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Abstract
Introduction Simvastatin has previously been associated with drug-induced interstitial lung disease. In this retrospective 
observational study, cases with non-specific interstitial pneumonia (NSIP) or idiopathic pulmonary fibrosis (IPF) with 
simvastatin-associated pulmonary toxicity (n = 34) were evaluated.
Objective To identify whether variations in genes encoding cytochrome P450 (CYP) enzymes or in the SLCO1B1 gene 
(Solute Carrier Organic anion transporting polypeptide 1B1 gene, encoding the organic anion transporting polypeptide 1B1 
[OATP1B1] drug transporter enzyme), and/or characteristics of concomitantly used drugs, predispose patients to simvastatin-
associated pulmonary toxicity.
Methods Characteristics of concomitantly used drugs and/or variations in the CYP or SLCO1B1 genes and drug–gene interac-
tions were assessed. The outcome after withdrawal of simvastatin and/or switch to another statin was assessed after 6 months.
Results Multiple drug use involving either substrates and/or inhibitors of CYP3A4 and/or three or more drugs with the 
potential to cause acidosis explained the simvastatin-associated toxicity in 70.5% (n = 24) of cases. Cases did not differ sig-
nificantly from controls regarding CYP3A4, CYP2C9, or OATP1B1 phenotypes, and genetic variation explained only 20.6% 
(n = 7) of cases. Withdrawal of simvastatin without switching to another statin or with a switch to a hydrophilic statin led to 
improvement or stabilization in all NSIP cases, whereas all cases who were switched to the lipophilic atorvastatin progressed.
Conclusion Simvastatin-associated pulmonary toxicity is multifactorial. For patients with this drug-induced pulmonary 
toxicity who need to continue taking a statin, switching to a hydrophilic statin should be considered.
ClinicalTrials.gov identifier NCT00267800, registered in 2005.
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1 Introduction

Simvastatin is one of the most successful representatives 
of the cholesterol-lowering HMG-CoA reductase inhibi-
tors, the class of drugs known as statins [1]. The drug is 
usually well tolerated, although statin therapy is associated 

with several adverse effects on hepatic, renal, and muscular 
systems [2]. Adverse reactions in skeletal muscle have been 
described and range from myalgia (pain) and myopathy (pain 
with evidence of muscle degradation) to rhabdomyolysis 
(severe muscle damage which may sometimes cause acute 
kidney injury) [3]. The widespread use of simvastatin has 
also revealed several rare and sometimes severe toxicities 
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Key Points 

This study demonstrates that simvastatin-associated pul-
monary toxicity is multifactorial and under-recognized in 
clinical practice.

It is crucial to consider the metabolic properties of 
concomitantly used drug(s) in explaining drug adverse 
effects including simvastatin toxicity, in addition to 
genetic variations.

The mechanisms and pathophysiology of toxicity associ-
ated with statins are still not fully clear, but include both 
patient-related factors such as age and pharmacogenetics, 
and factors that impact the pharmacologic, physicochemi-
cal, and pleiotropic characteristics of statins [9]. Statins are 
administered in lactone (e.g. simvastatin, lovastatin) and 
hydroxy acid forms (e.g. atorvastatin, fluvastatin, pravas-
tatin) and have a complex metabolic pathway (see Fig. 1). 
After intake, the interconversion of the two forms depends 
on the pH in the environment [9–11]. The lactone forms of 
statins are more cytotoxic to muscular cells than the hydroxy 
acid forms, and shifts in the ratio between the lactone and 
hydroxy acid forms may have an effect on pharmacologi-
cal and toxicological response [9]. After absorption, statins 
are transported into hepatocytes by organic anion transport 
polypeptides (OATPs) and metabolized by cytochrome P450 
(CYP) enzymes [12]. Genes encoding drug transporters and 
drug metabolizing enzymes are subject to polymorphisms, 
which may affect pharmacokinetics and serum drug levels, 
and subsequently have an impact on the degree of efficacy 
and toxicity [12, 13].

Genome-wide association studies showed that polymor-
phisms in the Solute Carrier Organic anion transporting 
polypeptide 1B1 gene (SLCO1B1, the gene encoding the 
OATP1B1 transporter) were associated with a higher risk of 

Fig. 1  Simvastatin is administered in the pharmacologically inac-
tive lactone form. In vivo, the lactone hydrolyzes to the correspond-
ing cholesterol-lowering hydroxy acid form. The lactone form is the 
more lipophilic form and is predominantly present in an acidic envi-
ronment. An acid–base imbalance may shift the lactone/hydroxy acid 
ratio [9–11]. Organic anion transport polypeptide 1B1 (OATP1B1) is 
an uptake transporter expressed on the sinusoidal (basolateral) side 
of hepatocytes. Simvastatin, like several other statins, is a substrate 

for this transporter. In hepatocytes, various cytochrome P450 iso-
enzymes play a role in the biotransformation of simvastatin into vari-
ous metabolites. It has been suggested that the lactone form inhibits 
complex III in the mitochondrial electron transport chain. In addition 
to inhibition of cholesterol formation, statins also hamper the biosyn-
thesis of co-enzyme Q10, which is also critically involved in mito-
chondrial respiration

in patients. So far, pulmonary toxicity has been reported 
mainly in case reports or case series [4–7]. The mechanisms 
behind simvastatin-associated pulmonary toxicity have not 
yet been elucidated.

