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Abstract

Introduction: Statins are the primary therapeutic approach for treating hypercholesterolemia in
hyperlipidemic high cardiovascular-risk patients, as stated by the recent European and American
guidelines. However, in some patients, statin treatment is not sufficient to achieve the
recommended plasma LDL-C levels, and the addition of a second hypolipidemic drug becomes
mandatory. Concomitant administration of multiple medications may increase the risk of adverse
events, potentially leading to statin-associated muscle or liver symptoms and non-adherence or
discontinuation of statin therapy, such as in women. The addition of a second hypolipidemic drug
(such as ezetimibe, anti-PCSK9 monoclonal antibodies, bempedoic acid, and inclisiran) may lead
to drug-drug interactions (DDlIs). The evaluation of the different pharmacokinetic profiles may

improve and personalize the treatment.

Areas covered: We aimed to give an update on the potential DDIs between statins and other

hypolipidemic drugs currently used to treat high-risk hyperlipidemic patients.

Expert opinion: It is fundamental to understand the risk associated with DDIs to manage better
the addition of a concomitant hyperlipidemic drug to a statin-treated patient. Many health agencies
have published specific guidelines for assessing DDlIs, but these mainly apply to in vitro studies.

New predictive approaches are being proposed and may help evaluate and manage DDlIs.
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1. Introduction

Cardiovascular diseases (CVDs) cause millions of deaths worldwide [1]. CVD prevention requires
the improvement of unhealthy lifestyles and the reduction of plasma cholesterol levels. Statins, the
competitive inhibitors of the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (the
rate-limiting step in cholesterol biosynthesis), lower plasma low-density lipoprotein cholesterol
(LDL-C) levels reducing the risk of developing CVD by up to 23% [2,3]. In addition to healthy
lifestyle interventions, statins are the primary therapeutic approach for treating
hypercholesterolemia in hyperlipidemic patients, as stated by the most recent European and
American guidelines [1,4]. In addition, high doses of statin may induce myopathy and new-onset
diabetes [5,6]. Moreover, many statin-treated patients have several comorbidities and therefore
receive multiple treatments (polytherapy) thus increasing the risk of drug-drug interactions (DDIs)
as related to statin-induced myopathy [7]. Statin monotherapy is usually well-tolerated, but the
concomitant administration of multiple medications may increase the risk of adverse events,
potentially leading to statin-associated muscle or liver symptoms and non-adherence or
discontinuation of statin therapy [8]. These muscle adverse events may be due to the increased
exposure to statins caused by the co-prescribed drug [9,10], while hepatotoxicity could be caused
directly by statins [11], although the FDA does not recommend periodic liver enzyme monitoring in

statin-treated patients [12].

Genetic variability in individual responses to drugs (pharmacogenetics) is considered an essential
determinant in responding to a drug [13—15], and it may also lead to a better understanding of the
mechanisms of DDIs. Interindividual variability in statin pharmacokinetics (PK) may profoundly
affect statin side effects [16] and statin-induced DDIs. In addition, some studies have suggested
sex differences in the PK and pharmacodynamics (PD) of CV drugs, such as antihypertensive
drugs [17], and a higher incidence of statin-associated muscle symptoms has been observed in

women compared to men [18].

In some patients, statin treatment is not sufficient to achieve the guideline-recommended plasma
LDL-C levels [1,4,19,20]. Therefore, the addition of a second hypolipidemic drug (such as
ezetimibe, anti-PCSK9 monoclonal antibodies, bempedoic acid, inclisiran, etc...) becomes
mandatory. The administration of the combination of a statin plus ezetimibe and/or PCSK9
inhibitors has been very successful as an intervention strategy [21] either to achieve the
recommended target goals or to reduce cardiovascular events further. However, when using drug
combinations, it is important to weigh the expected potential benefits against potential side effects
and DDls.

