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SUMMARY

Research background. This study investigated the potential muscle-reparative effects of
apilarnil, a drone bee-derived bioactive product, and its protective role against skeletal muscle
damage induced by acute physical exercise. It aimed to compare the muscle repair mechanisms of
apilarnil and whey protein in relation to oxidative stress and antioxidant status in male Sprague

Dawley rats.

Experimental approach. Thirty-six male Sprague Dawley rats were randomly assigned to six
experimental groups (N=6 per group): control (C), apilarnil only (AP), whey protein only (W), exercise
only (E), exercise combined with whey protein (E+W), and exercise combined with apilarnil (E+AP).
The exercise protocol included a two-week adaptation period followed by a single session of acute

treadmill running. Apilarnil (0.8 g/kg) and whey protein (2 g/kg) were administered orally as a single
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dose 30 minutes post-exercise. Blood samples were collected via cardiac puncture for biochemical
analyses of muscle injury markers creatine kinase (CK) and lactate dehydrogenase (LDH) as well as
antioxidant enzymes including catalase (CAT) and glutathione (GSH), alongside inflammatory

parameters. Skeletal muscle tissue samples were also subjected to histopathological evaluation.

Results and conclusions. Acute exercise induced oxidative stress, accompanied by significant
increases in CK and LDH levels. Apilarnil administration attenuated these increases and enhanced
antioxidant enzyme levels, suggesting an improved antioxidant defense against exercise-induced
oxidative stress. Although the present findings do not provide conclusive evidence regarding the
involvement of the SIRT1 signaling pathway in these protective effects, further mechanistic studies
are required to clarify its role. Overall, these findings support the potential of apilarnil as a natural
functional dietary supplement for reducing exercise-induced oxidative stress and promoting muscle

recovery following acute physical activity.

Novelty and scientific contribution. This study is the first to compare the muscle repair
mechanisms of apilarnil and whey protein in male Sprague Dawley rats in relation to oxidative stress
and antioxidant status. The findings highlight apilarnil’s potential as a natural alternative to whey

protein, one of the most widely used sports supplements worldwide.
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INTRODUCTION

Drone brood larvae (apilarnil), a relatively underexplored but increasingly important bee
product, has garnered attention in recent years due to its broad applicability in health-related fields,
including medicine, cosmetics, and nutritional supplementation. Especially in the context of traditional
and complementary medicine, apilarnil has emerged as a promising natural substance. It is obtained
from 3—7 days old male honey bee larvae prior to pupation and is characterized by a viscous, nutrient-
rich composition [7]. Chemically, fresh apilarnil contains 65-75 % water, 1-2 % ash, 7.23-15.4 %
protein, 6.92-12.2 % carbohydrates, 3.5-8.38 % fatty acids and lipids, as well as a variety of vitamins
and minerals [2—4]. Furthermore, it possesses a notable hormonal profile, including testosterone
(14.80 ng/g), progesterone (14.40 ng/g), estradiol (4.12 ng/g), and prolactin (1.2 ng/g) [5], which

contributes to its androgenic properties and potential use in treating male reproductive disorders.



Previous studies have demonstrated that apilarnil may stimulate the immune system, reduce

cholesterol levels, enhance antioxidant capacity, and support cognitive function [6].

In recent years, in addition to the health benefits of regular exercise, studies have shown that
muscle damage, inflammation or some oxidant effects are observed in unusual and severe types of
exercise. The skeletal muscle may be damaged due to trauma, sudden movement or unfamiliar
exercise in the skeletal muscle, and some of the routine mobility may be lost. Skeletal muscle damage
involves first the process of apoptosis, then myofiber necrosis (myonecrosis) and the formation of
inflammatory cytokines by immune cells such as macrophages and neutrophils [7]. It is known that
the production of free radicals and reactive oxygen species (ROS) increases after intense acute
exercise [8]. Oxygen consumption and heart rate increase proportionally due to increased muscle
contractions depending on the intensity of exercise. The increase in energy needs increases
metabolic activity and oxygen is consumed up to 20 times in exercise and up to 200 times in the
muscles compared to the resting state [9]. Enhanced mitochondrial respiration leads to insufficient
reduction of oxygen to water and loss of electrons in the mitochondrial electron transport chain. Thus
oxidative stress enhances by the increasing in ROS [70]. If the rising ROS levels during exercise
exceeds the antioxidant defense capacity of the cells, lipid peroxidation occurs [717].

