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Background: Loratadine (LTD) is a Biopharmaceutical Classification System II basic drug
with pH-sensitive aqueous solubility and dissolution is a speed-limiting step of its absorp-
tion. The drug dissolution and the gastrointestinal tract pH conditions are likely to influence
the in vivo pharmacokinetic behavior of LTD tablets.

Materials and Method: A rapid, sensitive, and reliable bioanalytical method for simulta-
neous quantitation of LTD and its active metabolite desloratadine (DL) in beagle plasma was
developed and validated based on liquid chromatography tandem mass spectrometry (LC-MS
/MS). Sample preparation in low plasma consumption was accomplished by liquid-liquid
extraction. The chromatographic separation was achieved on a Phenomenex Kinetex C8
column using acetonitrile and 5 mM ammonium formate as the mobile phase. A comparative
pharmacokinetics study of three LTD tablets with different dissolution rates was conducted in
male beagles in fasting state and an omeprazole-induced drug—drug interaction (DDI) study
was subsequently performed under pretreatment of omeprazole.

Results and Conclusion: The method showed a good linear correlation over the concentration
ranges of 0.008-24 ng/mL for LTD and 0.8-800 ng/mL for DL, and was successfully applied to
analyze the two compounds in beagle plasma. Pharmacokinetic results showed in the fasting state
the three LTD tablets were equivalent in beagles in terms of effective components. DL of the three
tablets were equivalent, indicating metabolite was less susceptible to pharmaceutic preparation
factors for LTD tablets in beagles. Moreover, significant changes in LTD and DL pharmacokinetics
parameters were observed under the effect of omeprazole-induced pH increase in gastrointestinal
tract, suggesting that DDI effects are of concern for the curative effect of LTD when combined with
omeprazole. The findings will contribute to the future pharmaceutical preparations research as well
as the clinical application of LTD.

Keywords: loratadine, desloratadine, LC-MS/MS, beagle dog, pharmacokinetic

comparation, drug—drug interaction

Introduction

Allergic disorders, defined as “specific immunological hypersensitivity leading to
disease,” are increasingly prevalent in modern industrialized countries, affecting up
to 30% of the population and causing major public health concern worldwide.'*
Loratadine (LTD), a powerful once-a-day, long-acting, non-sedative, second-
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generation antihistaminic drug in the nasal region and in
the conjunctivae, originally marketed worldwide as
Claritin®, is very popularly prescribed and has become
a first-line agent for the treatment of allergic rhinitis,
urticaria, and hay fever due to an excellent safety
record.” ® LTD is rapidly absorbed after oral administra-
tion and the time reaching peak plasma concentration is
about 0.5-2 h. Metabolic studies have shown that LTD
undergoes extensive first-pass metabolism to form its
major active metabolite desloratadine (DL), primarily via
CYP2D6 and CYP3A4 activity and to a lesser extent by
other CYP enzymes.®'° DL shows 2.5-4-fold higher affi-
nity for histamine H1 receptors than LTD, and is currently
marketed as Clarinex® for allergic rhinitis and chronic
idiopathic urticaria, and eventually plays a united anti-
allergic effect when combined with LTD."""'® Thus, LTD
and DL have been recommended as analytes to be mea-
sured when conducting pharmacokinetic studies of LTD.'

From the perspective of Biopharmaceutical
Classification System (BCS), LTD is
a Biopharmaceutical Classification System II basic (BCS

classified as

IIb) drug with pH-sensitive solubility in aqueous solutions
and high permeability, and dissolution is a speed-limiting
step of absorption.'>'® To date, LTD tablets with different
dissolution properties widely circulate commercially.
There are concerns about the quality of these generic

drugs in the post-marketing setting. Whereas, generic
pharmaceutical products play a vital role in world health-
care by lowering the costs of medication and increasing
access to medical treatment.'”'® To achieve clinical inter-
changeability with the original branded product, the gen-
eric formulations must deliver the same amount of active
drug substance, and in the same rate into the bloodstream
with the reference. A commonly accepted evaluation
method is the study of the preparation’s pharmacokinetic
properties.'”?® It is necessary to preliminarily investigate
whether LTD tablets with different dissolution rates have
influence on pharmacokinetic behaviors of LTD and DL.
Furthermore, pH-dependent drug—drug interactions
(DDI) may occur in the gastrointestinal tract to BCS IIb
drugs, which require a low gastric pH to achieve adequate
solubility and dissolution. The elevated gastric pH by hypo-
chlorhydria or taking antacid agents could easily have
a negative effect on the dissolution of such drugs, and may
lead to the altered absorption as the drugs transit from the
stomach into a more neutral pH in the small intestine.?' %
The “Framework for Assessing pH-Dependent Drug-Drug
Interactions” posted by the United States Food and Drug
administration (FDA) in 2018 also highlighted the impor-
tance of assessing a drug’s susceptibility to pH-dependent
DDIs.** Omeprazole, a classic proton-pump inhibitor (PPI),

is widely used to treat the gastric acid-related disorders due
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to its marked and prolonged duration of gastric acid suppres-
sion, which inevitably interact with some drugs at the gas-
trointestinal level.”>*® Polypharmacy is common among
users of PPI. For many individuals, PPI and allergy medica-
tions are long-term treatments often concurrently adminis-
tered for stomach and allergic diseases, which are prevalent
chronic diseases."***’ For loratadine, a weak base antialler-
gic drug, cautions should be paid when omeprazole was co-
prescribed as alterations in LTD bioavailability may
occurred due to changes in solubility, dissolution rate, and
metabolic interactions.”” *° Hence, it is very necessary to
comprehensively evaluate the DDI risk between omeprazole
and LTD through pharmacokinetic experiments.

