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Background: Obesity is accompanied by complex metabolic disorders that significantly affect skeletal
muscle physiology, including contractile activity and fatigue resistance. However, the mechanisms
linking obesity to altered muscle function remain insufficiently characterized.

Objectives: The present study aimed to evaluate the impact of obesity on the biomechanical parameters
of musculus soleus contraction in rats under fatigue conditions. In parallel, blood levels of creatinine,
creatine phosphokinase (CPK), and lactate dehydrogenase (LDH) were measured to assess the
relationship between metabolic alterations and neuromuscular dysfunction associated with obesity.
Materials and methods: Experiments were conducted on male white non-linear rats divided into control
and high-calorie diet groups. The musculus soleus contraction force was recorded using strain gauges
attached to the muscle tendons. Electrical stimulation of the L4-L5 efferents was performed with 2 ms
impulses at 1 Hz, generated through platinum electrodes controlled by an ADC-DAC system. Muscle
fatigue was induced by three stimulation series separated by 5 min rest intervals. The maximum
contraction force, time to decrease muscle contraction force by 25% and 50% of the initial level and
muscle force impulse were determined. Blood levels of creatinine, CPK, and LDH were measured by
commercial Kits.

Results: The findings have shown that obesity cause a significant suppression of the contractile activity
of rat musculus soleus. The concentrations of creatinine, CPK, and LDH in the blood of obese rats
increased, indicating impaired neuromuscular function and insufficient recovery during repeated
stimulation. These alterations reflect obesity-induced dysfunction in muscle energy metabolism and
contractile mechanisms.

Conclusions: Obesity causes pronounced suppression of the contractile activity of musculus soleus and
disrupts neuromuscular homeostasis, as evidenced by both biomechanical and biochemical markers. The
findings contribute to understanding the pathophysiological basis of muscle fatigue in obesity and may
support diagnostics of obesity-related muscular dysfunction.

KEY WORDS: musculus soleus; obesity; muscle fatigue; contractile activity; biomechanical parameters
of muscle contraction; biochemical blood indicators

One of the most important characteristics of the human muscular system is its ability to
maintain the level of effort generation, determined by the central nervous system (CNS), for a
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certain period of time. If the factors that induce contractions continue to reach the muscle with
constant intensity, and the level of force generated by the muscle gradually decreases, this
phenomenon is called muscle fatigue. Muscle fatigue is a protective mechanism of the body
against overload and the subsequent development of muscle pain [1]. Its degree is a key factor
in the development of adaptation and the improvement of the body’s functional and physical
capacities. During intense physical activity, the duration of the recovery period (active rest of
the muscle) is also an important parameter for maintaining optimal performance and the
normal physiological state of contracting muscles [2]. Interestingly, the effects of fatigue are
observed not only in the actively working muscle fibers but also in adjacent ones that have not
been pre-stimulated. The causes of this effect may include the diffusion of metabolites from
active to inactive muscle fibers; reduced effectiveness of neuromuscular transmission due to
compression of motor terminals and altered extracellular metabolite composition; and local
hypoxia caused by increased intramuscular pressure, which, in turn, alters the excitability and
contractile capacity of muscle fibers [3].

Several studies indicate the development of skeletal muscle dysfunction in obesity, such
as impaired insulin sensitivity [4]. It has been shown that rats with obesity exhibit
disturbances in muscle protein synthesis in response to chronic lipid infiltration [5]. In
addition, a decline in oxidative capacity and abnormal organization of muscle fibers has been
observed in the skeletal muscles of obese patients [6]. However, the specific features of
skeletal muscle contraction dynamics under conditions of obesity remain poorly studied.

Damage to the molecular structure of muscles during the development of obesity may be
one of the possible causes of their reduced contractility. Degenerative changes, including
partial loss of transverse striation and increased spacing between bundles of muscle fibers,
have been observed after the development of obesity [7]. According to the authors, such
structural changes may result from oxidative damage, as evidenced by elevated levels of
malondialdehyde and lactate dehydrogenase (LDH) in the systemic circulation.

