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Introduction: Ezetimibe inhibits cholesterol uptake by modulation of intestinal sterol absorption. Currently, although some studies have shown alterations in ezetimibe levels caused by alterations in the ABCG5, ABCG8, NPC1L1 or UGT1A1 genes, there are no pharmacogenetic guidelines to confirm these biomarkers. The aim of this work was to evaluate the effect of 49 variants in 22 pharmacogenes related to metabolism and transport.Methods: A total of 96 healthy volunteers from four bioequivalence clinical trials of ezetimibe as monotherapy or in combination with simvastatin were studied. Blood samples were extracted for unconjugated ezetimibe plasma quantification and genotyping.Results and Discussion: No association of metabolizing enzyme variants with ezetimibe pharmacokinetic parameters was found. The results show some trends in the univariate analysis for ABCB1 rs2032582 or ABCC2 rs2273697 and Cmax (p univariate (puv) = 0.056 and 0.087, respectively), which finally reach significance in the multivariate analysis (p multivariate (pmv) = 0.049 and 0.048, respectively). Nevertheless, these results need to be validated in future studies.Keywords: ezetimibe, simvastatin, pharmacogenetics, pharmacokinetics, bioequivalence trials
1 INTRODUCTION
The leading cause of mortality worldwide is cardiovascular disease, with high levels of blood cholesterol being one of the main contributors (Zhan et al., 2018). To improve this situation, a group of drugs called statins were developed, which became the first-line lipid-lowering drugs and the most widely prescribed (Boutari et al., 2021). Statins inhibit the enzyme responsible for the rate-limiting step in cholesterol biosynthesis, HMG-CoA reductase. A large number of patients do not achieve target levels of low-density lipoprotein cholesterol (LDL-C), even at the maximum tolerated dose of statins. For this reason, combination therapy with drugs such as ezetimibe is often prescribed (Hirota et al., 2020).
Ezetimibe was developed as a potential inhibitor of intracellular acyl-coenzyme A cholesterol acyltransferase (ACAT), but was ultimately demonstrated to inhibit cholesterol uptake (Gryn and Hegele, 2015). This occurs through modulation of intestinal sterol absorption by interaction with aminopeptidase N and inhibition of the sterol transporter Niemann-Pick C1-like protein (NPC1L1) in the small intestine and liver (Schmitz et al., 2007). Statin treatment combined with 10 mg of ezetimibe results in a 15%–25% reduction in incremental LDL-C compared to monotherapy (Schmitz et al., 2007; Ferreira and Marques da Silva, 2017; Tada et al., 2020; Kei et al., 2016).
Ezetimibe undergoes extensive first-pass metabolism in intestinal wall cells mediated by UDP-glucuronosyltransferases (UGT) 1A1 (UGT1A1) and 1A3 (UGT1A3) and, to a lesser extent, 2B15 (UGT2B15). This results in the pharmacologically active metabolite, ezetimibe glucuronide, which accounts for approximately 80%–90% of the total drug in plasma (Schmitz et al., 2007; Soulele and Karalis, 2019; Oswald et al., 2006). Ezetimibe glucuronide reaches its maximum plasma concentration (Cmax) between 1 and 2 h, and ezetimibe between 4 and 12 h after administration. After conjugation, the active metabolite binds with high affinity to NPC1L1 to prevent cholesterol absorption (Oswald et al., 2006).
Both single and ezetimibe glucuronide have multiple peaks in their plasma concentration-time profiles due to enterohepatic recirculation. This means that their elimination from the blood does not follow the usual process. This recirculation involves both transport from the intestine via the P-glycoprotein (coded by ABCB1 gene) and into the liver via the portal vein. Hepatic uptake is mediated by OATP1B1 (encoded by the SLCO1B1 gene) and subsequently ezetimibe is glucuronidated and secreted through the gallbladder back into the intestine via the ABCC2 transporter (Oswald et al., 2011). Ezetimibe glucuronide undergoes enzymatic hydrolysis in the intestinal lumen and is converted back to the original drug, which is reabsorbed into the systemic circulation. This process continues until the drug is completely eliminated from the body. Seventy-eight percent of ezetimibe is excreted in the feces and 11% in the urine, with a half-life of 22 h for both ezetimibe and ezetimibe glucuronide (Soulele and Karalis, 2019; Jeu and Cheng, 2003; Ministerio de Sanidad and Política Social e Igualdad, 2013). Enterohepatic recirculation gives ezetimibe great potential to increase its cholesterol-lowering activity by prolonging the time the drug spends in the intestinal lumen (Soulele and Karalis, 2019; Jeu and Cheng, 2003).
