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Abstract

We investigated whether recreational exercise (RE) influences systemic inflammation in Hashimoto’s
thyroiditis (HT) across different disease severity groups. We analyzed 403 participants from the
Croatian Biobank of Patients with HT (CROHT), including 173 controls and 230 HT patients
(euthyroid, levothyroxine [LT4]-treated, and hypothyroid). Serum levels of 92 inflammatory proteins
were measured using the Olink® Target 96 Inflammation panel, and exercise status was assessed via
structured questionnaires. Linear regression revealed distinct protein associations depending on
thyroid status. In controls, RE was associated with reduced MMP-10 and FGF-5, reflecting
cardiovascular and muscle benefits. In euthyroid patients, RE was associated with decreased CXCL9
and TRAIL, implicating reduced type 1 inflammation and vascular risk. LT4-treated patients showed
increases in IL-15RA and IL-24 with RE, suggesting improved muscle metabolism and anti-
inflammatory effects. In hypothyroid patients, RE was associated with reduced CCL20 and increased
HGF, while changes in TRANCE and TWEAK indicated mixed effects on bone and immune
regulation. Notably, RE was associated with reduced CXCL9 and CCL20, two proteins previously
linked to HT risk. Overall, RE is associated with distinct changes in inflammatory profiles across HT
disease severity groups, with the most favourable responses observed in LT4-treated patients,
suggesting synergy with hormone therapy.

Keywords: autoimmune thyroiditis; physical activity; Olink inflammatory proteins; CXCL9; CCL20;
IL-24; IL-15RA

1. Introduction

Hashimoto’s thyroiditis (HT) is one of the most common autoimmune disorders with marked
prevalence in women. The pathogenesis of HT is characterised by lymphocytic infiltration of thyroid
tissue and the production of thyroglobulin and thyroid-peroxidase antibodies (TgAb and TPOAD,
respectively). Various cytokines, particularly tumour necrosis factor (INF), interleukins (ILs), and
CC chemokines, play important roles in the onset and modulation of the immune response in HT[1,2].
Chronic immune-mediated destruction of thyroid tissue leads to reduced thyroid hormone secretion
that ultimately results in hypothyroidism. Although levothyroxine (LT4) replacement therapy
remains the standard treatment for hypothyroidism, many patients continue to experience residual
symptoms and immune dysregulation despite achieving biochemical euthyroidism[3,4]. In fact, HT
is frequently associated with a broad spectrum of systemic effects, including symptom load, altered
immune function, cardiovascular risk, and musculoskeletal impairment[5,6]. For this reason, many
studies have focused on investigating ways to improve the overall health of patients with HT,
including lifestyle modifications such as adopting regular physical activity.

Recent studies have highlighted the potential of “structured physical activity” in improving
health outcomes in thyroid disease. For example, a meta-analysis of seven randomized controlled
trials reported that long-term exercise interventions, when combined with standard therapy,
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significantly reduced serum thyroid-stimulating hormone (TSH) and increased free thyroxine (fT4)
levels, suggesting that exercise may serve as an effective non-pharmacological addition to standard
therapy in hypothyroidism management[7]. Moreover, regular daily physical activity was associated
with improved immune parameters, such as lower levels of inflammatory markers (CRP and
fibrinogen) and decreased counts of certain white blood cells in men and women from the large
NANHES cohort[8]. The data on the potential anti-inflammatory effect of physical activity in HT is
limited; however, the effect of regular exercise on modulating cytokine levels and other inflammatory
markers was shown for various other autoimmune diseases[9,10]. In brief, physical activity was
shown to increase T-regulatory cells, reduce immunoglobulin secretion, and shift the Th1/Th2
balance toward lower Th1 activity. It was also found to stimulate muscle-derived IL-6, which acts as
a myokine to promote anti-inflammatory effects via IL-10 induction and IL-1{3 inhibition[11]. A 20-
year systematic review of exercise effects on autoimmune diseases supports the development of
exercise intervention programmes for autoimmune disease patients due to its beneficial anti-
inflammatory effect[12].

