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Abstract

Background A single nucleotide polymorphism (SNP) is a variation in the DNA sequence that results from the altera-
tion of a single nucleotide in the genome. Atorvastatin is used to treat hypercholesterolemia. It belongs to a class

of drugs called statins, which lower elevated levels of total cholesterol (TC) and low-density lipoprotein cholesterol
(LDL-C). Research findings on the associations between the response to atorvastatin and genetic polymorphisms

in CYP3A4 and CYP3A5 are inconclusive. The effects of CYP3A4*1B (rs2740574 C/T) and CYP3A5*3 (rs776746 T/C) on ator-
vastatin therapy have not been previously studied among Egyptians.

Objective This research aimed to investigate the effects of the genetic polymorphisms CYP3A4*1B and CYP3A5*3
on atorvastatin treatment in Egyptians.

Methods In this prospective cohort study, 100 subjects were genotyped for these SNPs. All participants were
screened for serum lipid profiles, liver enzymes, total bilirubin (TB), and creatine kinase (CK) before and after 40 mg
postatorvastatin therapy. Atorvastatin plasma levels were assessed posttreatment; atorvastatin pharmacokinetics
were evaluated in five carriers of the CYP3A4*1B (T/T) and CYP3A5*3 (C/C) genotypes.

Results The allele frequencies of the CYP3A4*1B and CYP3A5*3 SNPs were 86% and 83%, respectively. The CYP3A4*1B
(T/T) and CYP3A5*3 (C/C) genotypes significantly improved the serum triglyceride (TG) level (P <0.05) and elevated
the TB level (P <0.001). Atorvastatin plasma levels were greater in CYP3A4*1B (T/T) (P <0.05) and CYP3A5*3 (C/C)
(P<0.001) genotype carriers. Both SNPs significantly affected the pharmacokinetics of atorvastatin compared

with those of Egyptian volunteers and various ethnic populations.

Conclusions The CYP3A4*1B and CYP3A5*3 variants were prevalent in the study participants and could impact

the effectiveness and safety of atorvastatin therapy. The mutant genotype of the CYP3A4*1B SNP and the CYP3A5*3
SNP led to high atorvastatin levels. Both variants had a notable effect on the pharmacokinetics of atorvastatin
among Egyptians compared with healthy Egyptians and volunteers from other ethnic populations. Overall, clinicians
can learn more about the impact of both variants in response to atorvastatin.
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Introduction

Atorvastatin is regarded as one of the most frequently
recommended medications and statins most often used
globally [1]. It is currently recommended for the manage-
ment of dyslipidemia and hypercholesterolemia [2]. With
respect to managing hyperlipidemia, statins are usually
the preferred medication prescribed by physicians as the
first course of treatment [3]. However, responses to sta-
tin therapy exhibit evident interpersonal deviations in
the expected lipid-lowering efficacy [3], where atorvas-
tatin is an example: polymorphisms in genes responsible
for metabolism, distribution, and uptake might modulate
therapeutic outcomes [3]. These deviations in responses
are a major clinical problem [4, 5].

The enzymes mediate the metabolism of atorvastatin,
CYP3A4, and CYP3AS5 [6]; consequently, genetic vari-
ations in CYP3A4 or CYP3AS5 lead to dissimilarities in
the CYP3A metabolic pathways of atorvastatin [6]. The
CYP3A4*1B SNP is linked to decreased enzymatic activ-
ity [3]. Nevertheless, there have been conflicting reports
regarding its relationship with atorvastatin [3, 7-12].
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Similarly, the CYP3A5%3 SNP leads to a truncated mal-
functioning protein in homozygous cases (nonexpres-
sors) [13]. However, its association with atorvastatin
has been the subject of contradictory reports [7, 9, 10,
14-18].

SNPs are the most basic type of DNA variation found in
individuals [19]. They are variations in the DNA sequence
that occur when a single nucleotide in the genome is dif-
ferent in paired chromosomes [20]. The CYP3A4 gene is
located on chromosome 7, and CYP3A4*1B (rs2740574)
is a SNP in which a C allele is substituted with a T
allele at chromosome 7:99,784,473 [21, 22]. Addition-
ally, the CYP3A5 gene is located on chromosome 7, and
CYP3A5*3 (rs776746) is a SNP in which a T allele is sub-
stituted with a C allele at chromosome 7:99,672,916 [21,
23]. The CYP3A4*1B variant has been linked to obesity,
nonalcoholic fatty liver disease (NAFLD), prostate can-
cer, and premature onset of menstruation, a well-estab-
lished risk factor for the development of breast cancer
[24-26]. Notably, the CYP3A5*3 SNP has been associ-
ated with the likelihood of developing chronic myeloid
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Fig. 1 Research methodology flow chart. a Ethical approval: The study protocol and informed consent were approved by the Egyptian Russian
University (ERU), Cairo, Egypt, in addition to Badr Hospital, Cairo, Egypt, and Universiti Sains Malaysia (USM), Penang, Malaysia; b Study site:

the endocrinology clinic, Badr Hospital, Helwan University, Cairo, Egypt; ¢ TIDM: type 1 diabetes mellitus (insulin deficiency caused by the loss

of pancreatic B-cells results in hyperglycemia, a long-lasting illness) [38].), d HbA1c: glycated hemoglobin (glycemia represents glycemic control
over a prolonged period [39]. The American Diabetes Association advised individuals diagnosed with type 2 diabetes and HbA1c levels exceeding
9.0% to consider the use of insulin [40].), e TSH: thyroid stimulating hormone (which is generated by the anterior pituitary gland and serves

as the primary stimulant for the thyroid gland’s production of thyroid hormones [41].), f Baseline analysis: baseline lipid profile, hepatic enzymes,
TBY, and CK" analysis (n=108), g Nonadherence occurred if a participant did not take 40 mg atorvastatin tablet as prescribed, h TB: total bilirubin
(TB measurement includes direct and indirect bilirubin levels.), i CK: creatine kinase (It facilitates energy reactions in muscle cells. Elevated levels
of CK typically occur after strenuous and prolonged exercise and eccentric muscle training [42].)
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leukemia (CML) [27]. Moreover, the CYP3A5*3 variant
has been associated with a greater risk of hypertension
and increased serum TG (a type of fat that increases the
risk of cardiovascular diseases (CVDs)) [28, 29]. Further-
more, both SNPs, CYP3A4*1B and CYP3A5*3, decrease
the metabolic activities of CYP3A4 and CYP3AS, respec-
tively [3, 13]. A decrease in CYP3A activity was associ-
ated with elevated serum levels of TB (which includes
both direct and indirect bilirubin) and alanine ami-
notransferase (ALT) [30].

A recent World Health Organization (WHO) report
stated that almost half of all deaths in Egypt are due to
CVDs [31, 32]. Dyslipidemia increases the risk of CVDs
[32-34]. Several studies have shown that 37% of Egyp-
tians experience hyperlipidemia [32-34]. The most com-
monly prescribed lipid-lowering drug therapy in Egypt
is statin monotherapy, with atorvastatin being the most
frequently recommended statin [35]. To the best of our
knowledge, the effects of the CYP3A4*IB (rs2740574
C/T) or CYP3A5*3 (rs776746 T/C) polymorphisms on
atorvastatin efficacy and safety in Egyptians have not
been previously studied.

Numerous studies have evaluated the impact of
CYP3A4 and CYP3AS5 genetic polymorphisms in
response to atorvastatin therapy; however, their find-
ings are inconsistent or discordant [3, 7-12, 14-18].
Accordingly, the aim of this study was to explore the
potential influence of CYP3A4*1B/CYP3A5*3 variants
on atorvastatin treatment in the Egyptian population.
This study aimed to determine the allelic frequencies of
the CYP3A4*1B and CYP3A5*3 SNPs among Egyptian
participants. This study specifically focused on changes
in serum lipid and lipoprotein levels, liver enzymes,
TB, and CK after four weeks of treatment with 40 mg
atorvastatin. Moreover, researchers intend to assess
posttreatment atorvastatin plasma levels via liquid
chromatography-tandem mass spectrometry (LC-MS/
MS). Furthermore, this study evaluated the pharma-
cokinetics of atorvastatin in individuals carrying the
CYP3A4*1B (T/T) and CYP3A5*3 (C/C) genotypes.

Materials and methods

This prospective cohort study enrolled subjects at
baseline before 40 mg atorvastatin treatment. The par-
ticipants were followed up until the fourth week after
atorvastatin administration (Fig. 1).

Reagents

Reagents for genotyping

A DNA purification mini kit, the QIAamp DNA Mini
Kit, was obtained from Qiagen, Hilden, Germany. This
kit comprises lysis (AL), washing (AW1 and AW2), and
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elution (AE) buffers. In addition, the kits used included
QIAGEN Protease, Protease Solvent, Proteinase K, col-
lection tubes (2 ml), and spin columns. The TagMan
master mix for genotyping was supplied by Applied
Biosystems, California, USA. The AmpliTaq Gold DNA
Polymerase UP (Ultra-Pure), Passive Reference 1, ANTPs
without dUTP, and optimized mix components were
included in the master mix. Additionally, the genotyp-
ing assay kits used for the CYP3A4*IB (rs2740574 C/T)
and CYP3A5*3 (rs776746 T/C) SNPs were obtained from
Thermo Fisher Scientific (Massachusetts, USA). Each kit
contained reverse and forward primers that were appro-
priate for sequencing and two TagMan-MGB probes for
recognizing SNPs. One probe was a dye-labeled VIC
reporter (wild-type allele), and the other was a dye-
labeled FAM reporter (variant allele). Furthermore, the
context sequence for rs2740574 is [VIC/FAM]: TAA
AATC TATTAAATCGCCTCTCTC[C/T]TGCCCT
TGTCTCTATGGCTGTCCTC. For rs776746, the con-
text sequence is [VIC/FAM]: ATGTGGTCCAAACAG
GGAAGAGATA[T/C]TGAAAGAC AAAAGAGCTCTT
TAAAG.

Reagents for LC-MS/MS analysis

Atorvastatin was a generous gift from EIPICO, Al
Sharkia, Egypt, whereas rosuvastatin (internal standard
[IS]) was a lavish gift from Mash Premiere, Cairo, Egypt.
Sigma—Aldrich Corp., Missouri, USA, provided LC-MS
grade water, acetonitrile, formic acid (~98%), ammonium
formate (>99.0%), and methanol. Blank human plasma
was obtained from the local government blood bank in
Al Sharkia, Egypt.

Study population

Ethical considerations

The research protocol and informed consent form (ICF)
were approved by the Scientific Research Ethics Com-
mittee, Faculty of Pharmacy, Egyptian Russian Univer-
sity (ERU), Cairo, Egypt (code: ECH-022-May 2022). In
addition, the Badr Hospital Research Ethics Committee,
Helwan University, Cairo, Egypt, approved the study in
October 2022. Additionally, Jawatankuasa Etika Penye-
lidikan Manusia (JEPeM), Universiti Sains Malaysia
(USM), and Penang, Malaysia, approved the research
in February 2023 (code: USM/JEPeM/22090641). This
work complied with the World Medical Association’s
Code of Ethics (Declaration of Helsinki). The patient’s
participation was voluntary, and he or she had the right
to withdraw his or her consent or to terminate contribu-
tions at any time without consequence or loss of ben-
efits. No one can view the patient’s medical information
except for the research team (principal investigator and
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coresearchers). Data encryption and coding are limited
to only the research team. Moreover, individual privacy
will be maintained in all published and written data from
the study.

Subject criteria

Candidates for high-intensity statin therapy [36, 37] who
provided voluntary ICF were enrolled in this study and
were selected from the endocrinology clinic at Badr Hos-
pital, Helwan University, Cairo, Egypt. All the partici-
pants (n=108) were ethnically Egyptian, unrelated, and
aged between 18 and 65 years. None of the participants
had used lipid-lowering agents for at least four weeks
before this study. All participants abstained entirely from
alcohol and smoking during the study. They were also
instructed to refrain from participating in intense physi-
cal exertion starting one week before and throughout
the study. Subjects with type 1 diabetes mellitus (DM)
or a glycated hemoglobin (HbAlc) level >9.0% were not
included. Additionally, individuals with uncontrolled
hypothyroidism (thyroid stimulating hormone (TSH) >4
puIU/L) and patients whose liver function was poor
(aspartate aminotransferase (AST) or ALT>1.4 ULN)
were excluded. In addition, pregnant individuals who
had uncontrolled clinically significant disease or under-
lying psychiatric disorders were also excluded. Owing
to patients’ nonadherence to 40 mg atorvastatin (n=5),
switching to another lipid-lowering agent (n=1), or fail-
ure to follow up (n=2), eight subjects were withdrawn
from the study (Fig. 1).

Genotyping of the CYP3A4*1B and CYP3A5*3
polymorphisms

Determination of CYP3A4*1B (rs2740574 C/T) and
CYP3A5*3 (rs776746 T/C) gene polymorphisms was per-
formed via real-time quantitative polymerase chain reac-
tion (qPCR).

