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Abstract: The objectives of this article were to review the mechanism and clinical sig-
nificance of statins-macrolides interaction, determine which combination has the highest risk
for the interaction, and identify key patients’ risk factors for the interaction in relation to the
development of muscle toxicity. A literature review was conducted in PubMed and Embase
(1946 to December 2018) using combined terms: statins — as group and individual agents,
macrolides — as group and individual agents, drug interaction, muscle toxicity, rhabdomyo-
lysis, CYP3A4 inhibitors, and OAT1B inhibitors, with forward and backward citation
tracking. Relevant English language in vivo studies in healthy volunteers, case reports, and
population studies were included. The interaction between statins and macrolides depends on
the type of statin and macrolide used. The mechanism of the interaction is due to macrolides'
inhibition of CYP3A4 isoenzyme and OAT1B transporter causing increased exposure to
statins. The correlation of this increased statin’s exposure to the development of muscle
toxicity could not be established, unless the patient had other risk factors such as advanced
age, cardiovascular diseases, renal impairment, diabetes, and the concomitant use of other
CYP3A4 inhibitors. Simvastatin, lovastatin, and to lesser extent atorvastatin are the statins
most affected by this interaction. Rosuvastatin, fluvastatin, and pravastatin are not signifi-
cantly affected by this interaction. Telithromycin, clarithromycin, and erythromycin are the
most “offending” macrolides, while azithromycin appears to be safe to use with statins. This
review presented a clear description of the clinical significance of this interaction in real
practice. Also, it provided health care professionals with clear suggestions and recommenda-
tions on how to overcome this interaction. In conclusion, understanding the different
characteristics of each statin and macrolide, as well as key patients’ risk factors, will enable
health care providers to utilize both groups effectively without compromising patient safety.
Keywords: drug interaction, rhabdomyolysis, muscle toxicity, HMG-Co A reductase
inhibitors, CYP3A4 inhibitors, OATP1B inhibitors

Introduction

Statins are a class of cholesterol-lowering drugs and currently considered the most
prescribed lipid-modifying therapy.' Statins’ effect on lipid profile is caused by their
competitive inhibition of HMG-CoA reductase enzyme, which is responsible for con-
trolling the rate-limiting step of hepatocyte cholesterol synthesis. This reduction in
hepatic cholesterol synthesis is augmented by the induction of low-density lipoprotein
(LDL) receptor expression which enhances the hepatic removal of the atherogenic LDL
cholesterol from circulation.” The widespread use of statins in clinical practice is due to
their very well documented benefits in reducing morbidity and mortality related to
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cardiovascular diseases.’ Macrolide antibiotics are also widely
used in treating different infections in community and hospital
settings. Most of the information available about the interac-
tion between statins and macrolides were found under the
heading of “Cytochrome P450 subfamily 3A4 (CYP3A4)
inhibitors — statins interaction”. CYP3A4 inhibitors comprise
a large number of drugs that have different inhibition potencies
as well as different effects on several other transporters. The
aim of this study was to explore the clinical significance of the
specific interaction between statins and macrolides and pro-
vide recommendations on how to deal with such interaction.

Literature review

A literature review was performed through PubMed and
Embase (1946 to December 2018) using different MeSH
terms as well as combined keywords. The following keywords
were used: CYP3A4 inhibitors, pharmacokinetics, HMG-Co
A reductase inhibitors, statins, drug interaction, rhabdomyo-
lysis, macrolides, muscle toxicity, myalgia, organic anion
transporting polypeptides 1B (OATP1B) inhibitors, simvasta-
tin, lovastatin, atorvastatin, rosuvastatin, pravastatin, fluvasta-
tin, pitavastatin, erythromycin, clarithromycin, roxithromycin,
telithromycin, and azithromycin with forward and backward
citation tracking. Relevant English language in vitro studies as
well as in vivo studies in healthy volunteers, case reports, and
population studies were included in the review.

The interacting drugs

Chemically, simvastatin, atorvastatin, fluvastatin, and lovas-
tatin are considered lipophilic compared to rosuvastatin,
pitavastatin, and pravastatin.* All statins are administered in
the active form except simvastatin and lovastatin which are
administered as lactone pro-drugs. Despite the rapid absorp-
tion of statins, their systemic bioavailability is low due to
significant first-pass effect. However, since the liver is their
main site of action, efficient first-pass uptake by hepatocytes
has greater importance than systemic bioavailability. The

