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Abstract: Background/Objectives: Rhabdomyolysis, a dangerous breakdown of skeletal
muscle, has been reported as an adverse event in those prescribed a statin therapy for the
treatment of hypercholesterolemia. Statin drugs are some of the most prescribed treatments
for elevated cholesterol levels. The purpose of this comparative study was to determine
the association between the statin drugs used and the risk of rhabdomyolysis using the
FDA Adverse Event Reporting System (FAERS) and transcriptomic data. Methods: A
disproportionality analysis was performed to compare the risk of rhabdomyolysis between
the reference statin drug (simvastatin) and the treatment group, with patient age assessed
as a possible confounder. In addition, association rule mining was utilized to both identify
other adverse events that frequently presented with thabdomyolysis and identify possible
drug-drug interactions (DDIs). Finally, public transcriptomic data were explored to iden-
tify the possible genetic underpinnings highlighting these differences in rhabdomyolysis
risk across statins. Results: Rhabdomyolysis is a commonly reported adverse event for
patients treated with statins, particularly those prescribed simvastatin. Simvastatin was
associated with a more than 2-fold increased likelihood of rhabdomyolysis compared to
other statins. Men were twice as likely to report rhabdomyolysis than women regardless
of statin treatment, with the highest risk observed for pravastatin (ROR = 2.30, p < 0.001)
and atorvastatin (ROR = 2.03, p < 0.0001). Several possible DDIs were identified, including
furosemide/Lasix, allopurinol clopidogrel/Plavix, and pantoprazole, which may elevate
rhabdomyolysis risk through impaired muscle function and delayed statin metabolism.
Finally, nine myopathic genes were identified as possible regulators of statin-induced
rhabdomyolysis, including DYSF, DES, PLEC, CAPN3, SCN4A, TNNT1, SDHA, MYH?7,
and PYGM in primary human muscle cells. Conclusions: Simvastatin was associated with
the highest risk of rhabdomyolysis. The risk of rhabdomyolysis was more pronounced
in men than women. Several possible DDIs were identified including furosemide/Lasix,
allopurinol clopidogrel/Plavix, and pantoprazole.

Keywords: FAERS; pharmacovigilance; drug interactions; muscle disease; RNA-seq; statins;
rhabdomyolysis; association rules; kidney injury; DDI
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1. Introduction

Rhabdomyolysis is a degradative condition in which there is rapid necrosis of dam-
aged skeletal muscle tissue and a sudden release of various intracellular components,
including myoglobin, creatine kinase (CK), aldolase, and electrolytes, into the systemic
blood circulation [1-3]. An estimated 85% of all rhabdomyolysis results from traumatic
injury to muscle tissue caused by crushing mechanical forces while approximately 15% are
of nontraumatic origin, such as due to alcohol or drug abuse, side effects of certain medica-
tions, prolonged immobilization or hospitalization, various bacterial and viral infections,
and certain metabolic disorders [1,2]. Although some patients may present asymptomat-
ically with rhabdomyolysis in mild cases, common reported symptoms include muscle
weakness, malaise, dark urine due to myoglobinuria, swelling of the extremities, decreased
mobility, and possible acute kidney injury (AKI) [3,4]. The most sensitive tests to detect
the presence of skeletal muscle injury and diagnose rhabdomyolysis include serum blood
testing for elevated CK levels and urine testing for elevated myoglobin levels [3,5]. Treat-
ment of rhabdomyolysis primarily includes IV fluid and electrolyte infusions to prevent
dehydration and the development or progression of AKI as well as physical therapy to
restore muscle function and integrity [1,3,6].

Statins are a class of well-known drugs used in the treatment of hypercholesterolemia
with the first statin drug, lovastatin (brand name Mevacor), receiving marketing approval
in 1987 by the United States (US) Food and Drug Administration (FDA) [7-9]. They are
among the most prescribed medications globally, with estimated annual sales between
2002 and 2018 of 21.35 million units or USD 24.5 billion [7,10]. According to the Medical
Expenditure Panel Survey, a comprehensive survey study conducted annually by the
Agency for Healthcare Research and Quality branch of the Department of Health and
Human Services in the US to track patient medical expenditures, atorvastatin (brand name
Lipitor) was the most prescribed drug in the United States (n = 109,582,746) with other
statin drugs rosuvastatin (brand name Crestor) (n = 37,095,971) and simvastatin (brand
name Zocor) (n = 26,459,069) being ranked 13th and 19th, respectively [11]. A retrospective
cross-sectional study of noninstitutionalized US citizens aged 40 and older (n = 409,804)
using data derived from MEPS from 2008-2019 found that 22% of surveyed patients were on
an active statin regimen and that the total number of statin-treated patients increased from
37 million to 92 million between 2013 and 2019 [12]. Furthermore, among those currently
taking an active statin therapy, 36% of patients were being treated with atorvastatin and 34%
were being treated with simvastatin [12]. Thus, widespread use and extensive distribution
of the statin drug class warrants a comprehensive understanding of their safety profiles.

Statins function as a competitive inhibitor of hydroxymethylglutaryl-CoA (HMG-CoA)
reductase, a key regulator of hepatic cholesterol and triglyceride production [10,13]. By
reducing the conversion of HMG-CoA to mevalonic acid and promoting the expression
of low-density lipoprotein cholesterol (LDL-C) receptors to expel excess cholesterol from
the body, the amount of circulating plasma cholesterol decreases [10,13]. Furthermore,
statins shift the equilibrium of cholesterol production in favor of high-density lipoprotein
cholesterol (HDL-C) as well as delay arterial plaque accumulation, reducing inflammation,
and increasing myocardial blood flow [10,13]. Statins may be further classified based on
one of several criteria, including their potency with regards to cholesterol reduction, their
solubility, and whether they are natural or synthetic in nature [10,14-16]. Low-intensity
statins, including fluvastatin (20-40 mg dose), pitavastatin (1 mg), pravastatin (10-20 mg),
lovastatin (20 mg), and simvastatin (10 mg), are capable of reducing LDL-C levels by
less than 30% while moderate-intensity statins such as fluvastatin (80 mg), pitavastatin
(2—4 mg), atorvastatin (10-20 mg), simvastatin (2040 mg), pravastatin (40-80 mg), lo-
vastatin (40 mg), and rosuvastatin (5-10 mg) are used to reduce LDL-C levels by up to
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50% [13,17]. High-intensity statins, which are used to treat patients with significant hy-
percholesterolemia and reduce LDL-C levels by >50%, includes atorvastatin (40-80 mg)
and rosuvastatin (2040 mg) [13,17]. When classified by solubility, pravastatin and rosu-
vastatin are considered hydrophilic statins while lipophilic statins, which demonstrate
greater extrahepatic properties, includes atorvastatin, lovastatin, simvastatin, fluvastatin,
and pitavastatin [13,14]. Finally, synthetic statins, sometimes referred to as super-statins,
such as atorvastatin, fluvastatin, pitavastatin, and rosuvastatin typically exhibit stronger
cholesterol-reducing capabilities compared to naturally derived statins, including lovastatin
and pravastatin [13,18]. Thus, due to the significant pharmacokinetic and pharmacody-
namic diversity of statin drugs, it is important to differentiate between their safety profiles
to maximize patient safety and minimize adverse events.

