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Editorial on the Research Topic
Pharmacokinetic-pharmacodynamic model of drugs and their
pharmacokinetic differences between normal and disease states

This Research Topic is part of a series with “Pharmacokinetic Differences of Drugs and
Their Regulatory Mechanisms Under Dual Status Including Normal and
Diseased Organism”

In the main frame of the above Research Topic, 16 contributions have been published
including but not limited to pharmacokinetic comparisons between normal and disease
status, the changes in the expression and function of drug-metabolizing enzymes and drug
transporters in disease status and their associated regulatory mechanisms, ADME/toxicity
of drugs as well as their modulation, drug-drug interactions mediated by nuclear receptors,
transporters and metabolic enzymes based on the approaches and techniques of
pharmacokinetics, transcriptomics and metabolomics (Gong et al, 2022). However,
pharmacokinetic studies are not only essential for new drug development, but the study
of pharmacokinetic-pharmacodynamic (PK-PD) models also plays a significant role in this
process. The PK-PD model can uncover the intrinsic relationship between drug
concentration and its effects, assisting in understanding the dynamic characteristics of
the drug’s action site within the body. It helps deduce the action site producing the effect
and the drug concentration at that site, enabling researchers to grasp the comprehensive
characteristics of the drug’s pharmacokinetic and pharmacodynamic processes in vivo
(Derendorf et al., 2000)However, preclinical pharmacokinetic data are mainly derived from
healthy animals, which is unreasonable. On one hand, patients are the ultimate users of
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drugs, as drugs are primarily used to treat individuals with diseases
(Liang et al., 2023). On the other hand, the body’s pathological state
and the severity of the disease significantly impact the ADME
(absorption, distribution, metabolism, and excretion) of drugs,
which are crucial for determining the safety and efficacy of
clinical treatments. Consequently, studying pharmacokinetics and
the PK-PD model in disease states is more meaningful and relevant
to clinical practice.

Considering that drugs are primarily used in the body under
disease conditions, this research will not only continue to focus on
the pharmacokinetic differences of drugs, including Traditional
Chinese medicine, and their regulatory mechanisms under both
normal and diseased states, but will also emphasize the study of drug
PK-PD models based on cellular pharmacokinetics and integrated
pharmacokinetics. We aim to provide references and insights for
individualized, safe, and effective drug use, and for optimizing the
drug evaluation system based on disease states (Gong et al., 2015).

Within the framework of this Research Topic, 14 contributions
have been published, covering subjects including, but not limited to:
the pharmacokinetic differences of drugs, including Traditional
Chinese medicine, and their mechanisms under normal and
diseased states, the study of cellular pharmacokinetics, the
changes in the expression and function of drug-metabolizing
enzymes and drug transporters in disease status and their related
regulatory mechanisms, the research on intestinal microbiome
mediated drug metabolism and its effect on drug efficacy and
toxicity, ADME/toxicity of drugs as well as their regulation,
drug-drug interactions mediated by nuclear receptors,
transporters and metabolic enzymes based on the methods and
techniques  of  pharmacokinetics,  transcriptomics,  and
metabolomics, the study of drug PK-PD model based on the
cellular pharmacokinetics and integrated pharmacokinetics.

Nwabufo et al. demonstrated the dysregulated expression of
25 clinically relevant drug metabolizing enzymes and membrane
transporters (DMETSs) in Vero E6 cells and post-mortem lung
tissues of COVID-19 patients. They found that SARS-CoV-
2 infection leads to DMETs dysregulation, with inflammatory
cells being the main drivers of the differences in DMETs
localization between COVID-19 and control lung tissues.

Nie et al. established a population

pharmacokinetics (PopPK) modelfor naloxone in adult patients

two-compartment

undergoing general anesthesia. Compared the pharmacokinetic
discrepancy of naloxone between covariates and dosage regimens
in 47 patientsby Monte Carlo simulations, and the conclusion was
that fixed-dose regimens were better.

Lian et al. elucidated the mechanism by which the compatible
herbs in the Jin-Gu-Lian formula reduce Alangium chinense (AC)-
induced neurotoxicity. The combined use of AC and the herbal
extract of the Jin-Gu-Lian formula (CH) significantly reduced the
plasma exposure levels of two main components of AC, and
markedly downregulated the gene expression of cytochrome
P450 enzymes induced by AC.

Xiong et al. developed a highly efficient method for
simultaneously determining four major compounds in the Mori
total Thus, they studied the
pharmacokinetic differences between normal and diabetic rats

Cortex flavonoid  extract.

after oral administration, providing a pharmacokinetic basis for
the pharmacological and toxicological studies of Mori Cortex.
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Nie et al. compared the pharmacokinetic differences of seven
active components of Ling-Gui-Zhu-Gan decoction (LGZGD) in
normal rats and rats with non-alcoholic fatty liver disease (NAFLD).
They found that the expression levels of the metabolic enzyme
UGT1ALI and nine transport proteins were significantly reduced in
NAFLD rats, which might explain the pharmacokinetic differences
between normal and NAFLD rats.

Wang et al. explored the pharmacokinetic differences caused by
metabolic enzymes for six main components of Huangqi Liuyi
Decoction in mice liver microsomes. The metabolism of the
active components might be related to CYP2C37, CYP2Cll,
CYP1A2, CYP2EL, and CYP3AIl.

Liu et al. investigated the toxicity and pharmacodynamic
components of Asarum essential oil (AEO) using molecular
identified  the
inflammatory components as methyl eugenol, a-pinene, and -

distillation  technology. They main  anti-
pinene, and the main toxic components as camphor, methyl
eugenol, and 3,5-dimethoxytoluene.

Zhan et al. found that the inhibitory effect of vortioxetine on
CYP450 enzymes is reversible and lacks time-dependent inhibition.
Additionally, they identified the types of inhibition mechanisms of
vortioxetine on CYP450 enzymes in human and rat liver
microsomes. This study provides important guidance for the safe
clinical use of vortioxetine.

Alasmari et al. used the PBPK model to accurately simulate the
pharmacokinetic differences of ceftriaxone in healthy individuals
and patients with mild, moderate, and severe chronic kidney
disease (CKD). Additionally, they found that dose reduction
could achieve same exposure comparable to that of healthy
individuals.

Ye et al. elucidated the characteristics and pharmacological
effects of Glycycoumarin (GCM) through pharmacokinetic
studies. They found that GCM was rapidly absorbed and
converted into its conjugated metabolites with low bioavailability
after administration. Additionally, it was distributed in various
tissues except the brain.

Sun et al. developed a simple and efficientmethod to determine
the concentration of riluzole in human plasma, which successfully
applied it to the pharmacokinetic study of riluzole in Chinese
patients with amyotrophic lateral sclerosis (ALS).

Tao et al. compared the PK, PD, and safety of Ciprofol in
Chinese patients with normal renal function and those with
impaired renal function after injection. Their investigation
revealed that Ciprofol was well tolerated, providing an important
guide to clinical dose adjustment.

Chen et al. found that the interaction between lacosamide and
nisoldipine significantly altered the pharmacokinetic parameters of
lacosamide and its metabolites in vivo and in vitro. In addition, the
mechanism of nisoldipine and lacosamide metabolism was
associated with mixed inhibition.

Zhu et al. studied the pharmacokinetics of 15 prototype
components in the extract of Pogostemon cablin (PC) after oral
administration in rats. It providing reference value for the clinical
application of PC.

Therefore, given that drugs are largely taken by patients, the
Research Topic focused mainly on PK-PD Model of drugs and their
pharmacokinetic differences between normal and disease states,
which could optimize the design of rational dosing regimens for
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clinical therapeutics, and provide reference individualized safety and
effective drug use.
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Background: A. chinense frequently used in Miao medicine to treat rheumatic
diseases. However, as a famous toxic herb, Alangium chinense and its
representative  components exhibit ineluctable neurotoxicity, thus creating
significant challenges for clinical application. The combined application with
compatible herbs in Jin-Gu-Lian formula attenuates such neurotoxicity
according to the compatible principle of traditional Chinese medicines.

Purpose: We aimed to investigate the detoxification of the compatible herbs in
Jin-Gu-Lian formula on A. chinense-induced neurotoxicity and investigate its
mechanism.

Methods: Neurobehavioral and pathohistological analysis were used to determine
the neurotoxicity in rats administered with A. chinense extract (AC), extract of
compatible herbs in Jin-Gu-Lian formula (CH) and combination of AC with CH for
14 days. The mechanism underlying the reduction of toxicity by combination with
CH was assessed by enzyme-linked immunosorbent assays, spectrophotometric
assays, liquid chromatography tandem-mass spectrometry and real-time reverse
transcription-quantitative polymerase chain reaction.

Results: Compatible herbs attenuated the AC-induced neurotoxicity as evidenced
by increased locomotor activity, enhanced grip strength, the decreased frequency
of AC-induced morphological damage in neurons, as well as a reduction of
neuron-specific enolase (NSE) and neurofilament light chain (NEFL) levels. The
combination of AC and CH ameliorated AC-induced oxidative damage by
modulating the activities of superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px), and total antioxidant capacity (T-AOC). AC treatment
significantly reduced the levels of monoamine and acetylcholine
neurotransmitters in the brains of rats, including acetylcholine (Ach), dopamine
(DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA),
norepinephrine (NE), and serotonin (5-HT). Combined AC and CH treatment
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regulated the abnormal concentrations and metabolisms of neurotransmitters.
Pharmacokinetic studies showed that the co-administration of AC and CH
significantly decreased plasma exposure levels of two main components of AC,
as evidenced by the reduction of maximum plasma concentration (C,,,,), area
under the plasma concentration-time curve (AUC) compared to AC. In addition, the
AC-induced downregulation in mRNA expression of cytochrome P450 enzymes
was significantly reduced in response to combined AC and CH treatment.

Conclusion: Compatible herbs in Jin-Gu-Lian formula alleviated the neurotoxicity
induced by A. chinense by ameliorating oxidative damage, preventing abnormality
of neurotransmitters and modulating pharmacokinetics.

KEYWORDS

Alangium chinense, neurotoxicity, pharmacokinetics, cytochrome P450, oxidative stress,

neurotransmitters

1 Introduction

Alangium chinense (Lour.) Harms (also known as Ba Jiao Feng)
is derived from the Alangium genus of the Alangiaceae family and is
widely distributed in the southwest of China (Hu et al., 2020).
Alangium chinense, a routine and important Miao medicine in
ethnomedicine, is used at a high frequency of more than 100 in
842 Miao medical formulas collected from relevant Miao medicine
books, including Chinese Miao Medicine, Chinese Materia Medica
of Miao Medicinal Volume, Medico-Miao and other Miao ethnic
medicine books (Li et al., 2017). The properties and effects of A.
chinense are described as dispelling pathogenic wind and
eliminating dampness, relaxing tendon and freeing meridians,
dispersing blood stasis and detumescence, as well as relieving
pain. In traditional clinical treatment, A. chinense was used in
combination with other herbal materials in many widely used
folk prescriptions as a remedy for rheumatic diseases (Zheng
et al., 2022), acroanesthesia and fractures, including Jin Gu Lian
(JGL) capsules, Feng Shi Ding tablets and Xiao Bi Ling mixture
(Meng et al., 2021). Previous experimental studies reported that A.
chinense and its representative active components (such as
exhibited
inflammatory activity and ameliorated rheumatoid arthritis.

anabasine and salicin) relieved arthritis, anti-
These abilities are associated with the attenuated expression of
proinflammatory cytokines, the inhibition of NF-kB signaling, the
improvement of oxidative stress pathways and the relaxation of
skeletal and smooth muscle (Zhang et al., 2013; Zhai et al., 2018; Hu
et al., 2020).

Alangium chinense was documented as a famous toxic herb in
traditional Chinese medicine (TCM). Although the therapeutic
actions of A. chinense have been reported in both clinics and
experiments, its clinical application is limited due to its obvious
adverse effects on the central nervous system, lungs, liver and
smooth muscles (Hu et al, 2020; Meng et al,, 2021). Previous
clinical studies reported that the oral administration of more
than 40 g of A. chinense led to severe neurotoxicity, including
respiratory
depression (Zhang et al., 2008). According to the Dictionary of
Chinese Materia Medica, the 50% lethal dose (LDsg) of A. chinense

water extract in mice after intraperitoneal injection was 9.98 g/kg

dizziness, convulsions, muscle weakness and

(Zhao et al,, 2006). In one study, an intravenous injection of
1.25g/kg and 4g/kg A chinense water extract resulted in
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significant toxicity, including respiratory paralysis and muscle
weakness in rabbits and beagles, respectively (Zhang et al., 2019).
After exposure to intravenous total alkaloids of A. chinense, the
minimal dose for muscle relaxation and the minimal lethal dose in
rabbits were respectively found to be 2.47 mg/kg and 5.65 mg/kg
(Zhao et al., 2006). Another study reported that neurotoxicity and
hepatoxicity were observed in rabbits following the intravenous
administration of total alkaloids of A. chinense at a repeated dose of
1.9 mg/kg for 15 days (Zhao et al,, 2006). Anabasine, a bioactive
chemical, is known as the primary constituent responsible for the
therapeutic actions and adverse effects of A. chinense (Hu et al.,
2020; Meng et al,, 2021). Following the intravenous administration
of anabasine, the minimal doses for muscle relaxation and
respiratory paralysis in rabbits were 1.18 mg/kg and 1.47 mg/kg
(Zhao et al., 2006).

Collectively, the above results suggest that A. chinense and its
active component have narrow therapeutic windows, thus creating a
significant challenge for clinical application. Compatibility is an
essential aspect of TCM medication. According to the compatibility
principle of TCM, the combination of toxic herbs with other herbal
medicines can generate the expected therapeutic actions but with
lower adverse effects (Steven and Yi, 2021; Xiang et al., 2021). Many
researchers have reported that the combined application of
compatible herbs in various herbal formulations can weaken or
eliminate the toxicity of the poisonous TCM based on well-designed
toxic evaluations performed both in vivo and in vitro (Zhang et al.,
2018). Jin Gu Lian prescription consists of a total of five types of
herbs: A. chinense (Lour.) Harms (Cornaceae; Alangii Radix; Ba Jiao
Feng in Chinese), Gaultheria leucocarpa var. yunnanensis (Franch.)
T. Z. Hsu and R. C. Fang (Ericaceae; Gaultheriae Herba; Tou Gu
Xiang in Chinese), Heptapleurum leucanthum (R.Vig.) Y. F. Deng
(Araliaceae; Schefflerae Leucanthae Caulis seu Folium; Han Tao Ye
in Chinese), Sargentodoxa cuneata (Oliv.) Rehder and E. H. Wilson
(Lardizabalaceae; Sargentodoxae Caulis; Da Xue Teng in Chinese),
and Psammosilene tunicoides W. C. Wu and C. Y. Wu
(Caryophyllaceae; Psammosilenes Radix; Jin Tie Suo in Chinese).
Previous research investigated the pharmacokinetic characteristics
of a representative formula JGL and its core drug pair (A. chinense
and Sargentodoxa cuneate). These results demonstrated that
combination of the core drug pair with other herbs in JGL
decreased the absorption and avoided the accumulation of
anabasine by reducing maximum plasma concentration (Cyay)
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TABLE 1 The five herbal medicines of Jin-Gu-Lian formula.

10.3389/fphar.2023.1133982

Chinese name  Binomial synonym Scientific name Batch
number
Ba Jiao Feng Alangii Radix Alangium chinense (Lour.) Harms Cornaceae Henan YL-17720220302
Tou Gu Xiang Gaultheriae Herba Gaultheria leucocarpa var. yunnanensis (Franch.) T.Z.Hsu | Ericaceae Guizhou YL-1720220201
and R.C.Fang
Han Tao Ye Schefflerae Leucanthae Caulis seu | Heptapleurum leucanthum (R.Vig.) Y.F.Deng Araliaceae Guangdong | YL-1762022070
Folium
Da Xue Teng Sargentodoxae Caulis Sargentodoxa cuneata (Oliv.) Rehder and E.H.Wilson Lardizabalaceae | Anhui JYC-20220206
Jin Tie Suo Psammosilenes Radix Psammosilene tunicoides W.C.Wu and C.Y.Wu Caryophyllaceae | Yunnan YL-17820220304

and apparent volume of distribution (V,/), which might reduce the
possibility of toxicity of anabasine (Zheng et al., 2022). However, the
effects of a compatible approach on the neurotoxicity induced by A.
chinense has yet to be investigated.

In this study, we aimed to investigate the rationality of the
compatible application of A. chinense with other herbal medicines in
JGL formula in terms of attenuation of toxicity. This study was
designed to reveal the effect of compatible herbs in JGL on the
attenuation of neurotoxicity induced by A. chinense and investigate
its mechanism by evaluating the amelioration of oxidative damages,
the regulation of neurotoxic biomarkers, the alteration of
neurotransmitter levels, and modulation of the pharmacokinetic
characteristics of active components in A. chinense.

2 Materials and methods
2.1 Drugs and reagents

2.1.1 Crude drugs and extraction

All crude drugs were supplied by Guizhou Yibai Pharmaceutical
Co., Ltd. The voucher specimens are deposited in the Laboratory of
Quality Control for Traditional Chinese Medicine in the Institute of
Chinese Materia Medica, China Academy of Chinese Medical Sciences,
and were identified by Professor Lihua Yan from the institute according
to the standard of Chinese pharmacopoeia (2020) and the standard of
TCM materials and Ethnic medicinal materials in Guizhou Province
(2019). Detailed information was shown in Table 1.

The dried roots of A. chinense (Lour.) Harms (Ba Jiao Feng) were
soaked and extracted with boiling water (1:10, 1:8 and then 1:8 w/v)
for 2 h following filtration with 150 pum strainer. The extraction step
was repeated thrice. The merged mixtures were concentrated under
the vacuum freeze dryer to prepare powder and the yield of powder
was 5.30% (w/w). The preparation of compatible herbs of JGL
consisted of 30% G. leucocarpa var. yunnanensis (Franch.) T. Z.
Hsu and R. C. Fang (Tou Gu Xiang), 35% H. leucanthum (R.Vig.) Y.
F. Deng (Han Tao Ye), 30% S. cuneata (Oliv.) Rehder and E. H.
Wilson (Da Xue Teng), 5% P. tunicoides W. C. Wuand C. Y. Wu (Jin
Tie Suo). These compatible herbs were prepared through the same
procedure and the yield was 5.64% (w/w). The powder of A. chinense
extract (AC) and the extract of compatible herbs (CH) was analyzed
by ultra-performance liquid chromatography-quadrupole-time-of-
flight tandem mass (UPLC-Q-TOF-MS) analysis. Anabasine and
venoterpine were quantified in AC and the combination of AC and
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CH. The content of anabasine and venoterpine in AC was 249.2 +
2.2 ug/g and 2.1 + 0.0 pg/g, respectively. The content of anabasine
and venoterpine in the combination of AC and CH was 175.0 +
0.9 ug/g and 1.4 + 0.0 ug/g respectively.

The UPLC-Q-TOF-MS analysis was performed on a Waters
ACQUITY UPLC H-Class system with a Waters UPLC BEH Cig
column (2.1 mm x 100 mm, 1.7 um). Briefly, the powder of AC or
CH was dissolved in water (1:20, w/v), placed in an ultrasonic bath for
30 min, and centrifuged for 5 min at 10,000 rpm. The supernatant was
filtered through a 0.22 um filter membrane for subsequent UPLC-MS
analysis. Linear gradient elution with mobile phases of phase A
containing the aqueous phases of 0.1% formic acid and phase B
containing acetonitrile was applied (0-12 min, 5%-55% B; 12-15 min,
55%-95% B) at a flow rate of 0.3 mL/min. The column was maintained at
35°C and the injection volume was 1 uL. MS analysis was carried out on a
Q-TOF high-resolution mass spectrometer (Xevo G2-S; Waters) with an
ESI Source. The MS conditions were capillary voltage: 22 kV (ESI+),
2.0 kV (ESI-); drying gas (N,) flow rate: 600 L/h; drying gas temperature:
400°C; cone voltage: 40 V; ion source temperature: 120°C; scanning
mode: positive and negative ion switching scanning; scan range:
100.0-1500.0 m/z; collision voltage: 20-50 eV. Data analysis was
performed using MassLynx 4.1 software (Waters).

2.1.2 Reagents and chemicals

DL-anabasine (ANA, lot no: C10954677, purity: 97.0%) was
obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Venoterpine (VEN, lot no: X31011L129589, purity: 98.0%)
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Nicotine (NIC, lot no: V-942900-NU1, purity:
100.0%) was obtained from CFW Laboratories Inc. (Walnut,
United States) as internal standard (IS). Chromatographic methanol
and acetonitrile were provided by Merck (Darmstadt, Germany), and
chromatographic formic acid was provided by ROE SCIENTIFIC
(Newark, United States). Other reagents were commercially available
and were analytically and chromatographically pure.

2.2 Animals, drug administration, and sample
collection

All animals were obtained from Beijing Vital Laboratory Animal
Technology (Beijing, China) and maintained in a specific pathogen-
free laboratory of the Institute of Chinese Materia Medica, China
Academy of Chinese Medical Sciences (Beijing, China) under
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FIGURE 1

Schematic diagram of the experiment design. Time points represent the days of drug treatment.

controlled conditions (25°C + 1°C, 45% relative humidity and a 12 h
light/dark cycle). The study protocol was approved by the
Institutional Animal Ethical and Welfare Committee (Approval
Number: 2021B094, 2021B196). All animal procedures were in
accordance with Institutional Animal Care and Use Committee
guidelines. A schematic study diagram is shown in Figure 1. The
detailed designs of animal experiments were shown as follows.

2.2.1 Experiment 1 (toxicity evaluation)

Male Sprague-Dawley rats (200 + 20 g) were randomly divided
into four groups with eight rats in each group and orally gavaged with
the distilled water (control group), A. chinense extract (AC group,
equivalent to 30 g/kg of crude drugs), extract of compatible herbs of
JGL (CH group, equivalent to 30 g/kg of crude drugs), combination of
AC with CH (AC/CH group, equivalent to 30 g/kg of crude drugs of
A. chinense herbs and 30 g/kg of crude drugs of compatible herbs)
once-daily for 14 days. One hour after administration on the 13th day
(Day 13), the locomotor activity of rats was measured using the open-
field test. One hour after the last administration (Day 14), grip force of
rats was measured by grip test. On Day 15, rats were anesthetized with
pentobarbital sodium (48 mg/kg, i.p.). The blood, brain and liver were
collected for further analysis.

2.2.2 Experiment 2 (pharmacokinetic study)

Male Sprague-Dawley rats (220 + 20 g) were randomly divided
into two groups with five rats in each group and orally gavaged with
continuous administration (once-daily for 14 days) of A. chinense
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extract (AC, equivalent to 30 g/kg of crude drugs) and continuous
administration (once-daily for 14 days) of combination of AC and
CH (equivalent to 30 g/kg of crude drugs of A. chinense herbs and
30 g/kg of crude drugs of compatible herbs). All rats were fasted (free
access to water) for at least 12h prior to first and last drug
administration. Rats were anesthetized with isoflurane for about
30 s and then blood samples were collected at different time after the
first and last administration for the two groups. All rats were
euthanized with carbon dioxide after the experiment.

2.3 Behavioral test

The open field test and grip test were undertaken to investigate
the neurobehavioral disorders of rats.

2.3.1 Open-field test

The locomotor activity of animal was measured using the open-
field test. After administration for 13 days, rats were placed in a
black square chamber (100 cm length x 100 cm width x 50 cm
height) and allowed to explore freely for 5 min. The spontaneous
movements of rats were recorded by a video camera and analyzed by
SMART Video Tracking System V3.0 (Panlab, United States). The
parameters recorded included total distance traveled, number of
rearing (animal’s double forelimbs leave the ground at the same
time, or the two forelimbs are placed on the wall of the cage), total
movement time and total rest time.
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2.3.2 Grip test

The grip strength meter (YLS-13A, Jinan Yiyan technology
development Co. Ltd, China) was used to assess the forelimb grip
strength of rats according to manufacturer instruction. After
14 days, rats were gently placed on the grid plate and allowed to
grip the metal bars with their front paws. The rats were pulled by the
tail slowly. The maximal grip force during the process of steady
grasping until losing strength was measured in grams. Each rat was
tested thrice.

2.4 Histological and pathological
assessment

Rats were anesthetized with pentobarbital sodium (48 mg/kg,
i.p.). The brain was collected and the left part of brain was fixed in
4% paraformaldehyde in PBS and embedded in paraffin. After
locating inferior colliculi, optic chiasma and hypothalamus, the
brain was cut transversely to different sections. 4 um thick slices
were cut and stained with hematoxylin and eosin (H&E staining)
and toluidine blue (Nissl staining).

2.5 ELISA for neuron-specific enolase (NSE)
and neurofilament light chain (NEFL) levels

Rats were anesthetized with pentobarbital sodium (48 mg/kg,
i.p.). Blood was collected from the abdominal aorta. Serum was
separated by centrifugation at 3500 x g for 20 min at room
temperature. The levels of NSE and NEFL in serum were
measured by rat ELISA kits according to the manufacture
instructions (Cusabio, China). The OD was measured at 450/
650 nm.

2.6 Antioxidant enzymes analysis of brain

After killing the anesthetized rats, brains were collected rapidly,
frozen in liquid nitrogen and stored at —80°C until use. The brains
were homogenized in nine volumes of 0.9% NaCl with two metal
beads at a speed of 60 Hz for 30 s and centrifuged (3500 rpm/min) at
4°C for 15min. The supernatant was collected. Superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px) activities and
total antioxidant capacity (T-AOC) were determined using
commercial

assay kits (Nanjing Jiancheng Bioengineering

Institute, China) according to the manufacturer instructions.

2.7 LC-MS/MS for neurotransmitter level in
the brain

Monoamine and acetylcholine neurotransmitters were analyzed
as reported previously with slight modification (Wang L. S. et al,,
2019). Briefly, brain tissue was precisely weighed and homogenized
in distilled water at a final concentration of 5g/mL 50 uL brain
homogenate was mixed with 10 uL trifluoroacetic acid under the
fume hood to precipitate protein. The mixture was centrifuged at
20,000 g for 15min at 4°C. The supernatant was collected for
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analyzing  acetylcholine  (Ach), dopamine (DA), 34-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA),
norepinephrine (NE), and serotonin (5-HT) in the LC-MS/MS
system (Agilent, United States).

2.8 Pharmacokinetic test

2.8.1 Plasma sample preparation

Blood samples (no more than 150 pL) were collected from the
eye venous plexus into tubes containing heparin sodium at 5, 10, 20,
40 min, and 1, 2, 4, 6, 8, 10, 12, 24h after first and last
administration. Plasma was obtained by centrifugation at
12,000 rpm for 3 min at 4 C and stored at —80 C until analysis.

All plasma samples were prepared via protein precipitation. An
aliquot of 50 pL plasma sample was spiked with 400 pL of
dichloromethane containing 10 ng/mL of NIC. After vortexed for
1 min and ultrasound for 1 min, the suspension was centrifuged at
14,000 rpm for 5min at 4C. 350 uL of lower solution was
transferred to a new tube, and was centrifuged and concentrated
at 1,700 rpm and 45 C to dryness. The residue was redissolved in
100 uL of methanol followed by a 1min vortex and a 2min
ultrasound. The supernatant was injected into the ExionLC high-
performance liquid chromatography tandem with a Qtrap
5500 mass spectrometer (HPLC-MS/MS, AB SCIEX, Toronto,
Canada) system for analysis after centrifuging at 14,000 rpm for
5min at 4°C.

2.8.2 HPLC-MS/MS analytical conditions

The concentration of analytes in rat plasma samples was
determined by HPLC-MS/MS method. In previous study, an
UPLC-MS/MS method was established for
determination of salidroside, anabasine, chlorogenic acid, and
the
pharmacokinetic properties of two groups of rats after being

simultaneous

protocatechuic acid in rat plasma and compared
orally administrated with Jin-Gu-Lian formula and its core drug
pair, respectively (Zheng et al., 2022). In our study, it was necessary
to investigate the plasma concentrations of anabasine and
venoterpine in plasma at the toxic dose, which was higher than
that use in Zheng’s study. Therefore, we established an HPLC-MS/
MS method for
compounents in plasma of rats, and carried out methodological

verification including dilution reliability (detailed information in

simultaneous determination of the two

Supplementary Materials).

The Phenomenex Kinetex C;3 100 A LC Column (100 mm x
3 mm, 2.6 um) was used at a temperature of 40 C. The autosampler
temperature was 6 C. After 5 pL injection, mobile phase A (water
with 0.05% formic acid) and B (methanol) were used for elution at a
flow rate of 0.3 mL/min according to the following procedure:
0-1.0 min, 95% A; 1.0-2.0 min, 95%-5% A; 2.0-3.0 min, 5% A;
3.0-3.1 min, 5%-95% A; 3.1-5.0 min, 95% A.

Multiple reaction monitoring (MRM) scans were used to detect
the analytes and IS in the positive ion mode of the electrospray
ionization (ESI) source. The ion spray voltage was maintained at
5500V and curtain gas pressure was maintained at 35 psi. The
collision gas was set to six psi and the turbo spray temperature was
maintained at 500°C. The nebulizer gas (gas 1) and heater gas (gas 2)
were both set at 45 psi, using nitrogen. The precursor/product pairs
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of ANA, VEN, and IS were m/z163.0—~118.1, m/z 150.1—132.1, and
m/z 163.2—130.1, respectively. The declustering potentials (DP) of
ANA, VEN, and IS were 74.0, 78.0, and 70.1 V, respectively. The
collision energies (CE) for ANA, VEN, and IS were 30.0, 27.0, and
27.2 V, respectively. The dwell time and collision exit potential
(CXP) for all compounds were 100 ms and 13 V, respectively.

2.9 Analysis of the mRNA levels of
cytochrome P450 in the liver

After killing the anesthetized rats, livers were collected, frozen in
liquid nitrogen and store in —80°C until use. Total RNA in liver tissues
was isolated by the RNA Easy Fast Tissue/Cell Kit (Tiagen, China).
Complementary (c)DNA was prepared from 500 ng RNA using the
EasyScript” First-Strand cDNA Synthesis SuperMix Kit (TransGen
Biotech, China). cDNA was subjected to RT-qPCR to quantify gene
expression using PerfectStart Green qPCR SuperMix (TransGen Biotech,
China). The primer pairs (Invitrogen, Thermo Fisher Scientific,
United States) used for analyses are listed in Supplementary Table SI.
Beta-actin was normalized for the amounts of cDNA. Relative expression
of target genes was calculated using the 27T method.

2.10 Statistical analysis

Data acquisition and analysis for the concentration of ANA and
VEN were conducted using the Analyst 1.7 software (AB SCIEX,
Toronto, Canada). Pharmacokinetic parameters of ANA and VEN
were calculated using a non-compartment model with the Ma$
Studio 1.5.2.14 stable software (Shanghai BioGuider Medicinal
Technology Co., Ltd, Shanghai, China).

Data were expressed as mean * standard deviation. Statistical
analyses were performed using GraphPad Prism 8.0 software (La
Jolla, CA, United States). All data involving toxicity were analyzed
using one-way ANOVA followed by a Tukey’s (SOD, GSH-Px, Ach,
5-HT, HVA, open-field test) or Dunnett’s T3 post hoc test (NEFL,
NE, DA), or Kruskal-Wallis test followed by a Dunn’s post hoc test
for multiple comparisons (NSE, T-AOC, DOPAC, grip force). The
statistical ~differences involving pharmacokinetic study were
In

performed by independent t-tests. each case, p-value

of <0.05 was considered statistically significant.

3 Results

3.1 Component analysis of AC and CH
extracts by UPLC-Q-TOF-MS

UPLC-Q-TOF-MS analysis was performed to identify the
constituents of AC and CH extracts. Firstly, literature on the chemical
composition of JGL formula have been carefully reviewed and concluded.
In this study, the chemical formulae of all compounds were based on
high-precision excimer [M + HJ*, [M + Na]* or [M-H] with a mass error
of 10 ppm and a partial isotopic abundance. Then, the most rational
structures were analyzed and identified by searching chemical databases
such as Pubchem (https://pubchem.ncbinlm.nih.gov/) and Massbank
(http://www.massbank.jp). For the isomers, preference would be given to
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the structures previously reported from the five herbs of JGL formula.
Finally, 16 compounds of AC and 44 compounds of CH were confirmed
further by fragment ions, retention times, and literature comparison
(Table 2; Table 3). The base peak intensity (BPI) chromatograms of AC
and CH in negative and positive ionization modes were shown in
Figure 2. The chemical structures of the main constitutions found in
AC and CH were shown in Figure 3.