For protein synthesis to be enhanced and protein degradation to be suppressed in muscle
tissue, a substantial supply of amino acids must be delivered to myocytes. Exogenous amino acids
administered post-exercise have been shown to mitigate oxidative stress by promoting anabolic
processes within skeletal muscle. Apilarnil has been reported to exhibit significant androgenic activity,
influencing sex hormone levels in rats [712]. Androgens, particularly testosterone, exert potent anabolic
effects on both skeletal muscle and bone, enhancing calcium binding to bone tissue, stimulating
protein synthesis, and contributing to musculoskeletal development [73]. Apilarnil, known for its rich
amino acid profile and pronounced androgenic properties, presents as a promising natural nutritional
supplement for athletes. It may help reduce skeletal muscle damage and oxidative stress associated
with high-intensity exercise [14]. Although limited, existing studies suggest that apilarnil may increase
muscle mass and protect against exercise-induced muscle degradation. These effects are likely
attributable to its comprehensive amino acid composition and high protein content. Furthermore, as
a natural product with robust antioxidant properties, apilarnil may help restore oxidative balance
disrupted by exercise by promoting oxidative metabolic processes, thus enhancing exercise

performance [15,716]. In addition, apilarnil has been associated with increased muscle glycogen



utilization and demonstrated energizing effects [76]. Its ability to address amino acid deficiencies
makes it a valuable ergogenic aid for improving performance [17].

However, despite growing interest in the chemical composition of apilarnil, evidence regarding its in
vivo physiological effects remains limited. Therefore, the present study aimed to investigate the effects
of apilarnil as an alternative protein source on exercise-induced skeletal muscle damage and to
evaluate its in vivo efficacy through histological assessment and analysis of oxidant/antioxidant

balance.

MATERIALS AND METHODS
Nutrient content analysis

Apilarnil utilized in this study was produced at the Duzce University Beekeeping Research,
Development, and Application Center (DAGEM). The physicochemical properties of the lyophilized
apilarnil were analyzed and are presented in Table 1. Additionally, the percentages of total protein,
carbohydrate, lipid, and sugar contents were determined. Total protein content was quantified using
the Lowry colorimetric assay, in which proteins react with the Folin—Ciocalteu reagent after complex
formation with copper ions under alkaline conditions, and absorbance was measured
spectrophotometrically [78]. Lipid content was determined by the Soxhlet extraction method using
diethyl ether as the extraction solvent, allowing continuous extraction of lipids from the lyophilized
samples [19]. Carbohydrate and individual sugar contents were analyzed by HPLC-RI (Hitachi,
Chromaster software) after appropriate sample extraction, with chromatographic separation and

quantification performed according to the method described by Sesta [20].

Animal experiments

A total of thirty-six male Sprague-Dawley rats (aged 8—-10 weeks; body weight 250—400 g)
were used in the experiments. All animals were housed under standard laboratory conditions with a
12/12-hour light/dark cycle, an ambient temperature of 23 °C, and a relative humidity of (60+5) %.
Rats were provided with standard pellet chow and tap water ad libitum throughout the study period.
Male rats were equally assigned to six experimental groups: control group (C, N=6), apilarnil group
(AP, N=6) receiving apilarnil supplementation, whey group (W, N=6) receiving whey protein
supplementation, exercise group (E, N=6) subjected to acute exercise, exercise plus whey group
(E+W, N=6) subjected to acute exercise and supplemented with whey protein, and exercise plus

apilarnil group (E+AP, N=6) subjected to acute exercise and supplemented with apilarnil (Fig. 1).



Exercise protocol

Prior to the acute exercise intervention, all rats in the exercise groups underwent a treadmill
adaptation protocol using a motor-driven rodent treadmill (MAY/TME, Turkey) for a duration of two
weeks. During the first week, animals were subjected to familiarization sessions consisting of treadmill
running at a speed of 15 m/min, for 10 min per day, three days per week, on a 0 % incline. In the
second week, the exercise intensity was increased to 20 m/min for 15 min per day, again three days
per week, maintaining the same 0 % incline. 48 h following the completion of the adaptation period,
an acute exercise protocol was applied in three sequential phases. In the first phase, rats ran for 5
min at 15 m/min on a 0 % incline. The second phase consisted of 10 minutes of running at 20 m/min
on a 0 % incline. In the third and final phase, the protocol was completed with a 60-minute running

session at 25 m/min on a 5 % incline [217].

Administration of apilarnil and whey protein

Powdered apilarnil was prepared by dissolving it in distilled water at a dose of 0.8 g/kg [22].
The solution was freshly prepared prior to each administration and delivered to the AP and E+AP
groups via oral gastric gavage, 30 min after each acute exercise session throughout the experimental
period. Similarly, isolated whey protein was prepared by dissolving it in distilled water at a dose of 2
g/kg [23]. The freshly prepared solution was administered to the designated groups by oral gastric
gavage at the same time point 30 min following each exercise session. Following the final exercise
session, oral supplement administration, and body mass measurements, all animals were
anesthetized via intraperitoneal injection of a ketamine (90 mg/kg) and xylazine (10 mg/kg)
combination. Blood samples were collected via cardiac puncture under anesthesia. Immediately after
decapitation, gastrocnemius and biceps muscle tissues were excised from each rat for subsequent

biochemical and histological analyses.

