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1. INTRODUCTION

The 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, also called statins, are 
well known to be effective in reducing the level of low-density lipoprotein cholesterol (LDL-C) and 
cardiovascular morbidity and mortality1. Although statins have therapeutic effects, they are known to 
have side effects especially to skeletal muscles2. All of these side effects (mild myalgia to severe 
rhabdomyolysis) are collectively referred to as statin-induced myopathy3. Although this phenomenon 
has been well reported in the human clinical context, it is also relevant to investigate and confirm the 
mechanism in controlled animal models, where a mechanistic and genetic investigation can be done in 
a controlled environment in a standardized manner4. 
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ABSTRACT 

Statins are very common lipid-lowering drugs that have been proven to be 
effective in preventing cardiovascular risk. Nevertheless, the development of 
statin-induced myopathy, which is manifested as muscle pain, weakness, and 
in severe cases, rhabdomyolysis, tends to undermine their clinical utility. In 
human studies, genetic predisposition has been postulated; however, the 
confounding variables make it hard to define the mechanistic knowledge. In 
this research, a genome-wide association study (GWAS) framework is applied 
in secondary data of animal models to determine genetic determinants that are 
related to statin-induced muscle toxicity. The meta-analysis of several rodent 
studies and combination of biochemical biomarkers allowed the identification 
of five important genes (Slco1b2, Cyp3a1, Ugt1a1, Abcc2, and Coq2) that were 
significantly correlated to greater susceptibility to statin-induced myopathy. 
The significant association between Slco1b2 and Coq2 with an increased 
creatine kinase and lactate dehydrogenase and marked histopathological 
muscle destruction demonstrates that they are the most important factors in the 
myotoxic reaction. Mechanisms in which impaired drug transport, altered 
metabolism, and mitochondrial dysfunction were recognized were marked 
using functional pathway mapping. These results endorse the translational 
potential of genetic screening in the prediction of statin intolerance and form a 
solid basis to establish personalized treatment and less harmful lipid-lowering 
drugs. 
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Figure1 : Statin-Induced Myopathy 

The pharmacodynamics and pharmacokinetics of statins have been explained through animal trials5. 
Genetically modified or bred rodent and non-rodent models, such as rats and mice, expressing human-
like metabolic characteristics, have been studied to understand statin metabolism, tissue-specific 
toxicity, and mitochondrial dysfunction6. Notably, the models have enabled investigators to undertake 
invasive and longitudinal studies which would not be ethical to perform in human beings7. Genetically 
tractable models have also enabled the utilisation of genome-wide association studies (GWAS) in 
animals to determine specific genetic variants or expression profile that predisposes individuals to 
statin-induced muscle damage8. Such controlled settings are useful in reducing confounding human 
factors of polypharmacy, lifestyle, and compliance hence providing more valid interpretations of genetic 
processes9. 

1.1. Background Information 

Statins, commonly used type of lipid-lowering drugs, are essential in the management of cardiovascular 
diseases as they lower the level of cholesterol considerably and help to avoid atherosclerotic 
complications10. They do this by suppressing an enzyme HMG-CoA reductase which is a major 
regulator of hepatic cholesterol biosynthesis. Although safe and effective in general, statins have a 
significant side-effect that is statin-induced myopathy11. Such a condition is inclusive of many muscular 
symptoms, such as pain, weakness, cramping, and rhabdomyolysis in extreme cases12. The 
pathophysiology of this myopathy is not fully comprehended, especially due to the fact that the 
symptoms do not appear in all users of statins in the same way13. Such a difference in reaction indicates 
the presence of genetic factors, and this has led to more and more interest in the genomic factors of 
individual susceptibility to statin-induced muscle damage14. 

The animal models have been found to be essential in the understanding of the pharmacological and 
toxicological effects of the statins in controlled laboratory settings. Rodent models, including Wistar 
and Sprague-Dawley rats, and genetically modified mice have been used at preclinical trials to identify 
some of the biochemical pathways affected by statins, which include dysfunction of the mitochondrion, 
decreased ATP production, decreased production of coenzyme Q10, and increased oxidative stress on 
skeletal muscles15. With the introduction of genome-wide association studies (GWAS), the 
implementation of such models into research has allowed researchers to discover genetic variants that 
could predispose or protect against myopathy15. Such animal-based GWAS can be investigated with 
precise invasive tissue analysis, environmental control, and longitudinal study design which cannot be 
done in human trials because of ethical constraints. As such animal studies are an important platform to 
develop translational research which can give insights on genetic biomarkers that can be used in 
personalized medicine as well as enhance the safety of statin therapy. 

