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Abstract: Background: The differential responses of the myokine irisin, in combination with changes
in markers and regulators of bone remodeling to high-intensity interval exercise of high and low
impact, were examined in 18 young adult females (22.5 & 2.7 years). Methods: Participants performed
two high-intensity interval exercise trials in random order: running on a treadmill and cycling on a
cycle ergometer. Trials consisted of eight 1 min running or cycling intervals at > 90% of maximal heart
rate, separated by 1 min passive recovery intervals. Blood samples were collected at rest (pre-exercise)
and 5 min, 1 h, and 24 h following each exercise trial. Irisin, osteocalcin, sclerostin, osteoprotegerin
(OPG), receptor activator nuclear factor kappa-p ligand (RANKL), and parathyroid hormone (PTH)
were analyzed in serum, with post-exercise concentrations being corrected for exercise-induced
changes in plasma volume. Results: Irisin was elevated 24 h post-exercise compared to its resting
values in both trials (20%, p < 0.05) and was higher after cycling compared to running (exercise mode
effect, p < 0.05) with no interaction. Osteocalcin, sclerostin, PTH, and RANKL increased from pre-
to 5 min post-exercise (18%, 37%, 83%, and 33%, respectively, p < 0.05), returning to baseline levels
in 1 h, with no trial or interaction effects. OPG showed a time effect (p < 0.05), reflecting an overall
increase at 5 min and 1 h post-exercise, which was not significant after the Bonferroni adjustment.
Conclusions: In young adult females, high-intensity interval exercise induced an immediate response
in markers and regulators of bone remodeling and a later response in irisin concentrations, which
was independent of the gravitational impact.

Keywords: high-impact exercise; low-impact exercise; women; irisin; osteocalcin; sclerostin;
osteoprotegerin; RANKL; parathyroid hormone

1. Introduction

Exercise has a significant impact on bones, and the metabolism of bone cells adjusts
quickly to training [1]. The bone response to exercise is based on mechanical stimulation,
as well as the integration of biochemical signals generated during and after exercise [2].
Recent evidence indicates that exercise leads to increased secretion of the myokine irisin,
which plays a significant role in bone homeostasis and metabolic regulation [3]. In bone,
irisin appears to promote bone formation by upregulating osteopontin and f3-catenin and
downregulating sclerostin synthesis [3], while also inhibiting osteoclast formation and
differentiation through the suppression of nuclear factor-B (NF-B) and receptor activator
of nuclear factor-kappa-B ligand (RANKL) [4,5]. However, irisin also has the potential
to stimulate osteoclastic bone resorption through the activation of the AV /b5 integrins in
osteocytes [6]. Thus, the effects of irisin on bone seem to be complex and context-dependent,
and further research on the role of irisin in bone metabolism post-exercise is needed.

It is well documented that high-impact, weight-bearing activities, such as running
and jumping, are more effective than low-impact, non-weight-bearing activities, such as
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cycling and swimming, in promoting bone health [7-9]. High-impact activities provide
a strong mechanical stimulus for osteogenic activity through the combined effects of
muscle contraction and ground reaction forces on the skeleton [10]. In contrast, low-
impact activities that exert a lesser force on the skeleton may require a longer time to show
osteogenic benefits and, in some cases, may even have detrimental effects on bone [11].
Indeed, bone mineral density (BMD) has been found to be lower in younger and older
individuals (females and males) who participate in low-impact sports compared to those
who participate in high-impact sports [12-14]. However, the evidence regarding the effects
of cycling on biochemical markers is still inconclusive. Research examining the effects
of acute bouts of high-intensity interval cycling on bone markers has shown an overall
anabolic effect [15] while longer-term observational studies show that road cycling can
have an osteocatabolic effect [11]. Thus, the cycling intensity seems to be a contributing
factor to its effect on bone metabolism, with the effects of an acute bout of high-intensity
cycling on markers and regulators of bone remodeling being reported as similar to that of
high-intensity interval running in young adult males and females [16-18].