Histological analysis

Following euthanasia, gastrocnemius and biceps muscle tissue samples were harvested,
carefully dissected to remove surrounding connective tissues, and subsequently weighed. The
specimens were fixed in 10 % neutral buffered formaldehyde for 24 h. Transverse and longitudinal
sections were prepared from each tissue sample. After routine tissue processing, samples were
embedded in paraffin blocks using a tissue processor (Sakura Tissue-Tek, Japan), sectioned with a
rotary microtome (Leica RM2245, China), and stained with hematoxylin and eosin (H&E) for

histopathological examination.



Histological evaluation was performed by a board-certified pathologist using a light microscope
(Nikon Eclipse, Japan). Multiple randomly selected non-overlapping microscopic fields from each
section were examined at 10, 20 and 40x magnification. Tissue sections were assessed using a
semiquantitative histological scoring system (H-score), where O=normal, 1=mild, 2=moderate, and
3=severe damage. The parameters evaluated included myonecrosis, formation of immature muscle

fibers, edema, perifascicular fat infiltration, and chronic inflammation.

Measurement of biochemical parameters

Blood samples were centrifuged at 4000 rpm for 15 min to separate the serum. The
concentrations of superoxide dismutase (SOD), catalase (CAT), glutathione (GSH),
malondialdehyde (MDA), creatine kinase (CK), lactate dehydrogenase (LDH), sirtuin-1 (SIRT1),
interleukin-6 (I1L-6), and interleukin-10 (IL-10) were quantitatively determined using
commercially available colorimetric assay kits according to the manufacturer's instructions: Rat
SOD ELISA Kit (Cat. No. 201-11-0169-96T), Rat CAT ELISA Kit (Cat. No. 201-11-5106-96T), Rat
GSH ELISA Kit (Cat. No. 201-11-5134-96T), Rat MDA ELISA Kit (Cat. No. 201-11-0157-96T), Rat CK
ELISA Kit (Cat. No. 201-11-0905-96T), Rat LDH ELISA Kit (Cat. No. 201-11-0531-96T), Rat SIRT1
ELISA Kit (Cat. No. 201-11-1498-96T), Rat IL-6 ELISA Kit (Cat. No. 201-11-0136-96T), and Rat IL-10
ELISA Kit (Cat. No. 201-11-0109-96T) (SunRed Bio, Shanghai, China).

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics v. 27.0 [24] and GraphPad
Prism v.10.0 Software [25]. Data are presented as meanzstandard deviation. Comparisons among
multiple groups were performed using one-way analysis of variance (ANOVA). When a significant
overall effect was detected, pairwise comparisons were conducted using the least significant

difference (LSD) post hoc test. A p-value <0.05 was considered statistically significant.

RESULTS AND DISCUSSION
Changes in body and muscle mass

Body mass of all experimental groups was monitored periodically throughout the exercise
intervention. A statistically significant difference was observed in the body mass of rats within each
group when comparing measurements taken at the beginning and at the end of the study. The lowest
body mass gain was observed in the AP and E groups, respectively, while the highest body mass gain

was observed in the C group (Table 2).



At the conclusion of the experiment, the mass of the gastrocnemius and biceps muscle tissues
was measured. An increase in gastrocnemius muscle mass was noted in the AP group relative to the
C group (Fig. 2a). Although differences in biceps muscle mass (Fig. 2b) was not statistically
significant, the AP group exhibited higher values than the other groups. These findings are in
agreement with previous research [26]. Consistent with the present results, Yokoyama et al. reported
that protein derived from bee larvae prevented muscle damage and muscle mass loss, and reduced
levels of 3-methylhistidine, a biomarker of muscle protein breakdown [717]. Additionally, Kogalniceanu-
Odobescu et al. demonstrated that apilarnil supplementation in rats undergoing acute swimming
exercise stimulated oxidative pathways involved in energy metabolism. Their study indicated that
apilarnil acts as a potent bioenergetic agent by enhancing energy metabolism and improving exercise
performance while reducing fatigue [716]. Similarly, in the present study, although overall body mass
gain in the apilarnil-supplemented group was modest, a significant increase in gastrocnemius muscle
mass was observed. This finding suggests that apilarnil supplementation may exert favorable effects
on muscle tissue and supports its potential to promote lean muscle development, although further

studies are needed to determine whether these effects extend to overall skeletal muscle mass.