Genetic variation in genes involved in the metabolism or transport of drugs (i.e., pharmacogenes) may modify their safety and/or efficacy. Currently, although some studies have shown alterations in ezetimibe levels caused by alterations in the ABCG5, ABCG8, NPC1L1 or UGT1A1 genes, there are no pharmacogenetic guidelines to confirm these biomarkers (Tada et al., 2020; Bae et al., 2011; Calderon-Ospina et al., 2020; Hegele et al., 2005; Zambrano et al., 2015). The aim of this study was to evaluate the effect of 49 genetic variants in 22 pharmacogenes related to drug metabolism and transport on the pharmacokinetics of ezetimibe in healthy volunteers. The present work is part of the La Princesa Multidisciplinary Initiative for the Implementation of Pharmacogenetics (PriME-PGx) (Zubiaur et al., 2021a).
2 MATERIAL AND METHODS
2.1 Study population
A total of 96 healthy volunteers who participated in four bioequivalence trials of ezetimibe in monotherapy or in combination with simvastatin were included in this research. The studies were conducted at the Clinical Trials Unit of Hospital Universitario La Princesa (UECHUP), Madrid (Spain) (https://www.iis-princesa.org/infraestructuras/ensayos-clinicos/informacion-para-promotores/) in 2015 and 2016 (EUDRA-CT numbers: 2014–005512–42 (A), 2015–002393–20 (B), 2015–005778–39 (C), 2016–004211–12 (D).
The inclusion criteria were: males or females aged from 18 to 55, free from organic or psychic conditions, with normal medical records, vital signs, electrocardiogram and physical examination and without significant abnormalities in hematology, coagulation, biochemistry, serology and urine analysis. The exclusion criteria were: having received medication within 2 days prior to the start of the study, having a body mass index (BMI) outside the 18.5–30.0 range, being pregnant or breastfeeding women, having history of sensitivity to any drug, having a positive drug screening, smoking or alcoholism, blood donation in the last month and participation in another study with investigational drugs in the three previous months.
All the clinical trials were approved by the Spanish Drugs Agency (AEMPS) and the Research Ethics Committee Board (CEIm) of the Hospital Universitario de La Princesa. The development of the trials and the handling of data were conducted in compliance with Spanish Legislation, the International Council on Harmonization (ICH) guidelines on Good Clinical Practice (European Medicines Agency, 2024), the ezetimibe product-specific bioequivalence guidance (Committee for Medicinal Products for Human Use CHMP, 2019) and the Revised Declaration of Helsinki (World Medical Association Declaration of Helsinki, 2013). Healthy volunteers signed an informed consent to participate in the pharmacogenetic study (code SFC-FG-2020–1, IRB/Code: 4,176) that was evaluated by the IRB/EC board of Hospital Universitario La Princesa and approved on 9 July 2020. Finally, 96 gave written consent to participate.
2.2 Study design and procedures
Data were collected from four bioequivalent trials whose objective was the comparison of a test and a reference formulation of ezetimibe in monotherapy or in combination with simvastatin. All the clinical trials were open, randomized, crossover and with two periods and two sequences. Clinical trials A and B evaluated a single oral dose of ezetimibe 10 mg and clinical trials C and D evaluated a single oral dose of ezetimibe/simvastatin 10/40 mg. Only data from the reference formulation was analyzed in this study. Subject were hospitalized from 10 h previous to 24 h after drug intake. At least 16 blood samples were extracted from pre-dose to 72 h after drug intake in each period for ezetimibe quantification.