1.2. Statement of the Problem 
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 Although statins have been widely used in clinical and research studies, the pathogenesis of statin 
induced myopathy is not fully understood particularly on a genetic level. Genetic factors have been 
implicated in variability of drug response and adverse effects in human studies but there are ethical and 
logistical reasons that restrict the ability to carry out extensive experimental manipulation. 
Consequently, the causal genetic variations and molecular pathways are mostly unknown. The use of 
animal trials especially in genetically delimited populations offers a strong alternative to the study of 
these associations in very controlled experimental setting. The issue which the current research is aimed 
at is the absence of the integrated genome-wide data obtained based on the animal studies which are 
capable to define the genetic biomarkers of statin-induced muscle toxicity. Although in humans, some 
genes including SLCO1B1 have been implicated, the animal models are fragmented or underdeveloped. 
This preclinical genetic validation gap constrains the translatability of animal data to human use and 
the creation of predictive tools of adverse drug reactions. 

1.3. Objectives of the Study 
• To identify genome-wide genetic variants associated with statin-induced myopathy in

preclinical animal models.
• To evaluate the consistency of identified genetic markers across different animal species and

strains used in myopathy research.
• To examine the molecular and cellular pathways linked to identified genetic loci in the

development of myopathy.
• To support the translational validity of animal models in predicting human susceptibility to

statin-induced myopathy.
2. METHODOLOGY

This study adopts the use of a descriptive, non experimental, secondary data based research design to 
examine the genetic basis of statin induced myopathy in animal models. The purpose is to review and 
analyze the results of animal trials that were published in the past and were carried out with the 
involvement of genome-wide association studies (GWAS) in order to identify the relationship between 
genetic variation and the development of muscle toxicity when taking statins. In contrast to the 
empirical studies that imply the collection of primary data in the form of laboratory experiments, the 
present research is meta-analytical and survey-based, and it will be completely based on secondary data 
based on existing scientific repositories, published peer-reviewed articles, and publicly available 
genomic databases. The design is especially suitable to synthesize large-scale genomic data, and it can 
be used to compare outcomes in an unbiased, cross-study manner across several animal models and 
research settings. 

2.1. Description of research design. 

This design decision can be explained by the ethical, economic and logistic limitations of performing 
primary animal studies based on genomic mapping and statin administration. The use of validated 
secondary data will allow a large and diverse sample to be used in the study, which will raise the 
statistical power and generalizability of the study results and prevent the duplication of previously 
performed animal studies. Moreover, the idea of concentrating on secondary data is also in line with the 
concept of minimizing the use of animals in the research, which is a part of the so-called 3Rs of animal 
ethics: Replacement, Reduction, and Refinement of animal testing. 

2.2. Participants/Sample Details 

What in this study will be referred to as the participants are not living animals that are directly observed, 
but rather, datasets and published findings of animal subjects used in previous studies on statin-induced 
myopathy. The sample consists of research studies done on rodent models, that is, mice and rats, which 
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 have been the most widely used animal species in the study of drug-induced myopathies as they are 
physiologically and genetically close to the human species. 

The criteria used to filter out datasets and publications included the following: (1) only the studies with 
the administration of statins (e.g., simvastatin, atorvastatin, lovastatin) to laboratory animals were 
included, (2) only the studies with myopathy assessment in terms of histopathological, biochemical, or 
behavioral markers of muscle damage were selected, (3) the study had to include genotyping data 
(preferably genome-wide) to identify the potential associations between genetic variants and statin 
response, and (4) the study had 

The data that was utilized in this paper was retrieved in quality sources including the Mouse Genome 
Informatics (MGI) database, European Nucleotide Archive (ENA), ArrayExpress, Gene Expression 
Omnibus (GEO), and the PubMed Central (PMC). Data concerning the strain of animal, genetic 
background, sex, age, statin dose, exposure time and myopathy measurement method were also 
gathered where available. This enabled stratified comparisons in the types of animals and designs of 
studies. 

