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Abstract

Background: Chronic stress causes disturbances to the physiological responses of the body’s
allostatic systems. However, regular physical activity (PA) helps mitigate the accumulation of
allostatic load (AL) by enhancing adaptive stress responses and improving metabolic health. The
current study investigated PA on the primary mediators of AL and metabolic risk markers and
metabolic syndrome (MetS) in healthy adults in Germany. Methods: 46 adults (18 - 45 years) were
categorized into regular PA (= 150 min a week) and non-regular PA (< 150 min a week) group.
Primary AL mediators were quantified by cortisol (ng/12h), epinephrine (ng/12h), norepinephrine
(ng/12h), and dehydroepiandrosterone sulfate (DHEA-S: ng/ml). Mann Whitney U-test was used to
find the differences between the two groups concerning primary mediators of AL, and metabolic risk
markers. Results: Significant differences (p =0.01) were observed on cortisol between the groups. No
significant differences (p > 0.05) were found on metabolic risk markers such as triglycerides, blood
pressure, BMI, and HDL-C among the two groups. The MetS diagnosis criteria were met by only n =
2 participants — one from the regular PA and one from the non-regular PA group. Conclusion:
Findings show regular PA may support-stress regulatory mechanisms and protection against early
metabolic dysregulation.

Keywords: allostatic load; exercise training; metabolic syndrome; primary mediators; stress

1. Introduction

Stress affects millions of people worldwide. The prevalence of the increasing rise in stress may
be attributed to many factors, such as environmental stress, socioeconomic pressures, and/or
unhealthy lifestyle changes (Kivimaki et al., 2023; Kumar et al., 2022). Acute stress triggers the release
of epinephrine and norepinephrine from the sympathetic nervous system (SNS). This leads to the
fight-or-flight response (Won and Kim, 2016; Ebert et al., 2004). However, chronic or ongoing stress
activates the hypothalamic-pituitary-adrenal (HPA) axis (Byrne et al., 2018; Sharma, 2018; Giles et al.,
2014). This activation stimulates the hypothalamus to release corticotropin-releasing hormone (CRH)
(James et al., 2023; Molina-Hidalgo et al., 2023). Additionally, CRH prompts the adrenocorticotropic
hormone (ACTH) released by the pituitary to stimulates cortisol release from the adrenal glands
(Molina-Hidalgo et al., 2023; Kageyama et al., 2021).

While acute stress is essential for physiological functioning and maintenance, chronic stress
disrupts the physiological responses of the body’s allostatic systems (Malhotra et al., 2024). Allostasis
refers to the process by which stability or homeostasis is achieved through adaptation (Sterling and
Eyer, 1998). However, the cumulative “wear and tear” on the body (Juster et al., 2010) due to
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prolonged adaption to chronic adverse physical or psychosocial situations is termed allostatic load
(AL) (Osei et al., 2024; McEwen and Stellar, 1993). AL can be assessed through various biomarkers
across physiological systems. Researchers have identified key mediators of AL (Beckie, 2012; Sun et
al., 2007; Goldman et al., 2006; Seplaki et al., 2005; Seeman et al., 2001) which are classified into
primary and secondary mediators based on their immediate impact on the body’s physiological
systems. For instance, cortisol, epinephrine, norepinephrine and dehydroepiandrosterone sulfate
(DHEA-S) are considered to be the primary mediators of AL (Seeman et al., 2001).

Chronic stress has been associated with the development of various stress-related disorders,
metabolic risk factors, and metabolic diseases including metabolic syndrome (MetS) (Osei et al., 2022;
Park et al.,, 2011; Phillips et al.,, 2010; Torpy et al., 2007; Ebert et al., 2004). MetS is described as the
presence of high blood pressure, abdominal obesity, low high-density lipoprotein (HDL) cholesterol,
increased triglycerides, and hyperglycemia (Osei et al., 2022; Alberti et al., 2009). Cortisol, for
example, plays a crucial role in regulating glucose metabolism, immune response, and blood
pressure. However, chronic elevations in cortisol levels are linked to the development of visceral
obesity, insulin resistance, and hypertension, all of which are associated with MetS (Athanasiou et
al., 2023; Zhao et al.,, 2023). Similarly, prolonged activation of the SNS, as evidenced by higher
epinephrine and norepinephrine, raises cardiometabolic risk by increasing heart rate, blood pressure,
and vascular resistance (Torpy et al., 2007; Ebert et al., 2004). DHEA-S, a counter-regulatory hormone,
helps mitigate the negative effects of cortisol. However, its levels often decline in response to chronic
stress, thereby contributing to the development of MetS (Heaney et al., 2012). Therefore, preventive
lifestyle modifications, such as exercise training, is essential to counteracting the harmful effects of
chronic stress.

