women after a 20-min run.?® In contrast to this
study, the latter failed to demonstrate an increase in sKl
level in men who were recruited to the same study. How-
ever, all participants in this latter study*® were involved in
regular physical activity with a minimum of 1-year resis-
tance and aerobic training prior to the study. There are
limited studies in this area and the effect of gender has not
been widely investigated. It has been suggested though that
preexisting fitness level and type of exercise, aerobic ver-
sus anaerobic, could impact on the intensity of sKl inflec-
tion following the prescribed exercise.”®*’

The study presented here included a standardized EST in
order to individualize exercise according to age of partici-
pants by targeting MHR and included healthy participants
who were not allowed to undertake physical activity in the
1 week prior to the intervention. sK1 measurements were
performed at more than one time point allowing temporal
evaluation in sKI change following the intervention. This
provides novel additional information compared to the
prior two reports,?>*¢ demonstrating that a single episode
of high-intensity exercise is not only associated with an
increase in sKI in both men and women but is not sustained.

Multiple mechanistic pathways have been considered in
the exercise-induced elevation of circulating sKI levels.
Physical exercise has been reported to upregulate
PPAR~,*° downregulate angiotensin-II type-1 receptor
(ATI R),31 and oxidative stress>> in animal models. In turn,
these pathways have been linked to increased renal klotho
mRNA expression and sKl levels,** > thereby potentially
increasing circulating sKl levels. Notably, the time lag in
animal models between physical exercise/activity and bio-
chemical evaluation ranged from 6 to 16 weeks,* > while
the follow-on in vitro PPAR~ and oxidative stress effects
on klotho mRNA have been reported ranging between 12 h
and 48 h**~** and in vivo effects of AT1 R blockade on
klotho mRNA between 4 days and 14 days. Correspond-
ingly, the clinical study by Matsubara et al. demonstrated



Tan et al. 3
Table 2. Median sKl levels following EST in males (M) and females (F).?

Time point Tz Tore Toost T30 Ta40 Tatr

sKI (n =10; pg/mL) 484 (442-748) 483 (423-766) 602+ (514-831) 497 (445-746) 485" (449-738) 517 (419-781)
sKI (n =5 M; pg/mL) 455 (414-509) 423 (415-614) 596* (508-704)  464% (423-626) 468 (416—603) 507 (416—-603)

sKi (n = 5 F; pg/mL) 718 (468-971) 669 (448—1095)

765* (527-126)

722% (440-1006) 649" (446-1041) 671 (436-1148)

sKl: soluble klotho; EST: exercise stress test.

?Friedman’s test with Dunn’s multiple comparison was used to assess changes in sKl across all time points measured. Wilcoxon-signed rank test was

used to evaluate individual time points against either T or Tyo:
*p < 0.05 versus Tp..
**p < 0.005 versus T
#p < 0.05 versus Tposc-
#p < 0.005 versus Toost:
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Figure 3. Changes in median blood glucose level (black line) and
mean serum phosphate level (dotted line) following EST (per-
centage change from Tj,..). #p < 0.05 compared to Tpost for blood
glucose level. EST: exercise stress test.

an increase in sKl levels following a 12-week exercise inter-
vention,”” where the aforementioned mechanisms are likely
to be implicated. We have shown that acute and transient
increases in circulating sKl occur suggesting more acute
physiological processes may be involved, such as a rapid
activation of cleavage enzymes or a release of preformed
sKl within seconds to minutes of strenuous exercise.

A trend toward lower sPi levels post exercise was
observed in this study, and while lower sPi levels may be
in response to the increased sKl levels mediating phosphate
excretion,'® the apparent reduction in sPi levels occurs
promptly in response to physical activity. Both increase
and decrease in sPi levels have been reported previously
following physical activity, despite consistently documen-
ted increases in parathyroid hormone level.**® These dis-
crepancies may reflect the different physical exercise
programs that the respective study participants were sub-
jected to including a prolonged (5-h) low-intensity bicycle
ergometer exercise, a 7-day high-intensity field exercise,
and maximal exercise capacity testing prior to and after a
6-week endurance program.®®>® However, the reduction in
sPi may simply reflect extracellular Pi depletion related to
uptake into muscle which outstrips resupply. The wide var-
iation in these prescribed interventions limits the ability to

compare these results and also alludes to the wide variation
and day-to-day fluctuations that occur normally when mea-
suring extracellular sPi. Furthermore, no “phosphate
sensor” has ever been reported in humans so to invoke
changes in sKl levels due to changes in sPi remains highly
speculative and this study provides little further insight into
such a mechanism.

Lower glucose levels were also detected at 7,49 post
EST and this is consistent with well-established evidence
showing improvements in insulin sensitivity after a single
bout of physical exercise,>”*" although the intensity and
duration of such activity to achieve maximal beneficial
outcome for the healthy population as well as those with
insulin resistance continues to be debated.*' Physical exer-
cise, however, may be one of the key stimulators of skeletal
muscle GLUT4 expression.** Taken together, the data pre-
sented here might suggest a number of pathways implicated
in beneficial changes of physical activity with a central role
for glucose and energy metabolism, PPAR~y and sKI.

There are several limitations to this study. The cohort is
small in size and, therefore, the findings from this study
require validation within a larger cohort. Although there is
a lack of representation of patients with chronic disease in
this study such as chronic kidney disease, diabetes, and
coronary heart disease, the study findings in healthy adults
are encouraging. The standardized meal provided to the
study participants following the EST in a fasting state was
intended to standardize the glucose load, though may have
affected the statistical significance of the glucose and phos-
phate results following Tgo. Further studies are required to
quantify the long-term effects of standardized cardiovascu-
lar fitness and high-intensity exercise programs on sKl, sPi,
and blood glucose in healthy individuals. Subsequently,
studies are needed to evaluate the same programs in disease
cohorts in order to identify beneficial lifestyle modifica-
tions that could improve chronic disease management and
long-term outcomes.

Conclusion

In summary, this study demonstrated that a single short-
duration episode of high-intensity physical exercise is
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associated with an acute and transient increase in sKl, a
delayed glucose reduction, and with sPi levels showing a
trend to acute reduction also. Future studies, both larger
standardized interventional clinical studies and basic sci-
ence research, are critical to improve the understanding of
the mechanisms involved in benefits of physical exercise
and also to enable translation of these concepts to guide
clinical practice especially in cohorts with lower sKl or
hyperphosphatemia, both of which are associated with
impaired glucose tolerance and poorer survival. The rela-
tive benefit of exercise in the low baseline fitness group
should also be investigated as this may be the group that
benefits most from the flow-on effects of sKl rise.
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