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The primary aim of this study was to analyse the influence of honeybee venom on various aspects 
of Drosophila melanogaster physiology and to assess the efficacy of adipokinetic hormone (AKH) in 
mitigating venom toxicity. We examined the harmful effects of venom on the thoracic muscles and 
central nervous system of Drosophila, as well as the potential use of AKH to counteract these effects. 
The results demonstrated that envenomation altered AKH levels in the Drosophila CNS, promoted 
cell metabolism, as evidenced by an increase in citrate synthase activity in muscles, and improved 
relative cell viability in both organs incubated in vitro. Furthermore, venom treatment reduced the 
activity of two key antioxidative stress enzymes, superoxide dismutase and catalase, and modified the 
expression of six genes encoding immune system components (Keap1, Relish, Nox, Eiger, Gadd45, and 
Domeless) in both organs. The venom also disrupted muscle cell ultrastructure, specifically myofibrils, 
and increased the release of arginine kinase into the incubation medium. Notably, when administered 
alongside the venom, AKH influenced the majority of these changes. AKH was the most effective in 
minimising damage to the ultrastructure of muscle cells and preventing the release of arginine kinase 
from muscles to the medium; however, in other parameters, the effect was modest or minimal. Given 
that honeybee venom often affects humans, understanding its actions and potential ways to reduce 
or eliminate them is valuable and could lead to the development of pharmacologically important 
compounds that may have clinical relevance.
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Abbreviations
AM venom	�  Apis mellifera venom
ANOVA	� Analysis of variance
ARK	� Arginine kinase
CAT	� Catalase
CNS	� Central nervous system
CPD	� Critical point dryer
CS	� Citrate synthase
Drome-AKH	� Drosophila melanogaster adipokinetic hormone
ELISA 	� Enzyme linked immunosorbent assay
JNK	� c-Jun-Kinase
Keap1	� Kelch like ECH-associated protein 1
Nox	� NADPH oxidase
Nrf2	� NF-E2-related factor 2
SEM	�  Scanning electron microscope
SOD	� Superoxide dismutase
TEM	� Transmission electron microscope

Honeybee (Apis mellifera) venom is produced in the venom gland and stored in the venom sac. Once a bee 
stings, the stinger is fixed in the tissue with rearward facing barbs1,2 and the venom is pumped into the victim 
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through the venom canal by muscle movement, the activity of which is controlled by the nerve ganglion at the 
end of the abdomen3,4. The venom is a colourless, odourless liquid with an acidic pH (4.5 to 5.5) and contains 
a wide range of biologically active substances/toxins: peptides (e.g. melittin, apamin, mast cell degranulation 
peptide, and tertiapin), proteins (enzymes) (e.g. phospholipases, hyaluronidase, and phosphatases), biogenic 
amines (histamine, dopamine, noradrenaline, and serotonin), amino acids, sugars (glucose and fructose), 
minerals and volatile substances4–6.

Bee venom toxins induce a variety of physiological and biochemical reactions in the bodies of victims. 
These effects are compounded, increasing the overall effect of the venom, which manifests as classic injection 
site symptoms, such as pain, redness, swelling, and itching. This basic toxicity is caused by a cascade of events 
involving melittin, phospholipases, hyaluronidase, and biogenic amines. Melittin and phospholipases damage and 
destroy the victim’s cells by cleaving membrane phospholipids7,8, while hyaluronidase creates gaps between cells, 
allowing the venom to travel more quickly through tissues9. Biogenic amines (present in the venom and secreted 
from injured tissues) increase heart activity, which allows venom to be distributed more quickly throughout the 
body, increase capillary permeability (swelling), stimulate immune reactions (inflammation), and contribute 
to increased injection pain10,11. Other components of the venom (apamin, mast cell degranulation peptide, 
tertiapin, and cardiopep) support these basic effects12. Additionally, bee venom also affects the nervous13,14, 
muscular15, immune16 and kidney systems17,18.

Bee venom has also been documented to affect insects, including bees themselves; it makes sense, when 
bees first appeared on Earth (120–130  million years ago), mammals and birds were not the major animal 
groups19,20. Recently, the effect of bee venom was monitored using two insect model species: the American 
cockroach Periplaneta americana21 and the firebug Pyrrhocoris apterus22. The results revealed significant 
changes in body functions after envenomation including changes in the ultrastructure of thoracic muscles and 
levels of vitellogenin and nutrients in the haemolymph. Furthermore, venom treatment increased the levels of 
adipokinetic hormone (AKH) in the central nervous system (CNS) of both experimental species, indicating that 
this hormone plays an important role in the insect body’s protective antistress mechanism21,22. AKHs are peptide 
neurohormones produced in the corpora cardiaca, a small endocrine gland situated close to the insect brain. 
They activate antistress responses and maintain homeostasis in insects, primarily through the modulation of 
energy metabolism23. However, they also influence a range of accompanying activities, such as neural signalling, 
muscle tonus, general locomotion, heartbeat, digestive processes, immune systems, and antioxidative defence 
strategies24,25. AKH levels serve as an excellent marker of stress conditions in the insect body25.

In the present study, the fruit fly Drosophila melanogaster was used as a model species to assess the effects of 
honeybee (AM) venom on an insect model. The fruit fly is a suitable species for studying hormonally controlled 
defence strategies against envenomation and other stressors, not only from a theoretical perspective but also for 
practical applications26. Further, Drome-AKH has been extensively studied. It encodes a hormone precursor that 
is 79 amino acids long. This precursor contains the active AKH octapeptide (pGlu-Leu-Thr-Phe-Ser-Pro-Asp-
Trp-NH2)27 which is readily synthesised commercially. Although AKH is an insect hormone, recent research 
has demonstrated its activity in mammals. Studies have shown that AKH injections in mice enhance locomotor 
activity, inhibit neurodegeneration, reduce depression and anxiety, and have therapeutic potential for various 
nervous system disorders28,29. The activity of insect AKH in mammals can be explained by two key factors: 
(1) AKH signal transduction in insects is mediated by a G-protein-coupled receptor structurally related to the 
vertebrate gonadotropin-releasing hormone receptor—a member of receptor subgroup A30, and (2) the AKH 
molecule is not immunogenic when injected into a mammalian system (Kodrík, unpublished observation).