Sampling

Venous blood (2 mL) from all the participants was col-
lected into a tri-potassium EDTA vacutainer, and the
tube was inverted several times and inspected to exclude
the possibility of clots. Prior to DNA extraction, the sam-
ples were stored at — 80 °C. The samples were assayed via
qPCR through two steps: genomic DNA extraction and
amplification/real-time PCR allelic discrimination assays.
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Genomic DNA extraction

The DNA extraction method relied on the QIAamp DNA
Mini Kit (QIAGEN, Aarhus, Denmark), which followed
the manufacturer’s instructions.

Amplification and real-time PCR allelic discrimination assays
The extracted DNA was subjected to amplification and
allelic discrimination via real-time PCR with sequence-
specific primers. In each run, the required number of
PCR tubes was calculated. Additionally, 2 uL of extracted
DNA and 10 pL of TagMan Universal PCR Master Mix
were added to each tube. Next, one microliter of the
20x working stock of the SNP genotyping assay mixture
and seven microliters of DNase-free water were added.
Next, the samples were transferred to a thermal cycler
as Applied Biosystems, California, USA specified. For
standard PCR runs, Applied Biosystems recommends
a 10-min pre-PCR activation step at 95 °C, followed by
40 cycles of denaturation (15 s at 95 °C) and annealing/
extension (60 s at 60 °C).

Atorvastatin effectiveness and safety

All participants were screened for serum lipid profiles
(HDL-C, LDL-C, TC, and TG), ALT, AST, TB, and CK at
baseline and after atorvastatin 40 mg for four weeks.

Atorvastatin plasma level

After four weeks of atorvastatin treatment and at equal
intervals before subsequent dosing, a 1 mL blood sample
was withdrawn from each patient into a tri-potassium
EDTA vacutainer. The plasma samples were separated
immediately, and before LC-MS/MS analysis, each sam-
ple was preserved at — 80 °C.

Chromatographic conditions

Chromatographic analysis was performed via Agilent
1260 Infinity Quaternary Liquid Chromatography (Agi-
lent Technologies, Waldbronn, Germany). Atorvastatin
and the IS were separated on an ACQUITY UPLC BEH
C18 column (1.7 pym, 2.1 mmx 100 mm) (Waters, Mas-
sachusetts, USA). The mobile phases included ammo-
nium formate (10 mM) and formic acid (0.04%) in water
as mobile phase A, in addition to acetonitrile as mobile
phase B. For separation, gradient elution was applied
following the following procedure: 0-2 min, 30% B;
2—-3 min, 30-60% B; 3-4 min, 60-80% B; 4-5 min,
80-95% B; 5—6 min, 95% B; 6—7 min, 95-80% B; 7—8 min,
80% B; 8—9 min, 80-60% B; and 9—-10 min, 60—30% B. Ten
minutes was the run time. Elution was carried out with a
5 pL injection volume, a 20 °C sample temperature, and a
40 °C column temperature. A flow rate of 0.2 ml/min was
utilized.
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Mass spectrometry conditions

An Agilent 6460 Triple Quad mass spectrometer (Model
K6460) (Agilent Technologies, California, USA) was
used, and LC-MS/MS analysis was conducted. The con-
centrations of atorvastatin and the IS in the plasma sam-
ples were ascertained via an electrospray ionization (ESI)
source operating in positive ion mode for detection via
mass spectrometry. Multiple reaction monitoring (MRM)
mode was used to identify transition ions and quantify
the most appropriate mass transitions. For atorvastatin,
quantification was performed via the transitions of m/z
559.2 - 440.3 and m/z 482.3 —» 258.1 for the IS. The mass
spectrometer’s primary operating parameters were as fol-
lows: ion spray voltage, 5.5 kV; ion source temperature,
500 °C; ion source gasl, 20 psi; gas2, 20 psi; collision
gas, 30 psi; and curtain gas, 20 psi. Agilent MassHunter
Workstation Software (B.08.00, Agilent Technologies,
California, USA) was used to acquire the data.

Preparation of calibration standards and quality control
samples

The analyte and IS standard stock solutions were made
independently, with a 500 pug/ml concentration in meth-
anol. A -20 °C temperature was used for storing stock
solutions until they were used to create working solu-
tions. After the above stock solutions were diluted in pure
methanol, various working standard solutions of ator-
vastatin (10-500 ng/mL) and the IS (500 ng/mL) were
created and stored at—20 °C. To produce 1-1000 ng/
ml calibration standards, the blank plasma samples were
spiked with these standard working solutions. Addition-
ally, QC samples were produced with 50 ng/mL IS and
low (LQC), medium (MQC), and high (HQC) qual-
ity control doses of atorvastatin (2, 500, and 750 ng/ml,
respectively).

Plasma sample preparation

Six replicates of the plasma calibration standards with
concentrations ranging from 1 to 1000 ng/mL were pre-
pared in 1.8 mL Eppendorf tubes. To create these stand-
ards, 20 pL of internal standards in addition to suitable
aliquots of atorvastatin working solutions were added to
200 pL of blank human plasma. The generated plasma
samples were precipitated with acetonitrile (1 mL). After
vortexing at high speed for one minute, the mixture was
spun in a centrifuge for 15 min at a speed of 20,000 rpm.
After being transferred to a new vial, the supernatant was
allowed to evaporate at room temperature and then dried
with a nitrogen spray. For LC-MS/MS analysis, a total of
one hundred pl of water/acetonitrile with a ratio of 70:30
(v/v) was used for reconstitution. The injection volume
was 5 pL.
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Atorvastatin full pharmacokinetic profile

Blood samples were drawn from five subjects who carried
both the homozygous mutant genotypes (T/T) and (C/C)
of the SNPs CYP3A4*1B and CYP3A5*3, respectively.
The following samples were collected: 0.5 ml at predose,
0.5 ml at two hours, 0.5 ml at twelve hours, and 0.5 ml at
eighteen hours postdose. The plasma levels of atorvasta-
tin at the four time points were assessed via LC-MS/MS
analysis.

Data analysis

The collected data were revised, coded, tabulated, and
introduced to a PC via the Statistical Package for Social
Science (IBM Corp. Released 2017. IBM SPSS Statistics
for Windows, Version 26.0. Armonk, NY: IBM Corp).
The quantitative variables were normally distributed.
Student’s t test was used to compare quantitative vari-
ables between two study groups. One-way analysis of
variance (ANOVA) was used to compare quantitative
variables between more than two study groups, with
Tukey’s post hoc test for pairwise comparisons. Pear-
son’s correlation was used to determine whether there
was a linear relationship between two variables in the
case of normally distributed continuous variables. In
addition, Kendall’s tau-b analysis was used to determine
correlations for nonnormal distributions. Linear regres-
sion analysis was used to predict a continuous outcome.

Table 1 Demographic and clinical characteristics of the study
subjects (n=100)

Variable n (%)
Age, mean (SD), year? 5425 (9.21)
Gender Male 37 (37%)
Female 63 (63%)
BMI classification Normal 1 (1%)
Overweight 9 (9%)
Obese Class | 32 (32%)
Obese Class Il 41 (41%)
Obese Class Il 17 (17%)
Smoking Never 73 (73%)
Former 10 (10%)
Current 17 (17%)
History of diabetes Yes 85 (85%)
No 15 (15%)
On hypertension treatment Yes 59 (59%)
No 41 (41%)
On Aspirin Yes 62 (62%)
No 38 (38%)

2 Data for all continuous variables are expressed as the mean (standard deviation
(SD))
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Logistic regression analysis was used to predict a cate-
gorical outcome (binary). Receiver operating characteris-
tic (ROC) curves were used to assess the performance of
the prediction model for discrimination. A P value <0.05
was considered statistically significant.

Table 2 Allelic and genotype frequencies and percentages
of the CYP3A4*1B (rs2740574 C/T) and CYP3A5*3 (rs776746 T/C)
polymorphisms

*

All Subjects n %
(n=100)

A. CYP3A4*1B (rs2740574 C/T) genotype

(CC) genotype 2 2

(CT) genotype 24 24

(TT) genotype 74 74
Allele frequency

C(Wild) 28 14

T 172 86

B. CYP3A5*3 (1776746 T/C) genotype
(TT) genotype 1 1

(TC) genotype 32 32

(CC) genotype 67 67
Allele frequency

T (Wild) 34 17

C 166 83

" (%): The percentage is determined by dividing the frequency in each category
by the total number of participants and then multiplying the result by 100%
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The pharmacokinetic profile of atorvastatin was cal-
culated via linear regression via the equation y=a+bx,
where y is the area under the peak (AUP) ratio of the
drug to the internal standard, (a) is the intercept, (b) is
the slope and (x) is the concentration of atorvastatin.
The relative standard deviation (RSD) was calculated
for all values. Intraday and interday accuracy, preci-
sion, extraction recovery, and matrix effect results were
compared at each QC concentration level via Student’s
t test. Pharmacokinetic parameters were estimated via
model-independent methods (Gibaldi, M. and Perrier,
D. approach, 1982) [43, 44]. The terminal elimination
rate constant (k) was estimated via linear regression
analysis of the terminal portion of a drug’s In-linear
blood concentration—time profile. The terminal elimi-
nation half-life (t;,,) was calculated from the terminal
elimination rate constant via the formula t;,,=0.693/k.
The linear trapezoidal rule was used to calculate the
area under each drug concentration-time curve (AUC
o-v Hg h/L) from dosing to the end of the dosing inter-
val (t=24 h). The apparent oral clearance (Cl/F) was
calculated from the dose/AUC,_,. Student’s t-test was
used to examine the concentration difference each day,
and ANOVA was used to evaluate the reproducibility of
the assay. The level of confidence was 95%.

Table 3 Significant correlations between the CYP3A4*18B (rs2740574 C/T)/CYP3A5*3 (rs776746 T/C) genotypes and other parameters

under investigation among the study participants (n=100)

Genotype Variable r P value Correlation
Coefficient
Type
CYP3A4*1B (rs2740574 C/T) (C/C) genotype TGP % CHANGE 0.30 0.003 Pearson’s
n=2 CK® CHANGE -060 <0001 Pearson's
CYP3A5*3 (T/T) genotype 0.70 <0.001 Kendall's tau-b
(C/T) genotype TBY % CHANGE 0.30 0.004 Pearson’s
n=24 Atorvastatin plasma level —0.60 <0.001 Pearson’s
CYP3A5*3 (T/C) genotype 0.50 <0.001 Kendall's tau-b
(T/T) genotype TB9 % CHANGE -0.30 0.006 Pearson’s
n=74 CK® CHANGE 0.30 0.009 Pearson's
Atorvastatin plasma level 0.62 <0.001 Pearson'’s
CYP3A5*3 (C/C) genotype 0.51 <0.001 Kendall's tau-b
CYP3A5*3 (rs776746 T/C) (T/T) genotype CYP3A4*1B (C/C) genotype 0.70 <0.001 Kendall's tau-b
n=1
(T/C) genotype Atorvastatin plasma level -0.73 <0.001 Pearson’s
n=32 CYP3A4*1B (C/T) genotype 0.50 <0.001 Kendall's tau-b
(C/C) genotype Atorvastatin plasma level 0.80 <0.001 Pearson’s
n=67 CYP3A4*1B (T/T) genotype 0.51 <0.001 Kendall's tau-b

2 (r): Correlation coefficient, °(TG): triglycerides, <(CK): creatine kinase, %(TB): total bilirubin
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Results

Subjects’ demographics

The demographic and clinical characteristics of the
remaining patients are shown in Table 1. All the sub-
jects recruited in this study were Egyptians. The
patients were between 20 and 65 years old. The subjects
were primarily females (63%), whereas males repre-
sented 37% of the total patients. Most of the partici-
pants were obese (90%), had class I obesity (32%), had
class II obesity (41%), or had class III obesity (17%).
Furthermore, the majority of the patients were dia-
betic (85%), hypertensive (59%), or nonsmokers (73%).
All the patients were candidates for high-intensity sta-
tin therapy. The participants were either predisposed
to or already had atherosclerotic cardiovascular dis-
ease (ASCVD). Approximately two-thirds (62%) of the
subjects were on low-dose aspirin as a prophylactic
therapy for CVD events. None of the patients were on
antihyperlipidemic agents for at least four weeks before
the study.

Allele frequencies of the CYP3A4*1B (rs2740574 C/T)

and CYP3A5%3 (rs776746 T/C) SNPs among the study
population in Egypt

CYP3A4*1B SNP

The genotyping results are shown in Table 2. Homozy-
gosity (T/T) of the CYP3A4*1B (rs2740574 C/T) SNP
was prevalent among the study participants (74%),
whereas heterozygosity (C/T) was represented by
approximately one-quarter (24%) of the patients. In
addition, this study demonstrated that the frequency
of the wild (C/C) genotype among Egyptians was
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noticeably low (2%). The frequency of the CYP3A4*1B
variant allele was highly predominant at 86%.

Kendall’s tau-b analysis revealed statistically signifi-
cant correlations (P values <0.001) between the three
genotypes of CYP3A4*IB (rs2740574 C/T) and the
three genotypes of CYP3A5*3 (rs776746 T/C) (Table 3).