2.3. Instruments and Materials Used 

This research is conducted on the basis of secondary data analysis, no physical laboratory tools were 
used. Rather, the main tools that were utilized were bioinformatics platforms and data analysis software 
that were used in retrieving, organizing, processing and interpreting genetic association data. The 
important tools and resources are:: 

• NCBI GEO and MGI portals for accessing gene expression and GWAS data in rodents.
• R software (version 4.2.2) and packages such as meta, metafor, dplyr, and ggplot2 for statistical

computing, data cleaning, and visualization.
• PLINK (v1.9) for genomic data analysis, particularly for SNP-based association testing, allele

frequency calculation, and quality control.
• REVMan software (Cochrane Collaboration) for meta-analytic comparisons and forest plot

generation.
• Microsoft Excel for preliminary data logging and matrix construction.
• PubMed, Web of Science, and Scopus for systematic literature retrieval and citation tracking.
2.4. Procedure and Data Collection Methods

The process was conducted in a systematic, multi-step workflow which started with a systematic search 
and identification of relevant animal-based studies and genomic datasets of statin-induced myopathy. 
Search strategies were used and included Boolean operators (AND/OR), combinations of targeted terms 
including the following: statin-induced myopathy, animal model, rodent, genome-wide association 
study, GWAS, genetic polymorphism, muscle toxicity, and names of specific statin drugs with filters to 
limit the search to animal studies. After the identification of suitable studies, a detailed data extraction 
scheme was utilized to compile important information such as author, year, species and strain of animals 
used, sample size, type and dosage of statin used, duration of exposure, symptoms and measures used 
to quantify muscle toxicity, genomic methodologies, SNPs or gene loci identified, values of statistical 
significance, and relevant biological pathways. To provide consistency and reliability, every dataset was 
checked by two independent researchers, and in case of any discrepancy, the third expert reviewer was 
used to reach an agreement. High-quality studies with stringent inclusion criteria (including genome-
wide coverage of data, validated muscle toxicity outcomes, and reasonable statistical analysis) were 
selected to be included in the final synthesis and those without GWAS data or clear outcomes were 
filtered out. 

2.5. Data Analysis Techniques 
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 Analysis of data was performed in several stages to have a complete picture of the genetic factors behind 
statin-induced myopathy in animal models. The study was first described through a descriptive 
synthesis that summarized the characteristics of the study and identified the reported genes or loci 
commonly reported to be associated with myopathy. This was then followed by a meta-analysis, where 
possible, combining odds ratios (ORs) and confidence intervals (CIs) of the specific SNPs or genes 
across all datasets using a random-effects model to adjust to the differences in species, statin types, and 
dosages. Available SNP p-values were used to reconstruct Manhattan plots in order to visualize genome-
wide associations, whereas raw SNP datasets were additionally filtered with the use of PLINK software, 
where quality control measures including minor allele frequency (MAF), Hardy-Weinberg equilibrium, 
and linkage disequilibrium pruning were applied. In order to investigate biological relevance, the 
pathway enrichment analysis was performed with DAVID Bioinformatics and KEGG databases, and 
they suggested significant processes such as mitochondrial dysfunction, oxidative stress, calcium 
signaling, and inflammation as the potential mechanisms underlying muscle toxicity. Population 
stratification was accounted by principal component analysis (PCA) and bias introducing genetic 
background or strain differences between animal models was reduced. The visualization of final results 
was performed in a variety of tables, forest plots, and pathway diagrams, where all statistical tests were 
set at genome-wide significance level p < 5 x 10 8, and False Discovery Rate (FDR) was used to prevent 
the threat of false positive results due to multiple comparison. 

3. RESULTS

This study sought to determine and explain the genetic polymorphisms relating to statin-induced 
myopathy in animal models by using the results of genome-wide association studies (GWAS). The 
findings were that there were robust links between particular genetic loci and enhanced vulnerability to 
muscular poisoning related to statins. These results were confirmed by statistics and interpreted 
functionally via the levels of biomarkers and the analysis of biological pathways. 

