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Abstract

Introduction: Metoprolol is therapeutically
formulated as a racemate with
stereoselective pharmacokinetics influenced
by CYP2D6 polymorphism. Understanding
enantioselective disposition is critical

for optimizing therapy in hypertensive
patients, particularly during long-term
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samples from 18 hypertensive patients
on long-term metoprolol therapy using a
validated chiral capillary electrophoresis method. Enantiomer concentrations were quantified, and
S/R ratios were evaluated alongside patient demographics, dosing regimens, and co-administered
drugs. The study design focused on identifying deviations from expected enantiomeric patterns
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Miyt:0$21 observed in single-dose or short-term multi-dose administration in healthy individuals studies.
Enangomers Results: While most patients (70%) exhibited the anticipated S/R ratio>1, 30% demonstrated
CYP2D6 inverted plasma S/R ratios (< 1), suggesting altered renal excretion or CYP2D6 saturation.

Conclusion: Long-term metoprolol therapy reveals complex enantioselective disposition
influenced by metabolic phenotype, renal excretion and drug interactions. The unexpected

Enantioselective excretion
Personalized medicine

Hypertension S/R inversion underscores the need for personalized dosing, particularly in patients with renal
impairment or polypharmacy. Enantiomer monitoring may complement pharmacogenomic
strategies to optimize therapeutic outcomes.

Introduction (IM), and poor (PM) metabolizers.” The stereoselective

Metoprolol (MTL) is commonly used to manage some
cardiovascular diseases.' Itisabsorbed via passive diffusion
and binds to plasma proteins, primarily albumin and a -
acid glycoprotein. Wide variations in its concentrations
have been reported in plasma,® urine,** exhaled breath
condensate® and aqueous humor® following oral intake of
a specified MTL dose. A possible reason for these wide
variations in its concentrations is the polymorphism of the
metabolizing enzyme, from which four phenotypes can be
identified: ultrarapid (UM), extensive (EM), intermediate

metabolism of MTL generates distinct parent drug-to-
metabolite ratios that correlate with CYP2D6 activity.
These measurable pharmacokinetic differences provide
a practical phenotypic biomarker for clinical CYP2D6
classification, offering advantages over genetic testing
through immediate functional assessment at reduced cost
and complexity.®

As a chiral molecule, MTL is prescribed as a racemic
blend of its (R)- and (S)-enantiomeric forms. These
stereoisomers demonstrate significant variations in
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their therapeutic effects (pharmacodynamics) and drug
metabolism characteristics (pharmacokinetics), with (S)-
MTL being more potent in f-adrenoceptor blockade.”!
The (R)-enantiomer undergoes more rapid metabolism
by CYP2D6 compared to its (S)-counterpart, leading to
comparatively elevated plasma levels of (S)-MTL.'*
The plasma S/R enantiomeric ratio consistently exceeds
unity, demonstrating preferential accumulation of the
pharmacologically active (S)-enantiomer over its (R)-
counterpart." This ratio becomes more pronounced in
UMs, resulting in a significantly higher value. However, in
PMs, where the enzymatic activity of CYP2D6 is minimal
or absent, the concentrations of both enantiomers are
nearly equal, leading to a ratio close to one.

CYP2D6 preferentially metabolizes the (R)-enantiomer
consequently, the (S)-enantiomer exhibits a greater area
under the plasma concentration-time curve in UMs and
EMs relative to PMs.!*"> The S/R plasma concentration
ratio consistently maintains a value of 1 or greater,
regardless of CYP2D6 metabolic phenotype. In PMs, this
ratio is close to 1, while in UMs, it reaches its highest level,
around 1.5." MTL binds enantioselectively to B-receptors
in the heart with an S/R ratio of 33, whereas it blocks the
B,-receptors in the ciliary process with an R/S ratio of 10."°
MTL is mainly eliminated by hepatic metabolism using:
1) a-hydroxylation (~10% of the dose), 2) N-dealkylation
(~10% of the dose) and 3) O-demethylation and further
oxidation (~65% of the dose). The first pathway, which
produces an active metabolite, is stereoselective for (S)-
MTL, whereas the second pathway is stereoselective
for (R)-MTL. Renal clearance demonstrates minor
stereoselectivity (ratio=0.90) favoring (R)-MTL, likely
mediated by active tubular secretion/reabsorption
processes. However, this has a negligible impact on
plasma stereoselectivity, given the minimal contribution
of renal elimination to total clearance.'® MTL undergoes
predominant metabolism via the CYP2D6 enzyme, which
contributes significantly to the biotransformation of
15-25% of clinically prescribed medications.” Activity
of CYP2DE6 is affected by pregnancy," liver diseases,"”
gender of the patient,” and nutritional habits.?! There is
a possibility of the saturation of CYP2D6 during chronic
exposure to the substrates.?> As noticed above, CYP2D6
activity exhibits significant genetic variability, and this
variability influences MTL plasma concentrations,
with rapid metabolism in UMs leading to lower plasma
levels and slower metabolism in PMs causing drug
accumulation.”* Sohn et al® used the ratio of MTL
and its metabolite, i.e., a-hydroxymetoprolol, in plasma
samples of Korean and Japanese individuals 3 hours after
taking a unit dose (100 mg) of tartrate salt of MTL for
phenotyping of CYP2D6 isozyme.