It is known that obese individuals are characterized by a predominance of fast-twitch
(type I1) muscle fibers and a smaller proportion of slow-twitch (type I) muscle fibers [8].
Evidence suggests that a relative reduction in type I muscle fibers is associated with impaired
metabolic health, increased low-density lipoprotein levels, decreased insulin sensitivity, and
reduced arterial elasticity [9]. At the same time, type Il muscle fibers exhibit a reduced ability
to oxidize lipids, which is linked to lower whole-body lipid oxidation and increased lipid
accumulation [10]. Furthermore, the type Il muscle fiber phenotype is more closely associated
with elevated oxidative stress. Therefore, the lack of data on the effect of obesity on the slow
skeletal muscle (musculus soleus) contractile activity prompted us to conduct such studies.

Today, it is well established that there is no single, distinct mechanism responsible for the
development of the muscle fatigue phenomenon; rather, there exists a wide range of
mechanisms operating at different systemic levels [11, 12]. These include disturbances in the
functioning of the CNS, dysfunction of peripheral nerves and neuromuscular junctions, as
well as reversible physiological changes occurring directly within the actively working
skeletal muscles. Naturally, such large-scale physiological alterations are reflected in the
composition of blood, the body’s main transport medium.

Thus, the present study aimed to comprehensively evaluate the effect of obesity on the
biomechanical parameters of musculus soleus contraction in rats, including the maximum
contraction force, the muscle force impulse, and the time required for the reduction of
contraction force to 25% and 50% of the initial values, under conditions of fatigue
development. In parallel, we assessed key biochemical markers of muscle performance —
creatinine, creatine phosphokinase (CPK), and LDH — in the blood plasma of obese rats to
elucidate the relationship between metabolic disturbances and functional impairment of the
neuromuscular system.
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MATERIALS AND METHODS

Experiments on rats were conducted in compliance with international recommendations
for biomedical research involving animals, in accordance with the guidelines of the European
Convention for the Protection of Vertebrate Animals Used for Experimental Purposes. The
study was approved by the Bioethical Committee of Taras Shevchenko National University of
Kyiv (Protocol No. 5, dated 09.09.2020).

Experiments were carried out on male white non-linear rats with an initial weight of 135—
140 + 5 g. During the first week, the rats were provided with standard food and water ad
libitum. On the eighth day of the experiment, the animals were randomly divided into two
groups. The first group (Control, n = 20) received standard food and water, while the second
group (High-Calorie Diet, HCD; n = 20) was fed a high-calorie diet consisting of standard
food (60%), pork fat (10%), chicken eggs (10%), sucrose (9%), peanut butter (5%), milk
(5%), vegetable oil (1%), and water [13, 14]. The rats were sacrificed on the 70" day of the
experiment.

The body mass of the rats was recorded once a week, while food and water intake were
monitored daily in both groups. The body mass index (BMI) — defined as the ratio of body
mass (g) to the square of body length (cm?) — was calculated at the end of the experiment.

The concentration of insulin in the blood of rats was determined by an enzyme-linked
immunosorbent assay (ELISA) [14]. The concentration of glucose in the blood was measured
in animals that had been fasted for at least 2 h. Blood samples were collected from the caudal
vein using a catheter, and glucose levels were determined with a Glucophot-11 glucometer
(Ukraine). The concentration of glycosylated hemoglobin in the blood of experimental rats
was measured using standard kits manufactured by PLIVA-Lachema Diagnostika (Czech
Republic) [14].

The concentration of creatinine in rat blood was measured using the kinetic Jaffe method
[15] without deproteinization, for the quantitative determination of serum creatinine. The
concentration of CPK was determined by the immunoinhibition method with measurement in
the UV region of the spectrum, according to the International Federation of Clinical
Chemistry (IFCC) protocol [15]. The concentration of LDH was measured using an optimized
IFCC method [15].