The primary goal of this study was to elucidate the defence mechanisms against AM venom poisoning using 
molecular, biochemical, physiological, and ultrastructural markers.

Materials and methods
Model organism and organ incubation
The stock of fruit flies, D. melanogaster (w1118 strain), was maintained on a standard cornmeal-yeast-agar 
medium following established Drosophila maintenance protocols (at 25 °C with a 12-h light/12-h dark cycle).

For the experiments, 7-day-old female flies were anaesthetised using CO2, collected in tubes, and kept on 
ice to prevent them from waking. Drosophila thoraxes (muscle tissue) were dissected in filtered Ringer’s saline 
solution by removing the head, abdomen, wings, legs, and viscera. Similarly, heads (CNS tissue) were prepared 
by removing the mouthparts, resulting in head capsules with exposed nervous tissues. The dissected tissues 
(either thoracic muscle or CNS tissues) were pooled together, washed in Schneider’s Insect Medium (Sigma-
Aldrich, MO, USA) with 1% antibiotic mixture (10,000 U/mL penicillin – 10  mg/mL streptomycin; Sigma-
Aldrich), and then used for the organ incubation process (see Sect. Organ incubation for details).

AM venom and Drome-AKH
The AM venom used in the experiments was a kind gift from Dr. J. Danihlík (Palacký University Olomouc, 
Czech Republic). This venom was harvested in large quantities from worker honeybees via electric stimulation. 
To standardise protein toxins across different venom samples, the protein content was measured using the 
bicinchoninic acid assay method, as described by31. Based on21, 33.3 µg venom protein equivalent per incubation 
well was identified as the optimal dose for testing AM venom effects in thoracic muscle or CNS tissues (see Sect. 
Organ incubationfor details). The corresponding venom aliquots were stored at − 80 °C until use.

The D. melanogaster AKH Drome-AKH27 was synthesised commercially by Vidia company (Praha, Czech 
Republic).
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Organ incubation
Organ incubation was performed in a sterile flow box sanitised with 70% ethanol and UV light. Dissected thoracic 
muscle (5 thoraces per well) or CNS (15 heads per well) tissues were placed in fresh, sterile Schneider’s Insect 
Medium (Sigma-Aldrich) with a 1% antibiotic mixture (10.000 U/mL penicillin – 10  mg/mL streptomycin; 
Sigma-Aldrich) in a 96-well F-base cultivation plates (TPP®). The total volume per well was 125 µL. The tested 
substances were added as follows: Drome-AKH (25 pmol, according to32), AM venom (33.3  µg of protein 
equivalent), and a combination of Drome-AKH and AM venom (25 pmol + 33.3  µg of protein equivalent). 
These doses corresponded to 5 pmol Drome-AKH and/or 6.66 µg protein toxins, or 1.66 pmol Drome-AKH 
and/or 2.22  µg protein toxins per thoracic muscle or head, respectively. The control group included organs 
incubated in only the medium, whereas the contamination control consisted of the medium with AM venom 
and Drome-AKH but no tissue. Incubation was carried out at 25  °C for 24 h, after which the samples were 
either frozen at − 80 °C for subsequent analyses or transferred to a fixative solution for electron microscopy (see 
Sect. Ultrastructure observation using scanning and transmission electron microscopy for details).

Organ incubation relative viability assessment
To evaluate the relative viability of the tissues, 10 µL of alamarBlue™ Cell Viability Reagent (Thermo Fisher 
Scientific, MA, USA) was added to the incubation wells during the final 3 h of organ incubation (see Sect. Organ 
incubation for details). After the 3-h incubation period (total of 24 h), 100 µL of the medium was collected, and 
the fluorescence of the resulting resorufin (λex 560 nm/λem 590 nm) was measured using a Synergy™ 4 Hybrid 
Microplate Reader (BioTek, VT, USA). The results were expressed as a percentage of difference from the control 
group (considered 100%) compared with the treated groups (AM venom, Drome-AKH, and Drome-AKH + AM 
venom). Medium containing AM venom and Drome-AKH without tissue was used as the blank.

Determination of Drome-AKH level in CNS (competitive ELISA)
After a 24-hour incubation, cultured heads were collected (two heads per reaction), and endogenous Drome-
AKH was isolated from the CNS using 80% methanol, sonication, and centrifugation33. The supernatant 
containing Drome-AKH was then evaporated in a vacuum concentrator, and the resulting pellet was stored at 
− 80 °C until further analysis. The amount of Drome-AKH was measured using a competitive enzyme-linked 
immunosorbent assay (ELISA), following the method described by Zemanová et al.34. A known dilution series 
of synthetic Drome-AKH (Vidia, Prague, Czech Republic) was used as a reference to quantify the amount of 
Drome-AKH in the experimental samples.

Citrate synthase activity
Mitochondria were extracted from five incubated thoraces per sample (approximately 2 mg tissue; see Sect. Organ 
incubation for details) using ice-cold isolation buffer (250 mM sucrose, 1 mM EDTA, and 10 mM Tris-HCl; pH 
7.4), followed by homogenisation and differential centrifugation at 600 × g for 10 min at 4 °C to pellet debris and 
nuclei and 7 000 × g for 10 min at 4 °C to pellet mitochondria. The obtained mitochondria were resuspended 
in phosphate-buffered saline (PBS). Subsequently, citrate synthase activity was measured in technical duplicates 
(2.5 thorax equivalent per reaction) using a Citrate Synthase Activity Assay Kit (Sigma-Aldrich) according to the 
manufacturer’s instructions. The results were calculated using the kinetic data of the reaction.