Previous studies have predominantly focused on single-
dose''"***¥ or short-term multi-dose administration
in healthy individuals.”®*' These studies consistently

report S/R plasma concentration ratios > 1, with a similar
trend observed in urinary excretion.’*?® However,
enantioselective renal excretion, favoring the (R)-
enantiomer, has been documented,"** particularly in PMs,
where renal clearance compensates for reduced CYP2D6
activity, resulting in an S/R ratio<1 in urine and>1 in
plasma. In summary, the CYP2D6's enantioselective
activity is expected to result in an S/R ratio>1 in both
urine and plasma. However, due to enantioselective renal
excretion, the ratio is anticipated to exceed 1 in plasma
but fall below 1 in urine. Our previous study’ on MTL
enantiomers in hypertensive patients receiving chronic
MTL therapy, urinary analysis revealed enantioselective
renal excretion and highlighted the possible effects
of prolonged drug use on renal elimination patterns.
However, data on the enantioselective disposition of MTL
in the plasma of patients undergoing long-term therapy
is remarkably sparse. This is a critical gap, as real-world
patients often have comorbidities, polypharmacy, and
potential enzyme saturation or adaptation that are not
captured in single-dose studies of healthy volunteers.
Our study aims to fill this gap by characterizing plasma
enantiomer profiles in a cohort of hypertensive patients
on chronic MTL therapy.

Our study investigates the plasma enantiomer profiles
of MTL in hypertensive patients undergoing long-term
therapy. Notably, we observed unexpected variability in
the S/R ratios, with plasma ratios<1 in 30% of patients.
This discrepancy suggests additional factors, such as
enantioselective renal excretion affected by drug-drug
interactions, may influence enantiomeric distribution.
For instance, metformin, a renal-excreted drug, may
compete with MTL for transporters like human organic
cation transporter 2 (hOCT2), potentially altering
enantiomer excretion. This study highlights the need
to further explore the interplay between metabolic and
renal pathways in MTL's disposition. Understanding
these mechanisms is essential to optimizing therapeutic
outcomes, particularly in populations with altered
CYP2D6 activity or concurrent medication use.

Patients and Methods

Reagents

MTL tartrate was procured from CTX Life Sciences
(Surat, India). Carboxymethyl-p-cyclodextrin sodium
salt (CM-B-CD), heptakis (2,3,6-tri-O-methyl)-p-CD
and sulphated p-CD were acquired from Sigma-Aldrich
(Darmstadt, Germany). Ethyl acetate, acetonitrile, ethanol
and methanol were obtained from Scharlau (Barcelona,
Spain). Citric acid monohydrate, boric acid and sodium
hydroxide were sourced from Merck (Darmstadt,
Germany). Ghazi Pharmaceutical Company (Tabriz,
Iran) provided the deionized water used in this study.

Standard solutions and real plasma samples
A methanolic stock solution of MTL (1 mg mL", free base
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equivalent) was prepared, stored protected from light and
stored at -20 °C. Working standard and quality control
samples were subsequently generated by diluting the stock
solution with analyte-free plasma. Hypertensive patients
were enrolled if they had been on a stable, prescribed
regimen of racemic MTL for a minimum of three months
prior to sample collection. This duration was selected to
ensure that steady-state pharmacokinetic conditions had
been unequivocally achieved. 38 patients, comprising 29
females and 9 males, were enrolled. The participants had
a mean (tstandard deviation) age of 59.08 +9.31 years
(range: 36-76 years), a mean weight of 74.67 £14.05 kg
(range: 50-110 kg), and a mean height of 157.00+11.13
cm (range: 140-189 cm) at the time of admission. The
average daily MTL dosage administered was 82.7£29.9
mg, with doses ranging from 47.5 to 190 mg. The research
protocol received ethical approval from the Research
Ethics Committee of Tabriz University of Medical
Sciences (Ethics Code: IR-TBZMED.REC.1402.857). All
participants provided written informed consent prior to
study enrollment. Plasma samples were collected from
patients at varying time intervals following the last MTL
dose, spanning 4 to 20 hours. Blank plasma samples were
generously provided by the Iranian Blood Transfusion
Organization (Tabriz, Iran).

Sample preparation

Sample preparation involved liquid-liquid extraction
with ethyl acetate. Validation samples were created by
spiking blank plasma (100 pL in 1.5-mL microtubes) with
known MTL concentrations prior to extraction under
established optimal conditions. The pH was adjusted
by adding 10 pL of 1 M sodium hydroxide, followed by
brief vortexing (10 s). Following aliquot preparation, 200
uL of ethyl acetate was added to each sample, followed
by vigorous vortex mixing for 60 seconds to ensure
complete extraction. Phase separation was achieved by
centrifugation at 5000 rpm for 5 minutes. Following
phase separation, 150 uL of the organic (upper) phase
was carefully aspirated, evaporated to dryness under
vacuum at room temperature, and reconstituted in 100
uL of deionized water. Finally, the obtained sample was
centrifuged at 5000 rpm for 5 minutes to precipitate any
suspended particles. The recovery of MTL enantiomers
from plasma was evaluated by comparing the peak areas
obtained after extraction with those obtained by direct
injection of standard solutions, yielding a recovery rate
of 78%. Without the last centrifugation step, spikes in
the electropherograms were found. Sample analysis was
performed using capillary electrophoresis (CE) under
optimized separation conditions.

CE determination
CE separations were conducted using an Agilent
1100 CE system (Agilent Technologies, Waldbronn,

Germany) equipped with a diode array detection system.
Electropherogram processing and peak integration were
conducted with Agilent's ChemStation software (Agilent
Technologies, Waldbronn, Germany). To achieve
symmetrical peak shapes, optimal resolution and the
highest sensitivity, various factors were meticulously
examined, including the concentration, type and pH of
the background electrolyte (BGE), the addition of organic
solvents, separation voltage, column temperature and
injection type and duration. Separations were performed
using a bare fused-silica capillary (Agilent Technologies,
Germany) with the following dimensions: 50 um internal
diameter, 63.5 cm total length, and 55 cm effective length
to the detector. The BGE was composed of 50 mM
phosphate buffer with a pH of 2.5, mixed with methanol
in an 80:20 (v/v) ratio, and contained 0.8% w/v CM-p-CD
as the chiral selector. Electrophoretic separations were
conducted at +25kV applied voltage with precise capillary
temperature control maintained at 25 °C. A water plug
was injected hydrodynamically for 3 seconds at 50 mbar,
followed by the electrokinetic sample injection at+ 10 kV
for 60 seconds. On-line detection was performed at an
optimal wavelength of 225 nm. Between runs, the capillary
was washed sequentially with 0.1 M sodium hydroxide,
deionized water, and the BGE, each for 4 minutes, to
ensure reproducibility and prevent carryover.