In the present study, a comparison of the pharmacoki-
netic properties of three LTD tablets with different dissolu-
tion rates and an omeprazole-induced DDI were conducted
in male beagle dogs separately under fasting and omeprazole
pretreatment conditions. To our knowledge, there was no
current validated approach to simultaneously determine both
LTD and DL levels in beagle plasma in any dosage forms.
A literature search revealed bioanalytical methods using gas
chromatography and LC with fluorescence or ultraviolet or
mass detector to quantify LTD and DL in human and rat
plasma.**>” Liquid chromatography tandem mass spectro-
metry (LC-MS/MS) is a popular approach as other methods

usually exhibit poor sensitivity, prolonged analysis time or
redundant pre-processing processes. Among the available
LC-MS/MS methods, Naidong et al achieved the lower
limit of quantification (LLOQ) of LTD as low as 0.01 ng/
mL.** However, the 1 mL plasma volume and 35 pL injec-
tion volume required are considered too large and greatly
limit the applicability of the method. Thus, there is an urgent
need to develop a new highly sensitive quantitative method
with low plasma consumption on account of the trace LTD
concentration in beagles. In this study, a simple and sensitive
LC-MS/MS method using a small plasma sample and injec-
tion volume was developed and validated for simultaneous
determination of LTD and DL plasma concentration in bea-
gles. The method was then successfully applied to perform
comparative pharmacokinetic studies of 10 mg LTD tablets
in male beagles.

Materials and Methods

Chemicals and Reagents

LTD (purity: >99.7%), DL (purity: >99.6%), cyprohepta-
dine (purity: >99.7%, CPD, IS;), and diphenhydramine
(purity: >99.7%, DPM, IS,;) (Figure 1) standards were
obtained from the National Institutes for Food and Drug
Control (Beijing, PR China). Commercially available LTD
tablets R (LTD 10 mg, the original tables Clarityne™),
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tablets A and B (LTD 10 mg, two different generic tables)
were purchased from a local drugstore (dissolution profiles
of the three tablets are shown in Figure 2). Methanol,
acetonitrile, and ammonium acetate were of LC-MS
grade and were acquired from Fisher Scientific
(Pittsburgh, PA, USA). HPLC-grade ethyl acetate, dichlor-
omethane, and n-hexane were supplied by Yu Wang
Chemical Co., Ltd. (Jinan, China). All other chemicals

were of analytical grade.

Liquid Chromatography and MS/MS

Conditions

Samples were analyzed using a Shimadzu HPLC system
(DGU-20A3 Degasser; LC-20AD pump; CBM-20A
Communication Module; SIL-20AC Autosampler; CTO-
30AS column oven) coupled to a Shimadzu 8060 tandem
mass spectrometer (Shimadzu, Kyoto, Japan). The separation
was implemented on a Phenomenex Kinetex C8 column (50
x 2.1 mm, 2.6 um) at 40°C using a gradient elution with the
chosen mobile phase consisting of water (containing 5 mM
ammonium formate, A)-acetonitrile (B). The gradient proce-
dures using a flow rate of 0.4 mL/min were optimized as
follows: 0—3 min, 20-85% B; 3-3.5 min, 85% B; 3.5-3.6
min, 85-20% B; and 3.6-5 min, 20% B. The auto-sampler
was maintained at 4°C and the injection volume was 2 pL.
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The Triple Quadrupole mass spectrometer was con-
nected to the LC system through an electrospray ionization
(ESI) interface operated in positive ion mode. Intense and
stable [M+H]" ions and their corresponding daughter ions
were identified using a precursor ion scan and product ion
scan. The chemical structure and mass spectra of LTD, DL
as well as IS; and IS, are described in Figure 1. The
optimized ESI source parameters were as follows:
Nebulizer gas: 3.0 L/min; heating gas: 10 L/min; drying
gas: 10 L/min; dissolvent line: 250°C; interface tempera-
ture: 350°C; heat block temperature: 400°C. The multiple
reaction monitoring (MRM) transitions and compound
dependent parameters (Table 1), such as voltage potential
Qlpre, Q3pre, and collision energy (CE), were automati-
cally adjusted and optimized using LabSolution software
“Optimization for method” to achieve maximum responses
for all the analytes and IS. All data acquisition and proces-
sing were performed using LCMS LabSolution software
ver. 5.80 from Shimadzu.

Standard Solutions Preparation

The primary stock standard solutions at the concentration
of 100 pg/mL for LTD, DL, IS; and IS, were prepared
separately by dissolving accurately weighed amounts of
their respective standards in methanol. The stock solutions
of LTD and DL were successively diluted using 50%
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Figure 2 Dissolution profiles of LTD tablets (tablet R, tablet A and tablet B) in different pH media using stirring paddle method with media volume of 500 mL.
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Table 1 Optimized Mass Spectrum Parameters of LTD, DL, IS, and IS, (Positive lon Mode)

Analytes MRM Channels (m/z) Collision Energy (V) QI Pre Bias (V) Q3 Pre Bias (V)
LTD 383.1—-337.3 -23 -14 —24
DL 311.0—-259.3 =21 —26 -29
IS, 288.0—96.3 —26 =11 —-19
IS, 256.0—167.3 -14 -6 —-18

methanol as the solvent to yield a series of working solu-
tions for constructing calibration curves and quality con-
trol (QC) samples. While QC samples and the calibration
standards were prepared from separated stock solutions.
The selective mixed IS working solution (10 ng/mL for IS,
and 20 ng/mL for IS,) was diluted using the same proce-
dure. All the stock solutions were stored at —20°C
until use.