A literature review revealed several isolated cases of sta-
tin-associated interstitial lung disease (ILD) involving simv-
astatin-associated pulmonary toxicity. The authors reported 
idiopathic pulmonary fibrosis (IPF), a severe form of ILD, 
and non-specific interstitial pneumonia (NSIP) [4–7]. More-
over, Xu et al. reported that statin use was associated with 
ILD among smokers in the COPDGene study [8].
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simvastatin toxicity [14]. Moreover, recommended change(s) 
in the medical management of simvastatin include testing 
the SLCO1B1 genotype [15]. Previously, Li et al. demon-
strated that genotype-guided statin therapy may improve 
patients’ perceptions of statins and physician behavior, 
promoting higher statin adherence [16]. Furthermore, con-
comitantly used drugs may inhibit and/or compete for the 
available enzymes, which may also affect the risk/benefit 
ratio. Inhibitors of drug metabolizing enzymes, such as par-
oxetine for CYP2D6, are able to transiently convert the phe-
notype of patients (so-called phenoconversion) and impact 
the pharmacokinetics of drugs metabolized or transported 
by the enzymes concerned [17, 18]. So far, none of these 
mechanisms and factors in statin toxicity have been extrapo-
lated to explain pulmonary toxicity.

2  Aim

The aim of the present retrospective observational study was 
to assess the possible involvement of concomitantly used 
drugs, as well as genetic variations in drug metabolizing 
enzymes and/or drug transporters involved in the metabo-
lism of simvastatin, in patients with simvastatin-associated 
pulmonary toxicity. In addition, we evaluated the effect of 
withdrawal of simvastatin and/or its replacement by either a 
hydrophilic statin (pravastatin, rosuvastatin, fluvastatin) or 
a lipophilic statin (atorvastatin), on the outcome and course 
of pulmonary toxicity.

3  Methods

3.1  Study Design and Ethical Statement

In this retrospective observational study of geno-
typed patients with NSIP or IPF, we assessed whether 

characteristics of concomitantly used drugs and/or variations 
in genes encoding CYP enzymes or in the SLCO1B1 gene 
predispose patients to simvastatin-associated pulmonary 
toxicity. The study was conducted according to the prin-
ciples of the Declaration of Helsinki (version 5, 2004) and 
in accordance with the Dutch Medical Research Involving 
Human Subjects Act (WMO). The protocol was approved by 
the Medical research Ethics Committees United (MEC-U) 
of the St. Antonius Hospital (approval R05-08A). Written 
informed consent for participation in this study was obtained 
from all subjects.

ClinicalTrials.gov identifier NCT00267800, registered 
in 2005.

3.2  Selection of Patients and Controls

Patients who were referred between 2010 and 2019 to the 
ILD Center of Excellence at St. Antonius Hospital, Nieu-
wegein, the Netherlands (a tertiary referral center) with 
established ILD—either NSIP (n = 233) or IPF (n = 276)—
and had been genotyped were considered for this observa-
tional study (Fig. 2). For patients with unexplained ILD and 
a history of drug use, genotyping of certain specified genes 
was included in the diagnostic work-up. A multidisciplinary 
team confirmed the diagnosis based on clinical presenta-
tion, including dyspnea and hypoxia, pulmonary function 
impairment, exercise intolerance, and high-resolution com-
puted tomography (HRCT) scan abnormalities, including 
multifocal areas of ground-glass opacity with intralobular 
interstitial thickening [19].

3.2.1  Inclusion Criteria

Patients who used simvastatin (n = 176) were considered 
for this study. Only those who stopped or switched statin 
treatment were included (n = 34). Patients stopped with-
out replacement or switched to a hydrophilic statin or a 

Fig. 2  Flowchart of case selection: cases with non-specific inter-
stitial pneumonitis (NSIP) or idiopathic pulmonary fibrosis (IPF) 
were divided into those who did not use simvastatin (not included) 
and those who used simvastatin. Those who used simvastatin were 

further divided into those who had stopped or switched to another 
statin (included, n  =  34) and those who continued simvastatin (not 
included, n = 142)
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lipophilic statin. They had already stopped simvastatin use 
or stopped simvastatin use shortly after referral.

3.2.2  Exclusion Criteria

Patients who continued simvastatin, as well as those with 
other possible causes of pulmonary damage, such as infec-
tions or sarcoidosis, were meticulously excluded.

To compare the distribution of the allelic variants between 
cases (all Caucasian) and the general Caucasian population, 
controls were collected from the literature [20–25].

3.3  Data Collection

Demographic information on the included cases (i.e. gen-
der, age at diagnosis, and concomitant drug use at diagno-
sis) were collected where necessary. Data on drug use were 
recorded and retrospectively supplemented with pharmacy 
data recorded in the electronic health records of the hospi-
tal. Concomitantly used drugs were classified according to 
their metabolic pathways as inhibitors and/or substrates for 
the enzymes studied. All cases were treated with standard 
dosages as used in clinical practice. No patient was treated 
with an unusually high dosage of any of the drugs used. 
Furthermore, the potential of the concomitantly used drugs 
to acidify the blood was assessed. The characteristics of 
the metabolic pathways of the concomitantly used drugs 
are summarized in Table 1. Appendix A provides a more 
extensive summary of these characteristics (electronic sup-
plementary material [ESM]). 

The outcome or course of the ILD three months after 
diagnosis was assessed and recorded. Since the cases had 
been referred to the ILD Center of Excellence, the simvas-
tatin treatment had already been stopped or reduced in most 
cases. Moreover, as determining serum simvastatin concen-
tration is not standard practice in the Netherlands, no serum 
drug levels were available or could be obtained.

3.4  Genotyping

In all subjects, genomic DNA had been isolated from venous 
EDTA-anticoagulated blood. CYP2C9 (CYP2C9*2 [C430T], 
CYP2C9*3 [A1075C]), CYP2C19 (CYP2C19*2 [G681A], 
CYP2C19*3 [G636A], CYP2C19*17 [C806T]), CYP2D6 
(CYP2D6*3 [A2549del], CYP2D6*4 [G1846A], CYP2D6*6 
[T1707del], CYP2D6*5 [del] and CYP2D6 copy number 
variation), CYP3A4 (CYP3A4*1B [A-392G], CYP3A4*22 
[C522-191T]), and SLCO1B1 (SLCO1B1*5 [T521C]) alleles 
were identified by real-time PCR using the StepOnePlus™ 
Real-Time PCR System and TaqMan GTXpress Master/
Drug Metabolizing Genotyping Assay mixes (Applied Bio-
systems, Foster City, CA, USA), according to the manufac-
turer’s instructions.