Exercise refers to the subset of planned and repetitive physical activity (PA) aimed at promoting
physical fitness and, thus, maintaining a good health status (Martinez-Vizcaino et al., 2023). PA can
be categorized into two types: exercise, which refers to engaging in high-intensity PA akin to that of
an athlete (e.g., a minimum of 10 hours per week of training), and leisure sports, which involves
moderate PA during recreational or leisure time (Bull et al., 2020). Acute exercise, such as endurance
exercise and high-intensity interval training (HIIT) (Cinar et al., 2025), leads to stimulation of the
HPA axis and locus coeruleus/norepinephrine (LC/NE) system, leading to secretion of cortisol,
epinephrine, and norepinephrine (Cinar, et al., 2025; Athanasiou et al., 2023; Bogdanis et al., 2022;
Bracken and Brooks, 2010). However, regular endurance exercise and HIIT training leads to lower
secretion of cortisol, epinephrine, and norepinephrine. This implicates the adaptive response of the
HPA axis and catecholamine responses due to the activity of catechol-O-methyltransferase (COMT)
to both regular endurance exercise and HIIT exercise (Athanasiou et al., 2023; Bogdanis et al., 2022;
Bracken and Brooks, 2010). Regarding the influence of exercise on buffering stress load related to the
impairment of metabolic risk markers and the development of MetS, it is important to consider the
different types of exercise and the various influencing factors. It has been shown that moderate PA
reduce hyperactivity of the HPA axis, lower cortisol levels, and inhibit overactivation of the SNS
(Daniela et al., 2022). Exercise also boosts DHEA-S synthesis, which acts as a cortisol counterweight
and promotes stress recovery (Heaney et al., 2013). These effects are mediated by several pathways,
including endorphin release, improved autonomic balance, and increased neuroplasticity (Ribeiro et
al.,, 2021; Liu and Nusslock, 2018; Heaney et al., 2012). In summary, regular PA or exercise training
helps mitigate the accumulation of AL by enhancing adaptive stress responses and improving
metabolic health (D'Alessio et al., 2020; McEwen, 2007).

To better understand the underlying pathophysiological mechanisms, it would be valuable to
conduct research in a healthy population. This is because most research has been conducted in
diseased populations (Osei et al., 2024; Osei et al.,, 2022; Wiltink et al., 2018; Block et al., 2016).
Individuals especially with high AL may exhibit subclinical metabolic markers abnormalities such as
impaired glucose tolerance or borderline hypertension, which over time, can progress to MetS
(Gruenewald et al.,, 2012). The absence of overt MetS in these healthy people complicates early
detection and intervention. In Germany, earlier research has highlighted the association between

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2558.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2025 d0i:10.20944/preprints202512.2558.v1

3 of 15

MetS and stress-related conditions such as depression in both young and older adults (Wiltink et al.,
2018; Block et al., 2016). Moreover, six months of telemonitoring-supported exercise training has been
shown to reduce MetS severity, depression severity, and improve metabolic risk markers such as
BM], systolic blood pressure, and waist circumference in adults (Haufe et al., 2019). Although, the
reported evidence links PA, metabolic risk markers and as well as MetS. Studies on PA, the primary
mediators of AL and metabolic risk in healthy adults in Germany is scarce. The current study
investigated different PA volumes on the primary mediators of AL and metabolic risk markers and
the incidence of MetS in healthy adults in Germany. This method allows for sensitive analysis of
metabolic dysregualtion in regards to stress physiology.

2. Materials and Methods

2.1. Study Design

The analysis is based on data from parallel study 3 (i.e., PSA3 study) within the National
Research Network, “Medicine in Spine Exercise (MiSpEx) Network”. PSA-3 was a longitudinal
observational study with measurement time points (M1-M4) taken every four months between
August 2013 and June 2015 (see Wippert et al., 2022; Wippert et al., 2014). Data were collected using
standardized questionnaires (M1-M4) and biomarkers from hair, blood, and urine (M1, M4), with
laboratory assessments conducted by trained nurses. For the current study, only baseline data (M1)
were used. For collection procedures for urine and blood samples (see Wippert et al., 2022; Wippert
et al., 2014).