Plasma Sample Pretreatment

Plasma samples were pretreated using a liquid-liquid extrac-
tion (LLE) method. For known concentrations of plasma sam-
ples like the calibration curve and quality control (QC)
samples, an aliquot of 200 pL plasma sample was respectively
spiked with 20 pL of IS, 20 pL of LTD and 20 pL of DL
working solution, and then vortexed for 1 min. For plasma
samples obtained after dosing, the same amount of 50% metha-
nol was added instead of the LTD and DL solution. Next, 200
pL of borax-sodium carbonate buffer (pH = 11) and 3 mL of
mixed organic solvents containing ethyl acetate, dichloro-
methane, and n-hexane (3:1:1, v/v /v) were added to the spiked
plasma. After vortex mixing for 3 min and centrifugation at
4000 rpm for 10 min, 2.5 mL of the upper organic layer was
carefully transferred into the glass tube and evaporated to
dryness at 37°C under nitrogen gas. The dry residue was
dissolved in 300 pL solution (methanol: water=2:1) with vor-
tex-mixing for 3 min. After centrifuged at 15000 rpm for 10
min, 2 uL of the supernatant fluid was injected into the LC-MS
/MS system.

Bioanalytical Method Validation for
Beagle-Spiked Plasma

The newly developed assay was fully validated with refer-
ence to FAD Guidance for Industry: Bioanalytical Method
Validation (2018).%® Specificity, Selectivity, carryover, line-
arity, precision, accuracy, extraction recovery, matrix effects
and stability evaluations were conducted as follows.

Specificity and Carryover

Blank plasma from six individual beagle dogs, blank
plasma samples spiked with analytes at LLOQ concentra-
tion and IS, and real plasma samples after oral adminis-
tration of LTD were compared to assess the selectivity of
this method. For each compound, the MRM channel was
monitored to ensure that no interference by matrix com-
ponents or other substance influenced the retention time
for each analyte. Carryover was assessed by analyzing
blank plasma samples injected after use of upper limit of
quantification (ULOQ) samples.

Linearity and Sensitivity

Apart from a blank sample and a zero sample (blank plus
IS), the final 10-point calibration curve included calibra-
tors at the concentrations of 0.008, 0.024, 0.08, 0.24, 0.8,
2.4, 8 and 24 ng/mL for LTD and 0.8, 1.6, 4, 8, 16, 40, 80,
160, 400 and 800 ng/mL for DL was prepared daily to
assess the concentration range of the collected sample. The
peak area ratio of the analytes to their corresponding IS
versus the plasma concentration was used for plotting the
calibration curve, respectively. Using the weighed (1/x7)
least-squares regression line method, a linearity equation
was constructed, and evaluated using the correlation coef-
ficient (r) obtained, and back calculated to get concentra-
tion value.

Precision and Accuracy

Intra- and inter-day precision and accuracy were evaluated
by sextuple analysis of LLOQ and QC samples on three
successive days. Relative standard deviation (RSD) and
relative error (RE) were used to express precision and
accuracy, respectively. QC samples were prepared at four
concentration levels of 0.02, 0.2, 6 and 20 ng/mL as LQC
(low QC), MQC (medium QC), MHQC (medium high
QC), and HQC (high QC) for LTD, and 2, 40, 300 and
600 ng/mL for DL, respectively.

Drug Design, Development and Therapy 2021:15
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Recovery and Matrix Effect

Extraction recovery (RE) for each analyte was evaluated by
extracted samples at QC concentrations (QC samples) versus
extracts of blanks spiked with the analyte post extraction
(unextracted samples). The matrix effect (ME) was deter-
mined using the unextracted samples versus the neat spiked
solution at the same concentration. The IS-normalized
matrix factor (MF) was eventually used to assess the ME
by calculating the ME ratio of the analyte and IS. Plasma
samples from different beagles were analyzed in sextuplicate
but the neat spiked solution in triplicate. The comparison
was based on the mean peak area of the repetitive samples.

Stability

The stability of the analytes in dog plasma was carried out
using QC samples. It contained the items of room tempera-
ture stability (storage at room temperature for 8 h), post-
preparation stability (storage in an auto-sampler maintained
at 4 °C for 8 h), long-term stability (storage at —80 °C for 30
days) and freeze-thaw stability (repeated freeze-thaw cycles
three times). Each QC sample was analyzed in triplicate and
the accuracy deviation was calculated to prove the stability.

Pharmacokinetics Study Design

Nine healthy male beagle dogs (12 + 2 kg) were selected from
the Laboratory Animal Center of Shenyang Pharmaceutical
University for all the pharmacokinetic studies and all protocols
were approval by the Animal Care Committee of Shenyang
Pharmaceutical University (Ethical review number: SYPU-
TACUC-C2018-4-9-501). And the current experiment was
also approved according to the Laboratory animals-
guidelines for ethical review of welfare (GB/T 35892-2018).
First, an open-label, randomized, single-dose, three-period
crossover study with a 10-day washout period was conducted
under fasting state. Beagle dogs were fasted for 12 h before
each period of sample collection but with access to water. To
investigate the PPI impact to the absorption of LTD, another
randomized, single-dose, 3-period crossover study with a 10-
day washout period was then assessed in the nine beagle dogs
under pretreatment of omeprazole capsule (20 mg, Losec®)
twice daily consecutively for three days and a capsule of
omeprazole was given 45 min ahead of the LTD tablets dosing
after an overnight fast of 12 h. During each period, subjects
were orally administered the LTD tablet R, A and B (10 mg)
with 20 mL water. Prior to drug administration (0 hours) and at
0.0833, 0.1666, 0.3333, 0.5, 0.6666, 0.8333, 1, 1.25, 1.5, 2, 3,
4,6,9, 12,24 and 36 h post-dose, 1.2 mL blood samples were
collected from the antebrachial vein into heparin-treated tubes

and immediately centrifuged at 4000 rpm for 8 min. Plasma
was separated and stored at —80°C until analysis.