Multiple studies have characterized and defined an association between statin ther-
apy and the risk of rhabdomyolysis, a rare but potentially fatal adverse drug event
(ADE) [19-21]. For instance, a comparative analysis published in the British Journal of
Clinical Pharmacology, which assessed 10,657 case reports from the World Health Organi-
zation’s VigiBase from 1995-2020, found that the use of any statin was associated with a
nearly 60-fold increase (ROR = 59.33, 95% CI 57.88-60.82) in rhabdomyolysis compared to
patients not treated with a statin regimen [22]. In particular, simvastatin was associated
with a nearly 2-fold increase in rhabdomyolysis (ROR = 2.20, 95% CI 2.11-2.29) compared
to those taking another statin drug [22]. A systematic review of data derived from 12 ran-
domized controlled trials indexed in PubMed found that despite low incidence, the use
of statin therapy was associated with the development of rhabdomyolysis, particularly
at high doses, if simvastatin or rosuvastatin was the prescribed statin therapy, or when
statins were used concurrently with other drugs [23]. Concurrent use of certain antibiotics
such as daptomycin and clarithromycin, as well as some antifungal medications including
itraconazole and clotrimazole, have demonstrated elevated risk of rhabdomyolysis due to
adverse drug-drug interactions (DDIs) [20,24]. For instance, a disproportionality analysis of
971,861 adverse event reports dated from the 1st quarter of 2004 to the 4th quarter of 2022
collected from the Food and Drug Administration (FDA) Adverse Event Reporting System
(FAERS) found three significant DDIs between the co-administration of daptomycin and a
statin drug, including with rosuvastatin (ROR 124.39, 95% CI 87.35-178.47), simvastatin
(ROR 94.83, 95% CI 71.12-126.46), and atorvastatin (ROR 68.53, 95% CI 51.93-90.43) [25].
Thus, there is significant evidence in the literature of the potential association between
statin therapy and rhabdomyolysis.

Our study will implement a multidisciplinary approach utilizing FAERS and transcrip-
tomic data to further characterize the association between statin therapy and rhabdomyoly-
sis risk as well as providing an explanation as to the genetic components that underpins
this association. The effects of certain relevant confounders such as patient gender and age
on the strength of the association between statin usage and rhabdomyolysis risk were also
investigated. Furthermore, association rule mining was utilized to identify possible DDIs
that significantly alter the risk of statin-associated rhabdomyolysis.

2. Materials and Methods
2.1. FAERS Data
Adverse event reports derived from FAERS were accessed using the publicly available

FAERS dashboard tool. Each record derived from FAERS contains the following seven
distinct data entries:

(1) Drug information
(2) Drug-related adverse events (ADEs)
(8) All reported patient outcomes for the ADE indicated
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(4) Demographic information including patient sex, age, and body weight
(5) Source that reported the ADE

(6) Date of submission for the ADE report

(7) The indications for use of each indicated drug

To ensure the reliability of the conclusions, only statins with case numbers more
than 5000 were included. Consequently, this paper focuses on five statins: atorvastatin,
simvastatin, lovastatin, rosuvastatin, and pravastatin.

Reports were extracted from the FAERS dashboard using both the generic drug term
(atorvastatin, simvastatin, lovastatin, rosuvastatin, and pravastatin) as well as brand names
for each drug (Lipitor, Zocor, Mevacor, Crestor, and Pravachol) as input search terms. Any
report in which the generic or brand name of a drug of interest is indicated in the ‘suspect
product names’ or ‘suspect product active ingredients” data columns will subsequently be
outputted and downloaded for analysis.

2.2. Removal of Duplicate FAERS Reports

Most of the approximately 30 million records accessible through the FAERS dashboard
are reports submitted directly to the FDA by a patient, health provider, pharmaceutical
company, or drug manufacturer. However, a subset of these reports may instead be
indirectly reported from publications in the literature. Consequently, there is a risk of
duplicate reports in which multiple records, each of which with different case IDs, are
included in the FAERS dashboard despite pertaining to the same patient or case. As a result,
any records derived from publications were ultimately excluded from analysis for three
reasons. First, these indirectly reported records may be submitted by multiple sources such
as different drug manufacturers or clinicians, resulting in some cases in which records are
duplicated 2-10 times for the same patient and same adverse event [26]. If these duplicate
reports were included in the final analysis, the strength of the possible safety signal may
be inflated and there is a greater risk of identifying false positive safety signals. Next,
there may be inconsistencies between the reports submitted by different reporters, with
certain information emphasized or removed entirely based on varying interpretations of
the data or differing study goals. Finally, as these records only comprise a small portion of
all records contained in the FAERS dashboard (approximately 2-3%), exclusion of these
reports would ultimately have a negligible effect on any conclusions drawn from this study.
Data analysis was performed using R statistical software version 4.3.2.

2.3. Disproportionality Analysis

A disproportionality analysis was conducted to compare the risk of a thabdomyolysis
adverse event between patients prescribed one of five statins: a lipophilic statin, including
atorvastatin, simvastatin or lovastatin, or a hydrophilic statin, including rosuvastatin
or pravastatin. The odds ratio and the corresponding 95% confidence interval (CI) for
these comparisons were then calculated. A significant safety signal was defined by any
association measure in which the lower bound of the corresponding 95% CI was greater
than 1.0, indicating a significantly greater likelihood of reporting rhabdomyolysis in the
treatment group compared to the reference group (simvastatin in this case). Odds ratios for
each association were calculated using the Medcalc odds ratio online calculator available at
https:/ /www.medcalc.org/calc/odds_ratio.php (accessed on 1 December 2024).

