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Abstract

Background and aim. Mineral waters are widely used in spa therapy and sports medicine, yet their effects on
physical performance and underlying metabolic mechanisms remain incompletely understood. This study aimed
to investigate the impact of three different mineral waters on swimming performance in female rats and identify
key metabolic predictors of physical capacity.

Material and methods. Sixty female Wistar rats (mean weight 262+22 g) were randomly divided into four groups:
intact controls (n=10) receiving tap water, and three experimental groups (n=50) loaded with mineral waters (MW
N1, N2, N3) at 3 mL/200 g body mass for 12 days. Swimming test until exhaustion was performed, along with
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comprehensive metabolic, hormonal, and electrolyte analyses in serum and urine. Discriminant analysis and
multiple regression were used to identify predictors of physical performance.

Results. Swimming duration ranged from 90 to 330 minutes and correlated most strongly with mineralocorticoid
activity estimated as (K*urin/Na urine)?*® (1=-0.564; p<107°). Multiple regression revealed that mineralocorticoid
activity, calcitonin activity, glycemia, body mass, and uricemia together explained 65% of swimming test variance
(R?=0.650; Fs,59=20.1; p<10¢). MW N2 (highest Na' content: 122.3 mM/L) significantly increased
mineralocorticoid activity (2.71+0.38 vs 1.40+0.13 in controls; p<107°) and reduced swimming duration by 16%
(15648 vs 187+2 min; p<0.001). MW N3 enhanced performance by 13% (210+8 min; p<0.05). Discriminant
analysis correctly classified 96% of animals based on 12 metabolic variables.

Conclusions. Mineralocorticoid activity is the primary determinant of physical performance in rats consuming
mineral waters. High-sodium mineral water impairs performance through aldosterone-mediated potassium loss
and electrolyte imbalance, while balanced mineral composition maintains or enhances physical capacity. These
findings have important implications for mineral water selection in sports medicine and spa therapy.

Key words: drinking mineral waters, trace elements, organic substances, physical performance, metabolism,
female rats.

Introduction

Mineral waters have been used therapeutically for centuries and remain an integral component of balneotherapy
and spa treatment worldwide (Popovych et al., 2022). Beyond their traditional applications in treating metabolic
and gastrointestinal disorders, mineral waters are increasingly recognized for their potential effects on physical
performance and exercise capacity (Zukow et al., 2024). However, the mechanisms underlying these effects remain
poorly understood, particularly regarding the role of electrolyte composition and hormonal regulation.

Physical performance is a complex physiological phenomenon dependent on multiple interacting systems,
including cardiovascular function, muscle metabolism, neuro-endocrine regulation, and electrolyte balance
(Gozhenko, 2016). The renin-angiotensin-aldosterone system (RAAS) plays a crucial role in regulating sodium
and potassium homeostasis, blood pressure, and fluid balance—all critical factors for optimal physical
performance (Baffour-Awuah et al., 2024). Recent evidence suggests that aldosterone, the primary
mineralocorticoid hormone, significantly influences muscle function, exercise capacity, and metabolic efficiency
(Kluwe et al., 2023; Supiano, 2013).

Excess aldosterone causes sodium and water retention combined with potassium loss, leading to hypokalemia—a
condition particularly detrimental to physical performance (Kwak et al., 2019). Potassium is essential for: (1)
generation and propagation of action potentials in muscles and nerves; (2) optimal function of Na',K*-ATPase,
which maintains the electrochemical gradient necessary for muscle contraction; and (3) glycogen synthesis, a
critical energy source during prolonged exercise. Conversely, blocking excessive aldosterone activity through
mineralocorticoid receptor antagonists can improve muscle function, enhance vascular endothelial function, and
increase exercise capacity in various clinical conditions (Supiano, 2013).

The chemical composition of mineral waters varies considerably, with different concentrations of sodium,
potassium, calcium, magnesium, chloride, and other elements (Popovych et al., 2022). High-sodium mineral
waters may theoretically activate the RAAS and increase mineralocorticoid activity, potentially affecting physical
performance. However, systematic experimental studies examining the relationship between mineral water
composition, hormonal regulation, and physical capacity are scarce.

Previous research from the Truskavetsian Scientific School of Balneology has demonstrated that bioactive
Naftussya water and various phytocompositions exert adaptogenic effects on neuro-endocrine-immune regulation
and physical working capacity in both animals and humans (Korda et al., 2024; Fihura et al., 2025; Zukow et al.,
2022). These effects appear to be mediated through complex interactions between organic compounds, trace
elements, and electrolytes present in the waters (Zukow et al., 2020). However, the specific role of
mineralocorticoid activity in mediating these effects has not been systematically investigated.

The aim of this study was to investigate the effects of three mineral waters with different chemical compositions
on physical performance in female rats and to identify key metabolic and hormonal predictors of swimming
capacity, with particular focus on mineralocorticoid activity and electrolyte balance.

Research Problems

Five key research problems guided this investigation: RP1 (Primary Research Problem): What is the relationship
between mineral water chemical composition and physical performance in female rats, and what metabolic and
hormonal mechanisms mediate this relationship? This problem addresses the fundamental gap in understanding
how different mineral compositions affect physical performance, which is crucial given the widespread use of



mineral waters in spa therapy and sports medicine with potential for both beneficial and adverse effects depending
on electrolyte content. RP2 (Mineralocorticoid Activity Problem): Does high-sodium mineral water
consumption increase mineralocorticoid activity, and if so, does this elevation directly impair physical
performance through potassium depletion and electrolyte imbalance? The RAAS is critical for electrolyte
homeostasis and cardiovascular function during exercise, and high sodium intake may activate this system,
potentially impairing performance, but this has not been systematically studied in the context of mineral water
consumption. RP3 (Metabolic Predictor Problem): Which metabolic and hormonal variables best predict
physical performance capacity in rats consuming different mineral waters, and can these variables be used to
develop a predictive model for performance outcomes? Identifying key metabolic predictors would enable early
detection of individuals at risk for impaired performance and facilitate personalized mineral water
recommendations, as current literature lacks comprehensive metabolic profiling in this context. RP4 (Dose-
Response and Composition Problem): Is there a threshold sodium concentration in mineral waters above which
physical performance is impaired, and do other trace elements (boron, iodine, organic compounds) modulate this
threshold effect? The paradoxical finding that MW N3 (132.1 mM/L Na*) enhanced performance while MW N2
(122.3 mM/L Na") impaired it suggests complex interactions between sodium and other mineral water components,
and understanding these interactions is crucial for optimal mineral water formulation. RP5 (Sex Differences
Problem): Do the effects of mineral water composition on physical performance and mineralocorticoid activity
differ between male and female rats, and are these differences mediated by sex hormones (estradiol, progesterone,
testosterone)? Sex hormones modulate aldosterone effects on muscle function and metabolism, and since the
current study used only females, understanding sex differences is essential for translating findings to human
populations of both sexes.

