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Abstract: Rosuvastatin, is a widely-used statin for the treatment of hypercholesterolemia

and the prevention of cardiovascular diseases. Although rosuvastatin is well tolerated, about

3/10.000 patients can suffer severe myopathy. Rhabdomyolysis is a severe medical condition

that causes injury to the skeletal muscle, electrolyte imbalances, acute renal failure and

extreme creatine kinase (CK) elevation. Little is known regarding the molecular involvement

of rosuvastatin-induced rhabdomyolysis (RIR). It has been demonstrated that genomic

variants associated with decreased enzymatic activity of proteins are important determinants

in plasmatic and skeletal muscle distribution of rosuvastatin and its toxicity. Until now, no

interactions of ticagrelor, ezetimibe and rosuvastatin have been described with the considera-

tion of pharmacogenomics predisposition. The present report involves a whole-exome

sequencing (WES), in a patient affected by rosuvastatin-induced rhabdomyolysis. A phar-

macogenomic dissection was performed by analyzing a comprehensive subset of candidate

genes (n=160) potentially related to RIR. The genes were selected according to their

implication in drug metabolism or inherited myopathies. Using an innovative approach of

bioinformatics analysis, considering rare and common variants, we identified 19 genomic

variations potentially related to the pharmacokinetic/pharmacodynamic modifications of

rosuvastatin, ezetimibe and ticagrelor. The affected genes are involved in Phase I metabolism

(CYP2C19, CYP2E1, CYP1A1, CYP2D6 and CYP2C9), Phase II metabolism (UGT2B15 and

UGT2B7), influx transportation (SLCO1B3 and SLCO2B1), efflux transportation (ABCG8,

ABCB11, ABCC4 and ABCB1), drug targeting (NPC1L1) and inherited myopathy etiology

(OBSCN). We report three rare, potentially pathogenic molecular variants in CYP2C19,

NPC1L1 and OBSCN genes. Pharmacogenetic analysis indicated that the patient was a

carrier of inactivating alleles in several pharmacogenes involved in drug toxicity. The

whole-exome sequencing and bioinformatics analysis presented here represents an innova-

tive way to identify genomic variants contributing with RIR´s origin and evokes the poly-

genic nature of adverse drug reactions.
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Introduction
Rhabdomyolysis is a clinical emergency characterized by skeletal muscle damage

resulting in the release of intracellular muscle components into the bloodstream and

extracellular space.1,2 Clinically, this disease is associated with elevated CK levels,

electrolyte imbalances, acute renal failure, and disseminated intravascular

coagulation.3 Some of these cases result from a secondary adverse reaction
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(ADR) to the ingestion of medications including antihis-

tamines, antipsychotics, lipid-lowering medications, and

statins.2 Statin-induced myopathy (SIM) affects 10–25%

of individuals treated, and includes myopathy, myalgia,

and myonecrosis.4 The most severe form of these myopa-

thies, rhabdomyolysis, occurs in 0.1% of patients.5 Dual

ticagrelor/rosuvastatin therapy, which is generally safe and

well tolerated, is used for acute coronary syndrome (ACS)

treatment. However, at least 8 cases of rhabdomyolysis

secondary to rosuvastatin and ticagrelor have been

reported in the literature and in the World Health

Organization’s Adverse Drug Reactions Database

(VigiBase).6 The molecular pathophysiology of rhabdo-

myolysis is complex, possibly involving numerous genes

acting in several molecular overlapping cascades.

Herein, to identify gene variants potentially related to

statin and myotoxicity, we performed whole-exome

sequencing and an innovative downstream bioinformatics

analysis in a Colombian patient affected by RIR. WES is a

large-scale DNA sequencing technology with potential

relevance in identifying genomic variations related to

drug response.7 By using in silico analyses, that included

the identification of rare and common genomic variants in

a subset of 160 candidate genes, we identified 19 genomic

variants potentially related to the RIR. We found three

rare, potentially pathogenic molecular variants (in terms

of the In silico prediction and the conservation of the

residue during evolution) in CYP2C19, NPC1L1 and

OBSCN genes. We suggest that the rare variants and single

nucleotide variants (SNVs) in these pharmacogenes can

contributed to the myotoxicity observed in our patient.

We estimate that advanced computational analyses,

large-scale DNA analysis and clinical information likely

enhances drug phenotype predictions and highlights its use

in personalized medicine.

Case Presentation
A 65-year-old woman admitted to the emergency room,

presented a ten-day history of weakness and generalized

musculoskeletal pain predominantly in the lower limbs.

Additionally, she presented colicky abdominal pain asso-

ciated with distension and the presence of dark urine.