In accordance with conventional classification systems, 
individuals were classified (CYP2D6, CYP2C9, CYP3A4, 
and CYP2C19) as poor metabolizers (PMs) if they carried 
two non-functional alleles; as intermediate metabolizers 
(IMs) if they carried one non-functional allele; as normal 
metabolizers (NMs) if they carried one allele associated with 
reduced or increased activity and one functional allele or two 
functional alleles, and as ultra-rapid metabolizers (UMs) if 
they carried at least two copies of a functional allele plus a 
reduced activity allele, two copies of an increased function 
allele (CYP2C19*17) or three or more copies of a functional 
allele. SLCO1B1 [521T/T] was classified as having normal 
transporter capacity, SLCO1B1 [521T/C] as reduced trans-
porter capacity, and SLCO1B1 [521C/C] as very low trans-
porter capacity. The laboratory that performed the tests is 
certified (ISO 15189:2012).

3.5  Data Analysis

Concomitantly used drugs were evaluated to assess whether 
they were substrates, inhibitors or inducers of CYP3A4, 
CYP2D6, CYP2C19, and CYP2C9, and also whether they 
were OATP1B1 inhibitors or substrates. In addition, their 
potential to acidify blood was also evaluated. The charac-
teristics of the concomitantly used drugs were categorized 
in terms of risk factors. Risk factors for simvastatin toxic-
ity were based on previous research and expert opinion and 
were defined as using two or more drugs that are CYP3A4 
substrates; using at least one drug that inhibits CYP3A4 
[18]; being a PM or IM of CYP3A4; carrying one or two 
SLCO1B1 521C alleles [14]; and using three or more drugs 
that have the potential to cause acidosis [9]. We assessed the 
concomitantly used drugs, the pharmacogenetic profile, and 
the number of risk factors for each case.

To compare the distribution of the allelic variants 
between cases (all Caucasian) and the general Caucasian 
population, historical controls were collected from the lit-
erature [21–23, 25].

To assess the effect of withdrawal of simvastatin after six 
months, we retrospectively evaluated the medical records of 
the 34 included cases.

Those patients who had used simvastatin (n = 34) and 
stopped or switched to another statin were considered for 
this observational study (Fig. 2). Patients were categorized 
into those who stopped using simvastatin without replace-
ment and those who switched to a hydrophilic statin or to 
a lipophilic statin. Improvement was considered to have 
occurred if the forced vital capacity (FVC) had increased 
by 10% or more and/or the HRCT had improved. Stabiliza-
tion was considered to have occurred if the FVC was stable 
(< 10% increase or decrease), while deterioration/progres-
sion was considered to have occurred if FVC had decreased 
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by > 10% and the HRCT demonstrated progression of the 
features [30, 31].

3.6  Statistical Analysis

Differences in CYP3A4, CYP2D6, CYP2C9, CYP2C19, and 
SLCO1B1 genotype frequencies between cases and controls 

were assessed using a Fisher exact test in R (version 3.5.1, 
Vienna, Austria) [32]. Actual allele distributions were 
compared with the expected frequencies that were calcu-
lated using the Hardy–Weinberg (HW) equilibrium. Devia-
tions from HW were analyzed using the chi-squared test. 
A Bonferroni correction was applied to adjust for multiple 

Table 1  Summary of characteristics and metabolic pathways of concomitantly used drugs [26–29]

IND induction, INH inhibition, SUB substrate

CYP2D6
INH

CYP2D6
IND

CYP2D6
SUB

CYP3A4
INH

CYP3A4
IND

CYP3A4
SUB

OATP1B1
INH

OATP1B1
SUB

Acidosis 
potential

Analgesics
 Codeine 0 0 1 0 0 0 0 0 0
 Diclofenac 0 0 0 0 0 0 0 0 1
 Morphine 0 0 1 0 0 0 0 0 1
 Oxycodone; tramadol 0 0 1 0 0 1 0 0 0

Antacids
 (es)Omeprazole; pantoprazole 0 0 0 0 0 1 0 0 0

Antibiotics
 Sulfamethoxazole/trimethoprim 0 0 0 0 0 0 0 0 1

Antidiabetics
 Gliclazide; glimepiride; tolbutamide 0 0 0 0 0 0 0 0 1

Antihypertensives
 Bisoprolol; formoterol 0 0 1 0 0 0 0 0 1
 Enalapril 0 0 0 0 0 0 0 1 1
 Losartan 0 0 0 0 0 1 0 0 0
 Metoprolol; timolol 0 0 1 0 0 1 0 0 0
 Nifedipine 0 0 1 0 0 1 0 0 1
 Spironolactone 0 0 0 0 0 1 0 0 1
 Valsartan 0 0 0 0 0 0 0 1 0
 Verapamil 0 0 0 1 0 1 0 0 0

Antilipemics
 Ezetimibe 0 0 0 0 0 0 0 1 0
 Simvastatin 0 0 0 0 0 1 0 1 0

Antiparkinson agent
 Ropinirole 0 0 0 0 0 1 0 0 0

Antithrombotics
 Acenocoumarol; phenprocoumon 0 0 0 0 0 1 0 0 0

Corticosteroids
 Prednisolone; prednisone 0 0 0 0 0 1 0 0 0

Psychotropics
 Amitriptyline 0 0 1 0 0 0 0 0 1
 Escitalopram 0 0 1 0 0 1 0 0 0
 Haloperidol 0 0 1 0 0 1 0 0 1
 Temazepam; zolpidem 0 0 0 0 0 1 0 0 0

Others
 Flecainide 0 0 1 0 0 0 0 0 0
 Tacrolimus 0 0 0 0 0 1 0 0 1
 Tamsulosin 0 0 1 0 0 1 0 0 0
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comparisons; a p value < 0.01 was considered to be statisti-
cally significant.