Analysis of superoxide dismutase (SOD) and catalase (CAT) activity
After 24 h of incubation (see Sect. Organ incubation for details), 5 thoraxes (muscle tissue) or 15 heads (CNS 
tissue) were homogenised and sonicated in 50 mM K-PBS with 6.3 mM EDTA (pH 7). The homogenate was then 
centrifuged at 7000 × g for 15 min at 4 °C, and the supernatants were transferred to new tubes. SOD activity was 
assessed in technical duplicates using the Superoxide Dismutase Activity Assay Kit (Sigma-Aldrich) according 
to the manufacturer’s instructions, with a custom standard curve ranging from 200 to 0.001 U/mL of SOD 
(Sigma-Aldrich). CAT activity was measured in technical triplicates using the Amplex™ Red Catalase Assay Kit 
(Invitrogen™, Thermo Fisher Scientific) following the manufacturer’s instructions.

Measurement of immune-related gene expression using RT-qPCR
The expression of six immune-related genes (Keap1, Relish, Nox, Eiger, Gadd45, and Domeless) was monitored. 
After incubation, total RNA was extracted from thoracic muscles or CNS tissues (5 thoraxes or 15 heads per 
sample; see Sect.  Organ incubation for details) via homogenisation in TriReagent solution (Sigma-Aldrich), 
according to the manufacturer’s instructions. The isolated RNA was treated with Takara Recombinant DNase 
I (Clontech Laboratories Inc., CA, USA) and purified using pure ethanol and 3 M sodium acetate. The quality 
of the extracted, DNase-treated, and purified RNA samples was evaluated via spectrophotometry using a 
Take3 Microvolume Plate (BioTek). cDNA was synthesised using the iScript cDNA Synthesis Kit (Bio-Rad 
Laboratories, CA, USA). Quantitative real-time PCR was carried out on a QuantStudio™ 6 Flex System (Thermo 
Fisher Scientific, MA, USA) with the following thermal cycling conditions: an initial hot start at 95 °C for 10 min, 
followed by 40 cycles of denaturation at 95 °C for 15 s, primer annealing at 60 °C for 1 min, and extension at 
72 °C for 30 s, with data acquired at the end of each extension step. Each PCR included Power SYBR™ Green 
PCR Master Mix (Applied Biosystems™), 10 ng cDNA, and 400 nM primers. The primer sequences for the 
immune-related genes were used according to35 and are provided in Table S1. After completion of the PCR, 
dissociation and melting curve analyses were performed. Samples were analysed in technical triplicates, and 
data were calculated using the 2−ΔΔCT method36. mRNA levels were normalised to those of the housekeeping 
gene rp4937. Relative gene expression levels in the untreated controls were set to 1. The mean values of relative 
gene expression in the heat maps (Fig. 7) were logarithmised and normalised to the mean value of the control.
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Ultrastructure observation using scanning and transmission electron microscopy
After 24 h of organ incubation (see Sect. Organ incubation for details), thoracic muscle samples were immersed 
in a fixative solution containing 2.5% glutaraldehyde (electron microscopy grade) in 0.2 M PBS (pH 7.4) for 3 
d at 4 °C. The samples were then washed thrice for 15 min in 0.1 M PBS with 4% glucose (pH 7.4). Next, the 
samples underwent post-fixation with 2% osmium tetroxide in 0.1 M PBS with 4% glucose for 2 h at room 
temperature to amplify ultrastructure preservation and contrast. The samples were then washed (3 × 15 min) and 
dehydrated using a graded series of acetone solutions ranging from 30 to 100% for 15 min each.

For scanning electron microscopy (SEM), samples in 100% acetone were dried using a critical point dryer 
(Ted Pella Inc., CA, USA). The dried specimens were mounted onto aluminium holders, sputter-coated with 
gold, and examined using an HR SEM JEOL JSM-7401 F scanning electron microscope (JEOL, Tokyo, Japan). 
The results were analysed using the ImageJ open-source software.

For transmission electron microscopy (TEM), acetone-dehydrated samples were infiltrated with Epon-
Araldite resin (EMbed 812; Electron Microscopy Sciences, PA, USA) mixed with pure acetone at ratios of 1:2, 
1:1, and 2:1 for 1 h each. The samples were then embedded overnight in pure resin under vacuum in a desiccator. 
Polymerisation was performed in an incubator at 62 °C for 48 h. Ultrathin Sect. (70 nm) were prepared using 
an Ultracut UCT microtome (Leica Biosystems, Germany) equipped with a diamond knife (Diatome Ltd., 
Switzerland) and were collected on Cu 300 Mesh Thin Bar grids. The sections were stained with alcoholic uranyl 
acetate for 30 min, followed by staining with lead citrate for 20 min. Images were captured using a 120 kV JEM-
1400 Flash transmission electron microscope (JEOL) with a high-sensitivity sCMOS camera (Matataki Flash; 
JEOL), and the photographs were processed using the ImageJ open-source software.

 Relative quantification of arginine kinase (ARK) released from muscle cells into the medium
After 24 h of incubation of the muscles, the medium in the wells of respective groups was collected (500 µL per 
sample) and frozen at -80 °C until use. Upon use, the stored medium samples (500 µL for each experimental 
group) were thawed, and the protein content was purified using Micro Spin SpeExtra MSPE C18P columns 
(Chromservis s.r.o., Prague) with solutions of 0.11% trifluoracetic acid (TFA), 60% methanol + 0.1% TFA, and 
100% acetonitrile. The acetonitrile protein solution was then dried using a vacuum concentrator. The obtained 
pellet was stored at -20 °C until subsequent analysis.

