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Abstract

Exercise generally elicits changes in bone and inflammatory biomarkers, but it is unclear
if these changes are related. The purpose of this secondary analysis was to investigate
associations between bone and inflammatory biomarkers before and after a single bout
of high-intensity/impact exercise and post-exercise nutrition. In a repeated measures
crossover design, 13 healthy, young adult females (age = 20.3 ± 2.3 y) performed high-
intensity resistance and impact exercise followed by nutrient consumption (skim milk and
an isoenergetic carbohydrate beverage). Venous blood was obtained pre-exercise, 15 min,
75 min, 24 h, and 48 h post-exercise. Serum bone biomarkers (cross-linked C-telopeptide
of type I collagen [CTX], receptor activator of NF-κB ligand [RANKL], sclerostin [SOST],
osteoprotegerin [OPG], total osteocalcin [OC]) and cytokines (interleukin [IL]-1β, IL-6,
IL-10, and tumor necrosis factor-alpha [TNF-α]) were measured. Separate linear mixed
regression models were performed for each bone biomarker. There were significant associa-
tions between bone and inflammatory biomarkers, including CTX with TNF-α (positive)
and IL-10 (negative), OPG with TNF-α (negative) and IL-10 (positive), RANKL with IL-6
(positive) and SOST with TNF-α (negative) and IL-10 (positive). Thus, relationships exist
between inflammatory and bone biomarkers in the context of an exercise and nutrition
stimulus, which may have implications for optimizing exercise recovery strategies.
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1. Introduction
The emerging field of osteoimmunology explores the interrelationship between the

immune system and the skeleton [1], and includes shared cellular lineages [2], transcription
factors and receptor targets [3], as well as reciprocal communication (“crosstalk”) that
regulates the function of both systems [4]. While intrinsic factors such as genetics, age, and
sex influence immune and skeletal health [5], these systems are also modulated by lifestyle
factors, particularly nutrition and exercise [6].

Acute exercise primarily stimulates bone remodeling through mechanical loading [7]
but also through alterations in calcium kinetics [8], and crosstalk with muscle, adipose
tissue, and immune cells [9]. Exercise also provokes a complex, transient immune and in-
flammatory response that varies according to exercise modality, intensity, and duration [10].
High-intensity exercise is generally associated with increases in circulating immune cells
and cytokines, characterized by an initial rise in pro-inflammatory cytokines (e.g., TNF-
α, IL-1β), followed by the release of anti-inflammatory cytokines (e.g., IL-4, IL-10) that
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help resolve inflammation and initiate recovery [10]. This temporal pattern resembles the
acute bone biomarker response to exercise, whereby a transient increase in bone resorp-
tion markers (e.g., CTX) [11] is often followed by a later upregulation of bone formation
markers (~60 min post-exercise) [12]. Given the close functional integration of the immune
and skeletal systems, inflammation (mediated by circulating cytokines) may represent an
important mechanism linking exercise to bone remodeling.

Human bone can be a challenging tissue to study both in vivo and in vitro due to our
inability to obtain bone biopsies, as well as the prolonged time course (months to years)
over which bone mass changes occur [13]. The latter factor renders static indicators of
bone health, such as BMD measured by dual energy X-ray absorptiometry or bone quality
(i.e., microarchitecture) by computed tomography, ill-suited to assess acute responses to
stimuli [14]. Instead, analyzing bone turnover biomarkers can be used to evaluate both
the dynamic cellular processes that govern/modulate the bone remodeling cycle (e.g.,
OPG, RANKL, SOST, OC), as well as biological fragments released during these processes
(e.g., CTX) [15]. Measurement of circulating biomarkers is therefore commonly used in
both clinical/diagnostic settings [15], as well as for research involving acute/short-term
experiments and interventions that influence bone (such as nutrition or exercise) [14,16,17].
Considering the close relationship between the immune and skeletal systems, it is plausible
that one of the mechanisms mediating bone remodeling following exercise is inflammation,
communicated via circulating cytokines.

Despite evidence that both inflammatory and bone biomarkers change with exercise,
little is known about how these biomarkers interact acutely. Improving our understanding
of how these systems relate has implications for optimizing and enhancing both short-term
post-exercise recovery strategies as well as long-term adaptations to training. Therefore,
the purpose of this study was to investigate associations between inflammatory and bone
biomarkers following a single bout of high-intensity/impact exercise and post-exercise
nutrition. Despite limited studies to date assessing biomarker-level associations between
the inflammatory and skeletal systems within acute exercise contexts, we hypothesized
that relationships linking pro-inflammation with bone resorption and anti-inflammation
with bone formation would exist between circulating inflammatory and bone biomarkers
within this paradigm.

