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Abstract

:

Statins, such as lovastatin, are lipid-lowering drugs (LLDs) that have been used to treat hypercholesterolaemia, defined as abnormally elevated cholesterol levels in the patient’s blood. Although statins are considered relatively safe and well tolerated, recipients may suffer from adverse effects, including post-statin myopathies. Many studies have shown that supplementation with various compounds may be beneficial for the prevention or treatment of side effects in patients undergoing statin therapy. In our study, we investigated whether L-carnitine administered to zebrafish larvae treated with lovastatin alleviates post-statin muscle damage. We found that exposure of zebrafish larvae to lovastatin caused skeletal muscle disruption observed as a reduction of birefringence, changes in muscle ultrastructure, and an increase in atrogin-1. Lovastatin also affected heart performance and swimming behaviour of larvae. Our data indicated that the muscle-protective effect of L-carnitine is partial. Some observed myotoxic effects, such as disruption of skeletal muscle and increase in atrogin-1 expression, heart contraction could be rescued by the addition of L-carnitine. Others, such as slowed heart rate and reduced locomotion, could not be mitigated by L-carnitine supplementation.
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1. Introduction


Statins, e.g., lovastatin, simvastatin, and atorvastatin, belong to a family of lipid-lowering drugs (LLDs) that have been used for many years to combat one of the most common pathological conditions–hypercholesterolaemia, manifested as an elevated level of cholesterol in the patients’ blood. Statins, similar to other LLDs, allow the risk of cardiovascular diseases (CVDs) to be reduced. Statins are considered relatively safe and well-tolerated therapeutic drugs. However, their administration occasionally may induce adverse effects manifested in myotoxicity [1,2,3]. Statins’ mechanism of action is based on the inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR), which is the key enzyme of cholesterol synthesis in the mevalonate pathway in the liver. The inhibition of the mevalonate pathway via statins influences the intermediates of cholesterol synthesis, such as coenzyme Q10 (CoQ10) (reviewed by Bouitbir et al. [4]). Statins also influence mitochondrial function, among other ways, by promoting mitochondrial permeability and changing mitochondrial enzyme activities (reviewed by Apostolopoulou et al. [5]).



Molecular mechanisms underlying statin-induced myopathy involve down-regulation of PI3k/Akt signalling and up-regulation of FOXO transcription factor expression, which is associated with increased oxidative stress and inflammation in rat skeletal muscle [6]. Upregulation of expression of the mentioned genes is accompanied by an increase in the transcription of genes, such as atrogin-1 (also known as muscle atrophy F-box, MAFbx), involved in proteasomal- and lysosomal-mediated protein degradation and thus in skeletal muscle atrophy [6,7]. Notably, particular statins, depending on the degree of their lipophilicity, can cause different (or with different severity) side effects [8,9].



Supplementation of statin-exposed individuals with various compounds, including CoQ10, L-carnitine, and geranylgeraniol, has been suggested to be potentially beneficial in preventing or alleviating side effects in patients undergoing statin therapy [8,10,11]. For example, based on the observation that some patients with post-statin myopathy symptoms, such as muscle pain, had L-carnitine-associated abnormalities, it was hypothesised that L-carnitine treatments may alleviate these symptoms [10,12]. Moreover, the muscle-related protective activity of L-carnitine against the toxic effects of simvastatin was observed in rat skeletal muscle [13]. In this case, L-carnitine, acting as a free radical scavenger, was shown to prevent simvastatin-induced impairment of mitochondrial functions triggered by an increase in the generation of superoxide radicals [13].



L-carnitine is an ammonium compound of amino acid origin, naturally occurring in animals. It is involved in energy metabolism via participation in the transport of long-chain fatty acids into mitochondria for their β-oxidation. L-carnitine plays a role in the removal of accumulated toxic fatty acyl-coenzyme A (acyl-CoA) metabolites and maintenance of the balance between free and acyl-CoA [14,15]. In addition, reduced intracellular levels of L-carnitine may lead to the accumulation of lipids in tissues such as the heart, skeletal muscle, and liver, resulting in myopathy and hepatic steatosis [16].



Various studies have revealed that L-carnitine plays an important role in controlling energy metabolism and endurance capacity and can act as an antioxidant [17,18,19]. L-carnitine administration during prolonged physical exercise in mice enhances endurance capacity by promoting fat oxidation and mitochondrial biogenesis [18]. This is accompanied by the accumulation of glycogen stored in skeletal muscle [18]. Supplementation with L-carnitine mitigates oxidative stress during recovery from exercise fatigue, which results in a decrease in exercise-induced muscle damage [17] and attenuates exercise-induced oxidative stress marker levels in resistance-trained athletes [19]. It was also proved that in rats, L-carnitine displays cardioprotective effects against aspartame-induced cardiac toxicity, which may be triggered by the excessive generation of reactive oxygen species, reducing cardiac function [20].



What seems particularly interesting, in the context of preventing muscle damage through supplementation, is the fact that L-carnitine administration impedes muscle atrophy induced by prolonged hindlimb suspension in rats [21]. L-carnitine’s preventive effects are achieved via inhibition of the ubiquitin-proteasome pathway. This is manifested in the suppression of atrogin-1 expression and a decrease in E3 ligase mRNA expression [21].



As mentioned above, L-carnitine appears to be a remedy worth considering for alleviating muscle damage of different origins, including post-statin muscle symptoms. However, especially in the case of post-statin muscle damage, to verify and thoroughly understand the mechanism of action of both statins, which trigger muscle damage and L-carnitine as a potential therapeutic, further studies, including research using model organisms such as zebrafish, need to be conducted.



Zebrafish has been proved as an excellent model for human muscular diseases of different origins (reviewed previously [22,23]), including the LLD-induced myopathies [7,24,25,26,27,28,29] reviewed by Dubińska-Magiera et al. [30]. Studies using a zebrafish model make it possible to understand the mechanisms underlying statin-induced muscle damage [7]. For example, exposure of zebrafish embryos to lovastatin enhances the expression of atrogin-1, which is known to be a crucial protein involved in skeletal muscle atrophy and a component of the ubiquitin-proteasome pathway [7]. Besides stimulation of atrogin-1 expression, statins may lead to muscle fibre damage, developmental arrest, improper axis elongation, somite compression, changes in the muscle cytoskeleton and myofibril organisation, and pericardial oedema [7,25,29,31]. Recently [28], it was also discovered that exposure of zebrafish embryos to simvastatin or cerivastatin stimulates the expression of glucocorticoid-induced leucine lock (GILZ), which has been indicated as a protein involved in skeletal muscle differentiation [32]. This leads to disruption of embryonic muscle development and muscle contraction impairment [28].



Zebrafish was also used to evaluate statins’ influence on heart development and functioning. It was proven that in zebrafish embryos, atorvastatin treatment leads to heart defects followed by pericardiac oedema and impaired cardiac performance manifested in a dose-dependent heart rate decrease [33]. Similar effects were observed in the case of simvastatin administration, which also reduces zebrafish embryos’ heartbeat frequency [26].



In our study, we aimed to verify the hypothesis that the supplementation of zebrafish larvae with L-carnitine reduces cardiac and skeletal muscle damage induced by lovastatin exposure. The obtained results suggest that the muscle-protective effect of L-carnitine is partial. This incomplete action is reflected in L-carnitine’s ability to prevent, among other things, disruption of muscle structure, while having no protective effect on heartbeat rate. Our results provide interesting information which can be used for further investigation of the post-statin muscle damage mechanism and assessment of L-carnitine’s preventive potential.




2. Materials and Methods


2.1. Ethical Statement


All experiments were carried out following ethical permission approved by the Local Ethics Commission in Wrocław (108/2014), Poland.