General Hypotheses

Based on these research problems, five general hypotheses were formulated: H1 (Mineralocorticoid Dominance
Hypothesis): Mineralocorticoid activity is the primary determinant of physical performance in rats consuming
mineral waters, with elevated activity causing performance impairment through potassium depletion and
electrolyte imbalance. This hypothesis is grounded in the theoretical basis that aldosterone regulates Na™/K*
balance, and excess causes hypokalemia, which impairs muscle excitability, Na",K*-ATPase function, and
glycogen synthesis—all critical for sustained physical performance. H2 (Sodium Threshold Hypothesis): There
exists a critical sodium concentration threshold in mineral waters (approximately 100-120 mM/L) above which
RAAS activation occurs, leading to increased mineralocorticoid activity and reduced physical performance. The
RAAS responds to sodium load in a dose-dependent manner, and below threshold, homeostatic mechanisms
maintain balance, while above threshold, compensatory aldosterone secretion causes potassium loss. H3 (Trace
Element Modulation Hypothesis): Trace elements (particularly boron, iodine, and organic compounds) in
mineral waters modulate the adverse effects of high sodium content on mineralocorticoid activity and physical
performance through effects on steroid hormone metabolism and thyroid function. Boron influences steroid
hormone metabolism and iodine is essential for thyroid hormones that regulate basal metabolic rate, and these may
counteract sodium-induced RAAS activation. H4 (Metabolic Integration Hypothesis): Physical performance
capacity is determined by an integrated metabolic profile involving mineralocorticoid activity, calcitonin activity,
glucose metabolism, body composition, and purine metabolism, rather than any single factor. Exercise
performance depends on multiple physiological systems (neuromuscular, cardiovascular, metabolic, endocrine)
that interact synergistically, so multivariate models should outperform univariate predictors. H5 (Adaptive
Divergence Hypothesis): Acute mineral water consumption and chronic exercise training have opposite effects
on RAAS activity: acute high-sodium intake increases mineralocorticoid activity (impairing performance), while
chronic training decreases it (enhancing performance). Meta-analyses show exercise training reduces aldosterone
levels, and acute sodium loading may counteract these beneficial adaptations, explaining why high-sodium waters
impair performance.

Research Hypotheses

These general hypotheses were operationalized into five testable research hypotheses: RH1 (Mineralocorticoid-
Performance Correlation): There is a significant negative correlation (r < -0.50, p < 0.01) between
mineralocorticoid activity [estimated as (K*uine/Na*urine)®-*] and swimming test duration in rats consuming mineral
waters, with the independent variable being mineralocorticoid activity (continuous, calculated from 24h urine
electrolytes), the dependent variable being swimming duration until exhaustion (minutes), and analysis via Pearson
correlation and simple linear regression. RH2 (High-Sodium Water Effect): Rats consuming high-sodium
mineral water (MW N2: 122.3 mM/L Na*) for 12 days will show significantly higher mineralocorticoid activity
(=50% increase) and reduced swimming duration (=15% decrease) compared to controls, with the independent
variable being treatment group (categorical: Control vs MW N2), dependent variables being (1) mineralocorticoid
activity and (2) swimming duration, analysis via independent samples t-test or Mann-Whitney U test, and effect
size Cohen's d > 0.8 (large effect). RH3 (Multivariate Prediction Model): A combination of five metabolic
variables (mineralocorticoid activity, calcitonin activity, serum glucose, body mass, serum uric acid) will explain
>60% of variance (R? > 0.60) in swimming performance, with independent variables being 5 metabolic predictors



(continuous), dependent variable being swimming duration (continuous), analysis via multiple linear regression
(stepwise method), and model validation through cross-validation and residual analysis. RH4 (Group
Discrimination): Discriminant analysis using metabolic and hormonal variables will correctly classify >90% of
rats into performance groups (reduced, stable, enhanced) based on mineral water type, with independent variables
being 12 metabolic/hormonal variables, dependent variable being performance group (categorical: S-, SO, S+),
analysis via discriminant function analysis, and validation through classification accuracy and Mahalanobis
distances. RH5 (Trace Element Interaction): Mineral water with high sodium (>130 mM/L) but also high trace
elements (Hs:BOs >10 mg/L, I" >1.5 mg/L) will not increase mineralocorticoid activity and will maintain or
enhance performance compared to high-sodium water with lower trace elements, with the independent variable
being mineral water composition (MW N2 vs MW N3), dependent variables being (1) mineralocorticoid activity
and (2) swimming duration, analysis via ANOVA with post-hoc tests (Tukey HSD), and including an interaction
term for Sodium x Trace elements.

Statistical Hypotheses

Each research hypothesis was translated into formal statistical hypotheses for testing: SH1 (Correlation Test):
The null hypothesis Hoi states that there is no significant correlation between mineralocorticoid activity and
swimming duration in the population (p = 0), while the alternative hypothesis Hi: states that there is a significant
negative correlation between mineralocorticoid activity and swimming duration in the population (p < 0), tested
using Pearson correlation coefficient at significance level a = 0.05 (two-tailed) with decision rule to reject Ho if p
<0.05and r <-0.30. SH2 (Group Comparison): The null hypothesis Ho: states that the mean swimming duration
in rats consuming MW N2 is equal to or greater than controls (u. MW N2 > p_Control), while the alternative
hypothesis Hi: states that the mean swimming duration in rats consuming MW N2 is significantly less than controls
(w_MW N2 < u_Control), tested using independent samples t-test (one-tailed) at significance level a = 0.05 with
decision rule to reject Ho if t < -t_critical and p < 0.05. SH3 (Multiple Regression Model): The null hypothesis
Hos states that the multiple correlation coefficient between the set of five predictor variables and swimming
duration is zero in the population (R = 0), while the alternative hypothesis His states that the multiple correlation
coefficient between the set of five predictor variables and swimming duration is significantly greater than zero in
the population (R > 0), tested using F-test for overall regression model at significance level o = 0.05 with decision
rule to reject Ho if F > F_critical (dfi=5, df:=54) and p < 0.05. SH4 (Discriminant Analysis): The null hypothesis
Hos states that the three performance groups (S-, SO, S+) have equal multivariate means on the discriminant
variables (no group separation in discriminant space), while the alternative hypothesis His states that the three
performance groups have significantly different multivariate means on the discriminant variables (significant
group separation), tested using Wilks' Lambda with chi-square approximation at significance level o = 0.05 with
decision rule to reject Ho if Wilks' A < A_critical and 2 > y2 critical (p < 0.05). SH5 (ANOVA): The null
hypothesis Hos states that the mean mineralocorticoid activity is equal across all three mineral water groups (1MW
N1 =p MW N2 = p_ MW N3), while the alternative hypothesis His states that at least one mineral water group
has a significantly different mean mineralocorticoid activity from the others (not all p are equal), tested using one-
way ANOVA at significance level a = 0.05 with decision rule to reject Ho if F > F_critical (dfi=2, df>=47) and p
< 0.05, followed by Tukey HSD post-hoc test if Ho is rejected.

