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Effects of exercise and dietary
Interventions on asprosin, leptin,
and lipid metabolism in males with
abdominal obesity, a randomized
controlled trial

Agnieszka Suder'™, Karol Makiel', Aneta Targosz?, Piotr Kosowski® & Robert M. Malina*®

Addressing abdominal obesity requires multifaceted strategies, with physical activity and diet playing
a pivotal role. The objective of this study was to assess alterations in body composition, adipokine
concentrations, insulin resistance parameters, and lipid metabolism in males with abdominal obesity
following two distinct interventions: exercise alone and exercise combined with a specific diet. The
study involved 44 males with abdominal obesity (average age 34.7 + 5.5 years, waist circumference
[WC] 110.3 + 8.5), randomly assigned to three groups: an experimental group with aerobic-resistance
exercise (EG, n=16), an experimental group with aerobic-resistance exercise combined with a high-
protein, low-glycemic index carbohydrate diet (EDG, n=16), both interventions lasting 6 weeks,

and a control group without interventions (CG, n=12). Body composition (body mass [BM], body fat
percentage [BF%)], fat-free mass [FFM], android body fat percentage [ANDR]), as well as biochemical
blood analyses (asprosin [ASP], leptin [LEP], quantitative insulin sensitivity check index [QUICKI], and
total cholesterol [TC]), were conducted at baseline and after 6 weeks of intervention. The impact of
interventions on the analyzed variables among groups was assessed using mixed ANOVA tests with
post-hoc comparisons. Effect size (ES) was also evaluated using np2. Significant reductions in ASP
concentration after intervention were observed in both EG (p=0.04) and EDG (p=0.01). However,
post-hoc tests revealed a decrease in LEP only in the EDG group (p < 0.01). In EDG substantial
decreases after 6 weeks of intervention were noted in BM (p <0.01), BF% (p <0.01), ANDR (p <0.01)
and TC (p < 0.01). The most notable increase in FFM was observed in the EDG group (p <0.01). More
favourable metabolic outcomes were confirmed in the group combining diet with exercise, where there
was a notable reduction in ASP levels by 16% and LEP by 48% after 6 weeks of intervention, compared
to the group undergoing exercise alone.

Obesity often results from an excess of energy intake relative to energy expenditure. A primary factor in
the development of obesity is overeating, which is often a consequence of disturbances in neurohormonal
communication within the body"2. With the accumulation of adipose tissue, there is an increase in the production
of pro-inflammatory adipokines and a decrease in anti-inflammatory ones’. Adipokines responsible, among
other functions, for the regulation of satiety include leptin (LEP) and asprosin (ASP)*. With the progression of
obesity, LEP resistance is enhanced and levels of LEP and ASP in the bloodstream are elevated®.

LEP, primarily synthesized by adipose tissue but also by other tissues, including the stomach, is a hormone
responsible for long-term energy homeostasis in the body®. It crosses the blood-brain barrier, binding to its
receptor in the hypothalamus, signaling a feeling of satiety, and reducing hunger and food intake’~. LEP
synthesized by gastric cells is associated with short-term satiety, interacting, among others, with cholecystokinin,
thereby increasing its production and limiting food intake'®. When the adipose tissue level in the human body
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is low or food availability is restricted, LEP levels decrease, thereby increasing food intake to maintain a normal
body weight”.

With the development of adipose tissue, disruptions in LEP signaling occur. Despite its high levels in
the blood, the information conveyed by LEP, indicating the cessation of excessive food consumption, is not
properly interpreted in the hypothalamus. The hypothalamus becomes increasingly insensitive to LEP with the
progression of obesity, leading to hyperleptinemia, which is termed LEP resistance!.

ASP is a novel adipokine responsible for the regulation of appetite, among other functions. ASP has been
observed to cross the blood-brain barrier, activating the Agouti-related protein (AgRP+)'?. Among obese
individuals, the concentration of ASP is higher than in individuals with normal body weight!3-1° and its level
is proportional to the degree of obesity, increasing even fourfold in individuals with a BMI above 40 kg/m?!6:17,
Elevated concentrations of ASP may induce increased feelings of hunger, leading to greater food intake and,
consequently, the development of obesity'?. One of the primary goals of interventions to improve the health
status of individuals with obesity and metabolic syndrome (MetS) is to reduce LEP resistance'®and normalize
the levels of LEP and ASP in the blood>".

The current direction of pharmacological treatment for obesity involves selecting medications based on the
phenotypes associated with obesity: hungry brain (abnormal satiation), emotional hunger (hedonic eating),
hungry gut (abnormal satiety), and slow burn (decreased metabolic rate)*. Current trends highlight the need
to balance the effects of individual dietary components and the impact of health training to address the deficits
resulting from obesity.

Resistance training is associated with a significant decrease in both ASP*!and LEP??in the blood, primarily
through a reduction in adipose tissue levels in the group of obese men leading a sedentary lifestyle. Additionally,
the application of high-intensity training leads to a decrease in hunger and an increase in satiety levels by
influencing an increase in glucagon-like peptide-1 (GLP-1)*and a decrease in ghrelin levels**.

Protein, through high dietary thermogenesis, can increase energy expenditure associated with slow burn and,
by influencing the satiety process, appease the hungry brain area?>. Moreover, the consumption of a high-protein
meal mobilizes the chief cells of the stomach to increase the production of pepsin, which along with leptin,
inhibits food intake and stomach emptying®. The use of low-glycemic index carbohydrates?, characterized by
high fiber content?’, influences prolonged feelings of satiety*®limiting the consequences of hungry gut in obesity.
Qualitative changes in the diet lead to increased feelings of satiety and reduced hunger, ultimately resulting in an
unconscious attainment of a negative energy balance. Maintaining a negative energy balance, resulting from the
applied diet and exercise, leads to a reduction in adipose tissue levels and LEP, offering perspectives for reducing
LEP resistance’. The implementation of a diet combined with exercise also leads to a decrease in ASP levels®.
Through interventions aimed at improving the levels of these described adipokines, the likelihood of achieving
lasting results in weight reduction, improving health status, and preventing obesity relapses increases’.

Given the favourable impact of strength training and the described diet on LEP and ASP levels, as well as the
hunger and satiety processes, the present study compares the benefits of combining a diet with health training
versus the use of health training alone on changes in selected adipokines, body composition, cholesterol levels,
and the insulin resistance index. It was hypothesized that an intervention combining the influence of exercise
and diet will have a more marked effect on metabolic parameters in men with abdominal obesity compared to a
exercise-only intervention.