2.4. Association Rule Mining (ARM)

Finally, association rule mining (ARM) was used to identify other ADEs that com-
monly presented alongside statin-induced rhabdomyolysis for each of the five statins
assessed in this study. Each association rule was analyzed using the arules R package. The
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following formulas were used to determine the support, confidence, and lift values for each
association rule:

Number of reports containing X and Y

Support({X} = {Y}) = Total number of reports @

. _ Support(X —Y)
Lift({X} = {¥}) = Support(X) x Support(Y) @
Confidence({X} — {Y}) = Number of reports containing X and Y 3)

Number of reports containing X

2.5. Transcriptomic Data Analysis

A public transcriptomic dataset from the NCBI GEO database (GEO id: GSE107998)
was analyzed to explore the genes in human muscle cells regulated by statin drugs [27]. In
this dataset, primary human muscle cells were treated by simvastatin (a lipophilic statin)
and rosuvastatin (a hydrophilic statin). Briefly, primary human myoblasts were cultured
in ProVitro skeletal muscle growth medium. Treatment groups were treated with either
5 uM simvastatin or 5 uM rosuvastatin dissolved in DMSO and compared to two different
control groups, including untreated cells and cells treated with 7 uM DMSO. Each control
and treatment group had 4 replicates with treatment added 24 hrs after cells were plated.
The gene expression of these cells with and without statins were evaluated by RNA-seq.
Differentially expressed genes were identified using the limma package in R. This list
of differentially expressed genes was then used as an input to identify enriched disease
pathways using the ShinyGo V0.81 web tool.

3. Results
3.1. Top 10 ADEs of Each Statin

First, the top 10 most frequently reported ADEs were identified for the following
5 statin drugs: rosuvastatin, pravastatin, simvastatin, atorvastatin, and rosuvastatin. Myal-
gia was the most frequently reported adverse event for all five statin drugs. Of the 51,446 re-
ports indicating simvastatin use, the remaining most reported adverse events included rhab-
domyolysis (n = 6145), drug interaction (n = 4874), fatigue (n = 3292), arthralgia (n = 3141),
elevated blood creatinine phosphokinase (1 = 3051), muscular weakness (n = 3007), asthenia
(n =2865), pain in extremity (n = 2722), and nausea (1 = 2480). Of the 101,774 reports indicat-
ing atorvastatin use, the remaining most reported adverse events included type II diabetes
(n =10,397), arthralgia (n = 4780), pain in extremity (n = 4714), fatigue (n = 4373), muscle
spasms (n = 4227), asthenia (n = 4136), rhabdomyolysis (1 = 4068), muscular weakness
(n = 3880), and drug interaction (n = 3814).

Of the 55,489 reports indicating rosuvastatin use, the remaining most commonly
reported adverse events included pain in extremity (n = 3057), rhabdomyolysis (1 = 2879),
muscle spasms (n = 2820), fatigue (n = 2764), pain (n = 2762), arthralgia (n = 2685), dyspnea
(n = 2346), asthenia (n = 2295), and product dose omission issue (1 = 2146).

Of the 15,701 reports indicating lovastatin use, the remaining most reported adverse
events including elevated blood creatine phosphokinase levels (1 = 1316), abnormal hepatic
function (1 = 992), drug ineffective (n = 961), asthenia (n = 598), alopecia (1 = 567), pain
(n = 542), hypercholesterolemia (n = 533), arthralgia (n = 516), and myopathy (1 = 496).

Finally, of the 12,880 reports indicating pravastatin use, the remaining most reported
adverse events included arthralgia (n = 725), fatigue (1 = 611), asthenia (1 = 598), elevated
blood creatine phosphokinase levels (1 = 593), muscle spasms (1 = 545), headache (n = 526),
drug ineffective (n = 518), dizziness (n = 517), and nausea (n = 512). Rhabdomyolysis was
identified as the 2nd, 8th, and 3rd most reported ADE for simvastatin, atorvastatin, and
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rosuvastatin, respectively, while it was ranked 26th and 23rd, respectively, for lovastatin

and pravastatin, indicating greater risk of drug-assoc
are summarized in Figure 1.

iated rhabdomyolysis. These results
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Figure 1. Top 10 reported adverse events for 5 statin drugs.

3.2. ADES Associated with Rhabdomyolysis

1500

Next, association rule mining was used to identify additional ADEs that frequently

co-presented alongside rhabdomyolysis in individuals treated with a statin therapy. A

lift value greater than 1 indicates that rhabdomyolysis and a given ADE were indicated

together more frequently than the expected number

of instances. A lift criterion of >1.5

was used as the cutoff to identify significant rhabdomyolysis-ADE pairs in those treated

with atorvastatin, rosuvastatin, simvastatin, lovastatin, or pravastatin, with the top five

significant ADE pairs presented in Figure 2.
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blood creatine phosphokinase Increased
Fall

?

muscular weakness
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galt disturbance

muscular weakness
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Figure 2. Association rule mining of ADEs associated with Rhabdomyolysis for five statins (lift cutoff
value = 1.5).

For those treated with atorvastatin, drug interactions (lift = 4.93), elevated blood crea-
tine phosphokinase levels (lift = 4.12), fall (lift = 2.54), asthenia (lift = 1.94), and muscular
weakness (lift =1.50) were ADEs that commonly presented alongside rhabdomyolysis. In-
dividuals that were treated with rosuvastatin and reported rhabdomyolysis also frequently
reported acute kidney injury (lift = 11.04), elevated blood creatine phosphokinase levels
(lift = 3.49), fall (lift = 1.87), and myocardial infarction (lift = 1.53), while rhabdomyolysis
frequently co-presented with acute kidney injury (lift = 6.20), drug interactions (lift = 3.32),
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elevated blood creatine phosphokinase levels (lift = 2.08), fall (lift = 1.93), and myopathy
(lift = 1.67).

Individuals that were treated with lovastatin and reported rhabdomyolysis frequently
reported myopathy (lift = 3.03), asthenia (lift = 2.64), myositis (lift = 2.60), elevated blood
creatine phosphokinase levels (lift = 2.04), and myasthenic syndrome (lift = 1.72) as concur-
rent ADEs. Finally, rhabdomyolysis frequently co-presented with elevated blood creatine
phosphokinase levels (lift = 4.80), gait disturbance (lift = 2.09), pyrexia (lift = 2.02), asthenia
(lift = 1.90), muscular weakness (lift = 1.67), and myopathy (lift = 1.58) in those treated
with pravastatin.