major mechanism of hepatocyte uptake of lipophilic statins
is passive diffusion, while the more hydrophilic statins will
be subjected to an extensive transporter-mediated process.’
All statins are significantly metabolized by hepatic CYP450
enzymes except pravastatin and rosuvastatin, both drugs are
cleared from the body mainly unchanged in urine and feces.
Rosuvastatin and pravastatin renal clearances occur mainly
through active renal tubular secretion and accounts for 10%
and 20% of the drug total clearance, respectively. Therefore,
CYP3A4 inhibition has no significant impact on the pharma-
cokinetics of pravastatin and rosuvastatin.>® Pitavastatin is
minimally metabolized by CYP2C9 and most of the dose is
excreted unchanged in the feces.” CYP3A4 isoenzyme; the
most available CYP450 isoenzyme; is the major metaboliz-
ing enzyme in relation to simvastatin, lovastatin, and
atorvastatin.> Fluvastatin is extensively metabolized by
CYP2C9; and to a lesser extent by CYP3A4 and CYP2CS;
to three major metabolites, and only 5% of the administered
dose is renally cleared.'” Table 1 represents a summary of
important pharmacokinetic parameters of different statins.
Macrolides is a group of antimicrobial drugs charac-
terized by the presence of a macrocyclic lactone ring in
their structures. Erythromycin is rapidly degraded in the
stomach’s acidic environment to different compounds
that are responsible for the gastrointestinal side effects
of erythromycin. Clarithromycin, roxithromycin, and azi-
thromycin are newer agents in this class and have been
created semi-synthetically by modifications to erythro-
mycin. The aim of these modifications is to create more
acid-stable alternatives with longer half-life and extended
spectrum of activity. The newer macrolides have an
extended spectrum of activity toward certain species
compared to erythromycin.!' Telithromycin is structu-
rally related to macrolides (ketolides) designed to have
dual binding to bacterial ribosomes in order to overcome
the resistance of certain bacteria. The long half-life of
telithromycin, azithromycin, and roxithromycin allows

Table | Summary of selected pharmacokinetic data of statins'®'®!5->687
Simvastatin | Lovastatin | Atorvastatin | Pravastatin Rosuvastatin | Fluvastatin | Pitavastatin
Pro-drug Yes Yes No No No No No
Bioavailability (%) <5 <5 12-14 17-18 20 24 51
Half-life (hours) 2-5 1.3-5 13-16 -3 20 0.5-3 ]
Protein binding (%) >95 >95 80-99 43-55 88 >90 96
Hepatic extraction (%) 83 270 70 45 63 >68 >60
Renal excretion (%) 13 10 <5 20 10 5 15
CYP450 metabolism and CYP3A4 CYP3A4 CYP3A4 Clinically not CYP2C9 CYP2C9 CYP2C9
isoenzyme relevant minimally minimally
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their use as a single daily dose. Erythromycin, clarithro-
mycin, and telithromycin are extensively metabolized by
CYP3A4 isoenzyme, roxithromycin undergoes limited
metabolism, while azithromycin is not metabolized and

mainly excreted as unchanged drug.'' ™3

The mechanisms of the interaction
Inhibition of CYP3A4

The most important site of interaction between statins and
macrolides is CYP3A4 isoenzyme. The mechanism involves
inhibiting CYP3A4 by certain macrolides, which will result in
increased exposure to statins metabolized by the same isoen-
zyme. CYP3A4 is considered the most abundant CYP450
isoenzyme in the liver and intestine. It is involved in the
metabolism of more than 50% of drugs currently available
on the market. In the intestine, CYP3A4 is responsible for
first-pass drug metabolism and contribute to drug clearance
through the gut wall. Despite the fact that more than 20 allelic
variants of CYP3A4 have been identified, the clinical signifi-
cance of this variation has not been demonstrated in clinical
practice.'* Inhibition of CYP3A4 isoenzyme is expected to
have a significant impact on the blood level concentration of
simvastatin, lovastatin, and atorvastatin. However, the magni-
tude of this inhibition will vary depending on the potency of
the inhibition and the relative contribution of intestinal and
hepatic CYP3A4 to the total bioavailability of the drug.
Simvastatin and lovastatin’s bioavailability is more dependent
on CYP3A4 isoenzyme than atorvastatin, therefore the inhibi-
tion of CYP3A4 isoenzyme has a larger effect on their expo-
sure compared to atorvastatin.®'>

The affinity or the potency of inhibition of CYP3A4
isoenzyme by different macrolides has been explored in
many in vitro studies. These studies concluded that ery-
thromycin, clarithromycin, and telithromycin are the most
potent inhibitors of CYP3A4 isoenzyme, followed by the
weak inhibitor, roxithromycin, and finally azithromycin,
which in some studies showed results comparable to
placebo.'®'” The dual inhibition of intestinal and hepatic
CYP3A4 does not occur at the same speed, intestinal
CYP3A4 has a fast onset which peaks in about 2 days,
while hepatic CYP3A4 may take a few days to reach
maximum inhibition.?’

The inhibition of CYP3A4 by macrolides is believed
to be due to mechanism-based inhibition which results in
the formation of a tight and irreversible metabolic inter-
mediate (MI) complex which inactivates the isoenzyme.
The N-demethylation of erythromycin, clarithromycin,

troleandomycin, and oleandomycin forms reactive nitro-
soalkanes which inactivate CYP3A4 by forming MI
complex.?! Mechanism-based inhibition of CYP3A4 is
more likely to cause significant drug-drug interaction
than reversible inhibition, as the body will not overcome
this inhibition until new CYP3A4 proteins are synthe-
sized. Macrolides' inhibition of CYP3A4 through the
formation of MI complex is expected to be time-depen-
dent in its onset and more evident after multiple doses
compared to a single dose.??