The patient presented a medical history of stage IV chronic

kidney disease, dilated cardiomyopathy of ischemic origin

with 38% LVEF, type 2 diabetes mellitus, hypertension, and

multivessel coronary disease with revascularization eight

months prior. She was being treated with losartan, carvedilol,

linagliptin, insulin detemir, rosuvastatin + ezetimibe 40mg/

10mg daily for 2 years, aspirin and ticagrelor 90mg every

12 hrs since her intervention eight months ago.

Physical examination revealed the patient to be dehy-

drated, hypotensive, tachycardic, with palpebral edema

and abdominal distension.

Paraclinical tests reported metabolic acidosis, increased

transaminases and a euthyroid profile, leukocytosis with

left shift, hyponatremia (122mmol/L), hyperkalemia

(6.7mmol/L), hypocalcemia (7.8mmol/L), hyperphospha-

temia (14mmol/L), and elevated nitrates (creatinine 9.6mg/

dl and BUN 162mg/dl). A urinalysis with urine culture

accompanied by a renal ultrasound confirmed the pyelone-

phritis diagnosis. The patient was taken to hemodialysis

and anti-hyperkalemic treatment was initiated.

On the second day of admission, a decrease in nitrate

levels and improvement of electrolyte levels was evi-

denced; however, the patient persisted with pain in the

lower limbs, associated with a total CPK level of 38,987

UI/L, more than 300 times higher than the reference values

(26-192UI/L). A 12-lead EKG did not show changes in

acute myocardial ischemia, ruling out an acute coronary

syndrome; thereafter, rosuvastatin and ezetimibe were

suspended.

An electromyography was performed with nerve con-

duction velocities in four extremities, which resulted com-

patible with intrinsic muscle fiber compromise suggestive

of rhabdomyolysis, later a skeletal muscle biopsy con-

firmed the diagnosis.

A rapid urine test confirmed the existence of myoglo-

binuria. On the eighth day of hospitalization, a marked

decrease in CPK was observed (14,000 UI/L). The patient

was discharged 2 months after admission with a final

diagnosis of acute kidney injury KDIGO score of 3, sec-

ondary to a statin induced-rhabdomyolysis.

Molecular Analysis
For WES, a total amount of 1.0 μg genomic DNA per

sample was used as input material for the DNA library

preparation. Sequencing libraries were generated using

Agilent Sure Select Human All Exon kit (Agilent

Technologies, CA,USA). Fragmentation was carried out

to generate 180–280 bp fragments. After adenylation of

3ʹ ends of DNA fragments, adapter oligonucleotides were

ligated and selectively enriched in a PCR reaction. After

PCR reaction, library hybridize with liquid phase with

biotin labeled probe, then use magentic beads with strep-

tomycin to capture the exons. Captured libraries were

enriched in a PCR reaction to add index tags to prepare
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for hybridization. Products were purified using AMPure

XP system (Beckman Coluter, Berverly, USA) and quan-

tified on the Agilent Bioanalyzer 2100 system. Libraries

were sequenced on HiSeq Ilumina platform, paired-end

150 pb. The short reads (Raw Data) were analyzed in

FASTQ format. The rew reads were aligned to the refer-

ence HG18 with Burrows-Wheeler Aligner (BWA) soft-

ware. The variants were identified with SAMtools. Data

quality guaranteed that >80% of bases have a sequencing

quality score >Q30 and minimum average coverage of

30X. Following genomic variant detection, the variants

were annoted using the tool ANNOVAR to identify

affected genomic regions, protein coding changes, allele

frequencies reported by Genome Aggregation Database

(gnomAD) and In house database-WES of Colombian

people and to predict the deleteriousness of mutations

(SIFT and,PolyPhen). Library preparation and sequencing

were carried out at Novogene (Beijing-China).

A subset of 160 candidate genes was created (Table 1).

The genes were selected according to their implication in

inherited myopathies (70-Rhab) or pharmacological meta-

bolism (90-Rhab) in statins and the drugs administrated to

our patient. Candidate genes for 70-Rhab were selected

through a review of literature and a public database

(Online Mendelian Inheritance in Man (OMIM). The phar-

macogenes (90-Rhab) were identified by their action on

the metabolism of the medications (targets, enzymes and

transporters). This information was subtracted from a lit-

erature review and public databases (https://www.drug

bank.ca/ and https://www.pharmgkb.org/).