This review aims to give an update on the potential DDIs between statins and other hypolipidemic

drugs currently used for the treatment of high-risk hyperlipidemic patients.
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2. Drug-drug interactions

What is a DDI? When two drugs are given together, one could affect the PK or the PD of the
second drug. Thus, the effect of the therapy could be different from the expected effects of each
drug when given alone affecting either the efficacy or toxicity of one or both interacting drugs [22].
Typically, a DDI alters the absorption, distribution, metabolism, or excretion of one or more
medications, although clinically significant DDIs are usually due to the induction or inhibition of
drug metabolism or transport through cell membranes [23,24]. Some drugs may inhibit or induce
the drug-metabolizing cytochrome P450 (CYP) enzymes, particularly CYP3AA4, thus increasing or
reducing the plasma concentrations of other drugs. On the other hand, drugs are also recognized
by protein transporters located on the plasma membrane that allow the passage of the medication
through the lipid bilayers. Thus a compound that modulates these transporters may affect both
drug absorption and elimination of the coadministered drug [16,25]. DDIs may cause up to 6.5% of

hospitalizations [26], with half of the patients being of advanced age [27].

3. Statin potential for DDIs and adverse effects

Statins are very selective competitive and reversible HMG-CoA reductase inhibitors, and they do
not show any relevant affinity toward other enzymes or receptors. However, they may cause
pharmacokinetic-based DDIs in clinics [23,28-30], and this may increase their systemic
concentrations [23,31,32] which is an index of potential adverse effects in peripheral tissues [24].
Increased levels of statins may lead to myalgia, myopathy, and (although more rarely and

seriously) rhabdomyolysis [33].

Statins have important PK differences, among which are bioavailability, lipophilicity, systemic
exposure, peak of maximum serum concentration (C,.x), protein binding, metabolism, half-life,
presence of active metabolites, and excretion routes [24]. Statins are rapidly absorbed, reaching
their peak concentration in about 4 hours. They show a low systemic bioavailability which varies
from about 5% for fluvastatin, lovastatin, and simvastatin, to 20% for pravastatin and rosuvastatin,
to 51% for pitavastatin, due to an important hepatic first-pass effect [23,24,31]. Statin terminal half-
life ranges from less than 5 hours for fluvastatin, lovastatin, pravastatin, and simvastatin, to 13
hours for pitavastatin, and between 15 and 30 hours for atorvastatin and rosuvastatin. The major
route of elimination for all statins is via the bile into the feces, except for pravastatin and
rosuvastatin which are eliminated through the bile and renal tubular secretion [23,24,31]. The CYP
isoenzymes system primarily metabolizes most of the statins, except for pravastatin which is
transformed enzymatically in the liver cytosol (Table 1). The CYP3A4 isoenzyme metabolizes
atorvastatin, lovastatin, and simvastatin, while fluvastatin is metabolized primarily by the CYP2C9

enzyme, with CYP3A4 and CYP2CS8 less involved [23]. Lovastatin and simvastatin are more
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sensitive substrates of CYP3A4 than atorvastatin, thus they are more susceptible to CYP3A4
inhibition. Pravastatin and rosuvastatin do not undergo substantial metabolism via CYP pathways,
although rosuvastatin may interact with CYP2C9 and CYP2C19 [23], although as a poor substrate
[34]. Pitavastatin is protected from CYP3A4-mediated metabolism by the cyclopropyl moiety on its
base structure and is marginally metabolized by CYP2C9 and CYP2C8 (Table 1) [31].

Another potential mechanism for statin DDIs is their interaction with drug transporters in the liver,
gut, and kidney that modulate statin disposition. Organic anion-transporting polypeptide 1B1
(OATP1B1, gene name SLCO1B1) mediates the hepatic uptake of all the statins [16,25]. Other
transporters that mediate the uptake and efflux of statins are OATP1B3 (SLCO1B3), OATP2B1
(SLCO2B1), multidrug resistance-associated proteins, such as P-glycoprotein (ABCB71), MRP2
(ABCC2), breast cancer resistance protein (BCRP, ABCG2) and sodium-dependent taurocholate
co-transporting polypeptide (NTCP, SLC10A17) (Table 1) [16]. Pitavastatin is glucuronidated by
uridine diphosphate-glucuronyltransferase (UGT) 1A1, UGT1A3, and UGT2B7, and is converted to
its inactive lactone form before elimination through the bile [35].