Inhibition of OATPs

Membrane transporters can either facilitate the uptake of their
substrates into cells (influx) or facilitate the excretion of their
substrates out of cells (efflux). Human OATPs are a membrane
influx transporter family which consists of eleven proteins;
OATP1BI1, OATP1A2, OATPIB3, and OATP2BI1 are the
most characterized ones in relation to their influence on drug
disposition.”> OATP1B1, 1B3, and 2B1 are expressed mainly
in the sinusoidal membranes of hepatocytes and facilitate the
entry of many endogenous and exogenous substances into liver
cells. SLCOIBI gene is responsible for the formation of
OATP1BI transporter and it has been found to be polymorphic
with many single nucleotide polymorphisms (SNPs), and
sequence variations have been identified. Two important
SNPs that can form four distinct haplotypes are ¢.521T > C
(p-Vall74Ala) and c.388A > G (p.Asnl30Asp). Haplotypes
SLCOIBI*5 (c.388A-c.521C) and SLCOIBI*15 (c.388G-
¢.521C) have been associated with reduced transport activity.>*

Simvastatin acid, the active form of simvastatin, is a
substrate of OATP1B1. The contribution of this transporter
to the hepatic uptake of simvastatin acid is estimated to be
75% of the hepatic extraction ratio.® In a single dose study
in healthy volunteers who carry SLCOIBI ¢.521T > C
variant, simvastatin acid exposure was increased by
40%.%> For atorvastatin, no human data available for the
contribution of OATP1B1 in its hepatic uptake, but data
from studies conducted on rats indicate more than 90% of
the total hepatic uptake is mediated by OTAPI1BI
transporter.”® In a single dose study in healthy volunteers
(atorvastatin 40 mg), the administration of rifampin infu-
sion, an OATP1BI1 inhibitor, increased atorvastatin acid
exposure by 6.8 fold.?’ Pravastatin is mainly renally
excreted and the rest will undergo hepatic metabolism.
Since pravastatin is a hydrophilic compound, OATP1B1
transporter is needed for hepatic cellular uptake.® In one
study, a participant with SLCOIBI c¢.521CC genotype

showed 91% and 74% more pravastatin exposure
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compared to participants with ¢.521TT or ¢.521TC geno-
types respectively, while fluvastatin exposure did not show
any significant difference. In a rat model, when rifampicin
(OATP1B1/1B3 inhibitor) was coadministered with fluvas-
tatin, area under the serum concentration-time curve
(AUC) increased by 2.5 fold. This supports the assumption
that fluvastatin’s hepatic uptake is more dependent on
OATP1B3 transporter.”®?’

Metabolism of rosuvastatin is a minor route with most
of the drug excreted unchanged in feces and urine. It is
estimated that OATP1B1/B3 is responsible for 70% of
rosuvastatin’s total hepatic uptake, the rest (about 30%) is
transported via bile acid uptake transporter.® The influence
of SLCOIBI c¢.521cc genotype was larger on atorvastatin
exposure compared to rosuvastatin in healthy volunteers,
which indicates that atorvastatin uptake is more dependent
on OATPIBI transporter.*® For pitavastatin, hepatic elim-
ination as unchanged drug in bile is the major metabolic
pathway. In vitro studies showed that pitavastatin is an
OATP1B1/B3 substrate with 1B1 as the major contributor
to its hepatic uptake. Increased exposure to pitavastatin has
been reported in individuals with SLCOIBI ¢.521CC geno-
type or when coadministered with rifampicin.'~*
Lovastatin is also a substrate of OATP1BI1, but has not
shown any affinity toward OATP1B3.**

In summary, possibly all statins are substrates of
OATPI1BI but to different extents. Simvastatin, lovastatin,
atorvastatin, and pitavastatin are the most affected statins
when OATP1B1 inhibitor is used.

The magnitude of macrolides' inhibition of different
transporters as well as the level of contribution of each
transporter to total drug clearance is essential information
to determine the significance of drug-drug interactions. The
inhibitory effect of different macrolides on OATP1B1/1B3
transporters was evaluated in an in vitro model, the IC50 for
each macrolide against OATP1B1 was 96 uM (clarithromy-
cin), 121 uM (telithromycin), 153 pM (roxithromycin), and
217 uM (erythromycin). In relation to macrolides' affinity for
OATP1B3 using the same model, telithromycin showed the
strongest inhibition in vitro with IC50 of 11 puM, while
clarithromycin, erythromycin, and roxithromycin showed
slightly similar affinities with IC50 of 32 uM, 34 uM, and
37 uM respectively. Azithromycin did not show any inhibi-
tion of both transporters.>* Hirano et al calculated the inhibi-
tion constant for clarithromycin and erythromycin against
OATPI1B1 and found that clarithromycin has a stronger
affinity for OATP1B1 than erythromycin (8.25 pM and
11.4 uM respectively) and may cause a significant clinical

interaction with OATP1B1 substrates.>” These in vivo varia-
tions in inhibition values can be explained by the use of
different expression systems and different substrates.