The preparation for the experiment included intraperitoneal administration of nembutal
(40 mg/kg) for anesthesia. Standard preparation procedures also included cannulation for drug
administration and pressure monitoring, tracheotomy, and laminectomy at the level of the
lumbar spinal cord. The musculus soleus was dissected free from the surrounding tissues and
transected transversely at the distal part of its tendon. To prepare for controlled stimulation of
the efferent fibers in the L4-L5 segments, the ventral roots were severed at their exit points
from the spinal cord. During both surgery and the experimental procedure, heart rate and
electrocardiogram amplitude were continuously monitored. Anesthesia was maintained by
intraperitoneal injections of a ketamine/xylazine mixture every 30—40 min until the end of the
experiment. Body temperature was maintained at 37—38 °C using an infrared lamp [16, 17].

The muscle contraction force was measured using strain gauges attached to the tendons of
the examined muscle. Programmable signal generators of a specific waveform were used to
produce the stimulating signals [16]. Stimulation of the efferent fibers in the L4-L5 segments
was performed with electrical impulses of 2 ms duration and 1 Hz frequency, generated by a
pulse generator controlled by an ADC-DAC system (Analog to Digital Converter — Digital to
Analog Converter) and delivered through platinum electrodes.

To induce muscle fatigue, three series of electrical stimulations were applied, with a 5-
min rest interval between them. The current intensity at which the muscle began to contract
was considered the threshold, and subsequent stimulation was performed at 1.3-1.4 times the
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threshold value. The biomechanical parameters, namely the time required for the reduction of
musculus soleus contraction force by 25% and 50% from the initial level, as well as the
maximum contraction force, as markers of muscle damage [17], in both the Control and HCD
groups were recorded. The muscle force impulse, calculated as the total area under the force—
time curve, was determined using Origin 9.4 software (OriginLab Corp., USA) [17].

Data analysis, including statistical processing and graph plotting, was performed using
Origin 8.0 software (OriginLab Corp., USA). Differences were considered statistically
significant at p < 0.05. The statistical reliability of differences between groups was assessed
using Student’s t-test.

RESULTS AND DISCUSSION

The results of the preliminary metabolic assessment confirmed the successful induction
of obesity in rats maintained on a HCD. As shown in Table 1, animals from the HCD group
demonstrated a significant increase in body weight, BMI, and blood glucose levels compared
to the Control group (p < 0.05). Elevated concentrations of glycosylated hemoglobin and
insulin further indicated disturbances in carbohydrate metabolism and the onset of insulin
resistance. These findings are consistent with earlier reports describing the development of
chronic low-grade inflammation and metabolic dysregulation in adipose tissue during obesity
[18].

Such systemic alterations are known to profoundly influence skeletal muscle structure
and function. The disruption of metabolic homeostasis, accumulation of lipids, and chronic
inflammatory background can impair neuromuscular communication and contractile
performance. Therefore, in the next stage of the study, a detailed biomechanical analysis of
musculus soleus contraction dynamics was carried out to evaluate the effect of obesity on its
functional state. This approach made it possible to identify characteristic changes in the force
generation, fatigue development, and recovery capacity of skeletal muscle under conditions of
obesity-induced metabolic imbalance.

Table 1. The key indicators characterizing the disruption of the functioning of metabolic processes associated
with the development of obesity in rats

Indicators Control group HCD group
Feed consumption, g/day 28 £2 33 £ 2%
Water consumption, mL/day 38 +2 3242 %
Weight gain, % 108 + 6 160 + 8*
BMI, g/cm? 0.60£0.03 0.84 + 0.05*
Concentration of glucose, mM 4.5+0.4 7.1+0.5%
Concentratl_on of glycosylated 0.2120.03 0.8120.06*
hemoglobin, pmol f/g hem
Concentration of insulin, 0.13£0.01 0.2640.02*

rel.units/mg protein

*p < 0.05 — the difference is statistically significant compared to the Control group.