Pharmacokinetics Data Analysis
Pharmacokinetics parameters from plasma concentration time
data of LTD and DL for each animal were assessed using the
non-compartmental method of the Chinese Pharmacological
Association Data Analysis System (DAS), Version 2.1.1
(Anhui, China). For each individual, the maximum plasma
concentration (C,,,,) and the time to achieve of the maximum
plasma concentration (t,,,x) were obtained directly from the
observed data, while the area under the plasma concentration
vs time curve (AUC, ) was calculated through the linear
trapezoidal method, and the area under the plasma concentra-
tion vs time curve from 0 extrapolated to infinity (AUCy—,)
was the plus of AUC,_, and the area of extension which was
extrapolated from the predicted concentration at the last time
point with quantifiable concentrations. The elimination half-
life (t;,) was fitted using 3—5 consecutive time points in the
terminal phase. The mean residence time (MRT) was the ratio
of the area under the moment curve and the plasma concentra-
tion-time curve. The apparent clearance (CLz/F) was the radio
of dose and area under the plasma concentration-time curve.
And the apparent volume of distribution (Vz/F) was CLz/F
times MRT. All data were presented as means with the standard
deviation for each group. To evaluate significant differences of
different brands of loratadine tablets and omeprazole-induced
DDI, the nonparametric Wilcoxon rank-sum test for T, and
t1», and the paired-samples #-test for other pharmacokinetic
parameters were conducted using the Statistical Package for
the Social Sciences (SPSS) software (SPSS Inc., version 17.0,
Chicago, IL, USA), and a p value < 0.05 was deemed to be
statistically significant. To preliminarily evaluate the equiva-
lence of the two test preparations in beagles, the Analysis of
Variance (ANOVA) was applied to calculate the 90% confi-
dence intervals (Cls) of the geometric mean ratios using natu-
rally log-transformed data (C,,x, AUCo., and AUC_,.) and the
nonparametric analysis (Wilcoxon signed-rank test) was per-
formed to calculate 90% Cls of the median (T ,,y). The analy-
sis was completed also by DAS 2.1.1.

Results and Discussion
Liquid Chromatographic and MS/MS

Conditions

In this study, we developed a sensitive and reliable bioanaly-
tical method to determine LTD and DL in beagle plasma after
the administration of LTD in a single analysis using LC-MS
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/MS. Two internal standards (cyproheptadine and diphenhy-
dramine) were carefully selected to separately match with
LTD and DL because of the large difference in peak area
caused by the large concentration difference. All the analytes,
belonging to alkaline compounds with an amino group, are
easily protonated and were naturally monitored in the positive
mode. The chromatographic conditions (analytical column,
mobile phases, gradient elution, flow rate, and injection
volume) were adjusted and optimized mainly to achieve
a satisfactory separation, reasonable run time, and symmetric
peak shape, as well as minimize the matrix effect of the target
analytes. Acetonitrile, provided lower system pressure, and
was chosen as the organic phase. As for the aqueous phase,
LTD could easily achieve a good peak shape and shorter
retention time as pure water was used, but the DL was difficult
to elute resulting in long peak time and serious peak tailing.
Next, formic acid, ammonium formate, and ammonium acet-
ate at different concentrations were added to the water, and
among these conditions the ammonium salt could dramatically
improve the elution of DL, and all the analytes showed appro-
priate peak shape and peak time.

Plasma Sample Pretreatment

For the plasma sample preparation, the precipitation pro-
tein method was simple but LTD had marked signal sup-
pression in the ESI-MS detection mode, namely a matrix
effect. In addition, LTD needed to be concentrated given
the low pg/mL range in most beagle plasma samples.
Thanks to all analytes having high values of log P, the
liquid-liquid extraction (LLE) technique was explored for
the sample clean-up. To obtain adequate RE and ME,
different organic solvents (methyl tert-butyl ether, ethyl
acetate, dichloromethane, n-hexane, diethyl ether), alka-
line solvents (NaOH, NaCOs, phosphate buffer, and borax-
sodium carbonate buffer), and reconstituted solvents
(methanol, acetonitrile, pure water) were tested. At the
same time chromatographic conditions, including the
degree of the gradient, the type, and concentration of
ammonium salt, were also adjusted to get better results
of RE and ME. Eventually, a mixture of ethyl acetate,
dichloromethane, and n-hexane and the borax-sodium car-
bonate buffer were chosen in the LLE process to mitigate
the signal inhibition and obtain the highest RE of the
analytes. The water in the reconstituted solvent contributed
significantly to increase the RE of DL. The ammonium
formate in the aqueous phase, the low initial organic con-
tent, the shallow gradient, the small injection volume, and
the choice of IS further allowed LTD to achieve a qualified

ME. Furthermore, a large redissolved volume and low
injection volume generated reduced on-column loading,
which allowed to extend the service life of the column.
Moreover, the use of a glass tube led to a more stable and
higher RE compared to the disposable plastic test tubes
which gave rise to an adsorption effect.