2.2. Animal Maintenance and Handling


Zebrafish (Danio rerio), wild type strains (AB-Tu and Tubingen) and a line with labelled motoneurons Tg (mnx1:TaqRFP-T) were used. The latest line was generated by transgenesis of TagRFP-T expressed from zebrafish motor neuron and pancreas homeobox 1 (mnx1) upstream elements (TagRFP-T-red fluorescent protein variant containing a mutation S158T) [34]. If there was no information about the zebrafish line used, the experiment was carried out with the wild line. Zebrafish were raised, staged, and maintained following standard procedures [35,36]. The embryos were obtained by natural spawning and raised at 28 °C with a photoperiod of 14 h light/10 h dark. The larvae were anaesthetized using 0.04% tricaine in embryo medium in the experiments that required it.




2.3. Experiment Design and Lovastatin Treatment


Lovastatin (LOV), L-carnitine (LC), and dimethylsulfoxide (DMSO) were purchased from Merck (Darmstadt, Germany). Stock solutions of lovastatin were prepared by dissolving it in DMSO, and the stock solution of L-carnitine was prepared by dissolving it in distilled water. The experimental solutions were obtained by diluting the stock solution in the embryo medium.



The concentration of lovastatin was selected on the basis of experimental evaluation. To determine the concentration that is lethal to 50% of zebrafish embryos (LD50), toxicological tests were performed on 6-well plates. The volume of each well was 10 mL. Twenty 96hpf embryos were placed in each well. The larvae were incubated with the tested substance for 24 h, and the number of survivors was counted. The LC50 was calculated by plotting the log-concentration of lovastatin versus logits of mortality. According to the LC50 plot, the effective concentration at which 50% of larvae do not survive (logit 0) was 31.5 µM (Supplementary Figure S1). The lovastatin minimal dose was chosen according to Hanai et al., 2007 [7], where authors describe its influence on zebrafish morphology within the range of 0.025 and 5 µM. To observe atrophy in muscles, but to avoid the severe phenotype, we utilise the medium concentration of 0.5 µM lovastatin.



The minimal efficiency doses of L-carnitine were selected based on published data [37], where researchers show the effects with the use of 0.5 mM (i.e., 500 µM) acetyl L-carnitine. We utilise two experimental doses (100 and 200 µM) to check if we will see the effect in all planned tests.



We performed experiments with seven investigated groups: NT (non-treated larvae), VC (vehicle control; larvae incubated in solvent, DMSO solution in embryo medium), LOVVLOV (larvae incubated in 0.5 μM lovastatin), LC100 (larvae incubated in 100 μM L-carnitine), LC200 (larvae incubated in 200 μM L-carnitine), LOV+LC100 (larvae incubated in mixture of 0.5 μM lovastatin and 100 μM L-carnitine), and LOV+LC200 (larvae incubated in mixture of 0.5 μM lovastatin and 200 μM L-carnitine). Groups NT, VC, LC100, and LC200 were treated as control groups. To obtain zebrafish embryos for experimental procedures, spawning was carried out in several spawning containers. Fertilised eggs from each spawning container were separately collected, rinsed with embryo medium, allocated to 150 mm Petri dishes filled with freshly prepared embryo medium, and incubated at 28.0 °C under the same photoperiod conditions as the zebrafish stock. Quality of developing embryos was assessed with the use of the dissecting microscope, and embryo medium was renewed daily in order to maintain optimal developing conditions. Non-viable embryos were removed. Then, after pooling larvae from all 150 mm Petri dishes, zebrafish larvae (96 h post-fertilisation [hpf]) were randomly allocated to 50 mm Petri dishes filled with 5 mL per 10 individuals of freshly prepared experimental solutions. Animals were incubated at 28.0 °C for 24 h under standard photoperiod conditions. Larvae (120 hpf) were rinsed with embryo medium and collected for further experiments. The experimenter conducting particular experiments was not involved in collecting the larvae. The experimenter conducting particular experiments (morphology and birefringence assessments) were also blinded to the treatment groups.




2.4. Birefringence Assay


Muscle birefringence was analysed in 120 hpf zebrafish larvae (40–86 in each group). Animals were anaesthetized with 0.04% tricaine and placed on a depression glass microscope slide. While the polarising filters were crossed, the fish were rotated to find the angle that maximised birefringence. The microscope exposure was adjusted to see the light refracting through the trunk skeletal muscle of the vehicle control (VC) fish. All settings remained unchanged during the examinations of all control and investigated groups. The observations were performed, and images were acquired using the Leica DM5000 light microscope (Leica, Munich, Germany) with a pair of polarised lenses. ImageJ software was used to quantify the birefringence.




2.5. Transmission Electron Microscopy


For electron microscopic techniques, the 120 hpf zebrafish larvae were anaesthetized. Larva fixation, embedding, and sectioning were performed as described previously [38].




2.6. RNA Isolation, Reverse Transcription, and Real-Time Quantitative PCR (RT-qPCR)


Total RNA from investigated larvae was extracted using the Extracol reagent (EURX, Gdańsk, Poland), according to the protocol provided by the manufacturer. RNA was quantified using the NanoDrop OneC Spectrophotometer (Thermo Scientific, Waltham, MA, USA). The cDNA was synthesised using a HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems, Bedford, MA, USA).



Real-time quantitative PCR (RT-qPCR) was performed using the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) utilising the PowerUp SYBR Green Master Mix (Thermo Scientific, Waltham, MA, USA) with the gene-specific primers indicated below (Table 1).



The software automatically determined the Ct values. Standard curves for each pair of primers were prepared by serial 5-fold dilutions of the template cDNA followed by the determination of reaction efficiencies. The number of atrogin-1 molecules was determined from the curve and then normalised to the rpl13a gene. The normalised number of atrogin-1 (fbxo32) molecules in the samples obtained from the 5 µm LOV treatment group was considered to be 1 arbitrary unit (A.U.).




2.7. Behaviour Tests


2.7.1. Spontaneous Displacement Assay


The spontaneous displacement was examined according to a modified method from Xi et al. [39]. Larvae (18–20 in each group) were placed on a lightbox in 50 mm Petri dishes filled with embryo water and allowed to acclimatise for a minimum of 1 min. The spontaneous movement of the larvae was then recorded with a digital video camera at the frequency of 60 frames per second for 10 min. The movies were converted to AVI format and analysed in ImageJ by manually determining the trajectories of movement and measuring the distance travelled by fish. Individual coordinates determined in ImageJ allow one to create tracking graphs using MS Excel. Due to the high diversity of the reactions of larvae within the groups, the activity assessment was made by counting the percentage of individuals in 4 ranges of the distance travelled: no movement (up to 0.5), from 0.5 to 1.5, from 1.5 to 3, and a distance of more than 3 cm. Values are expressed as a percentage of the larvae responding in each range.




2.7.2. Touch-Evoked Response Assay


The response of larvae to tactile stimulation was examined using a method modified by Granato et al. [40]. Larvae were placed individually on a lightbox in a 50 mm Petri dish filled with embryo water and allowed to accommodate for a minimum of 1 min. Larvae’ response to tactile stimulus was assessed by a gentle touch to the tail (two stimuli) and head (single stimuli) with a needle, and the motion was recorded with a digital video camera at the frequency of 60 frames per second. The movies were then analysed. The responses to stimulation were divided into 4 groups: no response, response without escaping (defined as a lateral undulation of the tail immediately after being touched), short distance (the larvae travelled a distance of no more than 20 mm), and long distance (the larvae travelled more than 20 mm). Values are expressed as a percentage of the larvae responding.





2.8. Heartbeat Analysis


The zebrafish larvae were anaesthetized and placed on a glass microscope slide. Next, 30-second movies were recorded with a focus on the heart area. The heartbeat analysis was conducted using a light microscope (Leica DM5000, Leica, Munich, Germany) under the 10× objective. The movies were analysed using Image J software with the time series analyser V3 plugin [41]. The obtained results of the dynamic change of the pixel intensity were then analysed in MS Excel in order to identify the intensity peaks corresponding to the successive beats of the larval heart. The result was doubled to obtain the number of beats per minute. Kymographs were generated in MS Excel on the basis of raw results obtained using a time series analyser and counted intensity peaks.