2.3 Pharmacokinetic analysis
Unconjugated ezetimibe plasma concentration was measured by an external laboratory by high performance liquid chromatography with mass spectrometry (HPLC-MS/MS). Analytical determination of ezetimibe and ezetimibe/simvastatin was blinded. The lower limit of quantification was established at 40 pg/mL. The concentration values obtained were used to calculate pharmacokinetic parameters with WinNonLin Professional Software version 6.3 (Scientific Consulting, Inc., Cary, NC, United States) for clinical trials A and C, version 6.4 (Scientific Consulting, Inc., Cary, NC, United States) for clinical trial B and version 7 (Scientific Consulting, Inc., Cary, NC, United States) for clinical trial D. The area under the curve (AUC) from pre-dose to 72 h (AUC72h) was calculated using the plasmatic concentrations according to the linear trapezoidal rule. The Cmax and time to Cmax (tmax) parameters were obtained directly from the concentration-time curve. Half-life determination is hampered due to the enterohepatic recirculation, thus, it was excluded from the analysis.
2.4 Genotyping
DNA from blood samples was extracted using a MagNA Pure instrument (Roche Applied Science, United States) or a Maxwell® RSC Automated DNA extractor (Promega Biotech Iberica S.L). Genotyping was performed by a QuantStudio 12 K Flex qPCR instrument with an OpenArray thermal block (Applied Biosystems, Thermofisher, United States) using a custom array described in Zubiaur et al., that includes variants for metabolizing enzymes and transporters (Zubiaur et al., 2021a). Table 1 shows the variants analyzed in this study and the gene to which they correspond. Techniques were carried out in the pharmacogenetics unit of the Clinical Pharmacology Department of the Hospital Universitario de La Princesa.
TABLE 1 | Genotyped variants and alleles in which those variants are present.
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Genotype-informed phenotypes for metabolizing enzymes or transporters were inferred according to the Clinical Pharmacogenetics Implementation Consortium (CPIC) or the Dutch Pharmacogenetic Working Group (DPWG) guidelines for the following genes: CYP2B6 (Bousman et al., 2023), CYP2C19 (Bousman et al., 2023), CYP2C9 (Cooper-DeHoff et al., 2022), CYP2D6 (Bousman et al., 2023), CYP3A5 (Birdwell et al., 2015), SLCO1B1 (Cooper-DeHoff et al., 2022) and UGT1A1 (Gammal et al., 2016). Since CYP2D6 is not one of the main candidate genes, copy number variants (CNVs) were not performed because they would require more costs than expected benefits. Phenotypes were classified in ultrarapid, rapid, normal, intermediate and poor metabolizers (UM, RM, NM, IM, PM, respectively) for metabolizing enzymes (Bousman et al., 2023; Cooper-DeHoff et al., 2022; Birdwell et al., 2015; Gammal et al., 2016). In the case of transporters, the function was classified as increased, normal, intermediate or poor function (IF, NM, DF, PF, respectively) (Cooper-DeHoff et al., 2022). CYP2C8 phenotype was establish as previously described by Campodonico et al. in 2022 (Campodónico et al., 2022). The remaining variants were analyzed individually.
2.6 Statistical analysis
SPSS software (version 23, SPSS Inc., Chicago, IL, United States) was used to perform the statistical analysis. AUC72h and Cmax parameters were divided by the dose/weight ratio (DW) to correct the effect of dose and weight, the latter especially in order to control for the effect of weight differences between men and women on pharmacokinetic variability. Pharmacokinetic parameters were analyzed according to sex, biogeographical origin, clinical trial, co-administration of drugs, genotypes and phenotypes. Variable distributions were checked for normality with a Shapiro–Wilks test. Variables not normally distributed were logarithmically transformed and normality was re-evaluated. For the pharmacokinetic variables following a normal distribution with two categories, a t-test was performed, whereas an ANOVA test followed by the Bonferroni post hoc was applied for those with three or more categories. For those not following a normal distribution, non-parametric tests were used. A Mann–Whitney test was used for variables with two categories and a Kruskal–Wallis test for those with three or more categories. The p-value considered for statistically significant associations was p < 0.05. The multivariate analysis was performed by means of linear regression, in which those independent genetic variables with a p-value lower than 0.1 in the univariate analysis were included along with sex, biogeographical origin and clinical trial.