Material and methods.

Participants

The experiment was carried out on 60 female Wistar rats with initial body weight of 262+22 g (Mean+SD). Female
rats were selected to investigate sex-specific responses to mineral water consumption, as previous studies have
shown that hormonal regulation of physical performance differs between males and females.

Ethics approval

All animals were kept in room having temperature 22+2°C, and relative humidity of 44-55% under 12/12 h light
and dark cycle with standard laboratory diet and water given ad libitum. Studies have been conducted in
accordance with the rules and requirements of the “General Principles for the Work on Animals” approved by the
I National Congress on Bioethics (Kyiv, Ukraine, 2001) and agreed with the provisions of the “European
Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes”
(Council of Europe No 123, Strasbourg 1985), and the Law of Ukraine “On the Protection of Animals from Cruelty”
of 26.02.2006. The removal of animals from the experiment was carried out under light inhalation (ether)
anesthesia by decapitation.

Study design and procedure

The study was conducted according to the algorithm of the Truskavetsian Scientific School of Balneology and
Phytotherapy (Popovych et al., 2022).

Female Wistar rats was randomly divided into 4 groups. Animals of the first group (10) remained intact,
using tap water from drinking ad libitum. Rats of the test groups for 12 days loaded through the tube by three
mineral waters at a dose of 3 mL/200 g of body mass. The chemical composition of the applied waters, according
to the Truskavetsian Hydrogeological Regime-operational station, is given in Table 1.



Table 1. Chemical composition of daily and mineral waters
Daily MW | MW MW

Water | N1 N2 N3

Electrolytes, mM/L

Cl 3,40 1234 | 64,6 132,6
Na* 0,50 122,3 | 62,6 132,1
Mg?* 0,50 298 | 2,15 3,04
HCOs 2,90 6,10 | 5,73 5,86
S04 1,20 3,32 | 185 3,93
Ca?* 3,40 3,73 | 3,39 3,87
K* 0,40 0,38 | 0,36 0,36

Trace elements, mg/L
H3BOs 0,25 11,41 | 7,98 10,13

J 0,03 1,76 1,22 1,56
F 0,95 041 |051 0,43
Br 8,30 743 | 6,86 7,19

H,SiO3 5,00 568 | 6,85 4,78
Organic substances, mg/L
C organic | 5,0 11,9 12,1 9,7

N organic | 0,02 0,27 | 0,21 0,28

The day after the completion of the drinking course in all rats, at first, body weight was re-determined and a
blood sample was taken from the tail vein. Then animals were placed in individual chambers with perforated
bottom for collecting daily urine. A day later, physical performance testing was performed based on the duration
of swimming in water at 26°C until exhaustion (falling to the bottom of the pool; the animals were rescued).

The serum levels of some metabolites were determined. Calcium (by reaction with arsenase I11), magnesium
(by reaction with colgamite), phosphates (phosphate-molybdate method), chloride (mercury-rhodanidine method),
sodium and potassium (by flamming photometry, creatinine (by Jaffe's color reaction by Popper's method), urea
(urease method by reaction with phenolhypochlorite), uric acid (uricase method), bilirubin (by diazoreaction using
the Jedrashik-Kleghorn-Grof method), and glucose (glucose-oxidase method) [Goryachkovskiy, 1998].

Most of the listed parameters were also determined in daily urine.

According to the parameters of electrolyte exchange, hormonal activity was evaluated: parathyroide by
coefficient (Cas/Ps)®®, calcitonin by coefficients (CassPs)®® and (CausPu)®® as well as mineralocorticoid by
coefficients (Nas/Ks)®® and (Ku/Nau)®®, based on their classical effects and recommendations by Popovych et al.
(2022).

The analyzes were carried out according to the instructions. The analyzers “Pointe-180" ("Scientific", USA)
and “Reflotron” (Boehringer Mannheim, BRD) were used with appropriate sets, and a flaming spectrophotometer
“CD-47".

Statistical analysis

Statistical analysis was performed using STATISTICA 13.3 software (StatSoft, Tulsa, OK, USA). Data are
presented as MeanzSE unless otherwise stated. Normality of distribution was assessed using the Shapiro-Wilk test.
Pearson correlation coefficients were calculated to assess relationships between variables. Multiple regression
analysis (stepwise method) was used to identify predictors of swimming performance. Discriminant analysis
(forward stepwise method) was applied to identify specific metabolic patterns associated with different levels of
physical performance and to classify animals into groups. Mahalanobis distances were calculated to assess
separation between groups. The level of statistical significance was set at p<0.05.

Results
Screening revealed that the duration of the swimming test varied within a wide range (from 90 to 330 minutes)
and was most closely associated with mineralocorticoid activity, estimated as (K urine/Na*urine)°-° (r=-0.564; p<107°)

(Fig. 1).
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Fig. 1. Scatterplot of correlation between Mineralocorticoid activity (X-line) and Swimming duration (Y-
line)

Individual analysis revealed that the values of both the swimming test and mineralocorticoid activity in intact
animals and those loaded with mineral water N1 did not differ significantly from each other (Fig. 2), which gave
us reason to combine them into a single control group (S0) before further analyses.
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Fig. 2. Scatterplot of Mineralocorticoid activity (X-line) and Swimming duration (Y-line) in intact rats
(white diamonds) and loaded with mineral water N1 (dark blue diamonds), N2 (circles) and N3 (squares)

Multiple regression analysis

Multiple regression analysis revealed that the swimming test also correlated negatively with calcitonin activity
(r=-0.344; p=0.007) and serum glucose (r=-0.349; p=0.009), but positively with body weight (r=0.510; p<107*)
and serum uric acid (r=0.240; p=0.052). These five variables together explained 65% of the variance in swimming
performance (R=0.806; R>=0.650; Adjusted R>=0.618; F(s,54=20.1; p<107%; SE=12 min) (Table 2 and Fig. 3).