CYP3A5*3 SNP

The frequency of homozygotes (C/C) of the CYP3A5*3
(rs776746 T/C) variant was high. This genotype
was found in approximately two-thirds (67%) of the
study participants, whereas approximately one-third
(32%) of the participants were heterozygotes (T/C) of
CYP3A5*3. With respect to the CYP3A5*3 SNP, this
study revealed that the prevalence of the wild-type
(T/T) genotype was significantly lower (1%) in Egyptian
study subjects. The allelic frequency of the CYP3A5*3
variant was highly prevalent at 83% (Table 2).

Kendall’s tau-b analysis revealed significant cor-
relations (P values<0.001) between the CYP3A5*3
(rs776746 T/C) genotype and the CYP3A4*1B
(rs2740574 C/T) genotype (Table 3).

Genotype and prediction statistical analysis

Logistic regression as an extrapolation model revealed
that both the CYP3A4*IB (rs2740574 C/T) genotype
(C/T) and (T/T) were predictors of the CYP3A5*3
(rs776746 T/C) genotype (T/C) and (C/C), respectively.
Logistic regression revealed a significant relationship
between the CYP3A5*3 (T/C) genotype as the depend-
ent binary variable and the CYP344*IB (C/T) genotype
as the predictor variable. The odds ratio (OR) was 9.88,

Table 4 Relationships between genotypes of CYP3A4*1B (rs2740574 C/T) and CYP3A5*3 (rs776746 T/C) and other investigated

parameters among the study subjects (n=100)

A. Linear regression

Independent variable (Predictor) Dependent variable (Outcome) R?2 Bb P value
CYP3A4*1B (C/T) genotype Atorvastatin plasma level (ng/ml) 03 —-4.08 <0.001
CYP3A4*1B (T/T) genotype 04 422 <0.001
CYP3A5*3 (T/C) genotype 0.5 - 468 <0.001
CYP3A5*3 (C/C) genotype 0.6 479 <0.001
CYP3A4*1B (C/C) genotype Change in CKS, (U/L) 03 —84.40 <0.001
B. Logistic regression
Independent variable (predictor) Dependent variable (outcome) OR¢ 95% CI¢ Bb P value
Atorvastatin plasma level CYP3A4*1B (T/T) genotype 1.96 (1.5-2.6) 0.67 <0.001
CYP3A5*3 (C/C) genotype 243 (1.8-3.3) 0.89 <0.001
CYP3A4*1B (C/T) genotype CYP3A5*3 (T/C) genotype 9.88 (3.5-28.1) 2.29 <0.001
CYP3A4*1B (T/T) genotype CYP3A5*3 (C/C) genotype 11.63 (4.1-33.0) 245 <0.001

2 R2 coefficient of determination, °B: regression coefficient, °CK: creatine kinase, “OR: odds ratio, ©95% Cl: 95% confidence interval



Page 9 of 23

(2024) 29:539

Maslub et al. European Journal of Medical Research

(0601) (z1rot) (6£0L)
8l'0 (LT6)96€C — 96'9C — 880 x100 xC00 x100 049¢~ (S€9)15SC—~ (CE¥0) ¥8Y — S6'ST—  JIONVHDO %
#991) (L9°ep) (LY 1Y) 09°/1) (reL€)
*¥00 108€ — €50S — ¥50 S0 Y170 810 cE6y — oLoy—  (96%2) 599 — 9C9r — wIONVHD
lusw
€50 (8FTh) /8611 (1¥S9) €6/CL 790 890 980 870 (€4v9) cL8Tl (LT99)06SLL  (066)00€6 (1£'8S) €64CL -1B211150d
SI'0 (69°15) 8845l (2868) 98/l %0 9¢0 090 0 (81/8)S08/L (8987)86'GSL  (90'GL) G966 (0/6/)61'L/L Iudwieanad — Ip/bw’ O]
¢L0 0L ¥66  (0¥01) 290l G80 660 660 980 (06'6) 8901 F91)£56 (0000000l  (558)0F0L  (IONVHD %
LL0 (S0'L)8ce or'e) ov'e 160 9,0 180 90 (sze)ove (Qo'1)oge (000) 00T #80) 6¢°€ wIONVHD
luswl
690 (¢911)€89¢  (6001)9L'L€ 160 N0) 600 L0 (86'6) LE'LE  (PL'TL)6€8E  (000)00CC  (L90OL) LELE 118211150 P
L0 (9L01)SS€E (91'6) 0EwE 980 N0 600 0] (90'6) L6€E  (8TLL)60SE (00000007  (1£6) L6'EE  uswieanald  /Bw ‘sD-1AH
(€£11) (€9L1) #80ol)
150 (#89)8E'LS 86 — 9,0 S¥0 190 00 086 — (918)09'LS—  (07) ¥T'6S — oS = (IONVHD %
(66'07) (06'97) (0097) (6¥'120) (s€2) (€050
€50 ¥E/8— 06'€8 — 870 €0 950 120 S0€8 — 7868 — 08801 — 6168~ wIONVHD
Juswi
00l (LS¥E)LT/8  (C09€) 1€/8 66'0 880 /80 880 (1899)S1'/8  (60CE)v188  (S¥H)S8¥/.  (WCSe) ¥L/8 18211150
Y20 (P9 09%/L (6S9%) LT LLL 90 160 660 €0 (0£9%) 0T0/L (€S9Y) L6441 (1811)S9E8L (LLOK) €€T/L  udwieannald Tp/bw’ D107
190 (#09)698¢ — (58'9) 18'LE — LL0 510 S0 910 (99) L1~ (1'9)8e — (S80)8€8Fy — (90'8) 0T8E —  (IDONVHD %
(95'12) (89'£0) (€8'90) (8¥'C0) (€€0) (1950
¥8°0 86’16 — /806 — /90 850 110 S¥0 1168~ 9616 — G180l — 816 — wIONVHD
lusw
90 (098¢ S/ /¥l (286€) ZE0SL 660 0 850 870 (W'Y S66v1L (L6CE)6C6YL  (EV9) SPSLL  (#T6E) OL'6YL -1e211150d
680 9L0S(€£650) S8Y) 61 L¥T 60 680 ¥80 780 (F909) TL'66C (WS'SY) STPPe  (L£8)9€CT (C8'8%) 8F0FC  luswieanlald p/bw ‘DL
%1000> (00'1) og'e (€£0) £0'8 %1000> x£0°0 86'0 x1000> (690 652 (€06 (¢80)80°¢ (00°€) 6¥°9 |w/BU ‘|9A3] U1RISEAIONY
BHwWwW
P60  (L69)9918 (S PS8 90 060 S0 /50 w8 (L1S)/978  (6¥8)006L  (8L9) 6418 ‘ainssaid poojq d1joiselq
BHwWW
0 (S88)SLEEl (96'11) 06'LEL 86'0 660 66'0 160 (#6'11) 0£CEL ®6L76l  (61'6)0S€EEL (00LL) PP CEL ‘ainssa1d poojq 21|0ISAS
610  (e8Y)099¢  (Ll)9gse 780 610 620 020 WTY)96'SE  BLY)¥ESE  (1£0)0S0€  (8€%) 04'GE AW/Bx olINg
L/ Ly La/Lls Le/Dx
(ze=w)dL (L9=u)DD SA L4/D 'SADx/Jx  SADx/Dx (rL=w1ll (rT=u)1d (z=u)2D
(3= (66=u) (ooL=u) (ooL=u)
1s,3u9pnis) o(as) ueay (;704150d ;WVAONY) (4VAONY) o(as)uesy  .(as) uesy
anjepd (D/L9YVLOLLSY) €xSVEDAD onjeAd  anjead (L/D ¥LSOVLTSY) GLxbVEdAD  s¥3[ans ||y d|qeliep

ullelseAlole Ylim lusulieall

JO $99M 1IN0} 191Je pue 21042q sid1aweled [eDJUlD JaYlo pue ‘s|aAd| uioidodi/pidi wnias ‘swisiydiowAjod 213auab £, SVEdAD/g 1 xFVEJAD UDaMISQ UOIRID0SSY § dqel



Page 10 of 23

(2024) 29:539

Maslub et al. European Journal of Medical Research

anjea d yuesyiubis

(001 Aq paijdiynw pue quawieanaid 193aweled syl Aq papIAIp usay) ‘Juawieanaid Jajaweled swes sy} snuiw Juswieasnisod Jajaweled e) :smo||o) se sem sid3aweled K1ojeioqe|
ul sabueyp 9, 104 BINWLIOS UOIIEIND|ED BY| "duljdsed woly dbueyd abejuadiad :3JDNYHD % ‘U ‘(uswiealiaid 193oweled swes sy} snuiw Juswiealysod Jajaweled e) :smoj|oy se sem sia3oweled A1ojeloge| ul sabueyd 1oy
g|NUuI0} UoKe|Nd|ed 3y duljaseq woly 3bueyd :IDNYHD,, ‘@5eubf SUIRR3ID 1y, ‘UIqNJI|Id [230} g1, ‘@seiajsuel) oujwe dieliedse ] S ‘9seiajsuel} oulwe aujuele [y, ‘sapuadA|bul 191, ‘|oias3joyd urzoidodi| Ausuap
-yb1y :21aHs ‘|042359|0Y> uIB301dodi| A)SUSP-MO| :D-1QT, [0433S3|0Y B30} D1, ‘XOPUI Ssew APoq :INg,, ‘1593 ASH AS3NL D04 350d, ‘d2UeLIeA JO sisA|eue :YAONV ‘((AS) UoeIASp piepuess) ueaw ay3 se udAIb a1e sanje ,

ol'0  (68%7) LOCL  (S9'8L) T8l 9€0 %100 x€0°0 xL00 (6€61) 2281 (8981) ZETL %mm m\v (9800) £€91  IDNVHD %
(6£:8L1)
900 (€8T ey (€€l SSEL 920 xl000>  «l000>  xl000>  (bTEL)00VL  (0€TL)9F/L 007/—  (GE1Q) L0l wIONVHD
lusw
8L0  (CL'¥e) 18/L  (STEE) LS5/8 N0 00'L 280 €10 (lege)seeg  (ogee) cves  (6¥'8) 0048  (LG'€EE) 0578 -1e2111504
(teotl)
680 (6C0V)60€L  (#S'L0) LOVL LE0 xl000>  £l000>  xl000> (€00 SEV/.  (9€'80) 9679 00651 (S8'1€)6£€L IUdWILAIBI] /NP
ST0 QUL eoLe  (8T6L)OLHT %100 00'L 990 *C00 (Lregvirce (64709788 (T SPee  (€£€09T9C  (IADNVHD %
050 (€To6L0 (€10 /10 zLo 00'L 080 710 (Zroyato (SL'0)€T0 (900) 910 (£10) 210 wIONVHD
Jjusw
SLo (8T°0) T80 (61'0)680 86'0 160 760 06'0 (€T°0)£80 (0T0) 980 (€1'0) 180 (¢T0) £80 212150
x100> (¢l'0) €90 (Fl0)2L0 %00 610 160 %00 (S10)2L0 (110) €90 (£00) 590 #1°0)690 1USWILANI] p/Bw gl
Y0 (L8040 6TLy  (€97€€) 18'8T 96'0 750 790 950 (9geq) seee (0LTe)Tgoe (e ele— (L8P S¥e (IDNVHD %
80 (CTYl)69L (8019 LL0 950 A1) 60 ey L QL9 ey's  (1£0)050—  (8T0L) SS9 wIONVHD
Jusw
wo (696l)¥EST  (88'1L)€9/C 870 340) SL0 L10 (sTyhvlgr  (bL8)Tver (Tl 059l (8L'EL) ££9T -18211150d
x100> (6L7)99°/1 (€6') LSLT /10 L£0 86'0 910 (Ssp €0l (Tirs) 008l (lr1) o0/l (E1'2) TT0T  uaUIRaAIRlg N 'LSY
160  (66/)09ST  (08'F€) S6'ST €50 790 80 6€0 (€6'sS) lzer  (€€1E)¥C9l (0591 00S—  (98°09) L¥'ST  (IDNVHD %
60 (8Tl ¥8Y (€79 €0'S LS50 190 780 0] (€96) €5°G (tes)tre  (€l'D050— (€8'8) 067 wIONYHD
Jjuswi
[T0  (cervele (£98) LShe 7170 620 €50 810 (ot lsve  (oe)Trlc Wk ooel  (S£0L) ¥See -1e2111504
00  (00%)60/LL  (96%)8F6l 990 SC0 L0 120 Oy 668l (lev)008L  (l'Q)0sel  (08%) ¥98L  1Uswieslald VN’ v
L/l L/Lx Le/Dx
(ze=uw)dL  (£9=u)DD SA Lx/D & SADx/Dx SADx/Dx (rL=uw)ll (rT=u)ld (z=w2d
(3593 (66=U) (ooL=u) (ooL=u)
15,3uUspnis) o(aS) uesy (704 350d sWAONY) (q¥AONV) o(aS)UesW  (as) ues
anjepd (D/L9Y7L9LLS1) £xSVEDAD anjeAd  anjead (L/D¥LSOVLTSI) GLstVEJAD  sI3[Qns || 3|qelep

(penunuod) g aqer



Maslub et al. European Journal of Medical Research (2024) 29:539

95% confidence interval (CI): 3.5-28.1, P<0.001). Logis-
tic regression analysis revealed a significant relationship
between the CYP3A5*3 (C/C) genotype, the dependent
binary variable, and the CYP3A4*1B (T/T) genotype, the
independent variable. The OR was 11.63 (95% CI: 4.1—
33.0, P<0.001) (Table 4).