Osteocalcin is a non-collagenous protein released by osteoblasts that plays an impor-
tant role in calcium metabolism, bone mineralization, and energy homeostasis [19,20] and
has been used as a marker of the overall anabolic effects of exercise on bone metabolism.
While some studies have reported an increase in total osteocalcin levels immediately and
3 h after a single bout of high-intensity interval exercise in female participants [21], a recent
study of young adult males performing two moderate-intensity exercise trials on a cycle
ergometer and on a treadmill found no changes in osteocalcin up to 1 h following either
trial [22]. Moreover, the osteoanabolic benefit of exercise has been associated with the
upregulation of osteoprotegerin (OPG) and the inhibition of the binding of RANKL to its
receptor activator of nuclear factor-kappa-B (OPG/RANKL pathway) [23]. Both OPG and
RANKL have been found to increase within minutes following high-intensity acute cycling
in young adult males [15], which suggests a potential overall increase in bone turnover,
while endurance running has been found to cause a decrease in RANKL and a rise in
OPG levels [24], which indicates a net anabolic effect on bone metabolism. However, a
recent study reported higher irisin and RANKL but no differences in OPG between male
footballers and non-athletic, age-matched controls [25]. Thus, our knowledge about the
differential effects of high- and low-impact exercises on this pathway is still limited and
requires further research.

Sclerostin is an upstream osteokine secreted by osteocytes to inhibit the canonical
Wnt signaling pathway in osteoblast cells, leading to a decrease in bone formation [26,27].
Studies have shown a transient increase in sclerostin following high-intensity interval
cycling and running in young adults, regardless of sex [16-18]. However, in our study on
young adult male participants, we found a larger transient increase in sclerostin following
a moderate-intensity running trial compared to an intensity-matched cycling trial, although
irisin and parathyroid hormone (PTH) increased similarly following trials [22]. PTH
is another biochemical marker that can influence bone metabolism [28]. In vitro, PTH
has been shown to prevent the expression of sclerostin [29] and alter the OPG/RANKL
ratio, indirectly enhancing osteoclast recruitment and activity [30]. Intermittent PTH
administration has also been found to stimulate osteoblastogenesis and decrease osteoblast
apoptosis [31]. However, in contrast to these in vitro experiments, PTH was found to
increase in concert with sclerostin after a single session of high-impact plyometric exercise
in young adult males [32], which supports the need for further research on the effects of
different exercise modes on the markers and regulators of bone metabolism.

To date, no human study has compared the acute responses of irisin, in combination
with markers and regulators of bone remodeling between high-intensity high-impact and
low-impact exercises in females. Thus, the main objective of this study was to examine
the differential effect of high-intensity interval running versus cycling, on circulating
irisin, osteocalcin, sclerostin, PTH, OPG, and RANKL in young adult females. Examining
potential differences in these acute bone-related responses between intense high-impact and
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low-impact exercise can identify potential mechanisms underlying the short- and long-term
bone adaptations to exercise. Furthermore, this may provide more information about the
acute response of bone to exercise. Such preliminary research may then play a significant
role in designing exercise protocols for women for clinical, research, and recreational goals.

2. Materials and Methods
2.1. Participants

This study involved the further analysis of blood samples collected and analyzed for a
previous study examining the exercise-induced response to high-intensity interval running
versus cycling of other bone markers and inflammatory cytokines previously reported
in both young adult males and females [16-18]. The original study included 20 female
participants aged 18-28 years. However, the present study includes the analysis of available
blood samples from 18 participants (Caucasian, 23.2 £ 3.0 years, 166 £ 6 cm, 61.5 £ 8.3 kg,
26.8 &+ 6.5 % fat). Participants were healthy, recreationally active (i.e., exercising 2 to 5 times
per week), on birth control, non-smokers, free of injuries or chronic conditions (e.g., ACL
or knee/hip/lower back injuries, arthritis, neuromuscular diseases), had no fracture in the
last year, and were not taking any medication or dietary supplements affecting bone health
(e.g., protein, vitamin D, calcium). All participants agreed to participate in this study by
signing a consent form. The study was conducted in accordance with the Declaration of
Helsinki and received ethical approval from the Brock University Research Ethics Board
(REB #19-131).