A drug that inhibits CYP enzymes (mainly CYP3A4) or interferes with drug transporters [24], such
as OATP1B1 and P-gp, may reduce statin metabolism thus leading to increased systemic
exposure and increasing the risk of myopathy [30,32]. Therefore, it is fundamental to consider the
DDI profile of a co-administered drug when selecting a statin for an individual patient. The different
physicochemical and PK properties of statins explain the important differences in their interaction
potential. Direct effects on one or more of these parameters may cause clinically relevant DDIs
with statins. US FDA defines a DDI based on two PK measures: the area under the curve (AUC)
and C,,.x which may be altered in the presence of a DDI [22]. Clinical recommendations for the
management of DDIs involving statins should be based on the increase in the AUC which defines
the magnitude of the interaction as minor (>1.25 < 2.0), moderate (22—4.9), or severe (25) [36].
The strength of these DDIs represents the magnitude of the interactions with drugs sharing similar

metabolic pathways.

4. Statins in combination with other hypolipidemic drugs: a DDI issue
The demanding goal for LDL-C levels recommended by the recent clinical guidelines [4] is a strong
rationale for the combination therapy with other hypolipidemic drugs. However, statins may cause
DDIs with lipid-lowering agents, from the combination with resins leading to reduced absorption of
statin and reduced efficacy to the more critical PK interaction with gemfibrozil, responsible for a

strong increase of the risk of rhabdomyolysis [37].
4.1.  Statins and ezetimibe
Ezetimibe is a cholesterol absorption inhibitor and prevents the intestinal uptake of dietary and

biliary cholesterol by inhibiting Niemann—Pick C1-like 1 protein [38]. Ezetimibe does not induce
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cytochrome P450 drug-metabolizing enzymes. No clinically significant PK interactions have been
observed between ezetimibe and drugs known to be metabolized by CYP 1A2, 2D6, 2C8, 2C9,
and 3A4, or N-acetyltransferase. Ezetimibe is primarily glucuronized by enzymes such as
UGT1A1, UGT1AS3, and UGT2B15 [39]. In patients receiving fenofibrate and ezetimibe, physicians
should be aware of the possible risk of cholelithiasis and gallbladder disease [39]. The
coadministration of ciclosporin increased ezetimibe plasma levels. Cautions should be exercised
when initiating ezetimibe in the setting of ciclosporin and ciclosporin concentrations should be
monitored [39].

No clinically significant pharmacokinetic interactions were seen when ezetimibe was co-
administered with atorvastatin, simvastatin, pravastatin, lovastatin, fluvastatin, or rosuvastatin [39].
In combination with a statin, when additional LDL-C lowering therapy is not possible, ezetimibe is
indicated as an adjunct to diet to reduce elevated LDL-C in adults with primary
hypercholesterolemia, or in adults and pediatric patients 10 years of age or older, with
heterozygous familial hypercholesterolemia (HeFH) or homozygous familial hypercholesterolemia
(HoFH) [39,40]. Ezetimibe added to an ongoing statin therapy lowers total cholesterol, LDL-C, apo
B, and non-HDL-C compared to statin monotherapy [40,41] with a cooperative mechanism [42]
associated with event reduction [43—45].

Moreover, the safety profile of the combination is well established. However, it should be taken into
account that the combined treatment with a statin and ezetimibe might cause a mild increase in
hepatic transaminases [45]. In post-marketing experience with ezetimibe, cases of myopathy and
rhabdomyolysis have been reported with the combination [39]. It has been postulated an
interaction in the glucuronidation process between the two drugs since both are glucuronidated by
the UGT1A1 enzyme [46,47]. A case of rhabdomyolysis has been described in an HIV patient who
received ezetimibe in combination with simvastatin [48]. No clinically significant PK interactions
have been reported between ezetimibe and lovastatin, fluvastatin [49,50], or rosuvastatin [51]

(Figure).