Effect of genetic polymorphisms on atorvastatin
effectiveness

The CYP3A4*1B (rs2740574 C/T) genetic variant

The associations between the CYP3A4*1B (rs2740574
C/T) variant and serum lipid or lipoprotein levels were
analyzed. Data from patients carrying the wild-type
(C/C) genotype were compared with those from patients
carrying the (T/T) and (C/T) genotypes. In addition,
data from subjects carrying the homozygous (T/T) geno-
type were compared with those from subjects heterozy-
gous (C/T) for the CYP3A4*IB (rs2740574 C/T) SNP
(Table 5). ANOVA revealed no evidence of a difference in
baseline serum lipid or lipoprotein levels among the three
genotype carriers of the CYP3A4*1B variant (Table 5).

Serum TG percentage reduction The percentage reduc-
tion in the serum TG concentration was lower in the
CYP3A4*1B (C/C) (wild genotype) group than in the C/T
and T/T genotype groups (P value < 0.05). The percentage
reduction in serum TG was 4.84 + 24.32 in the CYP3A4*1B
(C/C) genotype group (Table 5). Among the CYP3A4*1B
(C/T) and (T/T) genotype carriers, the serum TG per-
centage reductions were 25.51 + 8.35% and 26.70 + 10.17%,
respectively (Table 5).

Pearson’s correlation revealed a weak positive cor-
relation between TG percentage reduction and the
CYP3A4*1B (C/C) genotype ((r=0.30), (n=2), and (P
value <0.05)) (Table 3).
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The CYP3A5*3 (rs776746 T/C) genetic variant

The relationships between the CYP3A5*3 (rs776746
T/C) variant and blood lipid or lipoprotein levels were
investigated. Data from patients carrying the homozy-
gous mutant genotype (C/C) were compared with those
from patients carrying the heterozygous genotype (T/C)
(Table 5). The genotyping findings revealed that only
one patient carried the wild-type (T/T) genotype. Thus,
data regarding this homozygous wild-type genotype were
excluded from the statistical analysis.

There was no evidence of a difference between the
two genotype carriers ((C/C) or (T/C) of the variant
CYP3A5%3) regarding the baseline serum levels of lipids
or lipoproteins (Table 5).

Serum TG reduction The serum TG concentration was
greater in the C/C genotype carriers (50.53 + 43.61) than in
the C/T genotype carriers (38.01+16.64) (P value<0.05)
(Table 5).

Effect of genetic polymorphisms on the safety

of atorvastatin

The CYP3A4*1B (rs2740574 C/T) genetic variant

The associations between the CYP3A4*IB (rs2740574
C/T) variant and serum ALT, AST, TB, and CK levels
were studied.

Serum ALT/AST There was no evidence of a difference
between the three CYP3A4*1B genotypes regarding the
baseline and posttreatment serum ALT and AST levels (P
values >0.05) (Table 5).

Serum TB  Baseline serum TB: Compared with carriers of
the C/T genotype, carriers of the CYP3A4*1B (T/T) geno-
type had greater baseline TB (mg/dL) (P value <0.05). The

Table 6 Variations in serum TB levels (mg/dL) based on genotype before and after atorvastatin treatment for one month

Genotype (n) Serum TB? level (mg/dL) Mean difference (95% CI) P valuet
(2-tailed)
Pretreatment Posttreatment
(MeanxSD)® (MeanxSD)®
CYP3A4*1B (C/C) (n=2) (0.65+0.07) (0.81+0.13) 0.16 (— 042,0.73) 0.18
CYP3A4*1B (C/T) (n=24) (063+0.11) (0.86+0.20) 0.23(0.17,0.30) <0.001*
CYP3A4*1B (T/T) (n=74) (0.72+0.15) (0.87+0.23) 0.15(0.12,0.20) <0.001*
CYP3A5*3(T/C) (n=32) (063+0.12) (0.82+0.28) 0.19(0.11,0.28) <0.001*
CYP3A5*3(C/C) (n=67) (0.72+0.14) (0.89+0.19) 0.17(0.13,0.20) <0.001*

27TB: total bilirubin

bValues are given as the mean (standard deviation (SD))
€95% Cl: 95% confidence interval

* Paired t test

" P value is considered significant
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Fig. 2 Graphical representations of the statistical regression analysis results. Plots (A.1) to (A.5) show simple linear regression analysis

and indicate the direction of the relationship between (X) (predictor) variables and (Y) (dependent) variables as unstandardized predicted
values. Plot (A.1) reveals the relationship between the CYP3A4*1B (C/C) genotype and the change in the posttreatment CK (U/L). Plot (A.2)
demonstrating the relationship between the CYP3A4*1B (C/T) genotype and the plasma atorvastatin concentration (ng/ml). Plot (A.3)

showing the relationship between the CYP3A4*1B (T/T) genotype and the plasma atorvastatin concentration (ng/ml). Plot (A.4) showing

the relationship between the CYP3A5*3 (T/C) genotype and the plasma atorvastatin concentration (ng/ml). Plot (A.5) illustrates the relationship
between the CYP3A5*3 (C/C) genotype and the plasma atorvastatin concentration (ng/ml). **ATV: Atorvastatin

baseline TB level (mg/dL) in the case of the CYP3A4*1B
(T/T) genotype was 0.72+0.15, whereas it was 0.63+0.11
for the C/T genotype (Table 5).

Posttreatment serum TB: Atorvastatin significantly
elevated the TB level (mg/dL) to approximately equal val-
ues posttreatment in both C/T and T/T carriers (p val-
ues for the t test were <0.001) (Table 6). Serum TB levels
were elevated from 0.63+0.11 to 0.86+0.20 and from
0.72£0.15 to 0.87£0.23 in C/T and T/T carriers, respec-
tively. However, in the case of the CYP3A4*IB wild-
type genotype (C/C), the TB increase from 0.65+0.07
to 0.81+0.13 was not statistically significant (t test P
value >0.05) (Table 6).

Serum TB percentage increase: The posttreatment TB
percentage increase was greater in the C/T genotype

x10*
)
1.8
161
1.4
1.2
,“
0.8
0.671
0.4
0.2

group (38.26+22.79) than in the T/T genotype group
(22.44+23.17, P value<0.05) (Table 5). Pearson’s cor-
relation revealed a weak positive correlation between
the posttreatment TB percentage increase and genotype
(C/T) ((r=0.30), (n=24), and (P value <0.05)). However,
the correlation between the posttreatment TB percentage
increase and the genotype (T/T) was weak and indirect
(r=-0.30, (n=74) (P value <0.05)) (Table 3).

Serum CK Baseline serum CK: The (C/C) genotype car-
riers of the CYP3A4*1B SNP had higher baseline CK val-
ues (U/L) than did the patients in the groups carrying the
(C/T) and (T/T) genotypes (P value <0.001). The baseline
CK value concerning the CYP3A4*1B (C/C) genotype was
159+110.31. On the other hand, the baseline CK values

7.549

Atorvastatin

6.793

Rosuvastatin

T
0.5 1 15 2 25 3 35 4 4.5

T T
5 5.5 6 6.5 7 7.5 8 85 9 9.5

Counts vs. Acquisttion Time (min)

Fig. 3 MRM transitions of atorvastatin and rosuvastatin (IS). After 18 h of oral administration of 40 mg atorvastatin, the sample was collected

from a participant in this study
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for the C/T and T/T genotypes were 64.96 +28.36 and
74.35+27.03, respectively (Table 5).

Changes in the percentage of serum CK: The post-
treatment CK percentage increase was greater in both
the CYP3A4*1B (C/T) and (T/T) genotype carriers than
in the C/C genotype carriers (P value<0.05). The levels
were 12.32+18.68 and 18.77+19.39 for the (C/T) and
(T/T) genotype carriers, respectively, and 25.50+57.02
for the (C/C) genotype carriers (Table 5).

Pearson’s correlation revealed significant correlations
between the change in CK levels posttreatment and
both genotypes of CYP3A44*IB (C/C) and (T/T) (P val-
ues<0.001 and <0.05, respectively). With respect to the
(C/C) genotype, there was a moderate, negative correla-
tion (r=— 0.60) (n=2). For the (T/T) genotype, there was
a weak, direct correlation (r=0.30, (n="74)) (Table 3).
Furthermore, linear regression analysis revealed a signifi-
cant relationship between CYP3A44*IB (C/C) (as a pre-
dictor) and the change (decrease in this genotype) in the
posttreatment CK (as the outcome). The regression coef-
ficient B value was — 84.40 (P <0.001) (Table 4 and Fig. 2).

The CYP3A5*3 (rs776746 T/C) genetic variant

The relationships between the CYP3A5*3 (rs776746 T/C)
variant and ALT, AST, total bilirubin (TB), and creatine
kinase (CK) levels were explored.

Baseline liver enzymes/serum TB 'The baseline liver
enzymes and TB levels were greater in the genotype
(C/C) carriers than in the genotype (T/C) carriers (P
value<0.05). The baseline ALT level in the C/C geno-
type carriers was greater (19.48+4.96) than that in the
T/C genotype individuals (17.09 £4.00) (P value <0.05).
The baseline AST levels were greater in the C/C geno-
type group (21.51+7.93) than in the T/C genotype group
(17.66 £4.19) (P value <0.05). The baseline TB levels were
greater in the C/C genotype group (0.72 + 0.14) than in the
T/C genotype group (0.63 + 0.12) (P value < 0.05) (Table 5).

Posttreatment serum TB Atorvastatin significantly
increased the levels of TB (mg/dL) after the four-week
treatment in both the T/C and C/C groups (Table 6). The
levels increased significantly from 0.63 +0.12 to 0.82 +0.28
and from 0.72 £ 0.14 to0 0.89+£0.19 in the T/C and C/C car-
riers, respectively. The P values for the t test were <0.001
(Table 6).

Serum CK There was no evidence of a difference
between the genotypes (C/C and T/C) regarding the base-
line or posttreatment serum levels of CK (P value >0.05)
(Table 5).
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Atorvastatin plasma level

Chromatography and selectivity

Figure 3 displays the MRM transitions of atorvastatin
and the IS in an Egyptian patient's LC-MS/MS chroma-
togram following an 18-h oral dose of 40 mg atorvastatin.
The atorvastatin and IS retention durations were approx-
imately 6.8 and 7.5 min, respectively. The IS and atorvas-
tatin peaks were clearly differentiated. Within the 10-min
run period, no endogenous chemical or medication was
found to significantly interfere with the atorvastatin and
IS retention times. The observed IS and atorvastatin
retention times did not significantly change throughout
the three-month validation period (RSD < 1.0%).

LC—-MS/MS validation

Linearity: The AUP ratio of atorvastatin to the IS in the
plasma showed excellent linear associations (r=0.998)
for the 1-1000 ng/mL concentration range. With a mean
correlation of 0.998+0.001, the AUP ratios (y) against
atorvastatin concentrations (x) had a mean linear regres-
sion equation of Y= —0.03517 +0.01784X.

Sensitivity and carry-over: The lower limit of quantifi-
cation (LLOQ) of this assay for human plasma was one
ng/mL, and the corresponding RSD of the ultrafiltrate
was 9.6%. At a signal-to-noise ratio (S/N)>3, the LOD
was 0.3 ng/mL. No indication of sample carryover from
one run to the next was found.

Accuracy and precision: By comparing the linear regres-
sions of three standard plots created on three separate
days over three months, the reproducibility of the assay
was assessed. For each of the three slopes, the RSD was
11.7%, and the mean correlation coefficient was >0.996.
The intra- and interday measurements, as well as the
slopes of the calibration curves, did not differ signifi-
cantly (p>0.05) according to the ANOVA results. The
results validated the reproducibility of the assay method.
A value of 10% was established as the highest allowable
limit for accuracy and precision. The precision (RSD)
within and between runs was less than 10%. For atorvas-
tatin, the accuracy as a relative error was 4.8 + 1.7.

Extraction recovery: Atorvastatin recovery was
89.8+8.0% on average, with an RSD <10.5%. Over the
range of concentrations examined, there was no discern-
ible variation in the extraction effectiveness of the cur-
rent assay.

Matrix effect: By comparing spiked samples (after pro-
cessing) with spiked injection solvents, the matrix effect
was evaluated; the results revealed a difference of less
than 10%.