Results

According to the project assumptions, both intervention groups: the aerobic-resistance group (EG) and the
aerobic-resistance combined with a high-protein, low-glycemic index carbohydrate diet group (EDG) showed an
increase in training loads measured as the sum of 1RM (one-repetition maximum) from three exercises: squat,
bench press, and bar pull-down after six weeks of intervention (p=0.01) (Table 1). In addition, estimated total
energy expenditure (TEE) increased significantly in both intervention groups (p < 0.01). Before the intervention,
no significant differences were found between the groups in the analyzed parameters.

Groups Mean (SD)
Variable Time CG EG EDG Effect F P np*
132.1 128.8 . .
. intervention | 0.01 | 0.91 0.01
Load progression [kg] bwa::lilge - (13;3;3'01)‘, (é(;g)b time 8.58 |0.01 0.01

(37.8) (44.6) interaction 0.33 0.57 0.01
2919.3 | 2637.9 2709.3
TEE baseline | (425.8) | (266.0) | (161.3)
[keal] week 6 | 2937.7 | 2871.9>¢ | 2846.7 ¢
(418.3) | (286.1) | (263.9)

intervention | 1.37 | 0.27 0.06
time 32.55 | <0.01 | 0.04
interaction 7.22 <0.01 | 0.02

Table 1. Load progression (sum of 1RM from 3 exercises: squat, bench press, bar pulldown) and total

energy expenditure (TEE) in the control (CG), exercise (EG) and exercise-diet (EDG) groups. CG - control
group, EG - exercise group, EDG - exercise combined with diet group, SD - standard deviation, p < 0.05 -
statistically significant difference, npz — effect size, ® effect of time, within group p <0.01 vs. baseline; © effect of
intervention-time interaction p < 0.01vs. baseline.
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Groups Mean (SD)
Variable | Time CG |EG EDG Effect F P np*
101.9 | 105.6 | 105.6 . .
BM baseline | (115) | (7.4) | (103) | intervention JO.17 1084 1 6.01
[kg] week 6 | 102.6 |104.8 |101.7%¢ | : : .

(10.9) | (16.3) | (10.3) interaction | 20.66 | <0.01 | 0.01
36.3 35.1 35.1
BF baseline | (4.1) | (3.9) |(3.9)
[%] week 6 |363 |348 |31.1>°¢
37 [B7) |4

452 |43.6 |44.1
ANDR | baseline | (5.0) | (5.6) | (4.7)
[%] week 6 |450 [42.6 |38.1%b¢
(4.6) |(6.3) |(5.7)

644 |650 |66.1
FFM baseline | (4.2) | (5.5) |(3.9)
[%] week6 | 640 [653 |69.05¢
(4.0) |(40) |(3.7)

intervention | 2.53 | 0.09 0.11
time 33.42 | <0.01 | 0.03
interaction | 28.13 | <0.01 | 0.06

intervention | 2.03 | 0.02 0.09
time 33.57 | <0.01 | 0.05
interaction 19.68 | <0.01 | 0.06

intervention | 2.41 | 0.10 0.10
time 8.45 | <0.01 | 0.01
interaction 10.97 | <0.01 | 0.03

Table 2. Body composition: body mass (BM), body fat (BF), android body fat (ANDR) and fat free mass
(FFM) in the control (CG), exercise (EG) and exercise-diet (EDG) groups. CG - control group, EG - exercise
group, EDG - exercise combined with diet group, SD - standard deviation, p <0.05 - statistically significant
difference, np? - effect size, ® effect of intervention, between groups EDG vs. CG: p=0.01; ® effect of time,
within group p <0.01 vs. baseline; € effect of intervention-time interaction p <0.01 vs. baseline .

Groups Mean (SD)

Variable | Time CG |EG EDG | Effect F |p np*
429 |465 |[504 |. .

ASP baseline | (15.9) | (26.2) | (18.1) intervention | 0.17 | 0.85 0.01

time 7.25 | 0.01 0.02

b b
[ng/ml] week 6 | 42.0 400 423 interaction 1.22 | 0.31 0.01

(13.5) | (20.6) | (20.6)

7.6 8.0 6.4
LEP baseline | (4.3) |(3.9) |(4.0)
[ng/ml] |week6 |8.2 7.2 3.4b¢
(38) |(43) |32

032 |032 [033

baseline | (0.03) | (0.02) | (0.02)
QUICKT | leeks | 032 |0.33° | 0340
(0.02) | (0.02) | (0.03)

5.4 52 5.2
TC baseline | (0.8) | (1.3) |(0.9)
[mmol/l] | week6 | 5.5 5.1 4.6
0.8) | (1.0) |[(0.7

intervention | 3.11 | 0.06 0.12
time 6.89 | 0.01 0.02
interaction | 6.40 | <0.01 | 0.04

intervention | 1.35 | 0.27 0.04
time 6.33 | 0.02 0.04
interaction | 2.48 | 0.10 0.03

intervention | 0.81 | 0.45 0.04
time 6.89 | 0.01 0.02
interaction | 6.37 | <0.01 | 0.04

Table 3. Concentrations of asprosin (ASP), leptin (LEP), total cholesterol (TC) and quantitative insulin
sensitivity check index (QUICKI) in the control (CG), exercise (EG) and exercise-diet (EDG) groups. CG -
control group, EG - exercises group, EDG - exercises combined with diet group, SD - standard deviation,
p<0.05 - statistically significant difference, np? - effect size, ° effect of time, within group p < 0.05 vs. baseline;
¢ effect of intervention-time interaction p <0.01 vs. baseline.

The two-way mixed-design analysis of variance (ANOVA) indicated a significant time (p<0.01) and
interaction (p <0.01) effect for body mass (BM). A significant reduction in BM occurred in the EDG group
(p<0.01), a mean decline of 3.92 kg over the course of 6 weeks (Table 2).

Significant changes in percentage of body fat (p <0.01) and visceral fat (ANDR, p<0.01) were confirmed
in relation to intervention time and the interaction of time and intervention (BF%, p <0.01; ANDR, p<0.01),
indicating a medium effect size (7p?=0.06). Significant decrease in BF% were confirmed in the EDG group
(p<0.01) between observations, amounting to 4%. Differences were observed between CG and EDG (p=0.01)
in visceral fat (ANDR) with a decrease of 6% in the EDG group over 6 weeks (p <0.01). An increase in %FFM
was also noted in the intervention groups, with the largest increase of 2.9% in the EDG group (p <0.01). Before
the intervention, no significant differences were found between the groups in the analyzed parameters.