Method Validation

Selectivity

Typical chromatograms evaluating selectivity are presented in
Figure 3, chromatograms of the six blank plasma samples
containing no co-eluting peaks greater than 20% of the area
of each analyte (LLOQ) and 5% of each IS indicating no
endogenous substances affected the determination substance.
The retention time for LTD, DL, IS;, and IS, were 3.2,2.4,2.8,
and 2.3 min, respectively. As for the carryover study, there
were no clear peaks (>20% of the LLOQ or 5% of the IS) in
blank plasma samples after injection of the ULOQ samples
implying that the method was free from a carryover effect.

Linearity and Sensitivity

The established method was validated on three separate days.
Calibration curves showed a good correlation coefficient (r >
0.99) in the range of 0.008-24 ng/mL for LTD and 0.8-800
ng/mL for DL. The back-calculated concentrations of calibra-
tors points had acceptable accuracies in the range of 85-115%
of their nominal concentrations but 80%—-120% at the LLOQ
concentrations. Typical linear regression equations obtained as
follows: Y = 1.41201X + 0.00269 (r = 0.999, LTD) and Y =
0.00761X + 0.00097 (r=0.999, DL). LLOQ samples for LTD
and DL presented identifiable peaks and were sufficiently
sensitive for pharmacokinetic studies of LTD and DL.

Accuracy and Precision

Accuracy and precision for the LLOQ and the four QC
samples are summarized in Table 2. For both compounds,
all data were within the required validation criteria sug-
gesting this method achieved good data reproducibility.

Recovery and Matrix Effect

As shown in Table 3, the RE of each analyte was stable
(RSD% < 10%) and high (about 80%) considering not all
the supernatant had been removed during the preparation.
While the data of the ME for all the analytes were within
the range of 85-115% as required, indicating that, ion
suppression or enhancement could be ignored from beagle
dog plasma under the established conditions for LTD, DL
and IS. The satisfactory values of RE and ME guaranteed
the determinability of the analytes in plasma samples.
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Figure 3 MRM chromatograms of LTD, DL, IS, and IS, in beagle dog plasma: (A) blank plasma sample, (B) blank plasma spiked with LTD and DL at LLOQ and the
corresponding IS, and IS,, (C) extracted plasma sample from a beagle after an oral administration of LTD tablet.
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Figure 4 Pharmacokinetic profiles of LTD (A), DL (B) and the sum of the two components (C) after oral administration of 10 mg LTD tablet formulation R, A and B in

fasting state in male beagles.

Stability

The results of the stability assay are presented in Table 4
and the RE and RSD values of the QC samples were
within the required range. The data demonstrated that
LTD and DL were stable under the four tested conditions.

Pharmacokinetic Application

The current developed LC-MS/MS method was successfully
applied for quantitative determination of concentrations of
LTD and DL in beagle plasma after a single oral administra-
tion of a 10 mg LTD tablet either alone or after dosing of
omeprazole. The representative chromatograms of the actual

subject samples are displayed in Figure 3, and mean plasma
concentration-time curves on a semi-logarithmic scale of LTD
and DL in fasting state are shown in Figure 4. The main
pharmacokinetic parameters of the three kinds of tablets, pre-
sented as the arithmetic mean parameters of each subject, are
summarized in Table 5

Pharmacokinetics of LTD in Beagles

Taking the reference tablet for example, the parent drug LTD
was rapidly absorbed and metabolized to DL with a mean Tiy,.x
for LTD of 0.389 h and T,,,x of DL of 0.795 h, while DL
exhibited a longer t;, than LTD of 10.541 h and 7.554 h,
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Table 2 Intra-Day and Inter-Day Precision and Accuracy for the Simultaneous Determination of LTD and DL in Spiked Beagle Plasma

(Intra-Day: n = 6; Inter-Day: n = 6 Series per Day, 3 Days)

Analyte | Spiked Conc. (ng/mL) | Found Conc.(ng/mL) Mean * SD | Intra-Day RSD (%) | Inter-Day RSD (%) RE (%)
LTDi1 00 0.008 0.0082+0.0007 7.9 13.2 2.1
LTD qc 0.02 0.0202+0.0013 5.8 10.4 1.1
LTDmac 0.2 0.2002 +0.0090 35 8.9 0.1
LTDmhoc 6 5.8582+0.3962 55 12.9 —24
LTDhoc 20 20.1764+0.9913 42 8.6 0.9
DL oo 0.8 0.80+0.07 78 13.1 0.2
DL oc 2 2.01£0.09 42 6.6 0.5
DLmac 40 38.86+1.87 4.1 8.5 -2.8
DLmnoc 300 300.37+12.38 35 74 0.1
DLugc 600 623.20+19.72 24 6.6 39

Table 3 Extraction Recovery and Matrix Effect of QC Samples for the Simultaneous Determination of LTD and DL in Spiked Beagle

Plasma

Analyte Spiked Conc. (ng/mL) Extraction Recovery (%) Matrix Effect (%)
Mean * SD RSD (%) Mean * SD RSD (%) IS-Normalized