Given the largely unknown molecular changes induced by physical activity in HT, particularly
those involving inflammation and immune modulation, we conducted a study to address this gap.
We investigated whether recreational exercise (RE) can modulate systemic inflammation in
individuals with HT by using a comprehensive Olink® Target 96 Inflammation panel, a high-
throughput proteomic platform enabling sensitive and multiplexed detection of immune proteins.
Serum samples were obtained from the Croatian biobank of patients with Hashimoto’s thyroiditis
(CRO-HT), a nationally recognized and deeply phenotyped biorepository focused on autoimmune
thyroiditis in the Croatian population[13,14]. This unique resource provides an ideal foundation for
integrative, translational analyses linking lifestyle factors to molecular disease signatures.

The aim of this study was to examine the effect of RE on inflammatory protein levels in
individuals with HT, considering both the presence and progression of the disease. The ultimate goal
was to determine whether RE can have beneficial effects in reducing inflammation by modulating
immunopathological pathways associated with HT.

2. Materials and Methods

Subjects: This study included a total of 403 individuals: 230 individuals with HT (93% female)
and 173 control participants (94.2% female) from the CRO-HT biobank[14]. The enrolment of study
participants was performed by nuclear medicine specialists at the Outpatient Clinic for Thyroid
Disorders, Clinical Department of Nuclear Medicine at University Hospital of Split. Diagnosis of HT
followed established clinical guidelines[15], with participants undergoing clinical and biochemical
evaluation. Controls were also selected based on clinical and laboratory examinations, and were
required to be euthyroid with no signs of HT or other thyroid disorders. Additionally, structured
questionnaires were administered to gather detailed information on personal and family history of
autoimmune diseases, medical background, and various environmental and lifestyle factors,
including diet, physical activity, smoking habits, and reproductive health. All participants were
adults of white European descent living in iodine-sufficient southern Croatia[16]. Further details on
the biobank, diagnostic criteria, and phenotype collection methods are available in our published
studies[17,18].

We gathered data on RE using a self-report questionnaire consisting of three items: (1) Do you
engage in sports or exercise regularly? (2) If yes, how frequently? (3) How many hours per day do
you usually exercise? The scoring criteria for RE are presented in Table 1. For analytical purposes, we
grouped participants into two groups: those who indicated no engagement in sports or reported only
occasional sport activity were grouped in the “Without RE” group, whereas those who exercised
(score 4, 8, or 16) were grouped in the “RE” group.

Table 1. Calculation of the score for recreational exercise (RE).

Less than an hour Between 1-2 hours Over 2 hours
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Daily 16 16 16
2-3 times a week 8 16 16
Once a week 4
QOccasionally 0 0 0

Blood samples were collected from all participants, and levels of TSH and thyroid hormones,
including triiodothyronine (T3), thyroxine (T4), fT4, and fT3, as well as TgAb and TPOAD antibodies,
were measured using LIAISON chemiluminescence immunoassays (DiaSorin Saluggia, Italy).

The Olink Target 96 Inflammation panel was used to measure 92 inflammatory proteins using
the proximity extension assays (PEA) from the stored serum (at —-80°C). The protein levels were
expressed in Normalized Protein Expression (NPX) values, reflecting the relative abundance of each
protein. Samples were successfully measured, with 95% passing quality control. Details on PEA
technology can be found in a published study[19].

Statistical analyses. We divided HT patients into 3 groups based on their disease severity: 1)
EUTHY group with 42 euthyroid HT patients (TSH, 0.3-3.6 mlU/L); 2) LT4 group with 88 patients
receiving LT4 therapy, and 3) HYPO group with 100 hypothyroid patients (TSH>3.6 mlU/L). For
analytical purposes, the groups were further divided into subgroups based on exercise status - those
that perform exercise and those that do not (RE or Without RE). To assess differences in median RE
values between the subgroups within each severity group, a Kruskal-Wallis test was performed,
followed by pairwise Wilcoxon rank sum tests. Linear regression models were used to examine the
association between NPX levels and exercise status (RE and Without RE), adjusting for variables
including age, gender, and BMI, within each group (Control, EUTHY, LT4, HYPO). For each assay,
the models were fitted separately, and p-values were calculated for each predictor, with p-values
adjusted using the Benjamini-Hochberg method to control for multiple comparisons.

3. Results

Clinical characteristics of the Control group and the three groups of patients are shown in Table
2. The distribution of individuals who perform exercise and those who do not (RE or Without RE),
across all groups, is shown in Figure 1. The proportion of individuals engaged in RE is highest in the
Control group and decreases toward the HYPO group, while the opposite trend is observed for non-
exercisers, with the lowest proportion in Controls and the highest in HYPO (Figure 1). In line, the
Kruskal-Wallis test shows statistically significant difference in the median RE values among all four
groups (x?=12.025, df = 3, p = 0.0073), while pairwise comparisons identified a significant difference
between the Control and HYPO (p = 0.0043), while no significant differences are found between the
other pairwise comparisons.