3.2 Behavioral changes in rats

The effects
neurobehavioral disorders using the open field test and grip test.
In the open field test (Table 4), AC treatment significantly inhibited
locomotor activity when compared to the control rat, as evidenced

neurotoxic were evaluated by detecting

by the reduced total distance traveled, the total movement time, the
number of rearing and the increased total rest time. This effect was
partially prevented by treatment with a combination of AC and CH
(p < 0.05). Similar results were observed in the grip test. As shown in
Table 4, the mean forelimb grip strength in AC-treated rats (918.2 +
50.3 g) was markedly lower than that of control rats (1206.0 *
107.0 ) (p < 0.01). Rats administered with a combination of AC and
CH had significantly increased grip strength (1192.0 £ 55.5 g) when
compared to only AC-treated rats (p < 0.01). These results suggested
that the compatible herbs of JGL could mitigate the neurobehavioral
abnormalities induced by A. chinense.

3.3 Neuronal morphology of the rat brain

Morphological changes in brain tissues were detected by H&E
and Nissl staining. As shown in Figure 4, the structure of neurons in
control rats was normal with regular, round or oval nuclei and
nucleoli, and clear Nissl bodies in the cytoplasm. After treatment
with AC, there was clear cellular damage in the ventral striatum, as
evidenced by neuronal eosinophilic degeneration, nucleus pycnosis,
karyorrhexis, neuronal necrosis, reduced Nissl bodies and scattered
arrangement. Compared to only AC treatment, except slight
neuronal eosinophilic degeneration, we almost did not observe
these aforementioned morphological properties in the brain of
rats treated with AC and CH.

3.4 Serum levels of neurotoxicity biomarkers

Given that CH can ameliorate AC-induced neurobehavioral
disorders in rats, we investigated the effects of AC in absence or
presence of CH on neurotoxic biomarkers. As shown in Figure 5A,
compared with control rats, AC only treatment significantly increased
the serum levels of NSE and NEFL (p < 0.05, p < 0.01). Compared with
AC-treated rats, the combined AC and CH treatment resulted in a
significant reduction of NSE and NEFL levels (p < 0.05).

3.5 Oxidative stress biomarkers in rat brains
Oxidative damage has been reported to be an essential

mechanism of neurotoxicity. Here, we investigated the levels
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TABLE 2 The identification of constituents of the Alangium chinense extract (AC) by UPLC-Q-TOF-MS.

Formula  Exact Observed MS? ions Extracting  References
m/z m/z ions
1 Venoterpine CoH;1NO 149.0841 150.0911 108.0440 2.05 =53 [M + H]" Zhu et al.
(1996)
2 Gallic acid C;HsOs5 170.0215 169.0132 125.0235 2.29 -3.0 [M-H] Yue (2016)
3 Anabasine CioHuN, | 162.1157 163.1236 146.0959, 252 0.6 M + H]* Wei et al.
134.0964, (2020)
120.0814
4 Glucosyringic acid Cy5H,00,0 | 360.1056 359.0971 197.0497, 3.53 -1.9 [M-H] Yue (2016)
153.0166
5 Salicin CisH;s0, | 286.1053 285.0977 191.2886, 3.84 L1 [M-H] Yue (2016)
123.0449,
121.0283
6 Loganic acid Ci6H24010 376.1370 375.1286 213.0753, 4.15 -1.3 [M-H] Yue (2016)
169.0128,
113.0235
7 Tachioside Cy3H;508 302.1002 301.0925 161.0457, 4.61 0.7 [M-H] Yue (2016)
140.0412,
139.0833,
124.0141
8 (+)-Lyoniresinol 3a-O-p-D- CysH35043 582.2312 605.2210 249.1133, 4.73 0.0 [M + Na]* Yue (2016)
glucopyranoside 267.1234,
268.1270
9 7-0-B-Glucopyranosylsalicin C9H30,, | 448.1581 447.1496 285.0017, 5.18 -1.6 [M-H] Zhang et al.
123.0069 (2009)
10 (7S,8R)-Urolignoside Cy6H3401; 522.2101 545.2000 249.1131 5.19 0.2 [M + Na]* Yue (2016)
11 (115)-6-Hydroxy-5-(11- CH,0, | 248.1049 249.1130 191.1123, 523 12 M + H]* Zhang et al.
hydroxypropan-12-yl)-3,8- 163.0776 (2015)
dimethyl-2H-chromen-2-one
12 Chinenionside A Cy4H3301; 502.2414 525.2323 371.2097, 5.47 21 [M + Na]* Yue (2016)
209.1543
13 Henryoside Cy6H3,045 584.1741 583.1697 153.0178, 591 5.8 [M-H] Yue (2016)
135.0073,
297.0623,
315.0142,
345.0106
14 Mansonone H Cy5H1404 258.0892 259.0970 231.1022, 8.86 0.0 [M + H]* Zhang et al.
230.0578, (2013)
215.0708
15 Mansonone E Ci5H1405 242.0943 243.1024 199.0748, 10.33 1.2 [M + H]* Zhang et al.
115.0554 (2013)
16 Lacinilene C Cy5H1505 246.1256 247.1334 219.1387, 11.54 0.0 [M + H]* Zhang et al.
201.1290 (2013)

of antioxidants in brain tissues (Figure 5B). AC treatment
considerably reduced the activity of SOD, GSH-Px and
T-AOC in rat brains when compared to controls (p < 0.01),
thus indicating serious oxidative damage. Compared with AC
treatment, the combined AC and CH treatment significantly
enhanced the activity of SOD, GSH-Px and T-AOC in rat
brains (p < 0.01). These data suggested that the compatible
herbs of JGL could reduce oxidative damage in brain induced
by A. chinense.

Frontiers in Pharmacology

3.6 Neurotransmitter levels in rat brains

Next, we determined the levels of neurotransmitters in rat
brains. As shown in Figure 5C, the levels of some monoamine
and acetylcholine neurotransmitters reduced significantly in brains
of AC-treated rats when compared to control rats, including Ach,
DA, DOPAC, HVA, NE, and 5-HT (p < 0.05, p < 0.01). Compared
with AC treatment, combined AC and CH treatment led to a
significant increase in all six neurotransmitters (p < 0.05).
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TABLE 3 The identification of constituents of the extract of compatible herbs of JGL (CH) by UPLC-Q-TOF-MS.

Formula Exact  Observed MS? ions RT PPM  Extracting References
m/z m/z (min) ions
1 5-Methoxysalicylic acid CgHO,4 168.0423 167.0344 152.0105, 1.36 -1.8 [M-H] Zhou et al.
108.0205 (2022)
2 Glucosyringic acid Ci5H20010  360.1056 359.0977 197.0448, 1.70 -0.3 [M-H] Liuetal. (2022)
182.0211
3 Syringic acid CoH,00s5 198.0528 197.0446 182.0215, 1.70 -2.0 [M-H] Liuetal. (2022)
166.9987,
138.0311,
123.0080
4 Protocatechuic acid CHO, | 154.0266 153.0189 135.0432, 1.85 07 [M-H] Liuetal. (2022)
109.0282
5 Catechol CeHeO, | 110.0368 109.0288 B 1.85 ~18 [M-H] Zhou et al.
(2022)
6 Vanillic acid CgHgO,4 168.0423 167.0342 152.0103, 2.12 -1.2 [M-H] Liuetal. (2022)
123.0480
7 Neochlorogenic acid CreH1500 | 354.0951 353.0871 191.0559, 2.15 ~0.6 [M-HJ Wang X. et al.
179.0345, (2019)
135.0445
8 4-Hydroxy-2,6-dimethoxyphenol- C14H,009 332.1107 331.1028 256.0684, 2.25 -0.3 [M-H] Wang X. et al.
1-O-B-D-glucopyranoside 169.0497 (2019)
9 3,4-Dihydroxyphenylethyl alcohol | C;HyOs | 316.1158 315.1085 135.0445 2.52 1.6 [M-H] Liuetal. (2022)
glucoside
10 Chlorogenic acid Ci6H1509 354.0951 353.0872 191.0558, 2.69 8.0 [M-H] Liuetal. (2022)
179.0344,
161.0240,
127.0394,
109.0289
11 Salidroside Cy4H500; 300.1209 299.1135 179.0343, 3.06 13 [M-H] Liuetal. (2022)
161.0236,
137.0233,
113.0233
12 Methyl salicylate lactoside/ CyoH23015 | 476.1530 475.1453 443.1357, 3.31 0.2 [M-H] Wang X. et al.
methylsalicylate gentiobioside 281.0682, (2019)
151.0396,
137.0226
13 Apocynin CoH05 | 166.0630 167.0705 149.0227, 3.38 ~1.8 M + HJ Liuetal. (2022)
107.0464
14 5-O-p-coumaroyl quinic acid Cy6H 1503 338.1002 337.0918 191.0549, 3.43 -1.5 [M-H] Wang X. et al.
163.0389 (2019)
15 Homogentisic acid CgHO,4 168.0423 167.0341 149.0446, 343 -1.8 [M-H] Zhou et al.
139.0397, (2022)
109.0294
16 3-[3-(B-D-Glucopyranosyloxy)-2- Ci6H2,09 358.1264 357.1179 269.0680, 3.56 -22 [M-H] Zhou et al.
methoxyphenyl]propanoic acid 195.0646 (2022)
17 Caffeic acid CoHgOy4 180.0423 179.0338 135.0440 3.61 -3.4 [M-H] Zhou et al.
(2022)
18 4-Hydroxybenzoic acid CHO; | 1380317 137.0238 B 3.76 —0.7 [M-H] Wang X. et al.
(2019)
19 Methyl chlorogenate Cy7H2009 368.1107 367.1031 179.0564, 3.88 0.5 [M-H] Liuetal. (2022)
161.0236,
135.0434,
134.0366
20 Fraxin Ci6H15010 ~ 370.0900 369.0823 207.0287, 3.88 0.3 [M-H] Zhou et al.
192.0053 (2022)

(Continued on following page)

Frontiers in Pharmacology 15 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1133982

Lian et al. 10.3389/fphar.2023.1133982

TABLE 3 (Continued) The identification of constituents of the extract of compatible herbs of JGL (CH) by UPLC-Q-TOF-MS.

Formula Exact  Observed MS? ions RT PPM  Extracting References
m/z m/z (min) ions
21 Phloridzin CyHpOrp | 436.1369 435.1291 273.0740 4.00 1.1 IM-H] Zhou et al.
(2022)
22 (-)-Epicatechin Cy5H140¢ 290.0790 289.0712 179.0333, 4.21 0.0 [M-H] Liuetal. (2022)
165.0550,
137.0235,
125.0232
23 (-)-5'-Methoxyisolariciresinol-2a- | CygH340;; | 5222011 521.2018 506.1494, 422 -1.0 [M-H] Wang X. et al.
O-B-D-xylopyranoside 359.1494, (2019)
341.0912
24 Lariciresinol 4-O-glucoside CyeH340,; | 5222101 521.2029 359.1494, 422 -1.0 [M-H] Zhou et al.
344.1256, (2022)
329.1039,
313.1070
25 3,4-Dihydroxybenzaldehyde C,HgO3 138.0317 139.0394 111.0438 428 -0.7 [M + H]* Zhou et al.
(2022)
26 Methyl 1-(hexopyranosyloxy)-7- C;H,40,; = 404.1319 403.1247 371.0871, 432 1.2 [M-H] Zhou et al.
hydroxy-7-(hydroxymethyl)- 327.1069, (2022)
1,4a,7,7a-tetrahydrocyclopenta [c] 241.0736,
pyran-4-carboxylate 223.0630,
191.0561,
179.0360,
165.0556,
139.0397
27 Liriodendrin CyyHyeOrs | 7422684 741.2606 417.1549, 475 0.1 [M-H] Zhou et al.
387.1077, (2022)
181.0499,
166.0264
28 (+)-Lyoniresin-4-yl-B-D- Cy3H350:3 582.2217 581.2249 419.1671, 4.79 2.6 [M-H] Liuetal. (2022)
glucopyranoside 404.1458,
233.0809
29 Scopoletin CioHsOs | 192.0423 193.0498 165.0526, 4.90 ~16 M + HJ* Zhou et al.
149.0241 (2022)
30 Ellagic acid C4HOg 302.0063 300.9992 283.0592, 5.00 1.3 [M-H] Zhou et al.
229.0130 (2022)
31 Rutin C,7H30016 610.1534 609.1456 300.0276, 5.06 4.1 [M-H] Zhou et al.
271.0266, (2022)
255.0281,
179.0340
32 (+)-Lyoniresinol-2-a-O-f-L- Cy;H360y, | 552.2207 551.2149 536.1904, 5.16 3.6 [M-H] Wang X. et al.
arabinopyranoside 419.1715, (2019)
401.1611,
386.1366
33 Gaultheroside A Cy7H3601, 552.2207 551.2129 389.1226 5.16 -0.2 [M-H] Zhou et al.
(2022)
34 Isochlorogenic acid B CpsHaO1n | 5161268 515.1198 353.0892, 523 14 [M-H] Zhou et al.
191.0554, (2022)
179.0349,
173.0452,
161.0239,
135.0443
35 (+)-Lyoniresinol Cy,Hy504 420.1784 419.1703 404.1461, 5.30 -0.7 [M-H] Wang X. et al.
373.1283, (2019)
389.1586
36 Calceolarioside B Cy3Hy60,, | 478.1475 477.1397 315.1084, 5.40 0.2 [M-H] Zhou et al.
179.0343, (2022)
161.0240,
135.0439

(Continued on following page)
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TABLE 3 (Continued) The identification of constituents of the extract of compatible herbs of JGL (CH) by UPLC-Q-TOF-MS.

Formula Exact  Observed MS? ions RT PPM  Extracting References
m/z m/z (min) ions
37 Tectoridin CpHp0yy | 4621162 461.1084 315.0719 5.55 5.0 [M-H] Zhou et al.
(2022)
38 9-(2,3-dihydroxypropoxy)-9- CoHpnO6 | 262.1416 261.1338 187.1004, 5.61 15 [M-H] Zhou et al.
oxononanoic acid 125.0235 (2022)
39 Quercitrin CyHy0;; | 448.1006 447.0927 300.0267, 571 0.9 [M-H] Zhou et al.
271.0249, (2022)
243.0244
40 Azelaic acid CoH;60s | 188.1049 187.0970 143.0343 5.86 0.0 [M-H] Zhou et al.
(2022)
41 Feruloyltyramine CgHioNO, | 313.1314 314.1390 177.0550, 6.91 -0.6 M + H] Zhou et al.
145.0290, (2022)
121.0650,
117.0338
4 scheffleside K CiHeiO14 | 7804296 779.4228 629.3684, 10.39 13 [M-H] Wang et al.
471.3461 (2014)
43 Asiatic acid CaoHysOs | 488.3502 487.3418 469.3308, 1131 -1.0 [M-H] Liu et al. (2022)
391.0167
44 Medicagenic acid CaoHieOs | 502.3294 501.3216 483.2984, 11.86 0.8 [M-H] Zhou et al.
439.3230 (2022)

3.7 Pharmacokinetics of ANA and VEN in rat  MRT,_, (3.85 + 0.99 h) of VEN increased significantly (p < 0.05, p <
0.05, p < 0.05) in rats treated with the combination of AC and CH.
Anabasine (ANA) and venoterpine (VEN) have beenreportedto ~ The AUC_, (7.29 + 2.50 ng-h/mL) and AUC,_, (7.47 * 2.60 ng-h/
exhibit pharmacological effects and are the major active components ~ mL) of VEN showed a downward trend, but there was no statistical
in A. chinense (Zhu et al., 1996; Hu et al., 2020). Therefore, we  significance due to large individual differences. There was no
selected ANA and VEN as marker compounds to detect the effect of  significant change in t;,x (1.07 £ 0.60 h).
compatible herbs in JGL on the pharmacokinetics of A. chinense.
The chemical structures of the two analytes (ANA and VEN) and IS~ 3.7.2 The pharmacokinetics of ANA and VEN in rats
are shown in Figure 6A. The HPLC-MS/MS method was validatedas ~ after continuous administration
described in Supplementary Materials and the results were shown in We also detected the pharmacokinectics of ANA and VEN after
Supplementary Figure S1; Supplementary Tables S2-S6. 14 days of continuous administration with AC or a combination of
AC and CH (Figures 6C,E). The plasma concentrations of ANA and
3.7.1 The pharmacokinetics of ANA and VEN inrats  VEN were shown in Supplementary Table S8. The main

after single administration pharmacokinetic parameters were calculated by using the non-
The single administration of AC and the combination of AC/CH  compartment model and were shown in Table 5.
led to ANA and VEN entering the blood within 5 min (Figures Compared with the continuous administration of AC, the Cy,.«

6B,D). The concentrations of ANA and VEN in plasma at different ~ (127.51 + 12.09 ng/mL), AUC,, (746.93 + 35.00 ng-h/mL) and
timepoints are shown in Supplementary Table S7. Table 5 shows the ~ AUCy., (748.7 + 36.50 ngh/mL) of ANA was decreased
main pharmacokinetic parameters, as calculated by the non-  significantly (p < 0.01, p < 0.01, p < 0.01) in rats administered
compartment model. continuously with a combination of AC and CH, while the t;,
Compared with the single administration of AC, the combined (255 £ 0.61h), tyax (2.00 £ 0.00h), MRT( (4.77 £ 0.44h) and
AC and CH treatment led to a significant decrease in the C.x ~ MRT( o (4.83 £ 0.49 h) of ANA did not change significantly. Similar
(115.79 + 20.62 ng/mL) of ANA (p < 0.01) and a significant increase ~ pharmacokinetic characteristics were observed in the main
in the mean residence time (MRT( «, 6.34 £ 1.20 h) of ANA (p <  parameters of VEN, as evidenced by a significant decrease in Cj,.x
0.05). The half time (t;/;, 427 £ 1.11h), area under the plasma  (5.67 £ 0.34 ng/mL), AUC, (16.18 * 2.82 ng-h/mL) and AUC, o,
concentration-time curve (AUCy, 733.71 + 133.58 ng-h/mL) and (1644 + 2.72 ngh/mL) (p < 0.01, p < 0.05, p < 0.05, respectively).
AUC  (763.78 + 140.45 ng-h/mL) of ANA showed a downward
trend, but there was no statistical significance due to large individual
differences. There was no significant change in the t,. (153 + 3.8 MRNA expression of hepatic drug-

0.65 h) and MRTy. (5.43 + 0.93 h) of ANA. metabolizing cytochrome P450 enzymes
Compared with the single administration of AC, the Cax
(2.25 AUC+ 0.76 ng/mL) of VEN decreased significantly (p < Cytochrome P450 is the most important metabolic enzyme

0.01), while the t;, (3.49 + 0.76h), MRT(, (3.24 + 0.49h) and family in the liver that accounts for either metabolic
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FIGURE 2

Base peak intensity (BPI) chromatograms for Alangium chinense extract (AC) and extract of compatible herbs of Jin-Gu-Lian formula (CH) by ultra-
performance liquid chromatography-quadrupole-time-of-flight tandem mass (UPLC-Q-TOF-MS). (A) BPI chromatogram of the positive (ESI+)
ionization modes for AC; (B) BPI chromatogram of the negative (ESI-) ionization modes for AC; (C) BPI chromatogram of the positive (ESI+) ionization
modes for CH; (D) BPI chromatogram of the negative (ESI-) ionization modes for CH.

detoxification or activation in toxicity (Guengerich, 2008). They play
key roles in the pharmacokinetic herb-herb interactions (Rittle and
Green, 2010). Here, we analyzed the expression of P450 isozymes in
rat livers by RT-qPCR. As shown in Figure 6F, AC treatment
resulted in the significant downregulation of the gene expression
of cytochrome P450 including the cytochrome
P450 family 1 subfamily a polypeptide 2 (Cypla2), cytochrome
P450 family 3 subfamily a polypeptide 1 (Cyp3al), cytochrome
P450 family 2 subfamily d polypeptide 4 (Cyp2d4) and cytochrome
P450 family 2 subfamily e polypeptide 1 (Cyp2el) (p < 0.05; p <
0.01). Combined administration of AC and CH significantly reduced

isozymes,

Frontiers in Pharmacology 18

the downregulation of the mRNA expression of cytochrome
P450 isozymes induced by AC (p < 0.05; p < 0.01).

4 Discussion

Previous studies described A. chinense as a ‘double-edged
sword’. On one hand, A. chinense is used as a medicine for the
treatment of rheumatic arthritis, acroanesthesia, and fractures in the
Miao population in China (Li et al., 2017). On the other hand, A.
chinense is famous as a poisonous medicine that results in toxicity
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FIGURE 3

Chemical structures of compounds in the Alangium chinense extract (A) and the extract of compatible herbs of JGL (B).

involving different organs, such as central nervous system (CNS),
lungs, liver and smooth muscles (Hu et al., 2020; Meng et al., 2021).
Clinical studies have reported that the oral administration of more
than 40g of A. chinense led to severe neurotoxicity, including
convulsions, muscle weakness and

dizziness, respiratory

depression (Zhang et al., 2008). According to the compatibility

Frontiers in Pharmacology

principle of traditional Chinese medicine, the combination of A.
chinense with other herbs in the JGL formula could yield the
expected therapeutic effects with synergistic action when used to
treat rheumatic arthritis but with no severe adverse actions.
However, little is known about the effect of compatible herbs in
JGL on the neurotoxicity induced by A. chinense. In the present

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1133982

Lian et al.

10.3389/fphar.2023.1133982

TABLE 4 Effect of Alangium chinense and the compatible herbs on the behavioral activity in rats.

Open-field test

Total distance traveled (cm)

Total movement time(s)

Grip force(g)

Total rest time(s)

Number of rearing

Control 3798.65 + 419.15 258.69 + 9.44 41.31 £ 9.44 29+6 1206.19 + 106.95
AC 2436.09 + 485.58% 226.62 + 5877 73.38 + 5.87% 18 + 6 ‘ 918.18 + 50.27%
CH 3317.65 + 786.39 24517 £ 9.04 54.83 + 9.04 29 £ 10 ‘ 1156.34 + 32.11

AC/CH 3354.07 + 500.33* 250.17 + 18.76* 49.83 + 18.76* 31 = 5* ‘ 1191.89 + 55.53**

Quantitative data represent the mean + SD, from 6-8 rats in each group. “p < 0.05, “p < 0.01, compared with control. *p < 0.05, **p < 0.01, compared with only AC treatment.

study, AC treatment resulted in neurobehavioral disorders, as
evidenced by reduced locomotor activity and muscle strength.
H&E and Nissl staining showed that AC treatment induced
morphological changes in neurons. Previous studies reported that
anabasine, the alkaloid of A. chinense, led to significant behavioral
changes in terms of fetal movement, memory and attention (Levin
et al,, 2014; Green et al, 2018). In current study, the compatible
herbs of JGL could ameliorate the A. chinense-induced neurotoxicity
by reducing the frequency of induced abnormal behaviors and
morphological damage in neurons.

Neuron-specific enolase (NSE) is abundant in neurons of the
central nervous system (CNS) and is considered as a neurotoxic
marker to assess cerebral neurodegeneration in a wide range of CNS
disorders (Sahu et al., 2017). Neurofilaments are released when the
axon of a neuron incurs damage. The serum levels of neurofilament
light chain (NEFL) can indicate neuronal cell death in the brain and
serve as a potential fluid biomarker of neurotoxicity (Sano et al.,
2021). We found that AC treatment induced enhanced levels of NSE
and NEFL in rat brains, thus concurring with the previous finding
that excessive NSE levels are due to oxidative stress (Ciancarelli et al.,
2015). The compatible herbs of JGL could reduce the overexpression
of NSE and NEFL.

A diverse range of molecular mechanisms are involved in
neurotoxicity. Of these, reactive oxygen species (ROS) are known
to play an essential role in neuronal fate and development (Wilson
etal., 2018). An imbalance between ROS production and the activity
of the antioxidant system can lead to excessive ROS accumulation
and oxidative stress, thus causing damage to DNA, RNA, protein
and lipids (Schieber and Chandel, 2014). In neurocytes, oxidative
damage can adversely affect several neuronal functions, including
locomotor activity, muscle strength, memory, learning and
cognition, thus contributing to developmental neurotoxicity
(Spinu et al,, 2019). Some antioxidants, including SOD, GSH-Px,
catalase (CAT) and glutathione (GSH), can directly and indirectly
remove free radicals and ameliorate developmental neurotoxicity
(Nishimura et al., 2021). Sesquiterpenes and alkaloids from A.
chinense were previously shown to exert antioxidant activities
against cysteine-induced rat liver microsomal lipid peroxidation
(Zhang et al,, 2013). Salicin from A. chinense can inhibit ROS
generation, reduce the levels of malondialdehyde (MDA) and
increase the levels of several antioxidant enzymes, including
glutathione (GSH), SOD and catalase (CAT) via the Nrf2-HO-1-
ROS pathway (Zhai et al., 2018). In agreement with previous reports,
we found that AC treatment gave rise to considerable oxidative
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damage, as evidenced by obvious reductions in the activities of SOD,
GSH-Px and T-AOC. The combination of CH with AC could reduce
AC-induced oxidative damage by increasing the activity of the
cellular system. These data suggest that the
compatible herbs of JGL could mitigate the neurotoxicity of A.

antioxidant

chinense by regulating oxidative stress-related disorders.
Neurotransmitters play important roles in the function of the
nervous system and mainly include monoamines, amino acids and
choline (Vogt, 2019). Neurotransmitter abnormalities are regarded as
a biomarker of neurotoxicity and are responsible for numerous
neurodegenerative diseases and brain injuries (Iadecola et al., 2001;
Sun et al., 2018; Stradtman and Freeman, 2021; Tinkov et al., 2021).
Many neurotoxicants are known to exert adverse effects in the
concentration and signaling of neurotransmitters (Stradtman and
Freeman, 2021; Tinkov et al.,, 2021). A significant reduction in the
levels of monoamine neurotransmitters, including 5-HT, DA,
DOPAC and NE was reported to be associated with impaired
attention, locomotor dysfunction, disrupted motor coordination,
and impaired learning tasks (Sun et al., 2018; Conley et al., 2020;
Stradtman and Freeman, 2021). The disruption of cholinergic
neurotransmission, as evidenced by upregulated AChE activity, the
inhibition of choline acetyltransferase activity, cholinergic neuron
death and the reduction of ACh levels is associated with oxidative
damage and known to be involved in locomotor and motor deficits
(Tinkov et al,, 2021). Anabasine, the active component of AC, has
been identified as an agonist of nAChRs with greater affinity for
a7 nAChR and lower affinity for a4f32 subtypes (Levin et al., 2014).
Anabasine-induced a7 nAChR activation results in the release of
different transmitters, including dopamine, norepinephrine,
serotonin, histamine, GABA and glutamate. These alterations can
explain the effect of anabasine on behavioral changes including fetal
movement, memory and attention (Levin et al., 2014; Green et al.,
2018). Hsieh et al. (1993) previously reported that AC extract affected
the motor activity and changed the concentration of monoamine in a
rat model. Studies involving another species from the Alangium
genus, Alangium  platanifolium, showed similar effects on
neurobehavioral changes as A. chinense (Hu et al., 2020). Zhu
et al. (1996) reported that A. platanifolium extract interacted
strongly with a number of neurotransmitters, including o2-
adrenoceptor, 5HT1, 5HT2, dopamine 1, dopamine 2, GABA, and
GABAj and plays a role in locomotor activity, muscle relaxant activity
and analgesic activity. Our present results were in accordance with
these previous literatures. The levels of neurotransmitters were
illustrated in Figure 5C. AC treatment led to abnormalities in the
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FIGURE 4

The effects of Alangium chinense combined with the compatible herbs of JGL on the morphological structure of neurons in the brain. Rats were
orally gavaged with distilled water (control group, A and E), extract of compatible herbs of JGL (CH group, B and F), Alangium chinense extract (AC group,
C and G), a combination of AC and CH (AC/CH group, D and H) once-daily for 14 days. Scale bar = 50 pm in H&E (A—D) and Nissl staining (E—H). Black
arrows indicated nucleus pycnosis, karyorrhexis and neuronal necrosis. Red arrows indicated neuronal eosinophilic degeneration.

concentrations and metabolism of neurotransmitters in the brain.
Combined treatment with CH and AC reduced the attenuation of
monoamine and acetylcholine neurotransmitter levels induced by AC.
These observations suggested that the compatible herbs of JGL could
regulate the abnormal concentrations and metabolisms of
neurotransmitters to mitigate the neurotoxicity induced by A.
chinense.

The combinational principle of TCM is a primary approach used
to reduce the toxicity of toxic herbs by interacting with other herbal
materials that cause changes in the pharmacokinetic process,
decrease the exposure levels of toxic constituents or inhibit toxic
metabolism (Zhang et al.,, 2018). The toxicity of drugs is directly

related to the exposure levels of components in vivo and may be
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positively correlated (Zhang et al., 2018; Chang et al., 2020). In the
present study, significant differences of pharmacokinetic profiling in
rats were observed between AC treatment and the co-administration
of AC and CH. Continuous administration with combination of AC
and CH for 14 days demonstrated that the C,,,x of ANA reduced
from 204.71 to 127.51 ng/mL, AUC, felt down from 1028.67 to
746.93 ngh/mL and AUC, ., felt down from 1036.87 to
748.70 ng-h/mL in comparison with AC treatment. The decrease
of Ciax and AUC in response to the combined administration of AC
and CH indicated lower absorption and reduced exposure level of
ANA in plasma, which might bring about a lower possibility of
toxicity induced by AC. Similar results were found for these

pharmacokinetic parameters of ANA following the single

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1133982

10.3389/fphar.2023.1133982

Lian et al.
0.20 800
*% * * *
Eots — 600 T
g E
g 2
a5 0.10 £ 400
g
w
® 0.05 < 200 ’—T—‘ ’_T_| ’—T_‘
-4
0.00 T T v T T T T
Control  AC CH  ACICH Control  AC CH  ACICH
B *% *%k *% *%k
50 40 100 e m—
*% *% =
=3 °
B 40 g 30 i 1 E‘, 80
o
gao £ % 60
H 2 20 €
=20 x £ 40
a e o
3 10 % 10 2 2
o <
e
v T T T T
Control  AC cH  AcicH Control  AC cH  AcicH Control  AC CH  ACICH
* *
800 150 *% * 40 . .
l—u—l
600 _30
5 5 100 5
> S 2
£ 400 £ S
5 w
2 Zz 5 f,
200 |_T_| 10 |_T_|
Control  AC cH  AcicH Control  AC CH  AcicH Control  AC cH  AcicH
*%k k%
120 4 i * 15
*% *
20 53 | | p—
S S B 1.0
=) = 2
£ 60 g2 :
<
a S Z o5
30 Q1 |_—L|
T T 0.0 T T T
Control  AC CH  ACICH Control  AC CH  ACICH Control  AC CH  ACICH
FIGURE 5

The effects of Alangium chinense combined with the compatible herbs of JGL on neurotoxicity biomarkers, oxidative stress and neurotransmitters.