2. Materials and Methods
The bone biomarker and inflammatory cytokine response data from our acute exer-

cise study (clinical trial registration: NCT03615989) have been previously and separately
published [16,18]. This secondary study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics Committees of Brock Univer-
sity (REB: 17-402, 3 August 2018) and York University (REB: 2019-045, 31 January 2019), and
informed consent was obtained from all individual participants prior to their enrolment
into the study. This paper investigates the relationship between these biomarkers as a novel
secondary analysis.

Thirteen healthy, normal weight, young female adults (age = 20.3 ± 2.3 y,
BMI = 21.0 ± 1.1 kg/m2) were recruited after initial screening ensured they met the fol-
lowing inclusion criteria: (1) free of any metabolic or musculoskeletal medical conditions,
(2) body mass index (BMI) 18.5–24.9 kg/m2, (3) recreationally active (<2 structured exercise
sessions per week) and not currently participating in a resistance training program, and
(4) no known allergy to dairy protein or lactose intolerance.

In a randomized within-subject crossover design, participants completed 2 trials, each
consisting of either: (1) exercise bout + post-exercise carbohydrate consumption (CHO)
or (2) exercise bout + post-exercise milk consumption (MILK). Prior to their first trial, all
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participants had baseline measurements taken and completed an exercise familiarization
session. These measures included height, weight, and body fat percentage measured using
bioelectrical impedance analysis (BIA; InBody 520 BIA system; Biospace Co., Inc., Los
Angeles, CA, USA). They also completed a Godin Shephard leisure time physical activity
questionnaire, a general medical/health questionnaire and a physical activity readiness
questionnaire (2018 Par-Q +). Participants were instructed to keep their diet consistent
between trial sessions and were asked to record all their food and drink intake over a
2-day period for each trial (beginning on the day of the exercise bout). Dietary intakes
were analyzed using the ESHA Food Processor Program v10.8 (Food Processor SQL, ESHA
Research, Salem, OR, USA). Dietary intakes throughout the two trials have been previously
reported [16,18]. On trial days, participants were instructed to arrive at the lab following
an overnight fast (including 24 h and 48 h blood samples) and to refrain from alcohol
and exercise for 48 h before and after the trial session. A minimum of 4 weeks separated
the trials in those not on hormonal contraceptives (n = 8), and all testing was completed
during the early follicular phase of the menstrual cycle to help ensure consistency between
trials. Participants on monophasic hormonal contraceptives (n = 5) completed trials with a
minimum 2-week washout between, during the hormone delivery phase. To account for
circadian rhythm influences, testing was carried out in the morning between 7:00 a.m. and
9:00 a.m. for all trials and was completed at the same time for both trials for each participant.

2.1. Exercise Protocol

Participants completed a familiarization session to learn how to correctly perform the
trial exercises and to determine their estimated 1 repetition maximum (1 RM) on three re-
sistance exercise machines (Chest Press, Seated Row, Leg Press) in accordance with the
American College of Sports Medicine exercise testing recommendations. This was then
used to determine appropriate loading for the trial exercise bouts, totaling 3–4 sets/exercise,
8–12 reps/set at ∼75% 1 RM. Exercise bouts were performed from approximately 09:00 a.m.
to 10:00 a.m. and participants completed the same exercise bout in both trials, consisting
of combined plyometric (broad jumps, pogo jumps, box drops, explosive lunges; 198 im-
pacts/session), and resistance exercises (chest press, leg press, seated row). Additional
details regarding the exercise protocol have been previously published [16,18].

2.2. Nutrition Protocol

Two isoenergetic and isovolumetric nutritional supplements were given in a ran-
domized trial order, with the two beverages being consumed 5–10 min following exercise
cessation, and 1 h following completion of the first trial drink. For the CHO condition,
each drink consisted of 52.7 g of maltodextrin (each drink: 200 kcals, 0 g protein, 50 g
carbohydrate, 0 mg calcium) mixed with approximately 550 mL of water plus a calorie-free,
fruit-flavored sweetener. For the MILK condition, each drink consisted of 550 mL of 0%
skim milk (Natrel fine filtered skim milk, Agropur, Saint-Hubert, QC, Canada; each drink:
200 kcals, 20 g protein, 29 g carbohydrate, 660 mg calcium).