3 RESULTS
3.1 Demographic characteristics
Study population was composed of 51 men (53%) and 45 women (47%) (Table 2). Height, weight and BMI were significantly lower in women than in men (p < 0.001). European was the most prevalent biogeographical origin (83%) compared to Latin-American (14%). Since only two volunteers were self-identified as East Asian and one as Near Eastern, they were merged into a single group under the name “Other”. No differences in age, weight, height and BMI were observed according to clinical trial (Table 2).
TABLE 2 | Demographic characteristics regarding sex, biogeographical origin and clinical trial.
[image: Table 2]3.2 Pharmacokinetics
Ezetimibe mean AUC72h was 110.84 ± 49.05 h*ng/mL (93.25 ± 35.95 h*ng/mL for men and 130.78 ± 54.41 h*ng/mL for women, p < 0.001); and mean Cmax was 5.35 ± 3.01 ng/mL (4.40 ± 1.90 ng/mL for men and 6.42 ± 3.65 ng/mL for women, p = 0.001). After DW correction, the differences between men and women disappeared (Table 3). No differences in pharmacokinetic parameters were observed according to biogeographical origin, clinical trial or co-administration of drugs (Table 3).
TABLE 3 | Ezetimibe pharmacokinetic parameters based on sex, biogeographical origin, clinical trial and co-administration of drugs.
[image: Table 3]3.3 Pharmacogenetics
A tendency towards higher Cmax/DW in ABCB1 rs2032582 G/G + A/A+ G/A subjects compared to ABCB1 T/T (p univariate (puv) = 0.056, p multivariate (pmv) = 0.049, β = 0.243, R2 = 0.067) (Table 4). Volunteers with the ABCC2 rs2273697 A/A genotype showed a trend to higher Cmax/DW compared to the G/A genotype (puv = 0.087, pmv = 0.048, β = 0.267, R2 = 0.067) (Table 4).
TABLE 4 | Ezetimibe pharmacokinetic parameters based on genotypes or phenotypes.
[image: Table 4]There was a tendency towards higher AUC72h/DW in DF + PF subjects for SLCO1B1 compared to individuals who were SLCO1B1 NFs but it was not significant (puv = 0.107) (Table 4). A similar trend towards higher AUC72h/DW in subjects who were UGT1A1 IM + PM compared to NMs was observed but it did not reach statistical significance either (puv = 0.121) (Table 4). No differences or trends in pharmacokinetic parameters were observed considering the main candidate genes (UGT1A3 and UGT2B15) (Table 4) and the remaining genes of metabolism and transport (Supplementary Table S1). There were no clinically relevant adverse events during the study.
4 DISCUSSION
It is frequent for patients under treatment with statins not to reach the expected cholesterol levels. This is the reason for the emergence of combination therapies with different antihyperlipidemic drugs, such as ezetimibe, an inhibitor of intestinal uptake of cholesterol (Hirota et al., 2020; Gryn and Hegele, 2015). Pharmacogenetic information on ezetimibe is limited, and there are currently no clinical pharmacogenetic guidelines for this drug, although there are guidelines for other drugs such statins (Cooper-DeHoff et al., 2022). Therefore, the objective was to seek for pharmacogenetic biomarkers of pharmacokinetic variability in ezetimibe treatment.
Similar to previous works, men exhibited higher weight, height, and BMI than women (Zubiaur et al., 2021b; Soria-Chacartegui et al., 2023). The lack of AUC72h and Cmax differences between men and women after weight correction suggests that the lower weight of women was responsible for these differences. Results of tmax are consistent with the summary of product characteristics (Ministerio de Sanidad and Política Social e Igualdad, 2013). Due to the enterohepatic recirculation of this drug, it was not possible to obtain the half-life for most subjects using the sampling points collected during the clinical bioequivalence study. Therefore, this parameter was removed from the analysis as it was very difficult to interpret the data obtained. No differences between biogeographical origins in the pharmacokinetics of ezetimibe were found, which was in agreement with previous studies (Kosoglou et al., 2005). No differences were found between the administration of ezetimibe alone and the administration of ezetimibe plus simvastatin, as reported in the summary of product characteristics (Ministerio de Sanidad and Política Social e Igualdad, 2023).