The presence of ARK in the pellets and its relative amounts were determined using western blotting. The 
samples were dissolved in PBS with NuPAGE® LDS Sample Buffer (Invitrogen™, Thermo Fisher Scientific) and 
freshly added 1 M dithiotreithol (Thermo Fisher Scientific), followed by heating to 80 °C for 10 min and a brief 
frost-shock. Thereafter, lithium dodecyl sulfate-polyacrylamide gel electrophoresis (LDS-PAGE) was performed 
under reducing conditions using Mini-PROTEAN TGX Stain-Free Gels (Bio-Rad Laboratories) and PageRuler 
Plus Pre-stained Protein Ladder (Thermo Fisher Scientific). Then, the presence of the separated proteins 
was confirmed using Bio-Rad stain-free gel technology. The proteins were transferred onto a polyvinylidene 
difluoride membrane using a tank transfer system with borate buffer containing 10% methanol. Afterwards, the 
membrane was blocked overnight in TBST (Tris-buffered saline + 0.1% Tween 20) + 5% bovine serum albumin 
(fraction V) + 5% skim milk solution. The following day, the membrane was incubated with primary ARK 
Polyclonal Antibody (Thermo Fisher Scientific) (diluted 1:1000 in TBST) for 2  h, followed by washing with 
TBST (4 × 5 min). Subsequently, the membrane was incubated with Goat anti-Rabbit IgG (H + L) Secondary 
Antibody, HRP (diluted 1:100 000 in TBST) for 1 h and then washed with TBST (4 × 5 min). ARK bands were 
visualised on the ChemiDoc™ MP Imaging System (Bio-Rad Laboratories) using a chemiluminescent Clarity™ 
Western ECL Substrate (Bio-Rad Laboratories). The signal had an exposure time of 500 s (50 s/snapshot). The 
results were analysed using Image Lab Software 6.1 (Bio-Rad Laboratories).¨.

 Statistical analysis of data
Data analyses were conducted using the Prism 8.0.1 software (GraphPad Software, Inc., San Diego, CA, USA). Bar 
graphs display the mean ± standard deviation, with the number of replicates (n) indicated in the figure legends. 
Initially, outliers in the datasets were identified using the 1.5 × interquartile range method. The Shapiro–Wilk 
test was used to assess the normal distribution of the data. Statistical differences were analysed using unpaired 
Student t-test (Fig. 1), one-way analysis of variance with Tukey’s post-hoc test (Figs. 2, 3, 4 and 10B) and the one-
way analysis of variance with Dunnett’s post-hoc test (Figs. 5 and 6), which was applied because of the focus on 
the evaluation of upregulation and downregulation trends while correcting for multiple comparisons. Figures 8 
and 9 were processed using the ImageJ open-source software. Figure 10A was analysed using Image Lab Software 
6.1 (Bio-Rad Laboratories) and contrasted using ImageJ open-source software.

Results
The experimental phase of the study began with the determination of Drome-AKH levels in the CNS of 7-day-old 
Drosophila females incubated in vitro for 24 h. The application of AM venom was found to cause a significant 3.5-
fold reduction in hormone levels (Fig. 1). In the next experiments, the relative viability of the incubated organs 
was evaluated (Fig. 2). Both thoracic muscle (Fig. 2A) and CNS (Fig. 2B) tissues showed significant increases in 
relative viability after all treatments compared with the control group (medium only): Drome-AKH (in graphs 
abbreviated to AKH), AM venom, and Drome-AKH + AM venom co-treatment. Drome-AKH increased the 
relative viability 1.3 times in both incubated organs. Interestingly, incubation with AM venom increased the 
relative viability by 2.9-fold (Fig. 2A) and 1.7-fold (Fig. 2B) in the thoracic muscle and CNS tissues, respectively. 
When AM venom was applied together with Drome-AKH, the most pronounced effects were observed, with a 
3.6-fold increase in thoracic muscle and a 1.9-fold increase in CNS compared with the control. Compared with 
venom alone, the increase was only significant in the thoracic muscle (Fig. 2A).
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Additionally, citrate synthase activity was analysed in the thoracic muscles (Fig. 3). This enzyme, belonging to 
the acyltransferase group, catalyses the first reaction of the Krebs cycle, in which acetyl coenzyme A condenses 
with oxaloacetate to form citrate and coenzyme A38. Thus, Drome-AKH or its combination with AM venom had 
no or a small but significant effect, respectively, whereas AM venom alone significantly increased citrate synthase 
activity by 1.5-fold compared with the control. No significant difference was observed between the venom and 
AKH + venom groups.

The superoxide dismutase (SOD) and catalase (CAT) play a crucial role in protecting against oxidative stress. 
These enzymes scavenge free radicals: SOD converts the superoxide anion radical (O2−•) to hydrogen peroxide, 
while CAT transforms hydrogen peroxide into water and oxygen39,40. Accordingly, SOD (Fig. 4A and C) and 
CAT (Fig. 4B and D) in the thoracic muscle (Fig. 4A and B) and CNS (Fig. 4C and D) tissues exhibited severely 
decreased activities following AM venom intoxication. As expected, Drome-AKH administered alone had no 
significant effect on any of the tested tissues or oxidative stress markers, and when the venom was combined with 
AKH, the inhibitory effect of the venom remained unchanged.

Relative immune-related gene expression analysis in the muscle tissue (Fig. 5) demonstrated that Drome-
AKH treatment downregulated all analysed genes, however, just Relish (Fig. 5B) was significantly downregulated, 
whereas the others did not show significant changes in expression. In terms of the AM venom effect, Keap1, 
Relish, Nox, and Eiger (Fig. 5A, B, C, and D) were significantly upregulated, and Gadd45 and Domeless (Fig. 5E 
and F) were only marginally affected. Finally, administration of AM venom with Drome-AKH resulted in 
significant upregulation of all immune-related genes studied (Fig. 5A–F).