2.3. Blood Sample Collection Protocol

Venous blood samples were collected from the median cubital vein pre-exercise as
well as 15 min, 75 min, 24 h, and 48 h post-exercise. After each draw, blood samples
were centrifuged (serum samples were rested for 25 min, plasma samples were spun
immediately) at 1300 g and 4 ◦C for 15 min, with serum and plasma then aliquoted and
stored at –80 ◦C until analysis.
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2.4. Biomarker Analysis

Serum concentrations of CTX (cat# E-EL-H0960; Elabscience, Houstoun, TX, USA)
and SOST (cat# DSST00; R&D, Minneapolis, MN, USA) were analyzed in duplicate using
enzyme-linked immunosorbent assays (ELISA), RANKL (cat# HRNKLMAG-51K-01; Milli-
pore Corporation, Etobicoke, ON, Canada) using a single-plex magnetic bead assay, and
total OC and OPG using a multiplex human bone magnetic bead assay (cat# HBNMAG-
51K; Millipore Corporation, Etobicoke, ON, Canada). The average intra-assay coefficients
of variation were 8.5 and 6.3%, respectively, and the average inter-assay coefficients of
variation were 2.9 and 3.9%, respectively. Serum RANKL was analyzed in duplicate using
a single-plex RANKL magnetic bead assay (cat# HRNKLMAG-51K-01; Millipore Corpora-
tion, Etobicoke, ON, Canada). The average intra-assay coefficient of variation was 4.8%
and the average inter-assay coefficient of variation was 4.6%. Plasma concentrations of
the inflammatory markers IL-6, TNF-α, IL-1β, and IL-10 were analyzed in duplicate using
microbead multiplex assay kits (Human high sensitivity T cell panel HSTCMAG-28SK,
Millipore Corp, Burlington, MA, USA). Average coefficients of variation for each cytokine
were 8.7% (IL-6), 5.6% (TNF-α), 7.5% (IL-1β), and 8.0% (IL-10).

2.5. Statistical Analysis

Detailed descriptions for how data were selected and processed have been previously
published [16,18]. Dietary intake data and exercise volume load (sets × reps × weight) were
compared between trial conditions using a paired samples t-test, with p-values considered
significant at p ≤ 0.05.

To examine the relationships between the inflammatory and bone biomarkers, we
analyzed the data using linear mixed models, creating a separate regression model for
each bone biomarker. Analyses were conducted using the software environment R-studio
version 4.3.1 (2023) and utilized the following packages: lme4, lmerTest, performance,
ggeffects, and MuMin.

Dependent variables for the models consisted of the bone biomarkers: serum CTX,
OPG, RANKL, SOST, and OC. The fixed effects covariates used were time, supplement
condition (milk or carbohydrate, with carbohydrate being the baseline), plasma IL-6,
IL-10, IL-1β and TNF-α. Participant ID was used as a random effect covariate. Both
standardized and unstandardized fixed effect beta coefficients and 95% confidence intervals
(CI) were reported. Missing data were handled using listwise deletion, and variance
inflation factors were all <2. Marginal (fixed effects only) and conditional (fixed and
random effects) R2 values were calculated and reported as the percentage of variance
explained by each model. Benjamini and Hochberg’s False Discovery Rate correction was
applied (25 tests: 5 models, 5 hypothesis tests) and corrected p-values are reported for each
model, with p ≤ 0.05 considered as a significant difference and p ≤ 0.10 considered as a
trending difference [19].

3. Results
Absolute serum concentrations of bone and inflammatory biomarkers, originally

published in [16,18], are presented in Supplementary Table S1.
A summary of all associations is presented in Table 1, graphical representations of

significant relationships are shown in Figure 1, and a forest plot of the mixed model results
is shown in Figure 2.
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Figure 1. Graphical representation of the significant associations between (a) CTX and TNF-α,
(b) CTX and IL-10, (c) OPG and TNF-α, (d) OPG and IL-10, (e) RANKL and IL-6, (f) SOST and TNF-α,
(g) SOST and IL-10, and (h) SOST and dietary condition. Shading = 95% CI. CTX: C-telopeptide of
type I collagen; TNF-α: tumor necrosis factor-alpha; IL-10: interleukin-10; OPG: osteoprotegerin;
RANKL: receptor activator of NF-κB ligand; IL-6: interleukin-6; SOST: sclerostin.
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Table 1. Summary table presenting the statistical coefficients (Unstandardized [B] and standardized
[β] beta coefficients and 95% CIs) for all tested associations.