Overall, elevated blood creatine phosphokinase levels, an indicator of kidney injury,
was commonly reported alongside rhabdomyolysis regardless of which statin was used
as therapy. Furthermore, asthenia was a commonly co-presenting ADE in those treated
with atorvastatin, lovastatin, or pravastatin, while drug interactions (atorvastatin and
simvastatin), acute kidney injury (atorvastatin and simvastatin), and fall (atorvastatin and
rosuvastatin) were frequently reported as co-presenting ADEs for two different statins.

3.3. Comparison of Rhabdomyolysis Risk Across Statins

Next, the likelihood of reporting rhabdomyolysis as an ADE was compared between
each statin drug. As shown in Table 1, compared to those treated with simvastatin, the risk
of reporting rhabdomyolysis was lower in each of the other statin drugs analyzed in this
study. Individuals treated with rosuvastatin had an approximately 62% lower likelihood
(OR = 0.38, p-value < 0.0001) of reporting rhabdomyolysis as an ADE while treatment
with atorvastatin was associated with a 69% reduction (OR = 0.31, p-value < 0.0001) in
rhabdomyolysis risk. In addition, utilizing lovastatin or pravastatin was associated with
an 82% lower (OR = 0.18, p-value < 0.0001) and 78% lower (OR = 0.22, p-value < 0.0001)
likelihood of reporting rhabdomyolysis as an ADE, respectively, when compared to those
treated with simvastatin.

Table 1. Comparison of rhabdomyolysis risk across five statins.

Statins With ADE Without ADE Odds Ratio (p-Value)
Simvastatin (Zocor, Flolipid) 5030 46,416 1
Rosuvastatin (Crestor, Ezallor) 2217 53,272 0.3840 (p < 0.0001)
Atorvastatin (Lipitor) 3306 98,468 0.3098 (p < 0.0001)
Pravastatin (Pravachol) 297 12,583 0.2178 (p < 0.0001)
Lovastatin (Altoprev) 300 15,401 0.1798 (p < 0.0001)

3.4. Rhabdomyolysis Risk for Single Drug Use

In the previous section, all reports indicating the use of a statin drug were analyzed,
regardless of whether or not the use of additional therapeutics were indicated. To isolate
the effects of a particular statin drug on rhabdomyolysis risk and mitigate the potential
effects of other drugs that are taken concurrently, only reports indicating statin therapy
exclusively were considered in this section. As shown in Table 2, simvastatin was associated
with the highest risk of rhabdomyolysis. Comparatively, individuals that were treated
with rosuvastatin had an approximately 54% lower likelihood (OR = 0.46, p < 0.0001) of
rhabdomyolysis development while those treated with atorvastatin was associated with
a 73% reduction in thabdomyolysis risk (OR = 0.27, p-value < 0.0001) compared to those
administered simvastatin. Similarly, individuals treated with pravastatin demonstrated a
79% lower likelihood (OR = 0.21, p-value < 0.0001) of rhabdomyolysis compared to those
administered simvastatin for treatment. Finally, lovastatin was associated with the lowest
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likelihood of reporting rhabdomyolysis as an ADE with a 90% reduction in rhabdomyolysis
risk (OR = 0.10, p-value < 0.0001) compared to those on a simvastatin regimen.

Table 2. Comparison of rhabdomyolysis risk across five statins in patients only treated with a

single drug.
Statins With ADE Without ADE Odds Ratio (p-Value)
Simvastatin (Zocor, Flolipid) 962 11,252 1
Rosuvastatin (Crestor, Ezallor) 699 17,893 0.4569 (p < 0.0001)
Atorvastatin (Lipitor) 822 35,980 0.2672 (p < 0.0001)
Pravastatin (Pravachol) 65 3618 0.2101 (p < 0.0001)
Lovastatin (Altoprev) 64 7720 0.0970 (p < 0.0001)
3.5. Sex Differences in Rhabdomyolysis Risk
The potential effects of patient gender as a possible confounder were considered in
the association between rhabdomyolysis risk and statin therapy for each of the five statins
assessed in this study. As shown in Table 3, males had a comparatively higher risk of rhab-
domyolysis than females administered the same statin therapy for all five statins. Males
treated with simvastatin had a 1.71-fold increase (OR = 1.71, p-value < 0.0001) in rhabdomy-
olysis risk compared to females while treatment with rosuvastatin was associated with a
nearly 2-fold increase (OR = 1.74, p-value < 0.0001) in the likelihood of rhabdomyolysis
development for males compared to females. Males treated with atorvastatin had a 102%
elevation (OR = 2.02, p-value < 0.0001) in rhabdomyolysis risk compared to females while
males treated with pravastatin had a 2.30-fold increase (OR = 2.30, p-value < 0.0001) in
the likelihood of rhabdomyolysis development compared to females. Finally, there was a
40% increase (OR = 1.40, p-value < 0.0001) in rhabdomyolysis risk in males treated with
lovastatin compared to females administered the same statin therapy.
Table 3. Sex differences in thabdomyolysis across five statins.
Statins Gender With ADE Without ADE Odds Ratio (p-Value)
. . .. Female 1669 20,693
Simvastatin (Zocor, Flolipid) Male 3034 21,941 1.7145 (p < 0.0001)
. Female 828 27,691
Rosuvastatin (Crestor, Ezallor) Male 1138 21896 17381 (p < 0.0001)
. .. Female 1096 47,460
Atorvastatin (Lipitor) Male 1851 39,628 2.0226 (p < 0.0001)
. Female 91 5860
Pravastatin (Pravachol) Male 179 5003 2.3040 (p < 0.0001)
. Female 119 6677
Lovastatin (Altoprev) Male 155 6186 1.4059 (p < 0.0001)