The two-way mixed-design analysis of variance (ANOVA) indicated a significant time effect on asprosin
(ASP) concentration (p=0.01). The change in ASP concentration after 6 weeks was confirmed in both EG
(p=0.04) and EDG (p=0.01) (Table 3; Fig. 1).

Significant differences were confirmed in leptin (LEP) in both intervention time (p =0.01) and the interaction
of time and intervention type (p <0.01). Post-hoc tests confirmed a 48% decrease in LEP in the EDG group
(p<0.01) (Table 3; Fig. 2).

The QUICKI level increased over time (p=0.02) in both intervention groups, EG (p=0.01) and EDG
(p=0.03) (Table 3). Total cholesterol (TC) decreased over the six weeks (p=0.01) in the intervention groups,

Scientific Reports |

(2024) 14:28109 | https://doi.org/10.1038/s41598-024-79853-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Asprosin

EG [ EDG [ cG |

100 1

ANOVA test: time p = 0.01

p=0.04
p <0.01

75
€
(=]
=
= 501

25 |

ha:;t'zmcf v.‘ce'e« 6 [}{!SE’? ne ‘.‘.'ez'%k 6 hast': ine v.ez'ek 6

time

Fig. 1. Changes in asprosin (ASP) [ng/ml] concentration in the control (CG), exercise (EG) and exercise-diet
(EDG) groups during weeks of examinations.

achieving statistical significance in the EDG group (p <0.01). The interaction between time and intervention
type was also significant (p<0.01) (Table 3). Before the intervention, no significant differences were found
between the groups in the analysed parameters.

The energy value of the diet also changed over time (p=0.03), and the interaction between intervention type
and time was significant (p <0.01) and associated with a high effect size (yp>=0.15). Participants in the EDG
group consumed significantly less energy in the diet after 6 weeks (p <0.01) (Table 4).

The change in protein levels over time (p=0.03) and the interaction of time and intervention (p <0.01) were
confirmed, supported by a medium effect size (yp?>=0.12). The EDG group increased in protein intake during
the intervention (p <0.01) (Table 4).

Carbohydrate consumption changed over time (p=0.04), depending on the group, and the interaction of
time and intervention type was significant (p <0.01) with a medium effect size (yp?=0.13). The EDG group
significantly reduced carbohydrate consumption (p <0.01).

The change in fiber consumption was opposite to that of carbohydrates. Similarly, time (p<0.01) and
interaction between time and intervention (p <0.01) were significant, with a 46% increase in fiber consumption
in the EDG group (p <0.01).

The level of fats in the diet also changed considering the interaction of time and group (p <0.01) with a high
effect size (yp?>=0.19). Participants in the EDG group reduced fat consumption by 29% (p<0.01) (Table 4).
Before the intervention, no significant differences were found between the groups in the analysed parameters.

Correlations between components of body composition and adipokines, total cholesterol and QUICKI are
summarized in Table 5. Overall, correlations were generally in the moderate range and overlapped for the CG,
ED and EDG groups.

Correlations between components of diet and adipokines, total cholesterol and QUICKI are summarized in
Table 6. Overall, correlations were generally in the moderate range and overlapped for the CG, ED and EDG
groups.
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Fig. 2. Changes in leptin (LEP) [ng/ml] concentration in the control (CG), exercise (EG) and exercise-diet
(EDG) groups during weeks of examinations.

2902.9 . .
. 2677.0 intervention | 1.59 | 0.22 0.07
Energy value of the diet [kcal] aaeseelilge (335.0) gggii Eigii; %2%1)‘,, . | time 95.34 | 0.03 0.02
2777.3 (344.4) . ) (336 '1) interaction |26.21 | <0.01 | 0.15
140.9 126.9 121.3 . .
Proteins baseline | (27.3) (26.7) (19.5) | hervention 411'3; g‘ég 8'82
gl week 6 | 135.2 122.8 150.9 ¢ |} . : . -
(22.63) (24.83) (21.36) interaction 16.26 | <0.01 |0.12
315.6 3253 336.8 . .
. intervention | 1.87 | 0.17 0.08
Carbohydrates [g] baseline | (61.3) (87.2) (72'3)1, . | time 474 ]0.04 0.02
week 6 | 315.1 355.1 249.8 > . .
(69.62) (66.83) (52.16) interaction 16.52 | <0.01 | 0.13
23.6 239 22.6 . .
Fiber baseline | (8.1) (5.9 7.9) intervention | 1.77 10.18 | 0.07
(e) e 1534 Y 33 be | time 11.13 | <0.01 | 0.05
& @ '7) G '7) s '2) interaction | 12.74 | <0.01 | 0.11
101.4 111.6 118.9 . .
Fats baseline | (26.3) 11.7) (323) | ntervention | 0.58 045 1 0.04
[g] week 6 119.7 111.0 84.9¢ X . p ) .
(24.6) ©1.2) (20.0) interaction |20.11 | <0.01 | 0.19

Table 4. Energy value, level of proteins, carbohydrates, fiber and fats of the research participants” diet in the
control (CG), exercise (EG) and exercise-diet (EDG) groups. CG - control group, EG - exercise group, EDG

- exercise combined with diet group, SD - standard deviation, p <0.05 - statistically significant difference, np?
— effect size, ® effect of time, within group p <0.05 vs. baseline; © effect of intervention-time interaction p <0.05

vs. baseline.
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BM BF FFM | ASP

[kg] [%] ANDR [%] | [%] [ng/ml] | LEP [ng/ml] | QUICKI | TC [mmol/l]
ASP CG [ng/ml] —0.28 | —0.52* | —0.34* 0.51* 1.00 —-0.28 0.15 0.03
ASP EG [ng/ml] —0.12 | —0.34* | —0.38* 0.38* 1.00 -0.12 0.11 0.38*
ASP EDG [ng/ml] 0.09 0.20 0.20 —-0.20 1.00 0.16 -0.12 0.48*
LEP CG [ng/ml] 0.05 0.62* 0.34* —0.63* | —0.28 1.00 —0.34 0.03
LEP EG [ng/ml] 0.49* 0.73* 0.67* —0.52% | —0.12 1.00 —0.51 0.15
LEP EDG [ng/ml] 0.39* 0.66* 0.63* —0.46* 0.16 1.00 -0.33 0.40*
TC CG (mmol/l) —0.32* 0.08 0.01 -0.12 0.03 0.03 0.18 1.00
TC EG (mmol/l) —0.36* | —0.17 | —0.27 0.01 0.38* 0.15 —0.04 1.00
TC EDG (mmol/l) 0.04 0.36* 0.28 -0.27 0.48 0.40* —0.35* 1.00

Table 5. The value of the Pearson correlation for body composition components, adipokines, total cholesterol
and QUICKI in the control (CG), exercise (EG) and exercise-diet (EDG) groupst. * — statistically significant
value p <0.05; tConcentrations of asprosin (ASP), leptin (LEP), total cholesterol (TC), body mass (BM), body
fat (BF), android body fat (ANDR), fat free mass (FFM), quantitative insulin sensitivity check index (QUICKI)
in each of the three groups (CG, EG, EDG) are based on the two time points.