4.2.  Statins interactions with bempedoic acid

Bempedoic acid reduces LDL-C levels by inhibiting the adenosine triphosphate citrate lyase (ACL),
a key regulatory enzyme in the cholesterol biosynthetic pathway, specifically in the liver [52].
Bempedoic acid is not a substrate, nor does it inhibit or induce CYP450 enzymes, but it is mainly
metabolized by UGT2B7 [53]. Bempedoic acid unmodified and its glucuronide are weak inhibitors
of OATP1B1 and OATP1B3 transporters, at clinically relevant concentrations, and of OAT2. The

glucuronide is also a substrate of OAT3, while the free acid is a weak inhibitor of OAT3.

Bempedoic acid reduces LDL-C up to 20-25% in statin-intolerant patients and by 38% if given with

a fixed-dose combination with ezetimibe [54]. The recent CLEAR Outcomes trial showed that the
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treatment with bempedoic acid was associated with a lower risk of major adverse cardiovascular

events in statin-intolerant patients [55].

This drug has a satisfactory safety profile, except for a transient and reversible increase in serum

uric acid and creatinine levels in treated patients. The inhibition of OAT2 could explain this effect.

Bempedoic acid may increase statin levels. Administration of a single dose of simvastatin 40 mg
with steady-state bempedoic acid 180 mg resulted in a 2-fold increase in simvastatin acid
exposure. Elevations of 1.4-fold to 1.5-fold in AUC of atorvastatin, pravastatin, and rosuvastatin
(administered as single doses) and their major metabolites were observed when coadministered
with bempedoic acid 180 mg. Higher elevations have been observed when these statins were
coadministered with a supratherapeutic 240 mg dose of bempedoic acid [56]. The coadministration
of bempedoic acid and simvastatin 40 mg caused a two-fold increase in simvastatin exposure.
Therefore, the simvastatin dose should not exceed 20 mg and pravastatin 40 mg when given in
combination with this drug [57] (Figure). Bempedoic acid may also increase the exposure to
atorvastatin 80 mg, pravastatin 80 mg, and rosuvastatin 40 mg by 40%-50% [56]. A DDI most
probably induces these effects at the OATP1B1 and OATP1B3 levels.

Patients receiving bempedoic acid as adjunctive therapy to a statin should be monitored for
adverse reactions that are associated with the use of high doses of statins [57]. Statins
occasionally cause myopathy that in rare cases may take the form of rhabdomyolysis with or
without acute renal failure secondary to myoglobinuria. All patients receiving bempedoic acid in
addition to a statin should be advised of the potential increased risk of myopathy and told to report
promptly any unexplained muscle pain, tenderness, or weakness [56]. If such symptoms occur
while a patient is receiving treatment with bempedoic acid and a statin, a lower maximum dose of
the same statin or an alternative statin, or discontinuation of bempedoic acid and initiation of an
alternative lipid-lowering therapy should be considered under close monitoring of lipid levels and
adverse reactions. If myopathy is confirmed by a creatine phosphokinase (CPK) level > 10x upper
limit of normal (ULN), bempedoic acid and any statin that the patient is taking concomitantly should

be immediately discontinued [56].

Myositis with a CPK level > 10x ULN was rarely reported with bempedoic acid and background

simvastatin 40 mg therapy [56].

4.3.  Statins and monoclonal antibodies against PCSK9
Statins and fibrate may increase the secretion of PCSK9, which is the target of monoclonal
antibodies (mAbs) against PCSK9, such as alirocumab and evolocumab. Therapeutic mAbs are
large glycoproteins recognized and metabolized by systems or transporters different from those