2.2. Study Population

Participants were recruited from the Ernst von Bergmann clinic and the University of Potsdam
outpatient clinic, with a final sample of n = 140 individuals aged 18 to 45 years included in the study.
As an incentive, participants received their exam results and a personalized stress profile upon study
completion (Wippert et al., 2022). The inclusion criteria were as follows: the ability to understand the
study's content and complete a German questionnaire; at least one episode of non-specific low back
pain (LBP) lasting four or more days in the previous 12 months, in accordance with national treatment
guidelines (Kanowski et al., 2017) defined by a minimum pain intensity score of 20 on a pain 100-
point visual analog scale (VAS)]. Exclusion criteria were pregnancy, acute infections, hormone
therapy, or the use of specific medications (such as glucocorticoids and antibiotics); certain diseases
(such as cardiovascular, metabolic, thyroid, vascular, malign, lung, or autoimmune diseases);
hemophilia; psychological disorders (such as those listed in ICD-10: F70-79); and hair shorter than 2
cm (see Wippert et al., 2022). n = 110 persons completed baseline (M1), n =73 (M2), n =72 (M3), and
n =63 (M4). For this current study, (n = 46) participants from the baseline sample took part in the AL
laboratory testing (see Wippert et al., 2022). Also, the participants included in this current study did
not have any cardiovascular or metabolic diseases and followed the same exclusion criteria as
described by (Wippert et al., 2022).

2.3. Ethical Approval

The study was carried out in compliance with the values outlined in the Declaration of Helsinki
of 1975, as revised in 2013. A study nurse provided written and spoken information about the study
to each participant before they all signed the written informed consent form. The main institutional
ethics review board of the University of Potsdam, Germany, granted the final ethical approval on
May 6, 2013 (No. 44/2012).

2.4. Physical Activity Assessments

A self-structured PA questionnaire (i.e., frequency per week and duration of unit) by World
health organization (WHO) guidelines (Bull et al., 2020) was used to assess PA participation; High
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intensity PA (labelled as exercise) was defined as above 10 hours a week, leisure sport was defined
as below 10 hours a week. Leisure sports was calculated as the product of time (min) and days spent
performing activities such as walking, stair climbing, and cycling. Similar, exercise was calculated as
the product of time (min) and days spent performing exercise training (e.g., football, judo, swimming,
basketball, etc.). Furthermore, an additional scale was calculated for the total PA (PA, min/wk) which
was the product of days and time (min) spent performing both exercise and leisure sports. On this
base study participants were categorized into two groups: regular PA (n =37, = 150 minutes/week)
and non-regular PA (n = 8 , <150 minutes/week) related to the minimum threshold of the WHO
guidelines for health-promotion.

2.5. Metabolic Risk Markers and Metabolic Syndrome Diagnosis

MetS was diagnosed and measured based on the established metabolic risk markers from Alberti
et al. (2009). This include elevated waist circumference (> 80 cm for women, > 94 cm for men,
European threshold cut-off recommendation); elevated blood pressure (systolic > 130 mmHg and/or
diastolic > 85 mmHg, or antihypertensive drug treatment with a clinical diagnosis of hypertension);
elevated fasting blood glucose (= 100 mg/dl or drug treatment of elevated glucose with clinical
diagnosis of diabetes mellitus) (Wiltink et al., 2018; Alberti et al., 2009); elevated triglycerides (= 150
mg/dl); reduced HDL-C (< 50 mg/dl); or elevated fasting blood glucose (= 100 mg/dl or medication
treatment of elevated glucose with a clinical diagnosis of diabetes mellitus). MetS is diagnosed by the
presence of three or more of all the criteria above (Wiltink et al., 2018; Alberti et al., 2009).

2.6. Primary Mediators of Allostatic Load

12-h urinary cortisol (ug/12h) was assessed via enzyme-linked immunosorbent assay (ELISA,
RE52241, ILB International GmbH, Germany). Serum DHEAS (pg/ml) was assessed via ELISA
(RE52181, TECAN Hydro Flex, ILB International GmbH Germany) (Wippert et al., 2022). 12-h
overnight urinary epinephrine (ng/12h) and norepinephrine (ng/12h) levels were assessed via ELISA
(epinephrine RE59251, norepinephrine RE5926, both by ILB International GmbH Germany) (Wippert
et al., 2022). Cortisol, epinephrine, norepinephrine, and DHEA-S were computed to calculate primary
allostatic load index (ALI). Primary (ALI) scores were calculated as the sum of single biomarkers
falling within the high-risk quartile of the sample (Wippert et al., 2022; Wippert et al., 2014).
Participants with results in the fourth quartile (> 75%) were given the value 1 (burdened), while the
remaining participants received the value 0 (unburdened) (Wippert et al., 2022; Wippert et al., 2014).