Table 2. Regression Summary for Swimming test
R=0,806; R?=0,650; Adjusted R?=0,618; F55=20,1; p=10"; SE=12 min

N=60 Beta St.Emr. | B St. Err. | tss p-
of Beta of B level
Variables r Intercpt | 1514 25,2 6,01 10°

(Ku/Nau)®® as Mineralocorticoid | -0,564 | -0,389 | 0,098 -7,858 | 1,981 -3,97 | 10°%
Activity
(CauePu)®® as Calcitonin Activity | -0,344 | -0,256 | 0,091 -5,814 | 2,074 -2,80 | 0,007

Glucose Serum, mM/L -0,349 -0,251 0,093 -6,430 2,369 -2,71 | 0,009
Body Mass, g 0,510 0,422 0,091 0,365 0,079 4,65 10
Uric Acid Serum, nM/L 0,240 0,176 0,089 0,008 0,004 1,98 0,052

Note: MC = Mineralocorticoid; CT = Calcitonin; R=0.806; R?>=0.650; Adjusted R*=0.618; Fs,54=20.1; p<107¢;
SE=12 min
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Fig. 3. Scatterplot of canonical correlation between Metabolic factors (X-line) and Swimming duration (Y-
line)

In addition, a number of variables were identified that, despite the lack of correlation with the swimming test,
are to some extent congruent with metabolic patterns (Fig. 4).
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Fig. 4. Z-score profiles of the variables of rats loaded with mineral water N2 (12), N3 (11) and united group
of intact animals (10) and loaded with mineral water N1 (27). See also Table 4.



Discriminant analysis

Discriminant analysis (forward stepwise method) was applied to identify the specific metabolic profile
accompanying different levels of swimming performance. Based on swimming test results, animals were classified
into three groups: S- (reduced performance, MW N2, n=12), S+ (enhanced performance, MW N3, n=11), and SO
(stable performance, combined intact and MW N1 groups, n=37).

The analysis identified 12 variables that together provided optimal discrimination between groups (Wilks'
A=0.1086; approx. F(24,92=7.8; p<107¢) (Table 3).

Table 3. Discriminant Function Analysis Summary
Step 12, N of Variables currently in the model: 12; Grouping: 3 groups; Wilks' Lambda: 0,1086; approx. F5=7,8;
p<10®

Groups (n) Parameters of Wilks" Statistics
Variables Inta- | MW | MW | MW | Wil Par- F-re- | p- Tole-
currently in the model ct N1 N2 N3 ks’ tial move | level | rancy
(10) (27) (12) (11) A A (2,46)
Swimming r 185 187 156 210 0,222 | 0,490 | 23,97 | 10° 0,678
duration, min 6 2 8 8
Body Mass, 0,51 | 263 262 245 282 0,119 | 0,916 | 2,109 | 0,133 | 0,586
g 8 4 5 4
Sodium Excretion, | 0,36 | 131 190 66 216 0,129 | 0,845 | 4,207 | 0,021 | 0,246
pM/24he100 g 260 38 29 58
Uric Acid Serum, 0,24 | 681 700 501 948 0,124 | 0,878 | 3,194 | 0,050 | 0,696
pM/L 89 68 78 219
Sodium Serum, 0,14 | 129,1 | 128,2 | 128,5 | 131,6 | 0,116 | 0,935 | 1,605 | 0,212 | 0,726
mM/L 1,8 0,9 2,0 1,4
(Ku/Nau)®® as Mi- | -056 | 1,41 |1,40 |271 |120 |0,138 | 0,789 | 6,169 | 0,004 | 0,305
neralocorticoid Act 0,21 |0,13 0,38 0,17
Glucose Serum, -0,35 | 4,78 |526 |588 |542 |0,120 |0,904 | 2,437 | 0,099 | 0,633
mM/L 033 |013 |016 |0,17
Urea Serum, -0,27 | 860 |910 |868 |699 |0136 |0,797 | 5,847 | 0,005 | 0,570
mM/L 100 [ 064 |088 |0,63
Bilirubin Serum, -0,05 | 505 |500 |420 |344 |0,116 |0,933 | 1,658 | 0,202 | 0,655
pM/L 0,71 | 042 |063 |051
Calcium Excretion, | -0,05 | 3,39 | 4,16 3,68 2,57 10,114 | 0,957 | 1,039 | 0,362 | 0,258
pM/24he100 g 062 |057 [044 |040
Urea Excretion, -0,03 | 175 272 189 152 0,119 | 0,916 | 2,108 | 0,133 | 0,137
pM/24h*100 g 43 42 27 38
Diuresis, -0,00 | 1,57 187 |157 |1,39 |0,115 |0,945 | 1,334 | 0,273 | 0,297
mL/24h*100 g 0,28 |04 [025 |0,16
Variables Inta- | MW | MW | MW | Wil Par- F to| p- Tole-
currently not in the model | ct N1 N2 N3 ks’ tial enter | level | rancy
(10) (27) (12) (11) A A
Chloride Excreti- | 0,40 | 141 187 84 244 0,109 | 0,999 | 0,013 | 0,987 | 0,229
on, pM/24h°100 g 28 28 29 54
(CauePu)®® as|-033 |368 |358 |411 |3,23 |0,108 |0,998 | 0,050 | 0,970 | 0,090
Calcitonin Activity 0,15 016 |036 |05
Creatinine Serum, | -0,29 | 86 84 85 63 0,106 | 0,975 | 0,579 | 0,565 | 0,215
pM/L 10 7 10 6
Magnesium Serum, | -0,24 | 0,76 | 087 | 106 | 0,61 |0,106 | 0,975 | 0,586 | 0,561 | 0,844
mM/L 0,18 |00 [0,29 |0,09
Phosphate Excreti- | -0,05 | 10,1 | 12,2 | 9,7 8,0 0,108 | 0,999 | 0,031 | 0,969 | 0,093
on, uM/24h100 g 2,1 1,1 1,3 1,0

Note. In each column, the first line is the average value, the second is the SE. Parameters of Wilks' Statistics apply
to the combined group



The dividing information contained in 12 variables is condensed in 2 canonical discriminant roots (Table 4).
The major root contains 88,8% of discriminative opportunities (r*=0,909; Wilks' A=0,1086; y%24=114; p<10),
and the minor root - 11,2% (r*=0,612; Wilks' A=0,626; y?a11y=24; p=0,012).