The effect on other transporters
P-glycoproteins (P-gp), which is a member of multidrug
resistance proteins subfamily, is an efflux transporter that
may play a role in the absorption of lovastatin, simvastatin
acid, and atorvastatin acid, but not the lactone forms.*®
However, an in vitro study using Caco-2 cells showed low
affinity of these statins for P-gp and suggested that P-gp
inhibition is wunlikely to cause significant drug
interactions.?” Clarithromycin, erythromycin, and azithro-
mycin are considered weak P-gp inhibitors when coadmi-
nistered with P-gp substrates such as digoxin and
fexofenadine, they resulted in less than 2 fold increase in
AUC.® All other statins are not affected by P-gp
inhibition.>

Breast cancer resistance protein (BCRP) is another efflux
transporter that is located in the intestine, placenta, liver, and
to a lesser extent in renal proximal tubules. In the intestine,
BCRP has a similar role to P-gp in restricting the absorption
of its substrates through the intestinal wall. An important
SNP in ABCG?2 gene, which encodes for BCRP, is ABCG2
c.421C>A, which is associated with reduced expression of
the transporter, causing reduction in its efflux capacity.*’ In
healthy volunteers, c.421AA genotype was associated with
2.44 fold and 1.72 fold increase in the exposure to rosuvas-
tatin and atorvastatin respectively.*' Also, similar results
were found with fluvastatin (1.7 fold increase) and simvas-
tatin lactone (2.11 fold increase). Pravastatin and pitavastatin
exposure was not significantly altered in individuals with
c421AA genotype.42

Organic anion transporters (OATs) play a role in the
renal clearance of pravastatin and rosuvastatin. More than
90% of the renal clearance of pravastatin and rosuvastatin
is mediated by OAT3 transporter which is responsible for
their active removal from circulation.* Multidrug resis-
tance protein 2 (MRP2) has a significant effect on the
intestinal absorption of pravastatin.** The sodium-depen-
dent taurocholate co-transporting polypeptide (NTCP) is
another transporter present exclusively in hepatocytes, and
contributes to the homeostasis of bile salt in the body.*
NTCP contributes differentially to statins' hepatic uptake
with OATPIB1/1B3.
Rosuvastatin, pravastatin, pitavastatin, and fluvastatin are
considered NTCP substrates. In vitro inhibition of NTCP

by taurocholate affected mostly the hepatic uptake

other transporters such as
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clearance of rosuvastatin and pitavastatin, but to a moder-
ate extent.*® Despite the importance of all these transpor-
ters, there was no evidence in the literature that any of the
macrolides were BCRP, OAT3, MRP2, and NTCP
inhibitors.

The consequences of the interaction
Assuming that macrolides inhibit the metabolism/clearance
of statins, this may lead to increased patient exposure to
statins. This in turn can lead to one of four possibilities:
first: no symptoms at all or no changes in markers of muscle
toxicity (creatine kinase (CK)), the second possibility is
development of mild muscle pain or myalgia without any
increase in blood markers of muscle toxicity, the third
possibility is development of myalgia with increase in CK
(<10 times upper limit of normal), the final possibility is
development of rhabdomyolysis, which usually starts with
progressive muscle pain and weakness that is followed by
severe increase in CK (10x > upper limit of normal) and/or
increase in myoglobin level which can be detected in urine
and which

Rhabdomyolysis is a life-threatening condition that has a

contributes to acute kidney injury.*’
significant impact on patients’ health and quality of life.
The aim of this review was to help health care professionals
avoid the development of rhabdomyolysis by understanding
the nature of macrolides-statins interaction and risk factors

that predispose patients to such adverse events.

Studies in healthy volunteers

In order to explore the extent as well as the significance of
statins' and macrolides' interaction, a few studies have
been conducted in healthy volunteers and are summarized
in Table 2. The effects of erythromycin, clarithromycin,
and telithromycin on simvastatin exposure were variable
and highly significant, however the comparison between
them was inappropriate as one of them was a single dose
study while the other two studies followed a multiple dose
approach.*! In relation to atorvastatin, the increase in
AUC after the administration of macrolides was dose-
dependent. With atorvastatin 10 mg dosing, the increase
in AUC was less than 2 fold, while with the 80 mg dosing
the increase in AUC was more than 4 fold.**>*>*
Clarithromycin, erythromycin, and telithromycin inhibited
both intestinal/hepatic CYP3A4 and OATPIBI1, which
resulted in this large increase in the exposure to atorvas-
tatin and simvastatin. Azithromycin 500 mg daily for 3
days did not cause a significant change in atorvastatin