4  Results

In a sample of NSIP and IPF cases (n = 499; average age 
[± SD]: 69.0 [± 9.5] years; 342 [68.5%] men; 157 [31.5%] 
women), a total of 176 cases (136 [77.3%] men; 40 [22.7%]) 
women) were identified as using simvastatin. Of these 176 
cases, 34 (19.3% [34/176]; including seven women [20.6%]), 
with an average age (± SD) of 69.2 (± 8.2) years, were found 
to have stopped simvastatin use due to suspected pulmonary 
toxicity (i.e., deterioration occurred after simvastatin was 
started). There was no age difference between the original 
sample of NSIP and IPF cases (n = 499) and the 34 identi-
fied cases that had stopped simvastatin. Although overall 
fewer women used simvastatin, the percentage of women 

who developed pulmonary toxicity did not differ from that of 
the male patients. The percentage of cases who had stopped 
simvastatin due to simvastatin-associated pulmonary toxicity 
did not differ between men (19.6%) and women (17.5%). The 
period of drug use varied from six months to 10 years, with 
a median of five years. None of the cases had used simvas-
tatin in a dosage above 40 mg daily. Based on the available 
diagnostic tests and exclusion of other possible diagnostic 
options, the diagnosis was highly likely.

Diagnoses and outcomes of the 34 cases are summarized 
in Table 2.

4.1  Drug–Gene Interactions and Pharmacogenetics

Information on the concomitantly used drugs and phe-
notypes of the cases is summarized in Tables 2, 3, and 4. 
As regards drug interactions and pharmacogenetics, the 
majority of cases (82.4%) had several possible risk factors 

Table 2  Demographics, genetic 
data and concomitantly used 
drugs of the studied population 
with non-specific interstitial 
pneumonitis (NSIP) or 
idiopathic pulmonary fibrosis 
(IPF)

CYP cytochrome P450, IM intermediate metabolizer, OATP1B1 organic anion transporting polypeptide 
1B1, PM poor metabolizer, SD standard deviation, SLCO1B1 solute carrier organic anion transporting pol-
ypeptide 1B1

NSIP IPF Total

Number of cases (%) 16 (47.1%) 18 (52.9%) 34 (100%)
Age, years (± SD) 68.6 (± 9.5) 69.7 (± 7.1) 69.2 (± 8.2)
Gender, female (%) 5 (31.2%) 2 (11.1%) 7 (20.6%)
Simvastatin stopped, no switch to other statin (%) 7 5 12 (35.3%)
 Improvement 6 0 6
 Stable 1 5 6
 Progression 0 0 0

Simvastatin stopped, switch to hydrophilic statin (%) 6 6 12 (35.3%)
 Improvement 3 0 3
 Stable 3 5 8
 Progression 0 1 (stable, later 

progression)
1

Simvastatin stopped, switch to lipophilic statin (%) 3 7 10 (29.4%)
 Improvement 0 0 0
 Stable 0 0 0
 Progression 3 7 10

SLCO1B1 polymorphisms (reduced transporter capacity or 
very low transporter capacity) (%) [not analyzed]

3 [3] 3 [5] 6 (23.1%)

 Concomitant use of OATP1B1 inhibitors/substrates 0 0 0
CYP3A4 polymorphisms (IM) (%) 1 1 2 (5.9%)
 Concomitant use of CYP3A4 inhibitors/substrates 1 1 2

CYP2D6 polymorphisms (IM or PM) (%) 7 10 17 (50.0%)
 Concomitant use of CYP2D6 inhibitors/substrates 5 5 10

CYP2C9 polymorphisms (IM or PM) (%) 8 8 16 (47.1%)
 Concomitant use of CYP2C9 inhibitors/substrates 6 5 13

CYP2C19 polymorphisms (IM or PM) (%) 6 5 11 (32.4%)
 Concomitant use of CYP2C19 inhibitors/substrates 4 2 6

Concomitant use of medication that induces acidosis (%) 17 15 32 (94.1%)
 Patients using ≥ 3 drugs that induce acidosis 4 9 13
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Table 3  Individual cases, pharmacogenetics, possible mechanisms of interacting drugs and risk factors that may affect simvastatin-associated 
toxicity (marked in red)

Nr. Gender Diagnosis Age
(years)