that absorb, distribute, metabolize, or eliminate conventional small molecules, such as statins [58].
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Therefore, mAbs usually have a limited potential for direct DDIs with small molecules. These
antibodies are eliminated from the body via a non-linear target-mediated clearance pathway
mediated by the specific interaction between the variable, antigen-specific, region of the antibody,
and its pharmacological target [58]. Increased or reduced levels of expression of targets of mAbs
on the cell surface will affect the clearance of mAbs. In patients treated with statins together with
evolocumab or alirocumab an increased antibody clearance has been observed indeed [59,60]. As
specified in the EMA SmPC for evolocumab [60]: in patients with heterozygous familial
hypercholesterolemia on high-dose statin, the systemic exposure of evolocumab is slightly lower
than in subjects on low to moderate-dose statin. An approximately 20% increase in the clearance
is mediated by statins increasing the concentration of PCSK9. For alirocumab [59]: statins and
other lipid-modifying therapies are known to increase the production of PCSK9, the protein
targeted by alirocumab. This leads to increased target-mediated clearance and reduced systemic
exposure to alirocumab. Compared to alirocumab monotherapy, the exposure to alirocumab is
about 40%, 15%, and 35% lower when used concomitantly with statins, ezetimibe, and fenofibrate,
respectively [59]. The reduction or halving of mAb half-life (down to two weeks) supports the more
frequent administration. However, administration of alirocumab every 2 weeks still maintains the
reduction of LDL-C levels.

Altogether, the current results showing the lack of DDIs among mAbs and statins underline the
rationale for the use of the combination of small molecules (such as statins) and mAbs in

dyslipidemic patients and the low incidence of DDIs among them [61] (Figure).

4.4. Statins and inclisiran

Inclisiran is a double-stranded small interfering RNA (siRNA) conjugated on the sense strand with
a triantennary N-acetylgalactosamine (GalNac) that confers a liver-specific uptake. Once inside the
hepatocytes, inclisiran causes a catalytic degradation of PCSK9 mRNA. This increases LDL-C
receptor recycling and expression on the outside of the hepatocyte membrane, thus facilitating LDL
uptake and reducing LDL-C levels [62,63]. Inclisiran does not inhibit or induce, nor is it a substrate
for CYP450 enzymes or common drug transporters [64]. No clinically meaningful interactions with

statins have been described or are expected (Figure).

4.5.  Statin and fibrate combinations
The statin-fibrate combination has been a highly debated therapy. Myopathy may occur with either
drug alone, and their effects are additive [23]. Fibrates impair liver function, leading to a diminished
hepatic extraction of statins and higher plasma drug levels [65]. However, the increased risk for
myopathy is very much reduced with the combination of statins with fibrates such as fenofibrate,

bezafibrate, or ciprofibrate [1].
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Concerns regard the increased risk of developing rhabdomyolysis when gemfibrozil is combined
with any statins, especially with cerivastatin [66]. Fenofibrate and gemfibrozil are both metabolized
via glucuronidation, although through different UGT hepatic enzymes (UGT1A9 and UGT2B7 for
fenofibrate, and UGT1A1 and UGT1A3 for gemfibrozil). Most statins are glucuronidated by the
same enzymes as gemfibrozil. Therefore, with the combination of gemfibrozil and a statin, we may
have a competition for the conversion of the statin from the open form to lactone, which is then
catabolized by the cytochromes [66].

Because of the increased risk for muscle-related toxicity, the current guidelines state that
combination therapy with gemfibrozil and any statins must be avoided [1,4] (Figure). However, it
must be remembered that some randomized clinical trials with the combination of fenofibrate with a
statin did not highlight an increased risk of myopathy, most probably because of the different PK

properties of fenofibrate compared to gemfibrozil [29].

4.6.  Statins and Lomitapide

Lomitapide is a selective inhibitor of the microsomal transfer protein (MTP), an intracellular protein
responsible for binding and shuttling lipid molecules between membranes. It plays a key role in
apoB-containing lipoprotein assembly, thus its inhibition reduces lipoprotein secretion [67].
Lomitapide is a substrate and a weak inhibitor of CYP3A4 (Table 2). Therefore, strong CYP3A4

inhibitors will increase lomitapide exposure, while CYP3A4 inducers will reduce its effect [68].