Analysis of the expression of the same genes in the CNS (Fig. 6) yielded interesting results. Overall, Drome-
AKH treatment showed similar results to those in the muscle tissue. Thus, the majority of the analysed genes, 
namely Keap1, Relish, Gadd45, and Domeless, were downregulated although not significantly (Fig.  6A, B, E, 
and F), with the exception of the significantly downregulated Eiger (Fig.  6D) and slightly upregulated Nox 
(Fig.  6C). Interestingly, the AM venom-treated group showed contrasting outcomes. Keap1, Relish, Eiger, 
Gadd45, and Domeless (Fig. 6A–F) were notably downregulated, whereas only Nox (Fig. 6C) was upregulated 
although not significantly. Genes affected by the co-administration of AM venom and Drome-AKH were mainly 
downregulated, either significantly (Keap1, Eiger, and Domeless [Fig. 6A, D, F]) or not significantly (Relish and 
Gadd45 [Fig. 6B, E]), and Nox (Fig. 6C) was significantly upregulated.

All data used to analyse the gene expression of immune response markers in the thoracic muscle and CNS 
tissues, as described in the previous two paragraphs, are summarised in Fig. 7.

In addition to biochemical and molecular assays, SEM (Fig. 8) and TEM (Fig. 9) were employed to study 
the AM envenomation effect on muscle tissue at the (ultra)structural level. The data obtained indicated that 
the muscles treated with AM venom exhibited significant (ultra)structural changes (Figs. 8C and 9C), resulting 
in a structure different from that of the control group (Figs.  8A and 9A). In particular, the membrane and 
myofibril structures were damaged and disintegrated following venom administration. Although the Z-discs 
of myofibrils, where actin filaments are anchored, appeared to have suffered only minor damage, the central 

Fig. 1.  Level of endogenous Drome-AKH in CNS of 7-day-old females D. melanogaster after 24 h incubation 
in the presence of AM venom; the data are expressed per one organ. Statistically significant differences between 
the groups (mean ± SD, n = 8) are assessed by unpaired Student t-test at the 0.1% level and indicated by ***. The 
number above the AM column represents fold-difference in comparison to the control group.
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parts of the sarcomeres, composed of heavy meromyosin and actin filaments, were severely disrupted (Fig. 9C). 
Envenomation also caused an increase in vacuolisation, with vacuoles forming inside myofibrils (Fig.  9C), 
whereas in the controls (Fig.  9A), a significantly smaller number of vacuoles was observed just outside the 
myofibrils. This demonstrates the venom’s overall disintegrative effect on the ultrastructure of muscle cells. 
Interestingly, the co-administration of Drome-AKH and AM venom (Figs. 8D and 9D) restored the myofibril 
structure to a state similar to that of the control group. As expected, Drome-AKH treatment alone (Figs. 8B and 
9B) resulted in no significant changes.

To support the SEM and TEM observations, the levels of ARK in the medium containing incubated muscle 
tissue were examined. ARK is an important enzyme in energy metabolism, catalysing a reaction between ATP 
and L-arginine. It occurs predominantly in invertebrates41 but is also present in eukaryotes generally42. The 
multichannel photograph of the western blot (Fig. 10A) and the graph of the processed data (Fig. 10B) show that 
the medium containing AM venom-treated thoracic muscles had the significantly highest relative ARK level. In 
contrast, the relative ARK levels in the other groups were comparable.

Discussion
The toxicological properties of AM venom have been studied extensively over the last several decades43–45; 
however, some details of its molecular and biochemical mechanisms remain to be elucidated. The majority of 
relevant experiments were performed on mammalian models; however, our recent studies have revealed that 
insect models offer an interesting alternative21,22. This idea is not entirely novel, as research on the effects of 
bee venom or its fractions in Drosophila was conducted more than 50 years ago46,47. The possibility of model 
variability can be explained by the universal mechanisms of the main bee venom toxins. This is primarily due to 
melittin and its ability to bind to the phospholipid bilayer of cell membranes to form pores and activate various 
enzymes. Consequently, melittin-activated phospholipases break down cell membrane phospholipids, resulting 
in cell destruction6,7 and mitochondrial damage and collapse47,48. Melittin is a multitoxic peptide that affects 
several organ systems, including the cardiovascular, immune, and neural systems49. Although melittin is known 
bind to the myosin light chain and elicit myonecrosis/rhabdomyolysis in both vertebrates15,50,51 and insects21, 
its effect on the muscular system is not well studied. Therefore, we investigated the interactions of bee venom 
primarily with the muscular system in the universal insect model D. melanogaster, as well as the effect of bee 
venom on the CNS since the muscular system is closely associated with the neural system.

Fig. 2.  Relative viability assay expressed as a percentage of the difference between untreated control and 
treated groups (Drome-AKH, AM venom, and AM venom + Drome-AKH) in the thoracic muscle (A) and 
CNS (B) tissue of 7-day-old females D. melanogaster after 24 h incubation. Statistically significant differences 
among the groups (mean ± SD, n = 7–12) are assessed by one-way ANOVA with Tukey post-test at the 5% level 
and are indicated by different letters above the columns (a, b, c, d). The numbers above the columns represent 
fold-difference in comparison to the control group.
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Effect of the honeybee venom on AKH level, metabolic characteristics and oxidative stress
The findings of the present study indicated that AM venom significantly reduced the level of Drome-AKH in 
the CNS incubated in vitro. As AKH is a characteristic anti-stress hormone, this result appears unexpected, 
particularly given that the injection of AM venom into the bodies of P. americana21 or P. apterus22 resulted 
in an increase in AKH in the CNS. Nonetheless, AKH activity is likely to be more complex when an insect 
is envenomated, and the reaction may be species-specific or differ between in vivo and in vitro conditions. 
Similarly to this study, venom from the wasp Habrobracon hebetor reduced the level of AKH in Drosophila CNS 
in vitro35. Drome-AKH is probably released into the medium; however, we are unable to confirm this at present, 
as the concentration of AKH in the medium is quite low, and AKH may be degraded by AM venom activity. The 
absence of internal organs under in vitro conditions, and thus the lack of positive feedback from them, may also 
affect AKH levels in the CNS.