LTDLoc 0.02 77.5%5.1 6.61 95.9+4.4 4.6 93.9
LTDmac 0.2 82.5+4.2 5.10 91.4+7.9 8.7 97.2
LTDmhoc 6 80.4+2.4 2.96 92.5+£2.6 2.8 98.4
LTDupoc 20 79.3%1.1 1.40 94.9+3.0 3.1 101.0
IS, 10 77.7+7.7 9.87 93.9+7.5 8.0
DL oc 2 74.0£2.0 2.68 101.9+2.1 2.1 99.3
DLmac 40 73.2+25 3.36 111.3+£6.0 5.3 108.5
DLmuac 300 79.310.6 0.77 100.4+2.2 22 97.9
DLuac 600 74.416.8 9.14 112.8+6.7 5.9 109.9
IS, 20 76.2+6.7 8.74 102.6+7.3 7.1

Table 4 Stability Results of LTD and DL in Spiked Beagle Plasma Under Different Storage Conditions (n = 3)

Analyte | Spiked Conc. (ng/imL) Room Temperature, Auto-Sampler 4°C, Three Freeze-Thaw —80°C, 30 Days
8h 8h
RSD (%) RE (%) RSD (%) RE (%) RSD (%) | RE (%) | RSD (%) | RE (%)
LTDLoc 0.02 7.39 333 5.87 —-1.83 2.99 1.78 5.00 2.75
LTDmac 0.2 3.47 —1.67 3.5 2.17 343 0.57 345 3.79
LTDMuac 6 3.64 -3.33 2.75 —2.83 3.64 —4.28 8.00 -3.53
LTDyoc 20 343 0.00 1.88 0.50 4.79 —4.68 0.22 4.06
DL oc 2 2.28 3.25 3.09 —4.08 I.11 1.13 2.82 3.29
DLmac 40 1.12 0.30 1.43 0.23 4.52 1.22 1.91 2.96
DLmnoc 300 3.09 2.38 3.98 0.49 4.40 —=0.11 3.16 0.66
DLuoc 600 3.7 —2.60 5.99 —-1.33 4.68 3.25 2.96 0.75

respectively, indicating the slower elimination of DL. The
Chax and AUC (., for DL (472.0 ng/mL and 5740.3 ng.h/
mL, respectively) were much greater than those of LTD (3.717
ng/mL and 5.472 ng.h/mL, respectively) due to the high pre-

systemic metabolism of LTD. As shown in Table 6, the con-
centration level of DL showed a significant difference to those
of humans in which the C,,,,, for LTD and DL were at the same

concentration levels after oral administration of 10 mg LTD,
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Table 5 Key Pharmacokinetic Parameters of LTD and DL After Oral Administration of 10 Mg LTD Tablet R, A and B in Fasting State

to Male Beagles

Key Pharmacokinetic Parameters Mean = SD Statistical Analysis of Ty (%) | Statistical Analysis of Tg (%)
R Ta Te Ta/R Ratio | 90% CI (Ta/R) | Tg/R Ratio | 90% CI (Tg/R)
LTD Crnax (ng/mL) 3.71743.940 3.941£3.129 3.777+2.836 110.8 72.7~168.8 109.3 71.7~166.5
AUC,, (ng. h/mL) 5.472+4.805 5.814+4.280 5.807+4.461 1155 78.3~170.5 1127 76.4~166.3
AUC,.. (ng. h/mL) 5.697+4.845 5.960+4.315 5.962+4.456 112.7 76.2~164.4 1103 75.1~162.1
Tmax (h) 0.389+0.186 0.389+0.144 0.463+0.162 *p > 0.05 *p > 0.05
tiz (h) 7.55413.654 7.131£1.932 7.743£2.872
DL Crnax (ng/mL) 472.0£162.1 446.5+135.2 496.9+184.8 95.5 82.7~110.4 103.4 89.5~119.6
AUC,., (ng. h/mL) 5740.3£2967.6 | 5436.6£2710.1 | 6072.6+3124.5 95.3 83.8~108.4 105.1 92.4~119.5
AUCq._.. (ng. h/mL) 6453.3£3495.6 | 6228.7£3548.5 | 7162.3+4058.0 95.7 83.2~110.0 108.3 94.2~124.5
Tmax (h) 0.759+0.188 1.157+0.832 1.111£0.854 *p > 0.05 *p > 0.05
tin (h) 10.541+4.252 10.266+4.283 11.075+5.819
Crnax (nmol/mL) 1.524+0.524 1.44210.440 1.605+0.599 95.5 82.6~110.5 103.3 89.4~119.7
AUC,.. (hmol. h/mL) 18.483+9.556 17.507+8.727 19.553+10.061 95.4 83.9~108.5 105.1 92.4~119.5
Total AUCq._.. (nmol. h/mL) 20.776£11.253 | 20.055%11.434 | 23.058%13.064 95.7 83.2~110.1 108.3 94.2~124.6
Tmax (h) 0.759+0.188 1.157£0.832 1.111£0.854 *p > 0.05 *p > 0.05
tin (h) 10.537+4.252 10.263+4.281 11.074+5.814

Note: *Wilcoxon signed test of T, between A and B, p > 0.05 (meeting the criteria).