Biochemical parameters

Exercise, known to induce a wide range of physiological and biochemical changes,
significantly increases oxygen consumption in the body, particularly within skeletal muscle [27]. This
elevated oxygen demand leads to a marked increase in ROS production. While ROS generation
occurs during physical activity, the concomitant upregulation of endogenous antioxidant defense
mechanisms serves to mitigate potential oxidative damage. However, the extent of this compensatory
response is influenced by the type, intensity, and duration of the exercise performed [28]. During high-
intensity exercise, when oxygen consumption rises sharply, the antioxidant defense system may fail
to match the pace of ROS production, thereby resulting in oxidative stress [29]. The majority of
evidence from both human and animal studies suggests that MDA, a well-established marker of
oxidative stress, does not change during acute bouts of exercise [30]. Nonetheless, several studies
have demonstrated that MDA levels may increase in response to elevated metabolic activity [371-33].
In the present study, a statistically significant difference in MDA concentration was observed among
the groups (p<0.001). Specifically, the E group exhibited a significant increase in MDA levels
compared to the C group (p=0.017) (Table 3). The significant increase in MDA levels observed in the

E group supports the notion that the applied acute exercise protocol induced oxidative stress.



The literature consistently highlights the importance of mitigating exercise-induced oxidative
stress through the use of antioxidant-rich supplements. Antioxidant supplementation has been shown
to offer protective effects against the formation of free radicals generated during exercise and to
counteract their deleterious impacts [34]. Apilarnil has emerged as a promising therapeutic and dietary
supplement due to its rich biochemical composition and the positive outcomes reported in previous
studies. As a bee derived product, apilarnil possesses notable antioxidant properties and exhibits
protective effects against muscle damage, primarily attributed to its high content of proteins, amino
acids, vitamins, and minerals. In the present study, although a reduction in MDA concentrations was
observed in the E+AP group compared to the increase seen in the E group, this decrease did not
reach statistical significance. The W group exhibited a pronounced increase in MDA levels compared
with the C group (p=0.003) (Table 3). Notably, the highest MDA levels were detected in the W and
E+W groups, suggesting that whey protein may be more prone to promoting lipid peroxidation via free
radical generation than apilarnil. It is well established that exercise-induced increases in MDA are
associated with enhanced lipid peroxidation, which can disrupt ion homeostasis and impair cell
membrane integrity [35]. In such cases, inadequate superoxide dismutation due to SOD deficiency
leads to excessive superoxide radical accumulation, potentially resulting in hydrogen peroxide
formation or peroxynitrite generation via reaction with nitric oxide. When SOD activity is insufficient,
CAT is activated to degrade the accumulating hydrogen peroxide, forming part of the enzymatic
antioxidant defense system that helps maintain cellular redox balance and suppress MDA levels
elevated during acute exercise. In parallel, GSH, functioning as a non-enzymatic antioxidant,

contributes to hydrogen peroxide detoxification [36].

Previous findings regarding the antioxidant response to exercise remain inconsistent, largely
depending on exercise modality and intensity. For instance, Cakar et al. reported that intense exercise
increased CAT, SOD, and GSH activities [74]. Tauler et al. observed increased CAT and GSH
activities in response to prolonged intense exercise, while SOD activity remained unchanged [37]. In
contrast, Thirumalai et al. demonstrated that chronic intensive exercise elevated oxidative stress while
reducing the activities of SOD, CAT, and GSH in rats [38]. Similarly, other studies have documented
reductions in neutrophil antioxidant activity following high intensity exercise, suggesting that oxidative
stress may suppress endogenous antioxidant capacity [39,40]. In the current study, while the acute
exercise protocol elicited oxidative stress, it did not produce significant alterations in the
concentrations of superoxide dismutase (SOD), catalase (CAT), or glutathione (GSH), which are

essential elements of the antioxidant defense system. These findings, in line with previous research,



indicate that antioxidant activity may decrease in response to higher exercise intensities. Thus, it is
plausible that the intensity or duration of the exercise regimen implemented in this study was

insufficient to impair the body's antioxidant defense mechanisms.