In the 70-Rhab and 90-Rhab subsets, sequence variants

with potential deleterious effect (missense, nonsense,

splice site, frameshift), and MAF <1% were selected for

analysis. We used SIFT and PolyPhen2 software to predict

whether an amino acid substitution affects protein func-

tion. Sequences of proteins with altered amino acids were

compared with orthologous of some mammalian species

using available public database sequences (https://www.

uniprot.org/uniprot/). We considered a variation relevant

if residue was conserved during evolution. For splice site

variants, we performed in silico prediction of potential

pathogenicity using Human Splicing Finder software

(http://www.umd.be/HSF/). Additionally, for 90-Rhab

genes subset we included common genomic variants pre-

viously described for their clinical involvement in drug

metabolism. Using STRING v.11.0 interaction database,

we identified possible interactions (PPIs) between proteins

potentially altered for molecular variants (confidence

score > 0.400) (https://string-db.org/cgi/network.pl).

The Ethics Committee of Universidad del Rosario

approved this study and it was conducted according to

the principles of the Helsinki Declaration (institutional

review board reference CS/ABN062). Written informed

consent was obtained from the patient for DNA analysis

and publication of the case report.

Results
Pharmacogenomic Analysis
The descriptions of the molecular variants for the subsets

70-Rhab and 90-Rhab are shown in Table 2. In the 90-

Rhab subset of genes a total of 18 genomic variants were

identified: 7 in genes of phase I metabolism; 2 in phase II

metabolism genes; 3 in the Influx transporters; 5 in the

efflux and 1 in the target of ezetimibe. Regarding subset

70-Rhab, a variant in the OBSCN gene was identified.

Three potentially pathogenic variants with very low

MAF (genomAD and In House WES) were found

CYP2C19 (c.394C> T, MAF= 0.00044 and 0.001),

NPC1L1 (c.1581-6C> G, MAF= 0.00017 and 0) and

OBSCN (c.35T> A, MAF= 0.0033 and 0). For CYP2C19

and OBSCN, protein alignments revealed that the Arginine

residue at position 132 and the Phenylalanine residue at

position 12 are conserved among mammalian species

(Figure 1). Regarding NCP1L1 c.1581-6G> C variant, In

Silico predictions indicate that it affects splicing due to the

alteration of the acceptor site. Multilevel analysis of genes

involved in possible mechanisms of Rhabdomyolysis are

shown in Figure 2. Protein-protein interaction data

retrieved from STRING v11.0 is shown in Figure 3.

Mainly PPIs predicted in our network were co-expressed.

For phase I metabolism enzymes (CYPs and UGTs) more

PPIs were evident (Figure 3). For network protein, PPI

enrichment p-value determined by STRING v.11.0 was

<1.0e-16.

Discussion
We presented a case report that involved WES in a patient

affected by rhabdomyolysis. To date, molecular involve-

ment exploration in this phenotype has been limited to a

few SNV´s in genes related to drug metabolism in phase I

and II.8 Due to the molecular complexity of rhabdomyo-

lysis pathophysiology, we focused our study on a subset of

160 genes potentially related to phenotype. The genes

proposed are relevant in the myopathies susceptibility.

Dovepress Calderon-Ospina et al

Pharmacogenomics and Personalized Medicine 2020:13 submit your manuscript | www.dovepress.com

DovePress
61

https://www.drugbank.ca/
https://www.drugbank.ca/
https://www.pharmgkb.org/
https://www.uniprot.org/uniprot/
https://www.uniprot.org/uniprot/
http://www.umd.be/HSF/
https://string-db.org/cgi/network.pl
http://www.dovepress.com
http://www.dovepress.com


We conducted a large-scale DNA sequencing approach

using two bioinformatics analysis: a) stringent filters that

enable the identification of rare variants with potentially

strong functional effects and b) filtering of frequent geno-

mics variants reported in literature. This approach led us to

identify 19 genomic variants in 14 genes, three of which

are rare (MAF<0.3%), and potentially pathogenic

(CYP2C19, NCP1L1 and OSBCN). These findings corro-

borate that our approach with selected groups of genes is a

powerful strategy for molecular dissection of severe ADR

and evokes the polygenic nature of myotoxicity.