Figure 1 shows the mechanograms of musculus soleus contraction in the Control and
HCD groups, obtained during electrical stimulation at a frequency of 1 Hz in three
consecutive series, each separated by a 5-minute rest interval. The time required for a 25%
and 50% reduction in contraction force from the baseline level was 14 = 1 min and 25 + 1
min, respectively, during the first series of stimulation. In the second and third series, the
corresponding values decreased to 9.0 + 0.5 min and 19 £ 1 min, and 4.0 + 0.2 min and 11 £+ 1
min, respectively.
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These data indicate that, unlike the Control group, rats maintained on a high-calorie diet
exhibited a progressive decline in muscle endurance, as evidenced by the faster reduction in
contraction force across successive stimulation cycles (Fig. 2). It should be noted that the
control values remained stable throughout the experiment, confirming the reproducibility of
the stimulation protocol and the absence of fatigue accumulation under normal metabolic
conditions.

%)
[ -

. . . : . &, min
0 20 40 60 80
Fig. 1. The force of musculus soleus contraction (F, N) caused by electrical stimulation at a frequency of 1 Hz,

performed in three series with 5 min relaxation between each: a — Control group; b — HCD group. At; and At
— the time of reduction of the muscle force contraction by 25% and 50%, correspondingly, from the initial level.

series of electrical stimulation

Fig. 2. The time (t, min) of reduction of musculus soleus contraction force by 25% (b) and 50% (c) from the
initial level in obese rats caused by electrical stimulation at a frequency of 1 Hz, performed in three series (1, 2
and 3) with 5 min relaxation between each. *p < 0.05 — the difference is statistically significant compared to the
Control group (a).

The maximum contraction force generated by an active muscle reflects its ability to
perform rapid, untargeted movements and serves as an indicator of the overall functional state
of the muscular system [16]. As shown in Figure 3, the maximum contraction force of the
musculus soleus in the HCD group decreased to 82 + 5% during the first series of
contractions, while in the second and third series it dropped further to 63 + 3% and 38 + 2%,
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respectively, compared with the Control group. Such a progressive reduction in force
generation suggests a significant impairment of neuromuscular performance in obese rats. The
observed changes may result from disturbances in both neural regulation and myogenic
mechanisms contributing to the pathology under investigation [2, 19].

F

%

.

max?
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numbering of muscle contraction

Fig. 3. The maximum force of musculus soleus contraction (Fmax, presented as a percentage of the control levels
taken for 100%) in obese rats caused by electrical stimulation at a frequency of 1 Hz, performed in three series
(1, 2 and 3) with 5 min relaxation between each. 1-20 — the consecutive muscle contraction; *p < 0.05 — the
difference is statistically significant compared to the Control group.

The muscle force impulse, which represents the integrated mechanical work performed
by the muscle during a series of contractions, serves as an indicator of its overall functional
performance [16]. The obtained results show that this parameter decreased to 83 + 5%, 67 +
3%, and 49 + 2% in the first, second, and third series of contractions, respectively, compared
with the Control group (Fig. 4). This progressive decline may be associated with increased
intramuscular collagen deposition, the presence of non-functional muscle fibers, and
inflammatory processes that develop against the background of obesity [20, 21].

As can be seen, in contrast to the Control group, the biomechanical parameters of muscle
contraction in obese rats began to decline from the first minutes of activation (Figs. 1-4).
Thus, obesity leads to a pronounced dysfunction or desynchronization of these biomechanical
characteristics. As a result, the muscle, functioning as a dynamic system, is unable to
adequately respond to neuronal impulses originating from the CNS [19] and therefore cannot
maintain the target position or maximal force output throughout the stimulation cycle.

Changes in the chemical composition of blood during the development of fatigue
processes reflect the biochemical alterations occurring in skeletal muscle [22]. One of the
main biochemical indicators of muscle fatigue is the blood concentration of creatinine, the
amount of which depends on muscle mass and the level of its activity. In our study, we
observed an increase in creatinine concentration with the development of skeletal muscle
fatigue in the Control group after each of the three series of contractions (Fig. 5). The
difference in creatinine content between the first and third series was 10 £ 1%, reflecting the
physiological fatigue of the control muscles.
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Fig. 4. The muscle force impulse (S, presented as a percentage of the control values taken for 100%) caused by
electrical stimulation at a frequency of 1 Hz, performed in three series (1, 2 and 3) with 5 min relaxation between
each. *p < 0.05 — the difference is statistically significant compared to the Control group.