Rats were orally gavaged with distilled water (control group), Alangium chinense extract (AC group), extract of compatible herbs of JGL (CH group) or a
combination of AC and CH (AC/CH group) once-daily for 14 days. (A) Serum NSE and NEFL levels were analyzed by ELISA assays. (B) Superoxide
dismutase (SOD) activity, glutathione peroxidase (GSH-Px) activity and total antioxidant capacity (T-AOC) in brain were detected. (C) The levels of
monoamine and acetylcholine neurotransmitters in brain were analyzed by LC-MS/MS. Quantitative data represent the mean + SD from 6-8 rats in each

group. *p < 0.05, **p < 0.01.

administration of the extracts. Additionally, single administration of
AC and CH led to longer MRT of ANA than AC treatment, which
suggested that the compatibility of AC with CH in JGL formula
helped to prolong the retention of ANA in vivo. Our results went in
hand with previous reports that the C,,.x and V,r of ANA were
significantly attenuated and the clearance rate (CL) was decreased
responsible for prolonged MRT in the combination of core drug pair
and other herbs in JGL formula (Zheng et al., 2022). These results
suggested that the maintenance of ANA, which characterized in
terms of duality of efficacy and toxicity, at an appropriated lower
level with a longer retention time in plasma might contribute to its
expected therapeutic actions with fewer side effects. Notably, the rats
treated with combination of AC and CH in our study demonstrated
significant reduction in the AUC of ANA and this result was
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inconsistent with previous study that the core drug pair
combined with other herbs in JGL showed increased tendency in
the AUC of ANA (Zheng et al., 2022). Some possible reasons for this
discrepancy are (1) taking different herbal medicines as objects, that
A. chinense for the present study and the core drug pair for the
previous study, in which the active components of S. cuneate may
decrease the absorption and slow down the metabolism of the active
components (ANA) of A. chinense in rats, (2) different dosage of A.
chinense, that the dose used in the previous study is lower than the
toxic dose in the present study. In addition to anabasine, we also
compared the pharmacokinetic properties of venoterpine (VEN),
another main component of A. chinense, in rats administrated with
AC and combination of AC and CH. The continuous treatment of
herbs for 14 days led to marked reductions in the C,,,x, AUC, ¢ and
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FIGURE 6

Pharmacokinetic process for the active components of Alangium chinense and the gene expression of hepatic cytochrome P450. (A) Chemical
structure of DL-anabasine (ANA), venoterpin (VEN) and nicotine (IS). In a pharmacokinetic study (B—E), male rats were treated with AC alone or co-
administration of AC and CH once a day for 14 days. Mean rat plasma concentration-time profiles of ANA (B) and VEN (D) after single administration, ANA
(C) and VEN (E) after continuous administration. Data are expressed as mean + SD (n = 5). The gene expression of cytochrome P450 isozymes in liver

was analyzed by RT-gPCR (F). The relative expression of target genes was calculated using the 27T method. The amount of each transcript was
normalized to that of beta-actin. Quantitative data represent the mean + SD of eight rats. *p < 0.05, **p < 0.01.

AUC_, of VEN following the co-administration of ACand CHin  JGL formula, thus reducing the frequency of A. chinense induced
comparison with AC alone. These results indicated that the  toxicity.

absorption and exposure level of VEN in rats was decreased Pharmacokinetic herb-herb interactions can be partly explained by
through the interaction between different medicinal materials in ~ the regulation of cytochrome P450 enzymes. Cytochrome
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TABLE 5 The pharmacokinetic parameters of anabasine (ANA) and venoterpin (VEN).

10.3389/fphar.2023.1133982

Analytes PK parameters Single administration 14 days continuous administration
AC AC and CH AC AC and CH
ANA ti, (h) 3.08 + 0.73 427 + 111 321 + 043 255 + 0.61°
timax (h) 1.20 + 045 1.53 + 0.65 1.80 + 0.45 2.00 = 0.00
Cpnax (ng/mL) 159.62 + 19.64 11579 + 20.62** 204.71 + 28.28° 127,51 + 12.09%
AUC,  (h-ng/mL) 830.64 + 131.28 733.71 + 133.58 1028.67 + 39.20° 746.93 + 35.00°
AUC, oo(h-ng/mL) 852.10 + 121.22 763.78 + 140.45 1036.87 + 35.91° 748.7 + 36.50%
MRT,., (h) 429 +0.87 543 + 0.93 442 +0.36 477 + 0.44
MRT,_, (h) 472 + 074 6.34 + 1.20* 4.62 % 0.40 4.83 £ 0.49°
VEN t> (h) 245 + 0.09 3.49 + 0.76* 131 + 0.26* 112 + 0.22%
timax (h) 0.67 % 0.33 1.07 + 0.60 0.93 % 0.15 0.93 % 0.15
Conax (ng/mL) 5.46 + 1.80 225 +0.76™ 9.08 + 1.78° 5.67 + 0347
AUC,( (h-ng/mL) 1571 + 821 7.29 + 250 30.40 + 10.73" 16.18 + 2.82**
AUC, o (h-ng/mL) 15.76 + 8.24 7.47 + 2.60 30.64 + 10.88° 16.44 + 2.72%*
MRT,  (h) 227 %025 3.24 + 0.49* 225 + 0.41 1.95 + 0.39*
MRT, , (h) 234 + 025 3.85 + 0.99* 232 % 0.43 2.04 £ 0.36™

Rats were treated with single administration and 14 days continuous administration of AC, combination of AC, and CH., Quantitative data were the mean + SD of five rats. *p < 0.05, **p < 0.01,

compared with only AC treatment. “p < 0.05, “p < 0.01, compared with single administration.

P450 enzymes are a diverse group of catalytic enzymes in the liver and
can be involved in the biotransformation of approximately 75% of
clinical drugs (Rittle and Green, 2010). The enzyme activity as well as
the induction and inhibition of these enzymes are main parameters for
drug metabolism and have been widely implicated in the toxification
and detoxification processes of a variety of chemical agents
(Guengerich, 2008). In theory, human Cypla2, Cyp2d6, Cyp2el, and
Cyp3a4 correspond to rat Cypla2, Cyp2d4, Cyp2el, and Cyp3al (Ma
et al, 2019). Therefore, we detected the mRNA expression levels of
Cypla2, Cyp2d4, Cyp2el, and Cyp3al in the livers of rats from different
treatments to explain the regulatory effect of CH on the
pharmacokinetics process of AC. AC treatment significantly
downregulated the expression of these CYP enzymes when
compared to those of the controls. The AC-induced reduction in the
expression levels of Cypla2, Cyp2d4, Cyp2el, and Cyp3al mRNA was
markedly ameliorated when rats were administered with both AC and
the compatible herbs of JGL. Although the specific activity of CYPs was
not detected, our present results suggested that these four CYP isoforms
might be associated with the mechanisms generated by combining A.
chinense and the compatible herbs of JGL and that these effects were
generated by regulatory effects in the pharmacokinetics process.

In addition to cytochrome P450 enzymes, the intestinal
metabolism also plays an essential role in the absorption of orally
administered drugs through the intestinal microbiota (Lopez-
Yerena et al., 2020). This dynamic intestinal absorption process
is regarded as an important factor that explains the compatibility of
TCM and ethnomedicines (Wang et al., 2022). A previous study
demonstrated that some toxic alkaloids from TCM underwent
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hydroxylation, deoxygenation, demethylation, deoxidation and
demethylation and ester hydrolysis through the intestinal
bacteria, thus reducing their toxicity. Nicotin, an alkaloid with a
similar chemical structure to anabasine and venoterpine is
predominantly transported across Caco-2 cell monolayers in a
unidirectional mode by pH-dependent specific transport systems
in a manner that corresponds to its intestinal secretion (Fukada
et al, 2002). The anti-rheumatic arthritis fraction (ARF) of G.
leucocarpa exhibited good membrane permeability and strong
intestinal absorption characteristics by virtue of active transport
and passive diffusion. In addition, three main active ingredients of
ARF were demonstrated to be the substrates of P-glycoprotein and
may further affect the intestinal absorption characteristics of
medicines and herbs (Wang et al., 2022). These previous studies
suggested that the complex composition of TCM and the interaction
between multiple constituents could result in different absorption
levels of active components in the intestinal segments. In the present
study, the single and continuous administration of AC and CH led to
a reduction in the in vivo exposure levels of ANA and VER when
compared to single AC treatment. This led us to hypothesize that the
components of CH might regulate the intestinal metabolism of
anabasine and venoterpine to influence their absorption
characteristics. ~ Further —metabolic  experiments involving
anabasine and venoterpine are needed to test this hypothesis.
Collectively, the data described herein are valuable and improve
our understanding of the mechanisms by which the compatible herbs
of JGL can inhibit the neurotoxicity induced by A. chinense to some
extent. However, there are some issues that need to be investigated in
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future studies. Firstly, in addition to the changes in the mRNA
expression levels of CYPs, we need to investigate how the
compatible herbs of JGL can specifically modulate the activity of
CYPs and intestinal metabolism, and then result in detoxication.
Secondly, we need to identify the exact ingredients of the compatible
herbs of JGL that interact with the active components of A. chinense,
such as anabasine or other chemicals. According to the present
chemical analysis, there were many different types of compounds
in JGL, including alkaloids, organic acids, phenolics and saponins,
which may have synergistic interactions among them. Previous works
have reported that the toxicity of alkaloids in herbal medicines can be
attenuated after being combined with other herbs containing saponins
or organic acids. For example, the detoxification mechanisms of
ginseng to aconitine was that ginsenoside Rgl could regulate the
ion channels pathway (Xu et al., 2022), accelerate the metabolism of
aconitine and promote the absorption of benzoylaconine (Xu et al.,
2020). Glycyrrhizic acid and liquiritigenin from Glycyrrhiza uralensis
alleviated Semen Strychni-induced acute neurotoxicity through
regulating high mobility group protein Bl (HMGBI) related
pathway (Duan et al.,, 2022). Further research needs to investigate
the interaction between alkaloids of AC and other chemical
constituents from CH, which may attenuate the toxicity of A.
chinense by modifying solubility, absorption or metabolism of its
active alkaloids. Thirdly, transcriptomics and proteomics assays are
required to unravel the possible involvement of other mediators
underlying the neurotoxic action of AC when combined with
other compatible herbs.

5 Conclusion

Our data demonstrate that the compatible herbs of JGL formula
lead to a reduction in neurotoxicity induced by A. chinense.
Furthermore, this combination inhibited oxidative damage,
reduced the levels of neurotoxic biomarkers, regulated the
abnormal levels and metabolisms of neurotransmitters, as well as
modulated the pharmacokinetic processes of the active components
of A. chinense by changing the levels of exposure to chemicals and by
ameliorating the downregulation of the expression of cytochrome
P450. This investigation provided experimental data for clinical
application of JGL formula and its herbal compatibility.
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Introduction: Mori Cortex has been used in traditional Chinese Medicine as an
antidiabetic agent. The aim of this study was to establish a UPLC-MS/MS method for
simultaneous determination of morin, morusin, umbelliferone and mulberroside A in
rat plasma and investigate the pharmacokinetics differences between normal and
diabetic rats following oral administration of Mori Cortex total flavonoid extract.

Methods: Samples were pre-treated by protein precipitation and genkwanin was
used as internal standard. Chromatographic separation was performed using a
Hypersil GOLD Cyg column (50 mm x 2.1 mm, 3 pm). The mobile phase consisted
of acetonitrile and water (containing 0.1% formic acid) in gradient mode at a flow
rate of 0.5 ml/min. The transitions of m/z 300.9-107.1, m/z 419.3—-297.1, m/z
160.9-77.0, m/z 567.1—243.2 and m/z 283.1-268.2 were selected for morin,
morusin, umbelliferone, mulberroside A and internal standard, respectively.

Results: The intra- and inter-day precision for analytes were less than 12.5% and
the accuracy ranged from —8.1% to 3.5%. The extraction recovery was >88.5% and
no obvious matrix effect was observed. The AUCg.yy and Cpax Of morin were
501.3 +115.5 ng/mL*h and 127.8 + 56.0 ng/mL in normalrats and 717.3 + 117.4 ng/
ml*h and 218.6 + 33.5 ng/mlin diabetic rats. Meanwhile, the AUC(g-y) and Cax Of
morusin were 116.4 + 38.2 ng/ml*h and 16.8 + 10.1ng/mL in normal rats and
325.0 + 87.6 ng/mL*n and 39.2 + 5.9 ng/mlin diabetic rats. For umbelliferone and
mulberroside A, the AUCg-) and Cpax also increased significantly in diabetic rats
(p < 0.05).

Discussion: The validated method was successfully applied to the pharmacokinetic
study in normal and diabetic rats.

Abbreviations: UPLC-MS/MS, ultra-performance liquid chromatography-tandem mass spectrometry;
DM, diabetes mellitus; TCM, traditional Chinese Medicine; STZ, streptozotocin; FBG, fasting blood
glucose; ESI, electrospray ionization source; MRM, multiple-reaction monitoring; QC, quality control;
LLOQ, the lower limit of quantification; ULOQ, the upper limits of quantification; RSD, relative standard
deviation; RE, relative error.
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1 Introduction

A large number of studies have shown that long-standing
serious hyperglycemia is the main cause of metabolic disorders
and autoimmune disorders (Maritim et al., 2003). Diabetes
mellitus (DM) is a chronic disease caused by acquired
deficiency in production of insulin by the pancreas, or by the
ineffectiveness of the insulin produced (Riaz, 2009). This
deficiency results in increased concentrations of glucose in
the blood, which in turn leads to retinopathy, nephropathy,
neuropathy, coronary heart disease, cerebrovascular disease,
and peripheral vascular diseases (Gregg et al., 2016; O’Brien and
Corrall, 1988). The main purpose of diabetes treatment is to
prevent or delay the complications by improving blood sugar
control (Kooti et al.,, 2016). In China, traditional Chinese
medicine (TCM) has been widely used in the treatment of
diabetes and its complications (Tong et al, 2012). The
prevention and treatment of diabetic complications by using
TCM have lots
treatment and small toxicity and side effects (Jia et al., 2003;
Wang et al., 2016; Martel et al., 2017; Aras et al., 2019).

Mori Cortex, also called “Sang-Bai-Pi” in Chinese, which is

of advantage including comprehensive

derived from the root bark of Morus alba L. according to the
China Pharmacopeia (The Committee of China Pharmacopeia,

2020). The modern pharmacological studies have shown that
Mori Cortex has the active effect of antidiabetic (Ma et al.,,
2018), antioxidant (Ahmad et al., 2013; Abbasa et al., 2014;
Bayazid et al.,, 2020), anti-inflammatory (Lim et al., 2013;
Bayazid et al., 2020), antimicrobial (Grienke et al., 2016) and
anticarcinogenic (Lim et al., 2014). It was first recorded for the
antidiabetic effect of Mori Cortex in “Compendium of Materia
medica”. According to ancient prescriptions, the decoction of
Cortex Mori (12 g) and Lycii Fructus (15 g) was used to control
the blood glucose level for diabetic patients (Xiao et al., 2014).
Recent studies have shown that Mori Cortex extract could lower
the blood glucose and improve insulin resistance (Qi et al,
2016; Kim and Choe, 2017; Ma et al., 2018).

To the best of the authors’ knowledge, there is no study
focusing on the simultaneous quantification of morin, morusin,
umbelliferone, and mulberroside A in rat plasma. The aim of
this study was to develop an ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS)
method for the
morusin, umbelliferone and mulberroside A, which are the

simultaneous determination of morin,
main active components of Mori Cortex total flavonoid
extract with higher content, in normal and diabetic rat (Liu
et al., 2019). The structures of these four target analytes and IS

are shown in Figure 1.
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The chemical structure of morin (A), morusin (B), umbelliferone (C), mulberroside A (D) and genkwain IS, (E).
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2 Materials and methods
2.1 Chemicals and reagents

Mori Cortex total flavonoid extract (Lot number HP20171011),
morin (98% purity), morusin (98% purity), umbelliferone (98%
purity) and mulberroside A (98% purity) were supplied by Baoji
Herbet Bio-Tech Co. Ltd (Baoji, China). Genkwanin (internal
standard (IS), 98% purity) was supplied by the National Institute
for the Control of Pharmaceutical and Biological Products (Beijing,
China). Propylene glycol was purchased from Nanjing Weier
Pharmaceutical Co. Ltd (Nanjin, China). Streptozotocin (STZ)
was purchased from Sigma (Sigma-Aldrich, St Louis, MO,
United States). HPLC-grade formic acid was obtained from
Tianjin Kermel Chemical Reagent Co. Ltd (Tianjin, China).
HPLC-grade acetonitrile and methanol were obtained from Tedia
Company (Fairfield, United States). Purified water was employed by
Wahaha Co. Ltd (Hangzhou, China). All of the other chemicals were
analytical grade or better.

2.2 Animals

Male Sprague-Dawley rats (7-8 weeks old, weighing 200 + 20 g)
were purchased from Jinan Pengyue Experimental Animal Breeding
Co. Ltd (Jinan, China). They were housed in a room with a 12/12 h
light/dark cycle and an ambient temperature of 23°C + 3°C. All
animal experiments were carried out according to the National
Institute of Health Guideline for the Care and Use of Laboratory
Animals, and performed by the Animal Ethics Committee of School
of Pharmacy and Pharmaceutical Sciences & Institute of Materia
Medica, Shandong First Medical University & Shandong Academy
of Medical Sciences (2017036, Jinan, China).

The rats were given a single intraperitoneal injection with a
freshly prepared solution of STZ (60 mg/kg) in 0.1 mol/L citrate
buffer (pH = 4.4) to induce diabetes (Scke Etet et al., 2017; Zhang
etal,, 2017). After 8 weeks, the rats with fasting blood glucose (FBG)
for 5-6h exceeding 16.7 mmol/L were considered successful
diabetes models. The FBG was measured from the tail vein using
a One-Touch Ultra® Blood Glucose Meter (LifeScan Inc., Milpitas,
United States).

2.3 Instrumentation and UPLC-MS/MS
conditions

A Shimadzu Prominence UPLC (Shimadzu, United States)
system coupled to an AB SCIEX™ 5500 Q-Trap® mass
spectrometer (Applied Bio-systems, United States) equipped with
an electrospray ionization interface operated in negative multiple
reaction monitoring (MRM) mode were applied to analysis. The
analytes separation was achieved via gradient elution of 0.1% formic
acid in water (A) and acetonitrile (B) at a flow rate of 0.5 mL/min on
a Thermo Hypersil Gold C;g column (50 mm x 2.1 mm, 3 pm;
Thermo Scientific, New York, United States). The run time was
4.0 min for each analysis. The gradient elution program was used as
follows: 5% B—10% B at 0-0.2 min, 10% B—70% B at 0.2-2.0 min,
70% B at 2.0-2.5 min, 70% B—5% B at 2.50-2.51 min; 5% B at
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2.51-4.0 min. The temperatures of autosampler and column were
set at 15°C and 40°C, respectively. The supernatant injection volume
was 2 pl. The MRM conditions (source-dependent mass parameters)
were defined as follows: Ion Spray Voltage, —4500 V; temperature,
550°C; curtain gas, 35.0 psi; collision gas, medium; Gas 1, 55.0 psi;
Gas 2, 55.0 psi. The transitions of m/z 300.9—107.1, m/z
419.3—297.1, m/z 160.9—77.0, m/z 567.1—243.2 and m/z
283.1—268.2 were selected for morin, morusin, umbelliferone,
mulberroside A and IS, respectively. The system control and data
analysis were performed using AB SCIEX Analyst software
(version 1.6.3).

2.4 Preparation of standard solutions,
calibration standards and quality control
samples

The analytes were accurately weighted and separately dissolved
in methanol to yield the stock solutions with a concentration of
5 mg/mL. The stock solutions were stored at —80°C until analyzed.
The stock solutions were stepwise diluted with acetonitrile to make a
series of mixed working solutions at concentration levels of
20-20000 ng/ml for target analytes. In addition, the IS was
dissolved in methanol and then diluted with acetonitrile to
obtain a working solution of 50 ng/ml. The solution of IS was
maintained at 4°C.

Calibration standards were prepared by adding 10 ul of the
mixed working solutions to 190 pl blank plasma to obtain final
concentrations in the range 1-1000 ng/mL for target analytes. The
quality control (QC) samples were prepared separately by the same
method at four concentration levels of 1 (lower limit of
quantification, LLOQ), 3 (LQC), 80 (MQC) and 800 ng/ml
(HQC) for the four analytes.

2.5 Sample preparation

50 ul of rat plasma was mixed with 50 pl of IS solution (50 ng/
ml) in a 1.5 ml polypropylene tube and then 100 ul acetonitrile was
added to precipitate protein. The mixture was vortexed for 5 min,
then centrifuged at 13000 rpm for 5 min at 4°C. The supernatant was
collected in an autosampler vial and 2 pl of aliquot was injected into
the UPLC-MS/MS system for analysis.

2.6 Validation of UPLC-MS/MS analytical
method

The selectivity, linearity range, carryover, inter- and intra-
day precision and accuracy, matrix effect, recovery and stability
under different storage conditions were evaluated according to
the FDA Guidance for Industry Bioanalytical Method
Validation (Xiong et al., 2017; Food and Drug
Administration, 2018; Li et al., 2019).

The selectivity was evaluated by comparing the chromatogram
of blank rat plasma from six different matrices with standard plasma
samples spiked with analytes and IS. The purpose was to explore
whether there was interference from endogenous substances.
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TABLE 1 Optimized mass parameters for analytes and IS.
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Analytes Precursor ion (m/z) Quantitative ion (m/z) Qualitative ion (m/z) Dp (V) Ep (V) Cxp (V) CE (V)
Morin 300.9 107.1 125.0 -20 -15 -15 -35
Morusin 4193 297.1 89.0 -60 -15 -43 -20
umbelliferone 160.9 77.0 105.0 -100 -15 -5 -34
mulberroside A | 567.1 2432 405.2 ~200 -10 -5 -39
IS 283.1 268.2 239.9 -65 -15 -50 -32
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FIGURE 2

Typical multiple reaction monitoring (MRM) chromatograms of morin, morusin, umbelliferone and mulberroside A from rat plasma: (A) blank plasma
sample; (B) blank plasma spiked with analytes; (C) rat plasma sample after oral administration of Mori Cortex total flavonoid extract (1: morin, 2: morusin,

3: umbelliferone, 4: mulberroside A; (a) diabetic rats, (b) normal rats).

The
mulberroside A were evaluated by plotting the peak area ratios of

linearity for morin, morusin, umbelliferone and
the analytes/IS versus the concentration values of the standard
plasma samples on three consecutive days (a weighted 1/X> least
squares linear regression). The LLOQ was determined by spiking the

lowest concentration on the calibration curve with acceptable

Frontiers in Pharmacology

precision of less than 20% of the relative standard deviation
(RSD, %) and relative error (RE, %) of +20%. The carryover was
assessed by analyzing the response of the blank plasma following the
upper limits of quantification (ULOQ).

The intra- and inter-day accuracy and precision were
determined by analyzing five replicates on three consecutive
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TABLE 2 analytical parameters for quantification of analytes.

Analytes

Regression equation

10.3389/fphar.2023.1148332

Linear range (ng/mL) LLOQ (ng/mL)

Morin y =298 x 107*x+9.24 x 107™* 0.9967 1-1000 1
Morusin y =122 x107x+1.19 x 10~° 0.9964 1-1000 1
umbelliferone y =203 x 107x+1.51 x 107 0.9978 1-1000 1
mulberroside A y = 8.18¢ °x+1.64e”° 0.9961 1-1000 1

TABLE 3 Precision and accuracy for the determination of analytes in rat plasma (n = 5).

Analytes

Spiked concentration (ng/mL)  Intra-day

Precision (RSD,%)

Inter-day

Accuracy (RE,%) Precision (RSD,%) Accuracy (RE,%)

Morin 1 5.7 -4.2 9.4 -1.9
3 55 -6.3 5.4 -7.5
40 5.7 -2.5 7.9 -6.6
800 4.1 -0.5 59 -2.9
Morusin 1 9.5 35 12.5 -5.4
3 2.4 -3.3 6.4 -8.1
40 55 -39 7.6 -1.5
800 5.0 -3.0 7.8 2.7
umbelliferone 1 5.8 -0.3 7.8 -5.6
3 4.6 1.8 6.4 -1.4
40 5.1 -0.7 58 1.6
800 52 -4.1 7.6 -2.1
mulberroside A 1 8.9 -0.9 11.0 -32
3 6.7 -0.5 9.0 -1.7
40 8.5 3.1 10.4 -2.9
800 4.7 =52 8.4 -2.0

days. The intra-day assessment was investigated in the 1 day and
the inter-day assessment was investigated for three consecutive
days. The precision was calculated in terms of RSD (%), while the
accuracy was expressed as the RE (%). The RSD should be within
15% and accuracy was required to not be exceed £15% at four QC
levels.

The recovery of four target analytes were evaluated at three QC
levels (LQC, MQC, and HQC) by comparing the mean peak areas of
QC samples in six replicates with that of the pre-extraction blank
plasma spiked with the corresponding working standard solution.
The matrix effect was investigated by comparing the peak area of
analytes resolved in pre-extraction matrix of blank plasma with
those in the water-substituted samples. The recovery and matrix
effect of the IS were assessed in the same way.

The stability of analytes in rat plasma was assessed by analyzing
QC samples at low, middle and high levels (n = 5) under different
storage condition including the short-term stability at room
temperature for 6h, the post-treatment stability at 15°C in

Frontiers in Pharmacology

autosampler for 12h, three freeze-thaw stability, and the long-
term stability at —80°C for 7 days.

2.7 Preparation of the oral solutions

The Mori Cortex total flavonoid extract (8 g) was stirred
with propylene glycol (20ml) by ultrasonic in a 50 ml
volumetric flask, and then added purified water to 50 ml
slowly. The contents of morin, morusin, umbelliferone and
mulberroside A in the Mori Cortex total flavonoid extract
were 0.1093%, 1.0050%, 0.1128% and 0.0764%, respectively.

2.8 Pharmacokinetic study

Ten male Sprague-Dawley rats were enrolled in the
pharmacokinetic study: five normal rats and five diabetic rats.
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Mean plasma concentration-time curves of morin (A), morusin (B), umbelliferone (C) and mulberroside A (D) after oral administration of Mori Cortex

total flavonoid extract (n = 5).

All of the rats were fasted for at least 12 h and had free access to
drinking water before the experimental. The two groups of rats
were administered Mori Cortex total flavonoid extract at the
doses of 2 g/kg by oral after overnight fasting. Blood samples
(150 ul) were obtained from retroorbital plexus into a
heparinized tube at 0 (pre-dose), 0.083, 0.167, 0.5, 0.75, 1, 1.5,
2,3, 5,8, 12 and 24 h after oral administration. The collected
blood samples were immediately centrifuged at 3500 rpm at 4°C
for 15 min to obtain plasma fraction. The samples were frozen
at —80°C until analyzed.

3 Results
3.1 Method development

Acetonitrile/methanol-water (containing 0, 0.1% formic
acid and 10 mM ammonium acetate with 0.1% formic acid)
being the mobile phase with gradient elution was used to
evaluate UPLC separation and sensitivity in MS detection in
order to obtain the good peak shape and optimal response for all
the analytes. Finally, the mobile phase containing acetonitrile
and 0.1% formic acid in water was selected for the separation of
the four analytes and IS, and the excellent peak shape and lower
background noise were also obtained.

The ESI source was operated in negative ion mode to achieve
maximum response and the deprotonated precursor molecular
[M-H]

ions were chosen to be monitored. The m/z
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300.9—107.1 as the quantitative ion for morin was selected
due to the better peak shape of LLOQ samples. For morusin,
the mass transition of m/z 419.3—89.0 was not chosen for
quantitative analysis because it showed interference of
endogenous substances in blank plasma samples. The MS/MS
spectrogram of morin, morusin, umbelliferone, mulberroside A
and IS are shown in Supplementary Figure S1. The optimal mass
spectrometry parameters and transitions for analytes are listed in

Table 1.

3.2 Method validation

As shown in Figure 2, the retention times were 1.47, 2.62, 1.27,
0.95 and 2.05 min for morin, morusin, umbelliferone, mulberroside
A and IS, respectively. No unacceptable interference was observed at
the retention times.

The eight-point calibration curve was found to be linear over the
concentration range of 1-1000 ng/mL for four analytes. Correlation
coefficients were >0.99 for all analytes. The calibration curve results
for four analytes are summarized in Table 2. The LLOQ values for
analytes were 1 ng/mL with RSD <12.5% and RE varied from —-5.6%
to 3.5% (Table 3), indicating LLOQs of all analytes met the
requirements. There was no carryover effect after the injection of
ULOQ samples.

The intra- and inter-day precision and accuracy within the
acceptance limit for the analytes are summarized in Table 3. The
precision was <10.4% and the accuracy was within + 8.1% for four
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analytes. The data suggested that the analytical method was reliable
2 and accurate.
g g 9 % EN The mean extraction recovery and matrix effect of the analytes
E ﬁ i 5 2 2z 3 ,t' (i and IS are summarized in Supplementary Table SI. The results
o I VR a I suggested that the assay obtained high recovery and no obvious
- -~ c - S ES matrix effect of each analyte and IS was observed.
(] The stability data of four analytes are shown in Supplementary
% ‘3 B4 ; Table S2. The results proved that the storage conditions, disposal,
° R § . . . . .
E r_g SN 92| i z f g intermittent analysis and analysis techniques were valid and reliable
S | 5 = | - Doy g g - = for the analytes in rat plasma.
= = R =
£
g
£ o g f 3.3mAp%pr%is?r’§ion to a pharmacokinetic
@ L IS § R ® % Cco
! o IR : ot g
,;; § % g 5 : 5 % % g UE‘ The established UPLC-MS/MS method was successfully applied
H g to the determination of morin, morusin, umbelliferone and
é % 0 | :.5 mulberroside A in rat plasma samples collected from normal rats
M o © % u§: 2 and diabetic rats after oral administration of Mori Cortex total
5 3 ‘_E“ T i - T I S ks flavonoid extract. The mean plasma concentration versus time plots
= g s IR FlalHlalgl| E for morin, morusin, umbelliferone and mulberroside A are shown in
4 - * R z Figure 3. In addition, the pharmacokinetic parameters of the normal
3 % and diabetic rats were calculated by DAS software version 2.0 and
§ ‘3 N % 5 compared using the independent samples t-test (a value of p <
E e § § R - g & § 0.05 was considered statistically significant). Compared with normal
E S IR I : 2 b E rats, some main pharmacokinetic parameters of all target analytes
s a S8 23 5 & 2 E obtained from diabetic rats changed. The AUC(o and Cpayx of
£ g morin were 501.3 + 115.5ng/ml*h and 127.8 + 56.0 ng/mL in
g @ 2 = normal rats and 717.3 + 117.4 ng/ml*h and 218.6 + 33.5 ng/mL
¥ E g % - = 2 3 d in diabetic rats. Additionally, the AUC .y and Cy,x of morusin were
:é g 2l i i § 3 E a EfE 116.4 + 38.2 ng/ml*h and 16.8 + 10.1 ng/mL'm rv10rm.al rats and
s S EREREIERE R RN ; 325.0 + 87.6 ng/mL*h and 3‘9.2 + 5.9 ng/mL in diabetic rats. For
b =2 umbelliferone and mulberroside A, the AUC ) were 16.4 + 5.1 and
g 3 36.8 + 14.6 ng/ml*h in normal rats, and 28.4 + 3.6 and 75.6 *
5 g ¥ & R ; 11.1 ng/ml*h in diabetic rats. Meanwhile, the C,,.x were 7.6 *
5 = =8 ol o |~ g $ @ E 0.7 and 13.1 + 6.5ng/mL in normal rats, and 16.8 + 6.6 and
s —;‘: ale| WSS h S e E 28.5 + 12.3 ng/ml in diabetic rats. The changes were significant
?6 a5 S 2 2 2 8 § 2 g (p < 0.05). The main pharmacokinetic parameters are presented in
§ 3 Table 4.
: :
z ° ElR .lolg 2
: E EIEIEIE IR AR R ANy 4 Discussion
K Bz 2 = = 2 2 % K& ¢
; © EEEEREREEE § The current cognition regarding the effects of diabetes mellitus
% = | = g on the pharmacokinetics and pharmacodynamics of antidiabetic
g = E ﬁ _%D Es ED E drugs remains unclear. There are only substantially less data about
S R ®la &= 3 /3 ¢4 % the effects of diabetes mellitus on these properties of drugs for
s £ human, so the data obtained from the experimental animal models
§ ) é has extremely referential and practical values.
% % g é In this study, as shown in Table 4, the AUC(.) of morin,
g % = g morusin, umbelliferone and mulberroside A in diabetic rats were
: S = 717.3 + 117.4, 325.0 + 87.6, 28.4 + 3.6 and 75.6 + 11.1 ng/mL*h,
£ = £ = compared with 501.3 £ 115.5, 116.4 + 38.2, 16.4 + 5.1 and 36.8 +
3 g é £ 14.6 ng/mL*h in normal rats (p < 0.05). Meanwhile, the AUCy_oo)
_g % §~ —ig of the target analytes obtained from diabetic rats were also
s BE 2 E s 2 significant increased (p < 0.05), compared with those obtained
= ‘;’ § S & a1 ¢ E S % g from the normal rats. Significant differences in maximum
= <|=]E|S|=[C |50 P concentration (Cpag 127.8 + 56.0 vs 218.6 + 33.5 ng/ml for
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morin, 16.8 + 10.1 vs 39.2 + 5.9 ng/mL for morusin, 7.6 + 0.7 vs
16.8 = 6.6 ng/mL for umbelliferone and 13.1 + 6.5 vs 28.5 +
12.3 ng/ml for mulberroside A) were observed between normal
and diabetic rats (p < 0.05). Compared with normal rats, the MRT
increased by 56.5% (p < 0.05) in the diabetic rats for mulberroside
A. In addition, the CLz/F were decreased by 33.7%, 40.2%, 53.2%
and 34.0% for morin, morusin, umbelliferone and mulberroside
A in the diabetic rats, respectively. In addition, the bimodal
phenomenon appeared in the mean plasma concentration-time
curves of morusin in diabetic rats. Many factors would lead to the
results such as the changes of gastrointestinal tract, liver and
kidney function, local blood flow rate caused by diabetes. The
results indicated that the pharmacokinetics of four target analytes
in diabetic rats was significantly changed and the bioavailability
was enhanced.