Successful studies have been made by our research group

using WES to identified candidate genes of complex dis-

eases and now in pharmacogenetics.9–13

According to the Naranjo scale, it was estimated for the

patient analyzed that the rhabdomyolysis was induced by

rosuvastatin (8 points “probable”).14,15 Considering the

timeline of our patient’s medication use (Rosuvastatin-

ezetimibe treatment had been established two years prior

the reaction), we estimate that exposure to ticagrelor trig-

gered the rhabdomyolysis. The Horn scale indicated as

probable (5 points) the implication of this pharmacological

interaction in the ADR observed in our patient. Despite

these considerations, it is important to recognize as a

limiting factor of our study that, as with any adverse

reaction, it is difficult to attribute causality to a specific

drug even with the use of expert judgment, algorithms or

Bayesian/probabilistic approaches.16

Among the medications used by the patient, a poten-

tial moderate drug-drug interaction between rosuvastatin

and ezetimibe has been identified. It has been documen-

ted that co-administration of ezetimibe and statins leads

to a potential risk of myopathy and elevated transami-

nase levels. It has been suggest that the combination of

statins and ezetimibe should be performed with caution

and that these medications should be discontinued if

myopathy is suspected or diagnosed.17 The reduction

in CK (from 38,917 to 14,000 IU/L) in our patient

after rosuvastatin-ezetimibe suspension supports this

hypothesis. Even so, we must recognize that there may

be unknown drug-drug interactions with statins that are

potentially related to the increased risk of myopathies

and that may influence the accurate identification of

drug-gene interactions.18

To date, 8 cases of rhabdomyolysis induced by rosu-

vastatin and ticagrelor have been reported.6 We performed

a molecular multilevel analysis according to the mechan-

isms involved in the potential influence of ticagrelor on the

elimination/disposal of rosuvastatin: a) kidney damage

caused by ticagrelor, b) Genetic polymorphisms in drug

metabolizing enzymes and c) decreased biliary and renal

excretion of rosuvastatin secondary to transporter

competition.6 This analysis allowed us to hypothesize the

action of the genetic polymorphism in the final disposition

of rosuvastatin, involved in the generation of rhabdomyo-

lysis in our patient (Figure 2).

Table 1 Genes Analyzed

90-Rhab Subset Genes/Related

Pharmacological Metabolism

70-Rhab Subset Genes/

Related Inherited

Myopathies

ABCB1 CYP2E1 PRKAG3 ABHD5 GYG1

ABCB11 CYP3A4 PRY12 ACAD9 GYS1

ABCC1 CYP3A5 PTGS1 ACADL HADHA

ABCC2 CYP3A7 PTGS1 ACADM HADHB

ABCC3 DPP4 PTGS2 ACADS ISCU

ABCC4 EDNRA RPS6KA3 ACADVL LAMP2

ABCC5 GJA1 SELE ADSL LDHA

ABCG2 HDAC2 SLC15A1 AGL LPIN1

ABCG5 HIF1A SLC16A1 AHCY OBSCN

ABCG8 HMGCR SLC22A11 ALDOA OPA1

ADRA1A HSPA5 SLC22A12 AMPD1 OPA3

ADRA1B IGF1R SLC22A6 ANO5 PFKM

ADRA1D IKBKB SLC22A7 BCS1L PGAM2

ADRA2A INSR SLC22A8 CACNA1S PGK1

ADRA2B ITGAL SLC2A9 CAV3 PGM1

ADRA2C ITGB2 SLC7A11 COQ2 PHKA1

ADRB1 KCNH2 SLCO1A2 COQ8A PHKB

ADRB2 KCNJ4 SLCO1B1 CPT1B PHKG1

AGTR1 NDUFC2 SLCO1B3 CPT2 PNPLA2

AHR NFKB1 SLCO2B1 CYP2C8 POL

AKR1C1 NFKB2 SOAT1 DGUOK POLG

ALB NPC1L1 TP53 DLD POLG2

ANPEP NPPB UGT1A1 DMD PRKAG2

CYP1A1 PON3 UGT1A3 DYSF PYGM

CYP1A2 PRKAA1 UGT2B15 ENO3 RRM2B

CYP2B6 PRKAA2 UGT2B17 ETFA RYR1

CYP2C19 PRKAB1 UGT2B7 ETFB SCN4A

CYP2C8 PRKAB2 VCAM1 ETFDH SLC22A5

CYP2C9 PRKAG1 VEGFA FBP2 SLC25A20

CYP2D6 PRKAG2 XDH FDX1L SUCLA2

FKRP TAZ

FKTN TK2

FLAD1 TSFM

GAA TWNK

GBE1 TYMP

Notes: A subset of 160 candidate genes was created. The genes were selected

according to their implication in inherited myopathies (70-Rhab) or pharmacological

metabolism (90-Rhab) in statins and the drugs administrated to our patient.
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Kidney damage is an ADR frequently associated with

ticagrelor; in the PLATO trial (The Platelet Inhibition and

Patient Outcomes) it was determined that the concentra-

tion of serum creatinine increased by more than 30% in

patients receiving ticagrelor, being the pre-existing kidney

impairment an important factor in the outcome.19 This

constitutes a determining risk factor in our patient who at

the time of the administration of ticagrelor was suffering

Table 2 Pharmacogenomic Profile Patient. Description of the Molecular Variants for the Subsets 70 Rhab and 90 Rhab