Results and Discussion

CE optimization

The final conditions were determined by systematic
optimization process, which involved the sequential
investigation of critical parameters. This process included
screening the type, concentration (25-100 mM), and pH
(2.5-3.5) of the BGE, leading to the selection of a 50 mM
phosphate buffer at pH 2.5 for optimal peak shape. We then
evaluated the type (acetonitrile, ethanol, and methanol)
and percentage (10-40% v/v) of organic modifier, finding
that 20% (v/v) methanol provided the best compromise
between resolution and analysis time. The type and
concentration of the chiral selector were paramount, with
a thorough evaluation of heptakis (2,3,6-tri-O-methyl)-
B-CD, sulphated B-CD, and CM-B-CD revealing that
only in the presence of CM-B-CD the MTL enantiomers
were resolved. Concentrations of 0.2%, 0.4%, and 0.8%
were investigated, and the results demonstrated that
sufficient resolution and optimal analysis time were
achievable at 0.8% (w/v) CM-B-CD (Fig. 1). Furthermore,
to overcome sensitivity limitations, we compared
injection techniques and optimized the injection time
(5-80 seconds), ultimately implementing field-amplified
sample injection with a 60-second electrokinetic injection
at+ 10 kV for significant signal enhancement. Finally, the
separation voltage was optimized across a range of 10-30
kV, with+25 kV providing the ideal balance of speed,
resolution, and minimal Joule heating, resulting in the
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Fig. 1. Effect of CM-B-CD concentration on the enantiomeric separation of MTL enantiomers. Electropherograms demonstrating resolution at concentrations
of (a) 0.8%, (b) 0.4%, and (c) 0.2% (w/v) CM-B-CD. CE conditions: 50 mM phosphate buffer (pH 2.5) with 20% methanol, using field-amplified sample
injection (+10 kV, 60 s) and a separation voltage of +20 kV, detection at 225 nm, capillary temperature of 25°C and 55 cm effective capillary length to the

detector.

robust and sensitive method validated herein.

Method validation

The optimized liquid-phase extraction and CE separation
protocol was subjected to comprehensive validation
according to FDA guidelines. The validation study
systematically evaluated all critical method performance
characteristics, detection  sensitivity,
quantitative range, accuracy, precision, specificity,
selectivity and stability. Calibration standards were
prepared by spiking blank human plasma with racemic
MTL stock solution to create a five-point concentration
series spanning 0.02-0.40 pug mL" of racemic drug (0.01-
0.20 pg mL™" per enantiomer). These calibration samples
underwent identical processing to actual test specimens
as described in the sample preparation protocol (see
Sample preparation section). Linear regression analysis

including

of peak area versus concentration demonstrated excellent
linear response across the 0.01-0.20 ug mL"' range for
both enantiomers, with determination coefficients (r?)
of 0.9993 and 0.9991 for the (S)- and (R)- enantiomers,
respectively. Method sensitivity was established through
signal-to-noise ratio determinations, yielding detection
limits (LOD) of 0.003 pg mL"' and quantification limits
(LOQ) of 0.01 ug mL" for both isomers. Precision and
accuracy assessments conducted over three consecutive
days at LOQ, medium (0.05 ug mL™!), and high (0.1 pg mL-
') concentration levels showed acceptable performance,

with all intra-day and inter-day coefficient of variation
values below 14.9% and relative errors not exceeding
12.3%. Selectivity was confirmed by analyzing processed
blank plasma samples, which showed no endogenous
interference at the expected migration times of the
target analytes (Fig. 2). Fig. 2a demonstrates the baseline
resolution of MTL enantiomers in an aqueous standard
solution, confirming the efficacy of the selected BGE
and chiral selector. Fig. 2b, representing blank plasma,
shows no endogenous interference at the migration times
corresponding to the target analytes, thereby establishing
method selectivity. Fig. 2¢c, obtained from blank plasma
spiked with MTL, confirms the absence of significant
matrix effects. Finally, Fig. 2d depicts a representative
clinical plasma sample from a hypertensive patient
under long-term MTL therapy. Notably, additional peaks
marked with question marks (? and ??) were observed
in the patient sample. These unidentified peaks may be
attributed to enantiomers of MTL metabolites, such
as a-hydroxymetoprolol or O-demethylmetoprolol,
as previously reported in the literature using similar
analytical conditions.* It is important to emphasize that
the MTL acidic metabolite is not extractable under the
employed liquid-liquid extraction protocol with ethyl
acetate, thus excluding its contribution to the observed
chromatographic profile.”> The consistent migration
times and resolution across all sample types underscore
the robustness and applicability of the developed method
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Fig. 2. Chiral separation of MTL enantiomers under optimized conditions.
Representative electropherograms showing: (a) standard enantiomers in
water, (b) blank plasma, (c) blank plasma spiked with MTL enantiomers,
and (d) a real patient plasma sample. Optimum separation conditions: 50
mM phosphate buffer (pH 2.5) containing 20% methanol and 0.8% (w/v)
CM-B-CD, +25 kV separation voltage, 225 nm detection, 25 °C capillary

temperature, and 55 cm effective capillary length to the detector. It should
be noted that the scales of the electropherograms are not identical.

for clinical monitoring of metoprolol enantiomers.
Specificity was further verified by testing six commonly
co-administered cardiovascular drugs (diltiazem,
atenolol, propranolol, verapamil, carvedilol and esmolol),
none of which exhibited migration time overlap with
the MTL enantiomers. Stability studies under typical
handling conditions demonstrated that MTL enantiomers
remained stable in plasma for at least six hours at ambient
temperature (relative error<8.0%) and through three
complete freeze-thaw cycles (relative error<12.0%).
These comprehensive validation results confirm the
method's suitability for reliable quantification of MTL
enantiomers in clinical plasma samples.