Table 4 shows standardized (normalized) and non-standardized (raw) coefficients for discriminant variables.
The calculation of the discriminant root values for each animal as the sum of the products of raw coefficients to
the individual values of discriminant variables together with the constant enables mocsirayTa apyroi MeTn aHamizy
the visualization of each rat in the information space of the roots (Fig. 5).

Table 4. Standardized and Raw Coefficients for Canonical VVariables

Coefficients Standardized Raw
Variables Root1 Root2 Rootl Root2
Swimming duration, min 0,949 0,154 0,093 0,015
Glucose Serum, mM/L 0,223 0,543 0,306 0,744
Bilirubin Serum, pM/L -0,284  -0,310 -0,136  -0,149
Urea Serum, mM/L 0,625 -0,294 0,206 -0,097
Uric Acid Serum, pM/L 0,459 0,046 0,0011 0,00011
Body Mass, g 0,396 0,190 0,020 0,009
(Ku/Nau)®® as Mineralocorticoid Act  -0,518 1,123 -0,624 1,353
Sodium Serum, mM/L 0,325 0,079 0,061 0,015
Diuresis, mL/24he100 g -0,394 -0,386 -0,520 -0,510
Sodium Excretion, pM/24h*100 g -0,290 1,224 -0,002 0,007
Urea Excretion, pM/24he100 g 0,503 -1,041 0,003 -0,006
Calcium Excretion, pM/24he100 g -0,143 0,634 -0,061 0,270
Constants -31,89 -11,91
Eigenvalues 4,761 0,598
Cumulative Proportions 0,888 1

In the Table 5 together with discriminant variables are also variables that carry identifying/ separating

information, but were outside the model due to its duplication/redundancy. For ease of comparison, the values of
the variables are transformed into Z-scores.

Table 5. Factor Structure Matrix (Correlations Variables-Canonical Roots), Means of Roots and Z-scores
of Variables

Correlations MW MW MW MW N1
Variables-Roots N2 (S-) N1 (S0) N3 (S+) &lIntact
(12) 27) (11) (27+10)
Root 1 (88,8%) R1 R2 -3,58 0,20 3,24 0,20
Swimming duration 0,781 -0,031  -2,77+0,37 0,11+0,10 2,29+0,40 0,08%0,11
Chloride Excretion -0,64+0,32 0,51+0,31  1,14+0,61 0,37%0,25
Sodium Excretion 0,137 -0,098  -0,82+0,36 0,73+0,47  1,05+0,72  0,53+0,35
Uric Acid Serum 0,152 0,082 -0,64+0,28 0,07+0,24  0,95+0,78  0,05+0,19
Body Mass 0,270 0,109 -0,70+0,19 -0,03+0,16 0,78+0,17  -0,02+0,14
Sodium Serum 0,078 0,208 -0,11+0,34  -0,14+0,16 0,44+0,24 -0,1110,14
(Ku/Nau)®® as MC Activity -0,281 0,362 1,93+0,56  -0,01+0,20 -0,31+0,26 -0,01+0,17
(CauePu)?® as Calcitonin Activ 0,91+0,77  -0,21+0,35 -0,96+0,32 -0,15+0,27
Magnesium Serum 0,53+0,34  0,20+0,17 -0,26+0,15 0,14+0,15
Creatinine Serum -0,02+0,30  -0,05+0,22 -0,71+0,20 -0,04+0,18
Root 2 (11,2%) R1 R2 0,81 -0,59 1,10 -0,59
Urea Serum -0,070  -0,258  0,02+0,28 0,16+0,20 -0,51+0,20 0,12+0,17
Bilirubin Serum -0,038 -0,379  -0,38+0,28 -0,02+0,19 -0,72+0,23 -0,02+0,16
Phosphates Excretion -0,06£0,20 0,33#0,16  -0,33+0,16 0,24+0,15
Calcium Excretion -0,069  -0,242  0,15%#0,23  0,39+0,29  -0,42+0,21 0,29+0,23
Diuresis -0,025 -0,266  0,01+0,28 0,34+0,16  -0,20+0,16 0,24+0,14
Urea Excretion -0,019 -0,286  0,10+0,20 0,72#0,30  -0,16+0,28 0,52+0,24
Glucose Serum -0,112 0,438 1,06£0,16  0,46+0,13  0,62+0,16  0,33+0,13

Note: MC = Mineralocorticoid; CT = Calcitonin; Values are Z-scores (MeanzSE)

The leftmost position along the axis of the first root of animals in which the swimming test is reduced (S-)
reflects both the minimum levels of their variables that correlate positively with the root and the maximum levels
of variables that correlate negatively with the root (Figs. 5 and 6). The polar position of animals in which the



swimming test improved (S+) reflects the maximum/minimum levels of the variables, respectively. The
intermediate position of rats with a stable swimming test reflects the intermediate levels of these variables.
Additional delimitation of this combined group occurs along the second root axis. The lowest position of animals
in this group reflects their maximum levels in the sample of serum urea, bilirubin, as well as diuresis and excretion
of urea, phosphates and calcium in combination with minimal glycemia.
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Fig. 5. Individual values of the first and second roots of the discriminant variables in intact rats and loaded
with mineral water N1, N2, and N3
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Fig. 6. Average values (Mean£SD) of the first and second roots of the discriminant variables in intact rats
(O) and loaded with mineral water N1, N2, and N3

On the whole, in the information space of the discriminating roots, all groups are clearly delineated. This
distinction is documented by calculating the squared Mahalanobis distances between them (Table 6).