exposure, which is in agreement with a molecular experi-
ment that showed the clearance of triazolam through
CYP3A4 did not change with the coadministration of
azithromycin.'” The coadministration of clarithromycin
with pravastatin doubled the subjects' exposure to pravas-
tatin despite the fact that pravastatin is not metabolized by
CYP3A4 isoenzyme.*® In fact, pravastatin’s hepatic clear-
ance is estimated to account for 0.53 of drug total clear-
ance; when considering that OATP1B1 is responsible of
95% of hepatic extraction, inhibiting OATP1B1 by clari-
thromycin theoretically will double pravastatin exposure.®
Erythromycin caused a slight decrease in AUC of rosu-
vastatin, which could be due to increased gut motility
causing a slight decrease in rosuvastatin absorption. This
result confirm that rosuvastatin clearance is not dependent
on CYP3A4 activity.” Pitavastatin AUC was increased by
2.8 fold when coadministered with erythromycin, which
was more than expected (1.45 fold AUC reduction) and
this could be due to underestimation of hepatic extraction
ratio.”® All the above-mentioned trials did not take into
consideration racial background or genotype testing of
subjects, also, there was significant inter-individual varia-
bility in the extent of the statins' interaction with macro-
lides. Furthermore, these studies described the interaction
in terms of increased exposure to statins, but none of these
studies reported any signs of muscle toxicity.

Case reports from the literature
We identified 13 case reports of thabdomyolysis suspected
to be induced by addition of macrolides to long-term statin
therapy; a summary has been provided in Table 3.
Rhabdomyolysis is a severe skeletal muscle condition,
usually starting with muscle pain and weakness due to
the disruption of the muscle cells' integrity leading to a
large release of creatine kinase and other intracellular
components such as myoglobin which may cause dark
urine and induce acute renal injury.’” Statin monotherapy
rarely causes rhabdomyolysis, with estimated incidence of
0.3—-13.5 cases per one million statin prescriptions.’® Case
reports are confirmed cases of the outcome, which is
rhabdomyolysis in this context, but could not necessarily
establish causal relationship. On the other hand, analysis
of these reports may help in identifying key factors that
need to be considered to avoid such severe adverse events.
Lovastatin (four cases) and simvastatin (nine cases)
were the only statins used in these reported cases.”
About 85% of the patients were >64 years old, of those
about 54% were >75 years of age. In the literature,
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advanced age (65 years or older) is a risk factor for
developing rhabdomyolysis with statin monotherapy.”®
This risk will increase when combining statin with an
interacting drug such as clarithromycin. Most of simvas-
tatin users (78%) used a high dose of 80 mg daily, while
lovastatin users used a medium dose of 40 mg daily. In
another review of case reports of statin-induced rhabdo-
myolysis, most cases of simvastatin-induced rhabdomyo-
lysis occurred at a dose of 40 mg.”' Also, Nguyen et al
found that the OR of developing simvastatin-induced rhab-
domyolysis was significantly increased when the simvas-
tatin dose was larger than 20 mg.”® Clarithromycin was the
most suspected offending agent in more than 50% of the
cases, followed by erythromycin, while azithromycin was
implicated in only one case. The onset of symptoms varied
significantly between cases, but can be summarized into
symptoms appearing after a few days from starting the
macrolide or a few days after completing the macrolide
course. In two cases, a longer period of about 2 weeks
after the start/completion of the antibiotic was reported for
the onset of symptoms. In almost all cases, muscle pain
and weakness were the first complaints reported by
patients.

Polypharmacy and multiple comorbidities are obvious
characteristics of this cohort of patients. Seventy-seven
percent of patients suffered from cardiovascular diseases
(hypertension 61.5%, coronary artery disease 53.8%, HF
23%), 53% suffered from diabetes, and 46.1% had a cer-
tain degree of renal impairment. Interestingly, 38.5% of
patients represented with gout. Cardiovascular diseases,
especially hypertension, diabetes mellitus (DM), and
renal insufficiency are considered as risk factors for devel-
oping statin-induced muscle toxicity.””’> All patients with
DM had also reported renal impairment, except in one
case, which possibly makes DM-induced renal impairment
the highest risk, not just DM. Furthermore, infection,
excessive alcohol consumption, and thyroid disorders are
documented to increase the risk of rhabdomyolysis.>’

Looking carefully at other medications used in each
case, we could clearly identify many confounding agents
that may at least have contributed to the development of
rhabdomyolysis. Diltiazem, a very well-known CYP3A4
and P-gp inhibitor, was recognized as a major contributor
to two cases, especially when combined with colchicine, a
CYP3A4 and P-gp substrate. The interaction between col-
chicine and statins as well as colchicine and clarithromy-
cin, can lead to colchicine toxicity which can cause

rhabdomyolysis, especially if the patient is renally

impaired.”>"’* Amlodipine is considered a mild CYP3A4
inhibitor which can cause 30% increase in simvastatin acid
exposure.” Also, amlodipine is considered a potent BCRP
inhibitor, as revealed by ligand-based virtual screening
combined with in vitro testing.76 Furthermore, valsartan,
telmisaratan digoxin, and glibenclamide have different
inhibitory effects on OATP1B1. Lastly, all those patients
suffered from infection, which can independently contri-
bute to rhabdomyolysis.”” The complex interaction of
advanced age, multiple comorbidities as well as polyphar-
macy in these case reports makes it difficult to come to a
conclusion regarding a causal relationship.