2.2. Study Design and Procedures

This study used a crossover, within-subject design, as previously described [16-18].
Briefly, each participant performed a high-intensity interval running (HIIR) trial on the
treadmill and a high-intensity interval cycling (HIIC) trial on a cycle ergometer. Participants
first came to the laboratory prior to the HIIR and HIIC trials for two preliminary visits.
During the first visit, participants were informed about the study, signed a consent form,
and completed a medical history questionnaire that was used to verify the inclusion criteria.
In addition, all participants completed the Godin Shephard Leisure-Time Physical Activity
Questionnaire to determine their habitual physical activity levels [33] and a food frequency
questionnaire (Block 2014.1_6Mo, Nutrition Quest, Berkeley, CA, USA) to assess habitual
nutrient intake. Height was then measured with a stadiometer to the nearest 0.1 cm with
no shoes, and body composition was measured via air displacement plethysmography
(BodPod; Life Measurement Inc., Concord, CA, USA) to obtain measures of body mass (kg),
fat mass (kg), fat-free mass (kg), and percent body fat (%).

In each of the first and second preliminary visits, participants also performed an
incremental exercise test to exhaustion either on the treadmill (CYBEX, 515T, Medway,
MA, USA) or on the bicycle ergometer (Lode, 911905, Groningen, Netherlands) (random
order), which was used to determine the maximal workload. The maximal workload was
determined through volitional fatigue when participants could no longer continue running
and cycling. The maximal speed and incline for running, and the maximum power output
for cycling, as well as the maximum heart rate (Omron, HR-310, Warminster, PA, USA) and
perceived exertion (Borg scale) at the point of exhaustion, were recorded.

At least one week after the second preliminary visit, participants returned to the
laboratory to perform the HIIR and HIIC trials in random order. The trials were scheduled
in the morning between 10.00 and 12.00 h to control for diurnal variation in the biochemical
markers. All participants were on birth control; of the 18 participants included in the
present study, 16 were on oral contraceptives with downregulated hormonal profiles, and
2 used a hormonal intrauterine device. Thus, for consistency, the trials were scheduled to
correspond to the same days of their treatment cycle. Specifically, all the visits took place
within three consecutive weeks following the week of menstruation. In addition, as reported
by Kouvelioti et al., all participants had similar baseline (i.e., resting) estradiol levels prior
to the two high-intensity interval exercise trials (99.8 £ 16.1 vs 93.3 & 10.7 pg/mL, HIIR vs
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HIIC, respectively; p = 0.47) [16]. Finally, as we previously showed, there is no effect of the
menstrual-cycle-related fluctuations in sex hormones, on either the resting concentrations
of sclerostin, PTH, and other bone markers or on their response to intense exercise [34].

Moreover, before every visit to the laboratory, participants were instructed to consume
the same standardized breakfast at home, which included one slice of whole-grain bread
with butter/margarine or peanut butter, one glass of 2% milk or one cup of 2% fat yogurt,
one banana or apple, and one cup of coffee or tea. Likewise, they were instructed not to
eat or drink anything (except water) for about 2 h after their breakfast and prior to their
laboratory visits.

2.3. Blood Collection and Biochemical Analysis

Approximately 10 mL of whole blood was collected from each participant at each
time point (pre-exercise, 5 min, 1 h, and 24 h post-exercise) for a total of 4 blood draws
per participant. Samples were collected from the median cubital vein in the antecubital
fossa using a standard venipuncture technique. Upon collection, samples sat for 30 min at
room temperature. The plasma was then aliquoted into microcentrifuge tubes and stored
at —80 °C until analysis. Plasma was used to measure hematocrit. In the present study,
serum irisin, osteocalcin, sclerostin, PTH, OPG, and RANKL were measured.

Specifically, after every blood collection, hematocrit was measured in triplicate by the
same investigator, using micro-hematocrit tubes with heparin (VWR, Radnor, PA, USA)
for each blood sample, and was separated using an international microcapillary centrifuge
(model MB, International Equipment Company, Needham, MA, USA). This measurement
is important in determining exercise-induced changes in plasma volume, which can affect
biomarker serum concentrations after exercise [35]. Relative change in plasma volume
(%APV) from pre- to each post-exercise time points for each participant was estimated
using the formula of van Beaumon [36]:

100 100(Hct1 — Het2)

APV = 1650 Hert < Het2

o

where Hct1 is hematocrit at baseline and Hct2 is hematocrit at each post-baseline measure-
ment. The % APV was then used to correct the serum concentrations of irisin, osteocalcin,
sclerostin, PTH, OPG, and RANKL at 5 min, 1 h, and 24 h post-exercise in both trials, as
previously reported [16-18].

