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This study aimed to develop a rapid and sensitive reversed-phase mode high-performance liquid
chromatography-electrospray ionization coupled with a tandem mass spectrometry method for the
simultaneous determination of ranolazine enantiomers in rat plasma and tissues. The obtained biological
samples were pretreated with the liquid—liquid extraction method, and methyl tert-butyl ether was employed
as the extracting agent. The efficient stereo separation of target compounds was achieved on a Chiralcel OD-
RH column by using the mobile phase consisting of acetonitrile—2 mM agueous ammonium acetate
(80:20, v/v) at a flow rate of 0.6 mL min~™. The analytes were detected by multiple reaction monitoring in
positive ion mode with the mass transitions at m/z 428.20 > 279.50 (ranolazine) and 219.80 > 128.06 (orni-
dazole, internal standard). Furthermore, the elution peak order on the Chiralcel OD-RH column was
confirmed by the recorded and calculated electronic circular dichroism spectrum. The results of this
pharmacokinetic study revealed that the C.ax and AUCq ; values of R-(+)-ranolazine were 2.05 and

Received 10th May 2022, 2.72 times higher than those of S-(—)-ranolazine. Compared with S-(—)-ranolazine, R-(+)-ranolazine

Accepted 26th July 2022 displayed stronger absorption capability in rat plasma and a slower metabolism rate in major organs of rats.
DOI: 10.1039/d2nj02302d The highest content of R-(+)-ranolazine was in the liver, followed by the kidneys, heart, lungs and spleen. It
is noteworthy that this is the first stereoselective report regarding the pharmacokinetics and tissue

rsc.li/njc distribution of ranolazine in vivo, which may benefit instructing the clinical application for safer treatment.

Chemically, ranolazine contains a stereogenic center, lead-
ing to a pair of enantiomers. It is prominent that for most chiral

1. Introduction

Ranolazine, a piperazine derivative, is a proven anti-ischemia and
anti-anginal agent for the treatment of chronic stable angina with
negligible effects on the heart rate and blood pressure.’” It acts
primarily by inhibiting the later sodium current to decrease the
calcium overload and thus reducing ischemia and angina
symptoms.*® In clinical practice, ranolazine is orally adminis-
tered as a racemic compound.” The chemical structures of
ranolazine enantiomers are demonstrated in Fig. 1.

“School of Pharmacy, Shenyang Pharmaceutical University, Shenyang, Liaoning,
110016, China

b School of Life Science and Biopharmaceutics, Shenyang Pharmaceutical University,
No. 103 Wenhua Road, Shenyang 110016, China. E-mail: song0688@sina.com

¢ Safety Evaluation Center of Shenyang SYRICI Testing Co., Ltd., Shenyang 110141,
China

4 School of Pharmacy, Shenyang Medical College, No. 146 Huanghe North Street,
Shenyang, Liaoning, 110034, China. E-mail: yslal@163.com

¢ School of Business Administration, Shenyang Pharmaceutical University,
Shenyang 110016, China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2nj02302d

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

compounds, only one enantiomer is pharmacologically active
but the other may be inactive or exert completely diverse activity
secondary to the stereoselective binding effects of each enantio-
mer with biological macromolecules (such as enzymes, proteins,
and nucleic acids).'®"® For ranolazine, the S-enantiomer dis-
played stronger anti-anginal and anti-ischemic activities than
the R-enantiomer or rac-ranolazine whereas the R-form improved
the glucose levels in diabetic rats by preserving the B-cells and
enhancing the secretion of insulin.’*'* Aside from different
biological activities to target objects, the absorption and distribu-
tion processes of chiral drugs in organisms are typically
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Fig. 1 Chemical structures of ranolazine enantiomers.
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stereoselective.'>'® Although, research on the stereoselective
behavior of ranolazine in vivo is scarce, several analytical methods
have already been established for the detection of ranolazine
in biological samples. These methods mainly include high-
performance liquid chromatography (HPLC),"” high performance
thin-layer chromatography-mass spectrometry (HPTLC-MS),"®
liquid chromatography-tandem mass spectrometry (LC-MS/
MS),"*?! and spectrophotometric methods.>* However, it is note-
worthy that these methods mainly focus on the study of race-
mates. Therefore, it is necessary to establish a sensitive and rapid
analytical method to determine the concentration of ranolazine
enantiomers in biological samples to investigate their enantios-
electivity in vivo.