2.7. Blood Pressure Measurement

Outpatient nurses measured systolic and diastolic blood pressure at three different times, with
a 30-second rest interval in between each measurement. The readings of the second and third were
averaged to provide the final blood pressure readings. The measurement was taken with (BOSO BS
90 Blood pressure device, BOSCH + SOHN GmbH u. Co., KG, Jungingen, Germany) (see Wippert et
al., 2022; Wippert et al., 2014).

2.8. Lipid and Glucose Metabolic Biomarkers

Using enzymatic colorimetric assays (ABBOTT Architect ci8200; Abbott Laboratories, IL, USA),
triglycerides, HDL-C, and LDL-C were measured. In addition, measurements of height (Seca 222
telescopic measuring rod; Seca AG, Switzerland), weight (Kern MPS scale; Kern & Sohn GmbH,
Balingen, Germany), and waist/hip circumference (customary measuring tape) were taken (Wippert
et al., 2022). The waist circumference was measured above the umbilicus at the narrowest point
between the ribs and the iliac crest, and the hip circumference was measured at the widest point
across the buttocks. The ratio of weight (kg) to height (m?) was calculated for body mass index (BMI)
(Wippert et al., 2022; Wippert et al., 2014). Glycosylated hemoglobin (HbA1lc) was measured using
high-performance liquid chromatography (HPLC) Bio-Rad Variant II (Bio-Rad Laboratories, CA,
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United States); fasting insulin was measured using an electrochemiluminescence enzyme
immunoassay (ECLIA) using a Roche Cobas 8000 Modul E620 (Roche Diagnostics Ltd., Basel,
Switzerland); and fasting glucose was measured by a hexokinase enzymatic reaction using a Roche
Cobas 400 Plus (Roche Diagnostics Ltd., Basel, Switzerland) (Wippert et al., 2022). The following
formula was used to compute insulin resistance [using the Homeostasis Model Assessment Index
(HOMA)]: glucose [mg/dl] x insulin [mU/m1]/405 (see Wippert et al., 2022; Wippert et al., 2014).

2.9. Statistical Analysis

Data was analysed using the Statistical Package for Social Science (SPSS 29.0, Chicago, IL, USA)
computer software. The data was tested for normality using the Shapiro-Wilk test. The data was
skewed; hence, non-parametric analysis was performed. Descriptive data are presented in Table 1.
Mann-Whitney U-test was used to find the differences between groups of different PA concerning
primary mediators of AL and MetS criteria. The significance level was set at p <0.05.

Table 1. Descriptive statistics of study participants (n =46, 100%).

Variables N % Median IOR Range

Age (years) 45 97.8 30.00 15.00 25.00
Sex

Male 15 32.6 - - -
Female 30 65.2 - - -
Primary mediators of AL

Cortisol (ng/d) 46 100.0 113.55 73.70 238.60
Epinephrine (ug/d) 46 100.0 5.95 5.30 16.80
Norepinephrine (ng/d) 46 100.0 24.40 20.60 95.50
DHEA-S (ug/ml) 46 100.0 0.53 0.89 2.48
Primary ALI 46 100.0 1.00 2.00 4.00
Anthropometry

BMI(kg/m?) 44 95.7 22.29 3.13 13.07
Waist circumference (cm) 45 97.8 75.20 13.00 42.30
Blood pressure

Systolic blood pressure (mmHg) 45 97.8 100.00 13.75 50.00
Diastolic blood pressure (mmHg) 45 97.8 60.00 10.00 35.00
Lipid profile

Triglycerides (mg/dl) 46 100.0 89.90 48.90 129.80
HDL-C (mg/dl) 46 100.0 62.25 17.60 59.50
Glycemia