Table 6. Squared Mahalanobis Distances between groups (over diagonal) and F-values (df=12,5) (under
diagonal); for all groups p<10-®

Groups S- S+ SO
(12) (11  (37)

MW N2 (S-) 0,0 46,7 16,3

MW N3 (S+) 18,0 0,0 12,1

MW Ni1&lntact (S0) 9,9 6,9 0,0
Note: ***p<107¢ for all comparisons

The application of the classifying functions (Table 7) enables the retrospective identification of rats united
group unmistakable, and the other two groups - with 3 errors only (Table 8).
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Table 7. Classification Matrix
Rows: Observed classifications; Columns: Predicted classifications
Percent (S-) (S+)  (S0)

Groups correct p=,20 p=18 p=,62
MW N2 (S-) 91,7 11 0 1
MW N3 (S+) 81,8 0 9 2
MW N1&Intact (S0) 100 0 0 37
Total96,0 11 9 40

Table 8. Classification Matrix
Rows: Observed classifications; Columns: Predicted classifications
Percent (S-) (S+)  (S0)

Groups correct p=,20 p=18 p=,62
MW N2 (S-) 91,7 11 0 1
MW N3 (S+) 81,8 0 9 2
MW N1&Intact (S0) 100 1 0 37
Total 96,0 11 9 30

Note: Rows represent observed classifications; Columns represent predicted classifications

Discussion

Principal findings

The main finding of this study is the identification of the key role of mineralocorticoid activity in mediating
the effects of mineral waters on physical performance in female rats. Our results demonstrate that: (1)
mineralocorticoid activity, estimated as (K'urne/Na'urine)®-®, is the strongest single predictor of swimming
performance (r=-0.564; p<107); (2) high-sodium mineral water (MW N2) significantly increases
mineralocorticoid activity and reduces physical performance by 16%; (3) balanced mineral water (MW N3)
maintains low mineralocorticoid activity and enhances performance by 13%; and (4) a combination of five
metabolic variables (mineralocorticoid activity, calcitonin activity, glycemia, body mass, and uricemia) explains
65% of the variance in swimming capacity.

Mechanisms linking mineralocorticoid activity to physical performance

The negative correlation between mineralocorticoid activity and swimming performance can be explained by
several well-established physiological mechanisms. Excess aldosterone causes sodium and water retention
combined with potassium loss, leading to hypokalemia—a condition particularly detrimental to physical
performance (Kwak et al., 2019). Potassium is essential for multiple critical processes during exercise:

1. Muscle excitability and contraction. Potassium is crucial for: (a) generation and propagation of action
potentials in muscles and nerves through maintenance of the resting membrane potential; (b) optimal function of
Nat*,K+*ATPase, which maintains the electrochemical gradient necessary for repeated muscle contractions; and (c)
regulation of muscle contractility through effects on calcium handling in the sarcoplasmic reticulum. Hypokalemia
reduces muscle membrane excitability, impairs action potential propagation, and decreases contractile force,
leading to muscle weakness, fatigue, and cramping (Supiano, 2013).

2. Energy metabolism. Potassium plays a vital role in glycogen synthesis and glucose uptake in skeletal
muscle. Hypokalemia impairs insulin-mediated glucose uptake and glycogen synthesis, reducing the availability
of this critical energy source during prolonged exercise (Kluwe et al., 2023). Additionally, aldosterone excess has
been shown to suppress insulin-mediated glucose uptake and increase oxidative stress in skeletal muscle, further
hindering performance.

3. Cardiovascular function. Excess aldosterone adversely affects cardiovascular responses to exercise
through multiple mechanisms: (a) increased vascular stiffness and endothelial dysfunction; (b) impaired
vasodilation during exercise; (c) increased afterload on the heart; and (d) potential arrhythmias due to electrolyte
imbalances. These effects can limit oxygen and substrate delivery to working muscles, reducing exercise capacity
(Kluwe et al., 2023).

Our finding that MW N2 (with the highest Na* content: 122.3 mM/L) significantly increased mineralocorticoid
activity (2.71£0.38 vs 1.40+0.13 in controls; p<107°) and reduced swimming duration by 16% is consistent with
these mechanisms. The high sodium load likely activated the renin-angiotensin-aldosterone system (RAAS),
increasing aldosterone secretion and promoting potassium loss through increased urinary excretion.

Exercise training and RAAS regulation

Our findings are particularly interesting when considered in the context of exercise training effects on the
RAAS. As demonstrated by Baffour-Awuah et al. (2024) in their meta-analysis of 18 trials with 803 participants,
chronic exercise training reduces plasma angiotensin-11 (SMD -0.71; p=0.008), aldosterone (SMD -0.37; p=0.009),
and norepinephrine (SMD -0.82; p<0.001), while also reducing systolic blood pressure by 6.2 mmHg and diastolic

11



blood pressure by 4.5 mmHg. These adaptations represent important counter-regulatory mechanisms that optimize
cardiovascular and metabolic function for physical performance.

The contrast between our acute findings (high-sodium mineral water increases mineralocorticoid activity and
impairs performance) and the chronic adaptations to exercise training (reduced RAAS activity) suggests that: (1)
acute elevation of mineralocorticoid activity is detrimental to physical performance; (2) chronic exercise training
induces beneficial adaptations that suppress excessive RAAS activation; and (3) interventions that acutely activate
the RAAS (such as high-sodium mineral waters) may counteract these beneficial adaptations.

This interpretation is supported by the observation that MW N3, despite having even higher sodium content
than MW N2 (132.1 vs 122.3 mMJ/L), did not increase mineralocorticoid activity and actually enhanced
performance. This paradoxical finding suggests that other components of MW N3—possibly its higher content of
trace elements (HsBOs: 10.13 vs 7.98 mg/L; I": 1.56 vs 1.22 mg/L) or different balance of organic substances—
may have modulated the RAAS response or provided compensatory beneficial effects.

Aldosterone and cardiovascular health

The relationship between aldosterone and physical performance extends beyond acute effects on muscle
function to include long-term cardiovascular health implications. In the Jackson Heart Study, a prospective cohort
of 3,274 African American adults followed for a median of 12.7 years, Kluwe et al. (2023) demonstrated that
aldosterone partially mediates the association between ideal cardiovascular health (ICH) and incident
cardiovascular disease (CVD). Specifically: Higher levels of ICH were associated with lower aldosterone levels
and reduced CVD incidence; Aldosterone mediated 5.4% (p=0.006) of the effect of ICH on incident CVD; A 1-
unit increase in log-aldosterone was associated with 38% higher risk of incident CVD (HR 1.38; 95% CI: 1.19-
1.61); Blood pressure and glucose mediated 25.6% (p<0.001) and 4.8% (p=0.048), respectively, of the aldosterone-
CVD association.