Stability: Processed samples kept for 24 h at 10 °C in
the autosampler were stable for both the IS and atorvas-
tatin, with mean estimated values falling between 8.7%
and 10% of the nominal concentration.
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Clinical applications involving patient plasma samples

LC-MS/MS technology can be used to determine the
plasma atorvastatin concentration with satisfactory
results. The technique demonstrated high sensitiv-
ity in properly quantifying clinical samples, spanned
the therapeutic range of observed concentrations, and
demonstrated excellent clinical application. Following
atorvastatin treatment, the plasma levels of all the study
participants (n=100) were measured via LC-MS/MS at
the same intervals before the next dose. Table 5 shows
that the plasma levels of atorvastatin had a mean value of
6.49 ng/ml and a standard deviation of 3.00 ng/ml.

CYP3A4*1B genotypes and plasma levels of atorvastatin

Atorvastatin plasma levels (in ng/ml) were greater in
carriers of the T/T genotype than in carriers of the
other genotypes (C/T) and (C/C) (P value<0.05). The
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plasma levels were 7.59£2.69 for the T/T genotype and
3.39+1.03 and 3.08+0.82 for the C/T and C/C geno-
types, respectively (Table 5).

Pearson’s correlation analysis revealed significant cor-
relations (P values<0.001) between the plasma atorvas-
tatin concentration (in ng/ml) and both the CYP344*1B
(C/T) and (T/T) genotypes. With respect to the (C/T)
genotype, there was a moderate, inverse relationship
(r=- 0.60, n=24). For the (T/T) genotype, there was a
moderate, direct relationship (r=0.62, n=74) (Table 3).

Simple linear regression was used to explore the rela-
tionships of C/T and T/T genotypes with the continuous
dependent variable atorvastatin plasma levels (in ng/ml).
The regression coefficients p were — 4.08 and 4.22 for the
C/T and T/T genotypes, respectively (P <0.001) (Table 4
and Fig. 2).

Logistic regression as a prediction model explained
the significant relationship between the CYP3A4*IB

Table 7 Predictive performance of the plasma atorvastatin concentration in the study subjects (n=100)

The predicted Gene AUC? (95% CI°) Sensitivity® Specificity® Cut off point
Genotype

(T/T) CYP3A4*1B (rs2740574 C/T) 0.867 (0.797- 0.938) 0.824 1 >5531

(C/Q) CYP3A5*3 (rs776746 T/C) 0.914 (0.849- 0.979) 0.896 1 >6.444

2 AUC: area under the receiver operating characteristic curve, °Cl: confidence interval, “Balanced sensitivity and specificity at the cutoff point, yielding the maximum

Youden index (J) value (sensitivity + specificity — 1)

ROC Curve for CYP3A4*1B (rs2740574 C/T) (T/T) genotype
10

08|

06 |
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04| A

00 02 04 06 08 10

1 - Specificity

(4)

ROC Curve for CYP3A5*3 (rs776746 T/C) (C/C) genotype
10 »
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06 /
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Fig. 4 Receiver operating characteristic (ROC) curves. The plots illustrate the predictive performance of the atorvastatin plasma concentration
in detecting the CYP3A4*1B (rs2740574 C/T) (T/T) genotype, "ROC curve A’ and the CYP3A5*3 (rs776746 T/C) (C/C) genotype, “"ROC curve B!
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Fig. 5 Plasma concentration—time profile. Atorvastatin pharmacokinetics were determined in five carriers of the genotype (T/T) of the variant
CYP3A4*1B (152740574 C/T) and the genotype (C/C) of the variant CYP3A5*3 (rs776746 T/C). Samples were collected predose and at two hours,
twelve hours, eighteen hours, and twenty-four hours after 40 mg of atorvastatin was administered orally

(T/T) genotype as the dependent binary variable and
the plasma atorvastatin concentration (in ng/ml) as the
predictor variable. The OR was 1.96 (95% CI: 1.50-2.6,
P <0.001) (Table 4).

CYP3A5*3 genotypes and plasma levels of atorvastatin
Patients with the C/C genotype had higher plasma ator-
vastatin levels (8.07 +2.33) than did those with the T/C
genotype (3.30+ 1.00) (P value <0.001) (Table 5).

Pearson’s analysis revealed statistically significant cor-
relations (P values<0.001) between atorvastatin plasma
levels (in ng/ml) and both genotypes of CYP3A5*3
(T/C) and (C/C). There was a strong indirect relation-
ship between the T/C genotype and disease severity
(r=- 0.73, n=32). For the (C/C) genotype, there was a
strong and direct relationship (r=0.80, n=67) (Table 3).

Linear regression analysis revealed the relationships of
the T/C and C/C genotypes with the outcome variable,
the plasma atorvastatin concentration. The regression
coefficients  were -4.68 and 4.79 for the T/C and C/C
genotypes, respectively (P <0.001) (Table 4 and Fig. 2).

The predictive statistical analysis (logistic regression)
as an extrapolation model elucidated the significant
relationship between the outcome binary variable (C/C)
genotype and plasma atorvastatin levels as the independ-
ent variable. The OR was 2.43 (95% CI: 1.8-3.3, P<0.001)
(Table 4).

ROC curves

ROC curves were used to assess the extrapolative perfor-
mance of the plasma atorvastatin concentration. Curves
were used to assess the clinical value of this prognostic
model for detecting carriers of the homozygous mutant

genotypes (T/T) and (C/C) of the variants CYP3A4*IB
and CYP3A5*3, respectively.

The areas under the ROC curves (AUCs) for predict-
ing the CYP3A4*1B (T/T) and CYP3A5*3 (C/C) geno-
types were 0.867 (95% CI: 0.797-0.938) and 0.914 (95%
CI: 0.849-0.979), respectively. The balanced sensitivity
and specificity at the cutoff points yielding the highest
Youden index values were calculated (Table 7 and Fig. 4).

Clinical pharmacokinetics of atorvastatin

This method was then successfully used to investigate the
clinical pharmacokinetics of atorvastatin. The pharma-
cokinetics were studied in five carriers of the genotype
(T/T) of the variant CYP3A4*IB (rs2740574 C/T) and
the genotype (C/C) of the variant CYP3A5*3 (rs776746
T/C). The plasma concentration—-time profile of 40 mg
atorvastatin after oral administration is shown in Fig. 5.
The main pharmacokinetic parameters of atorvastatin are
shown in Table 8.

Discussion

The findings linking CYP3A4 and CYP3A5 to the
response to atorvastatin are not entirely consistent [3,
7-12, 14-18]. Some studies have associated polymor-
phisms of these enzymes with positive clinical conse-
quences after atorvastatin therapy, and other studies have
associated them with negative therapeutic outcomes
[3, 7-12, 14-18]. These dissimilar responses are signifi-
cantly apparent among different populations [45-47].
The observed variation in results may be attributed to the
influence of ethnic diversity on the response to medica-
tions [48]. It is imperative to consider ethnic diversity
when interpreting and implementing pharmacogenomic
findings in clinical practice [48]. In this context, the
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impacts of genetic variations in CYP3A4 (rs2740574
C/T) and CYP3AS5*3 (rs776746 T/C) on the response to
atorvastatin treatment have not been previously studied
among Egyptians [7]. Accordingly, this study investigated
the effects of these genetic polymorphisms on atorvasta-
tin therapy among the Egyptian population. This research
revealed significant associations between genetic varia-
tions in CYP3A4 (rs2740574 C/T)/CYP3A5*3 (rs776746
T/C) and the response to atorvastatin therapy.

Allele frequencies of the SNPs among the study Egyptian
participants

Both alleles C and T of the variant rs2740574 in the
CYP3A4 gene have yet to be examined in the Egyptian
population (Arab population). This study revealed a high
frequency of the CYP3A4*1B variant allele (T) in Egyp-
tian participants, similar to previous findings in the Jor-
danian population [49].

Similarly, the findings indicate a high frequency of the
CYP3A5*3 variant allele (C) among Egyptian study sub-
jects, which is consistent with previous reports from
research involving Egyptian volunteers [50]. Additionally,
the homozygous mutant genotype of the CYP3A5*3 vari-
ant is prevalent, and the frequency of this variant is pre-
dominant among 76 Egyptian kidney transplant patients
[51].

Therefore, the allelic frequencies of the CYP3A4*1B
and CYP3A5*3 variant alleles were widespread among
the Egyptian study subjects.

Effect of genetic polymorphisms on atorvastatin
effectiveness

The CYP3A4*1B (rs2740574 C/T) genetic variant

The results of this study revealed that the change in the
serum TG concentration after atorvastatin therapy was
affected by the CYP3A4*1B variant. The decrease in the
serum TG percentage was more remarkable in the car-
riers of the variant allele (T) of CYP3A4*IB ((C/T) and
(T/T) individuals) than in the carriers of the homozy-
gous wild-type genotype (C/C). Hence, this relationship
is considered to be close and comparable to that reported
in research on 142 hypercholesterolemic Chilean
patients [3]. This Chilean study attributed the substan-
tial improvement in lipid and lipoprotein profiles after
four weeks of atorvastatin treatment to the CYP3A4*1B
(rs2740574) SNP, which reduces the activity of CYP3A4
and enhances the efficacy of atorvastatin [3].

The CYP3A5*3 (rs776746 T/C) genetic variant

Serum TG reduction after atorvastatin therapy was
affected by the CYP3A5*3 (rs776746 T/C) variant. This
significant reduction was greater in the homozygous
mutant genotype (C/C) carriers than in the C/T genotype
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carriers. Our findings were congruent with those of a
study in Greek patients, revealing an apparent improve-
ment in the lipid panel in carriers of the variant allele
CYP3A5*3 [52]. Furthermore, a study in European Cau-
casians concluded that the CYP3A5*3 SNP enhanced the
response to atorvastatin therapy (P value<0.05) [9, 10,
14]. Conversely, in a different population, research dem-
onstrated that the CYP3A5*3 (rs776746) SNP did not
influence the response to atorvastatin in Chilean subjects
[3].

From this perspective, the CYP3A5*3 (rs776746
T/C) variant increased the response to atorvastatin in
Egyptians.

Effect of genetic polymorphisms on the safety

of atorvastatin

The CYP3A4*1B (rs2740574 C/T) genetic variant

CYP3A4*1B and serum TB Carriers of the homozy-
gous mutant (T/T) genotype of the variant CYP3A4*1B
(rs2740574 C/T) had greater baseline TB than (C/T)
genotype carriers did. Elevated serum TB levels are asso-
ciated with reduced CYP3A enzymatic activity (P <0.05)
[30]. Thus, the greater elevation in baseline TB levels in
(T/T) carriers than in (C/T) carriers revealed a more sig-
nificant reduction in enzymatic activity in the case of the
(T/T) genotype than in the (C/T) genotype.

Atorvastatin significantly elevated TB levels after the
four-week treatment in both C/T and T/T carriers. The
findings of this study are consistent with research report-
ing an association between atorvastatin therapy and
increased TB levels (p<0.001) [53]. In this context, after
the atorvastatin-induced increase in serum TB, there
was no evidence of a difference between the increases in
serum TB levels in both C/T and T/T genotype subjects.
Furthermore, the statistical arithmetic mean values of
posttreatment TB levels in both the C/T and T/T geno-
types were approximately equal. However, the baseline
serum TB concentration was greater in the C/T genotype
group than in the T/T genotype group. Consequently, the
posttreatment increase in the serum TB percentage was
greater in the (C/T) genotype carriers than in the (T/T)
carriers.

In light of this, atorvastatin therapy significantly ele-
vated serum TB levels in carriers of the variant T allele of
CYP3A4*1B (rs2740574).

CYP3A4*1B and serum CK (C/C) Genotype and serum
CK: With respect to the (C/C) genotype of the CYP3A4*1B
(rs2740574 C/T) variant, the pretreatment serum CK
level was greater than that of the other genotypes. This
elevation was attributed to one of the two (C/C) genotype
carriers, a 38-year-old male with a body mass index (BMI)
of 31 kg/m? (class I obesity). This subject participated
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in a long-distance running race for weight loss before
being recruited for this study. This (C/C) carrier has
not returned to this strenuous physical exercise since he
entered the research. Accordingly, this patient’s pretreat-
ment serum CK level was elevated (237 U/L) because of
physical activity. This high level elevated the mean value
of the baseline serum CK in the (C/C) genotype carriers
more than in the other genotypes.

Furthermore, both the postatorvastatin treatment
change and percentage change in the serum CK levels in
both the C/T and T/T genotypes were greater than those
in the C/C genotype. This significant difference was due
to the cessation of strenuous exercise in the case of the
(C/C) genotype carrier. This interpretation is consistent
with a study that revealed a significant increase in serum
CK levels after long-distance running (P value<0.001)
[54].