3.6. Possible DDIs with Statins

Next, association rule mining was used to identify possible DDIs between a single
statin therapy and another drug that were associated with elevated rhabdomyolysis risk
(Figure 3). For simvastatin, the top 10 DDIs most frequently associated with rhabdomyolysis
was Lasix (lift = 2.92), insulin nos (lift = 2.89), allopurinol (lift = 2.77), furosemide (lift = 2.39),
Plavix (lift = 2.23), lisinopril (lift = 2.05), clopidogrel (lift = 2.03), metoprolol (lift = 2.02),
atenolol (lift = 1.99), and nitroglycerin (lift = 1.95). For rosuvastatin, the top 10 DDIs most
frequently associated with rhabdomyolysis was pantoprazole (lift = 3.44), nitroglycerin
(lift = 2.82), metoprolol (lift = 2.60), Lasix (lift = 2.51), bisoprolol (lift = 2.36), acetaminophen
(lift = 2.13), omeprazole (lift = 2.13), ramipril (lift = 1.97), clopidogrel (lift = 1.92), and
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furosemide (lift = 1.90). For atorvastatin, the top 10 DDIs most frequently associated
with rhabdomyolysis was bisoprolol (lift = 3.08), pantoprazole (lift = 2.96), furosemide
(lift = 2.91), allopurinol (lift = 2.72), Lasix (lift = 2.70), lansoprazole (lift = 2.49), ramipril
(lift = 2.30), clopidogrel (lift = 2.22), nitroglycerin (lift = 2.14), and acetaminophen (lift = 1.96).
For pravastatin, the top 10 DDIs most frequently associated with rhabdomyolysis was met-
formin hydrochloride (lift = 4.94), nitroglycerin (lift = 3.94), furosemide (lift = 3.77), allopuri-
nol (lift = 3.57), metformin (lift = 3.10), unspecified ingredient (lift = 2.96), acetaminophen
(lift = 2.93), metoprolol (lift = 2.90), Lasix (lift = 2.74), and insulin nos (lift = 2.38). Finally, for
lovastatin, the top 10 DDIs most frequently associated with rthabdomyolysis was lisinopril
(lift = 9.60), acetaminophen (lift = 8.97), omeprazole (lift = 8.54), furosemide (lift =7.70), folic
acid (lift = 7.70), allopurinol (lift = 5.86), unspecified ingredient (lift = 5.66), levothyroxine
(lift = 5.56), atenolol (lift = 5.20), and Plavix (lift = 4.76).
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Figure 3. Association rule mining of DDIs associated with elevated rhabdomyolysis risk for five
statins (lift cutoff value = 1.5).
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Furosemide/Lasix were the most common drugs indicated as possibly interacting with
a statin drug and were ranked 4th/1st, 4th/10th, 3rd/5th, 3rd/9th, and 4th for simvastatin,
rosuvastatin, atorvastatin, pravastatin, and lovastatin, respectively. Furthermore, allopuri-
nol comprised the top 10 for DDIs for 4 of the statins analyzed, including atorvastatin (4th),
simvastatin (3rd), lovastatin (6th), and pravastatin (4th). In addition, nitroglycerin was
indicated as a possible DDI with 4 statins, including atorvastatin (9th), rosuvastatin (2nd),
simvastatin (10th), and pravastatin (2nd). Next, clopidogrel/Plavix was ranked 7th/5th,
9th, 8th, and 10th for simvastatin, rosuvastatin, atorvastatin, and lovastatin, respectively.
Finally, pantoprazole was identified as a possible DDI with both atorvastatin (2nd) and
rosuvastatin (1st).

3.7. Genes Regulated by Human Muscle Cells

Finally, transcriptomic analysis of a public RNA-seq dataset GEO ID: GSE107998 was
performed to identify key target genes that are differentially expressed across treatment
groups and that may drive the progression of statin-induced rhabdomyolysis. In this
dataset, primary muscle cells were treated with either simvastatin (lipophilic) or rosu-
vastatin (hydrophilic). Differentially expressed genes were identified using an adjusted
p-value < 0.05 and a log fold change >1.5 for upregulated genes or log fold change <—1.5
for downregulated genes. As shown in Figure 4, when compared to control cells that
were only treated with DMSO, simvastatin-treated muscle cells resulted in a total of 1575
differentially expressed genes, 901 of which were upregulated and 674 of which were
downregulated. Comparatively, rosuvastatin-treated cells gave rise to 44 differentially
expressed genes, 42 of which were upregulated and 2 of which were downregulated. The
significantly larger genetic perturbation observed in simvastatin-treated primary muscle
cells may explain the elevated risk of rhabdomyolysis in those treated with simvastatin and,
possibly by extension, other lipophilic statins compared to those treated with rosuvastatin
or other hydrophilic statins.
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Figure 4. Differentially expressed genes for simvastatin-treated primary muscle cells (A) and
rosuvastatin-treated primary muscle cells (B) compared to DMSO-treated control cells. In both
cases, significantly downregulated genes are indicated in green while significantly upregulated genes
are indicated in red.

3.8. Disease Pathways Enriched in Simvastatin-Treated Muscle Cells

Next, the list of differentially expressed genes served as an input for the ShinyGO
V0.81 enrichment tool in order to identify disease and molecular pathways that were
enriched in simvastatin-treated muscle cells compared to those treated with rosuvastatin.
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Comparatively, the only Online Mendelian Inheritance in Man (OMIM) disease pathway
upregulated in simvastatin-treated muscle cells was myopathy, a general term for muscle
weakness or dysfunction, with nine unique genes mapped to this pathway, including
PGAM2, NEB, DES, TNNT1, CRYAB, MYH7, MYF6, DYSF, and ATP2A1. When mapping to
the Disease Ontology, three muscle-related diseases were enriched including myoglobinuria
(LPIN1, PGAM2, and GSR), muscular disease (DES, CLU, PRKCD, HMGCR, CAPN3, SDHA,
PPARA, and PYGM), and myopathy (DYSF, DES, PLEC, CAPN3, SCN4A, TNNT1, SDHA,
MYH7, and PYGM) (Table 4). The genes DES, TNNT1, MYH7, and DYSF were identified as
important regulatory genes in both the OMIM and KEGG myopathy pathway.

Table 4. Diseases enriched in the genes up-regulated by Simvastatin.