2.9. Analysis of Zebrafish Larva Heart Contraction on the Basis of Time-Lapse Images


Zebrafish larvae (5 in each group) were anaesthetized and placed on a glass slide. Videos of heart movements (several consecutive heartbeats, or in the absence of movement, a movie of at least 20 s) were recorded under 4× magnification with a focus on the heart area (fluorescence microscope, Carl Zeiss, Germany, AxioCam MRc5 digital camera). Then the movies were converted to AVI format, and the perimeter of the larva ventricle and atrium in systole and diastole were determined using Image J (3 times for each fish) (Supplementary Figure S2). Three measurements were made in successive film frames for each analysed individual. The percentage difference between the diastolic and systolic circumferences was calculated using the formula: atrial/ventricular contraction [%] = (Cd − Cs)/Cd × 100, where Cd-circumferences of the atrium or ventricular diastole, Cs circumferences of the atrium or ventricular systole and compared between the groups.



Statistical Analysis


Data concerning real-time quantitative PCR for atrogin-1 expression level are given as means and standard deviations, and their significance was determined with Student’s t-test.



Data regarding birefringence analysis and evaluation of heartbeat are given as means and standard deviations and were statistically analysed using the ANOVA test followed by the Games–Howell post-hoc test due to the lack of homogeneity of variance.



Contraction of the heart muscle based on time-lapse images is given as means and standard deviations. Spontaneous displacement and touch-evoked response assay are expressed as a percentage of the larvae responding. All three tests were statistically analysed using the Kruskal–Wallis test followed by the Pairwise Mann–Whitney post-hoc test.



A significance level of p < 0.05 was used in all statistical analyses. At least three independent experiments were carried out. The data analysis for this paper was generated using the Real Statistics Resource Pack software (Release 6.8), copyright (2013–2020) Charles Zaiontz.






3. Results


3.1. Lovastatin Treatment Disrupts Zebrafish Larva Skeletal Muscle While L-carnitine Has a Protective Effect


The 120 hpf zebrafish larva trunk muscle structure was observed and analysed using birefringence, a common non-invasive assay used to determine the degree of muscular disorganisation of zebrafish embryos during early development [42]. The normal muscle structure is visible as bright birefringence, while the disorganisation of the paracrystalline structure of skeletal muscles is manifested in signal reduction. The analysis revealed that the difference between controls and individuals supplemented with lovastatin was statistically significant. The lovastatin-exposed larvae showed a reduction of birefringence, indicating changes in muscle organisation and structure. Moreover, supplementation with both L-carnitine doses (100 and 200 μM) rescued the lovastatin-treated larva phenotype (Figure 1).



The morphology of most of the larvae treated with both lovastatin and L-carnitine showed no significant changes compared to those of all control groups. Of note, we did not observe any significant changes in analysed zebrafish larva morphology in transmitted light microscopy. Neither changes in the zebrafish trunk nor significant malformations in the pericardial region were observed (Supplementary Figure S3).




3.2. Lovastatin Treatment Leads to Sarcomere Malformations in Zebrafish Larva Skeletal Muscle while L-carnitine Has a Protective Effect


Previous studies on statins’ impact on zebrafish skeletal muscles involved analysis using light microscopy [7,25,26]. To gain further insight into the nature of the observed muscle damage, we decided to undertake a zebrafish lovastatin-treated ultrastructural analysis of skeletal muscles (Figure 2). Our results of TEM phenotype assessment showed that lovastatin exposure triggers contractile apparatus abnormalities. These involve delamination of filaments within sarcomeres and the disruption of sarcomeric filament organisation in the vicinity of the sarcolemma. Interestingly, simultaneous supplementation of zebrafish larvae with L-carnitine at a concentration of 200 μM showed a protective effect manifested in the preservation of a sarcomeric organisation of myofibrils similar to that present in non-treated individuals. This protective effect was also visible in the filaments’ sub-sarcolemmal regions (Figure 2).




3.3. Lovastatin Treatment Stimulates Atrogin-1 Expression in Zebrafish Larvae While L-carnitine Has a Protective Effect


Elevated atrogin-1 level is considered an indicator of muscle atrophy. Statin-induced muscle damage has also been associated with an increase in muscle atrogin-1 expression. This phenomenon was observed in, inter alia, zebrafish embryos exposed to these compounds [7]. Therefore, we decided to investigate whether atrogin-1 expression is also increased in 120 hpf zebrafish larvae treated with lovastatin. Our results obtained using real-time quantitative PCR (RT-qPCR) confirmed that the mRNA atrogin-1 expression level increased significantly after lovastatin administration in comparison to all control groups (Figure 3).



We also evaluated atrogin-1 mRNA levels in lovastatin-treated groups that received additional L-carnitine supplementation. In this case, we found that only the higher dose of L-carnitine (200 μM) had a significant alleviating effect, which was manifested by inhibiting the increase in the expression of atrogin-1, maintaining it at a level similar to those observed in the control groups (Figure 3).




3.4. Lovastatin Treatment Alters Swimming Behaviour of Zebrafish Larvae While L-carnitine has no Protective Effect


To further characterise the effects of the test compounds (lovastatin and L-carnitine) on skeletal muscle performance in zebrafish larvae, we carried out swimming behaviour tests (spontaneous larval displacement and response to tactile stimuli) in larvae treated with these substances. Our analyses showed that zebrafish larvae treated with lovastatin exhibited significantly decreased spontaneous larval displacement in comparison to all control groups (Figure 4A,B). Administration of L-carnitine, regardless of the applied dose (100 and 200 μM), showed no therapeutic effect (Figure 4A,B).



We also examined the response of larvae to tactile stimuli. We observed that the response to tactile stimuli in larvae was significantly decreased, regardless of the method of stimulation (touching the tail or the head), in the lovastatin-treated group in comparison to all controls (Figure 4C). Furthermore, in this test, we observed that L-carnitine treatment, regardless of the dose used, did not improve locomotion in treated individuals (Figure 4C).




3.5. Lovastatin Treatment Alters Heartbeat Rate of Zebrafish Larvae While L-carnitine Has no Protective Effect


To assess whether lovastatin exposure affects zebrafish larvae (120 hpf) heartbeat performance, we decided to perform analyses that included evaluations of heart rate. Our studies revealed that lovastatin significantly reduces heartbeat rates in comparison to all control groups (Figure 5).



We also evaluated the heartbeat parameter in relation to L-carnitine supplementation as a substance with the potential to mitigate the negative effects of lovastatin. Our study did not show that L-carnitine had a protective effect on the heartbeat in lovastatin-treated individuals. Administration of L-carnitine at the two investigated concentrations (100 and 200 μM) to lovastatin-administered zebrafish did not help restore the heartbeat rate observed in the control groups. In both tested groups (LOV+LC100 and LOV+LC200), the reduction in heartbeat was significant and similar to that observed in the LOV group (Figure 5).




3.6. Lovastatin Treatment Affects Heart Contraction in Zebrafish Larvae While L-carnitine Has a Protective Effect


Further evaluation of the effect of lovastatin exposure on heart performance included analysis of its contraction. Separate analyses of ventricular and atrial contractions were performed. Our studies revealed that lovastatin significantly reduced both atrial and ventricular contractions in comparison to all control groups (NT, VC, LC100, and LC200) (Figure 6).



We also evaluated ventricular and atrial contractions in relation to L-carnitine supplementation as a substance with the potential to mitigate the negative effects of lovastatin. In this case, our study showed that L-carnitine exposure exhibits a protective effect in lovastatin-treated individuals. Administration of L-carnitine at both investigated concentrations (100 and 200 μM) to lovastatin-exposed larvae positively influenced ventricular contraction, bringing it back to the level observed in the control groups. In contrast, atrial contraction was restored to a level similar to that observed in the control groups in larvae treated with a higher L-carnitine concentration (200 μM; LOV+LC200; Figure 6).