So far, few HPLC methods have been reported for chiral
separation of ranolazine enantiomers.”**”>*> Accompanied by
high-resolution efficiency and universal applicability, the HPLC
method based on chiral stationary phases (CSPs) was widely
used as an effective method of chiral separation.'™***” Luo
et al. developed a chiral HPLC method using a cellulose tris
(3,5-dimethylphenylcarbamate) CSP under both normal-phase
and polar organic phase modes for the analysis and resolution
of ranolazine enantiomers; however, it lacked sufficient sensi-
tivity for bioanalytical applications (lower limit of quantitative
(LLOQ) of 2.9 mg mL").° Additionally, Gao et al. reported a
multifunctional immobilized CSP based on dialdehyde micro-
crystalline cellulose for separating ranolazine enantiomers in
reversed-phase mode. The separation factor () and resolution
values (Rs) were slightly low (x = 1.55 and R, = 0.82).>> Another
study used a Chiralcel OD-H column in normal-phase mode to
determine the enantioselectivity of ranolazine in rat liver
microsomal fractions, and the complete separation was accom-
plished within 17 min.>® However, as one of the components of
the mobile phase, hexane was not suitable for the enantiomeric
analysis of ranolazine enantiomers owing to their poor solubi-
lity in hexane,’ and the normal-phase solvents were incompa-
tible for high-performance liquid chromatography with tandem
mass spectrometry (HPLC-MS/MS) analysis.”® Therefore, an
HPLC-electrospray ionization coupled with an MS/MS (HPLC-
ESI-MS/MS) method under the reversed-phase condition is
likely to be ideal for the pharmacokinetics and tissue distribu-
tion studies of rac-ranolazine in vivo to comprehensively inves-
tigate the enantioselective behavior of low concentration
ranolazine stereoisomers in plasma and tissue samples.

This study aimed to establish an HPLC-ESI-MS/MS method
and validate and apply it to determine the pharmacokinetic
properties of ranolazine enantiomers in rat plasma and tissues
by using liquid-liquid extraction (LLE) technology. First, base-
line separation of R-(+)-ranolazine and S-(—)-ranolazine was
achieved on a Chiralcel OD-RH column. Second, we used
circular dichroism (CD) spectra to determine the absolute
configuration according to the absorption difference between
left and right circularly polarized light.*® In this study, the
factors affecting the enantioseparation of ranolazine, including
types of chiral columns, the types and contents of the mobile
phase, and the proportions of buffer solution, and the sample
preparation methods were explored. Compared with Simdes’s
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method,*® our method achieved a much shorter retention time
under the reverse-phase mode (¢ < 6 min). Finally, the opti-
mized analytical method was utilized to carry out the enantio-
selective pharmacokinetics and tissue distribution following
oral administration of 15 mg kg™ ' rac-ranolazine extended-
release tablets. The objective of this study was to explore the
stereoselectivity of ranolazine enantiomers in vivo and their
therapeutic efficacy and safety.

2. Materials and methods
2.1 Chemicals and reagents

rac-Ranolazine extended-release tablets were provided by
Jingfeng Pharmaceutical Co., Ltd (Hunan, China). Standards
of rac-ranolazine and rac-ornidazole (internal standard, IS) were
obtained from the National Institute for the Control of Phar-
maceutical and Biological Products (Beijing, China). All stan-
dards were >98.0% purity. Sigma-Aldrich (Shanghai, China)
supplied MS-grade solvents including ammonium hydrogen
carbonate, ammonium acetate, methanol (MeOH), and aceto-
nitrile (ACN). MS-grade water was purified using a Milli-Q
Water Purification System (Millipore, MA, USA). Other analyti-
cal grade reagents were purchased from Yuwang Industrial Co.,
Ltd (Shandong, China). The solid-phase extraction columns
were purchased from Waters Corporation (Waters, Co., Milford,
MA, USA).

2.2 Preparation of stock and working solutions

Stock solutions containing 1 mg mL™" rac-ranolazine or IS were
prepared in ACN, respectively. Ranolazine stock solution was
further diluted with ACN to obtain the working standard
solutions ranging from 20 to 5000 ng mL " for individual
enantiomers. Similarly, 2000 ng mL " of IS solution was yielded
by diluting the IS stock solution with ACN. All these solutions
were kept at 4 °C prior to use.

Meanwhile, 100 pL of blank rat plasma and tissue homo-
genate were separately mixed with 10 pL of the corresponding
rac-ranolazine working standard solution and 10 pL of IS
working solution for constructing the calibration curves. Fol-
lowing the above-mentioned, the ranges of final plasma
concentrations (2-100 ng mL ') and tissue concentrations
(2-200 ng mL~" for heart, spleen and lungs; 2-250 ng mL ™"
for kidneys; 2-500 ng mL™"' for liver) for each ranolazine
enantiomer were obtained. Similarly, the quality control samples
at low (LQC), medium (MQC) and high (HQC) concentration
levels for individual enantiomers were prepared for method
validation analysis of plasma and tissue samples. The concentra-
tions of QC samples are as follows: 6, 40 and 80 ng mL ™" for
plasma samples; 6, 80 and 160 ng mL ' for heart, spleen and
lungs; 6, 200 and 400 ng mL ™' for the liver; 6, 100 and
200 ng mL~" for the kidneys. All solutions were stored at 4 °C.