Diseases Num of Pathway .FOld Enrichment FDR Gene List
Genes Genes Enrichment
OMIM ! disease
PGAM2 NEB DES TNNT1 CRYAB
-5
Myopathy 9 36 9.09 1.6 x 10 MYH7 MYF6 DYSE ATP2A1
Disease Ontology
DOID:OO§ 010.8 3 4 27.28 0.0062 LPIN1 PGAM2 GSR
myoglobinuria
DOID:11100 Q fever 4 6 24.25 0.0011 DHCR24 HMGCR LDLR LSS
DOID:9455 lipid DEPP1 WIPI1 FADS2 SCD LSS
storage disease 7 21 12.13 0.00026 NUPR1 INHBE
DYSF DES PLEC CAPN3 SCN4A
DOID:423 myopathy 9 48 6.82 0.00086 TNNT1 SDHA MYH7 PYGM
DOID:397 restrictive SYNE2 DES TRPM4 PDLIM3
cardiomyopathy 7 38 6.70 0.0057 PRKCD TNNT1 MYH7
DOID:0080000 DES CLU PRKCD HMGCR CAPN3
muscular disease 8 44 6.61 0.0024 SDHA PPARA PYGM
CYP51A1 ACAT2 CSF1 HMGCR
DOID:9000808 Hy— 12 71 6.15 0.00026 GSR NR4A1 VLDLR LDLR MVD
percholesterolemia 1.SS SOLE ITIH4

1 OMIM: Online Mendelian Inheritance in Man.

4. Discussion

In this study, a multidisciplinary approach was utilized to compare the risk of rhab-
domyolysis across different statin drugs as well as identify possible regulatory genes that
modulate this differential risk. Furthermore, we wanted to identify additional adverse
events that are frequently co-presenting in patients that report suspected statin-induced
rhabdomyolysis. Rhabdomyolysis, a severe form of muscle dysfunction characterized
by significant muscle breakdown, was most commonly reported by those prescribed a
lipophilic statin, including simvastatin and atorvastatin, compared to those treated with
a hydrophilic statin, which is in agreement in present literature [22,28,29]. Unlike hy-
drophilic statins, which demonstrate greater hepatic selectivity than lipophilic statins and
require specific protein carriers that are primarily found on hepatic cells to penetrate tissues,
lipophilic statins can more easily passively diffuse into non-hepatic cells, including muscle
fibers, and accumulate [29-31]. This accumulation would thus lead to greater targeted cell
membrane disruption of muscle cells due to depleted cholesterol levels as well as due to
decreased production of ubiquinone, an important antioxidant and a component of the
electron transport chain [32-35]. In several studies, ubiquinone deficiency has been linked
to myopathy and muscle damage, while ubiquinone supplementation has demonstrated
efficacy in restoring proper muscle function [32,33,36]. Therefore, these myotoxic effects
may be more pronounced in those treated with a lipophilic statin, particularly at high doses
or those already presenting with general muscle dysfunction.
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The difference in the observed likelihood of rhabdomyolysis in this study may be a
consequence of several factors. First, lovastatin, the first naturally derived statin approved
for use by the FDA in 1987, has the lowest bioavailability among commonly prescribed
statin drugs at 5% (compared to 12% and 20% for atorvastatin and rosuvastatin, respec-
tively) [37-39]. Although simvastatin has similarly poor oral bioavailability, simvastatin
exhibits significantly more lipophilic properties and is usually prescribed at significantly
higher doses than lovastatin, which is classified as a low-intensity statin [17,39]. Because
of these properties, simvastatin is more likely to confer off-target effects than lovastatin,
such as greater muscle instability and injury [29,40]. Like lovastatin, pravastatin is a largely
hydrophilic statin that has greater hepatic specificity and greater excretion through the
kidneys, thus being less likely to accumulate in muscle tissue and elicit adverse muscle-
related side effects [17,39]. However, despite having significantly greater oral bioavailability
compared to lovastatin (18% vs. 5%), pravastatin has approximately 50% lower binding
affinity for HMG-CoA reductase, consequently mitigating the potency of the drug and
the possibility of myopathy [39,41]. Finally, pravastatin is a not a prodrug and does not
undergo further metabolic breakdown by CYP enzymes into other active metabolites, thus
reducing the risk of myopathies related to possible statin DDIs [10,39,42].

In the absence of statin therapy, men may be at greater risk of rhabdomyolysis than
women of comparable age due to higher muscle mass and a greater risk of muscle in-
jury [43,44]. Furthermore, men are more likely to engage in highly strenuous physical
activity, particularly while experiencing bacterial or viral infections, and experience exercise-
related dehydration and electrolyte imbalances, further elevating rhabdomyolysis risk in
men [3,45]. In addition, men are more likely to engage in other modifiable risk factors such
as drug and alcohol abuse, as well as use creatine supplements that increase muscle stress
and drive elevated rhabdomyolysis risk [3,46]. Finally, men are more susceptible and more
likely to inherit genetic drivers of rhabdomyolysis, including mitochondrial myopathies,
fatty acid metabolism disorders such as carnitine palmitoyltransferase and very-long-chain
acyl-CoA dehydrogenase deficiencies, polymorphisms in muscle metabolism genes such
as x-actinin-3, or certain x-linked glycogen storage diseases (GSDs), including GSD type
IX and phosphoglycerate kinase 1 deficiency [43,47,48]. Thus, men may have a greater
baseline risk of rhabdomyolysis than women.

Compared to women, men may also be more susceptible to statin-related toxicity
than women. For instance, men may metabolize certain statins that are metabolized by
cytochrome p450 3A4 (CYP3A4), such as simvastatin, atorvastatin, and lovastatin, at
a slower rate compared to women due to lower CYP3A4 activity in men, resulting in
decreased clearance of the drug and greater potential for adverse DDIs due to sustained
systemic bioavailability [34,40,49]. For other statins that are not metabolized by cytochrome
p450 enzymes, such as pravastatin, the observed elevated risk of rhabdomyolysis in men
may be due to differences in fat deposition and liver function. For instance, overweight
and obese men tend to have a greater concentration of abdominal visceral fat than women,
which is more greatly associated with decreased metabolism and liver function than the
accumulation of subcutaneous fat observed in many women [50,51]. Furthermore, men are
more at risk of liver damage not only due to modifiable habits such as binge drinking but
also due to the lack of the hepatoprotective effects provided by estrogen [52,53]. Thus, men
may have greater difficulty in the clearance of pravastatin, which is primarily metabolized
in the stomach and excreted in the liver, resulting in statin-related toxicity [54].

Other genetic differences may explain, at least in part, the elevated risk of rhabdomyol-
ysis in men compared to women. Organic anion transporting polypeptide 1B1 (OATP1B1)
is a membrane bound protein highly expressed in the liver and is the primary driver of
statin clearance in the liver while organic anion transporter 3 (OAT3) is predominantly
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responsible for the absorption and clearance of statins by the kidney [55-57]. Rat models
have demonstrated elevated expression of both OATP1B1 and OAT3 expression in female-
derived liver and kidney tissue, respectively, compared to male rats, indicating possible
elevated statin clearance rates in females compared to males for hydrophilic statins that are
more significantly excreted by the kidneys, in the case of OAT3, and lipophilic statins that
are primarily excreted by the liver, in the case of OATP1B1 [58,59]. Thus, males may be at
greater risk of toxicity related to statin accumulation and rhabdomyolysis due to slower
excretion rates of statins from the body.