Analyte IL-6
(pg/mL)

TNF-α
(pg/mL)

IL-10
(pg/mL)

IL-1β
(pg/mL)

B
[95% CI]

β
[95% CI]

B
[95% CI]

β
[95% CI]

B
[95% CI]

β
[95% CI]

B
[95% CI]

β
[95% CI]

CTX
(pg/mL)

p = 0.787 p < 0.001 p = 0.089 p = 0.513
0.001

[−0.006, 0.006]
0.10

[−0.69, 0.69]
0.026

[0.013, 0.039]
0.71

[0.31, 0.93]
0.01

[−0.02, 0.00]
−0.30

[−0.57, 0.01]
−0.011

[−0.033, 0.012]
−0.08

[−0.26, 0.09]

OPG
(pg/mL)

p = 0.804 p = 0.087 p = 0.034 p = 0.312
−0.63

[−5.20, 4.32]
−0.09

[−0.72, 0.60]
−11.3

[−21.7, 2.7]
−0.33

[−0.63, 0.08]
11.2

[2.5, 18.8]
0.41

[0.09, 0.69]
−10.1

[−28.9, 9.69]
−0.01

[−0.27, 0.09]

RANKL
(pg/mL)

p = 0.004 p = 0.258 p = 0.913 p = 0.115
1.77

[0.98, 2.55]
0.73

[0.40, 1.04]
1.38

[−0.72, 3.42]
0.12

[−0.06, 0.29]
−0.09

[−1.69, 1.59]
−0.01

[−0.18, 0.17]
4.07

[−0.14, 8.02]
0.113

[−0.004, 0.223]

SOST
(pg/mL)

p = 0.756 p = 0.006 p = 0.013 p = 0.148
0.51

[−2.54, 3.62]
0.091

[−0.46, 0.65]
−11.3

[−17.8, −4.1]
−0.42

[−0.66, −0.15]
7.1

[2.0, 12.1]
0.34

[0.09, 0.57]
−9.7

[−22.5, 3.3]
−0.12

[−0.28, 0.04]

OC
(pg/mL)

p = 0.610 p = 0.664 p = 0.610 p = 0.610
−102

[−323, 114]
−0.26

[−0.82, 0.29]
−110

[−589, 371]
−0.06

[−0.31, 0.20]
266

[−112, 631]
0.18

[−0.08, 0.42]
−328

[−1222, 611]
−0.06

[−0.21, 0.11]

Sample sizes: n = 13 for CTX, SOST, IL-1β, TNF-α and IL-10; n = 12 for OC, OPG, RANKL and IL-6. Significant
differences are bolded, and trending differences are underlined. Abbreviations: B: unstandardized beta coefficient,
β: standardized beta coefficient, 95% CI: 95% confidence intervals, pg/mL: picograms per milliliter, CTX: C-
terminal crosslinked telopeptide of type-I collagen, OC: osteocalcin, SOST: sclerostin, OPG: osteoprotegerin,
RANKL: receptor activator of nuclear factor-kb ligand, IL-6: interleukin-6, TNF-α: tumor necrosis factor-alpha,
IL-10: interleukin-10, IL-1β: interleukin-beta.

Figure 2. Forest plot showing the standardized beta coefficients from each model, with significant
associations indicated by filled circles (p < 0.05).
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For CTX, our model explains 86.7% of the variation, with 17.0% coming from fixed
effects only. CTX was significantly positively associated with TNF-α (Figure 1a; p < 0.001),
but had a trending negative association with IL-10 (Figure 1b; p = 0.089).

For OPG, our model explains 83.1% of the variation, with 10.8% coming from fixed
effects only. OPG had a trending negative association with TNF-α (Figure 1c; p = 0.087) but
was significantly positively associated with IL-10 (Figure 1d; p = 0.034).

For RANKL, our model explains 88.1% of the variation, with 60.1% coming from fixed
effects only. RANKL was significantly positively associated with IL-6 (Figure 1e; p = 0.004).

For SOST, our model explains 83.8% of the variation, with 18.7% coming from fixed
effects only. SOST was significantly negatively associated with TNF-α (Figure 1f; p = 0.006),
but was significantly positively associated with IL-10 (Figure 1g; p = 0.013). In addition,
SOST concentrations were higher by 19.5 pg/mL (Figure 1h; p = 0.013) in MILK compared
to CHO (post hoc analysis determined that this was due to higher baseline levels).