2.3 Apparatus and chromatographic conditions

An Agilent 1200 series HPLC system (Agilent Technologies,
Santa, Clara, CA, USA) consisting of a binary system,
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autosampler and thermostatic column compartment was used for
separating ranolazine enantiomers. The optimized enantiomeric
resolution was achieved with a mobile phase of ACN-2 mM
aqueous ammonium acetate (80:20, v/v) at a flow rate of
0.6 mL min~' on the Chiralcel OD-RH column (150 mm x
4.6 mm, 5 pm, Daicel, Japan) coupled with a Chiralcel OD-RH
guard column (10 mm x 4.0 mm, 5 um) under the reversed-phase
mode. The column oven and auto-sampler temperature were set
at 25 °C and 4 °C, respectively, and the injection volume was
10 pL.

The mass spectrometric detection was performed on an API
4000 triple quadrupole instrument (AB Sciex, Foster City, CA,
USA) in multiple reaction monitoring modes. ESI in positive ion
mode was applied for detecting ranolazine enantiomers. The
MS parameters were optimized to achieve maximum sensitivity.
The ion-pair transitions of m/z 428.20 > 279.50 for ranolazine
enantiomers were monitored (cone voltage (CV) defined at 5 V
and collision energy (CE) at 23 eV). For IS, the monitored mass
transition was m/z 219.80 > 128.06 (CV = 20 V, CE = 30 eV).

2.4 Pretreatment of biological samples

For the LLE method, methyl tert-butyl ether (MTBE) was
selected to extract the ranolazine enantiomers from biological
samples. To prepare samples for analysis, 10 pL of IS working
solution (2000 ng mL ") and 100 pL aliquot of plasma or tissue
homogenate samples were mixed in MTBE and vortexed for 3
min. Following 12000 rpm centrifugation for 10 min, the
obtained supernatant was transferred to another polypropylene
microcentrifuge tube and evaporated to dryness under a gentle
stream of nitrogen at 37 °C. Thereafter, the residue was
reconstituted in 100 puL of mobile phase (vortex for 1 min)
and filtered through a 0.22 um nylon syringe filter prior to
HPLC-ESI-MS/MS analysis.

2.5 Method validation

The method validation was carried out for specificity, carry-
over, linearity, LLOQ, precision, accuracy, extraction recovery,
matrix effect and stability in accordance with the USA Food and
Drug Administration guidelines for the validation of bioanaly-
tical methods.*°

2.5.1 Specificity and carry-over. The assay of specificity was
assessed by comparing chromatograms of six different batches
of blank plasma and tissues with those of corresponding
standard plasma and tissue samples spiked with ranolazine
at the LLOQ level and actual samples (0.5 h for plasma; 12 h for
kidneys) from Sprague-Dawley (SD) rats following oral admin-
istration of 15 mg kg~ rac-ranolazine extended-release tablets.
The acceptance criterion for this method was that the peak area
of the interference in the retention window of the tested
compounds and IS should be <20% of that for the analyte at
the LLOQ level and lower than 5% of IS.

The carry-over effect was evaluated by injecting two blank
samples directly after detecting the highest concentration
standard in each calibration curve analysis run. In the chro-
matogram of the blank biological samples, the response of any

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

Paper

interference should not exceed 20% of the LLOQ response and
5% of the response for the IS at the corresponding retention time.

2.5.2 Linearity and LLOQ. To evaluate the linearity, the
calibration curves consisting of seven non-zero concentration
levels were established and fitted with a weighted (1/x) least-
squares linear regression line (y = ax + b; y: peak area ratios of
the individual ranolazine enantiomer to IS; x: the theoretical
concentrations in plasma or tissue samples). A correlation
coefficient (%) of 0.990 or higher was expected for all calibra-
tion curves, and the back-calculated standard concentrations
should be within 15% deviation from the nominal value except
at the LLOQ level. The lowest concentration on the calibration
curve is defined as the LLOQ level (signal-to-noise ratio not
<10 for quantification). Six individual samples spiked with
ranolazine at the LLOQ level were assessed for the analysis of
accuracy and precision. Accuracy should be within £20%, and
precision should be >20% to be acceptable.