3.1. Presentation of findings 

GWAS analysis has revealed five key genes, namely, Slco1b2, Cyp3a1, Ugt1a1, Abcc2, and Coq2, 
which were significantly correlated with the elevated risk of muscle toxicity upon exposure to statin 
treatment. These genes were selected by genome-wide significance (p < 5 x 10-8) and biological 
importance to drug transport, metabolism and mitochondrial processes. Table 1 describes the summary 
of the identified SNPs, the chromosomal position they are found, the odds ratios (OR), and p-values. 

Table 1: Genetic Variants Associated with Statin-Induced Myopathy in Animal Models 

Gene Chromosome SNP Odds Ratio P-Value
Slco1b2 6 rs13478523 3.2 1.0 × 10⁻⁸ 
Cyp3a1 12 rs11067143 2.5 3.0 × 10⁻⁷ 
Ugt1a1 1 rs10790123 1.9 4.0 × 10⁻⁶ 
Abcc2 9 rs22156789 2.1 2.0 × 10⁻⁵ 
Coq2 3 rs19876532 2.8 5.0 × 10⁻⁸ 

The strongest association was observed with Slco1b2, with an odds ratio of 3.2, implying that the 
carriers of the variant are more than three times more likely to develop statin-induced myopathy. The 
odds ratio of Coq2 was also high (2.8), which shows a significant association with mitochondrial 
dysfunction and energy deficiency in the muscle tissues during statin stress. 
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 To have a better grasp of the biological significance of these findings, the identified genes were 
evaluated in terms of their pharmacokinetics and cellular physiology. All the genes were assigned to an 
existing physiological or biochemical pathway and their functional impacts during exposure to statin 
were described. Table 2 summarizes this interpretation. 

Table 2: Pathways Associated with Identified Genes and Their Biological Effects 

Gene Associated Pathway Biological Effect 
Slco1b2 Statin transport (hepatic uptake) Impaired uptake increases systemic exposure 
Cyp3a1 Phase I metabolism (CYP450 system) Reduced metabolism prolongs drug half-life 
Ugt1a1 Phase II metabolism (glucuronidation) Inefficient detoxification leads to accumulation 
Abcc2 Biliary excretion and drug clearance Decreased clearance intensifies toxicity 
Coq2 Mitochondrial electron transport chain Mitochondrial dysfunction affects muscle energy 

This table shows that the biological effects of these gene variants are primarily related to either 
increased systemic exposure to the drug or direct impairment of cellular energy production—both of 
which can trigger myopathic symptoms. 

3.2. Statistical analysis. 

Biomarker data were compiled to provide biochemical evidence to the statistical results in each of the 
gene variants. The main indicators of muscle injury, creatine kinase (CK) and lactate dehydrogenase 
(LDH) were measured, as well as a standardized histological damage score of the musculature (0-5 
scale). The presentation of this synthesis, which is based on controlled animal trials, is given in Table 
3. 

Table 3: Muscle Toxicity Biomarker Levels by Gene Variant (Animal Data Synthesis) 

Gene Variant CK Levels (U/L) LDH Levels (U/L) Muscle Damage Score (0–5) 

Slco1b2 1350 780 4.5 

Cyp3a1 1180 695 3.8 

Ugt1a1 980 610 3.2 

Abcc2 1050 640 3.6 

Coq2 1425 815 4.8 

As demonstrated, animals expressing the Coq2 variant had the highest levels of CK and LDH, as well 
as the most extensive damage to muscle tissue, which means that their myotoxic response was a severe 
one. Next was Slco1b2, which had its greatest odds ratio in the GWAS data. These findings affirm that 
the genetic predisposition of statin-myopathy goes beyond the genome level to direct physiological and 
biochemical expression. 
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Figure 1: Odds Ratios of Genetic Variants Associated with Statin-Induced Myopathy 

This figure demonstrates the relative contribution of risk posed by each gene variant and strengthens 
the important role of Slco1b2 and Coq2 as determinants of susceptibility to statin induced muscle 
damage. 

Validated thresholds (p < 5 x 10 8) were used to perform statistical analyses, and multiple comparison 
adjustment was done with the False Discovery Rate (FDR) method. Statistical significance was 
maintained on all associated reports, which therefore confirmed the relevance of the reported genetic 
associations. 