Although this was a secondary analysis of serum samples from previous studies, irisin,
osteocalcin, PTH, OPG, and RANKL were analyzed for the first time for the purpose of the
present study using new commercially available assay kits. Sclerostin concentrations have
been previously reported from these samples [18]; however, a new analysis was performed
to test the reliability of the serum concentrations after storage. Samples were analyzed in
duplicate with a few samples analyzed in triplicate to determine the inter- and intra-assay
coefficients of variations (CV). Irisin was measured using an irisin recombinant assay
kit (Cat #EK-067-29, Phoenix Pharmaceuticals Inc., Burlingame, CA, USA). The average
inter- and intra-assay CV for irisin were 7.3% and 6.7%, respectively. Total osteocalcin,
OPG, and PTH were measured using a microbead multiplex kit (cat.# HBNMAG-51K-
08, EMD Millipore, Darmstadt, Germany). The inter- and intra-assay CV for osteocalcin
were 10.5% and 8.7%, for OPG, they were 10.8% and 8.0%, and for PTH, they were 9.1%
and 8.1%, respectively. Sclerostin was analyzed using an ELISA kit (cat.# DSST00; R&D,
Minneapolis, MN, USA) with an inter-assay CV of 5.1% and an intra-assay CV of 3.1%.
RANKL was measured using a microbead multiplex kit (Human RANKL MAG Bead
Single Plex Kit, cat.# HRNKLMAG-51K-01, EMD Millipore, Darmstadt, Germany) with an
average intra-assay CV of 6.4% and an inter-assay CV of 5.9%.

2.4. Statistical Analysis

The data were assessed for normality using the Shapiro—-Wilk test, z-scores for skew-
ness and kurtosis, and visual screening of histograms for symmetry. The screening found
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that OC was not normally distributed and was log-transformed for the analysis. There
were a few missing values for irisin, PTH, and RANKL due to low serum availability or
non-detectable values, so the number of participants is different for these markers. A two-
way repeated measures analysis of variance (RM-ANOVA) was used to examine the main
effects for trial (running versus cycling) and time, as well as the time-by-trial interactions,
for irisin, osteocalcin, sclerostin, PTH, OPG, and RANKL. In the case of a significant time
effect or interaction, post hoc pairwise comparisons were performed using paired t-tests
with Bonferroni adjustment for multiple comparisons. Effect sizes, including partial eta
squared (pnz) for ANOVA and Cohen’s d (mean difference/standard deviation pre-test) for
significant pairwise comparisons, were calculated. Effect sizes were then interpreted based
on the Cohen criteria: 0.01 = small, 0.06 = moderate, 0.14 = large effect for partial n?, and
0.2 = small, 0.5 = medium, 0.8 = large effect for Cohen’s d [37]. Statistical significance was
set at an alpha level of 0.05 and performed using IBM SPSS Statistics 28 (SPSS Inc., Chicago,
IL, USA).

3. Results
Serum concentrations of all biomarkers at rest and in response to high-intensity
cycling and running are shown in Table 1. Irisin showed no trial-by-time interaction
effect (F = 0.87; p = 0.46; pn2 = 0.05). However, there was a significant main effect for
trial (F = 9.3; p < 0.004; an = 0.22), as irisin concentrations were higher during the
cycling trial compared to running across all time points, and a significant main effect
for time (F =8.7; p < 0.001; pnz = 0.21), which reflects a higher irisin concentration 24 h
post-exercise compared to its resting values (+20%, p = 0.002, d = 0.51) in both trials
combined (Figure 1).
Table 1. Serum concentrations of irisin, osteocalcin, sclerostin, parathyroid hormone (PTH), osteo-
protegerin (OPG), and receptor activator of nuclear factor-kappa-B ligand (RANKL) at rest and in
response to high-intensity cycling and running in young adult females.
Post-E i
Marker Trial Pre-Exercise ost-Exercise
5 min 1h 24h
Irisin &’C_hi‘sg) 6.0+ 17" 59+20" 63+18% 7.5 4+ 3.1 %
(ng-mL.") Running
# # # #a
(N =17) 42+15 40+18 46+21 53+23
Osteocalcin Cycling(N=15) 239 +122 204+£181%  244+125% 208482
(ng'-mL™")
Running 22.7 £ 10.0 268+167*  246+114*  202+87
(N = 15)
Sclerostin Cycling(N=18)  99.1+33.9 133.8+£542* 10454405 103.1 +37.1
mL-! ;
(pg-mL) Ei“llg)g 98.6 + 47.0 13514580%  1089+488 1067 + 523
Parathyroid Hormone Cycling (N = 13) 91.8 £ 66.4 178.5 £ 62.0 * 947 £72.6 88.5 + 58.7
11 ;
(pmol L.75) &‘i“llg)g 87.2 + 58.6 1668 +£70.9*  88.2+60.8 85.2 = 66.5
Osteoprotegerin Cycling (N =17) 514.7 £ 206.1 540.2 £ 227.6 542.7 £257.3 515.3 £ 261.8
L1 .
(pg-mL"5) Ei“ln;)g 508.2 + 132.5 608.7 +£2275  601.5+2355 5095+ 218.6
Receptor Activator Nuclear Cycling (N = 16) 93.2+£57.7 121.1 £93.1*% 96.7 £72.2 93.8 £73.9
Factor Kappa-3 Ligand Running .
(pg-mL_l) (N = 16) 90.1 £56.2 122.3 £ 94.0 95.6 £78.7 95.3 £54.4