Table 2. Clinical characteristics of controls and HT patients across three disease severity groups.

Control EUTHY LT4 HYPO
Phenotype N=173 N=42 N =88 N=100
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Age, years 39,24 (11,88) 34,39 (12,67) 40,48 (13,87) 39,05 (13,22)
BMI, kg/m? 23,58 (3,92) 23,80 (3,80) 24,21 (4,25) 24,19 (4,22)
T3, nmol/L 1,55 (0,22) 1,62 (0,42) 1,64 (0,32) 1,51 (0,39)
T4, nmol/L 102,92 (20,30) 98,52 (22,92) 114,47 (26,78) 94,18 (27,05)
fT4, pmol/L 12,89 (1,62) 12,64 (1,53) 13,09 (2,40) 10,50 (2,50)
TSH, mIU/L 1,61 (0,67) 2,11 (0,96) 4,89 (8,78) 15,89 (24,93)
TgAt, IU/ml 17,36 (17,46) 730,52 (1177,64) 575,48 (1126,23) 618,80 (1048,81)
TpOAD, IU/ml 5,73 (5,88) 522,37 (483,10) 546,01 (575,37) 620,51 (692,42)
RE, hours/month 5,80 (5,68) 4,57 (6,34) 5,45 (6,79) 4,00 (6,15)

*RE - recreational exercise.

In Table 3, we present significant proteins that are differentially expressed between individuals
who engage in RE and those who do not, across 4 groups. Among Controls, RE was linked to reduced
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MMP-10 and FGEF-5. In EUTHY patients, RE was associated with decreased MMP-10, CXCL9, and
TRAIL. In LT4 patients, RE was associated with increased IL-15RA and IL-24, while in HYPO
patients, RE was associated with increased TWEAK, TRANCE, and HGF, and a decreased CCL20.
Only proteins with statistically significant adjusted p-values were included in the main results, while
the results for all 92 proteins across 4 groups are provided in Supplementary Table S1.

Control EUTHY LT4 HYPO
64.2%
60 59.5%

44.3%

40.5%

=
o

34%

Percentage of People

o
o

RE Without RE RE Without RE RE Without RE RE Without RE

[ re W Wwithout RE

Figure 1. Distribution of individuals engaged in recreational exercise (light blue) and those not engaged (dark
blue) across the four study groups.

Table 3. Significant Associations Between Inflammatory Proteins and Recreational Exercise Across Study

Groups.

Control (RE = 111, Without RE = 62)

Assay Estimate* p-value adjusted p-value
MMP-10 -0,4133 0,0026 0,0065

FGF-5 -0,0957 0,0058 0,0292

EUTHY (RE = 17, Without RE = 25)

Assay Estimate p-value adjusted p-value
MMP-10 -0,5335 0,0070 0,0175

TRAIL -0,2298 0,0150 0,0375

CXCL9 -0,4858 0,0165 0,0412

LT4 (RE = 39, Without RE = 49)

Assay Estimate p-value adjusted p-value

IL-15RA 0,1958 0,0042 0,0126
IL-24 0,4020 0,0098 0,0163
HYPO (RE = 34, Without RE = 66)

Assay Estimate p-value adjusted p-value
TWEAK 0,2526 0,0019 0,0047
TRANCE 0,3096 0,0272 0,0340

CCL20 -0,4781 0,0218 0,0364

HGF 0,1936 0,0275 0,0459

*The estimate for exercise status represents the difference in NPX levels between individuals who
engage in RE and those who do not.

4, Discussion

Through the analysis of 92 inflammation-related proteins in individuals from the CRO-HT
biobank, we identified distinct proteins associated with RE in both healthy subjects and HT patients,
stratified according to disease severity. Many identified proteins overlap with molecular pathways
involved with cardiovascular regulation, musculoskeletal health, and thyroid autoimmunity.