In addition to differences in expression levels of transport proteins, polymorphisms
in the genes encoding for these transporters have also demonstrated significant effects on
statin excretion and the risk of statin-induced rhabdomyolysis. For instance, one study
found that single nucleotide polymorphisms such as ¢.521T > C in the SLCO1B1 gene, which
encodes OATP1B1, were associated with a 2-fold increase in risk of all myopathies and
was also shown to be significantly associated with simvastatin-induced myopathies [60].
Other studies have corroborated the association of different OATP1B1 mutations including
¢.521T > C with reduced statin excretion and elevated rhabdomyolysis risk [55,61-64].
Thus, mutant alleles in some patients may contribute to the elevated risk of statin-induced
myopathies due to impaired statin clearance and increased systemic toxicity due to higher
circulating levels of statin compounds.

While statin therapy demonstrates efficacy in both men and women, studies have
shown that women are both less likely to be prescribed statin therapy and are also more
likely to deny statin therapy recommendations if provided. For instance, a study published
in the Journal of the American Heart Association that analyzed data of 5693 participants
collected from the Patient and Provider Assessment of Lipid Management Registry found
that women were 30% less likely to be prescribed a statin therapy compared to men when
adjusting for various confounders including age, income levels, education status, patient
beliefs, and provider characteristics (adjusted OR = 0.70, 95% CI 0.61-0.81) [65]. The
same study also demonstrated that women were more likely to reject statin therapy (3.6%
vs. 2.0%, p < 0.001) as well as were more likely to discontinue statin therapy (10.9% vs.
6.1%, p < 0.001) [65]. A retrospective cohort study (n = 24,212) of patients at high risk of
cardiovascular disease and were not taking an active statin therapy found that women were
18% less likely to accept a statin therapy recommendation (OR = 0.82, 95% CI 0.78-0.88)
than men when accounting for demographic and socioeconomic covariates and were 50%
more likely to never initiate statin therapy over the course of the study [66]. Thus, the
differential risk of reporting rhabdomyolysis as an ADE based on sex may be attributed,
at least in part, to differences in prescribing frequency, therapy acceptance, and length of
treatment window.

Several drugs were determined to be strong candidates for possible DDIs with con-
current statin therapy, including furosemide/Lasix, allopurinol, nitroglycerin, clopido-
grel/Plavix, and pantoprazole. Furosemide is a loop diuretic that inhibits the reabsorption
of sodium by the kidneys, resulting in increased secretion of water and potassium in
the urine [67,68]. In some instances, furosemide can induce severe electrolyte imbalance
and hypokalemia in the blood, which may restrict blood flow to various muscle groups,
decrease muscle contraction, promote muscle ischemia, and drive further muscle dam-
age [68-70]. This may synergistically drive rhabdomyolysis risk alongside concurrent statin
therapy, particularly lipophilic statins that are more readily absorbed by muscle cells and
potentially more myotoxic than hydrophilic statins, by compounding muscle injury and
exacerbating hypokalemic-induced muscle paralysis [34,71]. In particular, the upregulation
of SCN4A, a voltage-gated sodium channel, in simvastatin-treated cells may strengthen
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the inward-facing sodium current and exacerbate decreased serum potassium levels, thus
increasing hypokalemic periodic muscle paralysis and rhabdomyolysis risk [72,73].

The effects of allopurinol on rhabdomyolysis and related muscle injuries in the litera-
ture are mixed. Some studies demonstrate the protective effect of allopurinol on exercise-
induced AKI and other muscle injuries [74-76]. Conversely, hypouricemia, a possible side
effect of allopurinol treatment if uric acid levels decline too much, may actually increase the
risk of exercise-induced AKI and drive further kidney injury in those already presenting
with rhabdomyolysis [77,78]. Although no-specific simvastatin-allopurinol interactions
are indicated in the literature, allopurinol, particularly at high doses or those with pre-
existing kidney conditions, may indirectly elevate the risk of rhabdomyolysis and severe
muscle injury by increasing potassium excretion by the kidneys and driving hypokalemia
progression [79,80].

Clopidogrel/Plavix is a blood thinner prodrug medication used to lower the risk
of stroke, blood clots, and cardiovascular events by inhibiting platelet aggregation [81].
Individually, clopidogrel may elevate rhabdomyolysis risk by the over suppression of
platelet aggregation, which is required for proper skeletal muscle recovery and regen-
eration from injury [82]. Furthermore, clopidogrel has been linked to rhabdomyolysis
and worsening of kidney function in some patients [83,84]. Concurrent use of the blood
thinner clopidogrel and a statin may drive rhabdomyolysis development through 1 of
2 mechanisms. Some studies indicate that statins metabolized by CYP3A4 may serve as
competitive inhibitors of the enzyme, thus reducing the efficacy of clopidogrel, promoting
platelet activation, and increasing muscle injury due to increased oxidative stress in the first
mechanism [85-89]. Conversely, other studies have demonstrated that clopidogrel may
instead serve as a competitive inhibitor of statin activity by delaying statin metabolism and
clearance, resulting in elevated circulating levels of the statin drug and increased risk of
muscle injury or thabdomyolysis [90-92]. An observational study performed using adverse
event reports collected from the pharmacovigilance database VigiBase (n = 2464) found that
a combination therapy of a related antiplatelet medication ticagrelor and either rosuvastatin
or atorvastatin was associated with a 90% increase (ROR = 1.90, 95% CI 1.42-2.54) and 30%
increase (ROR = 1.30, 95% CI 1.02-1.65), respectively, in rhabdomyolysis risk [92]. Another
review of the literature also indicated a strong correlation in rhabdomyolysis risk related
to the interaction between statin therapy and antiplatelet activity due to ticagrelor, with
emphasis placed on impaired statin metabolism by CYP3A4 [90]. Thus, there is precedence
in the literature to indicate that the interaction between statins and antiplatelet drugs such
as clopidogrel may elevate the risk of rhabdomyolysis in some patients.