Values are mean = standard deviation. # denotes a significant difference between exercise modes (main effect for
trial, p < 0.05); * denotes a significant difference from pre-exercise for both groups combined (main effect for time,
p <0.05).
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Figure 1. Serum concentrations (mean =+ SD) of irisin before and after exercise in both high-intensity
interval cycling (HIIC) and running (HIIR) trials. * denotes significant difference from pre-exercise
to 24 h post-exercise in the post hoc pairwise comparisons with groups combined and Bonferroni
adjustment for three comparisons (p = 0.015, d = 0.52).

We found no main effect of trial (F = 0.59; p = 0.81; pn2 = 0.02) and no trial-by-time
interaction (F = 0.33; p = 0.80; pnz = 0.01) for osteocalcin, reflecting no differences in
concentrations between cycling and running at any time. However, there was a significant
main effect for time (F = 9.29; p < 0.001; pn2 = 0.25), according to which osteocalcin was
higher than baseline 5 min following both trials (+18%; p = 0.002; d = 0.51) (Figure 2).

Sclerostin showed no effect for trial (F = 0.02; p = 0.90; pnz =0.001) and no trial-by-time
interaction (F = 0.10; p = 0.96; pn2 = 0.004), reflecting that its serum concentrations were
not different between cycling and running at any point. However, there was a significant
main effect for time (F = 21.2; p < 0.001; an = 0.45), as sclerostin increased immediately
post-exercise in both trials (37%, p < 0.001; d = 1.31) then returned to the pre-exercise
levels 1 h post-exercise (Figure 3). Likewise, PTH showed no trial-by-time interaction
(F =0.13; p = 0.94; pn? = 0.006) and no main effect for trial (F = 0.13; p = 0.72; ,n? = 0.006),
i.e.,, PTH was not different between trials, either at rest or post-exercise. There was a
significant main effect for time (F = 23.9; p <0.001; ;n* = 0.53), reflecting an overall increase
in PTH immedjiately following high-intensity interval exercise (+83%, p < 0.001; d = 1.32),
irrespective of exercise mode (Figure 4).
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Figure 2. Serum concentrations (mean £ SD) of total osteocalcin pre- and post-exercise in both
high-intensity interval cycling (HIIC) and running (HIIR) trials. * denotes a significant difference
from pre-exercise to 5 min post-exercise in post hoc pairwise comparisons with groups combined and
Bonferroni adjustment for three comparisons (p = 0.002; d = 0.51).
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Figure 3. Serum concentrations (mean =+ SD) of sclerostin pre- and post-exercise in both high-intensity
interval cycling (HIIC) and running (HIIR) trials. * denotes significant difference from pre-exercise
to 5 min post-exercise in post hoc pairwise comparisons with groups combined and Bonferroni
adjustment for three comparisons (p < 0.001; d = 1.31).
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Figure 4. Serum concentrations (mean =+ SD) of parathyroid hormone (PTH) pre- and post-exercise in
both high-intensity interval cycling (HIIC) and running (HIIR) trials). * denotes significant difference
from pre-exercise to 5 min post-exercise in post hoc pairwise comparisons with groups combined and
Bonferroni adjustment for three comparisons (p < 0.001; d = 1.32).