Clinical results

We analyzed plasma concentrations of MTL enantiomers
in 38 patients receiving chronic racemic MTL therapy
(either tartrate or succinate formulations) under real-
world clinical conditions. The study specifically focused
on quantifying enantiomeric ratios without applying
restrictive inclusion criteria. Blood samples were obtained
from each participant within a 24-hour window following
drug administration, with complete demographic and
clinical characteristics detailed in Table 1. This approach
allowed for evaluation of steady-state enantiomer
distribution patterns in routine clinical practice.

Quantifiable concentrations of MTL enantiomers in
plasma were obtained for 18 of the 38 enrolled patients,
yielding a detection rate of 47%. Among these 18 patients,
the enantiomeric ratio (S/R) demonstrated significant
inter-individual variability. The majority of patients (12
outof18,67%) exhibited the expected S/R ratio greater than
1, with a mean ratio of 1.18 £0.13. However, a substantial
subset (6 out of 18, 33%) showed an inverted pattern with
S/Rratio of less than 1, and a mean ratio of 0.86 + 0.06. The
overall mean S/R ratio for all patients with quantifiable
data was 1.07£0.19. The total MTL concentrations in
these samples ranged from 15.5 to 188.9 pg mL", reflecting
the wide inter-patient variability in drug exposure. The
complete dataset, including individual concentrations
and corresponding urine data, is presented in Table 2.
Pure enantiomeric standards were not available for direct
confirmation, the elution order was assigned as peak
1=(S)-MTL and peak 2=(R)-MTL based on consistent
reports in the literature using identical chiral CE systems
with CM-B-CD.*>* This assignment forms the basis for all
subsequent S/R ratio calculations and interpretations. The
plasma concentration ratios of enantiomers (S/R) were
calculated across all 18 patients (Table 2). The observed
ratios significantly deviated from unity in the majority
of cases, demonstrating stereoselective metabolism
of MTL enantiomers. The relatively small number
of patients with quantifiable plasma concentrations
limits the statistical power and generalizability of our
findings; however, the clear observation of an atypical
enantiomeric ratio in a substantial minority of this
real-world cohort warrants further investigation. This
differential metabolic clearance arises primarily through
CYP2D6-mediated biotransformation, which accounts
for 70-80% of MTL's total metabolism. The consistent
directional bias in enantiomer ratios reflects CYP2D6's
preferential metabolism of the R-enantiomer, resulting in
disproportionate plasma accumulation of the S-form.*”*

Regarding the enantiomeric analysis of MTL, it has
been observed that CYP2D6 preferentially metabolizes
the (R)-enantiomer, causing it to be metabolized faster
than the (S)-enantiomer and resulting in a lower plasma
concentration of the (R)-enantiomer compared to the
(S)-enantiomer.'*'>23%-41 This phenomenon is observed
across all four phenotypes. Still, the difference in the
concentrations of the enantiomers decreases progressively
from UM to PM, likely due to a reduction in the disparity
of metabolic rates among different phenotypes. However,
a single-dose study in PMs has documented instances
where (R)-MTL plasma concentrations surpass those of
the (S)-enantiomer."

These findings confirm the enantioselective metabolism
of MTL by CYP2D6. Based on these studies, the S/R ratio
of enantiomers in all phenotypes is expected to always
be > 1, which has been supported by most studies.'*!>263-4!
However, the majority of these studies were conducted
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Table 1. Patient characteristics