To gain deeper insight into the potential immunomodulatory effects of physical activity, we
compared our findings with those from our previous study conducted on the same cohort, which
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identified proteins associated with the risk of developing HT. Notably, two proteins —CXCL9 and
CCL20—previously linked to increased risk for HT in our CRO-HT biobank (manuscript under
review, shown in Supplementary Table S2) are also significantly associated with RE status in our
current analysis. Interestingly, both exhibited opposite effects: they showed upregulation with the
advancement of HT but also downregulation associated with physical activity. Also, one of the
proteins with the greatest fold increase, IL-24, is known for its tolerogenic properties in
autoimmunity[20]. Therefore, our results highlight the potential of physical activity to counteract
autoimmune processes relevant to HT.

In the text below, we discuss all our findings in the light of the main functions of significant
proteins, with a focus on their immunological and other physiological functions potentially
influenced by physical activity.

Controls: we observed a modest reduction in circulating levels of two proteins in healthy
individuals who are physically active compared to non-active controls: matrix metalloproteinase-10
(MMP-10) with a 1.04-fold decrease in mean NPX and fibroblast growth factor 5 (FGF-5) with a 1.36-
fold decrease in mean NPX.

MMP-10is a zinc-dependent endopeptidase involved in extracellular matrix (ECM) degradation
and in physiological processes like development, reproduction, and tissue remodelling[21]. While
MMP-10 has not been directly linked to physical activity, MMP-2 and MMP-9 were observed to
decrease with aerobic exercise and weight loss, indicating reduced inflammation and ECM
activity[22]. On the contrary, elevated MMP-10 is associated with cardiovascular disease (CVD),
promoting inflammation, plaque formation, and heart failure progression[23-25]. To summarise, our
data show that exercise is associated with MMP-10 reduction that may potentially contribute to
cardiovascular protection, reduced inflammation, and reduced ECM. The same effect is also seen in
our euthyroid HT patients undergoing RE.

FGF-5 is a glycosaminoglycan-binding protein that plays roles in embryonic development, cell
proliferation, morphogenesis, tissue repair, and tumour progression. It is particularly relevant to
skeletal muscle, where it promotes fibroblast proliferation and inhibits muscle development[26],
modulates metabolism during myogenesis[27], and suppresses muscle fiber growth, as shown in
FGF5 knockout models[28]. Its reduction with exercise may support muscle hypertrophy and
improved skeletal-muscular balance by reducing fibroblast proliferation and shifting metabolism
towards greater energy efficiency during physical activity. Our findings are the first to indicate
potential modulation of FGF-5 with physical activity. On the other side, a more commonly studied
protein in the context of exercise, FGF-21[29-31], did not show a significant change in our cohort
(Supplementary Table S1).

EUTHY: we observed a modest reduction in circulating levels of three proteins in physically
active euthyroid patients with HT: already mentioned MMP-10 with a 1.055-fold decrease in mean
NPX, TNF-related apoptosis-inducing ligand (TRAIL) with a 1.028-fold decrease in mean NPX, and
C-X-C motif chemokine ligand 9 (CXCL9) with a 1.07-fold reduction in mean NPX.

TRAIL is a cytokine that induces apoptosis in tumour cells, and plays a role in vascular biology,
exhibiting anti-inflammatory and anti-atherosclerotic effects[32]. Clinically, lower TRAIL levels are
linked to higher CVD risk and mortality[33,34]. While little is known about TRAIL’s response to
physical activity, one study in obese individuals found no significant change following long-term
exercise[35]. Our finding of decreased TRAIL with RE is unexpected, given exercise’s cardiovascular
benefits, and may reflect unique immune or metabolic dynamics in euthyroid HT, a population
already at increased cardiovascular risk[6,36]. Further research is needed to clarify the mechanisms
underlying this inverse relationship.

CXCL9 is a pro-inflammatory cytokine induced by interferon-gamma and is central to type 1
(T1) inflammatory responses[37]. Elevated CXCL9 levels have been linked to reduced
musculoskeletal and physical function, lower activity levels, and greater frailty in older adults[38—
40], while exercise has been shown to lower CXCL9 and improve metabolic and immune parameters
in obesity[41]. As already pointed out, we previously observed a marked increase in CXCL9 levels in
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patients who progress from an euthyroid to a hypothyroid state. These findings suggest that physical
activity may help regulate CXCL9 signalling, potentially improving musculoskeletal function and
reducing chronic inflammation, and delaying hypothyroidism in HT.

LT4 group: we observed a marked increase in circulating levels of two proteins in physically
active HT patients that are treated with LT4, compared to the inactive ones: interleukin 15 receptor
subunit alpha (IL-15RA) with a 1.54-fold increase in mean NPX and interleukin 24 (IL-24) with a bold
5.3-fold increase in mean NPX.