There were no main effects for trial (F=0.17; p = 0.69; an = 0.005) and no trial-by-
time interaction (F = 1.23; p = 0.28; an = 0.04) for OPG, which reflects that its serum
concentrations were not different between cycling and running at rest or in response
to exercise. However, there was a significant main effect for time (F = 3.93; p = 0.01;
pn2 = 1.12), reflecting overall higher OPG concentrations at 5 min (+10%, p = 0.05; d = 0.34)
and 1 h (+9%, p = 0.05; d = 0.33) post-exercise compared to pre-exercise, irrespective of
exercise mode; however, this increase was not significant after the Bonferroni adjustment
(Figure 5). RANKL showed no trial-by-time interaction (F = 0.02; p = 1.00; an =0.001) and
no main effect for trial (F = 0.00; p = 0.99; an =0.000), in that RANKL concentrations were
not different between cycling and running at any point. However, there was a significant
main effect for time (F = 3.28; p = 0.02; an = 0.10), reflecting higher RANKL immediately
post-exercise compared to pre-exercise, irrespective of exercise mode (+33%, p < 0.02;
d = 0.45) (Figure 6).
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Figure 5. Serum concentrations (mean =+ SD) of osteoprotegerin (OPG) pre- and post-exercise in both
high-intensity interval cycling (HIIC) and running (HIIR) trials.
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Figure 6. Serum concentrations (mean £ SD) of receptor activator nuclear factor kappa-f3 ligand
(RANKL) pre- and post-exercise in both high-intensity interval cycling (HIIC) and running (HIIR)
trials). * denotes significant difference from pre-exercise to 5 min post-exercise in post hoc pairwise
comparisons with groups combined and Bonferroni adjustment for three comparisons (p < 0.02;
d =0.45).

4. Discussion

This study provided novel evidence regarding the acute response of bone turnover
markers (osteocalcin), osteokines (sclerostin, OPG, RANKL), as well as bone-modulating
factors, including irisin and PTH, to high-intensity impact exercise (running) and high-
intensity low-impact exercise (cycling) in the same group of young adult females. After
accounting for exercise-induced changes in plasma volume, circulating osteocalcin, scle-
rostin, PTH, and RANKL were significantly elevated 5 min after exercise and returned to
near their pre-exercise levels 1 h post-exercise, with no differences between modes of exer-
cise. This finding suggests that at high intensity, impact does not mediate a post-exercise
increase in the regulators of bone metabolism. In addition, irisin was significantly higher
than its resting values 24 h post-exercise following both trials, an impact that did not modu-
late the exercise-induced irisin response. Our OPG results showed a significant main effect
for time, reflecting an overall increase in OPG at 5 min and 1 h following high-intensity
interval exercise, irrespective of exercise mode, but this response was not significant after
the Bonferroni adjustment.

Furthermore, the resting serum irisin levels reported herein were similar to previous
publications on young adult females [38]. Also consistent with other human exercise studies,
we showed an increase in serum irisin levels following both exercise trials, although later
following the exercise (at 24 h) than previously reported [22,39,40]. These results suggest
a delayed irisin response to high-intensity interval exercise, irrespective of gravitational
impact. This finding contradicts a study reporting no significant changes in irisin levels after
aerobic exercise on a treadmill in 20-50-year-old males and females [38], but the divergent
findings may be attributed to the difference in exercise intensity and duration. In agreement
with our study, others have reported irisin to increase at 6 and 19 h after high-intensity
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running in adult males [40], as well as 10 min following 50 min of cycling at 80% of VO, max
and 10 min post-exhausting running in trained and untrained adults [41]. Likewise, serum
irisin concentrations increased immediately following a moderate-intensity protocol of
both running and cycling in young adult male participants [22], while a single 90 min
treadmill session also resulted in a transitory rise in serum irisin in young adult males and
females [42].