Course 2D6 
INH

2D6 
SUB

2D6 3A4 
INH

3A4 
SUB

3A4 2C9 
INH

2C9 
SUB

2C9 2C19 
INH

2C19 
SUB

2C19 OATP1B1 
INH

OATP1B1
SUB

SLCO1B1
T521C

Drugs with 
potential to 
acidify blood

Simvastatin stopped, no switch to another statin

1. M NSIP 79 improved 0 1 NM 1 5 NM 0 1 IM 1 1 NM 0 1 T/T 3

2. F NSIP 71 improved 0 0 PM 0 4 NM 0 2 IM 0 0 IM 0 2 n/a 2

3. M NSIP 68 improved 0 3 IM 0 3 NM 0 2 IM 1 1 NM 0 1 T/C 2

4. F NSIP 76 improved 0 0 IM 0 2 NM 0 0 IM 0 0 NM 0 1 n/a 1

5. M NSIP 69 improved 0 2 NM 0 3 NM 0 1 NM 0 0 NM 0 1 T/T 3

6. M NSIP 74 improved 0 0 NM 0 2 NM 0 1 NM 1 2 NM 0 2 T/T 0

7. M NSIP 86 stable 0 2 IM 0 5 NM 0 1 IM 1 2 NM 0 2 T/T 2

8. M IPF 70 stable 0 1 IM 0 2 NM 0 1 NM 0 0 IM 0 1 T/T 2

9. M IPF 75 stable 0 2 IM 0 3 NM 0 0 IM 0 0 NM 0 1 n/a 3

10. M IPF 58 stable 0 0 IM 0 1 NM 0 1 NM 0 0 PM 0 1 T/C 3

11. F IPF 82 stable 0 0 IM 0 1 NM 0 1 NM 0 0 NM 0 2 n/a 2

12. M IPF 69 stable 0 1 IM 0 4 NM 0 0 NM 1 1 NM 0 1 T/T 1

Simvastatin stopped, switched to a hydrophilic statin

13. M NSIP 63 rosuvastatin 
improved

0 2 IM 0 4 NM 0 2 NM 0 0 IM 0 1 T/T 2

14. M NSIP 68
pravastatin 
improved 0 1 NM 0 2 NM 0 0 NM 0 0 NM 0 2 T/T 1

15. F NSIP 67 fluvastatin
improved

0 0 NM 0 2 NM 1 2 IM 1 1 IM 0 1 T/C 2

16. M NSIP 68
rosuvastatin 
stable 0 1 NM 0 6 NM 0 2 NM 1 1 NM 0 1 T/T 1

17. F NSIP 61
rosuvastatin 
stable

0 1 NM 1 2 NM 0 0 IM 0 0 NM 0 1 n/a 3

18. M NSIP 71
pravastatin 
stable 0 2 NM 2 7 IM 1 2 NM 1 2 IM 0 2 T/T 2

19. M IPF 72 rosuvastatin 
stable

0 1 IM 0 4 NM 0 1 NM 1 1 NM 0 1 T/T 2

20. M IPF 75
rosuvastatin 
stable 0 0 IM 0 1 NM 0 1 PM 0 0 NM 0 1 T/T 3

21. M IPF 72
rosuvastatin 
stable

0 0 IM 0 1 NM 0 0 NM 0 0 NM 0 1 T/T 4

22. M IPF 65 rosuvastatin 
stable

0 1 IM 0 2 IM 0 0 NM 0 0 NM 0 1 T/T 2

23. M IPF 74
rosuvastatin 
stable 0 0 IM 0 1 NM 0 1 IM 0 1 NM 0 1 n/a 3

24. M IPF 72
rosuvastatin 
stable, later 
progression

0 1 NM 0 3 NM 1 1 IM 1 2 IM 0 1 T/T 3

Simvastatin stopped, switched to atorvastatin

25. M NSIP 58 progression 0 1 NM 0 2 NM 2 1 NM 0 1 IM 0 2 T/T 3

26. F NSIP 44 progression 0 1 IM 1 4 NM 0 1 IM 1 1 IM 0 2 T/T 1

27. M NSIP 74 progression 0 1 IM 0 4 NM 0 2 NM 1 3 NM 0 1 T/C 2

28. M IPF 78 progression 0 1 NM 0 4 NM 0 2 IM 0 1 NM 0 1 n/a 1

29. F IPF 69 progression 0 1 NM 0 2 NM 0 0 NM 0 0 NM 0 1 T/T 2

30. M IPF 58 progression 0 0 NM 0 2 NM 1 1 NM 0 1 UM 0 1 n/a 0

31. M IPF 63 progression 0 1 NM 0 3 NM 0 0 IM 0 0 IM 0 1 T/T 3

32. M IPF 72 progression 0 1 IM 0 3 NM 0 1 NM 1 1 NM 0 1 T/C 4

33. M IPF 56 progression 0 1 IM 0 2 NM 0 1 IM 0 1 IM 0 1 T/T 3

34. M IPF 75 progression 0 2 NM 0 2 NM 0 0 IM 0 1 IM 0 1 T/C 2

F female, IPF idiopathic pulmonary fibrosis, IM intermediate metabolizer, INH number of concomitantly used drugs that inhibit the CYP 
enzyme, M male, n/a not applicable, NM normal metabolizer, NSIP non-specific interstitial pneumonitis, PM poor metabolizer, UM ultra-rapid 
metabolizer, OATP1B1 organic anion transporting polypeptide 1B1, SLCO1B1 solute carrier organic anion transporter 1B1, SLCO1B1 521T/T 
wildtype; SLCO1B1 521T/C heterozygous variant, SUB number of concomitantly used drugs that are metabolized by this enzyme
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assumed to be associated with simvastatin toxicity, and 
only six cases (17.6%: cases 4, 8, 11, 14, 29, and 30) had 
none of these risk factors (Table 3). These cases all con-
comitantly used two drugs inhibiting CYP3A4, which might 
have played a role in the development of simvastatin tox-
icity. The OATP1B1 activity of three cases was unknown. 
Multiple use of drugs that are substrates and/or inhibitors of 
CYP3A4, and/or three or more drugs that have the poten-
tial to cause acidosis, explained the simvastatin-associated 
toxicity in 70.5% of cases. Genetic variation causing a 
reduced OATP1B1 activity and/or being an IM of CYP3A4 
explained toxicity in 20.6%. In two cases, the only risk factor 

was reduced OATP1B1 activity, whereas in one case it was 
being an IM of CYP3A4. The risk factors assessed are sum-
marized in Table 5.

All four cases who used a drug inhibiting CYP3A4 con-
comitantly used two or more other drugs, and up to seven 
drugs that are CYP3A4 substrates. Six cases had reduced 
OATP1B1 activity, but none of them used a substrate or 
inhibitor of the drug transporter, apart from simvastatin. Two 
of these cases used three or more CYP3A4 substrates (see 
Table 3).

The actual allele distributions of the cases were in HW 
equilibrium. However, the cases tended to differ from the 

Table 4  Metabolic genotype frequencies of CYP3A4, CYP2C9, CYP2D6, CYP2C19, and SLOC1B1 in cases and controls [15–18]

CYP cytochrome P450, SLCO1B1 solute carrier organic anion transporting polypeptide 1B1

CYP3A4 (p = 0.45) Cases (n = 34) Historical controls 
(n = 235) [21]

Poor metabolizer 0 (0.0%) 0 (0.0%)
Intermediate metabolizer 2 (5.9%) 20 (8.5%)
Normal metabolizer 32 (94.1%) 215 (91.5%)

CYP2C9 (p = 0.20) Cases (n = 34) Controls (n = 121) [22]

Poor metabolizer 1 (2.9%) 3 (2.5%)
Intermediate metabolizer 15 (44.2%) 36 (29.8%)
Normal metabolizer 18 (52.9%) 82 (67.8%)