Diabetes mellitus is one of the most grievous problems threatening
public health. Not only are antidiabetic drugs more widely used, but the
pharmacokinetics of these antidiabetic drugs may also be changed due
to the disease itself (Gwiltet al., 1991). Diabetes affects the metabolism of
the three major nutrients, including protein, lipid and carbohydrate,
and the systems that regulate biotransformation pathways of these
nutrients also participates in the regulation of drug metabolism in vivo
in many cases. The researches show diabetes could influence all
processes of drugs in the body, such as the absorption, distribution,
metabolism and excretion of drugs (Zini et al, 1990; Okabe and
Hashizume, 1994; Cashion et al, 2004). For absorption, the
significantly reduced in digestive tract blood flow caused by diabetes
could be associated with the change of gastric pH, the prolongation of
gastric emptying time and slowing of intestinal peristalsis. The
differences in the absorption rate and bioavailability between normal
and diabetic rats might depend on the above factors (Horowitz and
Fraser, 1994; Horowitz et al, 1996). The higher level of circulating
glucose in the blood would lead to non-enzymatic glycation of several
proteins including albumin, which could affect the plasma protein
binding rate of drugs (Day et al., 1979; Cohen et al., 2006). In addition,
diabetes could affect drug metabolism due to the abnormal hepatic
function caused by diabetes including non-alcohol steatohepatitis,
macrovesicular steatosis, liver fibrosis/cirrhosis and focal fatty liver.
It was also one of the important reasons for the changes in
pharmacokinetics of the target analytes from Mori Cortex total
flavonoid extract in vivo (Petrides et al., 1994; Wang et al, 2000).
Diabetes nephropathy occurred frequently and it would influence the
glomerular filtration, tubular secretion and tubular reabsorption, so the
influence of excretion on the pharmacokinetics of drugs was also
worthy of attention (Raine, 1995; Suzuki and Arakawa, 1995).

There were lots of factors that lead to pharmacokinetic
changes in diabetes and further investigations would be
reveal the

required to underlying mechanisms for

pharmacokinetics and pharmacodynamics of four target

analytes in Mori Cortex total flavonoid extract in diabetic rats.

5 Conclusion

In summary, we have developed and validated a reliable, accurate
and rapid UPLC-MS/MS method for simultaneous determination of
morin, morusin, umbelliferone and mulberroside A in rat plasma.
Moreover, this method was successfully applied for pharmacokinetic
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comparisons in normal and diabetic rats. The results would provide
the pharmacokinetic rationale for the pharmacology and toxicology
research of Mori Cortex.
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Purpose: The aim of this study was to build a population pharmacokinetics
(PopPK) model of nalbuphine and to estimate the suitability of bodyweight or
fixed dosage regimen.

Method: Adult patients who were undergoing general anesthetic surgery using
nalbuphine for induction of anesthesia were included. Plasma concentrations and
covariates information were analyzed by non-linear mixed-effects modeling
approach. Goodness-of-fit (GOF), non-parametric bootstrap, visual predictive
check (VPC) and external evaluation were applied for the final PopPK model
evaluation. Monte Carlo simulation was conducted to assess impact of covariates
and dosage regimens on the plasma concentration to nalbuphine.

Results: 47 patients aged 21-78 years with a body weight of 48-86 kg were
included in the study. Among them, liver resection accounted for 14.8%,
cholecystectomy for 12.8%, pancreatic resection for 36.2% and other surgeries
for 36.2%. 353 samples from 27 patients were enrolled in model building group;
100 samples from 20 patients were enrolled in external validation group. The
results of model evaluation showed that the pharmacokinetics of nalbuphine was
adequately described by a two-compartment model. The hourly net fluid volume
infused (HNF) was identified as a significant covariate about the
intercompartmental clearance (Q) of nalbuphine with objective function value
(OFV) decreasing by 9.643 (p < 0.005, df = 1). Simulation results demonstrated no
need to adjust dosage based on HNF, and the biases of two dosage methods were
less than 6%. The fixed dosage regimen had lower PK variability than the
bodyweight regimen.

Conclusion: A two-compartment PopPK model adequately described the
concentration profile of nalbuphine intravenous injection for anesthesia
induction. While HNF can affect the Q of nalbuphine, the magnitude of the
effect was limited. Dosage adjustment based on HNF was not recommended.
Furthermore, fixed dosage regimen might be better than body weight dosage
regimen.

KEYWORDS

Nalbuphine, Population pharmacokinetics, NONMEM, induced anesthesia, general
anesthesia surgery
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1 Introduction

Surgery is an essential component of global healthcare. In
2008, researchers found that approximately 234.2 million major
operations were performed annually (Weiser et al., 2008). In
clinic, patients are usually given a combination of sedatives and
opioid analgesics for the induction of intravenous anesthesia
before surgery. However, analgesic drugs commonly used in
anesthesia induction, such as fentanyl, sufentanil and
remifentanil, are often accompanied by adverse reactions
such as cough, dizziness, respiratory depression and
hemodynamic instability (Hirsch et al., 2015; Shuying et al,,
2016).

As a semi-synthetic opioid analgesic with analgesic potency
comparable to morphine, nalbuphine is primarily used to prevent
and treat moderate to severe pain, including pain treatment
before to surgery, following surgery, and during childbirth
and Heel, 1983). Notably, unlike other opioids,

nalbuphine can not only activate k opioid receptors, but also

(Errick

partially antagonize p opioid receptors (Schmidt et al., 1985).
Due to this distinct hybrid agonist-antagonist opioid receptor
activity, nalbuphine provides analgesia with fewer side effects.
Firstly, nalbuphine has a “capping effect” on respiratory
inhibition when the dose exceeds 0.3-0.5 mg/kg (Giannina
et al., 1995). Secondly, after the use of nalbuphine in general
anesthesia, patients were hemodynamically stable during
surgery, recovered consciousness rapidly after surgery, and
had a low incidence of nausea, vomiting and emergence
agitation (Sear et al., 1987; Dalens et al., 2006; Chawda et al,,
2010; Kubica-Cielinska and Zielinska, 2015). Additionally,
nalbuphine is efficient in reducing propofol dosage and the
pain associated with its injection, and in reducing the
sensitivity of postoperative pain caused by high doses of
remifentanil or sufentanil (He et al., 2021). Thus, nalbuphine
also has been widely used in the induction and maintenance of
general anesthesia.

Nalbuphine has been used clinically for more than 40 years, and
its pharmacokinetics (PK) had been extensively studied in infants,
children, healthy adult and elderly patients, but remain limited in
patients undergoing general anesthesia surgery. Sear et al. (1987)
found that nalbuphine exhibited lower total clearance (CL) and
apparent volume of distribution (Vg4) in anesthetized patients
compared with the results obtained in awake volunteers.
Similarly, our previous study (Gao et al, 2022) found that
nalbuphine CL(33.42L/h) and V4 (137.69 L) were significantly
lower in patients undergoing general anesthesia than in healthy
patients (CL 90.0 L/h; V4 326.5L) (He et al,, 2021), regardless of
whether the patient had liver dysfunction. However, neither of these
studies analyzed the reasons for the above-mentioned results. Thus,
it is necessary to further explore the factors that affect the PK of
nalbuphine during general anesthesia surgery.

In addition, the choice of nalbuphine dosage regimens is also
an issue worth to be discussed. Wang et al. (2022) found that the
PK variability of the drug was lower for fixed-dose dosage
than that for
Previous studies had shown that weight of neonates and

regimens weight-based dosage regimens.

children is a significant factor affecting nalbuphine PK
behavior (Jacqz-Aigrain et al.,, 2003; Bressolle et al., 2011). In
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China, nalbuphine is also recommended to be administered by
body weight (0.2 mg/kg) for induction of anesthesia in clinic and
drug package insert. However, nalbuphine is often administered
at a fixed dose (10-20 mg) in many PK studies in adults (Sear
et al., 1987; He et al., 2021). Thus, it also needs to be considered
whether it is necessary to administer nalbuphine by weight when
used for induction of anesthesia.

Population pharmacokinetics (Pop PK) analysis is a valid and
scientific method for describing PK behavior and identifying sources
of variability, and that plays an increasing role in clinical drug
studies. Although PopPK of nalbuphine has been reported in studies
from neonates to children undergoing general anesthesia and post-
surgery (Bressolle et al., 2011; Pfiffner et al., 2022), adult patients
undergoing general anesthesia surgery has not been included in their
studies. Therefore, the purpose of this study was to analyze the
factors affecting the PK of nalbuphine in adult patients undergoing
general anesthesia using PopPK analysis method, and to perform
dosage regimen simulations to evaluate and optimize the clinical
dosing strategy for this study population.

2 Materials and methods

2.1 Study design

Participants were patients who scheduled for elective surgery at
the Fourth Hospital of Hebei Medical University in 2021. Exclusion
criteria were 1) allergic to nalbuphine, 2) contraindications to
general anesthesia, 3) III and IV grades of intubation according
to the Mallampati classification, 4) a history of asthma, chronic pain
or chronic cough, 5) known or suspected cardiopulmonary, renal or
metabolic disease, 6) pregnant, 7) long-term opioid medications,
and 8) excessive intraoperative bleeding. A total of 47 patients were
recruited in this research. Among them, twenty-seven patients who
received intensive PK sampling were used for build model. The
remaining 20 patients were used for external verification of PopPK
model.

Before operation, all patients were routinely fasted overnight,
and did not use sedative or analgesic drugs within 24 h. After
entering the operating room, the electrocardiogram (ECG), heart
rate (HR), saturation of pulse oximetry (SpQ2) and bispectral index
(BIS) of patients were continuously monitored. Then radial artery
puncture was performed under local anesthesia and was used to
monitor the mean arterial pressure of patients. The left and
peripheral vein were opened for drug injection and blood
collection, respectively. Anesthesia induction was performed after
preoxygenation 5min with 100% oxygen. Nalbuphine (Yichang
Human well Pharmaceutical, Hubei, China) 15 mg was injected
over 2-3min, followed by 0.05mg/kg midazolam, 0.2 pg/kg
sufentanil, 0.03 mg/kg etomidate, and cisatracurium 0.2 mg/kg.
After tracheal
sevoflurane and remifentanil, and intermittent injections of cis-

intubation, anesthesia was maintained with
atracurium were used to maintain inotropy.

This study was conducted in accordance with principles in the
Declaration of Helsinki, and was approved by the ethics committee
of the Fourth Hospital of Hebei Medical University, Shijiazhuang,
China (No. 2019121). Informed consent was obtained from all

participants (Gao et al., 2022).
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2.2 Sampling and bioanalytical methods

Blood samples (2 mL) were drawn: before dosing and at 3, 5, 10,
15, 30 and 45 min and 1, 1.5, 2, 3, 4, 5, 6 and 12 h after nalbuphine
administration for modelbuilding group; before dosing, during
and at 1, 3 and
endotracheal intubation for external validation group.

endotracheal intubation 10 min after

The blood samples were heparinized and centrifuged, with plasma
samples stored at —80°C until analysis. Plasma nalbuphine
concentrations were measured using a validated ultra-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
method after protein precipitation with acetonitrile. The lower limit
of quantitation (LLOQ) was 0.1 ng/mL. The calibration range was

0.1-500 ng/mL (Gao et al., 2022).

2.3 Population pharmacokinetic model
development

Non-linear mixed effect modelling was performed by
NONMEM"® (version 7.5.0) interfaced by MaS$ studio (version
1.6.0.5) and Perl-speaks-NONMEM (PsN, version 5.2.6) toolkit.
Statistical analyses and graphical visualizations of NONMEM
output post-processing were carried out with RStudio (version
1.2.5033) using R software (version 4.2.1).

2.3.1 Basic structure model

Based on graphical exploratory analysis, the plasma concentrations
of nalbuphine were modeled by one- and two-compartment models
using first-order conditional estimation with the n-e interaction
(FOCE-I) method. Between-subject variability (BSV), as a structural
pharmacokinetic parameter, was assumed to be log-normally
distributed and was applied by exponential model. For estimating
the residual unexplained variability (RUV), three models were tested,
including proportional, additive and a combination of a proportional
error model and an additive error model.

The optimal structural model selection was based upon objective
function value (OFV), precision of parameter estimates and visual
inspection of goodness-of-fit (GOF) plots for nested models, and
Akaike’s Information Criterion (AIC) for non-nested models.

2.3.2 Covariate model

The demographic statistics information, disease information
and clinical laboratory measurements were collected as potential
covariates. Only the covariates with missing values less than 20% of
patients were included in covariate evaluation.

The correlation between covariates and covariates, covariates and PK
parameters were firstly investigated using statistical and graphical
method. When correlations existed between covariates (correlation
coefficient > 0.7), only one of the covariates more commonly used
clinically could be included in subsequent analyses to avoid
multicollinearity and instability of parameter estimates. A stepwise
forward inclusion and backward elimination process were then tested
formally.

In forward inclusion process, covariates were added individually to
the basic model one by one. Continuous covariates were tested by a
linear function (Eq. 1), a power function (Eq. 2), or an exponential
function (Eq. 3), while categorical covariates were assessed by Eq. 4. And
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the covariate would be included in the basic model if the OFV decrease
more than 3.84 (p < 0.05, df = 1). All covariates that individually had a
potential influence on the basic model were available after the first step
of inclusion. The model with most decreasing OFV could be used as the
base covariate model for subsequent analysis. Then each of potentially
influencing covariates was added to the base covariate model and a
decrease of OFV exceeding 6.63 was considered to be significant (p <
0.01, df = 1). A full model was constructed when all significant
covariates were incorporated into the basic model. In backward
elimination process, covariates from the full model were removed
one at a time. An increase of OFV > 7.88 (p < 0.005, df = 1) was
considered as a criterion to retain a covariate in model. The final model
was formed when basic model combined with all covariates that met the
above statistical criteria and had an impact over 20% on the parameter.

0 = 6, + 0, - (covi/cOVinedian) M
0,=0,- (COV:‘/COVmeﬂliﬂn)62 @
0, = 6, - 0, (/i) 3)

0, =0,-0,"" @

where 0; describe the pharmacokinetic parameter value for the
individual i; 6;, and 6, describe the typical value of a
pharmacokinetic parameter; cov; and coViedian describe covariate
values for the ith individual and the population median, respectively.

2.3.3 Model evaluation

GOF, non-parametric bootstrap and visual predictive check (VPC)
were applied for internal model evaluation (Nguyen et al., 2017).

GOF plots were used to evaluated model fitness, including prediction-
based diagnostic plots [observation versus population prediction (PRED),
observation versus individual prediction (IPRED)] and residual-based
model diagnostic plots (conditional weighted (CWRES) versus PRED,
CWRES versus time). When data points were randomly distributed near
y = x in the prediction-based diagnostic plots and most of the CWRES
were within + 2 in the residual-based model diagnostic plots, and the
locally weighted regression (LOESS) lines did not show obvious bias,
suggesting that the model well described the trend of data concentration.
Note that the DV-IPRED diagnostic map can be applied as a basis for
model evaluation only when the contraction value of the residual variance
was less than 30%.

Non-parametric bootstrap was performed for final model with
1,000 times resampling. The median and the 2.5th and 97.5th
percentiles of the PopPK parameter estimates from successfully
minimized resampled datasets were compared with the final
model parameter estimates. If the 95% confidence interval for
each parameter contains the final model parameters and the
proportion of successful model minimization (robustness rate) >
80%, the model is stable and the parameters have high confidence.

In order to adjust for differences of independent variables, a
prediction corrected visual predictive check (pcVPC) method was
conducted by simulating 1,000 datasets based on the final model,
and used to evaluate the variability and central tendency between
the observed and simulated data. The median and 5th and 95th
percentiles of the prediction corrected simulated data were
compared with that of the prediction corrected observed data. When
the number of observations falling outside the simulation-based 90%
prediction interval was less than 10%, the model could be considered to
have a high prediction accuracy.
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In addition, the final model was externally evaluated using the
following two datasets: external evaluation dataset without observations
and external evaluation dataset within the first observation of each
subject. The relative prediction error (PE%), the median prediction
error (MDPE), the median absolute prediction error (MAPE) and the
percentage of PE% falling within the + 20% and + 30% were calculated
to reflect accuracy and precision of the final model. The model was
considered to be predictive and clinically acceptable when the standards
of MDPE < + 20%, MAPE < + 30%, F,; > 35% and F3y > 50% were
reached.

2.3.4 Simulations
2.3.4.1 The evaluation of the effect of covariates on the PK
of nalbuphine

Based on the final model, a Monte Carlo simulation approach was
used to evaluate the effect of different levels of covariates on the PK of
nalbuphine following 15 mg or 0.2 mg/kg intravenous injection once
only. The various covariates levels were set as 10th, 50th and 90th
percentile of the model building population. The Monte Carlo
simulation was run 1,000 times at each covariate level.

2.3.4.2 Dosage regimen simulation and statistical analysis

In this study, fixed dose regimen (15 mg) was explored in
patients undergoing anesthesia surgery based on published
literature (Cai et al, 2011; He et al, 2021). To assess the
appropriateness of fixed dosage or bodyweight dosage strategies
on the PK of nalbuphine in patients undergoing general anesthesia,
two dosing regimens, 12 mg and 0.2 mg/kg, were selected for the
study based on the drug instructions.

Based on the final model, PK profiles of two dose regimens
were simulated for 1,000 times, respectively, applying the weight
and the HNF information of 27 patients from the model-
building dataset. The sampling time was set at pre-dose and
0.05, 0.08, 0.17, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 10 and 12 h after
dosing. Statistical analyses were used to compare the
concentration at the 0.05h, 12h and median operation time
of fixed dosage regimen with that of bodyweight dosage regimen;
Scatter plots were used to show the PK profiles of nalbuphine of
two dosage regimens.

2.4 The effectiveness and safety outcomes
of patients

Hemodynamic indices and sedation levels were recorded for all
patients around the administration of nalbuphine, around tracheal
intubation and intraoperatively; adverse effects such as respiratory
depression, agitation, nausea and vomiting were recorded for
patients intraoperatively and postoperatively.

3 Results
3.1 Patients and datasets

Blood samples from patients used for the model building group
were collected according to the study design. Blood samples from
patients used for the external validation group were collected by our
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anesthesiology researcher at a later stage of the model construction
according to the same dosing protocol. Due to the difficulty of
obtaining clinical samples and in the principle of maximizing the use
of clinical sample resources, this data was obtained after
communication with the anesthesiology researchers. Because of
its sparse sampling sites, it was only used for external validation.
In this study, a total of 458 plasma concentrations were collected
from 48 patients. The concentrations of all samples except pre-dose
time were more than the LLOQ. And no data were recognized as
outliers. However, one subject with 5 samples was excluded due to
the lack of HNF in external validation group. In total, there were
27 patients with 353 samples and 20 patients with 100 samples in
model building group and external validation group, respectively.

The 47 patients enrolled were aged 21-78 years and weighed
48-86 kg. 29.8% of patients underwent lumpectomy and 70.2%
underwent open surgery. Among them, liver resection accounted
for 14.8%, cholecystectomy for 12.8%, pancreatic resection for 36.2%
and other surgeries for 36.2%. The demographic statistics
information, disease information and clinical laboratory
measurements of two groups were listed in Table 1. The
concentration versus time profile of building group was displayed

in Figure 1.

3.2 Population pharmacokinetic model

A two-compartment model was selected as the basic structure
model based on results from the model building dataset and
previously published data. Compared with one-compartment
model, it decreased AIC by 519.209, and had a good GOF
diagnosis plot (Figure 2). The model was parameterized by CL,
volume of distribution for the central compartment (V,),
intercompartmental clearance (Q) and volume of distribution for
the peripheral compartment (V). The BSV was incorporated into all
parameters using exponential model. The RUV was described by a
combination of a proportional error model and an additive error
model. The Population pharmacokinetic parameter estimates of
nalbuphine of the basic model were shown in Table 2.

After correlation analysis, strong correlations (R > 0.7) were
found between sex and height; weight and body mass index (BMI);
Aspartate aminotransferase (AST), Albumin (ALB), Gamma-
glutamyl transferase (GGT) and alanine aminotransferase (ALT);
ALB, Globulin (GLB) and total protein (TP) (Figure 3). These
strongly correlated covariates were avoided to be included in the
model at the same time. During the forward inclusion process, ALT
and hourly net fluid volume infused (HNF) were identified to be a
significant covariate on CL and Q, respectively. However, only HNF
was remained in model with OFV decreasing by 9.643 in the
backward elimination process. The stepwise process of building
the PopPK model of nalbuphine were shown in Table 3. Parameter
estimates of the final model were shown in Table 4 and the equations
were as below:

CL (L/h) = 32.9

V1 (L) =325
Q (L) =245 - (HNF/617.96)™%%
V2 (L) =835
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TABLE 1 Baseline demographics characteristics and clinical laboratory measurements of patients included in the analysis.

Model-building dataset External validation dataset

Number of patients

27

20

Number of concentrations

Dose (mg/kg)

353

0.24 + 0.04, (0.24, 0.18-0.31)

100

0.24 £ 0.05, (0.2, 0.18-0.32)

Age (years)

Height (cm)

53.85 + 16.63, (58, 21-76)

163.96 + 6.87, (165, 153-175)

52.5 + 13.56, (54.5, 27-78)

159.85 + 8.05, (157.5, 148-175)

Total body weight (kg)

Body mass index (kg/m?)

63.32 + 9.3, (62, 48-82)

23.54 + 3, (23.23, 16.61-30.12)

62.25 + 9.67, (59.5, 50.8-86)

24.2 + 2.77, (23.28, 20.8-29.9)

Systolic pressure (mmHg)

Diastolic pressure (mmHg)

138.8 + 17.22, (138, 102-170)

77.26 = 9.27, (78, 60-92)

13521 + 13.83, (138, 117-160)

75 * 10.06, (75.5, 60-92)

Heart rate (/min)

Alanine aminotransferase (U/L)
Aspartate aminotransferase (U/L)
Gamma-glutamyl transferase (U/L)

Total protein (g/L)

71.37 + 14.48, (70, 50-110)

58.86 + 69.62, (23.6, 6-260.9)
4216 + 33.64, (24.4, 10.6-128.7)
191.87 + 319.87, (77.2, 8.4-1,493.2)

66.79 + 8.67, (66.3, 50-82)

83.05 + 9.83, (79, 70-100)

3537 + 52.46, (15.45, 5.5-200.9)
28.4 + 27.28, (18.75, 9.6-113.7)
129.93 + 286.12, (18, 8.4-1,219.1)

70.95 + 5.8, (72, 58.5-78.9)

Albumin (g/L)

Globulin (g/L)

40.29 + 5.63, (40.8, 29.2-50.7)

26.51 + 4.84, (26.4, 15-35.9)

40.73 + 5.03, (42.1, 29.5-48.1)

30.22 + 3.49, (30.1, 24.1-38.8)

Total bilirubin (umol/L)

Serum creatinine (pumol/L)

25.83 + 28.65, (13.18, 3.7-104.34)

56.69 + 14.47, (55.9, 34-90.1)

26.47 + 40.57, (10.07, 5.51-169.9)

48.92 + 15.44, (48.85, 23.6-98.9)

Creatinine clearance (mL/min)

Uric acid (umol/L)

111.19 + 27.38, (105.14, 53.4-160.98)

281.46 + 90.59, (297.5, 124.4-463.3)

130.38 + 45.6, (124.01, 65.72-263.83)

259.11 + 80.71, (247.7, 152.1-428.9)

Hemoglobin (g/L)
D dimer (mg/L)
Hourly net fluid volume infused (mL/h)

Operation duration (h)

123.83 + 22.03, (124, 87-178)
0.27 £ 0.42, (0.1, 0.02-2.02)
617.96 + 247.61, (563.56, 234.26-1,202.25)

4.31 £ 1.9, (4, 0.83-8.33)

119.94 + 25.88, (122.5, 71-162)
0.34 + 0.63, (0.16, 0.03-2.57)
634.19 + 178.94, (610.42, 314.29-1,047.24)

3.59 + 1.78, (3.05, 1.27-7.85)

Female 15 (55.6%) 14 (70%)
Smoke 11 (40.7%) 2 (10%)
Drink 11 (40.7%) 1 (5%)
Tumor 21 (77.8%) 17 (85%)
Hepatobiliary disease 15 (55.6%) 7 (35%)
Hypertension 7 (25.9%) 6 (30%)
CTP-B 5 (18.5%) 4 (20%)
Laparoscopic surgery 8 (29.6%) 6 (30%)

Data were expressed as mean + standard deviation (median, range) for continuous covariates, and number (percentage) for categorical covariates. Creatinine clearance was calculated with
Cockeroft-Gault formula for male as followed: CL¢, (mL - min™') = (140 — AGE) x WT (kg) + (Sc, (umol - L™') x 0.81) Creatinine clearance in female = male value x 0.85. Hourly net fluid
volume infused (HNF) was calculated with the following formula:HNF = (FVI+ BVI - UVO) + OT where FVI, BVI, and UVO, was fluid volume infused, blood volume infused, and urine
volume output during surgery, respectively. OT, was operation time. CTP-B: Number of patients with a liver function class of B according to Child-Turcotte-Pugh (CTP) classification; the

others were class A.

All relative precision of the final fixed-effect parameter
estimates were less than 30%, and that of the final random-
effect parameter estimates were less than 50%. All shrinkages of
BSV and RUV except BSV on Q (30.72%) were less than 20%.
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These suggested that the parameter estimates were reliable. It was
worth noting that HNF as a covariate of Q has led to a decrease in
BSV from 35.5% to 17.9%, indicating that 17.6% of BSV in Q was
explained by HNF.
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FIGURE 1

The concentration-time profile of nalbuphine in the building group (27 subjects with 353 samples).

3.3 Model evaluation

The GOF diagnostic plots of the final model was presented in
Figure 4. Compared to the basic model, the fitting of IPRED vs. DV and
PRED vs. DV plots were improved slightly. The CWRES in the final
model was randomly distributed near CWRES = 0 and most of the
CWRES were within + 2, and did not show obvious trends with time,
suggesting that the final model well described the trend of data
concentration.

The bootstrap with 1,000 times resampling was used to verify the
final model, and 984 times of them were successfully minimized. The
biases between the final model parameter estimates and the
bootstrapped median values were less than 8%. And all of the
final model parameter estimates were within 95% confidence
interval of the bootstrapped values (Table 4).

The pc-VPC plots was presented in Figure 5. The median, 5th and
95th percentiles of the prediction corrected observed nalbuphine
concentrations largely overlapped with the 95% confidence interval
of the corresponding prediction corrected predicted values from the
simulation data. The final model could reasonably describe the
observed data.

As shown in Table 5, the results of external validation of the final
model in both scenarios met pre-defined criteria. Compared with
validating using datasets with no observations, adding the first
observation of each patient to the external validation dataset could

Frontiers in Pharmacology

reduce MDPE and MAPE by 4.05% and 9.72%, respectively, and
increase Fpy and F;, by 28.57% and 22.62%, respectively. The
scatterplot of observed versus individual predicted concentrations
of two scenarios were presented in Figure 6. All these results showed
that the final model sufficiently described the PK of nalbuphine.

3.4 Simulation results

3.4.1 The evaluation of the effect of covariates on
the PK of nalbuphine

According to the final PopPK model, HNF was the only
significant covariate that had an effect on the PK of nalbuphine.
Figure 7 showed the predicted concentration profiles for patient
populations who were in the 10th, 50th, and 90th percentiles of HNF
of the model building population (350.1, 563.6 and 973.4 mL/h,
respectively). The simulation results revealed that HNF had limited
impact on plasma concentration of nalbuphine.

3.4.2 Dosage regimen simulation and statistical
analysis

The results of dosage regimen simulation were presented in Table 6.
For two dosage regimens, the bias of C;, (0.05h), Cyedian (4 h) and
Crnax (12 h) means were less than 6%. However, the scatterplot of the
predicted concentrations versus time (0-12 h) of two dosage regimens
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FIGURE 2
Goodness of fit plots of nalbuphine basic PopPK model. The red lines represent the locally weighted scatterplot with smoothing.

TABLE 2 Population pharmacokinetic parameter estimates of nalbuphine of the basic model.

Parameter Estimates RSE (%) SHRINKSD (%)
Structural model parameter
CL 329 55 —
Vi 31 9.9 _
Q 261 8.1 —
v, 85.9 7.1 —

Between-subject variability

wCL (%CV) 27.7 12.4 42
wV; (%CV) 38.9 242 17.0
wQ (%CV) 35.5 17.2 10.9
wV; (%CV) 36.5 11.7 4.5

Residual unexplained variability
Proportional error (%CV) 13.7 8.0 13.8
Additive error (ng/mL) 2.90 20.5 13.8

RES: relative standard error; CL: total clearance (L/h); V;: volume of distribution for the central compartment (L); Q: intercompartmental clearance (L/h); V,: volume of distribution for the
peripheral compartment (L); wcr, Wy, 0g and wy,: the estimates of between-subject variability of CL, Vy, Q and V., respectively.
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FIGURE 3
The graph of correlation between covariates.

suggested that the PK variability of the fixed dosage regimen was lower
than that of the bodyweight dosage regimen (Figure 8).

3.5 The effectiveness and safety outcomes
of patients

In the course of the trial, only one patient had mild cough during
tracheal intubation; all patients were hemodynamically stable with good
sedation levels and BIS between 40 and 65 during the operation; all
patients recovered consciousness rapidly and did not become agitated
during the postoperative awakening period; no patient had
postoperative adverse effects such as nausea and vomiting.

4 Discussion

This study investigated the PopPK of nalbuphine in adult
patients undergoing general anesthesia surgery, and analyzed
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the effect of a fixed dosage regimen and a body weight dosage
regimen on nalbuphine distribution and metabolism.

A two-compartment model got the best description for PK
profile of nalbuphine. It was consistent with the model structure
of most previous studies (Jaillon et al., 1989; Bressolle et al., 2011;
Pfiffner et al.,, 2022), except for that reported by Jacqz-Aigrain et al.
(2003). The typical values of nalbuphine PK parameters from the
final model were 32.9 L/h for CL, 32.5 L for V1, 245 L/h for Q and
83.5 L for V2. The results were consistent with our previous results,
which were obtained using non-compartmental analysis (NCA)
(Gao et al, 2022). While Bressolle et al. (2011) built a PopPK
model of nalbuphine after surgery in children (1-11 years) using an
allometric scaling model, and their population parameter estimates
were 130 L/h/70 kg for CL, 210 L/70 kgforV'1, 75.6 L/70 kg for Q and
151 L/70 kg for V2. It revealed that it may be limited to apply the
model established with allometric scaling in the children population
to the adult population due to the differences in the physiological
status of children and adults. The PopPK model developed in this
study using data from clinically adult patients could characterize the
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TABLE 3 The stepwise process of building the PopPK model of nalbuphine.