Irisin activates the AV /b5 integrins in osteocytes, resulting in increased sclerostin
and RANKL expression and osteoclastic bone resorption [6], whereas it has been shown
that a loss of bone mineral, which is induced by ovariectomy in mice, can be prevented
by irisin gene deletion [43]. Although these studies indicate osteocatabolic effects from
irisin, a few studies exist indicating an osteoanabolic effect of irisin. For example, Luo
et al. found reduced bone strength and bone mass in mice with global irisin knockout
compared to control animals [44]. Additionally, in the irisin-lacking mice, osteoclast
number and RANKL cell surface expression were increased [44]. Another study found
that FNDC5/irisin deletion within the osteoblast lineage mice (Osx-Cre:FNDC5/irisin KO
mice) had reduced irisin mRNA and protein levels in bone, reduced bone density, and
delayed bone development and mineralization [45]. Specifically, these irisin knockdown
mice had lower cortical bone mineral density and trabecular bone/tissue volume compared
to control animals [45]. In addition, the protective effects of exercise, including increased
bone strength and body weight loss, were reduced with irisin deficiency and were enhanced
with the administration of recombinant irisin during exercise for 14 days [45]. Together,
these data suggest that, overall, irisin plays an important role in bone homeostasis.

Based on our data and the available evidence of the osteoanabolic effects of irisin, we
speculate that the preceding increase in sclerostin, RANKL, and PTH was meant to induce
bone resorption and then irisin increased to compensate, leading to a subsequent increase
in bone formation. In other words, resorption typically occurs before bone formation and is
required to promote an overall increase in bone turnover [46]. However, the increase in
osteocalcin immediately following both high-intensity interval trials may imply a complex
feedback-driven timing of catabolic and anabolic events induced by exercise. This post-
exercise increase in osteocalcin is in line with a previous study in premenopausal women,
reporting an increase in osteocalcin 5 min after acute high-intensity interval exercise [21].
However, a decrease in total osteocalcin levels from baseline to 3 h after high-intensity
interval exercise has also been reported in young women [47]. In addition, a previous study
comparing moderate-intensity high-impact (jogging) and low-impact exercise (water aero-
bics) in young females found no significant time effect in osteocalcin up to 24 h following
both trials [48]. Nevertheless, the synchronous rise in irisin, osteocalcin, and sclerostin
levels after our high-intensity exercise trials may imply a post-exercise bone muscle inter-
action, which may have significant effects on bone metabolism in young females [30]. In
addition, to account for the unexpected difference in the irisin levels between trials, we also
examined the percentage changes from pre-exercise values, which confirmed the consistent
rise in irisin, osteocalcin, and sclerostin levels after high-intensity exercise.

Furthermore, the present study confirms that sclerostin’s response to high-intensity
interval exercise in young females is not mediated by impact. However, since, at moderate
intensity, sclerostin levels have been shown to increase only following running but not
after cycling in young men [22], exercise intensity may be an important modulator of the
response [49,50]. Nevertheless, the immediate transient rise in sclerostin levels following
exercise has been consistently reported in other studies and attributed to the release of pre-
viously synthesized sclerostin from osteocytes into the bloodstream, rather than increased
gene expression and new protein synthesis [32,51]. Another theory is that the positive
effect of exercise on blood flow causes the previously synthesized sclerostin to be released
more easily during this short time [52]. A decline in waste elimination by the kidneys [53]
might play a role in this transient rise in sclerostin following exercise. In any case, sclerostin
levels at 1 h and 24 h after exercise were comparable to pre-exercise levels, indicating that
the increase that occurred 5 min after exercise was transient, possibly a catabolic step that
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precedes bone formation. As previously mentioned, there is a temporal response of bone
biochemical markers to acute exercise, which might be essential for improving BMD by ini-
tiating the resorption of old damaged bone prior to the replacement with new osteoid and,
thus, bone through an increase in bone formation. These questions cannot be answered as a
result of the present study, but they are intriguing and warrant further study. Alternatively,
the increase in circulating sclerostin may be related to the recently suggested endocrine role
of osteocytes and osteocyte-derived factors in energy and glucose metabolism [54], beige
adipogenesis [55], and white adipose tissue metabolism [56]. Thus, our understanding of
the downstream effects of sclerostin’s post-exercise increase in humans is still limited.

Like in our previous study of moderate-intensity exercise in adult males [22], our
findings also reflect a transient increase in PTH immediately following high-intensity
interval exercise in both modes, which has been suggested to be a response related to
calcium homeostasis [57]. Indeed, serum PTH responds quickly to variations in circulating
levels of calcium and phosphorus after exercise [58]. It has also been illustrated that
exercise intensity affects PTH levels, with a stronger PTH response to higher-intensity
exercise in men [59]. Other studies in young adult males have shown both an increase
in PTH following running [58,60] and cycling [61] and no change in PTH after a single
bout of plyometric exercise [62]. Therefore, the transient rise in PTH, combined with a
simultaneous rise in sclerostin, may also be indicative of an immediate catabolic response
to exercise that is needed to further stimulate an overall increase in bone turnover, which
can eventually lead to an increase in BMD [46,63]. Indeed, it has been demonstrated that
intermittent increases in PTH stimulate bone formation [64], while exercise intensity and
duration seem to have significant impacts on the fluctuations in PTH concentration [65]
that need to be further explored.