Lomitapide increases statin plasma concentrations [69,70]. It is recommended to monitor patients
receiving its combination with high doses of statins for the potential increased risk of myopathy and
to report any unexplained muscle pain or weakness. Simvastatin dose should not exceed 40 mg
when coadministered with lomitapide [68] (Figure). When lomitapide 60 mg was administered to
the steady state before atorvastatin 20 mg, atorvastatin acid AUC and Cmax increased by 52%
and 63%, respectively. When lomitapide 60 mg was administered to the steady state before
rosuvastatin 20 mg, rosuvastatin Tmax increased from 1 to 4 hours, AUC was increased by 32%,
and its Cmax was unchanged [70]. The use of lomitapide is contraindicated in patients treated with
high doses of simvastatin (> 40 mq) [70] (Figure). When administered with atorvastatin, the

lomitapide dose should be reduced by half or taken 12 hours apart [70,71].

The interaction between lovastatin and lomitapide has not been studied. However, the
metabolizing enzymes and transporters responsible for the disposition of lovastatin and simvastatin
are similar, suggesting that lomitapide may increase the exposure of lovastatin; therefore, a

lovastatin dose reduction should be considered when initiating lomitapide [72].

4.7. Statins and Evinacumab
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Evinacumab is a human monoclonal antibody produced by recombinant DNA that binds and
inhibits specifically the Angiopoietin-related Protein 3 (ANGPTL3). This protein plays a role in the
regulation of lipid metabolism by inhibiting lipoprotein and endothelial lipases. The inhibition of
ANGPTL3 lowers triglycerides and HDL-C levels and promotes LDL-C reduction [73].

Based on its metabolic pathways, no interactions between evinacumab and other lipid-lowering

drugs are expected nor have been described so far [73] (Figure).

5. Effect of sex differences in statin-induced DDIs

Sex may affect both drug PK and PD and a higher incidence of statin-associated muscle
symptoms has been shown in women compared to men [18]. Sex-associated polymorphism of
transfer protein may also influence statin liver uptake thus affecting patient compliance and statin
efficacy [74,75]. This genotype effect is more pronounced in women than in men, and fewer
women reach the recommended lipid targets [76]. The reason behind this important clinical issue
could be a different absorption rate since men show a lower gastric pH, faster gastric emptying, a
shorter gastrointestinal transit time, and higher hepatic levels of drug efflux proteins [17]. Drug
distribution could also be involved. Usually, men weigh more than women, have higher plasma
volume and organ blood flow, and have less body fat thus changing the volume of distribution of
drugs [17]. Estrogens induce hepatic glycosylation and reduce plasma levels of alpha1-acid-
glycoprotein [77], reduce liver blood flow, and stimulate CYP 3A4, 2A6, and 2B6 activities [17,78].
On the contrary, women have been shown to have lower CYP1A2 and 2E1 activity [78].
Interestingly, however, sex differences in statin-associated DDIs with hypolipidemic drugs have not

been reported in the literature or their Summary of Product Characteristics.

6. Conclusions

Statins are very effective in reducing plasma LDL-C levels in most treated patients. However, some
patients still do not meet the demanding cholesterol goals required by the current clinical
guidelines [4,72]. This is particularly evident in female patients who rarely meet the lipid targets
recommended by the most recent clinical guidelines [1,4,19,20,76,79]. Therefore, the combination
of a statin with a second lipid-lowering drug becomes mandatory. Some of these combinations
have been proven safe and do not cause any DDls, as shown above with the combinations with
inclisiran, monoclonal antibodies against PCSK9, or evinacumab (Figure). However, some other
hypolipidemic drugs should be completely avoided in statin-treated patients, such as in the case of
gemfibrozil, or statin dose should be carefully checked and should not exceed a certain safe

amount (combination with bempedoic acid or lomitapide) (Figure). Therefore, it is fundamental to
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understand the risk associated with DDIs to manage better the addition of a concomitant drug to a

statin-treated patient.

7. Expert opinion

CVD prevention requires the improvement of unhealthy lifestyles and the reduction of plasma
cholesterol levels. Statins reduce plasma LDL-C levels and are the primary therapeutic approach
for treating hypercholesterolemia in hyperlipidemic high cardiovascular-risk patients. Differences in
the response to statin treatment and statin-associated muscle symptoms have been reported in
women compared to men [18]. In addition, sex-associated genetic polymorphisms of liver transfer
protein could influence female patient compliance [75]. This could explain why women are less

intensively treated and are less likely to meet the recommended lipid targets [76,79].