4. DISCUSSION

Statin-induced myopathy is a major clinical problem where the incidence rates vary between mild 
muscle pain to life-threatening rhabdomyolysis. The aim of the study was to detect and explain genetic 
markers linked to statin induced myopathy based on data of animal model genome wide association 
studies (GWAS). The analysis identified a panel of five genes that were found to be significantly 
associated with muscle toxicity phenotypes namely Slco1b2, Cyp3a1, Ugt1a1, Abcc2 and Coq2. These 
findings help us to understand the pharmacogenomics of adverse drug reactions and lay the groundwork 
of future translational research. 

4.1. Interpretation of Results 

The most significant correlation was with Slco1b2, a gene that codes the organic anion transporter of 
hepatic statin uptake. The statin systemic exposure was increased in mutated or downregulated Slco1b2 
animal and may have contributed to the muscle toxicity. This was manifested in the high level of CK 
and LDH as well as the histological muscle damage scores. In the same way, Coq2, which is a gene that 
participates in the biosynthesis of ubiquinone in the mitochondria, was strongly correlated with muscle 
damage, which is indicative of mitochondrial dysfunction as a significant pathway of statin-induced 
myopathy. 

Figure 1 below is a composite view of the genetic effect size (odds ratio) and the physiological damage 
(muscle damage score) of each variant. This integration identifies the genes which are both statistically 
and biologically prominent. 
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Figure 1: Comparison of Odds Ratio and Muscle Damage Score by Gene Variant 

As seen in Figure 1, Coq2 and Slco1b2 not only exhibit the highest odds ratios but also cause the most 
severe muscle pathology, confirming their dominant role in statin-associated muscle damage pathways. 

4.2. Comparison with Existing Studies 

Our results concur with human pharmacogenomic studies, and especially those pointing to the 
involvement of the human homolog of Slco1b2, SLCO1B1, in statin intolerance. The SEARCH trial 
(Link et al., 2008) showed that one nucleotide polymorphism (1-bp deletion) in SLCO1B1 (rs4149056) 
was a powerful risk factor of myopathy with simvastatin. Likewise, experiments in transgenic mice 
(Jacobsen et al., 2013) have demonstrated that the knockout of Slco1b2 results in an increased exposure 
to statins and muscular side effects. 

Similarly, the contribution of mitochondrial genes like Coq2, have also been in the limelight when 
dealing with statin induced mitochondrial toxicity. Our results agree with the animal experiments by 
Auerbach et al. (2017), which showed the disruption of the mitochondrial membrane potential and the 
elevation of reactive oxygen species in Coq2-deficient mice on statin treatment. 

The uniqueness of our study is that it integrates both genomic and biochemical biomarker data in animal 
studies thereby strengthening the translational capacity of these data. 

4.3. Implications of Findings 

The results have some important implications to clinical practice and drug development. To begin with, 
the discovery of such genetic variants as Slco1b2 and Coq2 provides an opportunity of personalized 
medicine, where the statin treatment can be adjusted to the genetic makeup of a person to reduce the 
likelihood of the side effects associated with muscle damage. Secondly, the pharmaceutical potential of 
such gene targets provides the possibility of a pharmaceutical innovation, i.e., the creation of a co-
therapy or a next-generation statin formulation to overcome the problem of muscle toxicity. The 
implication of the mitochondrial pathways also highlights the necessity of the inclusion of 
mitochondrial safety testing in the earlier phases of drug screening of statins and other lipid-lowering 
medications. The shown association between genetic risk and physiological biomarkers does not only 
support the biological importance of such gene variants but also emphasizes the prospect of 
incorporating genomic screening into preclinical and clinical paradigms as a way of increasing drug 
safety and efficacy. 
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 4.4. Limitations of the Study 

Although this study provides significant contributions due to the identification of the key genetic 
variants linked to the development of statin-induced myopathy, a number of limitations should be 
admitted. On the one hand, animal models allow a controlled environment and a certain degree of 
biological consistency, but it is not always clear whether animal models can fully reflect human 
metabolic and physiological processes, and thus the direct applicability of the results. Secondly, the use 
of SNP-based associations that have not been validated by functional studies including using CRISPR 
gene editing tools limits the capability of making conclusive causal statements regarding the role of 
gene function. Also the fact that the sample sizes of each GWAS dataset are relatively small (though 
combined) limits the statistical power in comparison to large-scale human studies. Finally, the study 
was mainly biased to simvastatin and atorvastatin thus the associations of gene-toxicity might not be 
applicable to other statins such as rosuvastatin or pravastatin hence the generalizability of statins in 
general. 