10.3389/fphar.2023.1130287

Model no. Model description Functional expressions OFV AOFV Compare to p-value
1 Base Two-compartment model — 2,158.168 — — —
Forward inclusion
2 Add ALT on CL in model 1 a 2,150.776 -7.39 model 1 < 0.05
3 Add GGT on CL in model 1 b 2,153.271 -4.90 model 1 < 0.05
4 Add CTP on CL in model 1 c 2,153.111 -5.06 model 1 < 0.05
5 Add HR on V; in model 1 b 2,151.111 -7.06 model 1 < 0.05
6 Add NFI on V; in model 1 b 2,154.207 -3.96 model 1 < 0.05
7 Add OD on V; in model 1 b 2,150.612 -7.56 model 1 < 0.05
8 Add HR on Q in model 1 b 2,152.292 -5.88 model 1 < 0.05
9 Add NFI on Q in model 1 b 2,148.529 -9.64 model 1 < 0.05
10 Add OD on Q in model 1 b 2,150.299 -7.87 model 1 < 0.05
11 Add Cancer on Q in model 1 c 2,152.809 -5.36 model 1 < 0.05
12 Add WT on V, in model 1 b 2,154.098 —4.07 model 1 < 0.05
13 Add GGT on V, in model 1 b 2,151.149 -7.02 model 1 < 0.05
14 Add UA on V, in model 1 b 2,152.796 -5.37 model 1 < 0.05
15 Add DD on V; in model 1 b 2,153.374 -4.79 model 1 < 0.05
16 Add NFI on V, in model 1 b 2,154.225 -3.94 model 1 < 0.05
17 Add OD on V, in model 1 b 2,153.697 —4.47 model 1 < 0.05
18 Add CTP on V, in model 1 c 2,153.759 —4.41 model 1 < 0.05
19 Add ST on V, in model 1 c 2,154.225 -3.94 model 1 < 0.05
20 Add ALT on CL in model 9 a 2,141.133 -7.40 model 9 < 0.01
Backward elimination
21 remove NFI on Q from model 20 — 2,150.776 9.64 model 20 < 0.005
22 remove ALT on CL from model 20 — 2,148.529 7.40 model 20 > 0.005

a: linear function; b: power function; c: exponential function.

TABLE 4 Population pharmacokinetic parameter estimates of nalbuphine in the final model and bootstrap evaluation.

Final model Relative bias (%)

Bootstrap

Parameter

2.5th-97.5th
percentile

Estimates RSE (%) SHRINKSD (%) Median

Structural model parameter

CL 329 5.47 NA 32.8 29.46 36.54 -0.30
Vi 32.5 10.25 NA 31.9 25.90 38.10 -1.85
Q 245 13.99 NA 247 216.63 297.38 0.82
Vv, 83.5 7.94 NA 84.6 70.70 97.34 1.32
HNF on Q —-0.58 14.11 NA —-0.557 —-0.802 -0.084 -3.97

Between-subject variability

wCL (%CV) 27.7 12.26 4.30 26.9 19.8 335 -2.89
wV; (%CV) 40.1 22.92 13.10 374 19.8 56.4 -6.73
@Q (%CV) 17.9 42.65 30.72 16.6 0.2 39.0 -7.26
wV; (%CV) 40.8 13.84 3.18 38.5 27.2 50.7 —5.64

Residual unexplained variability
Proportional error (%CV) 0.139 8.02 12.79 0.137 0.11 0.16 -1.44
Additive error (ng/mL) 2.88 19.81 12.79 2.9035 1.88 4.72 0.82

RES: relative standard error; CL: total clearance (L/h); V;: volume of distribution for the central compartment (L); Q: intercompartmental clearance (L/h); V,: volume of distribution for the peripheral
compartment (L); HNF, on Q: influence of Hourly net fluid volume infused (HNF) on Q; wcy, Wy, wq and w,,: the estimates of between-subject variability of CL, V;, Q and V,, respectively.

population in this study. Jaillon et al. (1989) found that the CL, V1,
and V2 of nalbuphine in young healthy volunteers (62-90 kg) were
1.783 L/h/kg, 1.97 L/kg and 5.45 L/kg, respectively. He et al. (2021)
found that CL and V4 of nalbuphine were 90.0 L/h and 326.5L in

PK profile of nalbuphine in adults more accurately, especially for
patients undergoing general anesthesia surgery. However, compared
to the results obtained in healthy adults, the metabolism and
distribution of nalbuphine were also significantly decreased in the
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Goodness of fit plots of nalbuphine final PopPK model. The red lines represent the locally weighted scatterplot with smoothing.

healthy adults (55.2-64.2 kg) after 10 mg intravenous injection. As a
result, we assumed that variations in the included population and
the scenarios of nalbuphine administration were to blame for the
disparities in parameters between our research.

A previous study by Sear et al. (1987) found that nalbuphine
presented lower clearance (65.7 L/h) and apparent distribution
volume (207.6 L) in patients undergoing general anesthesia than
in conscious volunteers. There were many factors that might affect
the distribution and metabolism of drugs during the operation, and
it was difficult to quantify with a single influencing factor (Choi
et al,, 2017). Large amounts of fluid and blood transfusions during
surgery could increase the volume of the systemic circulation,
thereby increasing hepatic blood flow and facilitating the
distribution of drugs (Eleveld et al., 2014). Conversely, anesthetic
drugs and cryogenic environment could reduce the patient’s heart
rate and blood pressure, and slow the systemic circulation and the
distribution of drugs (Mccollum and Dundee, 1986; Stowe et al.,
1992). Zausig et al. (2009) found a 38% decrease in myocardial
contractility after intravenous propofol. In addition, surgical stress
may also cause a range of hormonal and metabolic changes (Choi
et al., 2017). Therefore, the duration of surgery and intraoperative
fluid volume, blood transfusion, urine volume, and HNF were
chosen to be tested as factors related to surgery during the
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covariate screening process. And the results found that OFV was
significantly reduced (p < 0.005) and the model was improved after
introducing HNF values as a covariate for Q.

As the hepatic extraction ratio of nalbuphine was estimated to be
0.5-0.7, the influence of HNF on Q of nalbuphine revealed in the
present study could be partially explained by the changes of hepatic
blood flow (Jaillon et al., 1989; Bressolle et al., 2011). During surgery,
fluid and blood transfusions could increase the volume of the
patient’s body circulation, which in turn increases hepatic blood
flow. The HNF combined with information on volume of fluid
infused, volume of blood transfused, volume of urine and duration
of operation could reflect the degree of increase in volume of body
circulation and hepatic blood flow per unit time of patients.
Unexpectedly, the results in the simulations showed that the
effect of HNF appeared to be limited. Therefore, clinical pre-
adjustment of nalbuphine administration dose based on the level
of HNF is not recommended. However, close attention should be
paid to the anesthetic effect and hemodynamic changes in patients
who might be or had been intraoperatively transfused with higher
volumes of fluids, blood transfusions, or blood loss.

Liver is an important organ for drug metabolism and its function
can directly affect the PK of drugs. Usually, the livers of adults have
fully developed and have a better ability to metabolize drugs
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FIGURE 5

Prediction corrected visual predictive checks (pc-VPC) of nalbuphine final PopPK model. The black dots represented prediction corrected
observations. The black dashed lines represented 90% interval of the prediction corrected observations. The red dashed lines represented median of the
prediction corrected observations. The red shaded area represented 95% confidence interval (Cl) of the median prediction. The blue shaded area

represented 95% CI of the 5th and 95th prediction interval.

TABLE 5 External validate results of nalbuphine PopPK model.

Indices Data without observations Data within an observation
MDPE (%) 12.97 8.92
MAPE (%) 24.05 14.33

Fao 40.48 69.05

Fo 61.90 84.52

PE: prediction error of dependent variable; MDPE: median prediction errors; MAPE: median absolute prediction errors; Fyg, Fso: PE% within + 20% and 30%, respectively.

compared to infants, children and the elderly. In addition, adult patients
with liver disease belong to a special population whose metabolism of
drugs is different from that of healthy adults. Hepatic insufficiency
could alter the drug distribution and metabolic processes by affecting
drug metabolizing enzyme activity, hepatic blood flow and drug binding
to plasma proteins (Gao et al., 2022). Nalbuphine is mainly metabolized
in the liver mainly by cytochrome P450 enzymes (CYP450) 3A4, 2D6,
2C19 and uridine diphosphate-glucuronyl transferase (UGT) 1A3, 2B7,
and clearance is mainly dependent on hepatic blood flow (Bressolle
et al, 2011). Our previous NCA analysis found that the t;,, of
nalbuphine in patients with hepatic insufficiency was prolonged with
increased serum total bilirubin (TBIL) levels (Gao et al, 2022).
Although 55.6% of the patients in this study had hepatobiliary
disease, there were no covariates related to liver function that could
be included in the final model. Notably, alanine aminotransferase
(ALT) but not TBIL may have had an effect on the CL of
nalbuphine in the present study. During the stepwise process, ALT
had been added to the model as a covariate of CL by decreasing the
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model OFV value of 7.39. Unfortunately, ALT was removed from the
full model according to the pre-defined criteria in the backward
elimination process. We speculate that this may be due to the small
sample size of patients included in this study and the fact that most
patients with liver disease had ALT within 3 times the normal value and
had insignificant decreases in liver function. Therefore, the effect of ALT
on nalbuphine CL needs to be further studied in a larger group of
patients with liver disease.

Age and weight were considered to be an important factor affecting
the PK characteristics of nalbuphine (Bressolle et al., 2011). Studies in
infants, healthy volunteers, and elderly patients found that the CL of
nalbuphine significantly decreased with age, which was consistent with
the previous univariate analysis (Jaillon et al., 1989; Bessard et al., 1997).
And allometric growth models had been used to describe the
distribution and metabolism of nalbuphine in infants and children
(Jacqz-Aigrain et al,, 2003; Bressolle et al., 2011).

However, the introduction of age did not have a significant effect on
the final model in this study when building the PopPK model. Changes
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Simulated PK profiles of nalbuphine. The median hourly net fluid volume infused (HNF) of patient in the model building group was 563.6 mL/h. (A-C)
represent PK profiles of nalbuphine at the 10th, 50th and 90th percentile of HNF levels, respectively. The solid lines represent the median values of
1,000 simulations. The whole shadow and dark shadow represent all simulations and 5% to 95% simulations of the corresponding population in each

panel, respectively.

in organ weight and blood flow had been reported to be the main causes
of age-related changes in hepatic clearance (Soejima et al, 2022). In
present study, only adult patients undergoing general anesthesia were
included, with limited effect of age on their liver weight. In addition, the
changes of blood flow caused by surgery were greater than that caused
by age. That might be the reason why age was not to be related to the CL
of nalbuphine in this study.

In this study, fixed dose regimen (15 mg) was explored in patients
undergoing anesthesia surgery based on published literature (Cai et al.,,
2011; He et al, 2021). During the trial, all patients were

Frontiers in Pharmacology

hemodynamically stable and well sedated intraoperatively, and there
were no adverse effects such as irritability, nausea and vomiting in the
postoperative period. Only one patient developed a mild cough during
tracheal intubation. Fixed dose of nalbuphine (15mg) in patients
undergoing general anesthesia showed good efficacy and safety.
However, 0.2 mg/kg dose regimen was recommended in package
inserts of nalbuphine. In order to investigate the effect of body
weight on the PK of nalbuphine, the established PopPK model was
used to simulate the plasma concentration of nalbuphine in patients
with fixed dosage regimen and bodyweight dosage regimen,
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TABLE 6 Statistical analysis results of nalbuphine simulation on two dosage regimens.

Dosage regimen simulation Mean Median Percentile values Bias (%)
25th 75th
0.05 fixed dosing 246.75 241.84 67.76 572.04 203.51 284.82 5.46
bodyweight dosing 260.22 251.36 62.11 700.00 206.57 306.13
4 fixed dosing 30.14 29.65 0.46 84.77 23.50 36.19 5.58
bodyweight dosing 31.82 30.78 047 96.07 23.87 38.56
12 fixed dosing 5.06 3.99 0.00 32.90 171 7.39 5.55
bodyweight dosing 534 4.15 0.00 36.73 1.76 7.71
A B
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FIGURE 8

Dosage regimen simulation plots of nalbuphine. (A) fixed dosing regimen (12 mg); (B) bodyweight dosing regimen (0.2 mg/kg). The blue points were
the observed concentration. The red lines represent the 50th percentiles of simulated concentrations distribution in each panel. The shadow represent
5th and 95th percentiles of simulated concentrations distributed in each panel. Two observed concentration (621 pg/mlLand 778.1 pg/mL) at 0.05 h were

not shown in this Figure.

respectively. Not surprisingly, the bias of the two dosage regimens met
the predefined criteria (£15%) either at the beginning of dosage or at the
end of the operation period or at the end stage of elimination. However,
individualized dosing based on body weight did not reduce inter-patient
variability in PK exposure. And fixed dosage regimen is easier to
operationalize than weight dosage regimen in clinical, especially for
those patients who are critically ill and unable to measure weight. Thus,
we would recommend the replacement of bodyweight dosage regimen
with fixed dosage regimen in adult patients undergoing general
anesthesia surgery.

Several limitations in this study should be considered. First,
interactions associated with concomitant drugs were not
considered in modeling the PopPK of nalbuphine. Patients in
our study received co-administration of nalbuphine, midazolam,
sufentanil, and sevoflurane, all of which were metabolized by
CYP3A4. However, considering the design of this study, it was
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unable to identify whether there are PK effects between
nalbuphine and other medications used during operation.
Second, the investigation of the effect of cancer disease on the
PK of nalbuphine was arbitrary. The present study only classified
whether the patient had cancer or not. More representative
tumor-related indicators need to be identified and included in
future analyses of nalbuphine PopPK models. Moreover, there
might be some unclear biases in this PopPK model of nalbuphine
due to the small size of the sample. It should be verified by more
patient data in the future.

5 Conclusion

In conclusion, a PopPK model of nalbuphine for adult
patients undergoing general anesthesia surgery was developed
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in this study. While the Q of nalbuphine was significantly affected
by the patient’s HNF during surgery, the magnitude of the effect
was limited, and no dosage adjustments were recommended. The
body weight dosage regimen can be replaced by the fixed drug
dosage regimen with low PK variability based on the final PopPK
simulation.
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Objective: To investigate the dominant metabolic enzymes of six effective
components (astragaloside IV, glycyrrhizic acid, calycosin-glucuronide,
formononetin, ononin, calycosin-7-O-B-D- glucoside) of Huanggi Liuyi
decoction extract (HQD).

Methods: Mouse liver microsomes were prepared. The effects of specific
inhibitors of CYP450 enzymes on the metabolism of six effective components
of HQD were studied using liver microsomal incubation in vitro.

Results: The chemical inhibitors of CYP2C37 inhibit the metabolism of glycyrrhizic
acid and astragaloside IV. Formononetin and astragaloside IV metabolism is
inhibited by the chemical inhibitors of CYP2C11. The chemical inhibitors of
CYP2E1 and CYP1A2 inhibit the metabolism of calycosin-glucuronide.
Chemical CYP3A11 inhibitors prevent formononetin and glycyrrhizic acid from
being metabolized. However, no inhibitor significantly affected the metabolism of
ononin and calycosin-7-O-B-D-glucoside.

Conclusion: CYP2C37 may be involved in the metabolism of astragaloside IV and
glycyrrhizic acid, the metabolism of astragaloside IV and formononetin may be
related to CYP2C11, the metabolism of calycosin-glucuronide may be related to
CYP1A2 and CYP2El, and CYP3All may be involved in the metabolism of
glycyrrhizic acid and formononetin. This research provides an experimental
basis for exploring the pharmacokinetic differences caused by metabolic
enzymes.

KEYWORDS

Huangqi Liuyi decoction, six effective components, CYP450 enzymes, liver microsomal,
liver microsomal incubation in vitro

1 Introduction

Diabetic nephropathy (DN) is one of the most serious microvascular complications
of diabetes mellitus (DM). The clinical manifestations are persistent proteinuria, edema,
decreased renal function, hypertension. The majority of cases progress to end-stage renal
failure. Early treatment of diabetic nephropathy is significant in improving the quality of
life and survival rate (Liu et al., 2022; Liu et al., 2022). Huangqi Liuyi decoction, first
published in the “Taiping Huimin and Pharmacy Bureau Fang,” is composed of 60 g of
Astragali and 10 g of Glycyrrhizae, and has the effect of greatly tonifying lung qi,
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nourishing kidney water, and harmonizing the spleen and
stomach. Huangqi Liuyi decoction has been shown to prevent
islet damage, lower blood glucose and glycated hemoglobin in
diabetic model mice. In addition, Astragali prevents the
establishment of renal interstitial fibrosis and Glycyrrhizae can
prevent diabetic nephropathy by lowering lipid, lowering glucose
levels, and preventing anti-oxidative stress in the kidneys (Chen
etal., 2014; Hou et al., 2017; Wen et al., 2018; Ma et al., 2019; Dai
et al., 2022). Traditional Chinese medicine (TCM) involves a
multi-component and multi-target approach. Therefore, the
quality and preparation of TCM aren’t easy to control, which
hinders the in-depth research of TCM and the development of
new drugs. To improve the pharmacological properties,
individual ingredients from a compounded prescription are
isolated and formulated according with the compatibility
theory of TCM. This allows for clear pharmacological effects,
relatively stable nature, and can effectively compensate for the
shortcomings of traditional prescriptions whose quality is not
easily controlled (Wang and Liang, 2004; Hu et al., 2016; Chen
et al, 2019). Previously, our team discovered that the
combination of four components extracted from Huanggqi
Liuyi Decoction, namely, astragalus saponin, glycyrrhizic acid,
astragalus flavone, and astragalus polysaccharide (AKA HQD),
improved renal fibrosis and slowed the progression of diabetic
nephropathy in db/db mice (Wang et al., 2022). The study also
discovered no statistical difference between the efficacy of
Huangqi Liuyi decoction and HQD in mice with diabetic
(Wang et al, 2022b).
pharmacokinetic studies, mice with diabetic nephropathy

nephropathy According  to
exhibited greater absorption and delayed elimination of the six
effective components (astragaloside IV, glycyrrhizic acid,
calycosin-glucuronide, formononetin, ononin, calycosin-7-O-f-
D-glucoside) following oral administration HQD (Wang et al,,
2022¢).

The pathological state of the patient considerably influences
drug-related processes in vivo, which directly relates to the drug’s
efficacy and side effects (Ma et al.,, 2021; Qian et al,, 2022). The
alterations in the pharmacokinetics of drug in DN may relate to the
changes in the activity of a variety of CYP450 cytochrome (CYP)
enzymes involved in drug absorption, metabolism, and excretion
(Hu et al,, 2014; Gong et al., 2015). In our preliminary research, DN
induced the activity of CYP2C11 and CYP3A11. HQD inhibited the
activity of CYP1A2, CYP2C37, and CYP3All and induced the
activity of CYP2C11. Moreover, HQD induced the activity of
CYP2El in the DN mouse and inhibited the activity of
CYP2E1l in the The
CYP450 enzyme was consistent with changes in expression
(Wang et al., 2022d). However, the specificity of individual CYP
enzymes allows for only specific substrates to be metabolized by the

control mouse. activity of each

enzyme. The enzyme primarily involved in the metabolism of a
certain substrate is known as the dominant metabolizing enzyme.
Analyzing the dominant metabolizing enzyme of a drug is essential
for studying how variations in the activity and expression of the
metabolizing enzyme effect the drug pharmacokinetics and to
elucidate the pharmacokinetic differences in pathophysiological
states. In the present research, an in vitro liver microsomal
incubation method was adopted to study the influence of specific
inhibitors of liver CYP450 enzymes on the metabolism of the six
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effective components (astragaloside IV, glycyrrhizic acid, calycosin-
glucuronide, formononetin, ononin, calycosin-7-O-p-D- glucoside)
of HQD so as to analyze the CYP enzymes that may be involved in
the metabolism of each component. From the perspective of drug
metabolism, we investigated the reasons for the pharmacokinetic
differences of HQD during the pathological and physiological
changes and the possible drug-drug interactions in clinical
application. The information will help provide a theoretical basis
for developing new drugs against diabetic nephropathy and the
rationale for their clinical application.

2 Materials and methods
2.1 Materials and reagents

The China Institute of Food and Drug Control provided the
following reference standards: astragaloside IV, glycyrrhizic acid,
calycosin-glucuronide, formononetin, ononin, calycosin-7-O-f-
D- glucoside, puerarin, and digoxin (purity >98.0%). Ticlopidine
(693228-63-6), a-naiflavone (604-59-1), quinidine (56-54-2),
(86386-73-4), (65277-42-1),
clomethiazole (533-45-9) were supplied by Shanghai yuanye
Bio-Technology Co., Ltd. (Shanghai, China). Nicotinamide
adenine dinucleotide phosphate (NADPH, 704S082) and
bicinchoninic acid protein assay kit (BCA, 20191123) were

fluconazole ketoconazole and

provided by Beijing Solarbio Science and Technology Co., Ltd.
(Beijing, China). Merck KGaA (Germany) provided methanol
and acetonitrile (HPLC grade). All remaining chemicals were of
analytical grade. HQD was self-produced by the research group
(Wang et al., 2022). The content of each component in HQD is
shown in Table 1.

2.2 Animals

Ten-week-old db/db male mice (45 + 5 g) and db/m mice (20 + 2 g)
were purchased from the Model Animal Research Center of Nanjing
University and MOE Key Laboratory of Model Animal for Disease
Study (SCXK [Su]2021-0016) and housed in polypropylene cages at a
relative humidity of 60% + 5%, constant temperature (25°C + 1°C) and
under a 12 h light/12 h dark cycle, mice were given free access to water
and food. Twelve-week-old db/db mice developed nephropathy
(Ponchiardi et al, 2013; Wang et al, 2022b). The animal studies
were approved by the Animal Ethical Committee of Guizhou
University of Traditional Chinese Medicine (the approval number is
NO1702060).

2.3 Preparation of standard solutions

The following standard solutions were prepared in methanol. The
concentrations of astragaloside IV, glycyrrhizic acid, calycosin-
glucuronide, formononetin, calycosin-7-O-B-D-glucoside, ~and
ononin were 0.524 mg/mL, 0.505 mg/mL, 0.509 mg/mL, 0.526 mg/
mL, 0.512mg/mL, and 0.508 mg/mL, respectively. The stock
solution was diluted with phosphate-buffered saline (PBS) to prepare
a series of standard solutions. All solutions were refrigerated at 4°C.
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TABLE 1 Content of each component extracted from three batches of Astragalus and Glycyrrhizae.

Extraction fraction Components Content (%)

Extract of astragalus saponins Astragalus saponins 72.17
Astragaloside IV 2.72

Extract of glycyrrhizic acid Glycyrrhizic acid 80.22

Extract of astragalus flavones Astragalus flavones 71.58
Calycosin-glucuronide 1.36
Formononetin 0.33
Calycosin-7-O-B-D-glucoside 1.71
Ononin 0.86

Extract of astragalus polysaccharides Astragalus polysaccharides 65.51

TABLE 2 Mass spectrum parameters of HPLC-MS/MS.

Compound

EP (Volts) CXP (Volts)

Astragaloside IV 807.4 627.4 168 67 10 16
Glycyrrhizic acid 824.4 309.4 120 40 10 13
Calycosin-glucuronide 285.3 2132 180 51 10 13
Formononetin 267.0 252.0 -108 -10 -10 -13
Calycosin-7-O-B-D-glucoside 447.1 2852 109 29 10 13
Ononin 431.3 269.1 -120 =25 -10 -13
Digoxin 825.3 649.5 -108 -30 -10 -13
Puerarin 417.1 267.1 110 35 10 13

TABLE 3 Regression equation, linear range, and LLOQ for six components in liver microsomal samples.

Compound Linear range (ug/mL) Regression equation LLOQ (pg/mL)
Astragaloside TV 0.01-5.34 » = 0.0012x — 0.0268 0.9994 0.01
Glycyrrhizic acid 0.01-5.09 » = 0.0014x + 0.031 0.9998 0.01
Calycosin-glucuronide 0.01-5.19 y = 0.0224x + 0.1288 0.9997 0.01
Formononetin 0.01-5.23 ¥ = 0.0671x — 1.1249 0.9992 0.01
Ononin 0.01-5.07 y = 0.069x + 0.6873 0.9994 0.01
Calycosin-7-O-B-D-glucoside 0.01-5.05 y =0.0349x + 0.394 0.9997 0.01

2.4 Preparation of specific inhibitor solutions

Specific inhibitor solutions with the following concentrations
were prepared in methanol: 0.126 ug/mL a-naphthoflavone,
0.101 pg/mL ticlopidine, 0.104 pg/mL fluconazole, 0.106 pug/mL
quinidine, 0.101 pg/mL  clomethiazole, and 0.101 pg/mL
ketoconazole. Before use, each inhibitor solution was diluted
with PBS (1mM, pH, 7.0) to prepare the
concentration and then stored at 4°C.

required
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2.5 Preparation of mouse liver microsomes

Before the experiment, the mice were fasted for 12 h, and were
euthanized after blood was taken from the eye sockets. The liver
was quickly removed and perfused with pre-cooled saline through
the hepatic portal vein until the liver was earthy yellow, washed
three times with 1.15% KCl solution, wiped dry with filter paper,
and then weighed. The liver was then cut up, homogenized with
three times the volume of ethylene diamine tetraacetic acid
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FIGURE 1
HPLC-MS/MS chromatograms of the six components. (A). Blank inactivated liver microsomal sample; (B). Blank inactivated liver microsomal sample
mixed with the six components and internal standard; (C). Samples obtained after incubation with liver microsomes.

TABLE 4 Accuracy and precision of the six components in liver microsomal samples (x + SD, n = 6).

Compound Spiked conc. ( Accuracy (%) RSD (%) Inter-day precision Intra-day precision RSD (%)
Astragaloside TV 20.12 111.2 + 5.69 5.12 4.58 4.61
108.6 103.5 + 535 5.17 7.55 2.74
40127 100.9 + 2.78 275 7.78 331
Glycyrrhizic acid 19.54 105.4 + 9.72 9.22 230 17.43
101.7 82.15 + 1.34 1.63 5.78 1.63
4,092.4 109.9 + 8.54 7.77 7.58 7.77
Calycosin-glucuronide 19.60 90.77 + 7.57 8.34 11.55 8.53
105.2 88.60 + 3.08 3.48 478 261
4,065 1033 +2.92 2.83 491 2.64
Formononetin 19.20 104.5 + 2.38 2.28 9.29 4.40
107.9 106.6 + 2.26 2.12 15.66 2.12
4,013.8 101.8 + 13.93 13.68 8.52 13.68
Ononin 20.78 107.5 + 7.3 6.80 9.16 0.37
99.46 85.84 + 3.76 438 8.29 4.96
4,034 102.6 + 3.9 3.89 3.98 3.95
Calycosin-7-O-B-D- 2054 109.0 + 7.64 7.01 7.36 5.20
glucoside
1014 85.98 + 2.23 2.60 6.17 2.60
4,026 102.8 + 3.43 3.34 2.98 3.34

(EDTA) in an ice bath, and centrifuged at 4°C for 10 min at  homogenate containing 20% glycerol). The protein concentration
3,000 g. The supernatant was filtered, and the filtrate was  of the microsomes was determined using the BCA protein
centrifuged at 4°C for 20 min at 12,000 g. The supernatant was  concentration determination kit, and the microsomes were
then centrifuged at 4°C for 45min at 100,000g, and the aliquoted and pre-stored at —20°C for 60 min and transferred
precipitate was resuspended in a resuspension solution (EDTA  to —80°C for storage.
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TABLE 5 Matrix effects and extraction recovery of the six components in liver microsomal samples (x + SD, n = 6).

Compound Matrix effect (%) RSD (%) Extraction recovery (%) RSD (%)
Astragaloside TV 90.57 £ 5.59 6.17 88.06 + 1.10 1.25
103.9 + 6.33 6.09 100.7 + 6.80 6.75
102.2 = 1.57 1.54 105.7 = 1.61 1.52
Glycyrrhizic acid 90.62 + 7.30 8.06 95.58 + 8.87 9.28
9231 £ 6.75 7.31 104.1 + 18.25 17.52
101.5 + 4.92 4.85 105.9 + 10.46 9.87
Calycosin-glucuronide 94.77 + 0.69 0.73 92.61 + 8.26 8.92
95.67 + 7.55 7.89 99.77 £ 9.31 9.33
101.3 + 1.84 1.82 105.7 + 6.80 6.43
Formononetin 94.79 £ 9.21 9.72 97.5 £ 7.65 7.85
85.27 £ 2.58 3.03 99.65 + 8.13 8.16
95.23 £ 8.13 8.54 104.5 + 2.58 2.47
Ononin 90.65 + 5.10 5.63 84.09 + 0.89 1.06
98.84 + 4.22 4.27 101.0 + 3.46 3.43
102.2 £ 3.60 3.52 105.4 + 598 5.67
Calycosin-7-O-B-D-glucoside 90.8 + 9.70 10.68 90.58 + 3.73 4.12
98.25 + 1.79 1.82 92.3 £9.04 9.79
103.5 £ 2.11 2.04 105.9 + 3.65 3.45
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TABLE 6 Stability of the six components in liver microsomal samples. (x = SD, n = 6).

Compound Spiked conc. (ng/mL) 25°C 4 h —20°C 48 h Three freeze-thaw cycles
Measured conc. (ng/mL) RSD (%) Measured conc. (ng/mL) RSD (%) Measured conc. (ng/mL) RSD (%)

Astragaloside TV 20.12 21.46 + 127 5.92 2277 + 2.56 11.24 21.13 + 0.58 274
1085 1093 + 10.61 11.09 1049 + 3.58 341 98.03 + 2.13 217
4,012.8 4,034 + 35.15 0.87 4,034 + 7245 1.80 3,902 + 1925 4.94
Glycyrrhizic acid 19.54 209 + 231 11.05 20.52 + 1.07 521 2078 + 2.95 14.19
101.7 107.4 + 6.62 17.93 97.94 + 5.88 10.13 103.8 + 1.54 17.38
4,092 4,015 + 2195 5.47 4,042 +117.3 2.90 3,992 + 183.4 459
Calycosin-glucuronide 19.60 2059 + 0.41 1.99 20.26 + 0.39 1.92 20.85 + 0.48 230
105.2 97.47 + 3 429 97.88 + 1.01 1.03 99.14 + 3.82 4.83
4,065 4,111 + 129.0 3.14 4,063 + 135.3 333 4,104 + 69.4 1.69
Formononetin 19.20 2027 + 0.11 0.54 21.10 + 0.20 0.95 2022 + 0.09 045
107.9 1063 + 0.21 118 107.0 + 2.17 225 1093 + 1.78 0.94
4,014 4,118 + 4283 10.40 4,033 + 171.4 425 3,910 + 110.6 2.83
Ononin 20.78 2121 + 143 6.74 2029 +0.13 0.64 2131 + 032 1.50
99.46 98.74 + 2.44 247 98.51 + 6.12 621 1035 + 2.26 218
4,034 4,082 + 121.9 2.99 4,034 + 102.2 253 4,044 + 162.4 4.02
Calycosin-7-O-B-D-glucoside 20.54 21.95 + 1.71 7.79 20.53 + 0.62 3.01 21.63 + 1.13 5.11
1015 97.85 + 6.11 11.09 97.13 + 5.47 655 98.8 + 2.02 9.74
4,026 4,064 + 84.17 2.07 4,132 + 186.5 451 4,041 + 131.2 3.25
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FIGURE 2

Mass spectrogram of the six components and internal standards (1) Astragaloside IV; (2) Glycyrrhetinic acid; (3) Calycosin-glucuronide; (4)
Formononetin; (5) Ononin; (6) Calycosin-7-O-p-D-glucoside; (7) Puerarin; (8) Digoxin.

2.6 Liver microsomal incubation system and

sample preparation

The total volume of the reaction was kept at 200 pL. The in vitro
incubation system comprised of 50 pL liver microsomes (1 mg/mL),

Frontiers in Pharmacology

50 uL specific inhibitor solution, 20 uL nicotinamide adenine
dinucleotide phosphate (NADPH, 1 mmol/L), and 80 uL standard
solution (100 ng/mL). The solution containing liver microsomes,
specific inhibitors, and the standard solution was pre-incubated for
5 min at 37°C. NADPH, pre-incubated for 5 min at 37°C, was added
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FIGURE 3

Effects of different conditions on the metabolic conversion rate of the six components in the liver microsomal incubation system. (A) The metabolic
conversion rate of each component in the liver microsomal incubation system at different protein concentrations. (B) The metabolic conversion rate of
each component in the liver microsomal incubation system under different reaction times. (C) Effect of each component’s concentration on its own

metabolic conversion rate in the liver microsomal incubation system.

to commence the reaction, and the solution was incubated for
60 min at 37°C on a thermostatic oscillator. At the end of the
reaction, 400 L of ice-cold methanol containing the IS (the final
concentrations of digoxin and puerarin were 0.745 ug/mL and 1 ug/
mL, respectively) was added to terminate the reaction. The samples
were vortexed for 1 min and centrifuged for 10 min (15,000 r/min).
The contents of six active components in the supernatant were
determined by HPLC-MS-MS. All reactions were performed in
triplicate.
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2.7 Preparation of quality control samples

The three concentrations of quality control samples were
prepared by taking 50 pL of inactivated liver microsomes and
adding 50 uL PBS solution, 80 pL mixed solution containing six
components (astragaloside IV, glycyrrhizic acid, calycosin-
glucuronide, formononetin, ononin, calycosin-7-O-3-D-glucoside)
with low, medium, and high concentrations, 20 uL. NADPH, 200 pL

methanol, and 200 uL internal standard solution.
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2.8 HPLC-MS/MS analysis

2.8.1 Conditions of HPLC-MS/MS

An Acquity HPLC system (Shimadzu Corp., Kyoto, Japan)
equipped with a Q-Trap® 5,500 triple quadruple mass
spectrometer (AB Sciex, Framingham, MA, United States) was
utilized for HPLC-MS/MS. Multiple reaction monitoring (MRM)
was employed to achieve mass spectrometric quantification. The

Frontiers in Pharmacology

parameters of the mass spectrometer were optimized as follows:
source temperature at 600°C, nebulizer pressure at 55 psi, curtain gas
at 30 psi, auxiliary gas at 55 psi, and ion spray voltage at —4.5 kV (=)
or 5.5kV (+). The mass spectrum parameters are shown in Table 2.