CYP3A4*1B genotypes/atorvastatin dose and serum
CK: The CYP3A4*1B (rs2740574 C/T) variant is linked to
decreased enzymatic activity, which increases the chance
of elevating the plasma level of atorvastatin [3]. Similarly,
in the literature, a high plasma concentration of atorvas-
tatin was linked to increased serum CK [55]. However, in
the present study, the atorvastatin concentration did not
appear to be associated with the seemingly high changes
in serum CK in the case of the C/T and T/T genotypes.
Regarding the (T/T) genotype, the atorvastatin concen-
tration was more than twice as high as the concentration
in the case of the (C/T) genotype. Conversely, there was
no evidence of a difference between these two genotypes
in either the change in or the percentage change in the
serum CK concentration. These findings are consist-
ent with a study that reported no association between
CYP3A4*1B genotypes and high serum CK levels (P
value>0.05) [17]. In addition, in this study, the partici-
pants adhered to atorvastatin 40 mg. Nonetheless, ator-
vastatin at this dose was not high enough to be linked to
the apparent serum CK level in the case of the C/T and
T/T genotypes. This finding was consistent with research
reporting a significant increase in posttreatment serum
CK levels with increasing atorvastatin dose (80 mg) (P
value < 0.05) [55].

Therefore, there was no evidence of a relationship
between CK elevation and the CYP3A4*1B genotype or
atorvastatin at a dose of 40 mg.

The CYP3A5*3 (rs776746 T/C) genetic variant

In this study, the homozygous mutant genotype (C/C)
carriers of the CYP3A5*3 (rs776746 T/C) variant pre-
sented higher baseline liver enzymes and TB levels than
did the T/C genotype carriers. Previous research has
shown that carriers of the (C/C) genotype are CYP3AS
nonexpressors [14, 56]. In this context, a study reported
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that high ALT and TB levels were associated with
decreased CYP3A enzymatic activity (P <0.05) [30]. The
increased elevation in the baseline liver enzymes and
TB values in the C/C carriers subsequently resulted in a
more significant reduction in enzymatic activity.

Serum TB levels were significantly increased after four
weeks of atorvastatin treatment in both the T/C and C/C
groups. Our results were concordant with research that
revealed a link between atorvastatin therapy and elevated
TB levels (p<0.001) [53]. However, after the significant
atorvastatin-induced increase in serum TB, there was no
evidence of a difference between the increases in serum
TB levels in both T/C and C/C genotype carriers.

Accordingly, atorvastatin therapy significantly elevated
serum TB levels regardless of the genotype of CYP3A5*3
(rs776746 T/C).

Atorvastatin plasma level
Notably, atorvastatin levels (ng/ml) were greater in
homozygous mutant genotype (T/T) carriers than in car-
riers of other genotypes. This increase could be attributed
to the reduction in CYP3A4 metabolic activity caused by
the CYP3A4*1B variant [3]. In light of this, the genotype
(T/T) of the CYP3A4*1B (rs2740574 C/T) variant was
associated with high atorvastatin plasma levels (ng/ml).
The carriers of the C/C genotype had prominently
greater atorvastatin levels (ng/ml) than did those of
the T/C genotype. This finding confirmed reports from
the literature that subjects with the (C/C) genotype are
nonexpressers of the metabolic enzyme CYP3A5 [14,
56]. Accordingly, the genotype (C/C) of the CYP3A5*3
(rs776746 T/C) SNP was linked to elevated plasma atorv-
astatin levels (ng/ml).

ROC curves

This study revealed that plasma atorvastatin levels had
a substantial predictive effect on homozygous mutant
genotypes (T/T) and (C/C) in carriers of the SNPs
CYP3A4*1B (rs2740574 C/T) and CYP3A5*3 (rs776746
T/C). The probabilities of atorvastatin plasma levels
correctly detecting the (T/T) and (C/C) genotypes of
CYP3A4*1B and CYP3A5*3 were good and excellent,
respectively. This apparent predictive performance may
be attributed to the significant relationships between
these genotypes (dependent binary variables) and plasma
atorvastatin concentrations (predictor variables), as elu-
cidated in this study by another predictive statistical
analysis (logistic regression). Predicting these genotypes
could be helpful in the case of barriers and challenges for
the clinical application of genotyping. To our knowledge,
no research has reported such a predictive statistical
analysis.
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Within this context, predicting the genetic polymor-
phisms of CYP3A4*IB and CYP3A5*3 has crucial clinical
consequences. For instance, these polymorphisms influ-
ence the pharmacokinetics of statins [7, 10, 57]. Further-
more, both the CYP3A4*1B and CYP3A5*3 genotypes are
vital for adjusting the dose of the immunosuppressant
tacrolimus in the maintenance therapy stage after kidney
transplantation [58, 59]. In addition, regarding CML, the
response to the targeted cancer drug imatinib is associ-
ated with the CYP3A5*3 genotypes [60].

From this perspective, predicting CYP3A4*1B and
CYP3A5*3 homozygous mutant genotypes with high sen-
sitivity and specificity could help confront challenges in
implementing genotyping. In addition, this prediction
could have critical clinical significance if personalized
medicine is applied.

Atorvastatin pharmacokinetics

Atorvastatin clinical pharmacokinetics were evaluated in
Egyptians who carried both genotypes (T/T) and (C/C)
of the SNPs CYP3A4*1B (rs2740574 C/T) and CYP3A5*3
(rs776746 'T/C), respectively. Both genetic variants
decreased the metabolic activities of both CYP3A4 [3]
and CYP3AS5 [14, 56]. Therefore, the pharmacokinetics
of atorvastatin were significantly affected. The findings of
this study were compared with the pharmacokinetics of
atorvastatin in various populations (Table 8).

Comparison with the Arab population (Egyptians

and Jordanians)

Atorvastatin pharmacokinetics were investigated in
healthy Egyptian volunteers (without both genetic poly-
morphisms) [61]. This research revealed that the elimina-
tion half-life (t¥4) of atorvastatin significantly increased
to more than double that of healthy Egyptians (P <0.001).
Moreover, the clearance (CL) in this study was signifi-
cantly lower than that in Egyptian volunteers (P <0.05)
[61]. Furthermore, compared with healthy Arabian—
Asian Jordanian subjects, patients with CYP3A4*1B and
CYP3A5*3 genetic polymorphisms had significantly
reduced atorvastatin CL (P <0.05) [62].

Comparison to the Caucasian population

American subjects This study showed a significantly
greater AUC and t% (approximately doubled) than did
the studies of Kacey Anderson et al. (P<0.05) and B. K.
Birmingham (P <0.05), which involved American Cauca-
sian subjects [35, 63]. In addition, this study demonstrated
significantly less apparent oral clearance (CL/F) (P <0.05)
than the other two studies did [35, 63]. The atorvastatin
CL was approximately less than half of what was reported
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in Kacey Anderson et al’s research (P<0.001) and B. K.
Birmingham’s research (P<0.05) [35, 63]. Moreover,
the atorvastatin CL/F and CL were significantly lower
than those reported in the study by N. Rao et al., which
recruited American subjects (P values<0.05 and <0.001,
respectively) [64].

Finnish subjects Compared with healthy Finnish Cauca-
sians, the genetic variations in CYP3A4*1B and CYP3A5*3
increased both the AUC (almost doubled) (P <0.05) and
t% (P <0.05) [65]. Furthermore, this study revealed a lower
CL/F (decrease to half) (P <0.001) and CL (less than half)
(P<0.001) than those reported in studies of Finnish sub-
jects [65].

German subjects Compared with research on German
Caucasians, this study revealed greater t% value (P <0.05)
[66]. In addition, the CL/F was lower than that in German
subjects (P values <0.05) [66]. The CL of atorvastatin was
also reduced by half (P values <0.001) [66].

Swedish subjects In contrast with Swedish Caucasian
subjects, this study revealed a greater (nearly doubled)
AUC (P<0.05) [67]. In addition, both CL/F and CL were
significantly reduced. Atorvastatin CL/F decreased to half
(P<0.05), and CL decreased to less than half (P <0.05) of
what was observed in Swedes [67].

Comparison with the Asian population

Chinese and Japanese subjects The genetic polymor-
phisms CYP3A4*1B and CYP3A5*3 elevated t% (P <0.05)
in the participants in this study, which was greater than
that in healthy Chinese and Japanese subjects [35]. More-
over, this study revealed fewer CLs (P <0.05) than those
reported for Chinese and Japanese volunteers [35].

Korean subjects 'The findings revealed higher t% val-
ues (more than doubled) than those reported in research
involving healthy Korean Asian subjects (P <0.05) [68].
On the other hand, there was no evidence of a difference
regarding the CL corrected for the arithmetic mean of the
reported body weights (P=0.054) [68]. However, regard-
ing the CL corrected for weights <63.2 kg in the Korean
subjects, the patients in this study had significantly lower
CLs (P <0.05) [68].

Pakistani subjects Compared with M. Sohail et al., the
participants in this study had greater AUCs (P <0.05)
and t% values (more than doubled) (P<0.05) [69]. Fur-
thermore, the CL/F of patients treated with atorvastatin
was significantly lower than that of Pakistani volunteers
(P <0.05) [69].
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Genetic polymorphisms and patients’ medical histories
The CYP3A4*1B SNP has been associated with an
increased risk of obesity [24—26]. However, this study
revealed no evidence of a difference in BMI (kg/m?)
among the three genotype carriers of the CYP3A4*1B
variant. Similarly, the CYP3A5*3 variant has been linked
to an increased likelihood of developing hypertension
and increased levels of serum TG [28, 29]. Conversely,
the study revealed that there was no evidence indicating a
difference between individuals carrying the homozygous
mutant genotype (C/C) and those carrying the heterozy-
gous genotype (C/T) of the CYP3A5*3 SNP regarding
systolic blood pressure, diastolic blood pressure or base-
line serum TG levels.

Potential confounding factors

Concomitant medications

While recruiting participants, we ensured that all their
concurrent medications would not interact with atorvas-
tatin treatment or affect the analysis or the study objec-
tives. In the same context, none of the study subjects had
used lipid-lowering agents for at least one month before
this research. This period was defined based on the litera-
ture, which suggests restarting a statin after at least two
weeks of washout [70]. Additionally, washout periods (at
least two weeks) before changing statin treatment regi-
mens are sufficient to render statin-tolerant subjects [71].
In addition, subjects who were treated with insulin ther-
apy were excluded from the study because insulin treat-
ment significantly affects lipid profiles [72].

Comorbidities

All the participants were candidates for high-intensity
statin treatment and did not suffer any comorbidities that
may affect the analysis, such as uncontrolled hypothy-
roidism, which negatively impacts the lipid profile [73].
All subjects with poor liver function or an uncontrolled
clinically significant disease were excluded from the
study to control for confounding factors in the analyses.

Lifestyle

The consumption of alcohol is associated with a greater
likelihood of developing liver disease [74, 75]. Smok-
ing also affects the lipid profile by increasing serum TG
levels [76]. Smoking increases the occurrence and fre-
quency of liver disorders [77]. Consequently, to control
for confounding factors in the analyses, every participant
abstained entirely from alcohol and smoking during the
research. Additionally, after vigorous physical exertion,
CK levels can rise 30 times above the normal upper limit
within one day and slowly decrease over the following
week [78, 79]. Consequently, all the participants were
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instructed to avoid engaging in strenuous physical activ-
ity from one week before until the end of the study.

Limitations

This research was conducted at a single tertiary care,
large educational institution, which limits its generaliz-
ability to other settings. Medical professionals should
consider results from only single-center studies after
carefully analyzing and comparing their circumstances
with those of the study. The research also required ade-
quate funding. The researchers relied on spending on
expenses, which decreased the sample size or the num-
ber of participants to be included and screened in this
study to only 100 subjects. Increasing the research sam-
ple size will ensure greater population representation,
leading to more precise and reliable results. In addition,
to ensure ethical compliance, recruitment and data col-
lection were confined within the approved time frame
set by the ethical committees. Consequently, we had to
resort to convenient sampling from the study site to iden-
tify eligible patients for the study. However, the majority
of the participants in the study were female. Further-
more, the wild-type homozygous (T/T) genotype of the
variant CYP3A5*3 (rs776746 T/C) in Egyptian patients
was significantly low. The study’s genotyping information
revealed that only one patient carried this wild-type gen-
otype. Consequently, data concerning this genotype were
excluded from the data analysis. This exclusion prevented
a comprehensive analysis of this genotype.

Conclusions

This study revealed the predominance of the allelic
frequencies of the CYP3A4*1B (rs2740574 C/T) and
CYP3A5*3 (rs776746 T/C) variants in Egyptians. Both
prevalent SNPs could influence the effectiveness and
safety of atorvastatin treatment. High plasma ator-
vastatin levels were detected in the T/T genotype of
the CYP3A4*IB variant and the C/C genotype of the
CYP3A5*3 SNP. Similarly, atorvastatin plasma levels
had significant predictive performance for determining
the genotypes (T/T) and (C/C) of carriers of the SNPs
CYP3A4*1B and CYP3AS5*3, respectively. Predicting
these genotypes could be valuable in the case of chal-
lenges for the clinical implementation of genotyping. The
clinical pharmacokinetics of atorvastatin were assessed in
Egyptians who carried both genotypes (T/T) and (C/C)
of the SNPs CYP3A4*IB and CYP3A5*3 (the homozy-
gous mutant genotypes). Both genetic variants signifi-
cantly affected the pharmacokinetics of atorvastatin
compared with those of healthy Egyptians and volunteers
of different ethnic groups. To the best of the research-
ers’ knowledge, the effects of the CYP3A4*1B (rs2740574
C/T) and CYP3A5*3 (rs776746 T/C) polymorphisms
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on atorvastatin efficacy and safety have not been previ-
ously investigated among the Egyptian population. The
findings from this study can guide physicians toward
understanding the effects of both SNPs in response to
atorvastatin therapy.