CYP2D6 (p = 0.03) Cases (n = 34) Controls (n = 765) [23]

Poor metabolizer 1 (2.9%) 42 (5.5%)
Intermediate metabolizer 18 (52.9%) 233 (30.3%)
Normal metabolizer 15 (44.2%) 490 (64.2%)
Ultra-rapid metabolizer 0 (0.0%) 0 (0.0%)

CYP2C19 (p = 0.04) Cases (n = 34) Controls (n = 736) [23]

Poor metabolizer 1 (2.9%) 19 (2.6%)
Intermediate metabolizer 10 (29.4%) 163 (22.1%)
Normal metabolizer 22 (64.7%) 554 (75.3%)
Ultra-rapid metabolizer 1 (2.9%) 0 (0.0%)

SLCO1B1 (p = 0.88) Cases (n = 26) Controls (n = 724) [25]

Very low transporter capacity 0 (0.0%) 12 (1.5%)
Reduced transporter capacity 6 (23.1%) 193 (26.5)

Table 5  Extent to which cases 
(n = 34) were exposed to 
possible risk factors that may 
affect simvastatin-associated 
toxicity

CYP cytochrome P450, SLCO1B1 solute carrier organic anion transporting polypeptide 1B1, SLCO1B1 
521T/C heterozygote, SLCO1B1 521C/C homozygous variant

Risk factors Number of 
cases, n (%)

Using two or more other drugs that are CYP3A4 substrates 17 (50.0)
Using at least one drug that inhibits CYP3A4 4 (11.8)
Being an intermediate or poor CYP3A4 metabolizer 2 (5.9)
SLCO1B1 521T/C heterozygote or SLCO1B1 521C/C homozygous variant genotype 

(n = 26, 8 not analyzed)
6 (23.1)

Using three or more drugs that have the potential to cause acidosis 13 (38.2)
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controls, with more PMs and/or IMs for CYP2D6 (p = 0.03) 
and CYP2C19 (p = 0.04). Cases did not differ significantly 
from controls in phenotypes of CYP3A4 (p = 0.45), CYP2C9 
(p = 0.20), or SLCO1B1 (p = 0.88). More than half of 
the cases with reduced metabolic activity concomitantly 
used drugs that compete with and/or inhibit the metabolic 
enzymes concerned (see Table 4).

4.2  Outcomes After Withdrawal of Simvastatin

Twelve cases had stopped simvastatin use without continu-
ing with another statin, while 12 cases had switched to a 
hydrophilic statin (rosuvastatin nine; pravastatin two; flu-
vastatin one) and 10 had switched to the lipophilic statin 
atorvastatin. Cases with NSIP who had stopped simvastatin 
without replacing it with another statin were more likely to 
improve (85.7%) than those who had simvastatin replaced by 
a hydrophilic statin (50.0%). The five IPF cases who stopped 
all stabilized, which in the case of IPF is the best that is 
achievable. No improvement was observed in cases who 
were switched to atorvastatin.

5  Discussion

In this retrospective study, we identified 34 cases with sim-
vastatin-associated pulmonary toxicity. In our population, 
at least 34 out of 176 simvastatin users (19.3%) developed 
simvastatin-induced ILD. It is important, however, to realize 
that the number of simvastatin users in the general popula-
tion is much larger, and our sample is influenced by selec-
tion bias. It is therefore hard to give a reliable indication of 
simvastatin-associated toxicity in the whole population of 
simvastatin users. However, the cases we studied showed 
a remarkable association. The fact that most of the NSIP 
cases (6/7) improved or stabilized (1/7) after withdrawal of 
the drug makes this association highly likely.

Drug interactions are a substantial cause of adverse 
effects, leading to hospitalization and sometimes to death 
[33]. Estimating the interaction potential of concomitantly 
used drugs is difficult. Drugs can be substrates, inhibitors 
or inducers of several drug metabolizing enzymes and drug 
transporters, and pathways may play major or minor roles 
in the biotransformation of the drug involved [34]. We 
assessed whether concomitantly used drugs could interact 
with the biotransformation of simvastatin and hence pre-
dispose patients to simvastatin-associated pulmonary toxic-
ity. In the population studied, concomitant use of multiple 
drugs is quite common. Polypharmacy may lead to various 
drug–drug interactions. Moreover, we observed that almost 
all cases (90%) used at least one drug that was a substrate 
for CYP3A4, and that 35.3% used two or more drugs, while 
50% used three or more. This is also considered the most 

important metabolic pathway for simvastatin. More than 
two-thirds of the cases (70%) used one or more drugs that 
may cause acidosis, which in turn may enhance the forma-
tion of the more toxic lactone form of simvastatin.

Simvastatin is available and administered in the lac-
tone prodrug form. Depending on the local pH, simvas-
tatin is primarily present in either the pharmacologically 
active hydroxy acid form or the pharmacologically inactive 
and more lipophilic lactone form [9]. Disturbances in the 
acid/base balance of the blood impact the interconversion 
between the more lipophilic lactone and the more hydro-
philic hydroxy acid form of simvastatin, and so have an 
effect on drug concentrations and the observed toxicity of 
simvastatin [9, 35]. Various metabolites of simvastatin also 
contain the lactone moiety and will undergo a similar pH-
dependent interconversion (Fig. 1). Furthermore, the lac-
tone form disturbs complex III in the mitochondrial transport 
chain. In an acidic environment (i.e. at a low pH), more of 
the lactone form is present, which is also associated with a 
higher incidence and severity of statin-induced myotoxicity 
[10].

There are various conditions that may lead to acidosis. 
Metabolic acidosis can occur when too much of the basic 
compounds is lost. This can be caused by diarrhea, kidney 
damage or the use of cholesterol-lowering agents. Extreme 
exercise can lead to lactate acidosis, and insufficiently con-
trolled type 1 diabetes mellitus may also result in acidosis. 
Furthermore, acidosis may be caused by intoxication with 
alcohol, while dysfunctional lung physiology may lead to 
so-called respiratory acidosis. It is also known that the pH 
drops at inflammation sites. This means that more of the 
lactone form will be present at an existing inflammation site 
(e.g. in the lung).