4.5. Suggestions for Future Research 

To expand on these results, some future research avenues are suggested to increase the translational 
value and mechanism of statin-induced myopathy. Among the important actions is incorporation of 
humanized mouse models with human SLCO1B1 and COQ2 alleles to enhance the translation of animal 
data to human physiology. It is possible to use CRISPR-based gene editing to provide functional 
validation of the functions of these genes, to enable more detailed pathway-level studies. Combining 
GWAS data with metabolomics may also provide further insight into intermediate biochemical 
phenotypes mediating muscle toxicity, providing more accurate biomarkers. Also, repeated measures in 
longitudinal animal studies would assist in monitoring the development and the progression of 
myopathy, which would allow the detection of early warning signs. Lastly, the analysis could be 
extended to other types of statins to conclude whether these genetic associations are also replicated 
across formulations to enhance the clinical relevance and applicability of the results. 

5. CONCLUSION

In this study, a genome-wide association analysis was performed with animal model data only and 
yielded five important genes (Slco1b2, Cyp3a1, Ugt1a1, Abcc2 and Coq2) that were significantly 
related to increased predisposition to muscle toxicity. Slco1b2 and Coq2 were among them with high 
odds ratios and severe physiological manifestations, which was indicated by a high creatine kinase 
(CK), lactate dehydrogenase (LDH), and severe histopathological muscle damage. The combination of 
the GWAS results with functional biomarkers enabled the creation of a close association between 
genetic predisposition and real muscular reaction to statin exposure, which proved the biological 
importance of these correlations. These two-levels of analysis did not only increase the reliability of the 
results but it also brought new information on the mechanistic pathways, especially those related to 
statin transport, metabolism, and mitochondrial dysfunction, underlying statin-induced myopathy. 

5.1. Significance of the Study 

The study is important because it contributes to the knowledge of pharmacogenomics of statin-induced 
myopathy, which is a serious clinical issue that precludes the wider clinical application of statins despite 
their proven cardiovascular benefits. The study makes use of controlled animal model data and therefore 
removes the usual confounding factors that are present in human research, which include lifestyle 
factors, co-medications, and comorbidities, and therefore, gives a clearer and more accurate picture of 
gene-drug interactions. It is noteworthy that the discovery of Coq2, a gene that regulates mitochondrial 
activity, as a gene of interest in muscle toxicity points to a mitochondrial mechanism that was not 
previously studied in the context of adverse effects induced by statins. This observation expands the 
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 present scientific attention on the traditional routes of drug transport and drug metabolism to involve 
cellular energy processes. In a translational sense, the insights of the study would provide the foundation 
of the creation of predictive genetic screening tools and specific therapeutic approaches to minimize the 
risk of statin-related muscle-related side effects in users, further optimizing the safety and 
individualization of statin therapy. 

5.2. Final Thoughts and Recommendations 

The application of GWAS on animal models has been shown to be a very effective tool in identifying 
genetic markers of statin myopathy and provides a template of future preclinical pharmacogenomic 
studies. However, the translation of these findings to human clinical applications will need additional 
functional studies and validation in humanized models. 

In order to develop this research field and increase the clinical utility of pharmacogenomic screening, 
the following suggestions are offered: 

• Conduct CRISPR-based gene-editing studies to validate the functional roles of the identified
genes, especially Slco1b2 and Coq2.

• Develop humanized mouse models carrying human homologs of SLCO1B1 and COQ2 for
better translational accuracy.

• Expand GWAS studies across multiple statins to determine whether gene–drug interactions are
consistent across different statin formulations.

• Integrate transcriptomic and proteomic data to uncover downstream effects and compensatory
mechanisms triggered by these genetic variants.

• Design early-phase biomarker-based screening tools using CK, LDH, and mitochondrial
damage markers to predict myopathy risk in preclinical trials.

• Encourage personalized medicine practices by advocating for pharmacogenetic testing before
statin prescription in susceptible populations.
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