Recommendations and directions for future research

The funding of large-scale multicenter prospective research
will help address the study’s limitations. Such research will
include almost the exact proportions of male and female
subjects and more carriers of the rare, wild homozygous
(T/T) genotype of the variant CYP3A5*3 (rs776746 T/C).
Large-scale studies can reveal even subtle effects while
ensuring robust statistical power and the representative-
ness of the results. Similarly, only the 40 mg atorvasta-
tin dose was evaluated. Adequate research funding could
enable the study of multiple dose levels to provide insights
into dose-response relationships and optimal dosing on the
basis of genotypes.

Author contributions

Mohammed G. Maslub is serving as the principal investigator of this study.
The co-researchers are Mahasen A. Radwan, Abubakar Sha'aban, Arafa G.
Ibrahim, and Nur Aizati Athirah Daud. Mahasen A. Radwan is the field supervi-
sor. Abubakar Sha'aban and Arafa G. lbrahim are co-supervisors, and Arafa G.
Ibrahim is the medical director at the study site. Nur Aizati Athirah Daud is the
primary supervisor of this research. All of the authors have read and approved
the final manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB).

Availability of data and materials

Data cannot be shared openly to protect study participant privacy. The data-
sets generated during and/or analyzed during the current study are available
from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

The research protocol and informed consent form (ICF) were approved by
the scientific research ethics committee of the faculty of the Pharmacy, ERU,
Cairo, Egypt. The Badr Hospital Research Ethics Committee, Helwan University,
Cairo, Egypt, and the JEPeM, USM, Penang, Malaysia, have also given their
approval. Importantly, this work was conducted in strict accordance with the
World Medical Association’s Code of Ethics (Declaration of Helsinki), ensuring
that the highest ethical standards were met. The study involved obtaining
informed consent from all participants.

Consent for publication
Informed consent was obtained from all individual participants included in
the study.

Competing interests
The authors declare no competing interests.

Author details

!Clinical Pharmacy/Pharmacy Practice Department, Faculty of Pharmacy,
Egyptian Russian University, Cairo-Suez Road, Badr City 11829, Cairo, Egypt.
2School of Pharmaceutical Sciences, Universiti Sains Malaysia, 11800 Gelugor,

Page 21 of 23

Penang, Malaysia. *Human Genome Centre, School of Medical Sciences,
Universiti Sains Malaysia Health Campus, 16150 Kota Bharu, Kelantan, Malaysia.
“Division of Population Medicine, Cardiff University, Cardiff, Wales CF14 4YS,
UK. >Cardiology Department, Faculty of Medicine, Helwan University, Helwan
City 11795, Cairo, Egypt.

Received: 10 June 2024 Accepted: 14 October 2024
Published online: 10 November 2024

References

1. Adams SP, Tsang M, Wright JM. Lipid-lowering efficacy of atorvastatin.
Cochrane Database Syst Rev. 2015;2015: Cd008226.

2. Shawish MI, Bagheri B, Musini VM, Adams SP, Wright JM. Effect of
atorvastatin on testosterone levels. Cochrane Database Syst Rev. 2021;1:
Cdo13211.

3. Rosales A, Alvear M, Cuevas A, Saavedra N, Zambrano T, Salazar LA.
Identification of pharmacogenetic predictors of lipid-lowering response
to atorvastatin in Chilean subjects with hypercholesterolemia. Clin Chim
Acta. 2012;413:495-501.

4. Sarlis NJ, Gourgiotis L. Hormonal effects on drug metabolism through
the Cyp system: perspectives on their potential significance in the era of
pharmacogenomics. Curr Drug Targets Immune Endocr Metabol Disord.
2005;5:439-48.

5. Nakajima M. from the viewpoint of drug metabolism research. Yakugaku
Zasshi. 2017;137:697-705.

6. Park JE, Kim KB, Bae SK, Moon BS, Liu KH, Shin JG. Contribution of
cytochrome P450 3a4 and 3a5 to the metabolism of atorvastatin. Xenobi-
otica. 2008;38:1240-51.

7. Maslub MG, Radwan MA, Daud NAA, Shaaban A. Association between
Cyp3a4/Cyp3a5 genetic polymorphisms and treatment outcomes of
atorvastatin worldwide: is there enough research on the Egyptian popu-
lation? Eur J Med Res. 2023;28:381.

8. Kajinami K, Brousseau ME, Ordovas JM, Schaefer EJ. Cyp3a4 genotypes
and plasma lipoprotein levels before and after treatment with atorvasta-
tin in primary hypercholesterolemia. Am J Cardiol. 2004;93:104-7.

9. Shitara Y, Sugiyama Y. Pharmacokinetic and pharmacodynamic alterations
of 3-hydroxy-3-methylglutaryl coenzyme a (Hmg-Coa) reductase inhibi-
tors: drug-drug interactions and interindividual differences in transporter
and metabolic enzyme functions. Pharmacol Ther. 2006;112:71-105.

10. Willrich MA, Hirata MH, Hirata RD. Statin regulation of Cyp3a4 and Cyp3a5
expression. Pharmacogenomics. 2009;10:1017-24.

11. Xia B, LiY, ZhangV, Xue M, Li X, Xu P, et al. Uhplc-Ms/Ms method for
determination of atorvastatin calcium in human plasma: application
to a pharmacokinetic study based on healthy volunteers with specific
genotype. J Pharm Biomed Anal. 2018;160:428-35.

12. Becker ML, Visser LE, van Schaik RH, Hofman A, Uitterlinden AG, Stricker
BH. Influence of genetic variation in Cyp3a4 and Abcb1 on dose decrease
or switching during simvastatin and atorvastatin therapy. Pharmacoepi-
demiol Drug Saf. 2010;19:75-81.

13. Milane A, Khazen G, Olaywan L, Zarzour F, Mohty R, Sarkis A, et al. Fre-
quency of Abcb1 C3435t and Cyp3a5*3 Genetic polymorphisms in the
lebanese population. Exp Clin Transplant. 2021;19:434-8.

14. Kivisto KT, Niemi M, Schaeffeler E, Pitkala K, Tilvis R, Fromm MF, et al.
Lipid-lowering response to statins is affected by Cyp3a5 polymorphism.
Pharmacogenetics. 2004;14:523-5.

15. Willrich MA, Hirata MH, Genvigir FD, Arazi SS, Rebecchi IM, Rodrigues AC,
et al. Cyp3a53a allele is associated with reduced lowering-lipid response
to atorvastatin in individuals with hypercholesterolemia. Clin Chim Acta.
2008;398:15-20.

16. Liu JE,Ren B, Tang L, Tang QJ, Liu XY, Li X, et al. The independent contribu-
tion of Mirnas to the missing heritability in Cyp3a4/5 functionality and
the metabolism of atorvastatin. Sci Rep. 2016;6:26544.

17. Wilke RA, Moore JH, Burmester JK. Relative impact of Cyp3a genotype
and concomitant medication on the severity of atorvastatin-induced
muscle damage. Pharmacogenet Genomics. 2005;15:415-21.

18. Liu JE, Liu XY, Chen S, Zhang Y, Cai LY, Yang M, et al. Slco1b1 521t > c poly-
morphism associated with rosuvastatin-induced myotoxicity in Chinese
coronary artery disease patients: a nested case-control study. Eur J Clin
Pharmacol. 2017;73:1409-16.



Maslub et al. European Journal of Medical Research

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

(2024) 29:539

Shastry BS. Snps: impact on gene function and phenotype. Methods Mol
Biol. 2009;578:3-22.

Wakui M. Analysis of single nucleotide polymorphisms (Snps). Rinsho
Byori. 2013;61:1008-17.

Gaedigk A, Boone EC, Turner AJ, van Schaik RHN, Chernova D, Wang WY,
et al. Characterization of reference materials for <Em>Cyp3a4</Em>
and <Em>Cyp3a5</Em>: a (Get-Rm) collaborative project. J Mol Diagn.
2023;25:655-64.

NCBI. Reference Snp (Rs2740574) Report September 21, 2022. https://
www.ncbi.nlm.nih.gov/snp/rs2740574.

(NCBI) NCfBI. Reference Snp (Rs776746) Report September 21, 2022.
https://www.ncbi.nlm.nih.gov/snp/rs776746.

Dally H, Edler L, Jdger B, Schmezer P, Spiegelhalder B, Dienemann H, et al.
The Cyp3a4*1b allele increases risk for small cell lung cancer: effect of
gender and smoking dose. Pharmacogenetics. 2003;13:607-18.

Keshava C, McCanlies EC, Weston A. Cyp3a4 polymorphisms-potential
risk factors for breast and prostate cancer: a enormous review. Am J
Epidemiol. 2004;160:825-41.

Eide Kvitne K, Hole K, Krogstad V, Wollmann BM, Wegler C, Johnson LK,
et al. Correlations between 43-hydroxycholesterol and hepatic and intes-
tinal Cyp3a4: protein expression, microsomal ex vivo activity, and in vivo
activity in patients with a wide body weight range. Eur J Clin Pharmacol.
2022,78:1289-99.

Sailaja K, Rao DN, Rao DR, Vishnupriya S. Analysis of Cyp3a5*3 and
Cyp3a5*6 gene polymorphisms in indian chronic myeloid leukemia
patients. Asian Pac J Cancer Prev. 2010;11:781-4.

Das SK, Ainsworth HC, Dimitrov L, Okut H, Comeau ME, Sharma N, et al.
Metabolomic architecture of obesity implicates metabolonic lactone
sulfate in cardiometabolic disease. Mol Metab. 2021;54: 101342.

Ye X, Kong W, Zafar MI, Chen LL. Serum triglycerides as a risk factor

for cardiovascular diseases in Type 2 diabetes mellitus: a systematic
review and meta-analysis of prospective studies. Cardiovasc Diabetol.
2019;18:48.

He R, Li Y, Ruan J. Serum alanine transaminase total bilirubin concentra-
tions predict Cyp3a activity as measured by midazolam and 1"-hydroxyla-
tion. Med Sci Monit. 2015;21:396-402.

Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, et al.
2019 Esc/Eas Guidelines for the management of dyslipidemias: lipid
modification to reduce cardiovascular risk. Eur Heart J. 2020;41:111-88.
Taha HSED, Badran HM, Kandil H, Farag N, Oraby A, El Sharkawy M, et al.
Egyptian Practical Guidance in Lipid Management 2020. Egypt Heart J.
2021;73:17.

Reda A, Abdel-Rehim AA, Etman A, Afifi OS. Centralized pan-middle east
survey on the under-treatment of hypercholesterolemia: results from the
cepheus study in Egypt. Cardiol Ther. 2014;3:27-40.

Farag ES, Reda A, Farag N, Salama S, Elbahry A, Sanad O, et al. The Egyp-
tian Cardiovascular Risk Factors Project, Phase (li) results: a multicenter
observational study of the pattern of risk factor profile in Egyptian
patients with acute coronary syndrome. Atherosclerosis. 2017;263: e159.
Birmingham BK, Bujac SR, Elsby R, Azumaya CT, Wei C, Chen Y, et al.
Impact of Abcg2 and Slco1b1 polymorphisms on pharmacokinetics of
rosuvastatin, atorvastatin and simvastatin acid in Caucasian and Asian
subjects: a class effect? Eur J Clin Pharmacol. 2015;71:341-55.

Grundy SM, Stone NJ, Blumenthal RS, Braun LT, Heidenreich PA, Lloyd-
Jones D, et al. High-intensity statins benefit high-risk patients: why and
how to do better. Mayo Clin Proc. 2021;96:2660-70.

Stone NJ, Robinson JG, Lichtenstein AH, Bairey Merz CN, Blum CB, Eckel
RH, et al. 2013 Acc/Aha Guideline on the treatment of blood cholesterol
to reduce atherosclerotic cardiovascular risk in adults: a report of the
American College of Cardiology/American Heart Association Task Force
on Practice Guidelines. J Am Coll Cardiol. 2014;63:2889-934.

Krause M, De Vito G. Type 1 and Type 2 diabetes mellitus: commonalities,
differences and the importance of exercise and nutrition. Nutrients. 2023.
https://doi.org/10.3390/nu15194279.

Sherwani SI, Khan HA, Ekhzaimy A, Masood A, Sakharkar MK. Significance
of Hbalc test in diagnosis and prognosis of diabetic patients. Biomark
Insights. 2016;11:95-104.

Bloomgarden Z.Is insulin the preferred treatment for Hbalc >9%? J
Diabetes. 2017;9:814-6.