Further, both Drome-AKH and AM venom treatment enhanced the relative cell viability in the thoracic 
muscle and CNS tissues. This may appear surprising at first glance, particularly for AM venom, but this can be 
explained by the results of the alamarBlue® test conducted. The essence of this test (see Sect. Organ incubation 
relative viability assessment for details) is the conversion of resazurin to resorufin and the evaluation of the 
electron transport chain in oxidative processes. This generally assesses the intensity of cellular metabolism. As 
a result, tissue envenomation triggers antistress defence mechanisms associated with increased metabolism. 
This reaction was found to be lower in the CNS than in muscles, which are more metabolically active organs. 
Administration of Drome-AKH resulted in a significant increase in metabolism, which is not surprising given 
the role of AKHs in mobilising energy resources, increasing metabolism, and maintaining homeostasis23,25. The 
combination of both substances resulted in no significant alterations, except in the muscles, wherein metabolism 
significantly increased although not exceptionally.

The positive effect of AM on the viability and metabolism of muscle cells was supported by the citrate synthase 
data. Administration of AM venom significantly increased the activity of this enzyme that play a substantial role 
in energy metabolism38; however, the effect of AKH alone or in combination with the venom was minimal 
to none. Moreover, citrate synthase activity is regulated by various factors. Metformin, an antidiabetic drug, 
increases citrate synthase activity in rat muscles52, thyroid hormone levels in the liver of whitefish (Coregonus 
clupeaformis)53, and insulin levels in the human body54. To the best of our knowledge, no data are available on 
the direct stimulation of citrate synthase in insects following the administration of any substance. Thus, our 
discovery of this enzyme activation by bee venom appears to be novel. Nonetheless, this finding is consistent 
with the enzyme’s broad functions in animal immunological defence. Citrate synthase is known to exert an 
antibacterial effect55, play a role in general immune metabolism56, and have other immunological functions57.

Fig. 3.  Citrate synthase activity in thoracic muscle of 7-day-old females D. melanogaster after 24 h incubation 
in the following tested groups: control, Drome-AKH, AM venom, and AM venom + Drome-AKH. Statistically 
significant differences among the groups (mean ± SD, n = 4–5) are assessed by one-way ANOVA with Tukey 
post-test at the 5% level and are indicated by different letters above the columns (a, b, c). The numbers above 
the columns represent fold-difference in comparison to the control group.
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Many venoms and toxins have been shown to trigger oxidative stress when reactive oxygen species production 
exceeds the capacity of antioxidative systems. This may substantially disrupt key biochemical and physiological 
processes by destroying physiologically active molecules, such as nucleic acids, proteins, or lipids58. The present 
study demonstrated that AM venom significantly reduced the activity of two key antioxidant enzymes, SOD and 
CAT, which play a crucial role in protecting organisms from oxidative stress59. Our findings of the AM venom 
suppression of oxidative stress enzymes and almost no effect of AKH may have two causes: (1) venom treatment 
reduces oxidative stress, resulting in decreased enzyme activity; and (2) venom treatment enhances oxidative 
stress and selectively eliminates enzyme activity via mechanisms such as protein carbonylation of the enzyme 
molecules. In addition, co-administration of AKH and oxidative stressors is known to reduce stress-induced 
changes in the activity of antioxidative enzymes60–63. However, this was not found in the present study, which 
might point to the novel possibility of the above-mentioned explanation of the AKH vs. enzyme results: the 
reduction of oxidative stress. This conclusion is corroborated by studies on mammals64–66, which established the 
antioxidative activity of AM venom and/or its toxins. It is also indirectly supported by the stimulatory effect on 
citrate synthase activity (discussed above), as citrate synthase activity is negatively correlated with antioxidative 
enzymes67. The failure of venom to generate oxidative stress was also observed in the cockroach P. americana21. 
Meanwhile, reduction of SOD and CAT activities elicited by Drosophila envenomation by administration of 
venom from a braconid wasp H. hebetor was partially eliminated by co-administration with AKH35.

Immune responsible factors in thoracic muscles and the CNS
The expression levels of genes linked to the immune response in the thoracic muscles showed a distinct response 
to the toxicity of venom alone or with AKH. The expression levels of Keap1, Relish, Nox, Eiger, Gadd45, and 
Domeless were examined after treatment with AM venom alone, AKH alone, or venom + AKH. The products of 
these genes play important roles in the Drosophila immune system. Keap1 is an inhibitor of NF-E2-related factor 
2 (Nrf2), a transcription factor from the leucine zipper family. Keap1/Nrf2 signalling regulates cellular responses 