Genomic Variants Gene Variant dbSNP

Number

Protein

Change

Type

Variant

Frequency Public

Database:

GenomAD

Related to Zygosity

90-

Rhab

panel

MAF<1%/In Silico

predictors

CYP2C19 c.394C >T rs149590953 p.Arg132Trp Missense 0.0004455 Metabolism rosuvastatin,

aspirin

Het

NPC1L1 c.1581-

6C >G

rs534710579 _ Splice

site

0.00017 Target ezetimibe Het

MAF >1% CYP2C19 c.991G >A rs3758581 p.Val331Ile Missense 0.05973 Metabolism rosuvastatin,

aspirin

Het

CYP2D6 c.1094G >A rs1058172 p.Arg365His Missense 0.09385 Metabolism rosuvastatin,

ticagrelor,carvedilol

Het

CYP2D6 c.271C >A rs28371703 p.Leu91Met Missense 0.09516 Metabolism rosuvastatin,

ticagrelor,carvedilol

Het

CYP2D6 c.100C >T rs1065852 p.Pro34Ser Missense 0.2068 Metabolism rosuvastatin,

ticagrelor,carvedilol

Het

CYP2C9 c.1075A >C rs1057910 p.Ile359Leu Missense 0.06154 Metabolism rosuvastatin,

ticagrelor,carvedilol

Het

CYP2D6 c.506-

1G >A

rs3892097 _ Splice

site

0.1384 Metabolism rosuvastatin,

ticagrelor,carvedilol

Het

UGT2B15 c.253T >G rs1902023 p.Tyr85Asp Missense 0.5149 Metabolism ezetimibe Het

UGT2B7 c.802T >C rs7439366 p.Tyr268His Missense 0.5636 Metabolism ticagrelor,

ezetimibe, carvedidol,

rosuvastatin

Het

ABCG8 c.161A >G rs4148211 p.Tyr54Cys Missense 0.4217 Transporter Ezetimibe Het

ABCB11 c.1331T >C rs2287622 p.Val444Ala Missense 0.5694 Transporter rosuvastatin,

ezetimibe,carvedilol

Het

ABCC4 c.912G >T rs2274407 p.Lys304Asn Missense 0.09757 Transporter rosuvastatin Het

ABCB1 c.2677T >G rs2032582 p.Ser893Ala Missense 0.5498 Transporter rosuvastatin,

ezetimibe

Het

ABCB1 c.61A >G rs9282564 p.Asn21Asp Missense 0.07495 Transporter rosuvastatin,

ezetimibe

Het

SLCO1B3 c.334T >G rs4149117 p.Ser112Ala Missense 0.7967 Transporter rosuvastatin Hom

SLCO1B3 c.699G >A rs7311358 p.Met233Ile Missense 0.7967 Transporter rosuvastatin Hom

SLCO2B1 c.935G >A rs12422149 p.Arg312Gln Missense 0.1759 Transporter rosuvastatin,

ezetimibe

Hom

70-

Rhab

panel

MAF<1%/In Silico

predictors

pathogenic

OBSCN c.35T >A rs191837710 p.Phe12Tyr Missense 0.003315 Sarcomere-Sarcoplasmic

Reticulum (SR) connection

Het
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from stage IV chronic renal failure and whose decompen-

sation was probably triggered by the ingestion of the

antiplatelet drug after the revascularization. The patient

reported a creatinine value of 9.2 mg/dl (above the normal

value). The mechanism explaining the worsening of renal

function with the use of ticagrelor is unknown but it has

been proposed that inhibition of adenosine reuptake by the

medication reduces the glomerular filtration rate of the

afferent renal arteriole.20 In the clinical management of

patients with renal failure, the dose of rosuvastatin must be

adjusted and high doses as prescribed in our patient (40mg

daily) is contraindicated. It is estimated that the plasma

concentration of rosuvastatin may increase three times in

patients with severe kidney injury.19 We estimate that in

the reported case the deterioration of renal function due to

ticagrelor and the dose of rosuvastatin and ezetimibe were

determinants in the increase of the serum concentration of

rosuvastatin related to rhabdomyolysis.