4. Discussion


The studies carried out so far by various researchers have clearly shown that zebrafish are a very reasonable choice as a model for research related to post-statin muscle damage [7,11,25,26,27,28,29,33]. Based on available data, we also decided to use this model organism in our experiments, taking into account several important factors when conducting this type of research. For example, it has been confirmed in numerous studies (including those mentioned above) that the type and severity of the effects of statin administration depend on the dose and chemical structure of the particular statin itself (reviewed by Dubińska-Magiera et al. [30]).



Another important factor is the age of the animals. Studies on the effects of various substances, including statins, on the morphology and physiology of the zebrafish organs and systems, are closely dependent on the developmental stage of the animals used in experimental procedures [26,43,44,45]. For example, in the case of the zebrafish heart, it should be considered that although at 48 hpf the major components of the heart are formed (a two-chambered, atrio-ventricular heart), and its localisation resembles the final destination (within the pericardial cavity), the heart is still immature (reviewed by Brown et al. [46]). Therefore, the results obtained using zebrafish at the embryonic (up to 72 hpf) and larval (after 72 hpf) developmental stages may differ significantly. Younger (embryonic stages) individuals are exposed to the risk of developmental disorders resulting inter alia from the inhibition of important signalling pathways, while older (larval stages) individuals, due to the complete or almost complete development of various organs and systems, are not susceptible to the negative impact of the tested substances to the same extent.



In general, the results of our research in the field of assessing the impact of statins, including lovastatin treatment on the structure of zebrafish muscles and heart performance, confirm many of the observations made by other investigators [7,25,26]. However, we found some discrepancies which we would like to discuss. We must emphasise that our intention was to investigate the effects of the tested compounds (lovastatin and L-carnitine) on already developed muscles. Therefore, we used larvae, not zebrafish embryos, for the study. Additionally, the dose of lovastatin we chose significantly influences the structure of the muscles (assessed with the birefringence assay) without causing serious morphological malformations.



Very young embryos (24 hpf) treated overnight with either lovastatin or simvastatin exhibited abnormalities that comprise developmental arrest, improper axis elongation, and compressed somites [31].



Serious morphological malformations were also reported as a result of high doses (0.375 to 1 μM) of simvastatin administration in embryos at the age of 24 or 30 hpf (after treatment at 6 or 11 hpf, respectively) [26]. Furthermore, pericardial oedema was observed in embryos (48 hpf) in response to low dose (0.3 or 0.6 nM) simvastatin treatment [26].



Other research groups have determined that the exposure of zebrafish larvae (80 hpf) only to a relatively high (500 μg/L, ca. 1.2 μM) dose of simvastatin significantly increased the percentage of individuals with abnormal morphology (affecting eyes, tail, and yolk sac structure), as well as pericardial oedema [29]. Administration of lower doses did not induce such dramatic disorders.



In our study, we observed lovastatin-associated skeletal muscle abnormalities, but not to the same extent as researchers who conducted their examination using zebrafish at earlier embryonical developmental stages [7,25,26,31]. The larvae treated with lovastatin (0.5 μM) and/or L-carnitine showed no significant and extensive morphological malformations compared to those of all control groups, including the pericardial region (Supplementary Figure S3). This may be due to the fact that in the development stage, we examined animals less susceptible to disorders related to inhibition of development. The degree of muscular disorganisation was assessed by us using the birefringence assay, which revealed significant differences between controls and individuals administered with lovastatin (Figure 1). This evaluation also confirmed a significant protective effect of L-carnitine. The ameliorating effect of L-carnitine on muscle damage caused by lovastatin may not be specific to lovastatin itself, but rather has a general nature. The positive effect of L-carnitine treatment on muscle structure was indeed observed previously. The supplementation with L-carnitine was shown to be effective in muscle recovery after tissue disruption, occurring due to extensive physical exercise in humans [47,48]. L-carnitine supplementation leads to a reduction of cellular damage markers, such as myoglobin, creatine kinase, and malondialdehyde (MDA) release, as well as to the free radical ratio reduction [47,48,49,50]. Our results are consistent with the previous data indicating the possibility of mitigation of lovastatin-induced muscle damage by other substances, such as those obtained by Cao [27], which showed that mevalonate alleviates lovastatin-induced myofiber damage in zebrafish embryos.



To better understand the nature of lovastatin-induced muscle damage, we decided to perform an examination using the electron microscope. This analysis showed that lovastatin exposure leads to abnormalities of the contractile apparatus (Figure 2). L-carnitine at a higher concentration (200 μM) rescued the lovastatin-induced phenotype. Ultrastructural examination of muscles treated with statins has also been conducted on rabbit [51]. Similar to our analysis, researchers evaluating skeletal muscles of rabbits exposed to statins observed disruption of myofibrils and Z-bands, as well as the presence of autophagic vacuoles and swollen mitochondria.



We also assessed the muscle damage process at the molecular level by examining via RT-qPCR the expression of atrogin-1, considered a useful marker of muscle atrophy. Our RT-qPCR studies revealed that lovastatin enhances the expression of atrogin-1 in zebrafish larvae (Figure 3). This is in line with data previously acquired by other research teams [7,27]. For example, Hanai [7], in an in vitro study using RTq-PCR, showed that atrogin-1 mRNA level is increased by lovastatin in a time- and concentration-dependent manner. At the highest used lovastatin dose (10 μM), the increase in atrogin-1 mRNA level was 6-fold when compared to the control group. The increase in transcript level was mirrored in protein level growth. The authors also observed a two-fold increase in atrogin-1 expression in the statin-treated patient’s muscle biopsy compared to non-treated individuals. Their investigation of atrogin-1 expression in zebrafish embryos treated with lovastatin (0.5 μM) for 12 h also revealed its increase.



The data presented in our manuscript suggest that atrogin-1 may be an appropriate marker for lovastatin-mediated muscle atrophy also in the zebrafish larvae. However, since for each sample preparation, we used 30 whole zebrafish larvae, we could only assess the global changes in atrogin-1 expression without the possibility to distinguish any differences in mRNA expression with consideration to specific tissues, e.g., skeletal or cardiac muscle.



As with other analyses carried out in this work, the second part of our RT-qPCR analysis involved assessing the potentially protective effects of L-carnitine depending on the concentration used. The results show that administration of L-carnitine at a higher dose (200 μM) to lovastatin-exposed larvae inhibits the increase in the expression of atrogin-1 level and maintains it at a level similar to those in the control groups (Figure 3). This is in agreement with studies conducted with rats [21]. Investigations demonstrated that L-carnitine supplementation led to a reduction in atrogin-1 expression compared to levels that occurred in individuals with symptoms of muscular atrophy induced by prolonged hindlimb suspension [21].



Interesting results were obtained by researchers carrying out studies on zebrafish larvae exposed to atorvastatin and/or CoQ10 [11]. The atrogin-1 level was differentially affected by atorvastatin exposure, i.e., it was significantly increased at concentrations of 0.081 and 1.8 μM, but significantly decreased at 0.9 μM in comparison to the control group. Atrogin-1 levels showed the same trend following CoQ10 administration, indicating no rescue effect [11]. The authors speculated that differences in atrogin-1 levels obtained with doses of 0.9 and 1.8 μM could be associated with the dynamic gene expression during larval development [11].