Fasting blood glucose (mg/dl) 46 100.0 86.30 7.40 29.40
Lifestyle habits

Leisure Sports (min/week) 38 82.6 150.00 225.00 460.00
Exercise (min/week) 37 80.4 240.00 345.00 1275.00
Total Physical Activity (PA) (min/week) 43 93.5 330.00 453.00 1680.00
MetS diagnosis

Yes 2 4.3 - - -
No 44 95.7 - - -
MetS criteria count 46 100.0 0.00 1.00 3.00
1 biomarker 7 15.2 - - -
2 biomarkers 4 8.7 - - -
3 biomarkers 2 4.3 - - -
4 biomarkers 0 0.0 = = &

5 biomarkers 0 0.0 - - -
Key: DHEA-S: dehydroepiandrosterone sulfate; Primary ALI: primary allostatic load index; BMI: body mass

index, WHR: waist-hip ratio; HDL-C: high density lipoprotein cholesterol; N: number; %: percentage; IQR:
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interquartile range. PA (leisure sports); PA (leisure sports). Exercise (high intense training more than 10 hours a

week. Total Training Activity (sum of PA and exercise).

3. Results

Finally, a total of n = 46 participants were included in the study (65.2% female, 32.6% male;
median age = 30 years). Among them, 37 participants (80.4%) engaged in regular exercise, and 97.4%
additionally participated in leisure sports activities. One participant reported being physically active
only through leisure sports. Regarding the biomarkers, all participants were within recommended
normal or physiological ranges such as for cortisol (ug/12h), epinephrine (ug/12h), norepinephrine
(ng/12h), DHEA-S (ug/ml). The MetS diagnosis criteria were met by only n = 2 participants (4.3%) —
one from the regular and one from the non-regular PA group. Applying the diagnosis criteria of the
MetS (Alberti et al. 2009), n = 9 (19.6 %) of the sample were identified with elevated waist
circumferences, n =4 (8.7 %) with elevated blood pressure, n =2 (4.3 %) with elevated blood glucose,
n =2 (4.3 %) with elevated triglycerides and additional n =2 (4.3 %) with reduced HDL-C.

Descriptive analyses revealed differences between individuals who engage in regular PA and
those who incorporate PA only occasionally into their daily routines (non-regular PA). Regularly
active individuals exhibit approximately a fourfold higher level of activity (regular PA: Mdn = 420
min vs. non-regular PA: Mdn = 135 min; U = 35.500, Z = -2.648, p = 0.008). The higher physiological
strain in this group is reflected in the primary AL mediators cortisol (regular PA: Mdn =130.60 ng/12h
vs. non-regular PA: Mdn = 71.50 pg/12h; U = 61.00, Z = -2.583, p = 0.01). No significant differences
were observed between epinephrine, norepinephrine and DHEA-S. Additionally, no significant
differences (p > 0.05) were found on metabolic risk markers such as triglycerides, blood pressure,
waist circumference, fasting blood glucose, BMI, WC, and HDL-C among the two group (see Table
2).

450
400
350
300
250
200
150
100

50

Total Physical Activity (min/wk)

Regular PA Non-Regular PA

Figure 1. Differences in Total physical activity (min/wk) between regular PA and non-regular PA participants.

Table 2. Differences between Anthropometric and biomarkers between regular PA and non-regular PA group.