Proteins | Carbohydrates | Fiber | Fats
Energy value of the diet [keal] | [g] [g] [g] [g]
ASP CG [ng/ml] 0.19 —0.40* 0.34* 0.10 0.01
ASP EG [ng/ml] 0.24 0.42* 0.36* -0.39* | 0.32*
ASP EDG [ng/ml] 0.22 —0.25 0.41* —0.33* 0.02
LEP CG [ng/ml] | —0.27 0.16 | —0.55* 025 | 0.8
LEP EG [ng/ml] 0.15 0.35* 0.05 —0.11 0.17
LEP EDG [ng/ml] 0.49* 0.01 0.38% —0.46* | 0.41*
TC CG (mmol/l) —0.09 0.04 —0.28 0.24 | —0.09
TC EG (mmol/l) —0.35* —0.11 —0.39* —-0.37* 0.01
TC EDG (mmol/l) 0.37* —0.27* 0.46* —0.30* 0.20

Table 6. The value of the Pearson correlation for adipokines, total cholesterol and diet components in the
control (CG), exercise (EG) and exercise-diet (EDG) groupst. * — statistically significant value p <0.05;
tConcentrations of asprosin (ASP), leptin (LEP) and total cholesterol (TC) in each of the three groups (CG,
EG, EDQG) are based on the two time points.

Discussion

The introduction of a combination of exercise and diet (EDG) yielded favorable changes in body composition
after 6 weeks of intervention, specifically decreases in BM (—3.9 kg), BF (—4.0%) and ANDR (—6.0%), and
an increase in FFM (2.9%). Similarly, participation in exercise alone (EG) resulted in similar changes in body
composition, although the changes were not statistically significant and the changes were 4-6 times smaller than
those in the EDG group. All changes in body composition in the CG group were also not significant.

The application of exercise alone (EG) resulted in a 14% reduction in ASP and a 10% reduction in LEP
concentrations (although not statistically significant), while more favourable outcomes were observed in the
EDG group which experienced a 16% reduction in ASP and a 48% reduction in LEP concentrations after the
6 week intervention. Both intervention groups also showed an increase in the QUICKI index, suggesting an
improvement in insulin sensitivity. On the other hand, a mean reduction of 11% in TC level in the EDG group
was also confirmed after the 6 week intervention. Increased dietary fiber content was negatively correlated with
both TC and ASP levels.

The attainment of favorable results in the EDG group, which increased differences relative to the EG and CG
groups, resulted from qualitative changes in the diet of the participants. Introducing products with low glycemic
index carbohydrates and increasing the consumption of high-protein products led to an average daily protein
intake increase of 24% (29.6 g) and a 46% increase in fiber content. The consequence of these qualitative changes
was a reduction in energy sources in the diet, with a decrease in carbohydrates by an average of 87.1 g/day and
fats by 34.1 g/day, resulting in a reduction in daily dietary energy from the initial value by 536.6 kcal/day. The
dietary intervention yielded the expected effects, leading to an unconscious attainment of a negative energy
balance among EDG participants, resulting in a reduction in BM. In the EDG group, a negative correlation was
confirmed between protein (r = —0.33) and fiber (r = —0.37) intake and the energy value of the diet (data not
included). The unconscious restriction of energy in the diet by the EDG group participants, confirmed by the
occurrence of significant correlations, was probably the result of an increased feeling of satiety after consuming
foods with a low glycemic index and an increase in protein supply. According to our recommendations, the
subjects were to eat meals until satiated and choose quality food products, according to the dietitian’s instructions.
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Despite the increased supply of protein in the diet of the subjects, the energy value of the diet decreased due to
the unconscious restriction of fat (p <0.01) and carbohydrate (p <0.01) consumption. The other groups taking
part in the study did not make any significant changes to their diet, in accordance with the recommendations.

Similar dietary interventions were applied in the European-wide Diogenes study conducted on 891 families
predisposed to overweight/obesity. In this study, the implementation of a high-protein diet with low glycemic
index carbohydrates prevented the recurrence of BM>C. In this study, the implementation of a high-protein diet
with low glycemic index carbohydrates prevented the recurrence of body mass. Engaging in exercise alone in the
EG group in the present study was associated with a decrease in BF by 0.3% and visceral fat by 1.0% (although
the observed changes were not significant).

Among various components of lifestyle, in addition to biological predispositions, physical activity plays a
primary role in the distribution and levels of body fat*!*2. Maintaining a high level of physical activity provides
an opportunity to achieve favorable changes in body composition; however, the present study was limited to a
relatively short duration of 6 weeks. As confirmed by other studies, extending the intervention period allows for
a greater reduction in visceral fat and total body fat, reaching significant levels after a 12-week period??.

The appetite-regulating effect of asprosin (ASP) involves promoting the activity of the orexigenic receptor
protein, receptor tyrosine phosphatase § (Ptprd) in AgRP+neurons in a cAMP-dependent manner; while
simultaneously inhibiting anorectic POMC+neurons in a GABA-dependent pathway, thereby stimulating
appetite and promoting body weight accumulation similarly to ghrelin!2. ASP, identified as gluconeogenic
hormone induced during fasting, employs a signaling pathway involving a G protein and cyclic AMP (cAMP)
to activate protein kinase A (PKA) in the liver, thereby enhancing the release of glucose from hepatocytes®.
Elevated insulin levels counteract the effects of ASP by suppressing its ability to stimulate PKA activity and
glucose release®®. The aerobic exercise has been shown to diminish hepatic ASP levels via the PKA/TGF-p
pathway, concurrently enhancing the AMPK-related signaling pathway. This exercise-induced modulation
alleviates impaired glucose metabolism and proves beneficial in the treatment of diabetes mellitus (DM) in rats>.
Exercise exerts positive effects on insulin sensitivity and glycogen storage in skeletal muscle by upregulating the
expression of glucose transporter 4 (GLUT4)*. A recent investigation into skeletal muscle glucose uptake reveals
that ASP, enhances glucose transport by elevating GLUT4 levels in myotubes. Notably, the promotion of glucose
uptake is facilitated by AMPK phosphorylation in skeletal muscle following exogenous administration of ASP*.
As emphasized by Liu et al¥’., these findings introduce a degree of contradiction to prior studies that suggest
diverse effects of ASP on various pathways; by inference, further research is warranted.