Finally, pantoprazole is a proton-pump inhibitor used to reduce the production of
stomach acid [93]. In general, proton-pump inhibitors such as pantoprazole are directly
associated with rhabdomyolysis risk when used individually [94-96]. However, interac-
tions between atorvastatin or simvastatin with pantoprazole are well-characterized and
are thought to drive elevated rhabdomyolysis risk by function as a CYP3A4 inhibitor and
impairing the metabolic breakdown of the statin drug [97,98]. Several studies have demon-
strated the efficacy of both pantoprazole and omeprazole in the inhibition of CYP3A4-
mediated metabolic breakdown of multiple drugs [99-101]. With regards to rosuvastatin,
which is not metabolized by CYP3A4 and exhibits greater excretion by the kidneys, panto-
prazole, omeprazole, and other proton-pump inhibitors competitively inhibit OAT3 activity
and prolong elevated serum concentration, resulting in increased risk of statin-induced
rhabdomyolysis [102-104].

Several genes were found to be significantly enriched by simvastatin treatment in
primary human muscle cells and were mapped to both OMIM as well as KEGG path-
ways for myopathy, including DES, TNNT1, MYH?7, and DYSF. DES (Desmin) encodes
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a crucial protein in the structural integrity and function of skeletal muscles and its up-
regulation is associated with various myopathies associated with muscle weakness and
rhabdomyolysis [105,106]. TNNT1 (Troponin T1, Slow Skeletal Type) encodes a protein
that regulates the contraction of slow twitch striated muscles and is released from injured
muscle tissue, thus serving as a diagnostic marker of exercise-induced muscle injury and
possible rhabdomyolysis [107-109]. MYH7 (Myosin Heavy Chain 7) encodes the 3 iso-
form of the myosin heavy chain that is commonly found in slow twitch skeletal muscles,
mutations of which result in various conditions with known elevated rhabdomyolysis
risk under physical stress including hypertrophic cardiomyopathy and myosin storage
myopathy [110,111]. The upregulation of DYSF (Dysferlin) has previously been shown
to be associated with muscle weakness and irregular gait while mutations in this gene
have been linked to various myopathies, including limb-girdle muscular dystrophy type
2B and Miyoshi myopathy [112,113]. Gain-of-function mutations or upregulation of PYGM
(Muscle Glycogen Phosphorylase) and PGAM?2 (Phosphoglycerate Mutase 2) give rise to
glycogen storage diseases, resulting in severe muscle weakness, exercise intolerance, and
an increased risk of muscle injury [114-116]. Finally, mutations in metabolic genes such as
SDHA (Succinate Dehydrogenase Complex Flavoprotein Subunit A) and LPIN1 (Lipin 1)
are associated with impaired lipid metabolism in muscle cells as well as increased muscle
breakdown and elevated mitochondrial dysfunction [117-119]. Thus, simvastatin may
elevate rhabdomyolysis risk through impaired skeletal muscle integrity, altered metabolism,
and greater susceptibility to muscle injury due to weakness.

Despite these promising findings, the study presents some limitations. First, the
inherent constraints of the observational study design only allow for determination of an
association between statin therapy and elevated rhabdomyolysis risk. Consequently, a
causal relationship between these two variables cannot be ascertained. Additionally, the
FAERS dashboard report does not provide dosage information, limiting the ability to assess
the impact of dosage on the association between statins and the risk of rhabdomyolysis.
Furthermore, the proposed DDIs identified also only establish an association between the
two drugs, and further clinical studies are needed to verify the accuracy and severity of
these indicated interactions. In addition, further in vivo and in vitro studies are needed
to validate the genes postulated to be key regulators of statin-induced rhabdomyolysis
risk. These differentially expressed genes may not fully extrapolate to other cell types
and these regulators may not be universal across multiple cell types. Data concerning
the length of overlap time period between a suspected statin-drug DDI were unavailable
and the dose of statins used in the RNA seq analysis may be higher than the mean serum
concentration in humans. For instance, the mean serum concentration of simvastatin
ranges from 2.2—4.3 nM/L while the primary muscle cells were treated with 5 pM [120].
Thus, other regulatory genes may also be involved in the development of statin-induced
rhabdomyolysis in humans treated at more clinically relevant statin doses. Nonetheless, this
study provides further insight into the differential risk of rhabdomyolysis risk across statin
therapies and enhances the possibility of personalized medicine based on an individual’s
pre-existing muscle injury risk. Further studies will explore the genetic underpinnings of
statin-induced rhabdomyolysis for other statin drugs to further characterize this potentially
severe adverse event.

5. Conclusions

Rhabdomyolysis is a commonly reported adverse event for patients treated with
statins, particularly those prescribed simvastatin, atorvastatin, or rosuvastatin. Other
commonly reported adverse events alongside rhabdomyolysis including myopathy, AKI,
fall, disturbed gait, and elevated blood creatine phosphokinase levels. Simvastatin was
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associated with a more than 2-fold increased likelihood of rhabdomyolysis compared to
other statins and men were twice as likely to report rhabdomyolysis than women regardless
of statin treatment. Several possible DDIs were identified, including furosemide/Lasix,
allopurinol clopidogrel /Plavix, and pantoprazole, which may elevate rhabdomyolysis risk
due to development of hypokalemic conditions, impaired muscle function, and delayed
statin metabolism. Finally, nine myopathic genes were identified as possible regulators
of statin-induced rhabdomyolysis, including DYSF, DES, PLEC, CAPN3, SCN4A, TNNT1,
SDHA, MYH?7, and PYGM.
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Abbreviations

The following abbreviations are used in this manuscript:

CK Creatine kinase

AKI Acute kidney injury

DDI Drug-drug interaction

FDA Food and Drug Administration

FAERS FDA Adverse Event Reporting System

ADE Adverse drug event

HMG-CoA Hydroxymethylglutaryl-CoA

ROR Reporting odds ratio

CI Confidence interval

ARM Association rule mining

CYP3A4 Cytochrome p450 3A4

GSD Glycogen storage disease

OMIM Online Mendelian Inheritance in Man
KEGG Kyoto Encyclopedia of Genes and Genomes
OATP1B1 Organic anion transporting polypeptide 1B1
OAT3 Organic anion transporter 3

DYSF Dysferlin

DES Desmin

PLEC Plectin

CAPN3 Calpain 3

SCN4A Sodium Channel, Voltage-Gated, Type IV o Subunit
TNNT1 Troponin T1, Slow Skeletal Type

SDHA Succinate Dehydrogenase Complex Flavoprotein Subunit A

MYH7 Myosin Heavy Chain 7
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PYGM Muscle Glycogen Phosphorylase
LPIN1 Lipin 1
PGAM2 Phosphoglycerate mutase
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