Regular PA Non-regular PA
Variables (n=37) (n=8)
8) z p
Ny Men UEMTON g Men SO
(%) rank (%) rank
ranks ranks
37 8
Age (80.43) 28.00 22.07 816.50 (17.40) 3750 2731 218.50 110.500 -1.026 0.30
Sex
14 1
Male (043) - - @17) i i i i -
Female 23 - - - 7 - - - - - -
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(50.00) (15.22)
Anthropometry
35 8
2 -
BMI (kg/m?) (76.08) 2234 2263  792.00 (17.40) 2192 19.25 154.00 118.000 -1.694 0.49
Waist 36 8
circumference 75.60 2242 807.00 79.10 22.88 183.00 141.000 -.091 0.92
(78.26) (17.40)
(cm)
Primary Mediators
of AL
Cortisol (ug/12h) 57 130.60 2535  938.00 8 7150 1213 97.00 61.000 -2.583 0.01
HE 8043) : Taza0) : : : : :
Epinephrine 37 8
(ng/12h) (80.43) 7.00 24.27  898.00 (17.40) 4.40 17.13 137.00 101.000 -1.396 0.16
Norepinephrine 37 8
(ug/12h) (80.43) 2530 23.89 884.00 (17.40) 19.00 18.88 151.00 115.000 -980 0.32
37 8
DHEA-S (ug/ml) (80.43) 0.50 2238  828.00 (17.40) 0.69 25.88 207.00 125.000 -.683 0.49
. 37 8
Primary ALI (80.43) 1.00 23.41 866.00 (17.40) 0.50 21.13 169.00 133.000 -.473 0.63
Blood Pressure
Systolic blood 36 8
pressure (mmHg) (78.26) 100.00 21.68 780.50 (17.40) 10250 26.19 209.50 114500 -.909 0.36
Diastolic blood 36 8
e () (099) 60.00 2236  805.00 (17.40) 60.00 23.13 185.00 139.000 -.167 0.86
Lipid Profiles
Triglycerides 37 8
(mg/dl) (80.43) 87.70  21.58 798.50 (17.40) 110.95 29.56 236.50 95.500 -1.559 0.11
37 8
HDL-C (mg/dl) (80.43) 65.70 23.84 882.00 (17.40) 59.55 19.13 153.00 117.000 -921 0.35
Glycemia
Fasting blood 37 8
Glucose (mg/dl) (80.43) 86.30 22.61 836.50 (17.40) 86.05 24.81 198.50 133.500 -.431 0.66
Total Physical 37 6
Activity (min/wk)  (80.43) 420.00 24.04 889.50 (13.04) 135.00 9.42 56.50 35.500 -2.648 0.008
MetS present
count
. 36 7 -
0-2 biomarkers (78.26) - - - (15.22) - - - - -
. 1 1 -
3-5 biomarkers 217) - - - 217) - - - - -

Key: DHEA-S: dehydroepiandrosterone sulfate; Primary ALIL: primary allostatic load index; PA (leisure sports);
Exercise (high intense training more than 10 hours a week; Total Training Activity (sum of PA and exercise);
Mdn: median; BMI, body mass index; WHR: waist-hip ratio; HDL-C: high density lipoprotein cholesterol.
Significant at p < 0.05.

4. Discussion

The present study investigated different PA volumes on the primary mediators of AL, metabolic
risk markers and the incidence of MetS in healthy adults. The population under investigation was
therefore considered healthy based on subjective self-reports of illnesses and the biological markers
measured. Only two participants met the clinical criteria for MetS. Individuals who engaged in
regular PA demonstrated an approximately fourfold higher activity level compared to the non-
regularly active group.

In the regular PA group, the total PA (min/week) was (mdn = 420 min/week). Previous studies
have reported that 150 = 300 minutes of moderate-to-vigorous PA per week reduces MetS incidence
(Cleven et al., 2023; Seo et al., 2023). The current findings align with these data and underscore the
preventive relevance of maintaining consistent PA across adulthood. However, in the non-regular
PA group, the total PA (min/week) was (mdn = 135 min/week) with (n = 1, 2.17%) having MetS. This
is in contrast with the findings from Rosenberger et al., (2013) who reported (n = 33, 18.3%) of their
participants meeting at least 150 activity minutes had MetS. This differences may arise from the small
sample size (1 =7) of our healthy non-regular PA participants as compared to the bigger sample size
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(n =180) of already overweight/Obese prediabetic participants used in the study by (Rosenberger et
al.,, (2013). Hence, caution should be taken when interpretating this current results.

Additionally, the higher physiological strain in the regularly PA group is reflected in
significantly elevated cortisol levels, as well as slightly increased in epinephrine and norepinephrine
levels. A more detailed analysis of the descriptive data reveals that presented cortisol levels are
influenced by the volume and intensity of exercising. This finding aligns with other studies, which
have reported higher cortisol levels in individuals who engage in exercise training compared to those
who do not participate in exercise training (Athanasiou et al., 2023; Zouhal et al., 2008). This
phenomenon can be attributed to the exercise-induced glucocorticoid paradox (Chen et al., 2017).

The repeated stress from exercise training frequently activates the HPA axis, leading to ACTH
hypersecretion due to adrenal enlargement, which triggers cortisol release. On one hand, this can
result in higher basal and exercise-induced cortisol levels as the body becomes more efficient in
responding to stress (Athanasiou et al., 2023; Zouhal et al., 2008). On the other hand, excessive and
high intense exercise training without adequate recovery may lead to overtraining syndrome, which
results from prolonged HPA axis activation and disrupted circadian rhythms (Kreher and Schwartz,
2012). Nevertheless, cortisol levels in both study groups remained within the normal range.