2.5.3 Precision and accuracy. The inter-day precision and
accuracy of this bioanalytical method were validated by deter-
mining six replicates of QC samples at four concentration levels
(LLOQ, LQC, MQC, and HQC) on three consecutive days. The
intra-day precision and accuracy were determined within a day.
The precision of this method was defined by calculating the
relative standard deviation (RSD) and expected to be <15%
except for LLOQ where it should not be >20%. Similarly,
accuracy, described as a relative error (RE), should be within
+20% for LLOQ and £15% for the remaining QC samples.

2.5.4 Extraction recovery and the matrix effect (ME). The
extraction recovery of ranolazine enantiomers was investigated
by comparing the mean peak area of the extracted spiked
samples with the peak area of post-extraction spiked samples.
This procedure was performed by analyzing six replicates at
three QC levels. The matrix effects of analytes and IS were
measured by comparing the peak areas of post-extracted spiked
samples with those in the neat standard solutions at three QC
levels in six replicates. The normalized matrix factor (NMF) was
calculated using the following formula, and the acceptance
RSD of NMF was <15%.

NMF (%) = MEqpalyte/MErs X 100%

2.5.5 Stability. The stability of the analytes was assessed by
analyzing six replicates at three QC levels kept on storage for
12 h at room temperature, for 30 days at —80 °C, and 24 h in the
autosampler tray at 4 °C. The freeze-thaw stability of ranolazine
enantiomers and IS in the plasma and tissue homogenate was
evaluated by conducting three freeze-thaw cycles from —80 °C
to room temperature for 30 days. Samples were considered
stable if the values of RE were within +15% and RSD was
<15%.

2.6 Stereoselective pharmacokinetic study and tissue
distribution

Our method was used to study the enantioselective pharmaco-
kinetic profiles of ranolazine following oral administration of
15 mg kg~ rac-ranolazine extended-release tablets. All animal
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tests in this report were approved by the Ethics Committee
of the Animal Experiments of Shenyang Pharmaceutical
University (permit number, SYPU-IACUC-C2021-6-13-227).

2.6.1 Animals. Adult male SD rats (260-300 g) were pur-
chased from the Experimental Animal Center of Shenyang
Pharmaceutical University (License No. SCXK-Liao-2020-0001,
Shenyang, China). The rats were naturally fed for a week in a
temperature and humidity-controlled room with a 12 h light-
dark cycle and fasted for 12 h prior to drug administration with
water arbitrarily made available throughout the experiment.

2.6.2 Experimental design. Both the control group and
experimental groups consisted of six randomly assigned male
SD rats. 15 mg kg™' racranolazine extended-release tablets
were orally administered to the rats in experimental groups.
Furthermore, blood samples were collected from the retro-
orbital plexus of rats at 0 (prior to dosing), 0.25, 0.5, 1, 2, 4,
6, 8, 12, 24 and 48 h following administration. The blood
samples were immediately centrifuged at 5000 rpm for
10 min to obtain plasma. Finally, each supernatant plasma
layer was harvested.

Twenty-four rats were classified into four groups with six
male SD rats in each. The tissues (the heart, liver, spleen, lungs,
and kidneys) were excised from these rats at 5, 12, 24 and 48 h
following oral administration, and placed in 0.9% sodium
chloride solution to remove the blood and weighed separately
after wiping with filter paper. The obtained plasma collection
and tissues were frozen at —20 °C until further usage.

2.6.3 Data analysis. The enantioselective pharmacokinetic
parameters of ranolazine enantiomers were analyzed by a non-
compartmental method using the Data Acquisition Software
(DAS) (Version 2.0, China). The paired t-test, with 95% con-
fidence intervals, was performed to evaluate the difference of
parameters between two enantiomers using the SPSS Statistics
Software (Version 19.0, Chicago, USA). For p-value < 0.05,
differences were significant.

3. Results and discussion
3.1 Sample preparation

Developing a satisfactory and stable sample pretreatment tech-
nique, which could not only leads to the optimal recovery and
good reproducibility but also effectively reduces the effect of the
coexisting interferent, helps prolong the life of a chiral chro-
matographic column. In our study, three commonly reported
sample preparation methods of protein precipitation (PPT),
solid-phase extraction (SPE), and LLE for biological analysis
were thoroughly assessed.