These findings have important implications for the long-term use of mineral waters. While our study examined
acute effects on physical performance over 12 days, chronic consumption of high-sodium mineral waters that
elevate aldosterone levels may increase cardiovascular risk, particularly in individuals with pre-existing
cardiovascular risk factors. This concern is especially relevant for athletes and physically active individuals who
might use mineral waters as part of their training regimen.

Aldosterone blockade and physical performance

The potential therapeutic implications of our findings are highlighted by studies examining the effects of
mineralocorticoid receptor (MR) blockade on physical performance. Supiano (2013) reviewed evidence suggesting
that aldosterone antagonists, such as spironolactone, may improve physical performance in older individuals and
patients with heart failure. However, a randomized controlled trial of low-dose spironolactone (25 mg) for 20
weeks in older adults with self-reported limitations in activities of daily living failed to demonstrate improvement
in the 6-minute walk test—the study's primary outcome.

Supiano (2013) identified several important caveats to interpreting these negative results:

1. Subject selection. The study population may not have had sufficient physical impairment or high enough
baseline aldosterone levels to benefit from MR blockade. Selecting individuals with higher baseline aldosterone
levels (while still in the normal range) or greater physical impairment might reveal benefits.

2. Dose and specificity. The low dose of spironolactone used may not have achieved complete aldosterone
blockade. Additionally, spironolactone is a non-specific MR antagonist with pharmacologic effects extending
beyond aldosterone blockade. More specific aldosterone antagonists, such as eplerenone, might produce different
results.

3. Outcome measures. The 6-minute walk test is a complex measure influenced by cardiac and pulmonary
function, musculoskeletal limitations, pain, and effort level—not just muscle function. More specific measures of
muscle performance, such as usual gait speed assessed in a 4-meter walk test, might be more sensitive to effects
of aldosterone modulation.

Despite these limitations, the concept that modulating aldosterone activity can influence physical performance
is supported by our findings. The fact that MW N3 maintained low mineralocorticoid activity and enhanced
performance by 13% suggests that preventing excessive aldosterone activation—whether through dietary sodium
restriction, mineral water selection, or pharmacological MR blockade—may be a viable strategy for optimizing
physical performance.

Role of other metabolic factors

While mineralocorticoid activity was the strongest single predictor of swimming performance in our study,
four additional variables contributed significantly to the regression model:

1. Calcitonin activity (r=-0.344; p=0.007). The negative correlation between calcitonin activity and
swimming performance is intriguing and may reflect effects on calcium homeostasis and muscle function.
Calcitonin lowers serum calcium by inhibiting bone resorption and increasing urinary calcium excretion.
Hypocalcemia can impair muscle contraction and increase neuromuscular excitability. However, the physiological
significance of calcitonin in regulating physical performance requires further investigation.
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2. Serum glucose (r=-0.349; p=0.009). The negative correlation between glycemia and swimming
performance was unexpected, as glucose is a primary fuel for exercising muscle. This finding may reflect several
possibilities: (a) pre-exercise hyperglycemia may indicate insulin resistance or impaired glucose utilization; (b)
stress-induced hyperglycemia may be a marker of greater physiological stress during the swimming test; or (c) the
relationship may be confounded by other factors such as body composition or metabolic efficiency.

3. Body mass (r=0.510; p<10-%). The positive correlation between body weight and swimming performance
likely reflects greater muscle mass and strength in heavier animals, assuming similar body composition. This
interpretation is supported by the observation that MW N3-treated rats, which had the highest body mass (282+4
g vs 262+4 g in controls; p<0.001), also had the best swimming performance.

4. Serum uric acid (r=0.240; p=0.052). The positive trend toward correlation between uricemia and
swimming performance may reflect greater purine nucleotide turnover and ATP utilization during exercise in
animals with higher performance capacity. Uric acid is the end product of purine metabolism and increases during
intense exercise due to ATP degradation. Alternatively, uric acid may have antioxidant properties that protect
against exercise-induced oxidative stress.

Together, these five variables explained 65% of the variance in swimming performance (R?=0.650), indicating
that physical capacity is determined by multiple interacting metabolic and hormonal factors. The remaining 35%
of variance likely reflects individual differences in genetic factors, training status, motivation, and other
unmeasured variables.

Sex-specific considerations

An important consideration in interpreting our findings is that the study was conducted exclusively in female
rats. Sex differences in hormonal regulation of physical performance are well-documented, with estradiol and
progesterone modulating the effects of aldosterone and other hormones on muscle function, metabolism, and
cardiovascular responses to exercise (Ruzhylo et al., 2022).

Kwak et al. (2019) demonstrated sex-specific effects of excess aldosterone on skeletal muscle mass in a large
cohort of Korean adults. In men, higher aldosterone levels were associated with lower appendicular skeletal muscle
mass index (ASM/height?), even after adjusting for confounding factors (B=-0.078; p<0.001). However, this
association was not observed in women, suggesting that estrogen may protect against the adverse effects of
aldosterone on muscle mass.

In adolescent team sport athletes, research has shown that the testosterone:estradiol (T:E) ratio is an important
predictor of physical performance in females, with strong correlations observed between T:E ratio and multistage
fitness test performance (r=-0.76; p=0.01) in females not taking oral contraceptives. Additionally, the
testosterone:progesterone (T:P) ratio correlated with counter-movement jump height (r=-0.72; p=0.02) in this
population.

These findings suggest that the effects of mineral waters on physical performance may differ between males
and females due to sex hormone modulation of aldosterone effects. Future studies should examine both sexes to
determine whether our findings in female rats generalize to males and to elucidate the mechanisms underlying
potential sex differences.

Chemical composition and biological activity

An intriguing aspect of our findings is the differential effects of the three mineral waters despite relatively
similar major electrolyte compositions. While MW N2 had the highest sodium content (122.3 mM/L) and produced
the most adverse effects, MW N3 had even higher sodium (132.1 mM/L) yet enhanced performance. This paradox
suggests that other components of the mineral waters play important modulatory roles.

Previous research from the Truskavetsian Scientific School has demonstrated that organic compounds in
mineral waters—particularly organic carbon and nitrogen—contribute significantly to their biological effects
(Zukow et al., 2020). In a study of female rats, we found that the organic carbon and nitrogen content of mineral
waters correlated with their neuro-endocrine effects, including modulation of the hypothalamic-pituitary-adrenal
axis and sympathetic nervous system activity.