Previous study by Park et al., (2011) with (n = 1881) participants, reported higher cortisol was
significantly associated with MetS. This contradicts to this current study as only one participant from
the regular PA had MetS. The plausible explanations could be due to the physically high intensely
active of our sample, which could lead to a higher baseline of AL-primary mediator such as cortisol.
It has been shown that regular exercise training promotes adaptive stress responses and improving
metabolic health (D'Alessio et al., 2020; McEwen, 2007). Also, the age (Mdn = 30.0 years) of our
participants was younger as compared to the participants (age = 58.7 + 10.8 years) in the study by
Park et al. (2011). Aging causes reduced sensitivity of the HPA axis to negative cortisol feedback
control (Gaffey et al., 2016). Additionally, in sedentary individuals, persistent blunted cortisol
responses show HPA hypoactivity. This can lead to fatigue, low-grade inflammation and metabolic
dysregulation (Jones and Gwenin, 2021; Henson et al., 2015).

In comparing the two groups (i.e., regular PA vs non-regular PA), no significant group
differences were observed for epinephrine, norepinephrine, primary ALl and DHEA-S. Interestingly,
similar results have been found in other studies with healthy adults, showing variations in
sympathetic activity is seen under chronic stress or obesity (Hamer and Steptoe, 2012; Davy and Orr,
2009). In the regular PA, the slightly increase in catecholamines and lower DHEA-S shows that
regular exercise may promote optimal adrenal responsiveness and anabolic — catabolic homeostasis
(Heaney et al.,, 2014). It should be noted that during both acute stress and exercise, epinephrine is
released into the bloodstream from the adrenal medulla as a result of SNS activation (Cinar et al.,
2025). This triggers the body for energy mobilization by stimulating lipolysis, hepatic glucose output,
and suppression of insulin secretion through the {3-adrenergic signaling pathways (Daniela et al.,
2022; Torpy et al., 2007). Although, chronic stress may lead to adverse cardiometabolic outcomes due
to SNS overactivity (Guzzoni et al., 2022; Torpy et al., 2007; Ebert et al., 2004). Also, chronic stress
impairs norepinephrine function causing hepatic gluconeogenesis of [-adrenergic receptors
activation in hepatocytes (Athanasiou et al., 2023), lipolysis, and visceral fat accumulation, fostering
MetS development (Jin et al., 2023; Ross et al., 2021; Lee et al., 2001). However, in physically active
individuals, acute or moderate increase in epinephrine have been shown to be associated with
enhanced metabolic flexibility and reduced central adiposity (Lin et al., 2022; He et al., 2016). This
could be the reason for the low MetS incidence in both groups in this current study. Additionally,
regular PA improves norepinephrine activity and function resulting from an adaptive response to
the HPA axis and catecholamines by the activity of COMT (Athanasiou et al., 2023; Bogdanis et al.,
2022; Bracken and Brooks, 2010). Epinephrine enhances fat oxidation and thermogenesis, resulting in
lower visceral fat accumulation, which is one of the key components of MetS (Ziegler et al., 2012).
Long term PA participation does not only temporarily increase epinephrine levels during exercise
but also improves {-adrenergic sensitivity and mitochondrial efficiency in skeletal muscle. This
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contributes to better glucose absorption and insulin sensitivity (Bird and Hawley, 2017). The findings
of this research are consistent with previous research demonstrating that regular PA can reduce the
insulin-antagonistic effects of catecholamines while increasing their lipolytic and anti-inflammatory
capabilities, and thus reducing MetS risk (Lin et al., 2022; He et al., 2016). Additionally, it should be
noted that the stress response to PA varies differently due to factors such as intensity, duration, and
type of PA (Athanasiou et al., 2023; Bogdanis et al., 2022; Bracken and Brooks, 2010).

Furthermore, anthropometric measure such as BMI and waist circumference did not show any
significant difference between the two groups. However, lower central adiposity was observed in the
regular PA group. This finding aligns with previous data showing regular PA promotes metabolic
health irrespective of body weight (Ross et al., 2019). Interestingly, the divergent between cortisol
and triglycerides profiles amongst the two groups may show an early adaptation that may precede
cumulative burden (Juster et al., 2010). Additionally, regular PA group showed a lower triglycerides
and greater HDL-C levels as compared to the non-regular PA group. This is consistent with existing
evidence associating PA to improved lipid metabolism, even if lipid and glycemic indicators did not
differ significantly (Pedersen and Saltin, 2015). In line with research showing the vascular and
autonomic benefits of regular exercise, both regular PA and non regular PA group tended to have
similar lower systolic and diastolic blood pressures (Cornelissen and Smart, 2013). These results
support the idea that regular PA, even at modest levels, helps to maintain metabolic homeostasis
through neuroendocrine and cardiovascular pathways.