In the present study, the implementation of an exercise intervention and a combination of exercise and diet
was associated with a decrease in ASP and LEP concentrations after 6 weeks. The influence of exercise alone
was associated with a reduction of 14% in ASP and 10% in LEP concentrations, although the changes did not
reach significant levels. On the other hand, more favorable outcomes were observed in the exercise plus diet
group, significant reductions of 16% in ASP and 48% in LEP concentrations after the 6 week intervention. Even
a modest weight reduction of 4% associated with a low-energy diet lead to a decrease in LEP, in the case of
other adipokines, significant changes often do not necessarily occur despite weight reduction reaching 14%2%. A
meta-analysis comparing the application of exercise alone to exercise in conjunction with diet al.so confirms the
occurrence of a greater reduction in LEP levels in the group implementing the combined intervention®. After 14
weeks of aerobic exercise combined with an intervention diet, with an assumed daily energy deficit of 500 kcal,
there was a reduction in ASP levels (—32%) and BM (—10%)%.

In the present study, the group implementing a combination of diet and exercise experienced a 5% reduction
in BM within 6 weeks, which was apparently sufficient to induce significant changes in levels of the described
adipokines. It is worth emphasizing that, with the application of the weight reduction methods in the present
study, it would be advisable to extend the duration of the intervention, while avoiding an increase in the energy
deficit due to the likelihood of regaining weight over time*’.

The specific type of exercise undertaken also plays a crucial role in regulating the described adipokines.
The reduction in LEP levels in obese men with metabolic syndrome occurs gradually under the influence of a
combination of aerobic and resistance training, reaching a reduction of 26% after an intervention of 12 weeks?2.
A meta-analysis of studies also confirmed that engaging in aerobic physical activity, resistance exercise, and the
combination of both forms of physical activity leads to a significant reduction in LEP concentrations during
the implementation of long-term interventions*!. In the case of ASP, research results are inconclusive. In obese
men, a significant decrease in ASP levels was observed after 12 weeks of resistance training?!, while in another
study, a combination of aerobic and resistance training was not associated with significant reductions in ASP
concentrations in individuals with metabolic syndrome*2.

The implementation of physical exercises alone, in the form of a combination of aerobic and resistance
training, already leads to a significant reduction in insulin resistance, specifically after three sessions per week
over 16 weeks*. In our current study, the QUICKI level increased in both intervention groups after 6 weeks
(Table 3). A meta-analysis of studies demonstrated that the combination of diet and physical exercises results in
a greater reduction in visceral fat tissue, along with a decrease in insulin resistance levels, compared to engaging
in exercise alone**.

Also in the present study, ASP concentrations were significantly correlated with total cholesterol (TC) levels
in the intervention groups, an observation not corroborated in a study of patients with metabolic syndrome*°.
On the other hand, a study of mice noted a decrease in cholesterol levels after four administrations of ASP at
a dose of 10 pg/kg, suggesting a potential mechanism for preventing metabolic complications of diabetes®.
Of course, changes occurring with insulin resistance or type 2 diabetes may be both a result and a cause of
developing obesity?’.

The exercise and diet intervention was associated with an average 11% decrease in TC levels after 6 weeks
of intervention. Such results are comparable to the chronic use of certain statin-class hypocholesterolemic
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medications®®. A 10% reduction in cholesterol lowers the risk of death from coronary heart disease (CHD)
by 15% and the overall risk of death by 11%%°. However, in a study comparing the use of aerobic exercise with
a combination of aerobic and resistance training, no significant changes in non-HDL cholesterol levels were
achieved as a result of the exercise interventions?.

A significant correlation was confirmed between cholesterol levels and ASP in the EG (r=0.38) and EDG
(r=0.48) intervention groups. The presented relationship between the indicators may result indirectly from
the relationship between insulin resistance and hypercholesterolemia. ASP affects glucose metabolism, among
others, by acting on its receptor in the liver®®. ASP levels are closely related to the level of insulin resistance in
patients with obesity’!. Insulin resistance may excessively stimulate the synthesis of the liver enzyme 3-hydroxy-
3-methylglutaryl coenzyme A reductase (HMG-CoA reductase), which plays an important role in cholesterol
synthesis®%. High concentrations of ASP may also lead to fatty liver disease associated with metabolic dysfunction
(MAFLD), and consequently to increased levels of TC, LDL, TG and decreased HDL in obese individuals
or those with type 2 diabetes®*>*. Complications resulting from the effect of ASP on insulin resistance and
hypercholesterolemia are observed, among others, in the development of coronary artery disease’”.

In addition to the introduction of physical activity, the increase in dietary fiber may have contributed to the
reduction in TC levels. A moderate correlation was confirmed between fiber levels in the EG group and the EDG
group. Increased intake of dietary fiber is associated with a reduced risk of cardiovascular diseases. It has been
demonstrated that fiber lowers blood cholesterol through several different mechanisms®. Recommended fiber
intake varies across countries, ranging from 18 to 38 g/day for adults®”*8. The Recommended Dietary Allowance
(RDA) for total fiber intake for healthy individuals aged 19-50 is 38 g/day for men and 25 g/day for women®.
Despite the numerous health benefits of dietary fiber, the average daily intake for most Americans is 15 g/day,
significantly below the recommended levels®®. According to WHO/FAQ recommendations, a daily intake of 25 g
of fiber allows for proper body functioning®. In the present study, the average fiber intake of participants was
23.4 g/day, which was below the WHO recommended intake, and there were no significant differences in fiber
intake between the study groups at baseline or in the CG and EG groups after 6 weeks. On the other hand, a
significant increase in fiber consumption was observed in the EDG group, reaching 33.1 g/day of fiber after the
6 week intervention, an increase in daily intake by 10.4 g. Higher fiber intake was also negatively correlated with
ASP concentration in the EG (r = —0.39) and EDG (r= —0.33) groups. Results of a meta-analysis also indicate
that 7 g/day increase in fiber consumption was associated with a lower risk of both cardiovascular diseases and
coronary heart disease®. Increasing dietary fiber is one of the main dietary reccommendations in current trends
for weight reduction and obesity treatment®!.