The risk of myotoxicity from rosuvastatin is dependent on

the plasma concentration of the medication in the blood and

myocytes. Through WES, we identified in our patient, 19

genetic variations affecting drug pharmacokinetics and phar-

macodynamics. Regarding the enzymes of phase I metabo-

lism, the patient carried alleles that confer a potential variation

in normal metabolism phenotype: (CYP2C9*3 (c.A1075C),

CYP2C19 (c.991G>A), CYP2C19 (c.394C>T), CYP2D6

(c.271C>A), CYP2D6*10 (c.100C>T) and CYP2D6*4

(c.506-1G>A). Although only 10% of rosuvastatin is metabo-

lized by the enzymes CYP2C9 and CPY2C19 the presence of

variants related to low enzyme activity compromise the drug’s

disposal and predisposes its potential toxicity.21 A rare variant

CYP2C19 -c.394C>Twas identified in the patient, the in silico

analysis demonstrates its pathogenicity, and the conservation

of the amino acid in mammal species suggests a role in its

biological function (Figure 1). The metabolism of carvedilol is

fundamentally affected by the alleles of CYP2D6 and

CYP2C9, for the described case, the decrease in enzymatic

activity conferred by CYP2D6*4, CYP2D6*10, and

CYP2C9*3 estimates a potential increase in the plasma con-

centration of R(+) carvedilol and a potential therapeutic failure

in the treatment of cardiac failure.22 This observation evokes

that despite being treated with carvedilol, the patient suffered a

cardiac complication that required the use of ticagrelor, the

main trigger of rhabdomyolysis. With respect to enzymes

associated to phase II metabolism, variants UGT2B7*2 and

UGT2B15*2, related to the impact of rosuvastatin lactoniza-

tion and ezetimibe glucuronidation, respectively, were identi-

fied. The lactones in relation to the acid form of statins are

stronger inducers of toxicity. UGT2B7*2 polymorphism can

modulate lactone induction by glucuronidation and contribute

to rosuvastatin toxicity.6 Ezetimibe is metabolized primarily

by a glucuronidation reaction by UGT1A1, 1A3 and 2B15 to

form its main phenolic metabolite, ezetimibe-glucuronide.The

allele UGT2B15*2 has an enzymatic activity 5 times lower

than the wild type allele which results in a decreased formation

of active ezetimibe glucuronides.23 From this perspective, it

can be assumed that the reduction of ezetimibe-glucuronide

may potentially influence the pharmacological effect of the

medication.24 The lipid-lowering action of ezetimibe may

additionally be affected by the presence of a potentially patho-

genic variant in NPC1L1- c.1581-6C>G, the target of the

medication. This is a rare variant (MAF: 0.00017-genomAD

and 0-In house WES-database) and the In Silico

prediction indicates that it affects splicing due to the alteration

of the acceptor site. Although only a functional study (e.g.

minigenes) would establish with certainty the implication of

the mutation, the findings allow us to hypothesize that the

therapeutic effect of ezetimibe in the patient may be affected.

Homo sapiens

Gorilla gorilla

Pan troglodytes

Bos taurus

Pan panissus

Ovis aries

CYP2C19 Arg132

Rattus norvegicus

Homo sapiens

Mus musculus

Pan troglodytes

Macaca mulatta

OBSCN Phe12

Figure 1 Protein alignments.

Notes: For CYP2C19 and OBSCN, protein alignments revealed that the Arginine residue at position 132 and the Phenylalanine residue at position 12 are conserved among

mammalian species.
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The need to compensate for the desired lipid-lowering

effect may be related to the prescription of a high unsafe

dose of rosuvastatin (40 mg) in the patient, with the

potential risk of elevated plasma concentration and develop-

ment of rhabdomyolysis. Ezetimibe is a potential additional

risk factor for our patient, as it has been established that this

medication can induce myalgia in statin-intolerant patients.25

Although the associated mechanism is unknown, a pharmaco-

kinetic interaction between ezetimibe and rosuvastatin has

recently been identified, and the co-administration of the med-

ications increases systemic exposure to free ezetimibe, which

may favor its absorption by the gastrointestinal tract for its

Figure 2 Genes potentially involved in rosuvastatin-induced rhabdomyolysis.

Notes: Genomic variants identified by WES in the subsets 70-Rhab and 90-Rhab. A total of 19 molecular variants were identified in 15 genes related to inherited myopathies

and drug metabolism.
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muscle interaction and subsequent induction of muscular

ADR.25,26

Other mechanism related to rosuvastatin-ticagrelor

associated myopathy involved drug transporters8. All sta-

tins are substrates of membrane transporters that play an

important role in the disposition of the drug. Previous

studies have identified that simple nucleotide polymorph-

isms (SNPs) in the SLCO1B1 gene (c.388A>G and

c.521T>C) have a functional effect on OATP1B1.27

Specifically, the c.388A>G polymorphism (SLCO1B1*1B)

is associated with high enzymatic activity and low plasma

concentrations for OATP1B1 substrates. On the contrary

c.521T>C (SLCO1B1*5) reduces the activity of the trans-

porter and increases the plasma concentration of

substrates.28 The effect of polymorphisms depends on the

satin used. SNP SLCO1B1-C.521T>C has been associated

Figure 3 Protein-protein interaction.