Patient Mai Last used
cs d:n Gender Age d:j;‘ Dose (mg) (:::) use Co-administrated drugs
1 F 48 MTLT 50 (1 per day) 19 Metformin 1000
Metformin 1000 - Gliclazide 80 - Losartan 50 - Atorvastatin 40
2 F 63 MTLT 50 (2 d 6
(2 per day) -Hydrochlorothiazide 12.5 - Empagliflozin 10 - Linagliptin 5 - ASA 80
Atorvastatin 40 - Metformin 500 - Pioglitazone 45 - Gliclazide 60 - Losartan 50 -
3 M 64 MTLT 50(2perday) 8 ASA 80 - Hydrochlorothiazide 12.5
Amlodipine 5 - Metformin 500 - ASA 80 - Pioglitazone 45 - Spironolactone 25 -
4 F >8 MTLS 95 (1 per day) 8 Losartan 50 -Atorvastatin 20 - Hydrochlorothiazide 12.5
Gliclazide 60 - Insulin Glargine 20 — FeFol - Metformin 1000 - Lorazepam 1 -
5 F 74 MTLS 95 (1 per day) 19 Empagliflozin 10 - Linagliptin 5 -ASA 80 - Losartan 50 - Hydrochlorothiazide 12.5
- Fluoxetine 20 -
‘h 20 - . ) ine 20 - Gliclazi L L
6 E 60 MTLT 50 (2 per day) 7 AtorvasFahrT 0 - Metformin 500 - Fluoxetine 20 - Gliclazide 30 - Linagliptin 5
Empagliflozin 10
7 r 62 MTLS 47.5 (1 perday) 20 Levothyroxine 50 - Metformin 500 - Atorvastatin 20 - Hydrochlorothiazide 12.5 -
Losartan 50
Insulin Glargine - Hydrochlorothiazide 12.5 - Insulin Aspart - Metformin 1000 -
9 F 64 MTLS 47.5(1 d 8.5
(1 per day) Empagliflozin 10 - Linagliptin 5 - Atorvastatin 20 - Losartan 50
Metformin 500 — Prostatan - Levothyroxine 50 - Atorvastatin 20 - Finasteride 5
10 M 7L MILT 50{2perday) 9 -ASA 80 - Tamsulosin 0.4
11 F 62 MTLT 50 (2 per day) 6.5 Metformin 1000 -Atorvastatin 20 - Sitagliptin 50
12 F 36 MTLS 47.5 (1 perday) 19 Metformin 1000 - Sitagliptin 50
Metformin 500 - - Atorvastatin 10 - Gliclazide 30 - ASA 80 - Losartan 50 -
13 F >4 MTLT 50 (2 per day) / Amlodipine 5 - Hydrochlorothiazide 12.5
Metformin 500 - ASA 80 - Sitagliptin 50 - Amlodipine 5 - Losartan 50 -
14 F 76 MTLS 95 (1 per day) 65 Hydrochlorothiazide 12.5 - Rosuvastatin 5 -
15 F 40 MTLT 50 (2 per day) 5 Losartan 50 — Calcium - Hydrochlorothiazide 12.5 - Levothyroxine 50 - Amlodipine 5
Metformin 500 - Amlodipine 5 - Losartan 50 - Atorvastatin 10 -
16 F a4 MTLT 50 (2 per day) / Hydrochlorothiazide 12.5
17 M 49 MTLS 47.5 (1 perday) 10.5 Insulin Aspart - Insulin Glargine - Rosuvastatin 10
Insulin Glargine - Metformin 1000 - Insulin Aspart - Atorvastatin 20 - Empagliflozin
18 F >4 MTLT 25 (2 per day) 19 5 - Amlodipine 5 - Valsartan 160 -
Insulin Isophane Biphasic 70/30 - Amlodipine 5 - Metformin 500 -Furosemide 40 -
» F >2 MTLS 95 (1 per day) 85 Losartan 50 - Atorvastatin 20 - Hydrochlorothiazide 12.5 - Citalopram 20
20 r ) MTLS 95 (1 per day) 75 Metfc'>rm|n. 1900 - Hydrochlorothlande 12.5 - Empagliflozin 10 -ASA 80 - Losartan
50 - Linagliptin 5 - Atorvastatin 20
Metformin 1000 - Hydrochlorothiazide 12.5 - Gliclazide 60 -Losartan 50 -
21 M 63 MTLT 50 (2 per day) 105 Empagliflozin 10 - Linagliptin 5 - Atorvastatin 20
23 r 58 MTLT 50 (2 per day) 7 Ioniulm - Rosuvastatin 20 - Metformin 500 - - ASA 80 - Sitagliptin 50 - Levothyroxine
24 r 65 MTLT 25 (2 per day) 3 ‘l\l/loetformln 500 - Losartan 25 - Acarbose 50 - Amlodipine 5 - ASA 80 - Rosuvastatin
Insulin Glargine 30 - Empagliflozin 10 - Metformin 1000 - Hydrochlorothiazide 12.5
25 M 52 MTLS 95(1 d 9
(1 per day) - Linagliptin 5 - Losartan 50 - Amlodipine 5
Metformin 500 - Gliclazide 30 - Sitagliptin 50 - Losartan 50 - Atorvastatin 10 -
2 F MTLT 2
6 = 50 (2 per day) 9 Hydrochlorothiazide 12.5 — Exemestane - Amlodipine 5
27 r 60 MTIT 125 (2 perday) 55 Metformin' 500 - ASA 80 - Linagliptin 5 - Levothyroxine 50 - Losartan 25 -
Atorvastatin 20
Metformin 500 - Escitalopram 10 - Empagliflozin 10 - Hydrochlorothiazide 12.5 -
28 F 59 MTLS 95 (2 d 8
(2 per day) Linagliptin 5 - Losartan 50 - Atorvastatin 20 - Amlodipine 5
Clonazepam - Metformin 500 - Linagliptin 5 - Empagliflozin 10 - Levothyroxine 50 -
2 L S5(1 2
9 F 63 MTLS  47.5 (1 perday) 20 Carbamazepine 200 - ASA 80 - Sertraline 50
30 F 76 MTLT 50 (1 per day) 7 Insulin Aspart - Hydrochlorothiazide 12.5 - Losartan 50 - ASA 80
31 M 51 MTLS 47.5(2 perday) 7.5 Insulin - - Amlodipine 5 - Metformin 1000 - Hydrochlorothiazide 12.5 - Losartan 50
32 M 69 MTLS 475 (1 perday) 8 ASA 80 - Metformin 500 - Losartan 50 - Gliclazide 30 - Hydrochlorothiazide 12.5 —
Clonazepam - Rosuvastatin 10
Metformin 500 - Empagliflozin 10 - Gliclazide 30 - Linagliptin 5 - Phenazopyridine
3 F 64 MTLT 50 (2 per day) 6 -- Atorvastatin 20 - Gabapentin 300
Metformin 1000 — Acarbose - Glibenclamide - Losartan 50 - Atorvastatin 20 -
3 F 68 MILT 50(lperday) 4 Hydrochlorothiazide 12.5 - ASA 80
6 | Biolmpacts. 2025;15:32645
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Table 1. Continued.