IL-15RA is a pro-inflammatory cytokine receptor that binds IL-15 with high affinity, promoting
activation of CD8+ T cells and NK cells[42,43]. It also regulates IL-15 production, secretion, and
stability[44]. Beyond its role in immunology, IL-15 is involved in muscle metabolism, contributing to
fat loss, improved insulin sensitivity, and reduced hepatic steatosis[45,46]. Consistent with our
results, a meta-analysis showed that acute, but not chronic, exercise increases IL-15 levels shortly
after activity[47]. Our results suggest that increased IL-15RA may contribute to enhanced metabolic
outcomes in physically active LT4-treated patients.

IL-24 is a member of the IL-10 cytokine family with both pro- and anti-inflammatory roles and
roles in tumour suppression[48]. IL-24 is also implicated in autoimmunity, where it helps regulate
pathogenic Th17 responses that may aid in resolving tissue inflammation[20]. To date, IL-24 has not
been investigated in the context of physical activity, rendering this a novel finding that highlights its
potential role as a mediator of RE-induced immunoregulation.

HYPO group: we observed an increase in circulating levels of three proteins in physically active
hypothyroid HT patients: TNF-related weak inducer of apoptosis (TWEAK) with 1.028-fold increase
in mean NPX, tumor necrosis factor ligand superfamily member 11 (TNFSF11 or TRANCE) with a
1.063-fold increase in mean NPX values, and hepatocyte growth factor (HGF) with a 1.016-fold
increase in mean NPX values. We also observed a decrease in C-C motif chemokine ligand 20 (CCL20)
with a 1.075-fold decrease in mean NPX values.

TWEAK is a cytokine from the TNF ligand superfamily that exists in soluble and membrane-
bound forms and is involved in apoptosis, inflammation (e.g., IL-8 induction), and angiogenesis via
endothelial cell proliferation and migration[49-51]. Regular physical activity has been shown to
increase circulating soluble TWEAK (sTWEAK), potentially helping balance pro- and anti-
inflammatory responses[52]. However, TWEAK was also found to impair skeletal muscle by
reducing mitochondrial content and angiogenesis[53,54]. Thus, in skeletal muscle tissue, TWEAK
suppresses angiogenesis and promotes muscle wasting and impaired regeneration. This contrasts
with its pro-angiogenic role seen in other tissues or contexts. These findings, along with our data,
highlight TWEAK’s complex, context-dependent roles in inflammation and metabolism, warranting
further study in hypothyroid populations undergoing exercise.

TRANCE regulates immune responses and bone resorption by promoting osteoclast
differentiation via RANK, counterbalanced by osteoprotegerin (OPG), which inhibits this
interaction[55,56]. Disruption of the TRANCE-OPG axis—via elevated TRANCE or reduced OPG—
contributes to bone loss, as seen in postmenopausal osteoporosis[57,58]. Although we observe a
modest TRANCE increase with RE, we also observe a non-significant decrease in OPG and
OPG/TRANCE ratio, suggesting a non-pathological TRANCE increase. With respect to exercise, a
decrease in TRANCE is common[59], although it may vary by sex and age[60]. Thus, the modest
TRANCE increase observed in our physically active hypothyroid patients may not be pathologic, but
rather restorative, especially if balanced by unchanged or mildly decreased OPG.

CCL20 is a chemokine that plays a central role in immune regulation by recruiting immature
dendritic cells, memory T cells, and B cells via CCR6[61]. As already mentioned, the CCL20 increase
is associated with HT (manuscript under review). A key aspect of HT immunopathology involves
Th17 cells[62], and emerging evidence suggests that CCL20 signalling can promote the conversion of
regulatory T cells (Tregs) into pathogenic Th17 cells[63]. Thus, the observed reduction in CCL20 with
RE may reflect exercise-induced mitigation of Th17-driven inflammation, particularly evident in
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hypothyroid HT patients. This aligns with prior studies reporting decreased CCL20 levels after
physical activity, supporting its role in lowering systemic inflammation[64,65].

HGEF is a pleiotropic growth factor that promotes epithelial proliferation, angiogenesis, and
tissue repair, while also exerting anti-inflammatory and anti-apoptotic effects, particularly in the
heart and brain[66]. It supports bone regeneration through enhanced osteoblast activity and
neovascularization, though it may also influence bone resorption under specific conditions[67,68].
Exercise is known to transiently elevate HGF levels[69,70], which aligns with our study, and suggests
that this response may aid cardiovascular, muscular, vascular, and bone health in hypothyroid
individuals.