In some patients, statin therapy is not sufficient and an additional hypolipidemic drug must support
it. Some of these combinations are safe and do not cause any DDIs. However, in statin-treated
patients some other hypolipidemic drugs may induce DDIs with statins and should be completely
avoided, or statin dose should be carefully tailored to better comply with the clinical needs of the

patients.

Statins have been available in clinics for more than 35 years now, and the risk for statin-induced
DDls is quite well-known and carefully checked in clinical trials. However, the incidence of statin
side effects could be higher in the real world, where patients are not monitored as closely as in the
clinics. Moreover, the treatment of hyperlipidemic patients requiring a multiple-drug approach, such
as HIV-infected patients, could cause DDIs among hypolipidemic drugs and antiretroviral therapy
[48]. Likewise, the coadministration of cyclosporine in immunosuppressed patients may inhibit the
elimination of statins. This may increase statin exposure, most probably due to a competition for
carrier-mediated transport across the bile canalicular membrane that leads to a reduced biliary

clearance of the statins [28].

Elderly patients may be affected by several chronic diseases such as dyslipidemia, hypertension,
diabetes, and depression, and require the use of a combination of drugs. More than 40% of the
elderly use five or more drugs, and 12% use 10 or more [7,80]. Aging profoundly affects
physiological functions leading to different pharmacokinetic behaviors of the administered drugs.

This could lead to a greater sensitivity of the patient to therapy and adverse drug effects [81,82].

Another aspect to be taken into account is the genetic background of the patients which could
profoundly modify their response to treatments [13,16]. Allelic variants of the cytochromes are
directly involved in DDIs with simvastatin [83], while polymorphic variants of efflux and uptake

transporters may affect statin disposition and DDIs [84,85].
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Similar considerations could be made regarding other special populations such as pediatric or
diabetic patients, or individuals of different ethnic origins. A careful evaluation of the correlation
between statin DDIs and the pharmacokinetics of other drugs, either hypolipidemic or not, will give

us full knowledge of the real potential of statins for DDIs.

Numerous health agencies have published specific guidelines to present the principles and
methods of drug interaction studies during the development of new drugs for appropriate provision
of information on drug interaction studies and their results [86—88]. These guidelines apply to in
vitro studies carried out in the early phase of drug development. However, much less research has
been conducted on predicting the magnitude of DDlIs in vivo caused by the interaction at the
transporters or CYP enzyme levels, and regulatory agencies acknowledged this gap [89]. In
addition, this approach is even more challenging for drugs that are substrates of multiple metabolic

enzymes and/or transporters such as statins.

It is interesting to note that it has been reported that drug exposure in women could differ due to a
different PK profile [74,77,78], and an increase in adverse drug reactions has been described in
antihypertensive drug-treated women [17]. However, no clinically relevant sex-related statin-
associated DDIs with hypolipidaemic drugs have been reported, highlighting the need for further in-

depth studies on the effect of sex on this therapeutic association.

In the quest to rationalize the studies examining in vitro-in vivo correlations among drugs, new
predictive models are being proposed. Among these, mechanistic static modeling for predicting
complex transporter substrate DDIs contributed to quantifying transporter contribution to drug
uptake [90], and it could be used for predicting DDIs caused by the inhibition of multiple
transporters [91]. A more diffuse application of this approach may help in the evaluation of the

need for clinical DDI studies and contribute to DDI risk management.
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Article highlights

Statins are the primary therapeutic approach for treating hypercholesterolemia in
hyperlipidemic high cardiovascular-risk patients.

In some patients, statin treatment is not sufficient to achieve the recommended plasma lipid
levels, and the addition of a second hypolipidemic drug becomes mandatory.

Concomitant administration of multiple medications may increase the risk of adverse
events, such as muscle or liver symptoms, and non-adherence or discontinuation of statin
therapy, such as in women.