The liquid chromatography analyses of the six effective
an ACEExcel2C18-AR
column (100 x 2.1 mm, 2um, Advanced Chromatography
Technologies Ltd., Aberdeen, United Kingdom) at 30°C. Analysis

components were conducted using
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was completed with a gradient elution of 0.1% formic acid (A) and
acetonitrile (B). The flow rate was 0.4 mL/min. The gradient elution
procedure was as follows: 0-0.6 min at 10% B, 0.6-2 min at 10%-
30% B, 2—-6 min at 30%-65% B, 6-8 min at 65%-90% B, 8-9 min at
90%-90% B, 9-9.1 min at 90%-10% B, and 9.1-12 min at 10% B.

2.8.2 Method validation
2.8.2.1 Specificity

Briefly, 50 uL of inactivated liver microsomes were mixed with
50 pL of mix specific inhibitor, before adding 80 pL of PBS solution,
20 uL of NADPH, and 400 pL of methanol. Subsequently, the
samples were vortexed for 1 min and sonicated for 3 min. After
precipitating the protein, the samples were centrifuged at 15,000 r/
min for 10 min, and the supernatant was collected to obtain sample
A. Next, 50 uL of inactivated liver microsomes were mixed with
50 uL of mix specific inhibitor before we added 80 pL of the mixed
solution of six components (astragaloside IV, glycyrrhizic acid,
calycosin-glucuronide, formononetin, ononin, calycosin-7-O-p-D-
glucoside) prepared in advance, 20 uL of NADPH, 200 uL of
methanol, and 200uL of internal standard solution. The
remainder of the operations were the same as those outlined
above for sample A, and the supernatant was collected to obtain
sample B. Another sample containing six components was
incubated according to the method described in section 2.6 to
obtain sample C.

2.8.2.2 Calibration curves and linearity

Briefly, 50 uL of inactivated liver microsomes were mixed
with 50 uL of PBS solution, 20 uL of NADPH, 200 uL of
methanol, 200 uL of internal standard solution, and then
80 L of mixed standard solution of different concentrations
was added to create a series of mixed working solutions. The
samples were incubated according to the method described in
section 2.6 and the supernatant was collected for determination
using HPLC-MSMS. The calibration curves were drawn with the
concentration (C) of each component as the horizontal
coordinate X, and the ratio (A/A;) between the peak area of
each component and internal standard as the vertical coordinate
Y. Linear regression analysis was conducted using the weighted
least squares method to obtain the regression equation. The
lowest concentration in the calibration curve was used as the
lower limit of quantification (LLOQ).

2.8.2.3 Accuracy and precision

The low-, medium-, and high-concentration quality control
samples were incubated according to the method described in
Section 2.6. Accuracy and precision were assessed by repeated
determination of six components in three concentration quality
control samples six times a day for three consecutive days. The
precision of the assay was computed using the relative standard
deviation (RSD,%). The accuracy of the method was evaluated by
the ratio of the measured concentration to the spiked
concentration (%).

2.8.2.4 Extraction recovery and matrix effects

To obtain sample A, the low-, medium-, and high-concentration
quality control samples were incubated according to the method
described in Section 2.6 and the supernatant was collected for

Frontiers in Pharmacology

61

10.3389/fphar.2023.1175896

determination by HPLC-MS/MS. Then, 50 uL of inactivated liver
microsomes were treated according to the method described in
Section 2.6, with the exception of adding the six components and
internal standard. Subsequently, the corresponding low, medium,
and high concentrations of the six components and internal
standard mixed solution were added to the supernatant to obtain
sample B. The low, medium, and high concentrations of the six-
component standard solution (80 uL) were mixed with the internal
standard (200 pL) and the initial mobile phase (320 pL) to obtain
sample C. The ratio of the peak area of sample A to sample B was
defined as the extraction recovery rate, while the ratio of the peak
area of sample B to sample C was defined as the matrix effect.

2.8.2.5 Stability

Low-, medium-, and high-concentrations of quality control
samples were incubated according to the method described in
Section 2.6. Subsequently, the quality control samples were stored
at 25°C for 4 h, refrigerated for 48 h at —20°C, and underwent triple
freeze-thaw cycles. The stability was evaluated by investigating the
content changes of six components under different storage
conditions.

2.9 Research on the dominant metabolic
enzymes of six effective components
of HQD

2.9.1 Optimization of protein concentration in liver
microsomal incubation system

The six-component mixed standard solutions were incubated
with the liver microsomal sample of different protein
concentrations (0, 0.25, 0.5, 0.75, 1, 2 mg/mL) for 60 min, each
with six replicates. Subsequently, samples were prepared
according to the methods described in Section 2.6. The
residual contents of the six effective components in each group
were determined by HPLC-MS/MS to calculate the metabolic
conversion rate.

2.9.2 Optimization of reaction time in liver
microsomal incubation system

The mixed standard solution containing the six components
was incubated with mouse liver microsomes at 37°C for
different time (0, 15, 30, 45, 60, 90 min), each with six
replicates. Subsequently, samples were prepared according to
the methods described in Section 2.6. The residual contents of
the six effective components in each group were determined by
HPLC-MS/MS to calculate the metabolic conversion rate.

2.9.3 Effect of each analyte's concentration on its
own metabolism

The standard solution of astragaloside IV, glycyrrhizic acid,
calycosin-glucuronide, formononetin, calycosin-7-O-p-D-glucoside,
and ononin was added to phosphate-buffered saline (PBS, pH 7.0)
as desired for dilution to produce a series of mixed solutions (50, 100,
250, 500, 1,000 ng/mL). Each mixed solution sample was incubated
with 1.0 mg/mL liver microsomes for 60 min. The residual contents of
the six effective components were determined by HPLC-MS/MS to
calculate the metabolic conversion rate.
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2.9.4 Effects of liver CYP enzymes specific
inhibitors on the metabolism of six effective
components

A-naphthoflavone, quinidine, clomethiazole, ticlopidine,
ketoconazole, and fluconazole were selected as specific
inhibitors of CYP1A2, CYP2D22, CYP2El, CYP2C37,
CYP3Al1l, and CYP2Cl11, respectively (El-Sherbeni and El-
Kadi, 2014; Xu et al., 2016). Forty-eight mice were randomly
divided into eight groups of six mice each. The eight groups
comprised six different specific inhibitor groups, a negative
control group and a control group. For different specific
inhibitor groups, mouse liver microsomes were incubated
with related CYP450 enzyme specific inhibitors and mixed
standard solutions. In the negative control group, mouse liver
microsomes were incubated with mixed standard solution
without specific inhibitors. In the control group, inactivated
liver microsomes were combined with mixed standard solution
without inhibitors and not incubated. After the samples were
treated according to the methods described in Section 2.6, the
residual level of the six effective components was determined for
each group using HPLC-MS/MS. The residual contents of each
component (%) = V./V(*100 (where V. is the residual amount of
each group and V is the content of the control group).

2.10 Statistical analysis

All data were expressed as mean + standard deviation. SPSS 23 was
used for statistical analysis between the two groups. p < 0.05 and p <
0.01 were statistically significant between the two groups.

3 Results
3.1 Method validation of HPLC-MS/MS

3.1.1 Specificity

The results demonstrated that the chromatographic peaks of the
six components were well separated, with no interference between
them. The retention times of astragaloside IV, glycyrrhizic acid,
calycosin-glucuronide, formononetin, ononin, and calycosin-7-O-
5.25 min, 4.49 min, 5.54 min,
4.20 min, and 3.45 min, respectively (Figure 1).

B-D-glucoside were 5.05 min,

3.1.2 Calibration curves and linearity

Using the concentration of the six components as the abscissa
(X) and the ratio of the peak area between each component and
internal standard as the ordinate (Y), the weighted least squares
method was employed for linear regression calculation to obtain
the regression equation. All calibration curves displayed
great linearity and coefficients of correlation ranging from
0.9992 to 0.9998. The regression equation and linear range for
six components in the liver microsomal samples are listed in
Table 3.

3.1.3 Accuracy and precision

The inter- and intra-day precision ranged from 2.3% to
15.66% and 0.37%-17.43%, respectively. The inter- and intra-
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day precision and accuracy of six components in liver microsomal
samples are summarized in Table 4. These results demonstrate
that the method is accurate and reliable.

3.1.4 Extraction recovery and matrix effects

The mean matrix effect of the six components ranged from
90.57% + 5.59% to 103.9% + 6.33% with RSD <15%, and extraction
recovery of the six components ranged from 88.06 + 1.10 to 105.9 +
10.46 with RSD <20%, which suggested that the recoveries of the six
components were reliable in microsomal samples. Furthermore,
The matrix effect and

there was no matrix interference.

extraction recovery are displayed in Table 5.

3.1.5 Stability

The result is displayed in Table 6. Our results revealed that the
components are stable when stored at room temperature
(approximately 25°C) for 4 h, refrigerated (—20°C) for 48 h and three
freeze-thaw cycles. Therefore, the stability of samples conformed to the
standard of biological sample determination. Figure 2.

3.2 Dominant metabolic enzymes of the six
effective components in HQD

3.2.1 Optimization of protein concentration in liver
microsomal incubation system

The results are shown in Figure 3. The metabolic conversion
rate of astragaloside IV, glycyrrhizic acid, calycosin-glucuronide,
formononetin, ononin, calycosin-7-O-p-D-glucoside initially
increased with the increase in protein concentration. At higher
concentration, the conversion rate for each analyte saturated.
Therefore, for subsequent experiments, a 1 mg/mL concentration
of liver microsomal protein was selected.

3.2.2 Optimization of reaction time in liver
microsomal incubation system

The metabolic conversion rate of astragaloside IV, glycyrrhizic
acid, calycosin-glucuronide, formononetin, ononin, calycosin-7-O-
B-D-glucoside increased with time, however, saturated after 60 min
(Figure 3). Thus, 60min was selected as the incubation
reaction time.

3.2.3 Effect of each analyte’s concentration on its
own metabolism

The metabolic conversion rates of the six components increased
with the increase of their respective concentrations and plateaued
after increasing to 100 ng/mL (Figure 3). Therefore, 100 ng/mL was
chosen as the concentration of the six components in the incubation
system of liver microsomes.

3.3 Effects of specific liver CYP enzyme
inhibitors on the metabolism of six effective
components

The effect of specific CYP enzyme inhibitors on the metabolism
of six components was investigated (Figure 4). Compared to the
control group, all components in negative control group were
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metabolized obviously, indicating that the condition of liver
microsomal incubation system was reasonable and feasible. The
addition of specific CYP enzymes inhibitors reveals that ticlopidine,
a specific inhibitor of CYP2C37, prevented the metabolism of
astragaloside IV and glycyrrhizic acid. Fluconazole, a specific
inhibitor of CYP2Cl1, prevented the metabolism of astragaloside
IV and formononetin. a-naphthoflavone, a specific inhibitor of
CYP1A2, prevented the metabolism of calycosin-glucuronide.
Clomethiazole, a specific inhibitor of CYP2EI, prevented the
metabolism of calycosin-glucuronide. Lastly, ketoconazole, a
specific inhibitor of CYP3All, prevented the metabolism of
formononetin and glycyrrhizic acid. However, the metabolism of
calycosin-7-O-B-D-glucoside and ononin was not affected by the
addition of these CYP enzymes inhibitors. Taken together,
CYP2C37 and CYP2C11 may be involved in the metabolism of
astragaloside IV, while the metabolism of calycosin-glucuronide
may be related to CYPIA2 and CYP2ELl. Moreover,
CYP3A11 and CYP2CI11 may be involved in the metabolism of
formononetin, and the metabolism of glycyrrhizic acid may be
related to CYP3A11 and CYP2C37.

4 Discussion

The db/db mouse model derived from the C57BL/6] mice has a
defective leptin receptor gene with the characteristic of spontaneous
diabetes mellitus 2 development. The pathogenesis of this model is
very similar to that of human type 2 diabetes mellitus. After 4 weeks
of age, this mouse strain gradually develops diabetic signs such as
obesity, glycosuria, hyperglycemia, and hyperlipidemia, whereas
complications of diabetic nephropathy occur at 8-12 weeks of
age (Ponchiardi et al, 2013; Wang et al, 2022c). A previous
study by our group found that blood glucose, triglycerides,
cholesterol, blood creatinine, urea nitrogen, and 24-h urinary
protein were significantly higher in 12-week-old db/db mice
compared to control (p < 0.05). Simultaneously, our previous
study found that many collagen fibers (blue) were visible in the
glomerular basement membrane and tubular interstitium of 12-
week-old db/db mice, and significantly more than that of the
control, with obvious collagen fiber deposition and obvious
glomerular and tubular lesions (Wang et al, 2022d). Therefore,
12-week-old db/db mice were used as the mouse model of diabetic
nephropathy and db/m mice of the same age were used as the
control. To avoid the effect of disease on drug metabolizing
enzymes, the liver of the control mice was used to construct an
in vitro liver microsome incubation system.

The CYP450 family of enzymes is the most important enzyme for
the oxidative metabolism of drugs in the liver and an important object
of preclinical drug metabolism studies. CYPs belong to phase I drug
metabolizing enzymes, of which CYP2D6, CYP1A2, CYP2CI9,
CYP3A4, CYP2El, and CYP2C9 are the six most dominant
subtypes. These six subtypes account for approximately 80% of the
liver’s total CYP450 enzymes, and 90% of drugs are metabolized by
these six subtypes (Feng et al, 2019). Therefore, the six enzyme
subtypes, CY2D6, CY1A2, CY2C19, CY3A4, CY2El, and CY2C9,
which have a large distribution and can metabolize numerous drugs,
were selected for our investigation. Humans and mice are both
mammals, and although many subtypes of CYP450 enzymes are
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unique to their species, they also have direct homology and similar
functions. Therefore, it is possible to predict the physiological activity of
different subtypes of CYP450 in humans by studying homologous
subtypes in mice. Therefore, we chose to use mouse liver microsomes
for metabolic studies (Martignoni et al., 2006; Li et al., 2017). Among
them, mouse CYP1A2, CYP2D22, CYP3A11, CYP2E1, CYP2Cl1, and
CYP2C37 are homologous to human CYP1A2, CYP2D6, CYP3A4,
CYP2EI1, CYP2C9, and CYP2C109, respectively. (Martignoni et al., 2006;
Han et al,, 2012; Yang et al,, 2016; Weng et al., 2020). First, an in vitro
incubation system for liver microsomes was established. According to
the correspondence of CYP450 enzyme homologs between humans and
mice, the related CYP450 enzyme-specific inhibitors quinidine
(CYP2D22), a-naphthoflavone (CYP1A2), ticlopidine (CYP2C37),
ketoconazole (CYP3A11), clomethiazole (CYP2EI) and fluconazole
(CYP2C11) added, and
chromatography-triple quadrupole tandem mass spectrometry
(HPLC-MS/MS) was used to determine the metabolic residues of
the six components (astragaloside IV, glycyrrhizic acid, calycosin-

were high-performance  liquid

glucuronide, formononetin, ononin, calycosin-7-O-B-D-glucoside).
However, the results also showed that CYP450 enzyme-specific
inhibitors had no significant effect on calycosin-7-O-p-D-glucoside
and ononin in vitro. Active ingredients bind, cleave, and metabolize
intestinal flora after entering the intestine, which affects drug absorption
and utilization, especially components containing glucosides such as
calycosin-7-O-fB-D-glucoside and ononin. Moreover, numerous drug
transporters found on intestinal epithelial cells are targets for improving
drug absorption and bioavailability, and calycosin-7-O- B-D-glucoside
and ononin are likely metabolized by other metabolizing enzymes
(Zhang et al,, 2014; Wang et al., 2015).

5 Conclusion

An in vitro liver microsomal incubation method was adopted
to study the effects of specific inhibitors of liver CYP450 enzymes
on the metabolism of the six effective components so as to analyze
the dominant CYP enzymes that may be involved in the
metabolism of each component. Combined with the changes in
enzyme activity in preliminary research, this study explored the
possible reasons for the differences in pharmacokinetics of HQD
under physiological and pathological states from the perspective of
drug metabolism, as well as the possible drug-drug interactions
caused by their clinical application. The results provide a
for the
development of traditional Chinese medicine.

theoretical basis clinical application and future
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SARS-CoV-2 infection
dysregulates the expression of
clinically relevant drug
metabolizing enzymes in Vero

E6 cells and membrane
transporters in human lung tissues
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Reina Bendayan?
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ON, Canada, *OneDrug, Toronto, ON, Canada, *Sunnybrook Research Institute, Toronto, ON, Canada,
“Ontario Forensic Pathology Service, Toronto, ON, Canada, *Department of Laboratory Medicine and
Pathobiology, University of Toronto, Toronto, ON, Canada

SARS-CoV-2-mediated interactions with drug metabolizing enzymes and
membrane transporters (DMETs) in different tissues, especially lung, the main
affected organ may limit the clinical efficacy and safety profile of promising
COVID-19 drugs. Herein, we investigated whether SARS-CoV-2 infection could
dysregulate the expression of 25 clinically relevant DMETs in Vero E6 cells and
postmortem lung tissues from COVID-19 patients. Also, we assessed the role of
2 inflammatory and 4 regulatory proteins in modulating the dysregulation of
DMETs in human lung tissues. We showed for the first time that SARS-CoV-
2 infection dysregulates CYP3A4 and UGT1A1 at the mRNA level, as well as P-gp
and MRP1 at the protein level, in Vero E6 cells and postmortem human lung
tissues, respectively. We observed that at the cellular level, DMETs could
potentially be dysregulated by SARS-CoV-2-associated inflammatory response
and lung injury. We uncovered the pulmonary cellular localization of CYP1A2,
CYP2C8, CYP2C9, and CYP2D6, as well as ENT1 and ENT2 in human lung tissues,
and observed that the presence of inflammatory cells is the major driving force for
the discrepancy in the localization of DMETs between COVID-19 and control
human lung tissues. Because alveolar epithelial cells and lymphocytes are both
sites of SARS-CoV-2 infection and localization of DMETs, we recommend further
investigation of the pulmonary pharmacokinetic profile of current COVID-19 drug
dosing regimen to improve clinical outcomes.

KEYWORDS

SARS- CoV-2, drug metabolism, drug transport, inflammatory response, Vero E6 cells,
human lung tissues, drug metabolizing enzymes (DMEs), membrane transporters
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Introduction

Coronavirus disease 2019 (COVID-19) has killed over 6 million
people and affected more than 600 million people worldwide,
making it one of the deadliest pandemics of the 21st century
(World Health organization, 2022). Although several vaccines are
now available to protect against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), full protection is not guaranteed for
multiple reasons including evasion of neutralizing antibody by some
variants of SARS-CoV-2 (Garcia-Beltran et al., 2021; Hoffmann
et al, 2021; Madhi et al,, 2021), breakthrough infection (Su et al.,
2016; Krammer, 2020), and delay in reaching herd immunity (Our
World in Data, 2021). Therefore, there is an urgent need to develop
effective antiviral drugs that will complement the existing vaccines
in improving the morbidity and mortality associated with
COVID-19.

Currently, there is no cure for COVID-19; however, drugs such
as remdesivir, molnupiravir, and nirmatrelvir have shown great
promise relative to other candidates (Cascella et al., 2022). A major
determining factor for the clinical efficacy and safety of these drugs
is their ability to sufficiently distribute within the host and reach
optimal therapeutic concentrations at disease target sites,
particularly the lung tissue, the main organ affected by SARS-
CoV-2 infection (Nwabufo and Aigbogun, 2022). For example, a
previous study in rats found that the plasma levels of lopinavir were
greater than its lung concentrations (Kumar et al., 2004), indicating
that the drug may not be reaching the optimal pulmonary
concentrations required to effectively eradicate SARS-CoV-
2 virus. Yet, studies investigating the spatial distribution of
COVID-19 drugs at the primary target cells (Type II alveolar
epithelial cells) of SARS-CoV-2 infection within the lung tissues
are still lacking.

The lung is heterogeneous, comprising about 40 different cell
types with an unequal distribution of drug metabolizing enzymes
and membrane transporters (DMETs), which have a lower
expression and activity compared to their hepatic counterpart
(Enlo-Scott et al., 2021a; 2021b). Alone or in synergy, these
DMETs can alter the pulmonary concentration of drugs, rate and
extent of their spatial distribution to disease target cells,
accumulation in specific cell types and overall pulmonary drug
retention, as well as absorption into the systemic circulation
resulting in distinct local and systemic pharmacokinetic (PK)/
pharmacodynamic (PD) profiles (Gustavsson et al, 2016;
Ehrhardt et al., 2017).

Early response pro-inflammatory cytokines such as tumor
necrosis factor (TNF)-a, interleukin-6 (IL-6), and IL-1f, are
overproduced in a typical hospitalized COVID-19 patient and
may be responsible for the acute respiratory distress syndrome,
lung injury, and multiple-organ damage seen in some COVID-19
patients at severe stages of the disease (Aziz et al., 2020; Pilla Reddy
et al,, 2021; Rendeiro et al., 2021; Frisoni et al., 2022). Interestingly,
IL-6 and IL-1P have both been implicated in the dysregulation
(altering the normal levels) of DMETs (Dunvald et al., 2022), and
their presence in COVID-19 pathophysiology warrants a similar
investigation. Recent clinical studies have reported altered PK
profiles for drugs such as midazolam (Le Carpentier et al., 2022),
tacrolimus (Salerno et al., 2021), and lopinavir (Gregoire et al., 2020)

in COVID-19 patients. These studies suggests that SARS-CoV-2-
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associated inflammatory response may be responsible for the altered
PK profile. However, the molecular mechanism underlying SARS-
CoV-2-mediated alteration of drug PK profile is yet to be
demonstrated.

At the molecular level, proinflammatory cytokines may
dysregulate the expression of DMETs through xenosensing
regulatory proteins including pregnane X receptor (PXR),
constitutive androstane receptor (CAR), nuclear factor kappa
B (NF-kP), phosphorylated signal transducer and activator of
transcription 3 (pSTAT3) that control transcription (Wu and
Lin, 2019; Stanke-Labesque et al., 2020; Dunvald et al.,, 2022).
Also, inflammation-mediated damage of pulmonary cells
housing DMETs, as well as recruitment of pulmonary immune
cells such as macrophages (which also house DMETs) in response
to SARS-CoV-2 infection could also alter local drug PK/PD
profile (Nwabufo and Bendayan, 2022). In general, all these
effects associated with an immune response to SARS-CoV-
2 infection could lead to distinct PK/PD profiles in peripheral
tissues and systemic circulation with potential clinical drug safety
and efficacy issues for COVID-19 patients, especially those with
polypharmacy.

In this present study (Figure 1), we investigated for the first
time whether SARS-CoV -2 infection with D614G variant alters the
mRNA expression of 9 inflammatory markers, 12 DMETs, in Vero
E6 cells compared to mock. The D614G variant of SARS-CoV-
2 was the most prevalent form of the virus at the onset of this study
and is characterized by a mutation at position 614 in the spike
protein which causes a change in amino acid sequence from
aspartic acid to glycine (Korber et al, 2020). Several studies
have shown that the D614G variant is more infectious than the
original strain of the virus with increased spike protein binding to
human cells (Korber et al., 2020; Yurkovetskiy et al., 2020; Zhang
et al,, 2020; Plante et al., 2021). Interestingly, the D614G mutation
have been found in several variants of concern (VOI) including
alpha (B.1.1.7), beta (B.1.351), delta (B.1.617.2), gamma (P.1), and
omicron (BA.1, BA.2, BA.3, BA.4, BA.5) (Ou et al., 2022). Vero
E6 cell line is derived from kidney epithelial cells of African green
monkey and is one of the most used cell lines for studying SARS-
CoV-2 virus because they express high levels of angiotensin-
converting enzyme 2 receptor which is essential for cellular
entry of the virus (Hoffmann et al, 2020; Rosa et al., 2021).
This makes Vero E6 cell a good in vitro model for our study.
More so, we have not identified any previous study that has
examined the full panel of the inflammatory signature
associated with SARS-CoV-2 infection or SARS-CoV-2-DMETs
interactions in Vero E6 cells. Because the lung is the main organ
affected by SARS-CoV-2 infection and may be prone to SARS-
CoV-2-mediated dysregulation of DMETs, we further conducted a
novel investigation of the cellular localization and changes in
protein expression of 2 SARS-CoV-2-associated inflammatory
markers, 4 regulatory proteins, and 13 DMETSs in postmortem
human lung tissues obtained from 10 COVID-19 patients
compared to 5 age/sex-matched non-infected controls. We
anticipate that any significant dysregulation will adversely affect
the concentration of promising COVID-19 drugs in both
peripheral tissues and systemic circulation, and may underpin
the limited clinical efficacy and safety observed for several COVID-
19 drug repurposing programs.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1124693

Nwabufo et al.

10.3389/fphar.2023.1124693

SARS-CoV-2 - Drug Metabolic Enzymes/Membrane Transporters Interactions

In vitro

A

Ex vivo

Postmortem Human Lung tissues
O 10 COVID-19 cases
O 5 control cases

HRP-polymer (> °
Secondary antibody :‘i Brown j
@ precipitate
Primary antibody \

Antigen Q

Tissue layer

|

positive  MRNA Expression Levels

@

Qo

§ QO Inflammatory markers
g

EN B S Theshold ' Metabolic enzymes

-

Negative
U Membrane transporters
Cycles
FIGURE 1

Methods deployed for investigation of SARS-CoV-2—DMETs interactions.
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(A) Vero E6 cells were infected with SARS-CoV-2 virus and cell pellets

were collected at 0-, 6-, 24-, and 48- hours post-infection. Subsequently, relative mRNA expression of selected clinically relevant inflammatory markers
(9), DMETs (12) was determined using gRT-PCR. (B) Chromogenic immunohistochemistry was used to localize and compare changes in protein
expression of clinically relevant inflammatory markers (2), xenosensing regulatory proteins (4), DMETs (13) between COVID-19 and control

postmortem human lung tissues.

Methods
In Vitro SARS-CoV-2—DMETs interactions

SARS-CoV-2 infection in Vero E6 cells and RNA
extraction

Vero E6 cells were kindly provided by Dr. Mubareka, Sunnybrook
Research Institute, and the SARS-CoV-2 infection was performed in their
laboratory. Vero E6 cells were seeded in T75 cm” flasks to achieve 95%
confluency the next day. Using a multiplicity of infection of 0.001 to avoid
over-infection and excessive cell toxicity, cells were inoculated with 1.5 mL of
SARS-CoV-2 virus containing the spike-protein D614G mutation. Mock
controls were inoculated with DMEM media only. Cells were incubated at
37°C, 5% CO, for 45 min and rocked every 10 min before inoculum was
removed and topped up with 15 mL DMEM (Wisent #319-005-CL)
containing 2% heat-inactivated FBS (Wisent #080450), 100IU penicillin-
100 pg/ml streptomycin and 2 mM L-glutamine (Wisent # 450-202-EL).
Cell pellets were collected at 0-, 6-, 24-, and 48- hours’ post-infection (hpi).
Cell pellets were prepared by removing the supernatant, washing with
10 mL cold PBS, and scraping the monolayer with 5 mL fresh PBS. Lifted
cells were collected into a tube, and another 5 mL of fresh PBS was added to
collect any remaining cells. Cells were spun at 1,000 g for 5 min at 4°C and
kept in the —80°C freezer. RNA extraction was performed using the
Qiashredder and RNeasy Mini Plus kit (Qiagen). RNA concentrations at
an absorbance of 260 nm and purity at an absorbance ratio of 260/280 were
quantified using Nanodrop One Spectrophotometer (Thermo Scientific).
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Virus stock

The virus (S357_P2_LY) propagated in Vero E6 cells and
contains spike-protein D614G mutation. Sequencing revealed that
the virus stock has 2 deletions (7% in position 23,598% and 10% in
position 23,628) in the polybasic furin cleavage site located on the S
gene. Supplementary Table S1 shows a list of other single nucleotide
variants and their frequencies.

Real-time quantitative polymerase chain reaction
analysis

Real-time quantitative polymerase chain reaction (QRT-PCR)
was used to measure the mRNA expression of selected
inflammatory markers, and DMETs (Supplementary Table S2).
2 pg isolated RNA was treated with DNase I to remove residual
DNA and then reverse transcribed to ¢cDNA using a high-
capacity reverse transcription cDNA kit (Applied Biosystems)
according to the manufacturer’s instructions. Specific monkey
TaqMan primers for selected inflammatory markers and DMETs
(Supplementary Table S3) obtained from Life Technologies were
used with TagMan quantitative polymerase chain reaction
biochemistry. All assays were performed in triplicates with
PPIB  (Peptidylprolyl = isomerase @~ B) and  GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase; used for CRP
and IL10) housekeeping genes as an internal control. For each
gene, the critical threshold cycle (CT) was normalized to the
housekeeping gene using the comparative CT method. Next, the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1124693

Nwabufo et al.

10.3389/fphar.2023.1124693

TABLE 1 Clinical and demographic characteristics for patients included in the immunohistochemistry study.

Sample ID  COVID-19 Status Age Gender Cause of death

1 COVID-19 76 M COVID-19

2 COVID-19 60 M COVID-19

3 COVID-19 76 F COVID-19; Chronic obstructive lung disease; Hypertensive cardiovascular disease

4 COVID-19 48 M COVID-19

5 COVID-19 53 F Complications of COVID-19 pneumonia (with saddle pulmonary embolism and deep vein thrombosis
6 COVID-19 37 M COVID-19 with acute pulmonary thromboembolism

7 COVID-19 83 M COVID-19; Atherosclerotic and hypertensive heart disease; Pulmonary emphysema

8 COVID-19 66 M COVID-19; Diabetes mellitus; Essential hypertension

9 COVID-19 56 F COVID-19

10 COVID-19 32 M COVID-19

11 Non-COVID-19 32 M Gammahydroxybutyrate toxicity

12 Non-COVID-19 41 M Multiple drug toxicity (fentanyl, ethanol, and methamphetamine)

13 Non-COVID-19 59 F Acute coronary thrombosis; intraplaque hemorrhage and rupture; atherosclerotic coronary artery disease
14 Non-COVID-19 66 Atherosclerotic heart disease

15 Non-COVID-19 74 Blunt impact head trauma

difference in CT values (ACT) between the gene of interest and
the housekeeping gene was then normalized to the corresponding
ACT of the vehicle control (AACT) and the relative difference in
mRNA expression for each gene was represented as 27447,

SARS-CoV-2—DMETs interactions in human
lung tissues

The studies involving human participants were reviewed and
approved by the office of the Chief Coroner at Ontario Forensic
Pathology Service (Chief Forensic Pathologist, and Chief Coroner).
Written informed consent for participation was not required for this
study in accordance with the national legislation and the
institutional requirements.

Autopsies and postmortem lung tissue processing

Autopsies were performed as per guidelines provided by the
Ontario Forensic Pathology Service with appropriate infection
isolation procedures. Histological samples obtained during the
autopsy were fixed in 10% neutral buffered formalin for at least
24 h before processing.