Statistical analysis of CAT and GSH levels among the experimental groups revealed significant
differences (p=0.016 and p=0.026, respectively). In terms of antioxidant enzyme levels, both the AP
(p=0.012) and W (p=0.016) groups showed significantly higher CAT levels compared with the C group.
Similarly significant increases in GSH were observed in the AP (p=0.006) and W (p=0.018) groups
relative to the control. Notably, in the non-exercised groups, both AP and W demonstrated elevated
CAT and GSH concentrations compared with the control, indicating an enhanced antioxidative
response. Moreover, a significant elevation in CAT level was observed in the E+AP (p=0.040) and
E+W (p=0.031) groups relative to the group subjected to acute exercise alone. GSH level was
significantly elevated in the E+AP group compared to the E group (p=0.047) (Table 3). These findings
suggest that apilarnil supplementation enhances antioxidant defense in response to exercise, in line
with previous studies reporting that both apilarnil and whey protein exert antioxidant effects by
upregulating GSH and CAT levels [22,41]. For instance, Doganyigit et al. reported that apilarnil
supplementation reversed increases in MDA and reductions in SOD and CAT levels in the brain and
liver tissues of LPS-induced rats [22]. Collectively, the results of the present study reinforce the notion
that apilarnil acts as a natural antioxidant supplement. Its ability to enhance CAT and GSH levels
highlights its role in scavenging hydrogen peroxide and contributing to cellular antioxidant defense,

particularly under oxidative stress conditions such as acute exercise.

It is well established that structural deterioration of the muscle membrane occurs following
exercise, especially after unaccustomed, eccentric, or high-intensity acute exercise [42]. Muscle
damage results in the leakage of intracellular enzymes, primarily creatine kinase (CK) and lactate
dehydrogenase (LDH), into the bloodstream. In the present study, significant differences were
observed in CK and LDH concentration among the groups (p=0.005 and p=0.027, respectively).
Specifically, plasma CK concentration was significantly elevated in the E group compared to the C
group (p=0.003). Similarly, LDH concentration was significantly higher in the E group relative to
controls (p=0.02). These findings are consistent with previous studies; for instance, Viha et al.
demonstrated increased plasma CK and LDH concentration following intense exercise in both rats
and humans [43]. Likewise, Malaguti et al. reported elevated levels of these enzymes in rats subjected

to acute exercise protocols [44]. In the present study, this outcome confirms that the applied exercise



protocol effectively induced muscle damage, consistent with previous studies employing similar

models.

Following exercise-induced muscle damage, an increase in protein turnover occurs, characterized by
enhanced protein degradation followed by compensatory protein synthesis, initiating muscle repair
within approximately 48 h [45,46]. In the current study, in order to evaluate the immediate effects of
apilarnil supplementation, animals were sacrificed 30 min after the completion of the exercise protocol

and supplement administration, and their CK, LDH and SIRT1 leveles were determined.

CK concentrations were significantly reduced in the E+W (p<0.001) and E+AP (p=0.012)
groups compared to the E group (Fig. 3a). Additionally, LDH concentration was significantly higher in
the E+AP (p=0.014) and E+W (p=0.008) groups compared to the E group (Fig. 3b).
These results suggest that apilarnil and whey protein supplementation may attenuate exercise-
induced alterations in CK and LDH concentrations, which are commonly used as indicators of muscle

damage.

Based on the obtained data, a statistically significant difference was observed among the
groups in terms of IL-6 concentration (p=0.01). Specifically, the W group showed significantly elevated
IL-6 concentrations compared to the C group (p=0.011) (Table 3). It should be noted that exercise-
induced IL-6 release is not exclusively associated with an inflammatory response. Skeletal muscle-
derived IL-6 functions as a myokine and plays important roles in exercise adaptation, including the
regulation of energy metabolism through the activation of glycogenolysis [47]. Moreover, IL-6 can
exhibit both pro-inflammatory and anti-inflammatory properties depending on the physiological
context and cellular environment. Previous studies have reported conflicting effects of whey protein
on inflammatory cytokines, with findings indicating reductions [48], no change [49] or increases [50]
in inflammatory marker concentrations. Therefore, the elevated IL-6 concentration observed in the W
group should not necessarily be interpreted as an indicator of enhanced inflammation, but may also
reflect alterations in metabolic signaling or exercise-related adaptation. In the present study, this
elevation is likely influenced by the dosage and duration of whey protein supplementation, highlighting

the complex and multifaceted regulatory role of IL-6 in inflammatory processes.

SIRT1 is a nicotinamide adenine dinucleotide (NAD*)-dependent class Ill histone deacetylase
that functions as a central regulator of cellular metabolism, oxidative stress, inflammation, apoptosis,
and aging. SIRT1 exerts its biological effects through the deacetylation of multiple transcription factors

and signaling molecules, including p53, nuclear factor-kappa B (NF-kB), and peroxisome proliferator-