The present study is not without limitations. Numbers of subjects were limited and the duration of the
intervention was only six week. Undoubtedly, the lack of a group in which the influence of the diet itself on
the analyzed parameters was tested is a limitation of the project. During the project, the VO, max test was
not performed, which would allow monitoring of training adaptation in the intervention groups. The study
also falls short of elucidating the intricate mechanisms which underlie changes in adipokine concentrations
following exercise and dietary interventions. It is recommended that future investigations involve a broader
cohort of volunteers afflicted with abdominal obesity, include both males and females, and different age groups.
Subsequent research, potentially linked to the expression of microRNAs also warrants exploration to provide a
more comprehensive understanding of the processes.

Conclusions

A combination of resistance-aerobic training with a diet based on low glycemic index products and higher protein
content resulted in significant changes in body composition, including a reduction in BM, BF and ANDR, and an
increase in FFM. The group implementing both diet and exercise also experienced a 16% reduction in asprosin
(ASP) and a 48% reduction in leptin (LEP) concentrations, indicating a favourable impact of the intervention
on adipokine regulation, and yielding more beneficial changes than exercise alone. A mean reduction of 11% in
total cholesterol (TC) levels was also confirmed after 6 weeks of intervention in this group. Increasing dietary
fiber content was also negatively correlated with both TC and ASP levels. Both intervention groups showed an
increase in the QUICKI index, suggesting an improvement in insulin sensitivity. In summary, the combination
of exercise with an appropriate diet is crucial for achieving beneficial changes in body composition, adipokine
regulation, improvement in insulin resistance and lipid profile.

Methods

Study design

The research protocol used a prospective, randomized and controlled study design. The aim of the study was
to compare the effect of 6-weeks of aerobic-resistance exercises (group EG) and of aerobic-resistance exercises
combined with a high-protein, low-glycemic index carbohydrate diet (group EDG) on the concentrations of
asprosin (ASP) and leptin (LEP), indicators of carbohydrate metabolism, and cholesterol levels in men with
abdominal obesity, compared to men with abdominal obesity not subjected to intervention (control group CG).
The variables examined in this manuscript are part of a broader research project that explored the impact of
exercise and dietary interventions on body composition, as well as selected biochemical parameters in men with
abdominal obesity®2.

A random allocation process was used to assign obese men to each of the three groups. Participants were
assigned to three groups based on the selection of an opaque envelope containing a number for each of the three
groups. During the statistical analysis of results and biochemical determinations, personnel were unaware of the
group allocations. Due to the nature of the intervention or its lack, a blind procedure was not applied.
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The study included 44 Caucasian men 30 to 40 years (mean age 34.7 + 5.5 years) who met the main selection
criterion for abdominal obesity: an increased waist circumference (WC) above 94 cm. Participants were
randomly assigned to three groups:

o Experimental group EG (n=16, 34.8+6.0 years) who performed aerobic-resistance exercises (WC:
110.8 +11.3 cm; BMI: 32.2 + 4.3 kg/m?);

« Experimental group EDG (n=16, 34.9+5.6 years) who engaged in aerobic-resistance exercises combined
with a high-protein, low-glycemic index carbohydrate diet (WC: 108.9 +7.6 cm; BMI: 32.1 +3.7 kg/m?);

« Control group CG (n=12, 34.1+5.5 years) without any intervention during the project duration (WC:
111.2+6.8 cm; BMI: 31.7 +3.7 kg/m?).

The basic characteristics of the research participants in the control (CG), exercise (EG) and exercise-diet (EDG)
groups are presented in Table 7. There were no differences between CG, EG, and EDG with respect to age and
basic anthropometric parameters before the interventions.

The assignment to the intervention was parallel, conducted by a trainer. The recruitment and intervention
period spanned from February 2022 to July 2022, ensuring the study groups reached the minimum required
sample size. No harm or adverse events were reported during the trial.

In addition to male gender and confirmation of abdominal obesity, the study considered the following criteria:
age 30-40 years, a medical certificate confirming no contraindications for aerobic-resistance exercises, written
consent for voluntary participation in the research project, and no health contraindications such as ischemia,
decompensated heart failure, heart rhythm disorder, severe pulmonary hypertension, symptomatic aortic
stenosis, acute myocarditis, endocarditis or pericarditis, uncontrolled blood pressure, aortic dissection, Marfan
syndrome, uncontrolled diabetes, mental disorders, health problems preventing movement, participation in
another form of physical activity during the project, and lack of written consent to take part in the examination.

Exclusion criteria from the research project included: lack of a medical certificate confirming the ability to
engage in resistance and aerobic training, excessively low attendance at training sessions in intervention groups
(minimum attendance above 90%).

Volunteers underwent training, received a written description of the goals, procedures, and planned course of
the research project. Each participant could withdraw from the study at any time without facing consequences.

Participants were trained by the same personal trainer and were asked not to engage in additional physical
activity outside the protocol. They were also instructed to adhere to the medication and dietary supplement
schedule during the observation period.

All participants in the study provided written consent for the processing of personal data, voluntary
participation in the study, and the use of obtained results for scientific purposes. There were cases of patients
resigning from the training and of exclusion of participants due to: more than 10% of missed training (2 cases),
failure to follow dietary recommendations (3), uncontrolled alcohol intake (1), absence at control sessions (3).
The research project obtained approval from the Ethics Committee of the Regional Chamber of Physicians in
Krakow (15/KBL/OIL/2022), and all methods adhered to the guidelines of the Declaration of Helsinki. Informed
consent was obtained from all subjects, and the study was registered in the Australian New Zealand Clinical
Trials Registry under the registration number ACTRN12624000184572 (26/02/2024), following CONSORT
guidelines. The flowchart of the study is presented in Fig. 3.