Immunohistochemical analysis

Chromogenic immunohistochemistry (IHC) was used to localize and
quantify the expression of SARS-CoV-2 virus, inflammatory markers,
regulatory proteins, and DMETs (Supplementary Table S4) in
postmortem human lung tissues obtained from 10 infected COVID-19
patients and 5 age/sex-matched non-infected controls (Table 1). ITHC was
performed on 4 um formalin-fixed paraffin-embedded sections of lung
tissues. Primary antibodies for the selected biomarkers (Supplementary
Table S5) were detected using a secondary antibody and horseradish
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peroxidase-conjugated streptavidin (MACH 4 universal HRP kit, Biocare
Medical, CA, United States), followed by color development with 33'-
Diaminobenzidine (DAB; DAKO Cat# K3468). Subsequently, cell
morphology and nuclei were visualized by counterstaining with
hematoxylin and eosin (H&E). Reagent negative control
(Supplementary Figure S1) and positive control (Supplementary Figure
S2) were performed to determine specificity. All immunostained slides
were imaged with an Aperio AT2 brightfield scanner (Leica Biosystems)
at x20 magnification on a standard slide dimension (1”x3").

Absolute protein quantitation

HALO software v3.4 (Indica Labs) was used to analyze the entire
lung tissue section of each slide across all the investigated
biomarkers. The multiplex IHC (v3.1.4) algorithm was used to
quantify percentage of DAB positive cells which comprised the
total number of DAB positive cells relative to the total number of
cells quantified in the images.

Data analysis

All statistical analyses were performed using GraphPad Prism”
(version 8.0 for Microsoft Windows, Graph Pad Software, San Diego,
CA, United States) with a significant difference defined as a p-value of
0.05 or less. All results for mRNA expression and protein quantification
were expressed as mean + standard deviation (SD) and mean + standard
error of the mean (SEM), respectively. An unpaired f-test was used to
determine significant differences in mRNA expression between the SARS-
CoV-2-infected and mock Vero E6 cells. The non-parametric two-tailed
Mann-Whitney test was used to assess the differences in protein
expression between COVID-19 and control postmortem human lung
tissues for absolute quantitative IHC analysis.
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Effect of SARS-CoV-2 infection on the mRNA expression of selected (A) inflammatory markers; (B) drug metabolizing enzymes; and (C) membrane-
associated drug transporters in Vero E6 cells. Relative mRNA expression was determined using gRT-PCR with normalization to the housekeeping gene
and the mock. Results are expressed as mean + SD from 3 independent experiments, and unpaired t-test was used to determine significant differences (*,

p < 0.05; **, p < 0.01; *** p < 0.001).

Results

In Vitro SARS-CoV-2—DMETs interactions

SARS-CoV-2-associated inflammatory response in
Vero E6 cells

We observed significant changes in the mRNA expression
level of inflammatory markers associated with COVID-19
severity including IL-1f3, TNF-a, CCL2, and CXCLIO in our
SARS-CoV-2 infected Vero E6 cells (Figure 2A); suggesting that
Vero E6 cells may be used to study the inflammatory events
associated with COVID-19 and modelling the severe stage of
the disease in vitro.

The mRNA expression of the pro-inflammatory cytokines,
IL-1f and TNF-«a was markedly upregulated by 7-(p < 0.05) and
81-(p < 0.01) fold, respectively, at 24 h (Figure 2A). Similarly,
the mRNA expression of the chemokines, CCL2 and CXCLI0,
was markedly increased by 56-(p < 0.01) and 29-(p < 0.001)
fold, respectively, at 24 h in the infected SARS-CoV-2 Vero
E6 cells (Figure 2A). However, at the 48-h mark, the mRNA
expression level of CXCLI10 decreased to baseline in the infected
SARS-CoV-2 Vero E6 cells (Figure 2A). No mRNA expression
was observed for CRP and IL-10 in both mock and infected Vero
E6 cells (data not shown).

It is possible that species differences (humans and monkeys), as
well as potential distinctions in the inflammatory events associated
with the different variants of SARS-CoV-2 virus may be responsible
for the lack of observable significant differences in the mRNA
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expression of IL6, iNOS, and IFN- y (Supplementary Figure S3A)
in the infected Vero E6 cells.

SARS-CoV-2—DMET interactions in Vero E6 cells

Out of the 7 investigated DMEs, only CYP3A4 and UGTI1A1 were
significantly dysregulated at the mRNA level in SARS-CoV-
2 infected Vero E6 cells (Figure 2B). At 48h, the mRNA
expression of CYP3A4 was significantly upregulated by 50-fold
(p < 0.05) in the infected Vero E6 cell (Figure 2B). At the same
time point, UGTIAI mRNA expression was significantly
downregulated by 0.5-fold (p < 0.001) in the infected Vero E6 cell
(Figure 2B). No significant dysregulation of CYP2D6 mRNA
expression was observed (Figure 2B), and no mRNA expression
was detected for CYPIA2, CYP2B6, CYP2C8, and CYP2C9 in both
mock and infected Vero E6 cells (data not shown).

None of the investigated membrane-associated drug
transporters (PGP, BCRP, MRPI1, MRP2, and MRP4) showed
significant dysregulation in mRNA expression (Figure 2C;
Supplementary Figure S3B).

SARS-CoV-2—DMET interactions in human
lung tissues

Clinical characteristics and demographic
information

Postmortem human lung samples were obtained from 10 and 5
(age/sex-matched) COVID-19 and control patients, respectively
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FIGURE 3

Micrographs of H&E stained postmortem human lung tissues (x40 magnification with an Olympus Bx43 microscope) showing (A) normal human
lung; (B) hyaline membrane formation; (C) perivascular lymphocytes; (D) COVID-19 organizing pneumonia.

(Table 1). COVID-19-related pathologies were the primary cause of
death reported for the COVID-19 cases while no pulmonary
pathologies were reported as the cause of death for the control
cases. Comorbidities including pulmonary and cardiovascular
diseases, as well as a metabolic disorder (Table 1) was observed in
3 of the COVID-19 cases. No additional information, for example,
genetic polymorphisms of DMETSs, cytokine panel, and intake of

medications, were available for the COVID-19 and control groups.

COVID-19-related histopathological findings
Histological examination of the control cases did not reveal any
significant pathologic abnormalities (Figure 3A). In COVID-19 cases,
diftuse alveolar damage (DAD) was observed in two cases (Figure 3B).
Assessment of preexisting lung disease was obscured by acute
pathologies in some cases. For example, one COVID-19 case
revealed multiple pathological hyperplasia,
pigments in the alveolar spaces, thick alveolar septa, diffuse fibrosis,
patchy areas of hyaline membranes, patchy type II pneumocyte

changes:  vascular
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hyperplasia, and focal areas of organizing COVID-19 pneumonia
(Figures 3C, D). Another COVID-19 case had acute bronchitis, and
6 of the COVID-19 patients had hyaline membrane formation
(Figure 3B). Pneumonia, ranging from acute to organizing phase
(Figure 3C) was found in 7 COVID-19 cases. Five COVID-19 cases
were also found to have inflammatory cells; one case had focal
aggregation of chronic inflammatory cells, two cases had more acute
and chronic inflammatory cells (Figure 3D), one case had mixed
inflammatory infiltrates, and the fifth case had mixed inflammatory
cells with more neutrophils. Two of the COVID-19 cases had unique
features; one had more expanded air spaces and more diffuse intra-
alveolar blood infiltration, while the other case had focal areas of
consolidation (data not shown).

Localization of selected biomarkers in postmortem
human lung tissues

Figure 4 shows the localization of the selected biomarkers
(Supplementary Table S4) in COVID-19 postmortem human
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SARSN, SARS-CoV-2 nucleocapsid protein

SARSSP, SARS-CoV-2 spike protein

FIGURE 4

lung tissues while Table 2 summarizes the cellular expression of the
biomarkers in each COVID-19 and control postmortem human
lung tissues. Supplementary Figures S1, S2 are negative and positive
control IHC images showing the good specificity of the antibodies
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Micrographs of COVID-19 postmortem human lung tissue sections (x40 magnification with an Olympus Bx43 microscope) showing positive
staining in brown color for all the investigated biomarkers. Table 2 summarizes the pulmonary cellular localization of the investigated biomarkers.

71

used for the investigated biomarkers. In general, the investigated
biomarkers are expressed in different pulmonary cell types with
differences in cellular localization between COVID-19 and control
cases (Figure 4; Table 2). The distinction in biomarker localization is
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TABLE 2 Summary of the cellular localization of investigated biomarkers in postmortem human lung tissues.

10.3389/fphar.2023.1124693

Class of biomarkers Biomarker Cellular compartment Pulmonary cells COVID-19 Control
cases cases
Drug metabolizing enzymes CYP1A2 Cytoplasm Intra-alveolar lymphocytes 9/10 2/5
Alveolar epithelial cells 10/10 5/5
Macrophages 5/10 1/5
CYP2B6 Cytoplasm Alveolar epithelial cells 10/10 4/5
Macrophages 3/10 3/5
Lymphocytes 5/10 1/5
Fibroblast 1/10 ND
Nucleus Lymphocytes 4/10 ND
CYP2C8 Cytoplasm Lymphocytes 6/10 3/5
Macrophages 7/10 5/5
Endothelial cells 8/10 3/5
Fibroblast 3/10 ND
Alveolar epithelial cells 8/10 4/5
Bronchial epithelial cells 1/10 ND
CYP2C9 Apical membrane Alveolar epithelial cells 10/10 5/5
Cytoplasm Macrophages 9/10 3/5
Fibroblast 1/10 ND
Lymphocytes 3/10 ND
CYP2C19 Cytoplasm Alveolar epithelial cells 10/10 5/5
Bronchial epithelial cells 3/10 4/5
Lymphocytes 5/10 ND
Macrophages 6/10 3/5
Fibroblast 2/10 ND
CYP2D6 Cytoplasm Bronchial epithelial cells 3/10 3/5
Lymphocytes 3/10 ND
Macrophages 3/10 1/5
Alveolar epithelial cells 8/10 4/5
Cytoplasmic and circumferential Macrophages ND 1/5
membranous
Lymphocytes 1/10 ND
Apical membrane Bronchial epithelial cells 1/10 1/5
CYP3A4 Cytoplasm Lymphocytes 8/10 1/5
Macrophages 2/10 3/5
Alveolar epithelial cells 8/10 4/5
Bronchial epithelial cells 3/10 1/5
Membrane-associated drug BCRP Cytoplasm Submucosal gland basement 1/10 ND
transporters membrane
Macrophages ND 1/5
Endothelial cells 8/10 5/5
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TABLE 2 (Continued) Summary of the cellular localization of investigated biomarkers in postmortem human lung tissues.

Class of biomarkers

10.3389/fphar.2023.1124693

Inflammatory markers

Biomarker Cellular compartment Pulmonary cells COVID-19 Control
cases cases
Membranous Macrophages ND 2/5
ENT1 Cytoplasm Macrophages 1/10 2/5
Subset of lymphocytes 6/10 2/5
Circumferential membrane Alveolar epithelial cells ND 1/5
ENT2 Apical membrane Endothelial cells 2/10 ND
Alveolar epithelial cells 4/10 3/5
Circumferential membrane Fibroblast 1/10 ND
Cytoplasm Macrophages 6/10 3/5
Lymphocytes 7/10 1/5
Alveolar epithelial cells 3/10 1/5
Endothelial cells 1/10 ND
MRP1 Cytoplasm Lymphocytes 6/10 ND
Macrophages 7/10 3/5
Bronchial epithelial cells 2/10 1/5
Alveolar epithelial cells 7/10 4/5
Nucleus and cytoplasm Intra-alveolar cells 1/10 ND
Nucleus Alveolar epithelial cells 9/10 5/5
MRP2 Circumferential membrane Bronchial epithelial cells 1/10 3/5
Endothelial cells 10/10 4/5
Macrophages 4/10 ND
Lymphocytes 3/10 ND
Alveolar epithelial cells 10/10 5/5
P-gp Cytoplasm Endothelial cells 1/10 ND
Circumferential membrane Macrophages 2/10 ND
Bronchial epithelial cells 4/10 5/5
Alveolar epithelial cells 5/10 1/5
Lymphocytes 1/10 4/5
Submucosal gland epithelium ND 2/5
Apical membrane Alveolar epithelial cells 8/10 4/5
IL-1B Cytoplasm Lymphocytes 6/10 ND
Alveolar epithelial cells 9/10 5/5
Macrophages 5/10 4/5
Endothelial cells 1/10 1/5
IL-6 Cytoplasm Neutrophils 1/10 ND
Lymphocytes 9/10 ND
Smooth muscles of blood 2/10 ND
vessels
Alveolar epithelial cells 8/10 4/5
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TABLE 2 (Continued) Summary of the cellular localization of investigated biomarkers in postmortem human lung tissues.

Class of biomarkers Biomarker Cellular compartment Pulmonary cells COVID-19 Control
cases cases

Bronchial epithelial cells 3/10 3/5
Macrophages 3/10 3/5
Scattered intra-vascular ND 1/5

lymphocytes
Regulatory proteins CAR Cytoplasm Macrophages 7110 4/5
Lymphocytes 4/10 ND
Fibroblast 2/10 ND
Bronchial epithelial cells ND 1/5
NF-kB Cytoplasm All the cells except the red 10/10 5/5

blood cells
PpSTAT3 Nucleus Alveolar epithelial cells 10/10 4/5
Macrophages 4/10 ND
Intra-alveolar lymphocytes 3/10 ND
Lymphocytes 2/10 ND
Endothelial cells ND 1/5
Cytoplasm Macrophages ND 2/5
PXR Cytoplasm Smooth muscles of blood 10/10 5/5

vessels
Smooth muscles of bronchi 9/10 5/5
Endothelial cells 10/10 4/5
Bronchial epithelial cells 4/10 2/5
Lymphocytes 8/10 ND
Macrophages 2/10 3/5
Viral proteins SARS-CoV-2 nucleocapsid Cytoplasm Lymphocytes 6/10 1/5
protein

Macrophages 2/10 3/5
Alveolar epithelial cells 9/10 4/5
Bronchial epithelial cells ND 1/5
SARS-CoV-2 spike protein Cytoplasm Lymphocytes 8/10 2/5
Bronchial epithelial cells 2/10 4/5
Alveolar epithelial cells 4/10 1/5
Intra-vascular neutrophils 2/10 3/5
Macrophages 1/10 3/5
Intra-vascular lymphocytes ND 1/5

driven by the infiltration of inflammatory cells such as lymphocytes
and macrophages (Figure 4; Table 2). For example, CYP1A2 is
predominantly expressed in the cytoplasm of alveolar epithelial cells
for both COVID-19 (10/10) and control (5/5) lung tissues; however,
it is distinctly expressed in the cytoplasm of intra-alveolar
lymphocytes (9/10) and macrophages (5/10) of COVID-19
subjects (Figure 4; Table 2). Furthermore, there is a concordance
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in the pulmonary cellular localization of SARS-CoV-2 infection,
inflammatory response, regulatory proteins, as well as DMETs. For
instance, SARS-CoV-2 spike protein, nucleocapsid protein, IL-1f,
IL-6, PXR, CAR, CYP2C9, CYP2C19, CYP2D6, and MRPI are all
more distinctly localized in the cytoplasm of lymphocytes in the
COVID-19 but not control human lung tissues (Figure 4; Table 2),
suggesting that SARS-CoV-2 infection may

trigger an
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inflammation-mediated regulation of the expression of DMETs
through regulatory proteins such as PXR and CAR in lymphocytes.

Absolute quantitative analysis of protein
expression

Although no significant difference was observed in protein
expression for the investigated inflammatory markers and
regulatory proteins (Figure 5), the efflux transporters P-gp
and MRPI1 reached a significant difference in protein
expression between the COVID-19 and control groups
(Figure 6B). No significant differences in protein expression
for the investigated DMEs was observed (Figures 5, 6).

Discussion

In this study, we investigated the effect of SARS-CoV-
2 infection in the dysregulation of 25 clinically relevant
DMETSs at the mRNA and protein levels in Vero E6 cells and
postmortem human lung tissues obtained from COVID-19
patients, respectively. In postmortem human lung tissues, we
further assessed biomarker localization and the role of SARS-
CoV-2-associated inflammatory response and xenosensing
regulatory proteins in modulating the dysregulation of
DMETs. Our study led to three major outcomes:
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SARS-CoV-2-infected Vero E6 cells
demonstrated dysregulation of the
metabolic enzyme involved in the
disposition of commonly prescribed COVID-
19 drugs

With the SARS-CoV-2-associated inflammatory response in
Vero E6 cells, we observed that at the mRNA level, CYP3A4 was
upregulated while UGTIAI was downregulated (Figure 2B).
However, none of the investigated transporters were significantly
dysregulated (Figure 2C and Supplementary Figure S3B). Several
disease-drug interactions associated with SARS-CoV-2 infection
have been suggested (Kumar and Trivedi, 2021). For example,
CYP3A4 in the metabolism of dexamethasone, a
corticosteroid drug often administered to hospitalized COVID-19
patients, is known to be dysregulated by inflammation (Kumar and
Trivedi, 2021; Dunvald et al., 2022). Also, nirmatrelvir, an antiviral
drug used to treat SARS-CoV-2 infection is metabolized by
CYP3A4 and is currently coadministered with ritonavir (an
inhibitor of CYP3A4) to improve its bioavailability (Nwabufo
and Bendayan, 2022). Therefore, it is important to further
investigate how SARS-CoV-2-associated inflammatory response
will affect the PK profile of nirmatrelvir-ritonavir combination
therapy for the treatment of COVID-19. Furthermore, human
clinical data suggests that remdesivir is extensively metabolized

involved
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Effect of COVID-19 on the protein expression of selected (A) drug metabolizing enzymes and (B) membrane-associated drug transporters in
postmortem human lung tissues. Chromogenic images obtained from the immunostained tissue slides from each subject were analyzed using HALO
software v3.4 (Indica Labs) for absolute quantitative IHC analysis. Results are expressed as mean + SEM, and the non-parametric two-tailed Mann-
Whitney test was used to determine the differences in protein expression between COVID-19 and control postmortem human lung tissues for

absolute quantitative IHC analysis (*, p < 0.05; **, p < 0.01).

by CYP2C8, CYP2D6, and CYP3A4 (Yang, 2020) and since studies
have shown that these enzymes are dysregulated by inflammation
(Dunvald et al, 2022), the PK profile of remdesivir and
dexamethasone could be altered by the inflammatory state
observed in COVID-19. This may partly explain the variable
clinical outcomes observed in several clinical studies that
investigated the safety and efficacy of remdesivir (Cascella et al.,
2022). In general, remdesivir was primarily approved by the US FDA
for administration to COVID-19 patients requiring hospitalization,
and proper dosing regimen and treatment course need to be further
investigated to achieve the full benefits of remdesivir for patients at
different stages of COVID-19. Additionally, caution needs to be
taken when administering drugs to COVID-19 patients especially
the patient population with comorbidities to mitigate clinically
relevant disease-drug interactions. For example, UGTI1Al is
highly polymorphic and can impact irinotecan (a prodrug used
for small cell lung cancer chemotherapy) metabolite related-toxicity
(Bandyopadhyay et al., 2021). Given that UGTIAI mRNA
expression was significantly downregulated in SARS-CoV-2-
infected Vero E6 cells and patients with lung cancer have a
greater than 7-fold higher risk of SARS-CoV-2 infection (Rolfo
et al,, 2022), further investigation is required to determine the effect
of prescribing UGT1A1 candidate drugs to COVID-19 patients,
especially the UGT1A1 poor metabolizers which accounts for about
10% of North Americans (Dean, 2018).
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Dunvald and coworkers recently summarized studies
reporting altered mRNA expression of clinically relevant
DMETs including CYPIA2, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, CYP3A4, PGP, BCRP, and MRP2 by
proinflammatory cytokines such as IL-6, IL-18, TNF-a, and
IFN-y in a dose-dependent manner in primary cultures of
human hepatocytes (Dunvald et al., 2022). For example, the
mRNA expression of the hepatic efflux transporters P-gp,
MRP2, and BCRP is typically low, with a maximum
downregulation of 2-fold, in response to IL-6, IL-13, TNF-a,
or IFN-y at doses of 1-100 ng/mL (Ramsden et al., 2015; Moreau
etal., 2017; Ning et al., 2017; Dunvald et al., 2022). However, the
concentrations of the investigated inflammatory markers in
SARS-CoV-2 infected Vero E6 cells are probably more
physiologically relevant compared to the artificial stimulation
of inflammatory response by the administration of toxins such as

lipopolysaccharides, or direct administration of
proinflammatory cytokines such as IL-6 and IL-1—both of
which  may result in supraphysiological responses.

Furthermore, species (human and monkey) and organ (kidney
and liver) differences in DMETSs expression, may be responsible
for the lack of dysregulation of the above-mentioned DMETs. For
example, a previous study found that CYP2CI8 mRNA
expression is unaffected by cytokine administration due to
limited hepatic expression (Aitken and Morgan, 2007).
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DMETs are expressed in several
human pulmonary cells affected by SARS-
CoV-2 infection

We localized for the first time, the cellular expression of uptake
transporters—ENT1 and ENT2 in human lung tissues by IHC. We
found that both ENTI and ENT2 were primarily localized in
inflammatory cells of lung tissues from COVID-19 patients
(Figure 4; Table 2), making them potentially liable to SARS-CoV-
2-mediated increases in expression. Interestingly, ENT1 and
ENT2 may be prone to downregulation with SARS-CoV-
2 infection due to the presence of acute lung injury and hypoxia
in some COVID-19 patients (Johnson, 2022). Indeed, previous
studies reported a significant downregulation of ENT1 and
ENT2 expression in lung epithelial and endothelial cells in both
acute lung injury (Morote-Garcia et al, 2013) and hypoxia
(Eltzschig et al., 2005). More so, increased extracellular adenosine
levels due to acute lung injuries (Eckle et al., 2009) suggest a
potential competitive inhibition of ENTs-mediated transport
processes. This is clinically important because ENTI and
ENT2 are involved in the uptake of the COVID-19 drugs -
remdesivir and molnupiravir, making this uptake pathway
potentially liable to dysregulation with SARS-CoV-2 infection
and may partly explain the limited and variable clinical efficacy
observed for remdesivir (Johnson, 2022).

To the best of our knowledge, our study is the first to reveal
the cellular localization of CYP1A2, CYP2C8, CYP2C9, and
CYP2D6 by IHC in human lung tissues. Previous studies
investigating the expression of DMEs in the human
respiratory system, have mostly assessed expression at the
mRNA level, used non-intact samples such as
microsomes and bronchial specimens, or failed to uncover

lung

cellular localization (Hukkanen et al., 2002). The human lung
tissue is highly heterogeneous, making microsomes, bronchial,
and other non-intact lung specimens an inaccurate description of
DMETs expression in different pulmonary cell types. For
example, the mRNA expression of CYP2C8 was previously
found in both bronchial and peripheral lung tissue samples
(Macé et al, 1998), but its protein expression and cellular
localization were not reported. An IHC study identified
CYP2B6 in human Clara cells (Mori et al., 1996) whereas
CYP2C19 and CYP3A4 proteins were detected in serous cells
of bronchial glands (Yokose et al., 1999) but expression in other
pulmonary cell types was not reported. Our study uncovered the
pulmonary cellular localization of CYP2B6, CYP2C8, CYP2C19,
and CYP3A4 (Figure 4; Table 2).

Efflux transporters such as P-gp and BCRP have previously
been identified in human lung tissues (Cordon-Cardo et al.,
1990; Van der Valk et al., 1990; Scheffer et al., 2002; Fetsch et al.,
2006). In contrast to an earlier study that found BCRP
expression only in bronchial epithelial cells and capillaries
(Scheffer et al., 2002), later work demonstrated staining of
alveolar pneumocytes and negligible staining of the bronchial
epithelial cells (Fetsch et al., 2006). These findings are not in
agreement with the results of this study. In our study, BCRP was
primarily localized in the cytoplasm of endothelial cells in both
COVID-19 and control tissues (Figure 4; Table 2). In previous
reports, P-gp localization was shown on the luminal surface of
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bronchial and bronchiolar epithelial cells (Cordon-Cardo et al.,
1990; Van der Valk et al., 1990). P-gp was stained in alveolar
macrophages whereas staining of alveolar epithelial cells was
dependent on the antibody employed (Van der Valk et al,
1990). On the contrary, our findings showed that P-gp is
robustly localized in the alveolar epithelial cells (Figure 4;
Table 2) of both COVID-19 and control tissues. MRP1 was
initially found in the apical membrane of the cytoplasm of
bronchial epithelial cells (Flens et al., 1996); however, two
later studies confirmed MRP1 localization in the basolateral
membrane (Bréchot et al., 1998; Scheffer et al., 2002) which is
consistent with its localization in other tissues (Gustavsson
et al., 2016). In our study, MRP1 expression in the bronchial
epithelium is cytoplasmic (Figure 4; Table 2). Moreover,
MRP1 was predominantly localized in the cytoplasm and
nucleus of alveolar epithelial cells of both COVID-19 and
control postmortem human lung tissues (Figure 4; Table 2).
MRP2 positivity was previously found in the apical membrane
of the bronchial and bronchiolar epithelial layers (Sandusky
et al., 2002; Scheffer et al., 2002). We observed a robust
localization in the alveolar epithelial cells of both COVID-19
and control tissues (Table 2). We also found MRP2 expression
in bronchial epithelial cells in a higher number for controls (3/
5) compared to the COVID-19 (1/10) human lung tissues;
however, it was more circumferential not apical membranous
Table 2). Our study
circumferential membrane

compartmentalization
that
compartmentalization in alveolar epithelial and endothelial

(Figure 4;
demonstrated

cells was the major expression site for MRP2 (Figure 4;
Table 2). This
indicative of potential bidirectional efflux transport processes

circumferential compartmentalization is
mediated by MRP2 in human lung tissues compared to the
anticipated unidirectional efflux transport.

Typically DMETs are localized in the cytoplasm and cell
membrane, however, our study found that some DMETs were
localized in atypical cellular compartments (Figure 4; Table 2).
For example, our study detected MRP1 in the cytoplasm and
nucleus. Although transporters are localized at the cell
membrane, they are also present in cytoplasmic organelles
such as the Golgi apparatus, rough endoplasmic reticulum,
nuclear envelope, and mitochondria. For instance, a previous
IHC study found MRP2 expression in both cytoplasm and cell
membrane of tumor cells (Yamasaki et al., 2011), and it is
anticipated that in the cytoplasm, MRP2 may not function as
1998). further
investigation is required to determine whether differences in

an efflux pump (Evers et al, Therefore,
pulmonary cellular compartmentalization affect the structure
and function of the implicated DMETs.

SARS-CoV-2 may dysregulate pulmonary
DMETs through inflammatory response and
tissue injuries

From the absolute quantitation, we observed significant
differences in the expression of P-gp and MRPI between the
COVID-19 and control human lung tissues (Figure 6B). P-gp is
involved in the transport of nirmatrelvir, remdesivir, and
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dexamethasone while MRP1 transports lopinavir and ritonavir
(Nwabufo and Bendayan, 2022)—indicating a potential
alteration in pulmonary drug PK/PD profile in COVID-19
patients. The lack of observable significant dysregulation in
the protein expression of other DMETs in COVID-19 human
lung tissues (Figures 5, 6) could be attributed to the potential
variation in the stage of COVID-19 between cases, as well as
comorbidities (Table 1), ongoing medications, and genetic
polymorphisms in the expression of DMETs for both COVID-
19 and control cases. These variables could not be further
addressed due to the
information. The small sample size, and other diseases present

paucity of premortem clinical
in the control samples may also have an impact on the expression
of inflammatory markers, regulatory proteins, and DMETs,
possibly resulting in a negligible dysregulation in their
expression between COVID-19 and control tissues. Drug
toxicity, cardiovascular diseases, and head trauma are the
reported causes of death for the 5 control cases (Table 1), and
these
dysregulate the expression of DMETs through regulatory
proteins (Wu and Lin, 2019; Stanke-Labesque et al., 2020;
Dunvald et al., 2022).

The congruency in the pulmonary cellular localization of

disorders can induce inflammatory response and

SARS-CoV-2 infection, inflammatory markers, regulatory
proteins, and DMETs, as well as the several COVID-19-
related pulmonary pathologies of the COVID-19 cases
suggest a potential dysregulation of pulmonary DMETs
which may manifest in regulated «clinical studies. We
that SARS-CoV-2
are distinctly localized to the

observed infection and inflammatory

response cytoplasm of
lymphocytes in COVID-19 compared to control human lung
tissues (Figure 4; Table 2). The detection of SARS-CoV-2 viral
protein in the control human lung tissues is indicative of the
limited specificity of the antibody; however, clinical testing
confirmed the presence of SARS-CoV-2 infection in the
COVID-19 cases. Again, underlying diseases in the control
cases are probably responsible for the observed inflammatory
response. Interestingly, we observed a similar trend in the
localization of xenosensing regulatory proteins; for example,
the two master xenosensing regulatory proteins - PXR and CAR
are both distinctly expressed in the cytoplasm of lymphocytes in
COVID-19 human lung tissues but not in the control cases
(Figure 4; Table 2). Also, we observed a similar trend in the
cellular localization of some DMETs including CYP2C9,
CYP2C19, CYP2D6, and MRP1 (Figure 4; Table 2). These
observations suggest that SARS-CoV-2 infection could result
in an inflammatory response that could activate xenosensing
which could
expression of DMETs in lymphocytes. However, our study

regulatory proteins, then dysregulate the
quantified global pulmonary protein expression for the
investigated biomarkers to get a better representation of
SARS-CoV-2-DMETS interactions. Moreover, it is practically
challenging to quantify the investigated biomarkers in the
lymphocytes of human lung tissues except when pulmonary
lymphocyte isolates are used as specimens for the study.
Furthermore, we observed that the presence of inflammatory
cells is a major driving force in the localization of DMETs
between COVID-19 and control tissues (Figure 4; Table 2). In
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general, COVID-19 lung tissues had more inflammatory cells
which also expressed DMETs compared to the control lung
tissues. Notably, CYP3A4 and ENT2 were strongly localized in
lymphocytes in COVID-19 compared to control human lung
tissues (Figure 4; Table 2). This suggests a potential SARS-CoV-
2-mediated increase in the expression of DMETs through the
recruitment of inflammatory cells and may have implications for
pulmonary drug PK/PD profiles. For example, CYP3A4 and
ENT?2 are involved in the disposition of remdesivir (Nwabufo
and Bendayan, 2022) and may be susceptible to an altered
pulmonary PK/PD profile in the context of SARS-CoV-
2 infection. Additionally, the observed COVID-19-related
pulmonary pathologies could also reduce the expression of
DMETs. For example, DAD could alter the integrity of
alveolar epithelial cells—which also house more than 90% of
the investigated DMETSs including CYP3A4 and P-gp. Our recent
paper provides strategies for achieving optimal clinical efficacy
safety SARS-CoV-2-associated
response (Nwabufo and Bendayan, 2022) and should be

and amidst inflammatory
considered in the clinical
COVID-19 drugs.