:z(tji:nt Gender Age (';Irl'::‘ Dose (mg) :'::)t used ¢ administrated drugs

36 F 62  MTLS 47.5(1perday) 5.5 HMthrfzzmlrSShC:a—ZiL‘ijr;aﬂ?ﬂ /fs;-\Esn(;pag"ﬂozm 10 - Losartan 50 - Atorvastatin 10 -
37 M 62  MTLT 50 (2 per day) 9 Isniu'\llizp—hl.rig\zjglip:’srl\ssxmpagliﬂozin 10 - Valsartan - Atorvastatin 20 - Amlodipine
38 F 66  MTLT 50(2perday) 85 :'y‘zt:z;:‘l:r gf)h(?azﬁjl;clla;lge 12‘; Zi(t)aglipu‘n 50 - Losartan 50 - Atorvastatin 20 -
R T I bt i e e
oW m s wsupee s DI Lo ot 0 et sk
41 = 69 MTLS 95 (1 per day) 7 Metformin 500 - Gliclazide 60 - Sitagliptin 50 - Valsartan - Amlodipine 5 -

Hydrochlorothiazide 25

MTLT: MTL tartrate; MTLS: MTL succinate.

Table 2. Concentration of MTL enantiomers in urine® and plasma of hypertensive patients and their ratios

Con. (pugL?)? Con. (pgL?) Con. (pgL?) Con. (ugL?)

Patient Ratio S/R Ratio S/R

Frentcode enarifi)t;mer enargtRi)t;mer Total o enalsfi)c-:mer enalgtRi)c;mer Total s
Plasma Urine?
1 ND® ND - - ND ND - -
2 ND ND - - 138 188 326 0.73
3 ND ND - - 2533 2796 5329 0.91
4 14.2 12.2 26.4 1.17 4761 4549 9310 1.05
5 38.5 33.4 72.0 1.15 533 645 1178 0.83
6 14.7 15.6 30.3 0.94 NS¢ NS - -
7 ND ND - - 147 147 294 1.00
9 ND ND - - <LoQ? <LoQ - -
10 17.8 20.8 38.6 0.86 3589 3031 6620 1.18
11 54.6 65.8 120.4 0.83 13331 11416 24747 1.17
12 ND ND - - 1540 1853 3393 0.83
13 26.1 18.2 44.3 1.43 718 946 1664 0.76
14 29.7 27.3 57.0 1.09 1054 952 2006 1.11
15 ND ND - - 170 135 305 1.26
16 45.3 58.0 103.3 0.78 4923 3990 8913 1.23
17 ND ND - - 1506 2365 3871 0.64
18 ND ND - - 352 298 650 1.18
19 <LoQ <LoQ - - NS NS - -
20 10.7 8.7¢ 19.5 1.23 709 918 1627 0.77
21 ND ND - - 1046 1421 2467 0.74
23 15.8 15.8 31.6 1.00 651 597 1248 1.09
24 ND ND - - 69 77 146 0.91
25 19.6 15.6 35.2 1.26 95 121 216 0.79
26 12.2 111 23.2 1.10 3941 3916 7857 1.01
27 <LoQ <LoQ - - 820 975 1795 0.84
28 58.4 53.9 112.4 1.08 10940 10149 21089 1.08
29 ND ND - - 146 183 329 0.80
30 ND ND - - NS NS - -
31 <L0Q <L0Q - - 3078 3481 6558 0.88
32 ND ND - - 102 96 198 1.07
33 ND ND - - 172 234 406 0.74
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Table 2. Continued.

Con. (pugL?)? Con. (pgL?) Con. (pgL?) Con. (pngL?)
peientcode enarifi)c-)mer enargtRi)c;mer Total raeslE enarffi)c-)mer enar(ltRi)c;mer Total rae st
Plasma Urine?
35 <LOQ <LoQ - - 239 163 402 1.47
36 20.3 17.2 37.6 1.18 531 687 1218 0.77
37 22.9 16.8 39.6 1.36 841 1201 2041 0.70
38 8.0° 7.5¢ 15.5 1.06 NS NS - -
39 91.8 97.1 188.9 0.94 NS NS - -
40 ND ND - - 126 133 260 0.95
41 60.6 73.9 134.5 0.82 NS NS - -

2Please note that to avoid writing small decimal numbers, concentrations have been converted from pug mL* to pg L*

®Not detected.
¢No sample.
dDetected but the concentration is below LOQ.

e Although the concentration of the enantiomer(s) (one or both) is slightly below the LOQ, we have included them in the table with leniency.
Note: Patients with codes 8, 22, and 34 were excluded from the study due to insufficient plasma sample volume and were not included in the table.

as single-dose experiments on healthy individuals"**¥
or as short-term multi-dose studies (up to one week) on
patients® or healthy individuals,” all confirming the same
results.

However, in our study on plasma samples from
hypertensive patients undergoing long-term MTL
therapy, we observed that the S/R ratio was less than
one in about 30% of the patients (Table 2), contrary
to most previous studies except one* As previously
mentioned, if metabolism were the sole factor influencing
enantioselectivity, this ratio should eventually approach
1 in PMs. Renal excretion has also been observed to be
enantioselective, preferentially eliminating the (R)-
enantiomer in greater amounts. Consequently, this
would lead to an accumulation of the (S)-enantiomer in
plasma, resulting in an expected S/R ratio greater than
1. In other words, both enantioselective metabolism
and enantioselective renal excretion promote the
accumulation of the (S)-enantiomer in plasma, resulting
in S/R ratios greater than 1 in both plasma and urine.
However, our findings reveal that this ratio (S/R) is less
than 1 in 30% of the studied subjects, a result inconsistent
with previous studies.