Methods
The following assessments were performed all participants on two occasions, before and after 6 weeks of the
intervention:

Anthropometry

For the purpose of this study, body height (BH) [cm], body mass (BM) [kg], and waist circumference (WC)
[cm] were used. BH was measured to the nearest 1 mm, in a standing position without shoes, with the head in
the Frankfurt plane, using a stadiometer (Seca 231 stadiometer, Hamburg, Germany). BM was obtained in the
standing position using a standardized medical scale (Beurer PS 240, Budapest, Hungary), with an accuracy of
50 g. WC was measured to the nearest 1 mm using an anthropometric tape between the lower edge of the costal

Group
Index CG EG EDG p-value
Age 341455 | 348+60 | 349456 |0.92
[years]
BF (%] 36.3+4.1 35.1+3.9 35.1+3.9 | 0.65

FFM [%] 64.4+4.2 | 65.0+55 66.1+4.0 | 0.61
WC [cm] | 111.2+6.8 | 110.8+11.3 | 108.9+7.6 | 0.75

BMI [kg/
m?]

31.7+3.7 | 322+43 32.1+£3.7 | 093

Table 7. Characteristics of the research participants in the control (CG), exercise (EG) and exercise-diet
(EDG) groups. BF— percent of body fat, FFM— percent of fat-free mass, WC—waist circumference, BMI—
body mass index.
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m { Assessed for eligibility (1 = 55) ]

Excluded (n =2)
* Not meeting inclusion criteria (n = 2)

A 4

[ Randomized (n = 53) ]

Allocation
Allocated to exercises Allocated to exercises
Allocated to control group (EG) intervention combined with diet
group CG (n =16) (n=18) group (EDG)

intervention (n = 19)

Control procedure:
Nutrition and health interviews;
Filling in the IPAQ questionnaire by the examined;
Anthropometric measurements and analysis of body composition;
Hormonal and biochemical tests of blood

v L 2 v

[ Discontinued in CG (n = 4) J[ Discontinued intervention in EG (n =2) ][ Discontinued intervention in EDG (n = 3) ]

Control procedure:
Nutrition and health interviews;
Filling in the IPAQ questionnaire by the examined;
Anthropometric measurements and analysis of body composition;
Hormonal and biochemical tests of blood

. inCG (n=12) in EG (n =16) in EDG (n =16)

Fig. 3. The flowchart of the study.

arch and the upper edge of the iliac crest, with the participant in standing position, and recorded at the end of a
gentle expiration. The body mass index (BMI) [kg/m?] was calculated.

Body composition

Dual-Energy X-ray Absorptiometry (DEXA) was applied to assess body composition: percentage of body fat
(BF) [%], android fat (ANDR) [%], fat free mass (FFM) [%], and body mass index (BMI) [kg/m?]. A Lunar
Prodigy Primo PR+ 352,163 (Chicago, IL, USA) was used.

Hormones

Fasting blood samples were collected in the morning after a 24-h break from training, from the basilic, cephalic,
or median cubital vein into test tubes (Vacumed system, EL. Medical, Torreglia, Italy) by the experienced
nursing team. The collected blood was centrifuged (RCF 1000x g) immediately after collection for 15 min at
4°C (MPW-351R, MPW Med. Instruments, Warsaw, Poland), and the serum was collected and stored at — 80 °C
until further study (BIO Memory 690 L, Froilabo, Paris, France).

The concentrations of asprosin (ASP) and leptin (LEP) were measured using commercially available ELISA
kits according to the manufacturer’s protocol. The detection kits for ASP (ELISA Kit catalog number 201-12-7691)
were purchased from Shanghai Sunred Biological Technology Co. (Shanghai, China). The human LEP Sandwich
ELISA Kit (catalogue number EIA-2395) was provided by DRG Instruments GmbH (Marburg, Germany). An
ELx 808 spectrophotometric microplate reader (BioTek, Winooski, VT, USA) was used to determine the optical
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density at 450 nm. Marking was performed at the Laboratory of Genetics and Molecular Biology, Department of
Physiology, Jagiellonian University Medical College, Cracow, Poland.

Biochemical blood indices
The concentration of glucose (GL) [mmol/L] in the blood plasma was performed via the enzymatic method
using the Cobas ¢701/702 biochemical analyzer (Roche Diagnostics International Ltd., Mannheim, Germany).
The serum insulin (INS) [uIU/mL] concentration was determined by electrochemiluminescence (ECLIA) using
the Cobas €801 apparatus (Roche Diagnostics International Ltd., Mannheim, Germany). The determinations
were performed according to manufacturer’s guidelines with the use of reagents dedicated to the GLUC3 and
Elecsys Insulin analyzers, respectively.

Sensitivity to insulin was determined with the quantitative insulin sensitivity check index (QUICKI) as
follows®?:

1
logINS (n1¥) +1ogGL (2l

ml

QUICKI =

(1)

The plasma levels of total cholesterol (TC) was specified with the spectrophotometric method relying on
guidelines of the clinical chemistry analyser Architect ci-4100 (Abbott Laboratories). Intra- and inter-assay
coefficients of variation (CV) for the assays were 0.9-1.2 and 1.2-1.8%, respectively.

Estimation of total energy expenditure and energy value of diet

The International Physical Activity Questionnaire (IPAQ) was used to assess daily energy expenditures®‘.
The total energy expenditure (TEE) [kcal/week] was estimated based on the sum of the basal metabolic rate,
calculated individually using the Mifflin-St Jeor formula®, energy expenditure self-reported using the IPAQ
questionnaire and energy expenditure associated with the respective intervention groups, EG and EDG. In the
intervention groups, energy expenditure during training was measured using the Polar M200 GPS Running
Watch with Wrist-Based Heart Monitor (Kempele, Finland).

To estimate energy intake based on the diets of the participants, a clinical dietician conducted a 24 h nutrition
interview using the nutrition record method. The data were analyzed using the DietaPro program (version 4.0,
Institute of Food and Nutrition, Warsaw, Poland) to quantitatively assess nutritional intake and monitor any
changes in the diet during the intervention (EG and EDG) and observation (CG). Based on the obtained results,
a report of dietary nutrients was generated: proteins [g], carbohydrates [g], fiber [g] and fats [g].

In the group subjected solely to aerobic-resistance exercises (EG) and in the control group (CG), participants
were advised not to change their dietary habits. In the group exposed to specific exercises along with dietary
intervention, qualitative changes to the diet were implemented by increasing protein intake and introducing low
glycemic index products. In addition to a 24-hour dietary recall conducted by a dietitian, participants entered
consumed products daily into the Fitatu dietary program (version 3.41, Fitatu Ltd. Poznan, Poland) which
provided a more reliable means of monitoring dietary compliance. For each training session, a clinical dietitian,
verified the accuracy of the data entered into the program and provided consultations related to diet monitoring.