To better and more broadly assess the condition of zebrafish skeletal muscles, swimming behaviour tests are often performed. Negative effects of various statins on zebrafish swimming behaviour have been found in both embryos and larvae. For example, a lower dose (0.3 nM) of simvastatin significantly impaired the swimming capacity of 48 hpf zebrafish embryos, while cholesterol was able to compensate for the effects of simvastatin [26]. In turn, larvae treated with atorvastatin exhibited decreased spontaneous larval displacement, and CoQ10 exposure did not restore atorvastatin-induced reduction in spontaneous movement [11]. However, as shown in other analyses conducted by the same authors, atorvastatin administration—resulting in a significant decrease in larval responses to tactile stimuli—could be completely eliminated with CoQ10 treatment [11]. We also conducted swimming behaviour tests. Regarding the effect of lovastatin on zebrafish movements, we obtained results that are in line with the results of other studies [11,26]. Our research confirmed that lovastatin significantly reduces the larvae’s response to tactile stimulation (Figure 4). However, L-carnitine, in this case, showed no therapeutic effect (Figure 4). This may be due to the fact that despite the improvement in muscle conditioning that occurred after L-carnitine administration, as our other tests have shown, different factors underlined the movement disorders, and their elimination cannot be achieved via L-carnitine administration conducted by us.



As mentioned earlier, statins disrupt the function and structure not only of skeletal muscles but also of the heart. One of the potential symptoms of heart failure is pericardial oedema [26,33]. Although we did not find pericardial oedema as the predominant phenotype in our study, we carried out a cardiac performance evaluation of zebrafish larvae treated with the investigated compounds (lovastatin and L-carnitine).



Pericardial oedema was observed in younger embryos (48 hpf) in response to a low dose (0.3 or 0.6 nM) of simvastatin treatment [26]. Furthermore, their heartbeat frequency was reduced in comparison to the control group. The heartbeat simvastatin phenotype could be rescued by excess cholesterol [26]. Moreover, treatment of zebrafish embryos (aged from 18 to 48 hpf) with atorvastatin led to heart defects followed by pericardiac oedema and impaired cardiac performance manifested in a dose-dependent heart rate decrease. A significant reduction was observed at 10 μM atorvastatin. In this case, cholesterol co-administration had a partial rescue effect [33].



The data mentioned above are consistent with our results, which showed that lovastatin significantly lowers heart rate (Figure 5) and also significantly reduces atrial and ventricular contractions compared with the control groups (Figure 6). The part of our study focused on evaluating the protective potential of L-carnitine showed that supplementation only partially rescued the cardiac phenotype, i.e., did not improve heart rate (Figure 5), but maintained heart contraction at a level similar to that observed in the control groups (Figure 6).



These discrepancies may be due to a too low dose of L-carnitine used in our experiments. Supporting this supposition is the fact that when examining cardiac contraction, we noted that the higher dose (200 μM) had a significant protective effect on both atrial and ventricular contraction, whereas the lower dose (100 μM) was effective only for ventricular contraction (Figure 6).




5. Conclusions


Our study showed that the myotoxic effects of lovastatin on 120 hpf zebrafish larvae manifested in a significant reduction of birefringence, changes in muscle ultrastructure, and a significant increase in atrogin-1 expression in comparison to all control groups. The research established that all observed myotoxic effects could be rescued by the addition of L-carnitine. We also found that lovastatin exposure has a significant impact on larval heart performance tested for the heartbeat frequency and changes in ventricular and atrial contractions. This impact was manifested by a significant decrease in all examined parameters. Intriguingly, our results indicate that, in this case, L-carnitine exhibits only a partially protective effect by rescuing ventricular and atrial contractions without restoring the heartbeat to a normal level. We also discovered that lovastatin exposure changes zebrafish swimming behaviour by reducing the response to tactile stimuli in larvae and that this effect could not be rescued by the addition of L-carnitine.



Although our study contributes to a better understanding of the mechanisms of action of statins showing the myo- and cardiotoxic effects of lovastatin on zebrafish larvae and providing interesting clues to the protective effects of L-carnitine, further studies, focused on, inter alia, mitochondria condition and oxidative stress, as well as on lovastatin-induced cardiotoxicity, are needed to deliver more details on the molecular basis of our observations.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells11081297/s1, Figure S1: Zebrafish mortality and LC50 calculation. (A) Percent mortality of zebrafish larvae at 120 hpf after a 24 h exposure (from 96 hpf) to a range of lovastatin (LOV) concentrations. (B) Logit analysis of the mortality data in (A). The extrapolated LC50 (logit value of 0) is indicated by a line corresponding to an LOV concentration of 31.5 μM. In panel A the data are presented as means ± SEM (n = 20 for each LOV concentration); Figure S2: Analysis of zebrafish larva heart contraction on the basis of time-lapse images. Exemplary measurement of 120 hpf zebrafish larva heart contraction on the basis of time-lapse images (A) Representative image of Tg(mnx1:TaqRFP-T) transgenic zebrafish larvae. (B) Exemplary image, of the control (not treated, NT) and test (incubated in 0.5 μM lovastatin, LOV) zebrafish larva heart (fluorescence microscope, Carl Zeiss, Germany, AxioCam MRc5 digital camera). The “find edges” function in Image J software was used for better contrasting of the heart walls. Images show ventricle and atrium in systole and diastole state. The dashed yellow line shows how the ventricular and atrial volumes were measured. The drawings in black frames show the overlapping of lines during systole (red) and diastole (black); Figure S3: Analysis of morphology of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LC) treatment. The morphology of control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) and experimental (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200) individuals was compared using light microscopy. The 120 hpf larvae were anesthetized with 0.04% tricaine, placed on a depression glass microscope slide, and photographed (magnification 100x, Olympus SZ61 dissecting microscope). No distinct alterations in larva morphology were observed. (A) Morphology of representative individuals (B) Percentage analysis of phenotype distribution (normal phenotype; abnormalities in tail region—defined as a curved tail; abnormalities in pericardial area—defined as a slight enlargement of pericardial cavity). The experiment was repeated at least 3 times (with 29 to 40 individuals in each investigated group).





Author Contributions


Conceptualization, J.N.-T., M.M.-P. and M.D.-M.; methodology, J.N.-T., M.M.-P. and M.D.-M.; software, J.N.-T.; validation, J.N.-T., M.M.-P., K.O. and M.D.-M.; investigation, J.N.-T., K.O., M.M.-P. and M.D.-M.; writing—original draft preparation M.D.-M.; writing—review and editing, J.N.-T., M.M.-P. and M.D.-M.; visualization, J.N.-T., M.M.-P., K.O. and M.D.-M.; supervision, J.N.-T. and M.D.-M.; project administration, J.N.-T. and M.D.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. The APC was funded by the Ministry of Science and Higher Education for scientific activity in 2022.




Institutional Review Board Statement


The animal study protocol was approved by the Local Ethics Commission in Wroclaw, Poland (protocol code 108/2014, date of approval 15 October 2014).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We acknowledge the support of a subsidy from the Ministry of Science and Higher Education for scientific activity in 2021 and 2022. The preliminary experimental data used in this work were obtained during scientific workshops for high school students [52], which were funded by the City Council of Wrocław and organised by the Academy of Young Scholars and Artists and the Department of Animal Developmental Biology, University of Wrocław. The authors would like to thank Katarzyna Pajer (Department of Animal Developmental Biology, University of Wrocław), Katarzyna Haczkiewicz-Leśniak and Michał Kulas (Division of Ultrastructure Research, Wrocław Medical University), and Kamil Tarnowski for their technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dalakas, M.C. Toxic and drug-induced myopathies. J. Neurol. Neurosurg. Psychiatry 2009, 80, 832–838. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, R.; Alcantara, R.; Popli, T.; Mahajan, S.; Tariq, U.; Dusaj, R.S.; Malik, A.H. Myopathy Associated With Statins and SGLT2—A Review of Literature. Curr. Probl. Cardiol. 2020, 46, 100765. [Google Scholar] [CrossRef] [PubMed]

	



Zodda, D.; Giammona, R.; Schifilliti, S. Treatment Strategy for Dyslipidemia in Cardiovascular Disease Prevention: Focus on Old and New Drugs. Pharmacy 2018, 6, 10. [Google Scholar] [CrossRef] [PubMed]