Table 6 Comparison of Mean LTD and DL Pharmacokinetic Parameters Between Beagles and Humans After Oral LTD or DL Tablets

Key Pharmacokinetic Parameters Mean Con. in Beagles Mean Con. in Humans
LTD Tablet (10 mg) | DL Tablet (10 mg)*® | LTD Tablet (10 mg)*® | DL Tablet (10 mg)*'
LTD DL DL LTD DL DL
Crnax (ng/mL) 3717 472.0 3932 5.467 3.114 242
AUC,., (ng. h/mL) 5.547 5740.3 6293.7 19.636 42710 41.67
AUC... (ng. h/mL) 5.680 6453.3 6511.4 20.977 45.068 44.12
Trnax (h) 0.389 0.759 32 1.144 1.462 2.85
ti2 (h) 6.775 10.541 .19 12.354 22231 23.25
Metabolite Ratio 1136.144 2.148

Note: Except for the data of LTD tablet in beagles, other data was from literatures.

meanwhile the AUC,_ and AUC,_, were similar.>**' When
using metabolite ratio (MR) calculated by the AUC_,, ratio of
metabolite and parent drug to evaluate the degree of metabo-
lism, the MR of LTD in beagle dogs was much higher than
humans. The large differences tend to be the result of species-
related metabolic difference. For instance, previously evalu-
ated animal models (mice, rats, and monkeys) do not produce
metabolites relevant to humans, such as 3-OH-DL and its
glucuronidation compound, which are the downstream of
DL.**!'* According to the literature and experimental data
summarized in Table 6, for the same species, independently
of the dose of LTD or DL, the key DL pharmacokinetic
parameters except for Ty, were nearly the same, indicating
DL had similar fates both as a metabolite or parent drug.>> 2 It
may be speculated that the concentration difference of DL

between beagles and humans was related to the generation
and elimination of DL in the body.

Pharmacokinetics Comparation of Different LTD
Tablets

The first objective for conducting the LTD and DL pharma-
cokinetics study was to perform a comparative evaluation of
the bioavailability of three different tablets preparations and to
explore the relationship between the in vivo pharmacokinetic
profiles and in vitro dissolution curves. As shown in Table 5,
the key pharmacokinetic parameters of LTD and DL after
fasting administration of the three formulations did not result
in significant pharmacokinetic differences. For instance, the
mean C,,, of tablet R, A, and B for LTD were 3.717 ng/mL,
3.914 ng/ mL, and 3.777 ng/mL, and for DL were 472.0 ng/
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mL, 446.5 ng/mL, and 496.9 ng/mL, respectively. The mean
AUC; of tablet R, A, and B for LTD were 5.472 ng.h/mL,
5.814 ng.h/ mL, and 5.807 ng.h/mL, and for DL were 5740.3
ng.h/mL, 5436.6 ng.h/mL, and 6072.6 ng.h/mL, respectively.
To preliminarily evaluate the equivalence of the two test
tablets in beagles, pharmacokinetic parameters with a 90%
CI were calculated. For DL the 90% CI for the C,,,,x AUCq_,
and AUCy, were 82.7%-110.4%, 83.8%—-108.4%, and
83.2%-110.0% for tablet A and 89.5%-119.6%, 92.4%—
119.5%, and 94.2%—124.5% for tablet B, and both tablets
were well within the regulatory criteria of 80.00%—125.00%
lower and upper limits, whereas the parameters for the LTD
preparations were all outside the predefined values. Since LTD
and DL present effective components, LTD plus DL concen-
trations were also considered as the primary “bio-relevant”
pharmacokinetic readout. Confidence interval analysis of the
combination of the two active components revealed that the
key pharmacokinetic parameters were within the acceptable
range of 80.00-125.00% for the two tested formulations,
indicating for beagles the two generics were equivalent to
the reference in terms of effective components.

As the parent drug, the pharmacokinetic profile of the
LTD was directly related to the disintegration and dissolu-
tion process of tablets, which were the focus of generic
drugs. All the three LTD tablets used in this study met the
requirement of the Chinese Pharmacopoeia (2020), show-
ing no differences in pH 1.2 media, but produced a distinct
dissolution rate and degree in other high pH dissolution
mediums. Pharmacokinetics results showed that the phar-
macokinetic profiles of LTD in beagles did not present
significant differences between tablet R and the two
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generic drug, which may be related to the dissolution
profiles in pH 1.2. However, what needs our attention is
the high variability of LTD caused by the individual gas-
tric pH variability, high first pass metabolism and other
individual difference. Therefore, a greater number of sub-
jects should be enrolled in the comparative pharmacoki-
netics study to allow a more definitive assessment of LTD.
However, it is almost certain that DL was equivalent for
the different LTD tablets as DL levels were independent of
the formulation factors as an active metabolite.

Omeprazole-Induced DDI Study of the LTD

The other objective for conducting the LTD and DL phar-
macokinetics study was to evaluate the effects of the con-
with
pharmacokinetics properties of LTD and DL. The cross-

comitant administration omeprazole on the
over study of the three formulations was then conducted
under omeprazole pretreatment according to the experimen-
tal scheme. LTD and DL pharmacokinetics profiles were
compared with that of LTD treatment alone as shown in
Figure 5. The three tablets were combined to more robustly
evaluate the influence of omeprazole on LTD pharmacoki-
netics. Key pharmacokinetic parameters of LTD and DL are
summarized in Table 7. The results indicated that coadmi-
nistration of omeprazole indeed had a significant impact on
the LTD and DL pharmacokinetics. The mean C,,,, values
of LTD and DL were reduced to 40% and 24%. While, the
mean Ty, values of LTD and DL were prolonged to 1.225
h and 2.812 h, respectively. The mean MRT,_ values for
LTD and DL are extended to 6.721 h and 13.115 h, respec-
tively, and mean MRT,_., values for LTD and DL respec-
tively are extended to 8.888 h and 24.825 h. Furthermore,