Exercise and dietary interventions

Aerobic-resistance exercises

Exercise interventions for the EG and EDG groups took place in a fitness club under the supervision of a personal
trainer for a period of six weeks, three times a week, with the duration of a single session: one hour. Training
sessions were consistently scheduled in the evening, from 6 to 9 pm, and conducted by the same personal
coach. The exercise sessions took place in a controlled environment with a constant temperature of 22 degrees
Celsius and maintained humidity 45%. Adherence to the intervention protocol was tracked through a session
attendance checklist. Participants failing to attend more than 10% of the prescribed training sessions over the
six-week period were excluded from the subsequent analysis.

Prior to beginning the intervention, participants underwent a one-week training program during which
they were instructed by a personal trainer on the aerobic-resistance exercises; this protocol facilitated the initial
adaptation of individuals to the training regimen. The training adaptation consisted of learning basic strength
exercises, gradually increasing the intensity and training volume, so that during the intervention the subjects
could use the full training procedure. Participants performed a one-repetition maximum (1RM) test, considered
the gold standard for assessing muscle strength in non-laboratory situations®®*”.

Aerobic-resistance training (see Supplement, Table S1) took place three times a week in groups of no more
than five individuals. The program began with a five-minute aerobic warm-up on a treadmill at an intensity
of 50% HR max. “A push-pull” training approach was applied, alternating engagement of antagonistic muscle
groups. On ,,pull” days, gluteal muscles, hamstrings, back muscles, rear deltoids, and biceps were trained. On
»push” days, quadriceps, chest muscles, arm muscles (front and lateral deltoids), and triceps were trained. Each
resistance training session included 6 exercises, 4 sets per exercise, with 12 repetitions and 60-second breaks
between sets. Loads were set at 70% of one-repetition maximum (1RM).

An aerobic training component ensued following the resistance exercises. Participants trained at 70% of
maximum heart rate (HR max) on a treadmill (Technogym New Excite Run Now 500, Cesena, Italy), stationary
bike (Technogym Artis, Cesena, Italy), or elliptical trainer (Precor EFX556i Elliptical, Woodinville, WA, USA).
To prevent lower limb overloading, participants alternated between these three devices. The duration of the
resistance training session varied 40 min, followed by aerobic training sessions of 10 min, respectively. Each
training session concluded with a 5-minute cool down, breathing exercises, stretching phase.
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High-protein, low-glycemic index carbohydrate diet

The dietary regimen of the EDG experimental group focused on high protein intake and included carbohydrates
with a low glycemic index. As noted by other authors, sustaining all aspects of the diet, particularly the correct
energy value over an extended period, is highly unlikely®®® therefore, the primary nutritional education
objective for the participants was to specify certain groups of food products. The main sources of energy were
carbohydrates with a low glycemic index, including low-energy vegetables and fruits, and whole grain products.
The second predominant nutritional component in the diet of participants was protein, specifically animal
sources, such as lean dairy, meat and fish. The objective of the qualitative changes in the diet was to achieve an
unconscious energy balance of approximately 500 kcal per day, resulting in a weekly weight loss of approximately
0.5 kg and a total of 3 kg over the 6 weeks of the experiment. The qualitative objective was to attain high protein
intake that approximated 25% of the dietary energy, with carbohydrates at 50% and fats at 25%. Low glycemic
index carbohydrates are characterized by high fiber content; hence, it was assumed that their consumption in the
EDG group amounted to > 30 g per day.

In addition to regular direct dietary consultations, study participants received individually prepared materials
with recipes, a shopping list, essential information, and dietary recommendations.

The “shopping center” approach was implemented®*®® as it resembled an “ad libitum” form of nutritional
intervention, allowing individuals the freedom to choose food products within specified parameters. Achieving
a negative energy balance was determined by calorie restriction, resulting in a greater feeling of satiety after
consuming specific types of foods. The detailed course of nutritional intervention was presented as follows:

« Participants shopped in designated chain stores where the type and quality of products were highly similar
(supplied from the same warehouse).

o Participant education was based on the graphic representation of products from which the subjects prepared
meals. To present high-protein products and carbohydrates with a low glycemic index, a photo album of food
products and dishes was used (Institute of Food and Nutrition, Warsaw, Poland, 2000).

« A personal photo report of nutritional products from a popular shopping center was also used to facilitate the
subjects’ shopping and to maintain the diet’s principles.

o Participants utilized electronic scales, with an accurate to 1 g, to weigh products before consumption or cu-
linary processing.

o After each meal, participants entered the consumed products into a dietary program Fitatu (vesion 3.41, Fit-
atu Ltd. Poznan, Poland), installed on a mobile application, and received a report on consumed calories and
specific nutrients.

o Once per week, a qualified dietitian monitored the program report and provided individual feedback to the
participants regarding the adherence to the prescribed diet parameters.

Statistical analysis

The Shapiro-Wilk test was initially used to check whether the sample follows a normal distribution. As the
majority of variables had a normal distribution, differences between the intervention groups and the control
group were estimated using the two-way mixed-design analysis of variance (ANOVA) for independent groups.
The comparison of the intervention influence on changes in the variables between the experimental groups and
control group was performed using a two-way mixed-design ANOVA test for dependent groups with post-hoc
comparisons EMMs (Estimated Marginal Means). The effect size (ES) was calculated using the #p? coefficient,
the ratio of the sum of squares for the effect to the sum of squares for the error:

2 sz,ffe(:t

 SSus g + S M

np

The interpretation of the ES was as follows: 0.01 < 0.05 (low effect), 0.06 <0.13 (moderate effect) and >0.14 (high
effect).

Pearson correlation coefficients (r) were used to evaluate relationships among ASP, LEP and other measured
parameters. Interpretation of correlations were as follows: 0 <r< 0.3, no or very weak; 0.3 <r<0.5, moderate;
0.5<r<0.7, strong; and 0.7 < r< 1, very strong’°.

The minimum sample size was determined using the solve_power function from the statsmodels library
in Python for ANOVA analysis: repeated measures, within-between interaction (2 measures, 3 groups). The
sample size was calculated for test power 1-f=0.80, p=0.05 and effect size d =0.8. Under these assumptions, the
total sample size required was estimated to be 46, which, after rounding, equates to 7 individuals per each of the
three groups. The analysis was carried out according to the originally assigned groups.

In all the analyses, effects were considered significant if their probability value p was less than the assumed
significance level a=0.05 (p<0.05). The R programming language and tidyverse, psych, corrr, emmeans, and
ggplot2 packages in the RStudio IDE were applied to perform all calculations.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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