	



Bouitbir, J.; Sanvee, G.M.; Panajatovic, M.V.; Singh, F.; Krähenbühl, S. Mechanisms of statin-associated skeletal muscle-associated symptoms. Pharmacol. Res. 2019, 154, 104201. [Google Scholar] [CrossRef] [PubMed]

	



Apostolopoulou, M.; Corsini, A.; Roden, M. The role of mitochondria in statin-induced myopathy. Eur. J. Clin. Investig. 2015, 45, 745–754. [Google Scholar] [CrossRef] [PubMed]

	



Mallinson, J.E.; Constantin-Teodosiu, D.; Sidaway, J.; Westwood, F.R.; Greenhaff, P. Blunted Akt/FOXO signalling and activation of genes controlling atrophy and fuel use in statin myopathy. J. Physiol. 2009, 587, 219–230. [Google Scholar] [CrossRef] [PubMed]

	



Hanai, J.-I.; Cao, P.; Tanksale, P.; Imamura, S.; Koshimizu, E.; Zhao, J.; Kishi, S.; Yamashita, M.; Phillips, P.S.; Sukhatme, V.P.; et al. The muscle-specific ubiquitin ligase atrogin-1/MAFbx mediates statin-induced muscle toxicity. J. Clin. Investig. 2007, 117, 3940–3951. [Google Scholar] [CrossRef]

	



Jaśkiewicz, A.; Pająk, B.; Łabieniec-Watała, M.; De Palma, C.; Orzechowski, A. Diverse Action of Selected Statins on Skeletal Muscle Cells—An Attempt to Explain the Protective Effect of Geranylgeraniol (GGOH) in Statin-Associated Myopathy (SAM). J. Clin. Med. 2019, 8, 694. [Google Scholar] [CrossRef]

	



Reijneveld, J.C.; Koot, R.W.; Bredman, J.J.; A Joles, J.; Bär, P.R. Differential Effects of 3-Hydroxy-3-methylglutaryl-Coenzyme A Reductase Inhibitors on the Development of Myopathy in Young Rats. Pediatr. Res. 1996, 39, 1028–1035. [Google Scholar] [CrossRef]

	



DiNicolantonio, J.J. CoQ10 and L-carnitine for statin myalgia? Expert Rev. Cardiovasc. Ther. 2012, 10, 1329–1333. [Google Scholar] [CrossRef]

	



Pasha, R.; Moon, T.W. Coenzyme Q10 protects against statin-induced myotoxicity in zebrafish larvae ( Danio rerio ). Environ. Toxicol. Pharmacol. 2017, 52, 150–160. [Google Scholar] [CrossRef] [PubMed]

	



Vladutiu, G.D.; Isackson, P.J.; Kaufman, K.; Harley, J.B.; Cobb, B.; Christopher-Stine, L.; Wortmann, R.L. Genetic risk for malignant hyperthermia in non-anesthesia-induced myopathies. Mol. Genet. Metab. 2011, 104, 167–173. [Google Scholar] [CrossRef] [PubMed]

	



La Guardia, P.G.; Alberici, L.C.; Ravagnani, F.G.; Catharino, R.R.; Vercesi, A.E. Protection of rat skeletal muscle fibers by either L-carnitine or coenzyme Q10 against statins toxicity mediated by mitochondrial reactive oxygen generation. Front. Physiol. 2013, 4, 103. [Google Scholar] [CrossRef] [PubMed]

	



Durazzo, A.; Lucarini, M.; Nazhand, A.; Souto, S.B.; Silva, A.M.; Severino, P.; Souto, E.B.; Santini, A. The Nutraceutical Value of Carnitine and Its Use in Dietary Supplements. Molecules 2020, 25, 2127. [Google Scholar] [CrossRef]

	



Sharma, S.; Black, S.M. Carnitine homeostasis, mitochondrial function and cardiovascular disease. Drug Discov. Today Dis. Mech. 2009, 6, e31–e39. [Google Scholar] [CrossRef]

	



Longo, N.; di San Filippo, C.A.; Pasquali, M. Disorders of carnitine transport and the carnitine cycle. Am. J. Med. Genet. Part C Semin. Med. Genet. 2006, 142C, 77–85. [Google Scholar] [CrossRef]

	



Guzel, N.A.; Orer, G.E.; Bircan, F.S.; Cevher, C. Effects of acute L-carnitine supplementation on nitric oxide production and oxidative stress after exhaustive exercise in young soccer players. J. Sports Med. Phys. Fit. 2014, 55, 9–15. [Google Scholar]

	



Kim, J.H.; Pan, J.H.; Lee, E.S.; Kim, Y.J. l -Carnitine enhances exercise endurance capacity by promoting muscle oxidative metabolism in mice. Biochem. Biophys. Res. Commun. 2015, 464, 568–573. [Google Scholar] [CrossRef]

	



Koozehchian, M.S.; Daneshfar, A.; Fallah, E.; Agha-Alinejad, H.; Samadi, M.; Kaviani, M.; Kaveh, B.M.; Jung, Y.P.; Sablouei, M.H.; Moradi, N.; et al. Effects of nine weeks L-Carnitine supplementation on exercise performance, anaerobic power, and exercise-induced oxidative stress in resistance-trained males. J. Exerc. Nutr. Biochem. 2018, 22, 7–19. [Google Scholar] [CrossRef]

	



Al-Eisa, R.A.; Al-Salmi, F.A.; Hamza, R.Z.; El-Shenawy, N.S. Role of L-carnitine in protection against the cardiac oxidative stress induced by aspartame in Wistar albino rats. PLoS ONE 2018, 13, e0204913. [Google Scholar] [CrossRef]

	



Jang, J.; Park, J.; Chang, H.; Lim, K. l-Carnitine supplement reduces skeletal muscle atrophy induced by prolonged hindlimb suspension in rats. Appl. Physiol. Nutr. Metab. 2016, 41, 1240–1247. [Google Scholar] [CrossRef] [PubMed]

	



Dubińska-Magiera, M.; Daczewska, M.; Lewicka, A.; Migocka-Patrzałek, M.; Niedbalska-Tarnowska, J.; Jagla, K. Zebrafish: A Model for the Study of Toxicants Affecting Muscle Development and Function. Int. J. Mol. Sci. 2016, 17, 1941. [Google Scholar] [CrossRef] [PubMed]

	



Plantié, E.; Migocka-Patrzałek, M.; Daczewska, M.; Jagla, K. Model Organisms in the Fight against Muscular Dystrophy: Lessons from Drosophila and Zebrafish. Molecules 2015, 20, 6237–6253. [Google Scholar] [CrossRef] [PubMed]

	



Bandaru, M.K.; Emmanouilidou, A.; Ranefall, P.; von der Heyde, B.; Mazzaferro, E.; Klingström, T.; Masiero, M.; Dethlefsen, O.; Ledin, J.; Larsson, A. Zebrafish larvae as a model system for systematic characterization of drugs and genes in dyslipidemia and atherosclerosis. bioRxiv 2019, 502674. [Google Scholar] [CrossRef]

	



Campos, L.M.; Rios, E.A.; Midlej, V.D.V.P.; Atella, G.C.; Herculano-Houzel, S.; Benchimol, M.; Mermelstein, C.; Costa, M.L. Structural Analysis of Alterations in Zebrafish Muscle Differentiation Induced by Simvastatin and Their Recovery with Cholesterol. J. Histochem. Cytochem. 2015, 63, 427–437. [Google Scholar] [CrossRef]

	



Campos, L.M.; A Rios, E.; Guapyassu, L.; Midlej, V.D.V.P.; Atella, G.C.; Herculano-Houzel, S.; Benchimol, M.; Mermelstein, C.; Costa, M.L. Alterations in zebrafish development induced by simvastatin: Comprehensive morphological and physiological study, focusing on muscle. Exp. Biol. Med. 2016, 241, 1950–1960. [Google Scholar] [CrossRef] [PubMed]