Pirahanchi Y, Toro F, Jialal I. Physiology, Thyroid Stimulating Hormone.
Statpearls. Treasure Island (FL) ineligible companies. Disclosure: Fadi Toro

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 22 of 23

declares no relevant financial relationships with ineligible companies.
Disclosure: Ishwarlal Jialal declares no relevant financial relationships with
ineligible companies.: StatPearls Publishing Copyright © 2024, StatPearls
Publishing LLC,; 2024.

Bekkelund SI. Leisure physical exercise and creatine kinase activity. The
Tromse Study. Scand J Med Sci Sports. 2020;30:2437-44.

Scheerans C, Heinig R, Mueck W. Proposal for defining the relevance of
drug accumulation derived from single dose study data for modified
release dosage forms. Biopharm Drug Dispos. 2015;36:93-103.

Perrier D, Gibaldi M. General derivation of the equation for time to reach a
certain fraction of steady state. J Pharm Sci. 1982,71:474-5.

Liao K, LiuY, Ai CZ, Yu X, Li W. The association between Cyp2c9/2c19
polymorphisms and phenytoin maintenance doses in Asian epileptic
patients: a systematic review and meta-analysis. Int J Clin Pharmacol Ther.
2018;56:337-46.

Ahmed S, Gul S, Akhlag M, Hussain A, Tarig Khan S, Rehman H, et al. Esti-
mation of polymorphisms in the drug-metabolizing enzyme, cytochrome
P450 2¢19 gene in six major ethnicities of Pakistan. Bioengineered.
2021;12:4442-51.

Dehbozorgi M, Kamalidehghan B, Hosseini I, Dehghanfard Z, Sangtarash
MH, Firoozi M, et al. Prevalence of the Cyp2c19*2 (681 G>a), *3 (636 G>a)
and *17 (-806 C>T) alleles among an iranian population of different
ethnicities. Mol Med Rep. 2018;17:4195-202.

Magavern EF, Gurdasani D, Ng FL, Lee SSJ. Health equality, race and
pharmacogenomics. Br J Clin Pharmacol. 2022,88:27-33.

Al-Eitan LN. Pharmacogenomic landscape of Vip genetic variants in
Jordanian Arabs and comparison with worldwide populations. Gene.
2020;737: 144408.

Mutawi TM, Zedan MM, Yahya RS, Zakria MM, El-Sawi MR, Gaedigk A.
Genetic variability of Cyp2d6, Cyp3a4 and Cyp3a5 among the Egyptian
population. Pharmacogenomics. 2021;22:323-34.

Mendrinou E, Mashaly ME, AlOkily AM, Mohamed ME, Refaie AF, Elsawy
EM, et al. Cyp3a5 gene-guided tacrolimus treatment of living-donor
egyptian kidney transplanted patients. Front Pharmacol. 2020. https://
doi.org/10.3389/fphar.2020.01218.

Kolovou G, Kolovou V, Ragia G, Mihas C, Diakoumakou O, Vasiliadis |, et al.
Cyp3a5 genotyping for assessing the efficacy of treatment with simvasta-
tin and atorvastatin. Genet Mol Biol. 2015. https://doi.org/10.1590/S1415-
4757382220140239.

Mirjanic-Azaric B, Rizzo M, Jirgens G, Hallstroem S, Srdic S, Marc J, et al.
Atorvastatin treatment increases plasma bilirubin but not Hmox1 expres-
sion in stable angina patients. Scand J Clin Lab Invest. 2015;75:382-9.
Magrini D, Khodaee M, San-Millan I, Hew-Butler T, Provance AJ. Serum
creatine kinase elevations in ultramarathon runners at high altitude. Phys
Sportsmed. 2017;45:129-33.

Ballard KD, Parker BA, Capizzi JA, Grimaldi AS, Clarkson PM, Cole SM,

et al. Increases in creatine kinase with atorvastatin treatment are not
associated with decreases in muscular performance. Atherosclerosis.
2013;230:121-4.

Hustert E, Haberl M, Burk O, Wolbold R, He YQ, Klein K; et al. The genetic
determinants of the Cyp3a5 polymorphism. Pharmacogenetics.
2001;11:773-9.

Willrich MA, Rodrigues AC, Cerda A, Genvigir FD, Arazi SS, Dorea EL, et al.
Effects of atorvastatin on Cyp3a4 and Cyp3a5 Mrna expression in mono-
nuclear cells and Cyp3a activity in hypercholeresterolemic patients. Clin
Chim Acta. 2013;421:157-63.

ShiWL, Tang HL, Zhai SD. Effects of the Cyp3a4*1b genetic polymor-
phism on the pharmacokinetics of tacrolimus in adult renal transplant
recipients: a meta-analysis. PLoS ONE. 2015;10: e0127995.

Chen L, Prasad GVR. Cyp3a5 polymorphisms in renal transplant recipi-
ents: influence on tacrolimus treatment. Pharmgenomics Pers Med.
2018;11:23-33.

Cargnin S, Ravegnini G, Soverini S, Angelini S, Terrazzino S. Impact of
Slc22a1 and Cyp3a5 genotypes on imatinib response in chronic myeloid
leukemia: a systematic review and meta-analysis. Pharmacol Res.
2018;131:244-54.

Abdelkawy KS, Abdelaziz RM, Abdelmageed AM, Donia AM, El-Khodary
NM. Effects of green tea extract on atorvastatin pharmacokinetics in
healthy volunteers. Eur J Drug Metab Pharmacokinet. 2020;45:351-60.


https://www.ncbi.nlm.nih.gov/snp/rs2740574
https://www.ncbi.nlm.nih.gov/snp/rs2740574
https://www.ncbi.nlm.nih.gov/snp/rs776746
https://doi.org/10.3390/nu15194279
https://doi.org/10.3389/fphar.2020.01218
https://doi.org/10.3389/fphar.2020.01218
https://doi.org/10.1590/S1415-4757382220140239
https://doi.org/10.1590/S1415-4757382220140239

Maslub et al. European Journal of Medical Research (2024) 29:539

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Gundlach K, Wolf K, Salem |, Randerath O, Seiler D. Safety of candesartan,
amlodipine, and atorvastatin in combination: interaction study in healthy
subjects. Clin Pharmacol Drug Dev. 2021;10:190-7.

Anderson K, Nelson CH, Gong Q, Alani M, Tarnowski T, Othman AA.
Assessment of the effect of Filgotinib on the pharmacokinetics of ator-
vastatin, pravastatin, and rosuvastatin in healthy adult participants. Clin
Pharmacol Drug Dev. 2022;11:235-45.

Rao N, Dvorchik B, Sussman N, Wang H, Yamamoto K, Mori A, et al.

A study of the pharmacokinetic interaction of istradefylline, a novel
therapeutic for Parkinson’s disease, and atorvastatin. J Clin Pharmacol.
2008;48:1092-8.

Lilja JJ, Kivistd KT, Neuvonen PJ. Grapefruit juice increases serum concen-
trations of atorvastatin and has no effect on pravastatin. Clin Pharmacol
Ther. 1999,66:118-27.

Groenendaal-van de Meent D, den Adel M, Kerbusch V, van Dijk J, Shibata
T, Kato K, et al. Effect of Roxadustat on the pharmacokinetics of Simvas-
tatin, Rosuvastatin, and Atorvastatin in healthy subjects: results from 3
phase 1, open-label, 1-sequence crossover studies. Clin Pharmacol Drug
Dev. 2022;11:486-501.

Malm-Erjefélt M, Ekblom M, Vouis J, Zdravkovic M, Lennernds H. Effect
on the gastrointestinal absorption of drugs from different classes in the
biopharmaceutics classification system, when treating with liraglutide.
Mol Pharm. 2015;12:4166-73.

Ghim JL, Phuong NTT, Kim MJ, Kim EJ, Song GS, Ahn S, et al. Pharmacoki-
netics of fixed-dose combination of atorvastatin and metformin com-
pared with individual tablets. Drug Des Dev Therapy. 2019;13:1623-32.
Sohail M, Ahmad M, Minhas MU. Single dose pharmacokinetics of atorv-

astatin oral formulations using a simple Hplc-Uv method. Pak J Pharm Sci.

2016;29:1151-4.

Katamesh BE, Mickow AA, Huang L, Dougan BM, Ratrout BM, Nanda S,
et al. Overcoming patient reluctance to statin intolerance. Kardiol Pol.
2024;82:485-91.

Ochs-Balcom HM, Nguyen LM, Ma C, Isackson PJ, Luzum JA, Kitzmiller

JP, et al. Clinical features related to statin-associated muscle symptoms.
Muscle Nerve. 2019;59:537-43.

Habib SS, Aslam M, Naveed AK, Razi MS. Comparison of lipid profiles and
lipoprotein a levels in patients with type 2 diabetes mellitus during oral
hypoglycemic or insulin therapy. Saudi Med J. 2006,27:174-80.

Rizos CV, Elisaf MS, Liberopoulos EN. Effects of thyroid dysfunction on
lipid profile. Open Cardiovasc Med J. 2011;5:76-84.

Moon SY, Son M, Kang YW, Koh M, Lee JY, Baek YH. Alcohol consumption
and the risk of liver disease: a nationwide, population-based study. Front
Med (Lausanne). 2023;10:1290266.

Botros M, Sikaris KA. The De Ritis ratio: the test of time. Clin Biochem Rev.
2013;34:117-30.

van der Plas A, Antunes M, Pouly S, de La Bourdonnaye G, Hankins M,
Heremans A. Meta-analysis of the effects of smoking and smoking cessa-
tion on triglyceride levels. Toxicol Rep. 2023;10:367-75.

Jang s, Joo HJ, Park YS, Park EC, Jang SI. Association between smoking
cessation and non-alcoholic fatty liver disease using Nafld liver fat score.
Front Public Health. 2023;11:1015919.

Kindermann W. Creatine kinase levels after exercise. Dtsch Arztebl Int.
2016;113:344.

Moghadam-Kia S, Oddis CV, Aggarwal R. Approach to asymptomatic
creatine kinase elevation. Cleve Clin J Med. 2016;83:37-42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 23 of 23



	CYP3A4*1B and CYP3A5*3 SNPs significantly impact the response of Egyptian candidates to high-intensity statin therapy to atorvastatin
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Reagents
	Reagents for genotyping
	Reagents for LC‒MSMS analysis

	Study population
	Ethical considerations
	Subject criteria

	Genotyping of the CYP3A4*1B and CYP3A5*3 polymorphisms
	Sampling
	Genomic DNA extraction
	Amplification and real-time PCR allelic discrimination assays

	Atorvastatin effectiveness and safety
	Atorvastatin plasma level
	Chromatographic conditions
	Mass spectrometry conditions
	Preparation of calibration standards and quality control samples
	Plasma sample preparation

	Atorvastatin full pharmacokinetic profile
	Data analysis

	Results
	Subjects’ demographics
	Allele frequencies of the CYP3A4*1B (rs2740574 CT) and CYP3A5*3 (rs776746 TC) SNPs among the study population in Egypt
	CYP3A4*1B SNP
	CYP3A5*3 SNP
	Genotype and prediction statistical analysis

	Effect of genetic polymorphisms on atorvastatin effectiveness
	The CYP3A4*1B (rs2740574 CT) genetic variant
	Serum TG percentage reduction 

	The CYP3A5*3 (rs776746 TC) genetic variant
	Serum TG reduction 


	Effect of genetic polymorphisms on the safety of atorvastatin
	The CYP3A4*1B (rs2740574 CT) genetic variant
	Serum ALTAST 
	Serum TB 
	Serum CK 

	The CYP3A5*3 (rs776746 TC) genetic variant
	Baseline liver enzymesserum TB 
	Posttreatment serum TB 
	Serum CK 


	Atorvastatin plasma level
	Chromatography and selectivity
	LC‒MSMS validation
	Clinical applications involving patient plasma samples
	CYP3A4*1B genotypes and plasma levels of atorvastatin

	CYP3A5*3 genotypes and plasma levels of atorvastatin
	ROC curves

	Clinical pharmacokinetics of atorvastatin

	Discussion
	Allele frequencies of the SNPs among the study Egyptian participants
	Effect of genetic polymorphisms on atorvastatin effectiveness
	The CYP3A4*1B (rs2740574 CT) genetic variant
	The CYP3A5*3 (rs776746 TC) genetic variant

	Effect of genetic polymorphisms on the safety of atorvastatin
	The CYP3A4*1B (rs2740574 CT) genetic variant
	CYP3A4*1B and serum TB 
	CYP3A4*1B and serum CK 

	The CYP3A5*3 (rs776746 TC) genetic variant

	Atorvastatin plasma level
	ROC curves

	Atorvastatin pharmacokinetics
	Comparison with the Arab population (Egyptians and Jordanians)
	Comparison to the Caucasian population
	American subjects 
	Finnish subjects 
	German subjects 
	Swedish subjects 

	Comparison with the Asian population
	Chinese and Japanese subjects 
	Korean subjects 
	Pakistani subjects 


	Genetic polymorphisms and patients’ medical histories
	Potential confounding factors
	Concomitant medications
	Comorbidities
	Lifestyle

	Limitations

	Conclusions
	Recommendations and directions for future research

	References