activated receptor gamma coactivator-1 alpha (PGC-1a), thereby contributing to the maintenance of
metabolic homeostasis and cellular adaptation to stress [57]. Reduced SIRT1 expression or activity
has been associated with aging, metabolic disorders, cardiovascular diseases, neurodegenerative
diseases, and other pathological conditions characterized by oxidative stress and chronic
inflammation. Previous studies have demonstrated that exercise-induced activation of SIRT1
promotes PGC-1a deacetylation and interacts with AMP-activated protein kinase (AMPK), thereby
facilitating mitochondrial biogenesis, enhancing antioxidant defense, and supporting metabolic
adaptations in skeletal muscle [62]. In addition, antioxidant supplementation has been reported to
modulate exercise-induced physiological responses through the upregulation of SIRT1 activation or
gene expression [53]. For instance, Yokoyama et al. demonstrated that mice supplemented with bee
larva-derived protein exhibited increased SIRT1 protein expression [17]. Similarly, Lensu et al.
reported elevated SIRT1 and SIRT3 expression in rats subjected to jogging combined with whey
protein supplementation compared to controls [54]. In the present study, however, no significant
differences were observed in plasma SIRT1 concentrations among the experimental groups (Fig. 3c).
The apparent discrepancy between these findings may, at least in part, be attributed to differences in
the biological endpoints assessed, as the aforementioned studies evaluated SIRT1 expression in
skeletal muscle tissue, whereas the present study quantified circulating SIRT1 concentrations.
Moreover, variations in supplementation regimen, exercise protocol, and timing of sample collection
may have further contributed to the divergent findings. Accordingly, future studies incorporating direct
assessment of SIRT1 expression and enzymatic activity in skeletal muscle tissue are warranted to
clarify the potential contribution of this signaling pathway to the protective effects of apilarnil

supplementation.

Histopathological evaluation

Skeletal muscle damage typically involves apoptosis followed by myofiber necrosis
(myonecrosis) and subsequent production of inflammatory cytokines by immune cells such as
macrophages and neutrophils [7]. Histologically, myonecrosis is characterized by swollen,
eosinophilic, and homogeneous myofibers with vacuolation and fragmented pyknotic nuclei [565]. In
the present study, a higher number of muscle fibers exhibiting myonecrosis was observed in the
gastrocnemius and biceps muscles across nearly all groups, compared with other types of tissue
damage. Assessment of muscle damage revealed that degenerative changes were more pronounced
in the gastrocnemius muscle than in the biceps muscle. The observation of myonecrosis and

degeneration with similar histopathological scores across all groups in both muscle tissues, including



the control group, suggests that pre-existing stress or trauma may have contributed to baseline

alterations in muscle tissue.

Following myonecrosis, immature muscle fibers and interstitial edema were observed, in that
order (Fig. 4). Muscle edema is commonly observed in a spectrum of non-infectious, immune-
mediated inflammatory conditions affecting skeletal muscle and typically occurs secondary to necrosis
and inflammation [566]. In the presentstudy, edema was identified histologically based on
the presence of increased interstitial spaces, separation of muscle fibers, and expansion of the
connective tissue compartment within the muscle sections. These findings were considered indicative
of fluid accumulation within the interstitial space and were evaluated accordingto the
semiquantitative scoring system. Immature muscle fibers, which comprise muscle precursor cells and
serve as indicators of regenerative activity, are characterized by their small size and presence of
centralized nuclei [57]. Semiquantitative evaluation indicated no significant differences in immature
muscle fiber prevalence across the experimental groups. However, a consistently higher abundance
of immature fibers was observed in the gastrocnemius muscle relative to the biceps muscle across

all groups.

In the current study, perifascicular fat accumulation was mild, and no evidence of chronic
inflammation was detected. Intramuscular fat accumulation, defined as adipocyte infiltration within
skeletal muscle, has been associated with decreased muscle strength, impaired insulin sensitivity,
and increased mortality, particularly in the aging population [58]. In the present histological analyses,
only minimal perifascicular fat accumulation was detected, exclusively in the exercise and whey
groups. The absence of statistically significant differences may reflect the insufficient stimulus of the
employed exercise model to induce fat deposition in muscle tissue. Moreover, the short duration
between nutritional supplementation and sacrifice approximately thirty minutes may have limited the

development of detectable fat accumulation.

Based on the findings of the present study, apilarnil appears to have the potential to support
increases in gastrocnemius muscle mass and enhance exercise performance. These results suggest
that apilarnil may be a promising natural supplement for athletes aiming to promote muscle
development during physical activity. Its high protein content, combined with relatively low
carbohydrate and lipid levels, further underscores its suitability as a dietary aid in sports nutrition. The
acute exercise protocol and two-week supplementation period employed in this study were sufficient
to elicit cellular-level changes in rats; however, no significant effects were observed at the tissue level.