Fig. 4.  Level of oxidative stress markers – superoxide dismutase (A, C) and catalase (B, D) in thoracic muscles 
(A, B) and CNS (C, D) of 7-day-old females D. melanogaster after 24 h incubation in the following tested 
groups: control, Drome-AKH, AM venom, and AM venom + Drome-AKH. The enzyme activity in thoracic 
muscles is expressed per mg of tissues, in CNS per organ. Statistically significant differences among the groups 
(mean ± SD, n = 4–5 (A, B), n = 6–8 (C, D)) are assessed by one-way ANOVA with Tukey post-test at the 
5% level and are indicated by different letters above the columns (a, b, c). The numbers above the columns 
represent fold-difference in comparison to the control group.
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to electrophilic xenobiotics and to oxidative stress68. Relish (encoding analogue of nuclear factor kappa B) plays 
a significant role in inducing the humoral innate immune response in Drosophila via activation of Imd pathway, 
which involves antifungal, antibacterial, and possible antivenom factors69,70. Nox is involved in the regulation 
of muscle contraction, Ca2+ signalling, and modulation of reactive oxygen species. Eiger (analogue of tumour 
necrosis factor alpha) can induce cell death and functions as a physiological ligand for the c-Jun kinase (JNK) 
pathway71. Gadd45 is a component of the JNK signalling pathway and is involved in cell senescence, DNA repair, 
and apoptosis. It can be activated as a cellular response to various nongenotoxic and genotoxic substances71,72. 
Domeless encodes a transmembrane receptor, which is crucial to the Janus kinase (JAK)/signal transducers and 
activators of transcription (STAT) signalling cascade in response to cytokines73. Treatment with honeybee venom 
increased the expression of the Keap1, Relish, Nox and Eiger genes in the thoracic muscles. Thus, hypothetically, 
an increase in Keap1 expression indicates a decrease in the antioxidant response. Among the signalling pathways 
susceptible to target-specific reactive electrophile species and reactive oxygen species (ROS) regulation—such 
as those involved in immune response, DNA damage, apoptosis, and transcription—the Keap1/Nrf2 pathway 
is one of the most evolutionarily conserved. In its simplest form, Nrf2 is a transcription factor that upregulates 
cytoprotective genes essential for safeguarding against numerous reactive molecules, while Keap1 is its inhibitor. 
However, under conditions where cellular stresses overwhelm the defence system, Keap1 expression may be 
augmented, thereby inhibiting Nrf2 expression74. We hypothesise that a similar mechanism could be at play 
in thoracic muscles exposed to AM venom. Additionally, the relative expression of Keap1 corresponded with 
SOD and CAT activity observed in this study. In muscle tissue, Keap1 was upregulated, which may have caused 
a decrease in SOD and CAT activity, whereas in the CNS, the opposite pattern was observed. Further, increased 
Relish gene expression should indicate a defense anti-toxic reaction, as similar increases in this gene expression 

Fig. 5.  Relative gene expression of Keap1 (A), Relish (B), Nox (C), Eiger (D), Gadd45 (E), and Domeless (F) 
in thoracic muscles of 7-day-old females D. melanogaster after 24 h incubation in the following tested groups: 
control, Drome-AKH, AM venom, and AM venom + Drome-AKH. Statistically significant differences to the 
control group (mean ± SD, n = 5–13) are assessed by one-way ANOVA, followed by Dunnett’s post-hoc test and 
indicated by asterisks above zig-zag lines (*p < 0.05; **p < 0.01; ***p < 0.001). The numbers above the columns 
represent fold-difference in comparison to the control group.
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were observed when the locust Locusta migratoria was treated with Bacillus thuringiensis toxins75 or the beetle 
Octodonta nipae was infected with various nematodes or their bacteria76. Changes in the levels of the other gene 
expressions are rather unclear, and any conceivable explanation would be speculative.

In conclusion, assessing the impact of a complex xenobiotic such as honeybee venom on immune-related 
genes is challenging. According to the literature, various substances have documented immunotoxic effects in 
insect species. Moreover, the immune response, including the up- or down-regulation of immune-related genes, 
is species-, tissue-, and dose-dependent (for details, see77,78). Furthermore, the immune system is closely linked 
to ROS production, either directly (through pathogen/toxin neutralisation) or indirectly (via cell signalling), 
meaning they can influence each other79. Accordingly, the immunotoxic effects of honeybee venom require 
further investigation.

Interestingly, the stimulatory effect was maximal when the venom was combined with Drome-AKH; 
nevertheless, the hormone alone had mostly no effect, with the exception of Relish, where certain inhibition 
was observed. However, this is not surprising as the role of AKH is known to be mostly realised only when a 
stressor is present; when a stressor is missing, AKH action is featureless or nonexistent. For instance, applying 
AKH to the cotton leafworm Spodoptera littoralis or the firebug P. apterus eliminated oxidative stress caused by 
treatments with tannic acid or hydrogen peroxide, respectively, whereas AKH by itself had no direct effect61. 
Other examples of this were documented when AKH was co-applied with insecticides25.

Studies have revealed that the effects of venom on gene expression in the CNS is mostly opposite to that in 
muscles. Venom treatment resulted in significant (Keap1, Relish, Eiger, Domeless) or non-significant (Gadd45) 
downregulation, with the exception of Nox, which was marginally up-regulated. The application of AKH alone 
resulted in a slight but mainly nonsignificant decrease in gene expression.

Fig. 6.  Relative gene expression of Keap1 (A), Relish (B), Nox (C), Eiger (D), Gadd45 (E), and Domeless (F) 
in CNS of 7-day-old females D. melanogaster after 24 h incubation in the following tested groups: control, 
Drome-AKH, AM venom, and AM venom + Drome-AKH. Statistically significant differences to the control 
group (mean ± SD, n = 5–12) are assessed by one-way ANOVA, followed by Dunnett’s post-hoc test and 
indicated by asterisks above zig-zag lines (*p < 0.05; **p < 0.01; ***p < 0.001). The numbers above the columns 
represent fold-difference in comparison to the control group.
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To summarise, a distinct tissue-specific response in immunomodulatory genes was observed upon AM 
venom treatment and co-application of AKH. Envenomation of thoracic muscles increased the expression 
of a suite of genes while inhibiting them in the CNS, suggesting a tissue-specific reaction. In both systems, 
AKH could at least partially alter this effect. There are currently no satisfactory explanations for the differences 
between muscles and the CNS. Notably, recent research on the venom of the wasp H. hebetor in a comparable 
Drosophila system revealed no distinction in immune gene expression between the CNS and muscles; in both 
cases, envenomation resulted in the downregulation of the target genes35. The distinct modes of action of the 
two venoms could be a possible explanation for this variation. In contrast to bee venom, wasp venom causes 
complete muscle paralysis, rendering the victim immobile and further suppressing both cellular and humoral 
immunity80–82. Nonetheless, additional research is required to understand the differing characteristics of the 
two venoms.