Theoretically, in the AL theory, long-term exposure to stress causes cumulative physiological
dysregulation in the immunological, metabolic, and neuroendocrine systems (Juster et al., 2010;
McEwen, 1998; McEwen and Stellar, 1993; Sterling and Eyer, 1998). However, one powerful
behavioral regulator of these processes is PA. Exercise increases systemic flexibility and lowers basal
AL by imposing acute, manageable stressors that recalibrate the SNS and HPA axis (D'Alessio et al.,
2020; Gerber and Piihse, 2009; McEwen, 2007). These modifications reduce the development of MetS
by enhancing insulin sensitivity, lipid turnover, and endothelial function (Ribeiro et al., 2021; Liu and
Nusslock, 2018; Smith et al., 2018; Warburton and Bredin, 2017; Heaney et al., 2012; McEwen, 2007).
The cortisol and lipid variations found in this study indicate that while insufficient exercise may lead
to ineffective or muted stress physiology, regular PA may support-stress regulatory mechanisms and
protection against early metabolic dysregulation. However, in the overall sample, higher blood
glucose, waist circumferences, triglycerides, and lower HDL-C were observed in some participants.
This shows that even in healthy individuals, subclinical cardiometabolic markers may be present
which can later lead to MetS (Gruenewald et al.,, 2012). Hence, in healthy people, personalized
preventive measures together with regular PA and routine medical checkup are recommended to
foster early metabolic risk diagnosis and management.

The current study has limitations that should be considered by future researchers. This was a
secondary data analysis. Thus, the reliance on self self-reported PA, the small sample size, gender
imbalance favoring females, and cross-sectional sample limits causal inference and generalization.
Also, information concerning the number of years the participants have been participating in PA was
unknown; hence, care should be taken when interpretating the results. Future research should
replicate these findings with larger, longitudinal cohorts and include objective PA measurements
(e.g., accelerometry) to enhance validity. Incorporating more sensitive biomarkers such as
inflammatory cytokines could also elucidate mechanistic pathways linking stress regulation and
metabolic health. Additionally, there are different scoring procedures and biomarkers used in
calculating primary ALI (Beckie, 2012; Goldman et al., 2006). This could lead to different outcomes.
In the current study, ALI was calculated from Seeman et al. (1997). However, assessing AL across the
various neuroendocrine systems is complex and warrants further research.

5. Conclusions

In conclusion, this exploratory investigation shows that, in healthy people, regular PA may
support-stress regulatory mechanisms and protection against early metabolic dysregulation.
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Participants in the regular PA group exhibited a lower triglycerides and higher HDL-C levels
compared with those in the non-regular PA group. Furthermore, in the regular PA group, the slightly
increased in catecholamines and lower DHEA-S suggests that regular exercise may promote optimal
adrenal responsiveness and anabolic — catabolic homeostasis. Collectively, these findings support the
role of regular PA as a powerful behavioral regulator in maintaining metabolic and neuroendocrine
health prior to the onset of overt metabolic disease.
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The following abbreviations are used in this manuscript:

ACTH Adrenocorticotropic Hormone

AL Allostatic load

ALI Allostatic load Index

BMI Body Mass Index

COMT Catechol-O-Methyltransferase

CRH Corticotropin-Releasing Hormone
DHEAS Dehydroepiandrosterone sulfate
HDL-C High Density Lipoprotein Cholesterol
HIIT High Intensity Interval Training
HOMA Homeostasis Model Assessment Index
HPA axis Hypothalamic-Pituitary-Adrenal Axis
LBP Low Back Pain

LC/NE Locus Coeruleus/norepinephrine System
LDL-C Low Density Lipoprotein Cholesterol
MiSpEx Medicine in Spine Exercise Network
PA Physical Activity

PSA 3 Parallel Study 3

SNS Sympathetic Nervous System

VAS Visual Analogue Scale

WHO World Health Organization
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