Population studies from health

records and databases
Electronic medical records or databases provide a great oppor-
tunity for researchers to monitor medication safety. Table 4
represents a short description of seven relevant population
studies identified from the literature. Researchers conducted
a screening of VigiBase (an adverse drug reaction database
established by the World Health Organization) in July 2009 for
rhabdomyolysis reports concerning macrolides and statins,
and found that clarithromycin is the most commonly reported
offender. Also, they reported 53 cases that involved azithro-
mycin and statins, mostly simvastatin. However, in more than
30% of azithromycin cases, other well-established interacting
agents were reported. Azithromycin does not inhibit CYP3A4
isoenzyme or is at least considered a very weak inhibitor,
therefore the suspected interactions with statins could be a
coincidental temporal relation. The nature of VigiBase spon-
taneous reporting system, as well as the lack of clinical details,
limited the ability to establish a definite causal relationship.”’
Rowan et al looked at the US Food and Drug
Administration (FDA)’s Adverse Event Reporting System
in order to compare the adverse event reporting rate (AER)
for pravastatin and simvastatin with or without concomi-
tant CYP3A4 inhibitor.”® With pravastatin, the AER was
lower and did not change significantly with or without
concomitant CYP3A4 inhibitor (2.4 and 3.1 cases per 10
million prescriptions respectively). While with simvasta-
tin, the AER jumped from six cases without CYP3A4
inhibitor to 38.4 cases with CYP3A4 inhibitor per 10
million prescriptions. Clarithromycin and erythromycin
contributed to more than 20% of simvastatin-induced
rhabdomyolysis cases compared to none with pravastatin.
The study concluded that concomitant use of simvastatin
and a CYP3A4 inhibitor increased the risk for developing
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rhabdomyolysis. When looking at muscle toxicity as the
investigated event — defined as myalgia, myopathy, and
myositis — researchers screened The Health Improvement
Network (THIN) database of primary care medical records
in the UK from 1990-2008 to compare the relative hazard
of muscle toxicity associated with the concomitant use of
statins and CYP3A4 inhibitors.”’ They stratified statins as
CYP3A4 substrate (simvastatin and atorvastatin) and non-
CYP3A4 substrate (fluvastatin, pravastatin, and rosuvasta-
tin), clarithromycin and erythromycin were included in the
analysis. There was no increase in the relative hazard of
muscle toxicity between using statins alone and using
statins with a CYP3A4 inhibitor. However, erythromycin
and clarithromycin represented only 1.5% and 0.9%
respectively of the total cases of concomitant use.
Interestingly, no cases of muscle toxicity were reported
with concomitant use of macrolides and non-CYP3A4
substrate statins (fluvastatin, pravastatin, and rosuvastatin),
which supported the claim that the metabolism of these
statins is not affected by CYP3A4 isoenzyme pathway.
The results of this research questioned the clinical signifi-
cance of increased statins’ exposure reported in healthy
volunteers and its correlation to statins’ adverse effects in
real practice.

On the other hand, the previous results were not in
agreement with results extracted from administrative man-
aged care claims database in the US, where concomitant
use of lipid-lowering medications and a CYP3A4 inhibitor
increased the rate of developing myopathy requiring hos-
pitalization by 6 fold.”” It is noteworthy to mention that
the two studies had different definition codes for myopa-
thy, also the later study had several limitations, it used
aggregated data for all lipid-lowering drugs (statins and
non-statins), also cerivastatin, which has been withdrawn
from the market, significantly influenced the results (inci-
dence rate per 10,000 person-years was three and four
times that of simvastatin and atorvastatin respectively).
Finally, the statistical analysis included all CYP3A4 inhi-
bitors listed as one group without stratification, which
makes it difficult to identify which agents significantly
influenced the result.

In another attempt to explore the difference in the risk of
developing rhabdomyolysis when statins are co-prescribed
with different macrolides, Patel et al screened four linked
health care databases in Ontario, Canada to compare the
risk of developing rhabdomyolysis when statins metabo-
lized by CYP3A4 (simvastatin, atorvastatin, and lovastatin)
are co-prescribed with clarithromycin or erythromycin

compared to statins co-prescribed with azithromycin as the
reference group. A small absolute risk reduction of 0.02%
was observed in favor of azithromycin group. Indeed, the
total number of rhabdomyolysis cases was 34 out of more
than 144,000 co-prescriptions, also, the study was limited
only to patients older than 65 years.*

In addition to inhibiting CYP3A4 isoenzyme, clarithro-
inhibit the OATPI1BI
OATP1B3. Pravastatin and rosuvastatin’s hepatic uptake

mycin can transporters and
is controlled mainly by these transporters. To evaluate the
effect of concomitant use of clarithromycin with non-
CYP3A4 substrate statins (pravastatin, rosuvastatin, and
fluvastatin), five large administrative databases housed at
the Institute for Clinical Evaluative Sciences (ICES) were
screened. The measured end points were hospitalization
due to rhabdomyolysis, acute kidney injury or hyperkale-
mia, and all-cause mortality due to concomitant use of
clarithromycin with non-CYP3A4 substrate statins. The
control group was selected as those with concomitant use
of same statin and azithromycin. The results showed a
modest increase in the risk of outcomes (for rhabdomyo-
lysis, the absolute risk reduction was 0.02%).*' To under-
stand the clinical significance of clarithromycin-statins
interaction, researchers from Austria screened a large
health claims database for the composite end point of
hospitalization or death within 30 days due to concomitant
use of clarithromycin and CYP3A4 substrate statins. After
calculating the adjusted risk, the concomitant use of clar-
ithromycin and CYP3A4 substrate statins was not asso-
ciated with increasing the risk of hospitalization or
death.®” One of the limitations of this study was that
they considered pravastatin a CYP3A4 substrate statin.