For OC, our model explains 81.0% of the variation, with 3.6% coming from fixed effects
only. There were no significant associations between OC and any inflammatory markers.

4. Discussion
We observed significant relationships between bone and inflammatory biomarkers in

the context of a single bout of high-intensity exercise combined with nutrient consumption.
Specifically, we found that CTX was significantly positively associated with TNF-α, that
OPG was positively associated with IL-10 and negatively associated with TNF-α, that
RANKL was positively associated with IL-6, and that SOST was positively associated with
IL-10 and negatively associated with TNF-α.

Assessing circulating bone turnover biomarkers provides insight into acute bone
responses, given that months or years may be required to see meaningful alterations in
BMD [17]. Increased pro-inflammatory TNF-α being associated with increases in bone
breakdown (CTX) and a trend toward increased anti-inflammatory IL-10 being associated
with decreases in bone breakdown (CTX) provides supporting evidence for the intercon-
nectedness of the immune and skeletal systems in response to exercise. This also suggests
that pro-inflammation processes post-exercise may be involved in bone breakdown and
that increased anti-inflammatory signaling may be related to bone formation. Exercise acts
as a systemic stressor that can induce damage-associated molecular patterns (DAMPs).
When toll-like receptors (TLRs [20]) are stimulated by DAMPs, pro-inflammatory path-
ways such as the NOD-like receptor protein 3 (NLRP3) inflammasome and nuclear factor
kappa B (NF-κB) are activated, leading to recruitment of cytokines and leukocytes (that
further produce cytokines) to the site of that damage [20]. In vitro research has shown that
these TLRs are also expressed on bone cells [21], and their stimulation may increase the
activity of osteoclasts, leading to elevated (and potentially inflammatory-mediated) bone
resorption [21,22]. Indeed, individuals with chronically elevated inflammation (rheumatoid
arthritis, inflammatory bowel disease) often display reduced BMD and increased fracture
risk [23,24]. In addition, when drugs that block/blunt cytokines (e.g., TNF inhibitors:
Enbrel, Remicade and Humira) are given to patients with increased inflammation, there ap-
pear to be long-term improvements in BMD [25]. By reducing inflammatory cytokine levels,
RANK-RANKL-mediated osteoclastogenesis seems to be attenuated, shifting bone towards
a less catabolic state [26]. Two recent studies have also found significant correlations
between inflammatory and bone biomarkers in different human contexts. Damani et al.
(2023) performed a secondary analysis on data from the PRUNE Study in post-menopausal
females and found a significant negative correlation between C-reactive protein (CRP;
an acute phase pro-inflammatory marker) and P1NP (a bone formation marker), but no
relationship between TNF-α and CTX (like we observed) [27]. Osalou and colleagues (2025)
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assessed changes in cytokines, adipokines and bone markers in females with obesity after
12 weeks of high-intensity interval training and found significant positive correlations
between CRP and CTX and a trending correlation between TNF-α and CTX [28]. They
also observed negative correlations between TNF-α and OC, and CRP and bone alkaline
phosphatase (a bone formation marker) [28]. Differences in population and study de-
sign likely account for the different relationships observed within these studies, but these
findings along with ours provide evidence of mechanistic links between the skeletal and
immune systems in generally healthy people both habitually and after undergoing an acute
inflammatory stimulus (i.e., intense exercise). It must be noted that while we did include
nutritional condition as a fixed effect covariate (non-significant for outcomes assessed
in this analysis), it is still possible that anti-inflammatory components within milk (e.g.,
whey protein, calcium, vitamin D) may have differentially modulated cytokine-to-bone
signaling compared with the isoenergetic CHO control. Regardless, these findings have
implications for athletes seeking to optimize acute recovery and adaptations to training.
For example, if an athlete is in a highly pro-inflammatory state (post-competition, over-
reaching/overtraining syndrome, etc.), then bone remodeling could also be affected, and
steps may need to be taken by coaches/support staff to prevent long-term deleterious
bone outcomes. Consumption of dairy foods can help supply adequate bone-supporting
nutrients to benefit recovery and musculoskeletal health [16,18].