Future studies involving longer intervention periods, varied dosing regimens, or more intense exercise



models may reveal chronic tissue damage in the exercise groups, thereby enabling a more
comprehensive assessment of the reparative potential of nutritional supplements such as apilarnil.
Furthermore, the use of immunohistochemical techniques may provide more detailed insights into the

mechanisms of muscle regeneration.

CONCLUSIONS

In conclusion, the findings of this study suggest that apilarnil may contribute to the attenuation
of exercise-induced oxidative stress, as indicated by the observed changes in biochemical
parameters associated with antioxidant status (CAT and GSH) and muscle injury (CK and LDH).
Although no significant histopathological differences were detected among the experimental groups,
the overall biochemical findings support the potential of apilarnil to promote recovery following acute
physical exercise. Although no definitive evidence was obtained to confirm the involvement of the
SIRT1 signaling pathway in the observed protective effects, its potential role cannot be ruled out and
should be explored in future mechanistic studies. Overall, apilarnil appears to be a promising natural
functional supplement for alleviating exercise-induced oxidative stress and supporting skeletal muscle

recovery.

STUDY LIMITATIONS

The present study has several limitations. First, the findings were obtained using an
experimental rat model and therefore cannot be directly extrapolated to humans. Second, the
relatively small sample size (N=6 per group) may limit the statistical power of the study. Third, only
the effects of a single dose of apilarnil administered after an acute exercise protocol were evaluated;
therefore, the long-term effects, dose-response relationship, and efficacy under chronic exercise
conditions remain unclear. Another limitation is that the lack of pre-exercise blood sampling prevented
within-animal comparison of biochemical parameters before and after exercise. Furthermore,
although histopathological alterations were evaluated, no significant differences were observed
among the experimental groups. This may be attributable, at least in part, to the relatively short
duration of the exercise protocol and supplementation period. Accordingly, future studies employing
longer exercise interventions and prolonged supplementation regimens are warranted to better
characterize the histopathological effects of apilarnil on skeletal muscle. Finally, although the results
suggest that the protective effects of apilarnil are associated with enhanced antioxidant capacity and
appear to be independent of SIRT1 signaling, additional molecular studies investigating other

signaling pathways are required to further elucidate the underlying mechanisms.
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Table 1. Physico-chemical and nutrient content analysis of three samples of lyophlized apilarnil

Repetition Physico-chemical properties
wil%
Elkcal
Ash Moisture Cholesterol
1 3.14 3.90 2.28 1935
2 2.90 4.20 2.01 1915
3 3.10 4.09 2.1 1930
Mean (3.05+0.13) (4.06+0.15) (2.13+0.14) (1926.67+£10.41)
Nutrient composition
Repetition Wi%
Protein Carbohydrate Lipid Glucose Fructose Sucrose Maltose
1 47.95 26.89 10.68 2.10 1.25 0.08 0.78
2 47.39 21.99 15.40 2.1 1.22 0.08 0.76
3 49.34 25.17 14.50 2.14 1.25 0.08 0.76
(48.231£1.0 (13.53 (2.12+0.0 (1.24+0.01 (0.08%0.0
Mean 0) (24.68+2.49) 2.51) 2) 7) 0) (0.77+0.012)

Values represent means of three independent determinations+S.D.

Table 2. Significance level of the difference between the mass of rats before and after the

experiment
Group mig p
First day mass Last day mass Mass difference
C 324 374 50 (0.001)***
AP 345 370 25 (0.005)**
W 326 368 42 (0.011)*
E 322 349 27 (0.013)*
E+W 333 373 40 (0.003)**
E+AP 323 355 32 (0.004)**

Dependent sample t-test was used to analyze the changes in mass before and after the experiment.
*p<0.05, **p<0.01, ***p<0.001. C=control, AP=apilarnil, W=isolated whey protein, E=acute exercise,
E+W=acute execrcise+whey protein, E+AP=acute exercise+apilarnil



Table 3. Effects of apilarnil and whey protein supplementations on plasma parameters of rats

after acute exercise

Parameter C AP W E E+W E+AP
(n(MDAY/ V( .
ood i (545410 (53407 (7.626126) (BO7TH06 (g 11 con, (6.85:0.50)
oliL) 1) 2) ” 8)

V(CATY(ng/ (13.11%4. (30.95t17 (30.99+15. (18.90+7. (34.0219.58) (33.24+10.68
mL) 11) 41y 69)? 24) ad o
VGSHY(m  (106.88+1 (141.963 (137.50+11 (111.87+1 (124.76£22.9 (136.18+4.98
g/l) 9.05) 48504 Y 2.61) 3) o
V(SODY(ng  (9.99%2.0  (10.64%2. (9.83£2.3

e 5 o (05921.44) § (9.93:2.17)  (11.032.21)
V(IL- (85.81£6. (90.20%5. (97.18+8.9 (91434  (99.98+8.71) (85.57+3.97)
6)/(pg/mL)  60) 62) 3)a 39) ab e