In contrast, the blood creatinine concentration in obese rats was significantly higher than
in the Control group across all series of the experiment. After the first and third stimulation
series, the levels increased by 38 + 2%, indicating a more pronounced metabolic response
(Fig. 5). It should be noted that the observed increase in blood creatinine levels in fatigued
rats was not associated with any nephrotoxic effects of the barbiturates used for anesthesia,
since in the Control group the rise in creatinine remained within the physiological range.

Another marker of muscle fatigue development is the content of CPK. When muscle
damage or intense activity occurs, this enzyme is released from muscle cells, leading to an
increase in its concentration in the blood. In our study, we observed a slight elevation in CPK
levels after the development of muscle fatigue in the Control group, which indicates the
presence of physiological muscle fatigue (Fig. 5). In contrast, the CPK concentration in obese
rats increased by 32 + 2% between the first and third series of contractions (Fig. 5),
suggesting a significant impairment of the neuromuscular system in these animals.

In our opinion, the elevated blood CPK fraction reflects a non-specific physiological
disruption of the myocyte membrane integrity, accompanied by the partial release of
intracellular enzymes into the extracellular space. This process is likely associated with
increased energy demands of the muscle to overcome the enhanced stiffness of active muscle
components.

The level of LDH is an important marker of tissue damage and cellular destruction, and
its concentration in the blood typically increases during intense muscular activity. In our
study, the LDH concentration increased following the development of muscle fatigue in the
Control group (Fig. 5), which is consistent with previous reports [23] describing similar
elevations during high physical activity or muscle injury.
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Fig. 5. The concentrations of creatinine, CPK and LDH in the blood plasma of rats after the musculus soleus
contraction caused by electrical stimulation at a frequency of 1 Hz, performed in three series (1, 2 and 3) with 5
min relaxation between each: a — Control group; b — HCD group. *p < 0.05 — the difference is statistically
significant compared to the Control group.
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In obese rats, the LDH content increased by 27 + 1% between the first and third series of
contractions (Fig. 5), indicating that the 5-minute rest interval was insufficient for the
restoration of muscle biomechanical parameters. Consequently, further stimulation resulted in
both impaired activation of motoneuron pools and a significant reduction in the energy
components of muscle contraction.

CONCLUSIONS

Thus, the effects of obesity on the dynamics of musculus soleus fatigue development and
associated blood biochemical parameters in rats were investigated. The results showed that
obesity causes a significant suppression of the contractile activity of the rat musculus soleus,
with the analyzed biomechanical parameters reduced by an average of 50 + 5%. Moreover, an
increase in the concentrations of the studied biochemical markers in the blood of obese rats by
an average of 32 &+ 3% indicates a marked impairment of neuromuscular function.

The obtained results provide new insights into the mechanisms of skeletal muscle
dysfunction under metabolic overload and may contribute to the diagnosis and prevention of
pathological conditions of the muscular system associated with obesity.
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AxTyanbHicTh. OXHUPIHHS CYNPOBOMKYETHCS CKIATHUMH MeTaOONIYHUMH 3MiHAMH, SIKi CyTTE€BO BIUIMBAIOTH HA
(hizionorito CKeNeTHHX M’A3iB, 30KpeMa iX CKOPOTJIMBY aKTHUBHICTH 1 CTIiHKicTh 10 BTOMH. [IpoTe MexaHi3Mmu, IO
MOEHYIOTh OXKHMPIHHS 3 TOPYIICHHSIM M’5130B01 (DYHKIII1, 3a/IUIIAI0THCS HEAOCTATHBO 3 SICOBAHUMH.

Meta. MeTol0 1BOrO JIOCHI/KEHHs OyJ0 OIIHUTH BIUIMB OXXHPIHHSA Ha OlOMEXaHiuHi MapaMeTpu CKOPOYCHHS
musculus soleus urypie 3a yMOB po3BUTKY BTOMH. [Topsi] 3 1M BH3HAYAIM PiBHI KpeaTHHIHY, KpeaTnH(OCOoKiHa3H
(K®K) Tta nakrataerigporexasu (JIAT) y KpoBi AJst OLIHKK B3a€EMO3B’SI3KY MiXK METaOOJIYHUMH MOPYLICHHSMH Ta
HEPBOBO-M S130BOI0 TUC(YHKIIIEIO, aCOIHOBAHOIO 3 OKUPIHHSIM.