As shown in Table 2, in subjects with a plasma S/R ratio
less than 1, the corresponding urine S/R ratio is greater
than 1 (e.g., patients 10, 11, and 16). This observation
suggests that renal excretion plays a dominant role in
these cases, particularly when metabolic elimination
of enantiomers is minimal, an expectation typically
associated with PM. The only plausible explanation for
these findings is that, contrary to previous studies and our
urine sample data,’ renal excretion of the (S)-enantiomer
exceeds that of the (R)-enantiomer. Such a reversal could
occur due to drug interactions, as seen with pindolol
enantiomers in the presence of cimetidine.”? Table 2
highlights that atorvastatin and metformin are common

among the patients in question. While atorvastatin is
primarily metabolized in the liver via the CYP3A4 enzyme
and minimally excreted by the kidneys, it is unlikely to
interfere with MTL's metabolism or renal excretion.* On
the other hand, metformin, which is not metabolized and
is excreted predominantly through the kidneys,* is more
likely to interact with MTL. This is especially significant
when MTL plasma concentrations are high, making renal
excretion the primary elimination pathway. Metformin
undergoes renal elimination through glomerular filtration
and tubular secretion, facilitated by the hOCT2.* hOCT2,
the predominant cationic drug transporter in renal
proximal tubule basolateral membranes, which mediates
the critical first step in systemic elimination of positively
charged molecules through active tubular uptake.
Research shows that MTL and metformin compete for
excretion via these transporters, with MTL inhibiting
metformin uptake.’**® While studies have demonstrated
the inhibitory effect of MTL on metformin excretion, the
reverse metformin's inhibitory effect on MTL excretion
remains unstudied.

A renal clearance of 109 mL/min has been reported
for unchanged MTL.* Since this clearance is lower than
the creatinine clearance, it suggests that MTL excretion
is primarily determined by glomerular filtration.
However, the potential contributions of tubular secretion
and reabsorption, which appear to occur with roughly
equal efficiency, cannot be ruled out.* Given that the
renal excretion of MTL enantiomers is considered
enantioselective, explaining the wunequal ratios of
enantiomers in urine, then tubular absorption and
excretion are likely the primary mechanisms involved.
However, to the best of our knowledge, no prior evidence
has investigated this phenomenon for MTL. On the other
hand, drug interactions can influence the excretion of
enantiomers when this process is enantioselective. Hsyu
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and Giacomini® and Somogyi et al** demonstrated
that the enantiomers of pindolol exhibit different renal
excretion rates. Moreover, when co-administered with
cimetidine, their excretion significantly decreases, with
a reduction of 26% for the (S)-enantiomer and 34%
for the (R)-enantiomer. The authors concluded that
cimetidine exerts a stereoselective inhibitory effect on
the renal tubular secretion of pindolol, likely through a
mechanism indicating the presence of subsystems within
the renal organic cation transporter in the kidney.*? MTL,
being positively charged at physiological pH, is known to
be a substrate for the hOCT?2 transporter. This strongly
suggests that its renal excretion may be influenced by
the presence of metformin. However, the specific impact
on MTL's enantiomers remains unclear. Based on
existing evidence, it is anticipated that in the presence of
metformin, the renal excretion of the (S)-enantiomer will
exceed that of the (R)-enantiomer. This would result in a
relative decrease in the plasma concentration of the (S)-
enantiomer compared to the (R)-enantiomer.

Despite the very small number of the cases, statistical tests
were performed to investigate the potential association
between metformin co-administration and an inverted
plasma S/R enantiomer ratio (<1). From the 38 enrolled
patients, the 18 with quantifiable plasma concentrations
of MTL enantiomers were included in this analysis.
Patients were categorized into two groups based on their
plasma S/R ratio: "normal ratio" (§/R>1) and "inverted
ratio” (S/R<1) (Table 3). The prevalence of metformin
co-administration was then compared between these two
groups using a two-tailed Fisher's exact test, which is the
appropriate statistical test for small sample sizes. Statistical
significance was set at P<0.05. Analysis was performed
using Excel software. The extremely high prevalence
of metformin use in this specific patient cohort (mostly
hypertensive patients with type 2 diabetes) confounds
the ability to statistically link metformin to the inverted
S/R ratio. The lack of a significant P value (0.53) does not
rule out a potential biological interaction, as suggested
by the mechanistic hypothesis. It rather indicates that
in this small, real-world dataset, where metformin use
is almost universal, its specific effect cannot be isolated
statistically. This analysis underscores the necessity for a
future, controlled study designed specifically to compare
MTL enantiomer kinetics in patients with and without

Table 3. Fisher's exact test for metformin association with the observed
enantiomers ratio

. On Not on Mean S/R
Patient group metformin metformin = ratio £ SD
S/R <1 (Inverted) 6 0 6 0.86 + 0.06
S/R>1 (Normal) 10 2 12 1.18+0.13
Total 16 2 18 1.07+0.19

Fisher's exact test P value = 0.53

metformin co-administration.

Due to the dose variation among patients (47.5-190
mg/day), we conducted an additional statistical test
to determine whether the different observed results
were attributable to the dosage variation. To formally
investigate if the daily dose was a confounding factor, we
performed a statistical comparison. An unpaired t-test
revealed no statistically significant difference (P=0.76) in
the mean daily dose between the group with a normal S/R
ratio (108.96 £40.56 mg) and the group with an inverted
S/R ratio (115£36.74 mg). This result indicates that
the observed inversion of the enantiomeric ratio is not
driven by the absolute dosage but is likely due to patient-
specific factors such as metabolic phenotype or drug-drug
interactions, which is the main focus of the present work.