Our findings for the PPT method demonstrated that the
matrix suppression effect was significant whether MeOH or
ACN was used as the precipitation solvent. Despite the relatively
high recoveries provided by the PPT method, the method
validation failed owing to a worse matrix effect. Therefore, we
paid more attention to the optimization of SPE and LLE to
further account for the possibility that the introduction of a
large number of endogenous components into the chiral
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column would cause damage to the column, we therefore paid
more attention to the optimization of SPE and LLE, and the
final recoveries are provided in Fig. S1 (ESIt). During the SPE
procedure, four available SPE cartridges including Cleanert C,g,
NH,, PCX and HLB (Waters, 500 mg, 3 mL) were compared. The
processes of the SPE technique are described as follows: 100 pL
of blank plasma spiked with 10 pL of standard working solution
and 10 pL of IS was vortexed for 1 min and further loaded
into four separate cartridges attached to a vacuum manifold
(VacElute, Harbor City, CA, USA) and preconditioned with 2 mL
of MeOH. After cleaning with 2 mL of deionized water contain-
ing 5% MeOH, the vacuum was also applied to the cartridge for
2 min to dry the resin completely. Finally, the studied chemi-
cals were eluted with 2 mL of ACN into a tube. The eluent was
dried at room temperature, and the residue was reconstituted
with a 100 uL mobile phase. After filtering through a 0.22 pm
nylon syringe filter, an aliquot of 10 pL was injected into the
analytical system for HPLC-ESI-MS/MS analysis. The results
revealed that even though the samples were cleaner, the
recoveries from this procedure were worse. In comparison with
NH,, C;3 and PCX, the relatively higher recovery values
extracted by the HLB cartridge were not > 85% (Fig. S1-A, ESIT).
Lower recoveries, high cost, and time requirements eventually
led to the abandonment of the SPE technique.

In the development of LLE, the selection of suitable extrac-
tion solvents has been an analytical challenge. The most
widely applied solvents in various forms, such as n-hexane-
isopropanol (n-hexane-IPA) (95:5, v/v), ethyl acetate (EtAC),
diethyl ether-dichloromethane (DEE-DCM) (60:40, v/v) and
MTBE, were comprehensively evaluated to obtain the optimal
extraction recovery and a relatively low matrix effect in our
study. The detailed LLE procedures are described in Section 2.4
“Pretreatment of biological samples”. As displayed in Fig. S1-A,
(ESIt) we observed that the most satisfactory recovery value
(>95%) was obtained by employing MTBE as the extraction
solvent. To further shorten the sample preparation time, the
volume of extraction solvent ranging from 1 to 5 mL was
subsequently evaluated. The results (Fig. S1-B, ESIT) suggested
that the extraction efficiency steadily increased with the volume
of extraction reagent from 1 mL to 3 mL. The recoveries
remained stable as the polar solvent volume was increased to
5 mL. Conclusively, the LLE methodology was determined to be
an effective method for the extraction of ranolazine enantio-
mers from plasma and tissues since it required less time, was a
less toxic solvent, produced less background noise, and had a
higher extraction recovery rate.

3.2 Optimization of the HPLC conditions

To efficiently separate ranolazine enantiomers, we initially
tested three commercialized immobilized polysaccharide-
based CSPs under the reversed-phase mode, including Chiral-
pak IH, Chiralpak IC and Chiralcel OD-RH columns. However,
the Chiralpak IH column could not achieve the baseline
separation of ranolazine enantiomers during the whole screen-
ing. As presented in Fig. 2, after trialing different mobile phase
compositions and additives, Chiralpak IC performed chiral
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Fig. 2 Effect of chiral columns, contents of the mobile phase, and the proportions of buffer solution on the chromatographic response of ranolazine

enantiomers.

recognition capability towards rac-ranolazine. Under the same
conditions, the Chiralcel OD-RH column outperformed
Chiralpak IC in terms of the target analyte resolution, peak
shape, shorter running time, and signal response. Thus, the
Chiralcel OD-RH column was selected to further optimize the
enantiomeric separation of ranolazine.

Considering the effects of the mobile phase on resolution, CSP
stability and column lifespan, we tested the components and
proportions of the mobile phase under the reversed-phase mode.
In this study, MeOH and ACN were tested as organic modifiers of
the mobile phase. The results suggested that MeOH or ACN did
not resolve ranolazine enantiomers without any additives and the
column pressure significantly increased when MeOH was used.
Hence, a volatile buffer salt such as ammonium acetate was used
to improve the resolution of ranolazine. When MeOH-aqueous
ammonium acetate was used as the mobile phase, there was no
improvement in resolution in either Chiralcel OD-RH or Chiral-
pak IC column. However, the employment of ACN exhibited a
high response and symmetric peak shape owing to the addition of
ammonium acetate. Moreover, our results revealed that the ionic
strength (2, 5, 8, and 10 mM) of ammonium acetate in ACN did

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

not significantly affect the retention and resolution of target
compounds in the Chiralpak IC column (Fig. 2-a;). For the
Chiralcel OD-RH column, when the selected mobile phase con-
tained ACN-2 mM aqueous ammonium acetate (60 :40, v/v), an
acceptable resolution (Rs = 2.562) for both isomers of ranolazine
was achieved within 10 min. Afterward, the ACN percentage in the
mobile phase was investigated over the range of 60-90% and
the chromatograms of the chiral separation of ranolazine on the
Chiralcel OD-RH column are presented in Fig. 2-a,. After complete
optimization, a mobile phase consisting of ACN-2 mM aqueous
ammonium acetate (80:20, v/v) was selected in this method
owing to the accredited chromatographic resolution of ranolazine
enantiomers (Rg = 2.215). Our method, which achieved a much
shorter retention time under the reverse-phase mode (¢ < 6 min)
than Simédes’s method,” can significantly reduce the analysis
time for the quantitation of ranolazine in bulk biological samples.