V(IL- (72.76+7. (80.95:7. (78.76+14. (754514 (85.53+11.20
10)/(pg/mL)  67) 43) 07) 62) (82.57£9.26)

Values represent means+.SD. (N=6). 2<p<0.05 vs C, b<p<0.05 vs AP, °<p<0.05 vs W, 4<p<0.05 vs E,
e<p<0.05 vs EW. C=control, AP=apilarnil, W=isolated whey protein, E=acute exercise, E+W=acute
exercisetwhey protein, E+AP=acute exercise+apilarnil, MDA=malondialdehyde, CAT=catalase,
GSH=glutatione, SOD=superoxide dismutase, IL-6=interleukine-6, IL-10=interleukine-10

Adaption Period

¥

Randomization Period

¥

Acute Exercise Protocol

. % C: Mo exercise [ Mo supplement

. 5 AP Apilarnil

[ 5 W Whey protein

. 5 E: Exercise only

. 5 E+W: Exercise + Whey protein (30 min post-exercise)

. » E+AP: Exercise + Apilamil {30 min post-exercise)

Fig. 1. Schematic representation of the experimental protocol. Rats were randomly assigned
into six groups: control (C), apilarnil (AP), whey protein (W), exercise (E), exercise+apilarnil
(E+AP), and exercise+twhey protein (E+W). Apilarnil and whey protein supplements were
administered by oral gavage 30 min after each acute exercise session. Control and non-

exercised supplementation groups did not undergo exercise protocol
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Fig. 2. a) Gastrocnemius muscle tissue mass of rats at the end of the experiment, b) biceps

muscle tissue mass of rats at the end of the experiment. **p<0.01. C=control, AP=apilarnil,

W=isolated whey protein,

E+AP=acute exercise+apilarnil
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Fig. 3. a) CK level, b) LDH level and c) SIRT1 level. Data shown on histogram graph are
expressed as meanzS.D. *p<0.05, **p<0.01, ***p<0.001. C=control, AP= apilarnil, W=isolated
whey protein, E=acute exercise, E+W=acute execrcise+whey protein, E+AP=acute

exercise+apilarnil
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E+AP

m) - myonecrosis, P>: immature muscle fiber, Y: edema, # : perifascicular fat
accumulation

Fig. 4. Pathological changes seen in the gastrocnemius muscle tissue of rats stained with
(H&E). a) C group, myonecrosis, (H&E), X10, b) C group, immature muscle fibre, (H&E), X10,
c¢) AP group, myonecrosis, (H&E), X40, d) AP group myonecrosis and immature muscle fibre,
(H&E), X10, e) AP group, edema, (H&E), X10, f) AP group, myonecrosis and edema, (H&E),
X10, g) W group, myonecrosis, immature muscle fibre and perifascicular fat accumulation,
(H&E), X10, h) W group, immature muscle fibre, (H&E), X10, i) E group myonecrosis, (H&E),
X10, j) E group, immature muscle fibre, (H&E), X10, k) E+W group, myonecrosis, (H&E), X10,
I) E+W group, immature muscle fibre, (H&E), X10, m) E+AP group, myonecrosis, (H&E), X10,
n) E+AP group, edema, (H&E), X10, o) E+AP group, myonecrosis, (H&E), X10, p) E+AP group,
immature muscle fibre, (H&E), X10. C=control, AP=apilarnil, W=isolated whey protein, E=acute
exercise, E+W=acute execrcise+whey protein, E+AP=acute exercise+apilarnil



AP

E+W
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m): myonecrosis, P>: immature muscle fiber, % : edema, #: perifascicular fat
accumulation

Fig. 5. Pathological changes seen in the biceps muscle tissue of rats stained with (H&E). a) C
group, myonecrosis, (H&E), X10, b) C group, immature muscle fiber, (H&E), X10, c) AP group,
myonecrosis and immature muscle fiber, (H&E), X10, d) AP group, edema, (H&E), X20, e) W
group, myonecrosis, (H&E), X10, f) W group, edema, (H&E), X10, g) E group, myonecrosis,
(H&E), X10, h) E group, myonecrosis and immature muscle fiber, (H&E), X10, i) E+W group,
myonecrosis, (H&E), X10, j) E+W group, perifascicular fat accumulation and edema, (H&E),
X10, k) E+AP group, myonecrosis, (H&E), X10, 1) E+AP group, 6dem, (H&E), X10, m) E+AP
group, immature muscle fiber, (H&E), X10, n) E+AP group, myonecrosis, (H&E), X10