The OPG/RANKL signaling mechanism is essential for maintenance of bone home-
ostasis [29], and our results showed that as the anti-inflammatory cytokine IL-10 increased,
so did OPG, but as the pro-inflammatory cytokine TNF-α increased, OPG decreased.
This suggests that cytokine signaling may affect bone resorption by altering OPG release,
but this potential relationship warrants further mechanistic investigation. If IL-10 (anti-
inflammatory) was found to increase OPG production/release, then this would block
RANKL binding, reduce osteoclast activity and shift bone turnover to a more anabolic state.
More research is needed to better understand the local and systemic responses of bone in
relation to OPG, but to our knowledge, our study is the first to demonstrate a relationship
between OPG and inflammatory cytokines within an exercise context in humans. For
RANKL, we observed a significant positive association between its response and the IL-6
response. This cytokine is complex and multifunctional, with recent research showing its
importance for metabolism/energy allocation and that exercise-derived IL-6 (considered
a ‘myokine’) may have positive effects on health, including providing anti-inflammatory
function [30–32]. In bone, IL-6 has been shown to have both positive and negative effects on
osteoblast and osteoclast differentiation [33]. Our findings indicate that it may be involved
in bone remodeling, perhaps through modulation of RANKL; however, the lack of associa-
tion with CTX suggests that acute exercise-mediated changes in IL-6 (anti-inflammatory)
do not necessarily relate to increased bone breakdown [31].

Mature osteoblast formation is primarily mediated through the canonical Wingless
(Wnt) signaling pathway, which is negatively regulated by the proteins SOST and Dick-
kopf (DKK) 1/2 [13,34]. We observed a significant negative relationship between pro-
inflammatory TNF-α and SOST. In contrast, an increase in the anti-inflammatory IL-10
cytokine was associated with an increase in circulating SOST. These findings are unex-
pected considering TNF-α has been shown to upregulate the expression of SOST through
the NF-κB signaling pathway in mice, contributing to apoptosis of osteoblasts [35]. In
previous exercise studies performed by our group, we also observed a significant positive
correlation between post-exercise SOST and TNF-α [36], which is the opposite of what
was found during this analysis. It is currently unclear why our results are divergent from
previous observations, but it is likely related to differences in study design, such as human
vs. animal data, differences in exercise modality used (high-impact jumping and resistance
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exercise vs. running and cycling) or the post-exercise provision of energy that was involved
with this study vs. no post-exercise provisions in previous studies [35,36]. One (or multi-
ple) of these factors may have suppressed the expected SOST response or altered TNF-α
release/signaling in some way.

We observed several significant relationships between bone and inflammatory mark-
ers in this analysis; however, there are some limitations to consider. First, we assessed
associations, so we cannot determine if causality exists, nor the direction of effect. Second,
our sample size for this study was small, which may have reduced power, increased model
instability and impeded our ability to more definitively determine whether an observation
was truly non-significant or inconclusive. We also evaluated a cohort of young female
adults, some of whom were using monophasic hormonal contraceptives. Although we used
a crossover design with the same monthly sampling time to ensure a consistent hormonal
milieu between visits, the findings are not necessarily generalizable to other populations,
such as male athletes, post-menopausal females or older adults, generally. Future research
should build upon these novel findings and continue to explore how these interconnected
systems modulate one another, perhaps by evaluating more timepoints, with a larger sam-
ple size, and/or through investigation into how different exercise modalities may influence
these system interconnections. To increase the generalizability of these findings, it would
also be valuable to study these relationships in a male or older, post-menopausal cohorts
to determine if the identified crosstalk is estrogen-dependent or whether it is a universal
response to high-intensity and impact exercise.

5. Conclusions
In conclusion, findings from this secondary analysis suggest that inflammatory and

bone biomarkers are physiologically related in the context of an exercise and nutrition stim-
ulus. Our results generally report that pro-inflammatory and anti-inflammatory cytokines
were positively and negatively associated with catabolic bone biomarkers, respectively.
We also observed the opposite for anabolic bone biomarkers, with pro-inflammatory and
anti-inflammatory cytokines negatively and positively associated, respectively. Improving
our understanding of the underlying mechanisms and relationships between these systems
could help optimize both acute exercise recovery (i.e., resolving inflammation and sup-
porting bone turnover/formation) and, eventually, therapeutic techniques for those with
chronic diseases to ensure exercise most effectively supports bone remodeling.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app16146987/s1, Supplementary Table S1. Serum concentrations
of bone biomarkers and cytokines at pre-exercise, 15 min, 75 min, 24 h, and 48 h post-exercise
in the carbohydrate (CHO) and milk (MILK) trials. Originally published in Prowting et al. and
Fraschetti et al. [16,18].
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