B
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Figure 5 LTD (A) and DL (B) pharmacokinetic profiles with the combination of three tablets in nine male beagle dogs after oral administration of LTD tablet alone or LTD

tablet under pretreatment of omeprazole.
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Table 7 Pharmacokinetic Parameters of LTD and DL in Nine Male Beagle Dogs with the Combination of Three Tablets After Oral
Administration of LTD Tablet Alone or LTD Tablet Under Pretreatment of Omeprazole

Pharmacokinetic Parameters LTD (Mean * SD) DL (Mean t SD)

LTD Alone LTD+PPI LTD Alone LTD+PPI
Crax (ng/mL) 3.812+3.205 2.276+2.208* 471.8+157.0 358.1£125.3%*
AUC.; (ng. h/mL) 5.713%4.343 6.990+5.808 5751.1+2835.7 6539.3+3148.3
AUCq. (ng. h/mL) 5.889+4.364 7.306+5.951 6616.0+3586.4 9468.6+7093.6%F
Timax (h) 0.414+0.163 1.225%].158%* 1.009+0.694 2.812£1.680%*
ti (h) 7.475+2.804 8.686+4.685 10.625+4.662 16.4+12.8%*
CL/F (L/h) 2.986+2.537 2.909+3.668 2.035+1.082 1.7121.199
Vd/F (L) 28.392+18.708 31.741+36.064 26.267+8.266 31.426+23.712
MRTo.. (h) 5.058+2.421 6.721+3.24* 10.561+2.231 13.115%2.379**
MRTo... (h) 6.361£2.976 8.888+4.732** 14.928+7.032 24.825+19.437+

Note: p values of 0.05, 0.01 and 0.001 were separately represented by * numbers of one, two and three.

the mean t;, and AUC,_,, values for DL increased up to
54% and 43%, respectively. There were no significant
changes in other pharmacokinetic parameters.

Omeprazole could inhibit gastric acid secretion and
remarkably elevate the gastric pH to 6 in beagles.*” LTD
exhibits a pH-dependent solubility profile as a weak base and
the solubility decreases sharply with the increasing pH.'
Furthermore, this sharp decline in the pH-solubility profile is
also highly susceptible to the omeprazole-induced changes in
gastrointestinal pH. In view of the low pKa value (4.5) for
LTD, it is unlikely that it can remain supersaturated sufficiently
long enough as the drug transits from the hypochlorhydric
gastric juices to the alkaline environment of the intestinal fluids
where LTD is absorbed and metabolized. For BCS 1I drugs
with high permeability, dissolution of LTD is the rate-limiting
step of its absorption. Hence, the omeprazole-induced pH rise
would inevitably cause a decrease in the dissolution rate of
LTD, and have a negative impact on the absorption of LTD,
resulting in the reduced C,,,, the delay in peak time and MRT
for both LTD and DL. Omeprazole undergoes CYP-mediated
metabolism, mainly through CYP2C19 and CYP3A4
enzymes, and is also an in vivo inhibitor of the both
enzymes.”’ As described above, CYP2C19 and CYP3A4
enzymes also play a critical role in the extensive metabolism
of LTD to DL and of DL to other secondary metabolites.
Thereby, treatment with omeprazole, given the effects of the
enzymes, may potentially inhibit the further metabolism of DL
and then prolong the elimination of DL, and in turn increasing
the half-life and AUC,_,, values of DL.

Overall, the omeprazole-induced pH increase primarily
accounted for the C,,« fall, Tp,.x and MRT delay of LTD
and DL, while omeprazole-mediated enzyme effects may

lead to the t;, and AUC,_., values increase for DL. Our
findings showed the existence of a DDI between omepra-
zole and LTD, suggesting that subjects regularly taking
omeprazole may indeed present the risk that the peak
pharmacodynamic properties of their medications may be
reduced due to reduced concentrations of the components,
which could be important for therapeutic effects of LTD.
Greater attention should be paid to these pharmacokinetic
effects in the clinic. In addition, our study also provided
meaningful reference for the pharmacokinetic profiles of
other BCS IIb drugs. It is important to be vigilant about
the risk of changes in drug therapeutic efficacy with
marked fluctuations in the gastrointestinal pH.

Conclusion

In this study, a sensitive and reliable LC-MS/MS method was
developed and fully validated for the simultaneous determi-
nation of LTD and its main active metabolite DL in beagle
dog plasma. A low plasma consumption in sample prepara-
tion and a low LLOQ value for LTD was achieved in the
method. The proposed method provided a valuable tool to
study pharmacokinetic profiles of LTD and DL in beagles,
and was successfully applied to the comparative pharmaco-
kinetic analysis of three different LTD tablets with different
dissolution rates and an omeprazole-induced DDI study. The
mean pharmacokinetic parameters of LTD and DL after
fasted administration of the three LTD tablets showed no
significant differences. The equivalence evaluation results
indicated that in the fasting state the three LTD tablets were
equivalent in terms of effective components in beagles. And
DL of the three tablets were also equivalent, suggesting
metabolites were not easily affected by preparation factors.
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Additionally, under the effect of PPI-induced pH increase

caused by co-administering omeprazole ahead of time, the
pharmacokinetic behavior of LTD and DL indeed reflected
significant changes, suggesting that taking omeprazole daily

would ultimately lead to DDI between LTD and omeprazole

in beagles. Our findings will be conducive to future pharma-

ceutical preparation research as well as the clinical practice

of LTD. Meanwhile, our study also provided meaningful

reference for other drugs of a similar nature.
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