In the current study, MW N3 had lower organic carbon content (9.7 mg/L) compared to MW N1 and MW N2
(11.9 and 12.1 mg/L, respectively), but higher content of certain trace elements, particularly boric acid (H:BOs:
10.13 vs 7.98 mg/L in MW N2) and iodide (I": 1.56 vs 1.22 mg/L). Boron has been shown to influence steroid
hormone metabolism and may modulate aldosterone effects. lodide is essential for thyroid hormone synthesis,
which plays a crucial role in regulating basal metabolic rate and exercise capacity.

The adaptogenic properties of mineral waters and phytocompositions have been extensively studied by our
research group. Korda et al. (2024) demonstrated that the Ukrainian phytocomposition "Balm Truskavets" exerts
beneficial effects on metabolism, physical working capacity, and neuro-endocrine-immune regulation through
multiple mechanisms, including modulation of the RAAS. Similarly, Fihura et al. (2025) showed that
phytoadaptogens can reverse adverse effects of certain mineral waters on physical performance, suggesting
complex interactions between different bioactive components.
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Discriminant analysis and metabolic patterns

The discriminant analysis revealed distinct metabolic patterns associated with different levels of physical
performance. The major discriminant root (Root 1), which explained 88.8% of the discriminative capacity, was
characterized by:

Positive correlations (associated with enhanced performance): Swimming duration (r=0.781); Body mass
(r=0.270); Serum uric acid (r=0.152); Sodium excretion (r=0.137); Serum sodium (r=0.078).

Negative correlations (associated with reduced performance): Mineralocorticoid activity (r=-0.281).

This pattern confirms that enhanced physical performance is associated with lower mineralocorticoid activity,
higher body mass (likely reflecting greater muscle mass), and more efficient electrolyte handling (higher sodium
excretion despite lower mineralocorticoid drive).

The minor discriminant root (Root 2), explaining 11.2% of discriminative capacity, was characterized by
negative correlations with serum urea (r=-0.070), bilirubin (r=-0.038), and various urinary excretion parameters.
This pattern may reflect differences in protein metabolism, liver function, and renal handling of metabolites
between groups.

The high classification accuracy (96.0% overall) demonstrates that the metabolic profile effectively captures
the physiological state associated with different levels of physical performance. This finding has potential practical
applications for identifying individuals at risk of impaired performance and for monitoring responses to
interventions.

Clinical and practical implications

Our findings have several important implications for the use of mineral waters in sports medicine, spa therapy,
and general health:

1. Mineral water selection for athletes. Athletes and physically active individuals should be cautious about
consuming high-sodium mineral waters, particularly during training periods. Waters with high sodium content
(>100 mM/L) may acutely impair physical performance through mineralocorticoid activation and potassium loss.
Waters with moderate sodium content and balanced trace element composition may be preferable.

2. Cardiovascular risk considerations. Individuals with cardiovascular risk factors, hypertension, or heart
failure should be particularly cautious about chronic consumption of high-sodium mineral waters, as these may
elevate aldosterone levels and increase cardiovascular risk (Kluwe et al., 2023).

3. Electrolyte monitoring. When mineral waters are used therapeutically or as part of a training regimen,
periodic monitoring of serum and urinary electrolytes may be advisable to detect and correct imbalances before
they impair performance or health.

4. Individualized recommendations. The optimal mineral water composition may vary between individuals
based on baseline aldosterone levels, cardiovascular health, training status, and other factors. Personalized
recommendations based on individual metabolic and hormonal profiles may be more effective than one-size-fits-
all approaches.

5. Integration with other interventions. The effects of mineral waters should be considered in the context
of other dietary and pharmacological interventions that affect the RAAS, including sodium intake, potassium
supplementation, and use of antihypertensive medications.

Limitations and future directions

Several limitations of this study should be acknowledged:

1. Sex specificity. The study was conducted exclusively in female rats. As discussed above, sex hormones
modulate aldosterone effects, and findings may not generalize to males. Future studies should examine both sexes.

2. Duration of exposure. The 12-day exposure period examined acute effects of mineral water consumption.
Longer-term studies are needed to determine whether chronic consumption produces different effects through
adaptive mechanisms.

3. Indirect assessment of aldosterone. We estimated mineralocorticoid activity based on electrolyte ratios
rather than directly measuring aldosterone levels. While this approach has been validated (Popovych et al., 2022)
and correlates with aldosterone activity, direct hormone measurements would strengthen the conclusions.

4. Single performance test. We used swimming until exhaustion as the sole measure of physical performance.
Additional tests of strength, power, and anaerobic capacity would provide a more comprehensive assessment.

5. Mechanism elucidation. While we identified mineralocorticoid activity as a key predictor of performance,
the specific molecular mechanisms linking mineral water composition to RAAS activation require further
investigation.

Future research should address these limitations and explore several additional questions: Do the effects of
mineral waters on physical performance differ between trained and untrained individuals? Can pharmacological
MR blockade prevent the adverse effects of high-sodium mineral waters? What is the optimal mineral water
composition for enhancing performance in different types of exercise (endurance vs. strength vs. power)? Do
genetic polymorphisms in RAAS components (e.g., ACE, aldosterone synthase) influence individual responses to
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mineral waters?Can biomarkers identified in this study (mineralocorticoid activity, calcitonin activity, etc.) predict
responses to training or other interventions?

Conclusion

This study demonstrates that mineralocorticoid activity is the primary determinant of physical performance in
female rats consuming mineral waters with different chemical compositions. High-sodium mineral water (MW
N2) significantly increased mineralocorticoid activity and reduced swimming performance by 16%, while
balanced mineral water (MW N3) maintained low mineralocorticoid activity and enhanced performance by 13%.
These effects are mediated through well-established physiological mechanisms involving potassium homeostasis,
muscle excitability, energy metabolism, and cardiovascular function.

The findings have important implications for mineral water selection in sports medicine and spa therapy,
particularly for athletes, physically active individuals, and those with cardiovascular risk factors. Mineral waters
with high sodium content should be used cautiously, as they may acutely impair physical performance and
potentially increase cardiovascular risk with chronic consumption. Waters with balanced electrolyte composition
and appropriate trace element content may be preferable for optimizing physical performance and health.

The study also highlights the importance of considering hormonal regulation—particularly the RAAS—when
evaluating the effects of dietary and environmental interventions on physical performance. The strong predictive
value of mineralocorticoid activity, combined with other metabolic variables, provides a framework for
understanding individual differences in performance capacity and for developing personalized recommendations.
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