Discussion

The evidence behind macrolides-statins interaction varies
significantly between the different types of drugs in each
group. In relation to statins, most of this interaction was
associated with simvastatin and lovastatin in case reports,
while in healthy volunteers, simvastatin showed the highest
level of increased exposure followed by atorvastatin 80 mg
and pitavastatin 4 mg. In relation to macrolides, it is very
obvious from this review that the risk of interaction is higher
with telithromycin, erythromycin, and clarithromycin, while
roxithromycin has less potential for the interaction and azi-
thromycin appears to be safe to use. It is noteworthy to
mention that from the 53 cases of rhabdomyolysis suspected
to be due to azithromycin and statins combination mentioned
by Strandell et al, in only three cases the reporters explicitly
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indicated that azithromycin was most likely to be the offend-
ing agent.”” Pharmacogenetic polymorphisms in CYP3A4
gene, SLCOIBI, and ABCG2 may have an influence on an
individual’s susceptibility to this interaction. However, cur-
rently in clinical settings, genetic testing for polymorphisms
in these genes is not available, and it is not likely to be
available in the near future, unless it is proven to be cost-
effective. The case reports presented in this review identified
very well-known risk factors for rhabdomyolysis suspected
to be due to macrolides-statins combination. Advanced age,
cardiovascular diseases, renal impairment, DM, and conco-
mitant interacting drugs are all considered risk factors for the
development of statin-induced rhabdomyolysis with or with-
out concomitant macrolides.’”7%71:%3

The increased exposure of simvastatin, lovastatin, and
atorvastatin when coadministered with clarithromycin, tel-
ithromycin, and erythromycin is evident, but the signifi-
cance of this increased exposure to the development of
muscle toxicity could not be established in real practice. In
Japan, a retrospective cohort study using a claims database
could not find a statistically significant difference between
the incidence of muscle toxicity between statin users who
took interacting drugs (as per product information; includ-
ing clarithromycin, erythromycin, and telithromycin) com-
pared to statin users not taking interacting drugs. The
number of cases identified in this cohort was very small
(three cases), so no stratification analysis against the type
of interacting drug was performed.®® In another population
study in Austria, the increased risk of hospitalization or
death due to concomitant use of clarithromycin and statins
was perfectly neutralized after adjusting for age, cardio-
vascular diseases, diabetes, and utilization of other
antibiotics.®* Similar results have been shown in the UK,
where the relative hazard of muscle toxicity, hepatic and
renal dysfunction did not differ between statins (3A4 sub-
strate/non-3A4 substrate) combined with CYP3A4 inhibi-
On the other hand,
rhabdomyolysis adverse event rate increased from six

tor compared to statins alone.’”®

cases to 38.4 cases per 10 million prescriptions when
simvastatin was coadministered with CYP3A4 inhibitor
compared to simvastatin alone. However, this rate was
based on domestic spontaneous reporting of adverse
events, also clarithromycin/erythromycin represented
21% of the CYP3A4 inhibitors used in this cohort.”®
Assuming that all CYP3A4 inhibitors are similar and
including them as a group in the analysis is not the most
appropriate approach to establish a causal relationship. Many
of these inhibitors have a different affinity for CYP3A4

isoenzyme as well as the fact that many of them has different
inhibitory effects on other transporters, eg, cyclosporine is a
potent inhibitor of CYP3A4, P-gp, BCRP, and OATP1B1/
1B3. Also, the proportion of each inhibitor in the group varied
significantly, which makes it difficult to predict which inhibi-
tor drove up the results. Perhaps the small amount of muscle
toxicity detected in such studies makes it difficult to stratify the
results as per the interacting agent.

The group analysis of statins as CYP3A4-substrate and
non-CYP3A4-substrate also produced confusing results.
Atorvastatin, simvastatin, and lovastatin are all included in
the CYP3 A4-substrate group despite the fact that inhibiting
CYP3A4 by macrolides in healthy volunteers produced
significant variation in exposure to these statins. This in
turn, could overestimate the risk associated with atorvastatin
compared to simvastatin and lovastatin. The population
studies cited in this review which focused on CYP3A4-
substrate statins did not stratify the outcomes measured by
individual statins, except one study which found that the
incidence of rhabdomyolysis with atorvastatin was signifi-
cantly lower than simvastatin and lovastatin.’?