Note: Data retrieved from STRING v.11.0 predicts protein-protein interaction (PPIs).
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with simvastatin (4-fold increase in the risk of myopathy)

but not with other statins.29,30 This finding is consistent with

the fact that the polymorphism fundamentally affects sim-

vastatin since it generates an area under the curve (AUC)

221% higher in patients with the c.521CC genotype in

relation to the c.521TT genotype. However, the effect is

much less in atorvastatin (AUC increase of 173%) and

almost non-existent for other statins.31 Additionally, the

SLCO1B1*1B/SLCO1B1*1B genotype has been associated

with a reduction of up to 35% in pravastatin AUC, but does

not affect the pharmacokinetics of rosuvastatin.32 Our

patient was not a carrier of risk alleles SLCO1B1-

c.521T>C or c.388A>G or any genetic variant potentially

related to myopathy. SLCO1B1 is expressed in the basolat-

eral membrane of human hepatocytes, in where, addition-

ally, SLCO1B3 and SLCO2B1 are expressed in similar

amounts.33 The differences in the effect of SLCO1B1 poly-

morphisms on the pharmacokinetics of individual statins

can be partially explained by the contribution of other

OATPs in their hepatic uptake.31 Rosuvastatin transport is

mediated by SLCO1B1, 1B3 and 2B1. The interindividual

variability in patients drug response can be explained by

SLCO1B3- c.T334G, c.G699A and SLCO2B1- c.935G>A,

c.1175T>C polymorphisms. SLCO1B3 polymorphisms are

in strong linkage disequilibrium and are related to a

decreased activity, increased toxicity and increased plasma

levels of their substrates.34 The functional impact of

SLCO2B1-c.935G>A has been associated with reduced

plasma levels of montelukast, a leukotriene receptor

antagonist.35 SLCO2B1-c.1175T>C has been associated

with a reduction in the activity of substrates such as estrone

sulfate, as well as a reduction in the area under the fexofe-

nadine curve.36 Knauer et al, identified the expression of

SLCO2B1 in the sarcolemma membrane of skeletal muscle,

which determines that control in rosuvastatin concentration

is not performed solely by transporters located in the liver

and intestine. It is estimated that in addition to the high

plasma concentration of rosuvastatin, the concentration of

the medication in the muscle fiber has an impact on the risk

of rhabdomyolysis.37 Regarding statin efflux transporters,

the expression of ABCC1, ABCC4, and ABCC5 in skeletal

muscle has been demonstrated. These transporters are

expressed in the sarcolemma membrane of muscle fibers

and perform a protective role in the intracellular accumula-

tion of statins.38 In the analyzed patient the variant ABCC4-

c.912G>Twas identified, located in the splice acceptor site

3ʹ of the pre-mRNA of exon 8. Functional studies have

indicated that it leads to the elimination of about 300bp in

exon 8 and as a consequence the protein exhibits low enzy-

matic activity.39 Although ABCB1 (P-pg) has not been

associated with rosuvastatin toxicity, the implication of

the allele ABCB1-c.2677T>G has been associated with

the increase of muscle toxicity and myalgia from

simvastatin.40 The dynamic interplay between influx and

efflux transporter activities likely modified muscle fiber

rosuvastatin concentrations, which determines susceptibil-

ity to muscular ADR such as Rhabdomyolysis.