The lipophilicity of simvastatin increases as the pH drops, 
as is indicated by the increase in log P octanol/water, which 
is 1.81, 2.06, and 3.62 at pH 7.4, 7.0, and 5.0, respectively 
[35]. Moreover, drug-induced acidification may also shift 
the lactone versus hydroxy acid equilibrium in favor of the 
toxic lactone form [10]. Drugs that cause metabolic acidosis 
can be grouped into four categories: drugs that represent 
exogenous acid loads (e.g. salicylates); drugs leading to 
loss of bicarbonate in the gastrointestinal tract or kidney 
(e.g. topiramate); drugs causing increased endogenous acid 
production (e.g. metformin or isoniazid, which may lead 
to lactic acid, or paracetamol and beta-lactam penicillin, 
leading to pyroglutamic acid); drugs that compromise renal 
acid secretion (e.g. drugs that act via inhibition of the renin-
angiotensin-aldosterone system, or via impaired proximal or 
distal tubule H+-secretion, as is the case with acetazolamide 
or lithium) [36]. Most of our cases (94.1%) concomitantly 
used drugs that have the potential to at least slightly lower 
the blood pH. Although previous findings point to a relation-
ship between the incidence and severity of statin-induced 
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myopathy and a more acidic blood, or more lipophilic 
statins, it is too early to extrapolate this to statin-associated 
pulmonary toxicity [9].

A major factor explaining statin-associated myotoxicity is 
the dosage, and consequently the concentration, of the drug 
[37–40]. Polypharmacy may influence the simvastatin con-
centration because of the possibility of drug–drug interac-
tion. This may also apply to the pulmonary toxicity observed 
in our cases and is illustrated by the finding that after with-
drawal of simvastatin without switching to another statin, 
the lung function of eight NSIP patients improved, while 
one of the two IPF patients also improved and the other 
remained stable. In the cases where the lipophilic simvas-
tatin was replaced by a hydrophilic statin, the lung function 
either improved or remained stable. By contrast, replacing 
simvastatin by the lipophilic atorvastatin further worsened 
the clinical condition in all cases. This corresponds with 
what has been found for statin-associated myotoxicity, which 
is related to the use of the more lipophilic statins simvastatin 
and atorvastatin [41].

Genetic variation is also a risk factor, though to a lesser 
extent. Both SLCO1B1 and CYP3A4 appeared to be impor-
tant in explaining simvastatin-associated DI-ILD. There are 
known risk factors for the more extensively investigated 
statin-associated myotoxicity, which include advanced age, 
female gender, drug interactions, genetic variability in drug 
metabolizing enzymes and transporters, lipophilicity of 
statins, coincident morbidities, and high doses of the statin 
used [42]. By contrast, risk factors for pulmonary toxicity 
are largely unknown.

We observed that variations in genes encoding enzymes 
known to play a role in simvastatin metabolism (CYP3A4 
and/or OATP1B1) did not differ between cases and controls. 
Variations in genes encoding CYP enzymes and transport 
proteins influence the pharmacokinetics and toxicity of sim-
vastatin, which is mainly biotransformed by CYP3A4 and 
transported into the hepatocytes by OATP1B1 [43]. Using 
human liver microsomes, it has been shown by means of 
both immune inhibition and classical inhibitor studies that 
CYP3A4/5 is primarily involved (> 80%) in the metabolism 
of simvastatin hydroxy acid. A minor contribution to the 
simvastatin metabolism (< 20%) was found for CYP2C8 
[44]. The allelic frequencies of the two most important 
CYP3A4 variants (CYP3A4*22 and CYP3A4*1B) are low 
and have a limited role in the interindividual differences 
in CYP3A4 expression and activity [45]. Other sources, 
such as epigenetic factors, should also be considered. Fur-
thermore, external factors such as medication (CYP3A4 
inhibitors) and nutrition (grapefruit juice) may reduce the 
metabolic activity of CYP3A4, resulting in transient poor 
metabolism due to phenoconversion [18]. This is why we 
checked for CYP3A4 polymorphism and co-administered 
drugs, which act either as competitive substrates or as 

inhibitors of CYP3A4. Although only two of our cases had 
CYP3A4 polymorphisms, and the phenotypes did not differ 
significantly from healthy controls, most of our cases used 
several CYP3A4 substrates and inhibitors. One of the two 
cases who were genotyped as IMs used six other CYP3A4 
substrates and two CYP3A4 inhibitors (patient 18). Such a 
situation may lead to increased simvastatin concentrations. 
Moreover, it is not only the number of drugs taken that is rel-
evant, but also their dosages. A high dose of a single inhibi-
tor may result in the same toxicity as a normal to low dose 
of multiple drugs metabolized by the same affected enzyme.

The exact role of CYP2D6 in the biotransformation of 
simvastatin is not yet clear, but some studies point to a 
relationship between being a PM and having more Type A 
plasma-level dependent adverse drug reactions (ADRs), or 
between being a UM and having less cholesterol lowering 
effects [46–48]. Interestingly, 19 out of our 34 cases (55.9%) 
had CYP2D6 polymorphisms (PM or IM), which is more 
than might be expected from data for the general population, 
and tended to differ from the controls [49]. However, this did 
not identify risk factors related to the use of drugs that have 
the potential to be a CYP2D6 substrate.

The protein OATP1B1 is not only important in transport-
ing endogenous compounds like bile acids, steroids, and 
hormones, but also for the transport of drugs like statins, 
ACE inhibitors, or methotrexate [29]. Polymorphisms in 
SLCO1B1, its encoding gene, result in altered transport of 
statins and their metabolites into the liver. Several stud-
ies have demonstrated that SLCO1B1 T521C significantly 
affects simvastatin pharmacokinetics, causing decreased 
transport into hepatocytes, increased serum simvastatin lev-
els and increased risk of myopathy [50]. Although several 
of our genotyped cases were carriers of SLCO1B1 521C 
(8/26), they did not differ statistically significantly from the 
controls in this respect.