	



Cao, P.; Hanai, J.-I.; Tanksale, P.; Imamura, S.; Sukhatme, V.P.; Lecker, S.H. Statin-induced muscle damage and atrogin-1 induction is the result of a geranylgeranylation defect. FASEB J. 2009, 23, 2844–2854. [Google Scholar] [CrossRef]

	



Hoppstädter, J.; Perez, J.V.V.; Linnenberger, R.; Dahlem, C.; Legroux, T.M.; Hecksteden, A.; Tse, K.F.W.; Flamini, S.; Andreas, A.; Herrmann, J.; et al. The glucocorticoid-induced leucine zipper mediates statin-induced muscle damage. FASEB J. 2020, 34, 4684–4701. [Google Scholar] [CrossRef]

	



Ribeiro, S.; Torres, T.; Martins, R.; Santos, M.M. Toxicity screening of Diclofenac, Propranolol, Sertraline and Simvastatin using Danio rerio and Paracentrotus lividus embryo bioassays. Ecotoxicol. Environ. Saf. 2015, 114, 67–74. [Google Scholar] [CrossRef]

	



Dubińska-Magiera, M.; Migocka-Patrzałek, M.; Lewandowski, D.; Daczewska, M.; Jagla, K. Zebrafish as a Model for the Study of Lipid-Lowering Drug-Induced Myopathies. Int. J. Mol. Sci. 2021, 22, 5654. [Google Scholar] [CrossRef]

	



Thorpe, J.L.; Doitsidou, M.; Ho, S.-Y.; Raz, E.; A Farber, S. Germ Cell Migration in Zebrafish Is Dependent on HMGCoA Reductase Activity and Prenylation. Dev. Cell 2004, 6, 295–302. [Google Scholar] [CrossRef]

	



Bruscoli, S.; Donato, V.; Velardi, E.; Di Sante, M.; Migliorati, G.; Donato, R.; Riccardi, C. Glucocorticoid-induced Leucine Zipper (GILZ) and Long GILZ Inhibit Myogenic Differentiation and Mediate Anti-myogenic Effects of Glucocorticoids. J. Biol. Chem. 2010, 285, 10385–10396. [Google Scholar] [CrossRef] [PubMed]

	



Maerz, L.D.; Burkhalter, M.; Schilpp, C.; Wittekindt, O.H.; Frick, M.; Philipp, M. Pharmacological cholesterol depletion disturbs ciliogenesis and ciliary function in developing zebrafish. Commun. Biol. 2019, 2, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Jao, L.-E.; Appel, B.; Wente, S.R. A zebrafish model of lethal congenital contracture syndrome 1 reveals Gle1 function in spinal neural precursor survival and motor axon arborization. Development 2012, 139, 1316–1326. [Google Scholar] [CrossRef] [PubMed]

	



Aleström, P.; D’Angelo, L.; Midtlyng, P.J.; Schorderet, D.F.; Schulte-Merker, S.; Sohm, F.; Warner, S. Zebrafish: Housing and husbandry recommendations. Lab. Anim. 2019, 54, 213–224. [Google Scholar] [CrossRef]

	



Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of embryonic development of the zebrafish. Dev. Dyn. 1995, 203, 253–310. [Google Scholar] [CrossRef]

	



Robinson, B.L.; Dumas, M.; Paule, M.G.; Ali, S.F.; Kanungo, J. Opposing effects of ketamine and acetyl l-carnitine on the serotonergic system of zebrafish. Neurosci. Lett. 2015, 607, 17–22. [Google Scholar] [CrossRef]

	



Dubińska-Magiera, M.; Niedbalska-Tarnowska, J.; Migocka-Patrzałek, M.; Posyniak, E.; Daczewska, M. Characterization of Hspb8 in Zebrafish. Cells 2020, 9, 1562. [Google Scholar] [CrossRef]

	



Xi, Y.; Ryan, J.; Noble, S.; Yu, M.; Yilbas, A.E.; Ekker, M. Impaired dopaminergic neuron development and locomotor function in zebrafish with loss of pink1 function. Eur. J. Neurosci. 2010, 31, 623–633. [Google Scholar] [CrossRef]

	



Granato, M.; van Eeden, F.; Schach, U.; Trowe, T.; Brand, M.; Furutani-Seiki, M.; Haffter, P.; Hammerschmidt, M.; Heisenberg, C.; Jiang, Y.; et al. Genes controlling and mediating locomotion behavior of the zebrafish embryo and larva. Development 1996, 123, 399–413. [Google Scholar] [CrossRef]

	



V3 Plugin. Available online: https://imagej.nih.gov/ij/plugins/time-series.html (accessed on 1 February 2022).

	



Smith, L.L.; Beggs, A.H.; Gupta, V.A. Analysis of skeletal muscle defects in larval zebrafish by birefringence and touch-evoke escape response assays. J. Vis. Exp. 2013, e50925. [Google Scholar] [CrossRef] [PubMed]

	



Haschek, W.M.; Rousseaux, C.G.; Wallig, M.A.; Bolon, B.; Ochoa, R. Haschek and Rousseaux’s Handbook of Toxicologic Pathology; Academic Press: Cambridge, MA, USA, 2013. [Google Scholar]

	



Kristofco, L.A.; Cruz, L.C.; Haddad, S.P.; Behra, M.L.; Chambliss, C.K.; Brooks, B.W. Age matters: Developmental stage of Danio rerio larvae influences photomotor response thresholds to diazinion or diphenhydramine. Aquat. Toxicol. 2015, 170, 344–354. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, R.; Vera-Chang, M.; Haddad, M.; Zon, J.; Navarro-Martin, L.; Trudeau, V.L.; Mennigen, J.A. Developmental fluoxetine exposure in zebrafish reduces offspring basal cortisol concentration via life stage-dependent maternal transmission. PLoS ONE 2019, 14, e0212577. [Google Scholar] [CrossRef] [PubMed]

	



Brown, D.R.; Samsa, L.A.; Qian, L.; Liu, J. Advances in the Study of Heart Development and Disease Using Zebrafish. J. Cardiovasc. Dev. Dis. 2016, 3, 13. [Google Scholar] [CrossRef]

	



Volek, J.S.; Kraemer, W.J.; Rubin, M.R.; Gómez, A.L.; Ratamess, N.A.; Gaynor, P. l-Carnitinel-tartrate supplementation favorably affects markers of recovery from exercise stress. Am. J. Physiol. Metab. 2002, 282, E474–E482. [Google Scholar] [CrossRef]

	



A Spiering, B.; Kraemer, W.J.; Hatfield, D.L.; Vingren, J.L.; Fragala, M.S.; Ho, J.-Y.; A Thomas, G.; Häkkinen, K.; Volek, J.S. Effects of L-Carnitine L-Tartrate Supplementation on Muscle Oxygenation Responses to Resistance Exercise. J. Strength Cond. Res. 2008, 22, 1130–1135. [Google Scholar] [CrossRef]

	



Fielding, R.; Riede, L.; Lugo, J.P.; Bellamine, A. l-Carnitine Supplementation in Recovery after Exercise. Nutrients 2018, 10, 349. [Google Scholar] [CrossRef]

	



Kraemer, W.J.; Volek, J.S.; French, D.N.; Rubin, M.R.; Sharman, M.J.; Gómez, A.L.; Ratamess, N.A.; Newton, R.U.; Jemiolo, B.; Craig, B.W. The effects of L-carnitine L-tartrate supplementation on hormonal responses to resistance exercise and recovery. J. Strength Cond. Res. 2003, 17, 455–462. [Google Scholar]

	



Nakahara, K.; Kuriyama, M.; Sonoda, Y.; Yoshidome, H.; Nakagawa, H.; Fujiyama, J.; Higuchi, I.; Osame, M. Myopathy Induced by HMG–CoA Reductase Inhibitors in Rabbits: A Pathological, Electrophysiological, and Biochemical Study. Toxicol. Appl. Pharmacol. 1998, 152, 99–106. [Google Scholar] [CrossRef]

	



Dubińska-Magiera, M.; Migocka-Patrzałek, M.; Cegłowska, A. Danio adventure. Developmental biology of the zebrafish in science popularisation. J. Biol. Educ. 2020, 1–11. [Google Scholar] [CrossRef]








[image: Cells 11 01297 g001 550] 





Figure 1. Analysis of skeletal muscle structure of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LC) treatment. Control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) were compared with experimental groups (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200). (A) The birefringence of zebrafish larvae trunk skeletal muscles, obtained in polarised light, reflects the qualitative changes in muscle structure (magnification 100x, Leica DM5000 light microscope). (B) The quantitative analysis revealed that the differences between groups were statistically significant. The table below indicates the pairwise comparison between investigated groups. Statistically significant differences are indicated with *; * p < 0.05 (ANOVA test followed by the Games–Howell post-hoc test), the experiment was repeated at least three times (with 40 to 86 individuals in each investigated group). Error bars show the standard deviation. 