Finally, our results showed an overall (time effect) but small (7%, non-significant
pairwise comparisons) increase in OPG following high-intensity interval exercise, irre-
spective of exercise mode. In contrast, RANKL increased considerably from pre- to 5 min
post-exercise (33%, p < 0.05), returning to baseline levels in 1 h, with no trial or interac-
tion effects. Together these results reflect an immediate exercise-induced response of the
OPG/RANKL/RANK pathway. This finding is consistent with our previous study, where
we found an increase in OPG and RANKL levels 5 min following low-impact high-intensity
exercise in young males [15]. A similar increase in OPG and RANKL levels was also found
following marathon long-distance running in both men and women [25]. Others found
no change in either the circulating OPG, RANKL, or OPG mRNA expression following
a combined exercise program consisting of 30 min of endurance exercise and 30 min of
resistance exercise three times a week for 12 weeks in young women [43].

The main strength of our study is its crossover design, with each participant being
their own control, thus controlling for between-subject variability. Additional strengths
include the control of the diurnal variation in bone markers by collecting all blood samples
in the morning following a consistent and standardized breakfast and accounting for
exercise-induced changes in plasma volume. The main limitation of this study is the
absence of a non-exercise control trial performed by all participants as part of the original
experimental design. However, according to Kouvelioti et al. [16], a non-exercise control
trial was subsequently added in a subset of participants, confirming that at least sclerostin
resting levels can be considered stable during the morning hours. Another limitation is
that, although we consistently advised all participants to continue the same diet, exercise,
sleeping habits, and lifestyle, the participants’ habitual diets were not controlled following
the trials until the 24 h blood draw. Thus, theoretically, it is possible that differences in the
amount of daily energy, protein, and/or calcium could have affected the results of PTH,
which is known to be influenced by calcium consumption, albeit this was a very short
period. Finally, given its small sample size, caution should be exercised in generalizing
the findings of this study to other populations. The original study was designed based
on a calculated sample size of n = 35 being required to detect a standardized effect of
0.5, with a power of (1 — 3) = 0.9 and a one-tailed probability level of p = 0.05. However,
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only 18 of the 40 participants enrolled in the original study were included in the present
analysis. Thus, although significance was found for most of the markers, the present
analysis was underpowered, which may have affected the statistical power to detect
additional significant effects or interactions.

5. Conclusions

In young adult females, high-intensity interval exercise resulted in an immediate
response in the regulators of bone remodeling and a later response in irisin concentrations,
which was independent of the gravitational impact. Specifically, it is shown that both
low- and high-impact exercise led to an elevation in bone catabolism factors immediately
after the exercise bout and a postponed increase in irisin, which can further induce bone
anabolism. As a potent myokine, it is not surprising that irisin increased following exercise
to stimulate the post-exercise repair and recovery processes. It is important, however,
to note that both low- and high-impact exercise had a similar effect on elevating initial
bone catabolism factors, suggesting that the mechanical loading caused by skeletal muscle
contraction is the primary factor driving the response. Thus, resistance exercise may be
even more effective in promoting bone strength. Therefore, it may be worthwhile to explore
the potential benefits of different types of exercise in promoting bone health and preventing
osteoporosis in women. Future research should also explore the long-term effects of low-
and high-impact exercise on bone metabolism, and whether the initial elevation of bone
catabolism has a lasting effect on bone remodelling and mineral density. In addition, the
synchronous rise in irisin, osteocalcin, sclerostin, PTH, and RANKL, with an overall small
increase also in OPG, after high-intensity interval exercise may suggest that the exercise-
induced changes in bone metabolism are the result of a complex interplay between regional
and systemic signals and hormones. Further investigation of the mechanisms behind
this complex bone response can provide valuable insights into how exercise affects bone
integrity. It can help identify specific factors and signaling pathways that promote or hinder
bone remodeling and potentially lead to the development of targeted exercise interventions.
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