The addition of a second hypolipidemic drug may lead to drug-drug interactions.

The evaluation of the different pharmacokinetic profiles may improve and personalize the
treatment.

New predictive approaches to understanding the risk of DDlIs will help manage the addition
of a concomitant hyperlipidemic drug to a statin-treated patient.
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Figure: Effects of the combination of statins with other hypolipidemic drugs.

Bold = inhibitor; /talics = substrate; * = weak effect
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Table 1. Enzymatic pathways and transporters that recognize currently available statins

updated from [7].

Metabolis Atorvasta Fluvastati Lovastati Pitavast Pravastat Rosuvastati Simvastat
m tin n n atin in n in
mediated
CYPs 2Co: Biliary, Biliary,
Sulphona
3A4 2C8/3A4 3A4 2C9/2C8 r 2C9. 2C19 3A4
ion ’
(minor) (minor) (minor)
UGTs 1A1/1A3 1A1/1A3  1A1/1A3 1A1/1A3 1A1/1A3 1A1/1A3 1A1/1A3
2B7 2B7 (?) 2B7 2B7 2B7 (?) 2B7 2B7
Transporter proteins
NTCP + + ? + + + +
OATPs 1B1 1B1 1B1 1B1 1B1 1B1 1B1
1B3 1B3 na 1B3 1B3 1B3 1B3
1A2 na 1A2 1A2 1A2 1A2 na
2B1 2B1 na 2B1 2B1 2B1 na
OAT3 + + + + + + +
BCRP + + na + + + +
MDR1/ + + + + + + +
P-gp
MRP2 + + na + + + +
BSEP ? + ? na + + ?
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BCRP: breast cancer resistance protein; BSEP: bile salt export pump; CYP: cytochrome
P450; MDR: multidrug resistance; MRP: multidrug resistance protein; na: not applicable;
NTCP: Na*-dependent taurocholate cotrasporting polypeptide; OAT: organic anion-
transporter; OATP: organic anion-transporting polypeptide; P-gp: P-glycoprotein; UGT:

uridine glucuronyltransferase; ?: unknown; +: indicates yes.
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Table 2. Enzymatic pathways and transporters that recognize other lipid-lowering drugs

Drugs Phase | enzymes Phase Il Transporters
enzymes
Substrate | Inhibitor | Inducer | Inhibitor | Substrate | Inhibitor | Inducer
Alirocumab - - - - - - -
Bempedoic - - - - OAT3 | OATP1B1* -
acid OATP1B3*
OAT2
Evinacumab - - - - - - -
Evolocumab - - - - - - -
Ezetimibe - - - UGT1A1 - -
UGT1A3
UGT2B15
Gemfibrozil - - - UGT1A1 - - -
UGT1A3
Inclisiran - - - - - - -
Lomitapide CYP3A4 | CYP3A4* - - - -
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CYP: cytochrome P450; OAT = organic anion-transporter; OATP = organic anion-transporting
peptide; UGT = uridine 5-diphosphate—glucuronosyltransferase; * = weak effect; - = no effect.
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Atorvastatin, Fluvastatin
Lovastatin, Pitavastatin
Pravastatin, Rosuvastatin

Simvastatin

CYP3A4, 29, 2C8

OATP1B1, 183, 2B3, MDR1, BCRP,
NTCP, UGT1A1, 1A3, 2B7

Effects of the combination

Mild increased transaminases
1 case of rhabdomyolysiswith SIMVA in HIV pt

Increased statin levels, risk of myopathy
/ Maximum doses: SIMVA 20 mg, PRAVA 40 mg

NO DDIs described or expected

Risk of myopathy/rhabdomyolysis
\\ AVOID COMBINATION

\ Increased statin levels
\ Maximum doses: SIMVA/LOVA 40 mg

Ezetimibe
UGT1A1, 1A3,
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Bempedoic acid
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CYP3A4*

CYP3A4
e %
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Figure: Effects of the combination of statins with other hypolipidemic drugs.

Bold = inhibitor; Italics = substrate; * = weak effect
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