Although the polysaccharide-based CSPs have achieved
excellent enantioselectivity for various racemates, the chiral
recognition mechanism at the molecular level remains obscure.
The differences in ranolazine stereoisomers between Chiralpak
IC and Chiralcel OD-RH columns may be owing to the

New J. Chem., 2022, 46, 16547-16555 | 16551
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substituent on the phenyl groups of polysaccharide-based
CSPs. For Chiralcel OD-RH, methyl is the substituent on phenyl
groups. It is also an electron-donating group that can increase
the electron density at the carbonyl oxygen atom of the carba-
mates. Therefore, alcohol groups near the chiral center of the
ranolazine molecule can be greatly absorbed by the CSPs
through a hydrogen-bonding interaction. Besides, the presence
of aromatic functions of racemates may provide an additional
stabilizing effect on the ranolazine-CSP complex by insertion of
the aromatic portion into the chiral cavity for the satisfactory
stereospecific separation of ranolazine.*' Additionally, dipole-
dipole interactions between the carbonyl groups on the enan-
tiomers and polysaccharide CSPs may contribute to chiral
resolution. Chiral polymers usually contain various binding
sites with varying affinities to enantiomers making it harder
to assess a precise mechanism for the recognition of chirality
on the polymeric CSPs.>” Thus, the Chiralcel OD-RH column
was adopted for subsequent optimization steps.

3.3 Optimization of mass spectrometry conditions for
quantitative analysis

Mass spectrometry conditions were carefully optimized for
determining ranolazine enantiomers in rat plasma and tissue
samples. In the scan mode experiment, a greater and stabler
MS signal response for each analyte was observed under the
positive ionization mode than those under the negative mode.
The most abundant ions were protonated molecule ions
[M + H]" at m/z 428.20 and 219.80 for ranolazine and IS,
respectively. Furthermore, two major fragment ions for ranola-
zine and IS were identified at m/z 279.50 and 128.06. Therefore,
quantification of ranolazine and IS were evaluated in the
positive mode and the monitored mass transitions were m/z
428.20 > 279.50 for ranolazine and m/z 219.80 > 128.06 for IS.
The other instrument parameters were optimized to maximize
the sensitivity of the method. The mass spectra are presented in
Fig. S2 (ESI¥).

3.4 Validation of the elution order and absolute configuration

Chromatographic retention in the separation of chiral chemi-
cals was associated with the free energy of the partitioning
process of the analyte between the mobile phase and CSPs.
Changes between the mobile phase and CSPs and inversions in
the elution of the enantiomers may also occur.’*”* Although
some studies have reported the elution order of ranolazine
under the normal-phase mode,® there is no information on the
confirmation of ranolazine enantiomers eluted on the Chiralcel
OD-RH column under the reverse-phase mode. Therefore,
determining the elution order and absolute configuration of
ranolazine is crucial.

The pure enantiomer of ranolazine was obtained under the
optimized HPLC conditions, as presented in Section 3.2, and
concentrated in anhydrous MeOH to a suitable concentration
of 0.3 mg mL™'. Furthermore, the measurement of the optical
rotation for ranolazine enantiomers was carried out on a MOS-
450 CD spectrometer using a quartz cuvette with a 1 cm optical
path (Jasco, Tokyo, Japan). As displayed in Fig. 3, the first
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spectra of

eluted isomer (black line) demonstrated a negative ban at a
wavelength of 230 nm, whilst the second eluted peak (red line)
demonstrated a positive ban. To further validate the absolute
configuration of ranolazine enantiomers, the electronic circular
dichroism (ECD) spectra were calculated by the time-dependent
density functional theory. Comparing the calculated and experi-
mental results, R-(+)-ranolazine corresponded to the first eluted
peak and S-(—)-ranolazine corresponded to the second peak.

3.5 Method validation

3.5.1 Specificity and carry-over. The specificity assay was
assessed by comparing six different sources of blank samples
with the corresponding spiked samples at the LLOQ level and
the actual plasma or tissue. As displayed in Fig. 4, rac-
ranolazine and IS had excellent peak shape and were well
resolved, and there were no interfering peaks from endogenous
substances near the retention times of ranolazine and IS,
demonstrating the method’s effective specificity.