Ultrastructure of thoracic muscles and ARK activity
Although the muscles do not appear to be the major target of AM venom, some venom toxins can impair muscle 
structure and function. The major toxin melittin binds to the myosin light chain and influences its action50. 
Experimental treatment with melittin causes disruption and disorganisation of human skeletal muscles in cell 
culture83 and mouse skeletal muscle myofibrils84. Additionally, AM venom was reported to cause skeletal muscle 
spasm in a mouse model85, likely through the disruption of sarcoplasmic reticulum and vast release of calcium 
ions. Interestingly, results documenting the negative effect of AM venom on muscles have also been recorded in 
insects, wherein venom administration to the cockroach P. americana resulted in severe damage to the muscle 
ultrastructure, with the organisation of myofibrils being the primary target21. The findings of this research 
support the results of the present study; envenomation of the Drosophila thoracic muscles resulted in significant 
damage to the myofibril ultrastructure, which appeared to be disintegrated. Overall, it is well-established that 
bee venom contains a variety of enzymes, including those with proteolytic activity86. Thus, it is possible that 
the activity of these enzymes led to the digestion of the actin and myosin molecular structures, thereby causing 
damage to their striated structure. Further, the muscle appeared to be in tension (spasm), whereas mitochondria 
did not appear to be damaged. This conclusion was supported by the citrate synthase data, which revealed 
the maximum activity of this mitochondrial enzyme in the venom-treated Drosophila group. In addition, the 
overall effect of the venom on muscle cells is also demonstrated by the results of ARK analysis (this study)—the 
increase in the release of ARK from AM venom-treated muscles in vitro indicates damage to the muscle cell 

Fig. 7.  Heat maps summarizing the relative gene expression of studied genes in thoracic muscles (A), see 
Fig. 5) and CNS (B), see Fig. 6) tissue. Mean values of determined relative gene expressions were logarithmized 
and normalized to control. Color coding of the squares in comparison to the control group – white = basal gene 
expression, spectrum of red = up-regulation, and spectrum of blue = down-regulation. For statistic details see 
Figs. 5 and 6.
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membrane and, consequently, an increased release of ARK into the medium (ARK is primarily located in the 
cytoplasm)87. Interestingly, a test based on similar findings is utilised in medicine, in which the ARK homologue 
creatine kinase serves as a marker of stroke, heart attack, and/or rhabdomyolysis88,89. In general, ARK regulates 
cellular ATP levels, making it an important enzyme in invertebrate energy metabolism90; it is typically found 
in muscles91 and has strong allergic properties [92,93]. Notably, in a related experiment using D. melanogaster 
muscles, the venom from H. hebetor destroyed the mitochondrial structure35, in contrast to the AM venom 
which primarily targeted myofibrils.

Interestingly, all the above-mentioned ultrastructural alterations, such as deleterious structural changes in 
thoracic muscles after AM venom treatment (this study) as well as after Habrobracon venom treatment35 and 
reduced ARK levels in the incubation medium (this study), were mitigated or abolished by co-administration 
with AKH. The mechanism of AKH activity is unknown; however, it is consistent with known AKH activities 
that maintain homeostasis25.

In conclusion, this study found that administration of honeybee A. mellifera venom into a medium in which 
Drosophila thoracic muscle or CNS tissues are incubated resulted in significant physiological, biochemical, and 
structural alterations in the examined organs. The treatment reduced AKH level in Drosophila CNS, increased 
metabolism, as evidenced by increased cell viability in both organs and increased citrate synthase activity in 
thoracic cells. Envenomation also influenced oxidative stress; it decreased SOD and CAT activity in both the 
thoracic muscle and CNS tissues. The effect of venom on immune gene expression was variable: in the thoracic 
muscles, it either raised the expression or had no effect, whereas in the CNS, it mostly resulted in downregulation 
(except for Nox). The venom also damaged the ultrastructure of muscle cells, specifically myofibril organisation, 
and increased the levels of ARK released in the incubation medium. Most of the indicated changes were modified 
by Drome-AKH when co-administered with venom. The greatest impact was observed in the cell ultrastructure 
which was mitigated, and a significant suppression of ARK release was observed; in other parameters, the 

Fig. 8.  SEM photos of thoracic muscles of 7-day-old females D. melanogaster after 24 h incubation in (A) only 
medium (control), (B) Drome-AKH, (C) AM venom, and (D) AM venom + Drome-AKH. mf myofibril, mt  
mitochondria, sl  sarcolemma. Scale bars in the Figs = 1 μm.
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hormonal effect was moderate or minimal. The mutual interactions between bee venom and AKH in the victims’ 
bodies appear to be challenging; however, any investigation of pharmacologically important compounds with a 
venom-protective function is worth examining for theoretical and practical reasons in the future.

Fig. 9.  TEM photos of thoracic muscles from 7-day-old females D. melanogaster after 24 h incubation in (A) 
only medium (control), (B) Drome-AKH, (C) AM venom, and (D) AM venom + drome-AKH. mf  myofibril, 
mt mitochondria, tr  trachea. Green arrowheads pointing to Z lines define the sarcomere; blue arrowheads 
point to the vacuole. Scale bars in the Figs = 2 μm.
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