Ezetimibe undergoes rapid and almost complete glucuronidation by UDP-glucuronosyltransferases (UGT) in enterocytes during its first passage, mainly by UGT1A1 enzyme, but also by UGT1A3 and UGT2B15 (Bae et al., 2011). In our research, a non-significant tendency towards higher AUC72h/DW in UGT1A1 IMs and PMs compared to NMs was observed. Bae et al. in 2011 found higher AUC48h and Cmax results in UGT1A1 PM healthy Korean male volunteers (Bae et al., 2011) compared to UGT1A1 NMs; however, Cai et al. in 2010 found no differences in mice (Cai et al., 2010). Thus, glucuronidation by UGT1A1 plays an important role in the overall metabolism of ezetimibe, but the impact of its genetic variation on ezetimibe pharmacokinetics seems not to be relevant. No differences were also observed for UGT1A3 and UGT2B15 genes. The characterization of the variants of these genes is not known in depth, so further studies, e.g., functional characterization and allele definition, would be needed to know the true involvement of these genes and other UGTs.
ABCC2 is an ATP-binding cassette transporter that is expressed in both the liver and intestine and is one of the transporters responsible for enterohepatic recirculation of ezetimibe (Oswald et al., 2011; de Waart et al., 2009). In addition, evidence from previous studies showed that ezetimibe is also a P-glycoprotein substrate, coded by ABCB1 gene (Oswald et al., 2006). Despite these functions, information on the possible involvement of variants of these genes in the pharmacokinetics of ezetimibe is scarce and conflicting, with studies reporting no effect and others showing lower ezetimibe levels when ABCC2 and ABCB1 deficiency was present (Oswald et al., 2008; Oswald et al., 2010). In this study, a trend towards higher Cmax in homozygous carriers of ABCC2 (rs2273697) A allele and ABCB1 (rs2032582) G/G + A/A+ G/A subjects was observed, that was confirmed in the multivariate analysis. No significant differences were observed in ABCB1 rs1128503 and rs1045642 variants. Since ABCC2 and ABCB1 genes are functionally poorly characterized and widely distributed in the organism, the true implications of these results cannot be confirmed until functional studies of this gene and the involvement of its variants are performed. Regarding SLCO1B1 transporter, a non-significant trend of increased AUC72h in volunteers with a DF phenotype compared to NF was observed. To date, only one study found changes in the pharmacokinetics of ezetimibe, observing higher exposure when the SLCO1B1 (also called OATP1B1) transporter had decreased function (Oswald et al., 2008).
4.1 Limitations
The small number of subjects included in this study was a limitation due to reduced statistical power. Since this was a study of healthy volunteers, the effect of variants on drug efficacy was not observed. The metabolite, ezetimibe glucuronide, was not measured in this study. Some of the genes that were analyzed, such as ABCB1, ABCC2 and some UGTs, do not have well-characterized variant effects or defined alleles. In the case of the transporters, as they are expressed in different parts of the organism, it is more difficult to know whether a variant cause more or less function of the protein. Finally, because this is a candidate gene study with selected variants for each gene, we lose information about other variants that may also alter the kinetics of ezetimibe.
5 CONCLUSION
Pharmacogenetic information on ezetimibe is limited and there are currently no clinical pharmacogenetic guidelines for this drug. No association of metabolizing enzyme variants with ezetimibe pharmacokinetic parameters was found, but Cmax was related with ABCB1 rs2032582 and ABCC2 rs2273697. Nevertheless, these results need to be validated in future studies.
FUTURE PERSPECTIVES
In the future, new studies with a larger numbers of subjects should be carried out to confirm the results obtained in this article with regard to ABCB1 and ABCC2 and the rest of the genes for which no significant differences were obtained, and it would be an option to expand the variants studied for these genes. In addition, it would be interesting to analyze other genes that have been studied in relation to ezetimibe in previous articles, such as NPC1L1, other members of the ABCG2 family such as ABCG5 and ABCG8, or other UGTs.
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