For the carry-over effect, no significant signal response at
the retention time of analytes and IS was observed in blank
samples injected immediately following the analysis of the
highest concentration samples, demonstrating a negligible
carry-over effect of the proposed method.

3.5.2 Linearity and LLOQ. The calibration curves were
validated in the concentration range of 2-100 ng mL " and
2-500 ng mL " for each enantiomer in plasma and tissue
samples, respectively, with a correlation coefficient of
>0.990. Based on a signal-to-noise ratio of >10, this assay
offered an LLOQ of 2 ng mL ™" for individual enantiomer in
plasma and tissue samples, and revealed a satisfactory level of
accuracy (Table S1, ESIT).

3.5.3 Precision and accuracy. The outcomes of precision
and accuracy, based on LLOQ and three QC levels, are pre-
sented in Table S1 (ESIt). At each concentration level, the RSD
values of intra- and inter-day precision were <14.0% and the
accuracy results (RE) ranged from —10.0% to 10.0%. These
results were within the acceptance criteria.

3.5.4 Extraction recovery and matrix effect. The mean
extraction recoveries and matrix effect of R-(+)- and S-(—)-ranolazine

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 4 Representative MRM chromatograms of ranolazine enantiomers and IS in rat plasma and tissue samples: (a;) a blank plasma sample and (b;) blank
kidney homogenate, (a,) a blank plasma sample spiked with rac-ranolazine at a LLOQ of 2 ng mL™! per enantiomer and (b,) blank kidney homogenate
spiked with rac-ranolazine at the LLOQ of 2 ng mL™* per enantiomer and IS, (as) an actual plasma sample at 0.5 h and (bs) actual kidney extract at 12 h
after oral administration of 15 mg kg™ rac-ranolazine extended-release tablets.

in plasma and tissue samples are indicated in Table S2 (ESI}). The
mean recoveries for R-(+)-ranolazine and S-(—)ranolazine at three
QC levels ranged from 95.3% to 104.3% and 95.5% to 103.7%,
respectively. The LLE procedure using MTBE could achieve a
satisfactory relatively consistent recovery of ranolazine enantiomers
in plasma and tissue samples.

Considering the matrix effect, the NMF was within the range
of 96.3-104.3% for ranolazine enantiomers and IS with all RSD
values <11.0%. The validation results revealed that the matrix
effect on the ion suppression or enhancement from the plasma
and tissue matrix was not significant under the existing
conditions.

3.5.5 Stability. Table S3 (ESI{) summarizes the stability
results of R-(+)- and S-(—)-ranolazine in plasma and tissue
samples under four storage conditions. The RE values of each
enantiomer in plasma and tissue samples ranged from —12.3%
to 12.4% for R-(+)ranolazine and —12.1% to 13.0% for
S-(—)-ranolazine, and RSD values were <12.0%, suggesting
that the analytes were stable throughout the validation process.

160
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120
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5
2 1004
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S
g 80+
g
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<
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Fig. 5 Mean plasma concentration—time curves of R-(+)- and S-(—)-rano-

lazine following oral administration of 15 mg kg~ rac-ranolazine extended-
release tablets to SD rats. Each point represents the mean + SD (n = 6).
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Table1l Pharmacokinetic parameters of R-(+)- and S-(—)-ranolazine after
oral administration of 15 mg kg™ rac-ranolazine extended-release tablets
to SD rats (mean 4+ SD, n = 6)

Mean £ SD T-test

Parameters R-(+)-ranolazine  S-(—)-ranolazine
Crnax (ng mL™Y) 126.28 + 9.65 61.68 + 5.14 *
Tmax (h) 2.00 + 0.33 2.00 + 0.33 —
t12 (h) 10.35 + 1.53 32.79 + 6.39 *
AUC, , (nghmL™")  1059.13 + 88.72  388.94 + 28.65  *
AUC,_, (nghmL™) 1096.70 + 95.72  521.61 + 71.54  *
CLz/F (Lh™ ' kg™ 13.752 + 1.14 29.16 + 3.91 *

*

Vz/F (L kg™ 204.836 + 30.96  1359.28 + 103.97

Values significant differences between R-(+)- and S-(—)-ranolazine
(*: p < 0.05). Cimax, the maximum plasma concentration. Tp,ay, the time
to reach the maximum plasma concentration. ¢, the half-life of
elimination. AUC,_,, area under the drug concentration-time curve to
the last measurable concentration. AUC,_,, area under the plasma
drug concentration-time curve to infinity. CLz/F, apparent clearance.
Vz/F, apparent volume of distribution.