Integrating our findings, we suggest that the total effect

of altered proteins supports the hypothesis that the risk of

myotoxicity from rosuvastatin is dependent on the concen-

tration of the medication.41 Our results of PPIs using

STRING database corroborate that the proteins analyzed

interact with each other and are co-expressed. The PPI

enrichment p-value predicted (<1.0e-16), indicated that

our network proteins have more interactions than expected

which implies that the proteins are biologically connected,

as a group.42

Finally, we also suggest one new mechanism related to

the potencial rol of OBSCN in establishing the sarcomere-

sarcoplasmic reticulum (SR) connection, which could have

increased the risk of Rhabdomyolysis.43 Ablation of

obscurin in mice results in alterations in the SR architec-

ture with marked sarcolemma fragility.44 OBSCN-

c.35T>A can potentially affect the interaction with SR-

associated proteins such as Titin and myomesin and facil-

itate the fragility. The interaction between these proteins

involve the N-terminal end of the OBSCN, so we estimate

that genetic variants in other positions are not potentially

related to the establishment of the sarcomere-sarcoplasmic

reticulum (SR) connection. Muscle biopsies from patients

with stain-induced myopathy have shown structural

changes in the SR.45

Despite the considerations made of the potential impact

of the rare variants identified in our patient (CYP2C9

c.394C>T; NPC1L1 c.1581-6C>G and OBSCN

c.35T>A), in terms of the In Silico prediction (according

to the case) and the conservation of the residue involved

during the evolution, we recognize our limitation regard-

ing the possibility of carrying out association analysis of

rare variants in biologically plausible metabolizing

enzymes or transporter genes that could have led to a

large increase in drug exposure. Advances in large-scale

DNA sequencing technology, such as WES, have allowed

us to explore the contribution of rare or low-frequency

variants in human phenotypes and adverse drug

reactions.18,46
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The analysis of GWAS on common variants, has per-

mitted the establishment of a significant number of gene

and phenotype associations, many of them with low effects

and explains a small proportion of heritability. The analy-

sis of rare variants could potentially explain more signifi-

cant effects than common SNPs.47 Since many rare

independent variants are found in the genome in relation

to common variants, several statistical methods (gene-bur-

den scores, variance- component test, combined test and

others) have been proposed to increase power in associa-

tion studies by mixing information of multiple rare var-

iants with a functional genomic unit (e.g. gene or exon).46

Recently, Floyd et al reported a multi-site whole-exome

sequencing study to investigate whether rare coding var-

iants confer an increased risk of statin-related myopathy

(SMR),included rhabdomyolisis.18 The analysis sample

included 505 cases that received treatment with statins at

the onset time of muscle injury symptoms and 2047 con-

trols from North America and the United Kingdom. Rare

variants (MAF<1%) identified by WES were collapsed

into gene-burden scores and tested for association with

the risk of SMR. Through large-scale DNA analysis,

joint variant calling and statistical methods, the authors

did not identify new variants associated with SMR.

Similar to other reports, the study revealed the association

of SNP SLCO1B1-c.521T>C with a 4-fold increased risk

of severe SMR, while in mild forms of SMR this associa-

tion was not evidenced.18 Nevordola et al conducted a

WES study in 88 patients with statin-associated myopathy

and assessed the burden of rare variants using candidate-

gene and exome-wide association analysis. The strategy

allowed the identification of a new gene potentially related

to the phenotype (CLCN1) and case-specific pathogenic

variants in MYOT,CYP3A5,SH3TC2,FBXO32 and

RMB20.48 These results, initially discrepant, may be due

to the difference in the phenotypes analyzed in both stu-

dies (mostly severe SMR in one and mild SMR in the

other) and support the potential role of rare variants in

susceptibility to stain myopathy. As hypothesized by Floy,

it is possible that there are rare variants associated with

SMR in non-coding regions that escape the WES

analysis.18

Taken together, our findings reveal the potential rele-

vance of WES as a comprehensive pharmacogenomics

approach to identify common and/or rare variants poten-

tially related to SMR. We estimate that in vitro functional

studies can validate the implication of rare case-specific

variants such as the one reported in this study. Despite the

uncertainly in the incorporation of WES into the health

system, we estimate that the integration of WES data

likely enhances future drug dosing. Even so, it must be

carefully analyzed for the potential involvement of rare

variants in severe SMR phenotypes.

Conclusion
This is the first case in which whole-exome sequencing of an

affected patient is performed to explain the genetic suscept-

ibility to rhabdomyolysis induced by ticagrelor, rosuvastatin

and ezetimibe. The patient was at high risk for ADR, being an

elderly female, with an excessive dose of rosuvastatin and

renal impairment. Our molecular findings argue in favor of

the polygenic nature of rhabdomyolysis where the accumula-

tion of rosuvastatin due to metabolism impairment, the altera-

tion in transport proteins (SLCO1B3, SLCO2B1, ABCG8,

ABCB11, ABCC4 and ABCB1), and in drug target

(NCP1L1), are potential effectors in the analyzed myotoxicity.

We proposed for the first time the implication of the suscept-

ibility gene (OBSCN) in phenotype.

Abbreviations
RIR, rosuvastatin-induced rhabdomyolysis; WES, whole-

exome sequencing; ADR, adverse drugs reaction; SIM,

statin induced myopathy; ACS, acute coronary syndrome;

SNV, single nucleotide variant; SMR, statin-related

myopathy.
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