Taken together, this study offers compelling evidence that RE modulates inflammatory proteins
involved in HT, with potential benefits extending to autoimmune regulation, cardiovascular health,
bone metabolism, and muscle maintenance. Below, we summarise our findings and discuss them by
integrating the roles of individual proteins with the effects of physical activity, highlighting their
interconnected impact on multiple physiological processes.

Immunomodulation and autoimmunity: RE was associated with the downregulation of
proinflammatory chemokines CXCL9 and CCL20, both linked to HT risk in our previous study. The
upregulation of IL-24, a cytokine with anti-inflammatory and immunoregulatory roles in Th17 cells,
supports a broader anti-autoimmune shift potentially induced by RE.

Cardiometabolic regulation: Exercise-induced changes in MMP-10 and HGF point to
improvements in cardiovascular and metabolic profiles. The downregulation of MMP-10, a protease
involved in vascular inflammation, and upregulation of HGF, a tissue-reparative and angiogenic
factor, suggest a cardioprotective shift. Although TRAIL showed a paradoxical decrease, its
interpretation may require further investigation within the unique immunometabolic context of
euthyroid HT.

Skeletal muscle and metabolic adaptation: The observed decrease in FGF-5, a known inhibitor of
muscle growth and regulator of fibroblast activity, alongside an increase in IL-15RA, which promotes
muscle metabolism and insulin sensitivity, suggests that RE supports muscle hypertrophy and
metabolic efficiency —particularly in LT4-treated patients. Reduced CXCL9 also associates with
musculoskeletal benefits.

Osteoimmunological Crosstalk: Proteins such as TRANCE, CCL20, and HGF —each with dual roles
in inflammation and bone remodelling—responded to RE in HT patients, highlighting the
intersection between immune and skeletal systems. These findings reinforce the concept of
osteoimmunology, particularly relevant in hypothyroid patients, where both bone metabolism and
immune balance are dysregulated.

Finally, we also observe differences in inflammatory profiles associated with RE depending on
the disease severity group. For example, in healthy controls, RE led to favourable but expected
changes, such as reductions in MMP-10 and FGEF-5, reflecting improved cardiovascular and muscular
profiles. However, since these participants are euthyroid and disease-free, the clinical significance of
these changes is relatively limited compared to the HT subgroups. The LT4 group demonstrates the
clearest, most favourable, and least ambiguous molecular responses to RE—spanning metabolic,
muscular, and immunoregulatory domains. These responses suggest that exercise acts synergistically
with hormone replacement, potentially restoring a more balanced physiological state than either
treatment alone. In contrast, euthyroid HT patients exhibited a potentially adverse drop in TRAIL,
which may reflect a vulnerable state—HT pathology without hormonal compensation (as in LT4).
Untreated hypothyroid patients showed mixed responses—some beneficial (increase in HGF and
decrease in CCL20), others ambiguous (increase in TWEAK and in TRANCE), raising concerns for
bone health and inflammation. These findings highlight group-specific effects of exercise, with LT4-
treated individuals emerging as the most responsive and physiologically balanced subgroup.

Advantages and limitations: The use of the same well-defined cohort across both the current RE-
focused analysis and a previous study on HT risk enables a unique within-subject comparison,
revealing biologically meaningful and opposing trends in key proteins such as CXCL9 and CCL20.
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However, certain limitations should be acknowledged. The observational nature of the study
precludes causal inference, and the absence of longitudinal or functional clinical outcomes limits
interpretation regarding long-term or symptomatic benefits. Finally, our findings require validation
in independent cohorts.

5. Conclusions

In our study, we identified several proteins known to be associated with cardiovascular/
metabolic (MMP-10, HGF, TRAIL, IL-15RA) and skeletal systems (TRANCE, CCL20, HGF),
indicating that the physiological phenotype of RE is well captured at the molecular level. The
opposing regulation of HT-risk proteins (CXCL9 and CCL20) by RE is particularly noteworthy and
supports the hypothesis that physical activity could mitigate autoimmune progression. Finally, this
study shows the combined beneficial effects of LT4 treatment and RE in patients with HT.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Supplementary Table S1: The results of the linear regression model between NPX
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