In addition to the assessed role of concomitantly used 
drugs and pharmacogenetics, the mechanism behind sta-
tin-associated ILD should be further explored. One of the 
mechanisms that is associated with lung injury is the for-
mation of reactive oxygen species (ROS) during biotrans-
formation of xenobiotics including pharmaceuticals. This 
results in the formation of reactive electrophilic species such 
as epoxides and quinones, which react with cell molecules 
and cause direct cell toxicity [51–53]. Xu et al. showed that 
pravastatin and also atorvastatin treatment increases the for-
mation of ROS, which results in increased inflammasome-
mediated immune response [8]. Furthermore, the generation 
of ROS during the metabolism of statins and the increase 
of oxidative stress are associated with well-known ADRs 
of statins, such as myopathy, nephrotoxicity, hepatotoxicity, 
and various diabetic complications [54]. The period during 
which simvastatin had been used varied from six months 
to 10 years. This underlines that simvastatin is not often 
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recognized as a drug associated with pulmonary toxicity. 
Awareness of the pulmonary toxicity in addition to the better 
known toxicities like myopathies may avoid more progres-
sive pulmonary damage and benefit patients’ quality of life.

One large cohort study has so far been unable to confirm 
that statins are a significant risk factor in the development of 
ILD [7]. However, Xu et al. found that statin use is associ-
ated with interstitial lung abnormalities among current and 
former smokers in the COPDGene study [8]. Statin use was 
positively associated with ILD (odds ratio 1.60; 95% con-
fidence interval 1.03–2.50; p = 0.04) after adjustment for 
covariates including a history of high cholesterol or coro-
nary artery disease. Although we were unable to establish a 
causal relationship between the observed ILD and simvasta-
tin use, we did observe that all cases who had stopped using 
simvastatin and had not switched to another statin improved, 
which is in line with other studies with well-documented 
cases [4–6]. In line with Xu et al. [8], we acknowledge that 
although increased risks of ILD and radiologic features of 
pulmonary fibrosis are causes for concern, these risks likely 
do not outweigh the substantial benefits of statin therapy 
in patients with cardiovascular disease. Instead, we believe 
that clinicians should be aware that radiographic evidence 
of ILD, much like myopathy [3], can occur in some patients 
on statins.

To verify whether there have been other reports of simv-
astatin-associated pulmonary toxicity besides what has been 
published [4–7], we searched EudraVigilance (the system 
for suspected ADRs in the European Economic Area) for 
cases of pulmonary toxicity associated with simvastatin. 
This search yielded more than 200 reports of pulmonary 
toxicity associated with simvastatin (164 ILD, four IPF, and 
59 pulmonary fibrosis cases). Analyzing the data in these 
reports could contribute to knowledge about the association 
between simvastatin and ILD, and possibly provide further 
insight into the risk factors assessed.

Limitations of our study are the rather small number of 
cases and the fact we did not determine simvastatin serum 
levels. We deliberately selected only those who stopped 
simvastatin use, as in these cases the association between 
the observed toxicity and simvastatin use was acknowledged 
and was strongest. Because these cases were sent to a refer-
ral center, and in most instances simvastatin had already 
been stopped or stopped shortly after referral, we could not 
assess serum drug levels. In fact, in the case of simvastatin 
(hydroxy acid form), which has a very short plasma half-life 
(±1.9 hours), assessing the serum drug level makes little 
sense and is also not standard practice in the Netherlands. 
Another limitation is that we only used a historical control 
group of Caucasians to compare polymorphism distribution. 
A more valid control group would be a sample of cases using 
simvastatin who did not develop pulmonary abnormalities. 
It would then be interesting to know which drugs were used 

concomitantly, especially drugs that may cause acidosis and/
or those that affect the metabolic pathway of simvastatin, 
and to investigate whether the polymorphism distribution 
differed from that in our sample. Unfortunately, we do not 
have access to such a sample. Moreover, cases without pul-
monary symptoms will never be referred to our department.

6  Conclusion

We demonstrated that simvastatin may cause pulmonary tox-
icity. Simvastatin-associated pulmonary toxicity is complex, 
multifactorial, and under-recognized in clinical practice. 
Therefore, it is highly likely that the number of reported 
cases is underestimated. Multiple drug use, concomitantly 
used drugs that inhibit CYP3A4 or are metabolized by 
CYP3A4, and/or using three or more drugs that may acidify 
the blood, converting simvastatin to the more lipophilic and 
more toxic lactone form, explained the simvastatin-associ-
ated pulmonary toxicity in 70.5% of our patients.

Genetic variation, mostly resulting in a reduced 
OATP1B1 activity or in being an intermediate CYP3A4 
metabolizer, explained toxicity in more than 20% of the 
cases. It is therefore essential to consider the metabolic prop-
erties of concomitantly used drug(s) in explaining toxicity, 
in addition to genetic variations. It should be realized that 
polypharmacy by itself may have a huge influence and that 
the drug interactions may be mistaken for genetic variation. 
Studies on concomitantly used drugs comparing cases with 
and without simvastatin-associated ADRs could be a topic 
for further research. Although we could not establish a firm 
relationship between the use of simvastatin and the pulmo-
nary toxicity observed in our cases, withdrawal of simvas-
tatin without switching to another statin led to improvement 
in almost all NSIP cases. This not only points to a potential 
relationship, but also shows the best clinical strategy. If the 
use of a statin in patients with simvastatin-associated toxic-
ity is essential, it appears that switching to a hydrophilic sta-
tin such as rosuvastatin yields better outcomes than switch-
ing to the lipophilic atorvastatin, which yielded the poorest 
outcomes. The advice that continuation with a hydrophilic 
statin is a better choice in case of simvastatin-associated 
toxicity applies not only to myotoxicities, but according to 
our cases, also to pulmonary toxicities.
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