Figure 1. Analysis of skeletal muscle structure of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LC) treatment. Control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) were compared with experimental groups (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200). (A) The birefringence of zebrafish larvae trunk skeletal muscles, obtained in polarised light, reflects the qualitative changes in muscle structure (magnification 100x, Leica DM5000 light microscope). (B) The quantitative analysis revealed that the differences between groups were statistically significant. The table below indicates the pairwise comparison between investigated groups. Statistically significant differences are indicated with *; * p < 0.05 (ANOVA test followed by the Games–Howell post-hoc test), the experiment was repeated at least three times (with 40 to 86 individuals in each investigated group). Error bars show the standard deviation.



[image: Cells 11 01297 g001]







[image: Cells 11 01297 g002 550] 





Figure 2. Ultrastructural analysis of skeletal muscles of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LOV+LC200) treatment. TEM micrographs show (A,A’,A’’) NT (non-treated larvae); (B,B’,B’’) LOV (0.5 μM lovastatin); (C,C’,C’’) larvae incubated in a mixture of LOV+LC200 (0.5 μM lovastatin and 200 μM L-carnitine). Light blue arrows indicate sarcomeric filaments within subsarcolemmal regions; yellow arrowheads indicate delamination of filaments within sarcomeres; note the disruption of sarcomeric filaments in skeletal muscles of lovastatin-treated larvae (red asterisks); scale bar = 1 µm. 
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Figure 3. Real-time quantitative PCR (RT qPCR) of atrogin-1 mRNA expression level in the whole body of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LC) treatment. Bar graph demonstrates atrogin-1 mRNA expression level of zebrafish larvae in control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) and experimental (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200) groups. Expression of atrogin-1 mRNA was normalised to rpl13a (ribosomal protein L13a). A.U., arbitrary unit. Error bars show the standard deviation. The tables below indicate the pairwise comparison between atrogin-1 expression levels in investigated groups. Statistically significant differences are indicated with *; * p < 0.05 (Student’s t-test). The experiment was performed 3 times (with 25–30 individuals in each investigated group). 






Figure 3. Real-time quantitative PCR (RT qPCR) of atrogin-1 mRNA expression level in the whole body of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LC) treatment. Bar graph demonstrates atrogin-1 mRNA expression level of zebrafish larvae in control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) and experimental (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200) groups. Expression of atrogin-1 mRNA was normalised to rpl13a (ribosomal protein L13a). A.U., arbitrary unit. Error bars show the standard deviation. The tables below indicate the pairwise comparison between atrogin-1 expression levels in investigated groups. Statistically significant differences are indicated with *; * p < 0.05 (Student’s t-test). The experiment was performed 3 times (with 25–30 individuals in each investigated group).
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Figure 4. Swimming behaviour of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LOV+LC200) treatment. (A) Spontaneous displacement of zebrafish larvae in control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) and experimental (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200) groups. Graphs show larvae displacement over the 10 min period. (B) Bar graph demonstrates the percentage of zebrafish larvae in seven investigated groups in 4 ranges of the distance travelled: no movement (up to 0.5), from 0.5 to 1.5, from 1.5 to 3, and more than 3 cm. The table below indicates the pairwise comparison between responses of seven investigated groups. Statistically significant differences are indicated with *; * p < 0.05 (Kruskal–Wallis test followed by the Pairwise Mann–Whitney post-hoc test). The experiment was repeated at least 3 times (with 18 to 20 individuals in each investigated group). (C) Touch-evoked response assay. Stacked column graphs demonstrate the number of zebrafish larvae as a function of their response to first (F) and second (S) tail touch stimulation, as well as in response to a head touch. Depending on the type of reaction, zebrafish larvae were divided into 4 groups: no response, response without escaping (defined as a lateral undulation of the tail immediately after being touched), short distance (larvae travelled a distance of no more than 20 mm), long distance (larvae travelled more than 20 mm). The tables below indicate the pairwise comparison between responses of seven investigated groups. Statistically significant differences are indicated with *; * p < 0.05 (Kruskal–Wallis test followed by the pairwise Mann–Whitney post-hoc test). The experiment was repeated at least 3 times (with 18 to 20 individuals in each investigated group). 
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Figure 5. Heartbeat analysis of 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LC) treatment. (A) Bar graph demonstrates heartbeats of zebrafish larvae in control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) and experimental (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200) groups. The table below indicates the pairwise comparison between heartbeat rates of seven investigated groups. Statistically significant differences are indicated with *; * p < 0.05 (ANOVA test followed by the Games–Howell post-hoc test). bpm, beats per minute. The experiment was repeated at least 3 times (with 8 to 31 individuals in each investigated group). Error bars show the standard deviation. (B,B’) exemplary kymographs of investigated groups; red line, dynamic pixel change pattern; blue line, smoothed plot profile. Kymographs were generated via Time Series Analyser 3 (TSA, Image J plugin). 
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Figure 6. Analysis of heart contraction in 120 hpf zebrafish larvae exposed to lovastatin (LOV) and L-carnitine (LC) treatment. Atrial contraction expressed as the percentage difference between the atrial surface in systolic and relaxed states. Ventricular contraction expressed as the percentage difference between the ventricular surface in systolic and relaxed states. Bar graphs illustrate measurements of the atrial (A) and ventricular (B) contraction of zebrafish larva heart in control (non-treated, NT; vehicle control, VC; 100 μM L-carnitine, LC100; 200 μM L-carnitine, LC200) and experimental (0.5 μM lovastatin, LOV; 0.5 μM lovastatin and 100 μM L-carnitine, LOV+LC100; 0.5 μM lovastatin and 200 μM L-carnitine LOV+LC200) groups. The tables below indicate the pairwise comparison between atrial (A) and ventricular (B) contraction of seven investigated groups. Statistically significant differences are indicated with *; * p < 0.05 Kruskal–Wallis test followed by pairwise Mann–Whitney post-hoc tests); 5 individuals in each investigated group. Error bars show the standard deviation. (C) Exemplary graphs show the systolic and diastolic heart outlines of seven investigated groups used for calculations. Orange line represents ventricle relaxation (ventricular diastole); red dashed line, ventricle contraction (ventricular systole); grey line, atrium relaxation (atrial diastole); black dashed line, atrium contraction (atrial systole). 
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Table 1. Sequences of gene-specific primers used in the real-time quantitative PCR analyses.
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	Target Gene
	Accession Number
	Seq F (Forward Primer)
	Seq R (Reverse Primer)





	rpl13a
	NM_212784.1
	CGCTATTGTGGCCAAGCAAG
	TCTTGCGGAGGAAAGCCAAA



	atrogin-1
	NM_200917.1
	AAGCTCTGCCAGTATCACTTC
	AGTGCAAGGATGGTCTGTATC
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