In the two Canadian population studies discussed pre-
viously, the estimated incidence of rhabdomyolysis in older
adults co-prescribed clarithromycin/erythromycin and statins
was 0.03% regardless of the type of statin (3A4 or non-3A4
substrates).*>®! This similar incidence rate was not expected
based on molecular and pharmacokinetic studies and raises a
few issues related to the study type and design. The length of
the macrolide course was not mentioned. Also, the events were
recorded up to 30 days from the macrolide prescription date.
This in turn could have overestimated the number of events, as
in case reports most of the symptoms of muscle toxicity started
a few days after the start of macrolides or a few days after the
completion of the course. Also, the authors acknowledged the
limitation of this type of study as well as the possibility of
medical codes' insensitivity. Despite the fact that many
researchers tried to account for all known variables, the type
of infection was not taken into consideration, possibly due to
the fact that most antibiotic treatments are empirical therapy,
however, certain types of infection have been documented to
be independent risk factors for developing rhabdomyolysis.*’

Relevance to patient care and
clinical practice

The interaction between macrolides and statins is more
pronounced with simvastatin, lovastatin, and atorvastatin.
In case reports, simvastatin 80 mg was the most commonly
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reported dose used by patients. In healthy volunteers, the
largest increase in statin exposure with concomitant
macrolides was with simvastatin 40 mg. Taking into con-
sideration the FDA’s warning in relation to the increased
risk of myopathy with simvastatin 80 mg,’ ceasing sim-
vastatin therapy temporarily or using azithromycin is the
most appropriate measure to avoid toxicity associated with
concomitant use of macrolides, especially if there are other
risk factors such as advanced age, diabetes, cardiovascular
diseases, and using other interacting agents.*® Due to the
similarity between metabolism of lovastatin and simvasta-
tin, the same approach should be followed with lovastatin.
It is important to mention that the FDA’s approved product
information for lovastatin contraindicates the concomitant
use of telithromycin, clarithromycin, and erythromycin
with lovastatin.®’

The risk of developing muscle toxicity with the coad-
ministration of atorvastatin and macrolides is overesti-
mated when it is included with simvastatin and lovastatin
as “CYP3A4-substrate statins”. Concomitant administra-
tion of azithromycin with atorvastatin did not produce
significant changes to atorvastatin AUC in healthy volun-
teers, which makes this macrolide a safe option for
patients on atorvastatin therapy. Also, the increased expo-
sure to atorvastatin (10—40 mg) when coadministered with
clarithromycin/erythromycin is less likely to be of clinical
significance in practice unless the patient has other risk
factors for rhabdomyolysis. For higher doses of atorvasta-
tin (80 mg), it is recommended to either use azithromycin
or to temporarily cease atorvastatin until the end of the
macrolide therapy. Fluvastatin exposure is not expected to
significantly change with the coadministration of macro-
lide antibiotics.'> Pitavastatin AUC was increased by 2.8
fold when coadministered with erythromycin, therefore,
the manufacturer suggests not to use this combination
with pitavastatin dose above 1 mg.’® Since the proposed
mechanism of this interaction is through inhibition of
OATPI1BI,
extended to include clarithromycin and telithromycin. If

the manufacturer’s suggestion could be
higher doses of pitavastatin is used (>1 mg), we suggest
using azithromycin or temporarily ceasing pitavastatin
until the antibiotic course is completed. Pravastatin can
be co-prescribed with clarithromycin with caution as long
as the pravastatin dose does not exceed 40 mg.*® With
pravastatin doses >40 mg, we suggest either reducing the
dose or ceasing the medication temporarily or using azi-
thromycin. Rosuvastatin is mainly excreted unchanged and
can be safely coadministered with macrolide antibiotics.

Simvastatin, lovastatin, fluvastatin, and pravastatin have
short half-lives of between 2-5 hours, while atorvastatin,
rosuvastatin, and pitavastatin have longer half-lives of
between 11-20 hours.! Based on statins’ half-lives, after ceas-
ing statin therapy temporarily, it will take 25 days to reach
steady-state concentration after the re-commencement of
treatment.®® Proper counseling is essential to reduce the risk
of adverse drug events. All patients using concomitant statin-
macrolide combinations should be advised to stop medication
and refer to their doctors if they notice unusual muscle pain.

Conclusion

From this review, we can confidently suggest that macro-
lides-statins interaction can lead to increased exposure to
statin therapy. The most affected statins are simvastatin,
lovastatin, and to a lesser extent atorvastatin (80 mg).
Rosuvastatin, fluvastatin, and pravastatin are not signifi-
cantly affected by this interaction. In most patients, this
increase in statin exposure will not have any clinical sig-
nificance. The increased exposure to statin therapy in the
presence of other risk factors such as advanced age, renal
impairment, diabetes, cardiovascular diseases, and the use
of other statin-interacting drugs may cause serious muscle
toxicity. In relation to macrolides, clarithromycin, erythro-
mycin, and telithromycin are the most offending agents,
while roxithromycin has limited potential for this interac-
tion and azithromycin appears to be safe to use with statins.
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