3.6 Application to a stereoselective pharmacokinetic study

Our HPLC-ESI-MS/MS method was further applied in the
pharmacokinetics study of ranolazine enantiomers in SD rats
following oral administration of 15 mg kg ' rac-ranolazine
extended-release tablets. The quantified mean plasma concen-
tration-time profiles of R-(+)- and S-(—)-ranolazine up to 48 h
are presented in Fig. 5, and the corresponding pharmacokinetic
parameters are given in Table 1. The pharmacokinetic para-
meters were compared using paired sample T-tests. The differ-
ences between parameters of R-(+)- and S-(—)-ranolazine were
considered statistically significant if the p-value was <0.05. All
data were presented as mean =+ SD.

As observed in Fig. 5, concentrations of both enantiomers
gradually increased in plasma following oral administration,
achieving the Cpax in <5 h. By comparing the drug concen-
tration-time curves more precisely, we observed that the mean
Cmax value of R-(+)-ranolazine was 2.05 times higher than that
of S-(—)-ranolazine, illustrating that R-(+)-ranolazine had stron-
ger absorption capability. Moreover, the AUC,_, and AUC,_ , of
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R-(+)-ranolazine were 2.72 and 2.10-fold higher than those of
S-(—)-ranolazine, respectively. These results completely corre-
sponded to the stereoselective pharmacokinetic research of
another azine drug, thioridazine, in which the R-isomer was
entirely responsible for the higher concentration of the isomer.*®
Additionally, in the elimination phase, we observed a significant
difference. The shorter half-life (¢;,,) of R-(+)-ranolazine allowed a
relatively quick elimination in rat plasma. Conclusively, the
stereoselectivity of ranolazine enantiomers in plasma pharmaco-
kinetics of SD rats was observed in our study.

3.7 Application to enantioselective tissue distribution in SD
rats

In this research, we first transformed the unit of ng mL ™" tong g~ *
to obtain the final tissue concentrations following oral
administration of 15 mg kg~ ' rac-ranolazine extended-release
tablets. As presented in Fig. 6, except for the brain (lower than
the level of LLOQ) either R-(+)- or S-(—)-ranolazine was widely
distributed in all tissues with blood flow occurrence in the six
representative tissues (including brain, heart, liver, spleen,
lungs, and kidneys). This might be related to the poor ability
of ranolazine to cross the blood-brain barrier of ranolazine.***”
By comparing the results more precisely, we observed that the
liver was the main distribution organ, followed by the kidneys,
heart, lungs, and spleen. The peak concentration time
was observed at 12 h for the heart, liver, lungs, and kidneys
(24 h for spleen), illustrating that the potential hepatotoxicity
might have occurred in clinical treatment, providing scientific
evidence for further research.*®*° Moreover, significantly
enantioselective differences in all target tissues were observed,
and every time point indicated evidence of higher concentrations
of R-(+)}ranolazine than its antipode, revealing that R-(+)-ranolazine
possessed a slower metabolism rate and was more likely to be
present in those target tissues than S-(—)-ranolazine. The deter-
mined concentrations of R-(+)-ranolazine in the heart, liver, spleen,
lungs, and kidneys were 1.6-2.7, 1.6-3.0, 1.5-2.2, 1.5-2.9 and
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1.2-2.1 times higher than those of S-(—)ranolazine, respectively.
This was consistent with the pharmacokinetic report. Concluding
from the results of pharmacokinetics and tissue distribution, it was
known that there were significant enantioselective differences
between R-(+)- or S{—)ranolazine not only at the pharmacokinetic
stage but also in tissue distribution.

4. Conclusion

An HPLC-ESI-MS/MS analysis method was established and
validated for the determination of ranolazine enantiomers in
biological samples, and the corresponding separation-related
factors were explored and optimized in our study. After liquid-
liquid extraction from the biological matrix, baseline resolution
of the enantiomers was achieved on a Chiralcel OD-RH column
within 6 min, which proved to be more efficient than the
previously reported method. Our method was successfully
applied to stereoselective pharmacokinetic analysis and tissue
distribution following oral administration of 15 mg kg *
rac-ranolazine extended-release tablets. Our pharmacokinetic
outcomes demonstrated that R-(+)-ranolazine revealed stronger
absorption capability than S-(—)-ranolazine. R-(+)-ranolazine
also revealed a slower metabolism rate and was more likely to
exist in those target tissues than S-(—)-ranolazine in the tissue
distribution study. Our results indicated that ranolazine enan-
tiomers displayed stereoselective disposition in both plasma
and tissue distribution, which may aid in developing individual
ranolazine enantiomers in the future.
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