Marepianu Ta Meroau. ExcnepuMeHTH NPOBOAWIM Ha OUIMX HENHIMHUX CaMIPIX IIypiB, pPO3AUICHUX Ha
KOHTPOJIbHY Ta IpyIly, 110 HepebyBaja Ha BHUCOKOKanOpiiiHOMy xapuyBaHHi. Cuiy ckopouenHs musculus soleus
peECTpyBai 3a JONOMOTOK0 TEH30[AaTYHKIB, NPUKPIIUICHUX OO0 CYXOXKHJIb M’s3a. EJEKTpUYHY CTHMYJISLIIO
edepentiB cermentiB L4-L5 3pilicHioBanM immysibcamu TpuBamiicTio 2 Mc 3 vactororo 1 I'p 4yepe3 miiaTHHOBI
enektpony, kepoBadi cucremor0o ADC-DAC. M’a30By BTOMY iHAYKyBalM TpbOMa CepisIMH CTUMYJIALIH,
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PO3UICHUMH S-XBHIMHHMMHM {HTEpPBAJIAMH BiANOYMHKY. BHU3HauaIM MakCUMallbHy CHITy CKOPOYEHHS, 4ac 3HIKEHHS
CHJIM CKOpOYeHHs M’si3a Ha 25% 1 50% Bix MOYAaTKOBOTO PIBHS Ta IMITyJIbc CHIM M si3a. PiBHI kpeatuniny, KOK i
JIAT y kpoBi BU3HAYAIN 32 BUKOPUCTaHHS KOMEPIIHHUX HAOOPIB.

PesyabTaTu. BCTaHOBNIEHO, 110 OXHPIHHS CHPHYMHSAE 3HAYHE MPUTHIYCHHS CKOPOTJIMBOI akTHBHOCTI Mmusculus
soleus mypis. ITinBuienns koHueHrpauiii kpearuHiny, KOK ta JIII y KpoBi TBapHH i3 OKHPIHHAM CBITYUTH MPO
MOpPYIIEHHsT HEPBOBO-M’5130B0i (pyHKINT Ta HEJOCTATHE BiIHOBJICHHS MiJ{ 9ac HMOBTOPHHMX CTHMYJIALii. Taki 3MiHH
BiZIOOpakaroTh PO3BUTOK MUC(HYHKIIT €HEPreTUIHOT0 METa00Ii3My Ta CKOPOTIMBUX MEXaHi3MiB M’sI31B IiJl BIUIUBOM
OKUPIHHS.

BuchHoBku. OXHUPiHHS TPHU3BOAUTH [0 BHPKCHOTO MPUTHIYEHHS CKOPOTIMBOI akTuBHOCTI musculus soleus i
MOPYIIEHHS HEPBOBO-M’SI30BOTO TOMEOCTa3y, IO IMIATBEPUKYEThCS OlOMEXaHIYHMMH Ta Oi0XiMIYHHUMHU
nokasHukamu. OTpHMaHi pe3yNIbTaTH HOTIHOIIOI0Th PO3YMIHHS aTo(]i3i0J0TIYHIX OCHOB PO3BUTKY M’ S30BOT BTOMH
IPH OKUPIHHI Ta MOXKYTh OYTH BHKOPHCTAHI JUIS IIarHOCTHKY O’KUPIHHA-aCOIIHOBAaHNX M’ SI30BUX IUCQYHKILIH.
KJIIOYOBI CJIOBA: musculus soleus; oxwupiHHs; M’s30Ba BTOMA; CKOPOTJIMBA aKTHBHICTH, OioMexaHiuHi
HapaMeTpy CKOPOYeHHs M s13a; 010XiMIUHI TOKA3HUKU KPOBI.