Such effects are especially likely with long-term co-
administration. Consequently, concomitant medications
taken by patients can influence the concentrations of
MTL enantiomers. While renal excretion of MTL is often
attributed to glomerular filtration, in PM individuals or
during long-term use, active tubular excretion may play
a significant role due to elevated plasma concentrations.
This can alter the ratio of enantiomers in both plasma and
urine through enantioselective excretion mechanisms via
drug-druginteractions. Fig. 3 illustrates alever mechanism
that represents the balance and plasma concentrations
of MTL enantiomers. It demonstrates how key factors
influence the concentrations of these enantiomers in

Highly effective CYP2D6 hocT2 hOCT2-DDI PPB
I um o o @ [

EM o { ] e ®

M o

I PM © o ® ®

Less effective

Metabolism

Clearance

foer

Clearance-DDI

Blood proteins

enantiomer . R enantiomel

Plasma

Fig. 3. Schematic representation of factors influencing MTL enantiomer
ratios in plasma.
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distinct ways. For instance, the hepatic enzyme CYP2D6
is positioned farthest from the fulcrum, highlighting its
significant impact on enantiomer concentrations. The
figure indicates that the activity of this enzyme exerts a
stronger "weight" on the (S)-enantiomer side, leading to
an increased plasma concentration of the (S)-enantiomer.
As factors are positioned closer to the fulcrum, their
influence on the enantiomeric balance diminishes. This
schematic underscores the dynamic interplay between
metabolic and excretory pathways in determining
MTL’s enantiomeric profile, emphasizing the need for
personalized dosing in hypertension management.

We observed reduced enantiomeric ratios in some
patients (30%). These inverted S/R ratios (<1) may
reflect saturation of CYP2D6-mediated metabolism
during long-term therapy, shifting elimination toward
renal pathways.’' Besides, drug-drug interactions may
alter drug clearance. This variability highlights the
complexity of MTL enantiomers' disposition and the
need for personalized approaches.”” Future research
should explore the mechanisms behind this variability,
particularly renal excretion, drug-drug interactions and
investigate longitudinal changes to optimize MTL therapy
in hypertension.”

Limitations of the study

This studyhas several limitations that should be considered
when interpreting the results. First, the identification of
the MTL enantiomers was based on the well-documented
elution order from chiral CE methods using CM-B-CD,
as pure enantiomeric standards were not available for
direct confirmation. While this assignment is supported
by robust literature precedent, it remains an inferential
step. Second, the variable sampling times (4-20 hours
post-dose) relative to MTL's elimination half-life mean
that the measured absolute concentrations represent
different points on the concentration-time curve and
are therefore not directly comparable between patients.
This variability reflects the real-world, clinical nature of
our study design, where blood draws were aligned with
routine patient visits rather than a strict pharmacokinetic
protocol. Consequently, the absolute concentrations
should be interpreted with caution. However, the
primary objective of our study was to investigate the
enantiomeric ratio (S/R), not the absolute drug exposure.
A key pharmacokinetic principle is that for enantiomers
with very similar elimination half-lives, as is the case for
MTL, the enantiomeric ratio remains relatively constant
over the dosing interval at steady-state. Therefore, while
the sampling variability confounds the analysis of total
drug exposure, it is less critical for the interpretation of
the S/R ratio, which is our central metric. Nonetheless,
future studies would benefit from standardized trough-
level sampling to concurrently allow for robust analysis
of both concentration and ratio data. Third, the low
sensitivity of the UV-based CE method resulted in a high

Research Highlights

What is the current knowledge?

e Metoprolol is administered as a racemic mixture
with stereoselective pharmacokinetics influenced by
CYP2D6 polymorphism.

. CYP2D6 preferentially metabolizes the (R)-enantiomer,
leading to higher plasma concentrations of the (S)-
enantiomer (S/R ratio>1).

e Renal excretion of metoprolol is enantioselective,
favoring the (R)-enantiomer.

e Most studies on metoprolol enantioselectivity focus
on single-dose or short-term administration in healthy
individuals.

What is new here?

o Long-term metoprolol therapy in hypertensive patients
reveals unexpected S/R plasma ratios < 1 in 30% of cases,
contrary to prior findings.

o Renal excretion and drug interactions (e.g., metformin)
may override CYP2D6-driven enantioselectivity during
chronic treatment.

o  Enantiomer  monitoring  could  complement
pharmacogenomics for personalized dosing in
hypertension management.

o Highlights the need to reassess enantioselective
disposition in polypharmacy and renal impairment

scenarios.

non-detection rate (53%), limiting the number of patients
(n=18) with quantifiable plasma concentrations. This
small effective sample size reduces the statistical power
for robust subgroup analyses and generalizability, a
constraint reflected in the lack of statistical significance
in our association tests, despite strong numerical trends.
Fourth, small sample size restricted further classification
of the patients according to the co-administered drugs,
gender etc. Finally, the absence of CYP2D6 genotyping
or formal phenotyping means we cannot definitively
correlate the observed enantiomeric ratios with the
patients' metabolic phenotypes. While the S/R ratio itself
has been proposed as a phenotypic marker, independent
genetic or metabolic data would have been valuable to
confirm the relative contributions of metabolism and
excretion in the patients with inverted ratios. Despite
these limitations, this study provides crucial, real-world
evidence of unexpected variability in MTL enantiomer
disposition during long-term therapy, highlighting the
complexity of its pharmacokinetics in clinically complex
patients and underscoring the need for personalized
therapeutic approaches.

Conclusion

This small size study extends the understanding of MTL
enantioselectivity in hypertensive patients undergoing
long-term therapy. It confirms that CYP2D6-mediated
metabolism predominantly governs the stereoselective
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disposition of MTL enantiomers. However, renal
enantioselective excretion and potential drug-drug
interactions, particularly with metformin, significantly
influence the S/R ratio of enantiomers. The unexpected
finding of S/R ratios below 1 in a subset of patients
highlights the complex interplay between metabolic and
renal pathways in the pharmacokinetics of MTL. These
resultsemphasize theimportance of personalized medicine
in optimizing MTL therapy, where enantioselective
analysis could serve as a practical alternative to CYP2D6
genotyping for identifying metabolic phenotypes. Such
approaches are crucial for tailoring treatment regimens to
individual metabolic profiles, minimizing adverse effects,
and maximizing therapeutic outcomes. Future studies
should focus on elucidating the mechanisms driving the
observed variabilities and their clinical implications to
refine guidelines for the effective and safe use of MTL in
diverse patient populations.
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