In conclusion, our study has shown for the first time that SARS-
CoV-2 infection dysregulates clinically relevant
DMEs—CYP3A4 and UGT1A1l at the mRNA level, and efflux

transporters—P-gp and MRP1 at the protein level in Vero

decision-making process for

E6 cells and postmortem human lung tissues, respectively. We
uncovered the human pulmonary localization of DMETs that are
also involved in the disposition of COVID-19 drugs, and showed
that inflammatory response is the driving force for the discrepancy
in the localization of DMETs between COVID-19 and control
human lung tissues. We observed that at the cellular level,
DMETs could potentially be dysregulated by SARS-CoV-2-
associated inflammatory responses and lung injuries. Further
investigation of SARS-CoV-2-mediated dysregulation of human
pulmonary DMETs and its potential implication in controlling
the safety and efficacy of promising COVID-19 drugs as well as
possible unexpected adverse drug reactions in COVID-19 patients
on polypharmacy is needed. Further research is required to
determine the spatial distribution and disposition of promising
COVID-19 drugs at the cellular level in human lung tissues, and
mass spectrometry imaging may offer an appealing analytical
platform to further investigate this aspects (Nwabufo and
Aigbogun, 2022).
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A sensitive and rapid ultra-performance liquid chromatography—tandem mass
spectrometry (UPLC-MS/MS) method was hereby developed for the
determination of seven components, namely, glycyrrhizic acid, glycyrrhetinic
acid, dehydrotumulosic acid, isoliquiritin, liquiritin, atractylenolide Ill, and
cinnamic acid, in the plasma of rats after the oral administration of Ling-Gui-
Zhu-Gan decoction (LGZGD). Besides, this very method was methodologically
validated for specificity, linearity, inter-day and intra-day precision, accuracy,
matrix effect, extraction recovery, and stability. It was also successfully used for
the first time to compare the pharmacokinetic characteristics of the seven
components after oral administration of LGZGD to normal rats and non-
alcoholic fatty liver disease (NAFLD) rats. The results indicated significant
differences between the pharmacokinetic characteristics of normal and NAFLD
rats. To further reveal the different pharmacokinetic behaviors, the expressions of
enzymes and transporters in the liver of normal and NAFLD rats were detected
using UPLC-MS/MS. In the NAFLD rats, UDP-glucuronosyltransferase 1-1
(UGT1Al) and nine transporters were significantly inhibited and a positive
correlation was observed between them and the AUC of the major
components. The present results indicate that the pharmacokinetic differences
between the normal and NAFLD rats might be attributed to the significant lower
expression levels of both the metabolic enzyme UGT1ALl and nine transporter
proteins in the NAFLD rats than in the normal rats. Meanwhile, UGT1Al and the
nine transporter proteins might be used as potential biomarkers to assess the
ameliorative effect of LGZGD on NAFLD, which could provide useful information
to guide the clinical application of LGZGD.
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1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is a common chronic
liver disease featuring an increasing incidence year after year. The
lack of safe and effective drugs for thorough treatment has made
related cardiovascular diseases a major problem of chronic diseases
(Lou et al, 2020; Gu et al,, 2021). To this end, the PubMed/
MEDLINE literature covering the epidemiology and progress of
NAFLD from 1989 to 2015 has hereby been searched, and the global
prevalence of NAFLD estimated to be 25.24% (95% confidence
interval: 22.10-28.65) (Younossi et al., 2016). The prevalence is the
highest in the Middle East and South America and the lowest in
Africa. As the global obesity epidemic intensifies, the clinical and
economic burden of NAFLD becomes enormous (Zhou et al., 2019).
Given that people with non-alcoholic steatohepatitis are exposed to
more severe liver damage than those with steatosis alone, non-
alcoholic steatohepatitis leads to further fibrosis of the liver,
ultimately leading to liver-related illness and death (Diehl et al.,
2017), making it necessarily important to actively prevent and treat
NAFLD. However, there is currently no ideal treatment for NAFLD.
Although traditional Chinese medicine has become a common
treatment for NAFLD in China and its efficacy, specificity, and
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advantages are gradually being confirmed; however, its specific
mechanism still requires further exploration (Li and Hu, 2020).
Ling-Gui-Zhu-Gan decoction (LGZGD) is derived from Treatise on
Febrile Diseases and Synopsis of the Golden Chamber drafted by
Zhongjing Zhang in the Han dynasty (Commission and C. P., 2020),
which is made of four herbs, namely, Poria cocos (Schw.) Wolf
(Fuling), Cinnamomum cassia Presl (Guizhi),
macrocephala  Koidz. (Baizhu), and Glycyrrhizae Radix et
Rhizoma (Gancao), in the ratio 4:3:3:2 (w/w/w/w) (Gu et al,
2020). LGZGD features an extensive clinical application and a

Atractylodes

favorable clinical effect. In clinical practice, LGZGD is generally
used to treat cardiovascular diseases (Song et al., 2003). In recent
years, with the increasing popularity of LGZGD in the treatment of
different diseases, such as mental disease, type 2 diabetes,
hypertension, and heart failure, the novel applications of LGZGD
are constantly discovered (Ding et al., 2005; Chen et al., 2011; Wang
and Xiong, 2012; Wang et al.,, 2020a; Wang et al., 2020b). LGZGD
has also been shown to alleviate hepatic steatosis caused by high-fat
diets. Yang et al. and Gu et al. found that LGZGD can promote the
metabolism of fat and is thus used to prevent and cure NAFLD
(Yang et al.,, 2012; Gu et al., 2020). Besides, LGZGD has also been
found capable of regulating the Nrf2/ARE signaling pathway to

Chemical structures of glycyrrhizic acid (A), glycyrrhetinic acid (B), dehydrotumulosic acid (C), isoliquiritin (D), liquiritin (E), atractylenolide III (F),

cinnamic acid (G), and schisandrin (IS) (H).

Frontiers in Pharmacology

82

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1174742

Nie et al.

improve NAFLD in rats (Guo et al, 2017), which provides a
theoretical basis for the clinical treatment of NAFLD.
Pharmacokinetic studies of drug absorption components can
help in understanding the toxicity, safety, and in vivo processes of
drugs. Previous studies on LGZGD have focused on phytochemistry
and pharmacology, but pharmacokinetic studies of LGZGD
components in rats have been rarely reported. Pharmacological
studies have shown that the main active compounds in
Radix
glycyrrhetinic acid  (Figure

Glycyrrhizae et Rhizoma include glycyrrhizic acid
1A), 1B), isoliquiritin
(Figure 1D), and liquiritin (Figure 1E). Glycyrrhetinic acid exerts
anti-NAFLD effects by regulating the intestinal microbiota. It has

been revealed that the function of carbohydrate transport and

(Figure

metabolism is significantly decreased by glycyrrhizic acid.
Glycyrrhetinic acid prevents cholestatic liver injury in bile
duct-ligated rats, while liquiritin alleviates cyclophosphamide-
induced liver sinusoidal endothelial injury and inflammatory
injury in mice (Chen M. et al, 2019; Pan et al, 2022; Wang
et al., 2022). Poria cocos (Schw.) Wolf extracts protect the liver
from acute ethanol insult (Yimam et al., 2016). The main active
compound in Poria cocos (Schw.) Wolf is dehydrotumulosic acid
(Figure 1C), which has anti-inflammatory, antitumor, antiviral, and
immuno-promoting effects (Ukiya et al., 2002; Akihisa et al., 2007;
Xiao et al., 2012). Besides, the main active compound in Atractylodes
macrocephala Koidz is atractylenolide III (Figure 1F), which has
been reported to ameliorate NAFLD by activating the hepatic
1-mediated AMPK pathway. After
administration, it can significantly reduce the serum levels of

adiponectin  receptor
alanine aminotransferase and glutamic oxaloacetic transaminase
in mice, and alleviate hepatic oxidative stress (Li et al., 2021).
Meanwhile, the main active compound in Cinnamomum cassia
Presl is cinnamic acid (Figure 1G), which can ameliorate NAFLD
by suppressing hepatic lipogenesis and promoting fatty acid
(Wu et al, 2021).
chromatography method for the determination of cinnamic acid

oxidation A high-performance liquid
and dehydrotumulosic acid in rat plasma was thus developed (Song
etal,, 2002; Song et al., 2003). The rat plasma samples were acidified
with hydrochloric acid and extracted with ethyl acetate. The
established method is found to be sensitive and specific, but not
fast enough for the rapid determination of a large number of
biological samples. The lower limits of quantification (LLOQ) of
cinnamic acid and dehydrotumulosic acid by high-performance
liquid chromatography are 840 and 200 ng/mL, respectively,
which are considered not clinically sensitive. Additionally, the
ultraperformance  liquid  chromatography-tandem  mass
spectrometry (UPLC-MS/MS) method has been reported to be
used in studying the plasma samples of oral LGZGD in rats, and
11 compounds have been successfully analyzed, but the
determination time was relatively long (Ji et al., 2018). Therefore,
a rapid and sensitive UPLC-MS/MS method is required to
determine the components in the plasma after the oral
administration of LGZGD.

The pharmacokinetic drug behavior is different in normal and
NAFLD rats. The pharmacokinetics of rosiglitazone in normal and
high-fat diet-induced NAFLD model rats have hereby been reported
(Kulkarni et al, 2016). The results have shown that the
pharmacokinetics of rosiglitazone in NAFLD mice changed
significantly. Compared with healthy mice, the oral clearance rate
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of rosiglitazone in NAFLD mice was significantly reduced and the
average plasma half-life was significantly prolonged. Actually,
NAFLD has been reported to be associated with the regulation of
metabolic enzymes and transporters (Fisher et al, 2009). The
difference in the pharmacokinetics might be related to changes in
the expression of transporters in rats. Therefore, studying the
changes of metabolic enzymes and transporters in rat liver is of
great significance to reveal the pharmacokinetic process in NAFLD
rats. On the basis of the previous research by the present researchers
(Yietal.,2018; Ma et al., 2021), UPLC-MS/MS was used to detect the
expression levels of metabolic enzyme UGTIAl and drug
transporters NTCP, OATP1A1, OCT1, MATE1, MRP2, MDRI,
BSEP, OATP1A2, and OATP1A4 in the liver of rats in the
normal and model groups. Up to now, no comparative
pharmacokinetics of these active compounds has been reported
in normal and NAFLD rats after LGZGD administration. Therefore,
an accurate and reliable UPLC-MS/MS method is hereby proposed
for the simultaneous determination of seven components in the
plasma of normal and NAFLD rats after LGZGD administration.
The results showed significant differences in pharmacokinetic
characteristics between the normal and NAFLD groups. The
method was fully validated and applied in a comparative
pharmacokinetic study. Overall, the results can provide useful
information for clinical application.

2 Materials and methods
2.1 Chemicals and reagents

The standards which included glycyrrhizic acid, glycyrrhetinic
acid, dehydrotumulosic acid, isoliquiritin, liquiritin, atractylenolide
III, cinnamic acid, and schisandrin (=98% purity) were all procured
from Hongyong Biotechnology Co., Ltd. (Shanghai, China).
Sulfatase was procured from Helix pomatia (Type H-1,
sulfatase >10, 000 units/g solid, Sigma, United States). The
peptides LTIIPQDPILFSGSLR, GVALPETIEEAENLGR,
AAATEDATPAALEK, TFQFPGDIESSK, LLLSGFQEELR,
STALQLIQR, NTTGALTTR, EENLGITK, SVQPELK, and
TYPVPFQR, as well as stable isotope-labeled internal standards
(>98% purity) were synthesized by Bankpeptide Biological
Technology, Co., Ltd. (Hefei, China). The ProteoExtract Native
Membrane Protein Extraction Kit was purchased from Merck
KGaA (Darmstadt, Germany). The BCA Protein Assay Kit and
In-Solution Tryptic Digestion Kit were obtained from Pierce
Biotechnology (Rockford, IL, United States).
dedicated to mass spectrometry (99% purity); ammonium
bicarbonate (98% purity); and sodium deoxycholate (98% purity)

Formic acid

were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Acetonitrile and methanol, both MS grades,
were obtained from Merck KGaA (Darmstadt, Germany).

2.2 Preparation of LGZGD extract
LGZGD, consisting of Fuling: 120 g, Guizhi: 90 g, Baizhu: 90 g,

and Gancao: 60 g, was soaked in 2,880 mL of deionized water (1:8,
w/v) for 0.5 h and reflux extracted for 1.5 h. The right amount of
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TABLE 1 Multiple reaction monitoring parameters of the mass spectrometer detector.

Component Signature peptides Molecular weight Parent ion Product ion Fragmentor (V) Collision energy (eV)
Glycyrrhizic acid \ 822.93 823.3 453.2 210 34
Glycyrrhetinic acid \ 470.68 4712 189.1 190 37
Dehydrotumulosic acid \ 484.71 467.2 311.1 165 26
Tsoliquiritin \ 418.39 419.0 257.0 115 17
Liquiritin \ 41839 419.0 137.0 125 24
Atractylenolide TII \ 248.32 249.0 231.1 65 7
Cinnamic acid \ 148.16 149.1 103.0 70 23
Schisandrin (IS) \ 432,50 433.0 384.1 80 20
MRP2 LTIIPQDPILFSGSLR 1,770.08 885.7 1,329.9 200 25
OCT1 GVALPETIEEAENLGR 1,697.84 849.7 1,357.8 180 29
NTCP AAATEDATPAALEK 1,358.42 680 915.5 140 18
IS AAATEDATPAALEK* 1,366.42 684 923.0 140 23
OATP1A4 TFQFPGDIESSK 1,355.45 678.6 832.3 160 19
MATEIL LLLSGFQEELR 1,304.48 652.9 965.0 140 24
BSEP STALQLIQR 1,029.19 515.5 529.5 130 17
MDRI1 NTTGALTTR 934.00 467.9 719.4 110 14
OATP1A1 EENLGITK 903.00 4523 468.1 120 8
OATP1A2 SVQPELK 799.91 400.8 486.3 110 9
UGT1A1 TYPVPFQR 1,336.48 504.5 547.1 140 19

aromatic water was collected for the first time. Then, 2,880 mL of
deionized water was added for reflux extraction for another 1.5 h.
The extract solutions were mixed and concentrated to an
appropriate amount, and LGZGD extract powder was obtained
by spray drying. The inlet air temperature of the spray dryer was
controlled at 180°C + 5°C; the outlet air temperature was
90°C-100°C; the dry paste moisture was below 5%; the
atomization frequency was 200 Hz; and the extract yield was
17.56%. The aromatic water was taken and p-cyclodextrin
inclusion was added to it, and the inclusion compound was
mixed with the extract powder. The content of the analyte in the
LGZGD extract was determined by the UPLC-MS/MS method. The
amount of glycyrrhizic acid, glycyrrhetinic acid, dehydrotumulosic
acid, isoliquiritin, liquiritin, atractylenolide III, and cinnamic acid in
the content was 5360.3, 16.4, 6.0, 290.5, 6991.5, 141.8, and 739.2 pg/
g, respectively.

2.3 Animals handing

Male Sprague-Dawley rats, weighing 200-220 g, SPF grade,
were purchased from Shanghai Sippr-BK laboratory animal Co.
Ltd. (Shanghai, China) and raised in the Laboratory Animal Center
of Shanghai University of Traditional Chinese Medicine. The rats
were kept in an environmentally controlled condition: on a 12:12 h
light-dark cycle (lights on at 7:00 a.m.) with regulated temperature

Frontiers in Pharmacology

and humidity, at a temperature of 22°C-24"C and a relative humidity
of 60-65%. In the experiment, the rats in the normal group were fed
a certified standard rat diet and tap water, while those in the model
group were fed a high-fat diet for 8 weeks to construct the NAFLD
model (high-fat diet: 2% cholesterol, 10% lard, 0.1% sodium cholate,
10% yolk powder, and 77.9% normal diet). The animal experiment
program was approved by the Animal Committee of Shanghai
(License No.:

University of Traditional Chinese Medicine

PZSHUTCM201016001).

2.4 Pharmacokinetic study of LGZGD in
normal and NAFLD rat models

2.4.1 Instrumentation and chromatographic
conditions

An Agilent 1290 UPLC system was combined with an Agilent
6460 series MS/MS system (Agilent Technologies, Santa Clara, CA,
United States) to quantify the analytes in the ESI-positive ionization
mode. The mass spectrum conditions were as follows: a capillary
voltage of 4,000 V; a gas flow rate of 10 L/min; a nebulizer of 30 psi; a
gas temperature of 350°C; and a Delta EMV(+) of 200 V. Five
microliters of the samples was injected into an Agilent SB-C;g
column (2.1 mm X 50 mm, 1.8 um particles). The analytes were
separated using the gradient elution method, and the mobile phase
was composed of water (0.05% V/V formic acid) (A) and acetonitrile
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(B) at a flow rate of 0.4 mL/min (0-1 min, 10-10% B; 1-5 min,
10-90% B; 5-7 min, 90-90% B; and 7-7.1 min, B 90-10%; rebalance
for 2 min). The multiple reaction-monitoring parameters are shown
in Table 1.

2.4.2 Sample preparation

A plasma sample of 50 uL was placed in a 1.5 mL centrifuge tube
with 10 uL of schisandrin (IS) solution (50 ng/mL) and mixed for
5 min. The samples were successively extracted with 500 uL of ethyl
acetate and treated with 250 pL of methanol, which were then mixed
for 5 min and centrifuged at 4°C for 10 min (at 18,000 rpm). All the
supernatant was absorbed into another 1.5 mL centrifuge tube, dried
under a gentle stream of nitrogen at 37°C, and then added with 50 pL
of 50% methanol for reconstruction. After being centrifuged at 4°C
for 10 min (at 18,000 rpm), 5 pL of the supernatant was extracted
and injected into a chromatographic column for analysis, and the
chromatograms were recorded.

2.4.3 Method validation

The bioanalytical method was validated based on the current US
FDA Bioanalytical Method Validation Guidance for Industry (Gu,
2020), with validation parameters such as specificity, linearity,
precision and accuracy, recovery, matrix effect, and stability
being involved.

2.4.3.1 Specificity

The specificity of endogenous interference was examined by
chromatograms of six batches of blank rat plasma, blank plasma
with the seven components and internal standard, and plasma
samples after the oral administration of LGZGD for 4 h.

2.4.3.2 Linearity

The calibration curve was obtained by measuring the blank
plasma samples with analytes at eight concentration levels and by
analyzing the peak area ratio of the components to IS using weighted
(1/x%) least squares linear regression. The LLOQ was defined as the
lowest quantifiable calibration concentration with an acceptable
accuracy within +20%, which was hereby determined at the
lowest concentration with a signal-to-noise ratio (S/N) of 10.

2.4.3.3 Precision and accuracy

The precision and accuracy were evaluated using six
duplicated, three (low, medium, and high) quality control
samples on the same day and three batches of samples for three
consecutive days, respectively. The accuracy was expressed as a
relative error percentage (RE, %), while the intra-day and inter-day
precisions were evaluated as a relative standard deviation
percentage (RSD).

2.4.3.4 Extraction recovery and matrix effect

At three quality control (QC) levels, the extraction recovery was
determined by comparing the ratio of the peak area to the internal
standard in the blank plasma sample with the analyte added before
extraction and after extraction. The matrix effect was measured at
three QC levels by comparing the peak areas of the extracted blank
plasma samples with the analyte (six batches of rat plasma) and the
corresponding pure standard solution.
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2.4.3.5 Stability

Stability refers to the ability of the components to retain
their chemical properties in the matrix. To analyze the stability
of all components in the plasma, six replicates of QC samples at
three concentrations were hereby prepared under each
The stability of the QC
concentrations was

condition. samples at three
different

conditions: —80°C for 30 days, after three freeze-thaw cycles,

analyzed under storage

and 24 h in an auto sampler at 4°C.

2.5 Application to pharmacokinetic analysis

The rats were randomly divided into the normal group and
the model group. According to the preliminary experiment, the
dose was adjusted to about eight times the normal dose (Gu,
20205 Li et al., 2023). The normal and NAFLD groups were each
orally treated with 23 g/kg of extract (equivalent to LGZGD raw
herbs 131 g/kg), and the content of each analyte was determined.
The animal research program was approved by the Animal
Committee of Shanghai University of Traditional Chinese
Medicine. At 0, 0.083, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 10, 12, 24,
and 48 h after dosing, 150 uL blood samples were collected from
the rats” orbital venous plexus into centrifuge tubes containing
10 IU of sodium heparin. After being centrifuged at 5,000 rpm
(4°C) for 10min, the plasma was transferred to 1.5mL
polypropylene tubes and stored at —80°C until the plasma
samples were analyzed.

Eight weeks after modeling, the blood samples were collected
in the coagulation vessels of the model group and the normal
group, which were then centrifuged at 4°C for 10 min (5,000 rpm)
to obtain the serum samples. Total cholesterol (TC), triglyceride
(TG), high-density lipoprotein cholesterol (HDL-C), and low-
density lipoprotein cholesterol (LDL-C) were determined to
evaluate the modeling efficiency. Besides, the liver samples
were isolated and stored in 4% paraformaldehyde for
histological examination. Serum TG, TC, HDL-C, and LDL-C
were measured by using a chemical analyzer (Hitachi 7080,
Japan). The liver tissue blocks fixed with 4% of formaldehyde
solution were embedded in paraffin, sectioned, stained with
hematoxylin and eosin (H&E), and observed under an optical
microscope.

2.6 Determination of UGT1Al and nine other
transporter proteins in the liver

Herein, a comprehensive study was conducted to detect the
expressions of UGT1A1 and nine other transporters in the liver
of the NAFLD model group and normal rats, which were
methods
quantification were immunological, which however require

successfully determined. Previous of protein
antibodies that are frequently unavailable, and even when
available, are often of uncertain specificity. Additionally, the
UPLC-MS/MS method was to detect the

expression level of metabolic enzymes, which is provided with

hereby used

advantages in absolute accuracy, stability, operability, and
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efficiency when compared with the traditional quantitative
methods (Yi et al.,, 2018).

2.6.1 Instrumentation and chromatographic
conditions

The Agilent 1290 series UPLC system and Agilent 6460 series
MS/MS  system (Agilent Technologies, Clara, CA,
United States) were hereby combined to quantify the signature

Santa

peptides in the ESI-positive ionization mode. The conditions of
mass spectrometry were as follows: a capillary voltage of 2,000 V; a
gas flow of 8 L/min; a nebulizer of 30 psi; a gas temperature at 300°C;
and a Delta EMV(+) of 400 V. Five milliliters of the sample was
injected into the column (Agilent SB-C;g column, 2.1 mm x 50 mm,
1.8 um particles) and eluted at 0.4 mL/min with a gradient elution of
water (with 0.05% v/v formic acid) (A) and acetonitrile (B) (0-1 min,
5-5% B; 1-4 min, 5-60% B; 4-5 min, 60-5% B; and re-equilibration
for 3 min). According to previous experiments by the research group
of Yi et al. (2018), the sequences of characteristic peptides
corresponding to UGT1A1l and the nine other transporters are
listed in Table 1.

2.6.2 Sample preparation

Total membrane proteins were isolated from the liver tissue
using the Native Membrane Protein Extraction Kit protocols
(three replicates), and the protein concentration was detected by
the BCA Protein Assay Kit. The preparation process was based
on the previous experiments by the present researchers (Yietal.,
2018; Ma et al.,, 2021). In simple terms, 10 uL of 5 mg/mL liver
cell proteins was cultured with 20 pL of dithiothreitol (100 mM)
and 50 pL of ammonium bicarbonate buffer (50 mM, pH = 7.8).
After being incubated at 95°C for 5 min, 20 pL of iodoacetamide
(20 mM) was added and cultured at 37°C for 20 min away from
light. The sample was concentrated, and iced methanol (0.5 mL),
chloroform (0.2 mL), and water (0.2 mL) were added, which was
then centrifuged at 16,000 g for 5min at 4°C. Afterward, the
supernatant was removed, and the sample was washed once with
0.25mL of cold methanol and recombined with 40 uL of
recombination  solution (equal volume 3% sodium
deoxycholate (w/v) and 5mM

buffer). Finally, the protein samples were digested with 10 pL

ammonium bicarbonate

of trypsin. The ratio of protein to trypsin was 25:1 (w/w). After
incubation at 37°C for 24 h, the digestion reaction was
terminated by 60puL of IS cocktail. The samples were
centrifuged at 18,000 ¢ for 10 min at 4°C, and 5pL of the
sample was injected in the UPLC-MS/MS system.

2.7 Data processing and statistical analysis

Important pharmacokinetic parameters, which included the
maximum plasma concentration (Cp,y), time to maximum
concentration (Ty,.y), half-life (t;,,), area under the curve
(AUCy.(), and total area under the curve (AUC,.,,), were
hereby calculated using the DAS 3.2.8 software. Meanwhile,
the pharmacokinetic data of the normal and model rats were
compared using the SPSS software (version 21.0). Besides,
Spearman rank bivariate correlation coefficient was used to
and

determine the correlation between AUC values
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UGT1A1 and nine other transporters. All the calculated data
were expressed as mean + SD. When p < 0.05, the difference was
considered significant and statistically significant; and when
p < 0.01 or <0.001, the difference was considered very
significant.

3 Results

3.1 Serum biochemistry and
histopathological examination

The weights of the model group rats were significantly
increased after being continuously fed a high-fat diet for
8 weeks. The serum biochemical indexes of the NAFLD
group were compared with those of the normal group
(Figure 2C), and the TC of the model group (p < 0.05) and
the LDL-C (p < 0.01) were significantly increased, but no
significant difference was observed between TG and HDL-C.
Besides, liver pathological sections were observed under the
microscope (Figures 2A, B). The liver cells in the normal group
were arranged neatly, with no obvious lesions, were polygonal
and with well-defined boundaries, having nuclei located in the
center of the cells, with homogeneous and rich cytoplasm, and
no fat droplet deposition in the liver cells. In the NAFLD group,
the hepatocytes were disordered and the volume of the
hepatocytes was significantly enlarged and swollen, which
showed diffused steatosis. Lipid vacuoles of different sizes
and numbers were observed in the hepatocytes, and the
nuclei were displaced and partially dissolved. Similar to the
biochemical and pathological aspects of simple NAFLD

(Anstee and Goldin, 2006), and in line with the
characteristics of NAFLD, the model was successfully
prepared.

3.2 Pharmacokinetic study of LGZGD in
NAFLD and normal rat models

3.2.1 Method validation
3.2.1.1 Specificity

No endogenous interference was found in the retention time of
the analyte and internal standard in the blank plasma of the six
different rats, which proved the specificity of this method. Figure 3
presents the typical chromatograms of blank rat plasma, blank
samples supplemented with seven compounds and internal
standards, and rat plasma samples after the oral administration
of LGZGD for 4 h.

3.2.1.2 Linearity

The relationship curve between the peak area ratio (y-axis) of
and IS and the
concentration (x-axis) of the analyte was plotted by weighted

each analyte corresponding nominal
(1/x?) least square linear regression. All standard curves showed a
good linearity with the correlation coefficient (r > 0.9952). The
calibration curves, linear ranges, LLOQ, and correlation
coefficients of the seven components are shown in Table 2,

where the stablished method can be seen to meet the
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Liver histopathology of rats with and without NAFLD. Representative histopathology of liver sections from control (non-NAFLD) rats: (A-

1) X200 magnification and (A-2) x400 magnification, and from NAFLD rats: (B-1) X200 magnification and (B-2) X400 magnification. The serum
biochemical indexes of the model group were compared with those from the normal group (C). Liver sections were stained with hematoxylin and eosin
prior to microscopy (**p < 0.01 and *p < 0.05, which compared with the control group).

requirements of the quantitative determination of LGZGD in
pharmacokinetic studies.

3.2.1.3 Precision and accuracy

The precision and accuracy are summarized in Table 3. The
intra-day and inter-day precision (relative standard deviation) was
less than 14.9% and the accuracy (relative error) was less than 12.8%.
All results were within acceptable standards according to the
guidelines for bioassay methods.

3.2.1.4 Extraction recovery and matrix effect

Table 3 summarizes the average extraction recoveries and matrix
effects of seven components at three QC levels. The recoveries of the
three QC samples of the seven analytes range from 63.8 to 92.0%,
while the matrix effect range from 83.4 to 112.6%. These results
indicate the acceptable recovery and matrix effect of the
liquid-liquid extraction combined with the protein precipitation
method in the present study.

3.2.1.5 Stability

The data in Table 4 show that the seven components in the rat
plasma are stable in the plasma samples maintained at —80°C for
30 days, during the three freeze-thaw cycles, and in the 24 h in an
auto sampler at 4°C—stable and consistent with the analytical
criteria during the whole experiment.

3.3 Pharmacokinetic study of LGZGD in
normal and NAFLD rat models

The UPLC-MS/MS method was successfully used to compare
the pharmacokinetics of the seven components of LGZGD in the
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normal and NAFLD rats. The glycyrrhizic acid, glycyrrhetinic
acid, dehydrotumulosic  acid, isoliquiritin, liquiritin,
atractylenolide III, and cinnamic acid were detected in the
plasma of normal and NAFLD rats. The mean plasma
concentration-time curve is shown in Figure 4, and the
corresponding pharmacokinetic data are listed in Table 5.
The pharmacokinetic behavior of the LGZGD components in
the normal group was significantly different from that in
NAFLD rats.

By comparing the pharmacokinetic parameters of LGZGD
orally taken by NAFLD and normal rats, it was found that
isoliquiritin. atractylenolide III, and cinnamic acid were
rapidly absorbed in both normal and NAFLD rats, and the
Tmax Was not significantly different between the model group
and normal rats. The mean AUC,, of the model group was
significantly lower than that of the normal group. Compared with
the MRT_,
atractylenolide III, and liquiritin was prolonged by 44.4, 31.3,
and 31.2%, respectively, while the MRT of dehydrotumulosic acid
and isoliquiritin decreased by 27.8 and 21.7%, respectively. The
Crax value, AUCq., and AUC,.,, of the NAFLD rats were

significantly lower than those of the normal rats. When

the normal group, of glycyrrhetinic acid,

compared with that in the normal rats, the C,,x value of
glycyrrhizic acid, glycyrrhetinic acid, dehydrotumulosic acid,
isoliquiritin, liquiritin, atractylenolide III, and cinnamic acid
in NAFLD rats was decreased by 77.4, 65.0, 62.4, 31.1, 63.8,
35.2,and 38.3%, respectively, and the AUC,_, value decreased by
70.8, 50.6, 75.1, 65.8, 53.7, 70.8, and 58.1%, respectively.

The blood concentration of liquiritin in LGZGD was the
highest, followed by that of glycyrrhizic acid, glycyrrhetinic
acid, cinnamic acid, atractylenolide III, dehydrotumulosic acid,
and isoliquiritin. In the NAFLD rats, the clearance rate of
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FIGURE 3

MRM chromatograms of blank plasma samples: (A) blank spiked with combined standard solutions of the seven analytes and IS, (B) rat plasma
samples at 4 h after oral administration of LGZGD (C). 1, atractylenolide III; 2, cinnamic acid; 3, dehydrotumulosic acid; 4, glycyrrhizic acid; 5,
glycyrrhetinic acid; 6, liquiritin; 7, isoliquiritin; and 8, schisandrin (IS).

glycyrrhizic acid, glycyrrhetinic acid, dehydrotumulosic acid,  was also a bimodal phenomenon between glycyrrhetinic acid and
isoliquiritin, liquiritin, atractylenolide III, and cinnamic acid  isoliquiritin (Xu et al., 2018; Shen et al., 2019), which might have
was significantly higher than that of the normal group. There been caused by gastric emptying separation, enterohepatic
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TABLE 2 Regression equations, linear range, and LLOQ of the seven comp ts in rat pl

Component Regression equation Correlation coefficient(r) Linear range (ng
Glycyrrhizic acid y = 0.0009x + 0.0212 0.9957 2.66-5440 1.97
Glycyrrhetinic acid y = 0.0137x + 0.1468 0.9952 2.00-8180 1.75
Dehydrotumulosic acid y = 0.0094x + 0.1236 0.9966 1.23-5050 0.32
Isoliquiritin y = 0.126x + 0.7072 0.9964 1.18-4850 0.14
Liquiritin y = 0.0047x + 0.0991 0.9973 4.83-9900 3.99
Atractylenolide IIT y = 0.0707x + 0.8165 0.9952 2.63-5390 1.80
Cinnamic acid y = 0.0321x + 0.4800 0.9982 2.65-5430 0.99

TABLE 3 Summary of accuracy, precision, recovery, and matrix effect of the seven components in rat plasma (n = 6).

Component Concentration (ng/mL) Precision and accuracy Recovery (%) Matrix effect (%)
Intra-day (%) Inter-day (%)
RSD RSD RE RSD Mean
Glycyrrhizic acid 531 7.3 -0.1 37 -6.6 97.8 4.8 107.2 5.7
170.0 9.1 -6.1 5.1 -12.8 72.0 25 1112 4.1
2,720 8.4 -7.6 8.6 2.0 79.6 23 112.6 24
Glycyrrhetinic acid 3.99 134 7.4 13.1 -9.9 67.3 9.7 110.5 3.9
127.8 8.0 44 6.8 -6.3 70.2 7.7 89.9 1.8
2,045 53 -102 7.3 2.0 71.1 63 91.0 25
Dehydrotumulosic acid 4.93 3.9 11.0 10.3 -3.4 71.3 12.1 96.1 4.8
157.8 63 15 2.9 -17 63.8 9.1 83.4 24
2,525 5.0 37 13.0 55 67.1 5.6 87.9 12.6
Isoliquiritin 4.74 142 -4.0 2.0 -3.0 91.9 7.9 104.2 125
151.6 7.0 -3.0 10.2 3.1 92.0 6.3 100.7 1.8
2,425 53 -11.1 149 39 90.1 3.1 106.8 14
Liquiritin 4.83 112 8.5 14.1 -9.0 86.4 29 1103 32
154.7 7.3 -1.8 14.2 -4.6 86.9 6.4 107.2 1.9
2475 6.1 02 24 ~0.4 87.2 24 105.9 5.4
Atractylenolide 11T 5.6 12.8 5.7 135 9.4 80.0 2.0 109.2 4.1
168.4 6.5 4.5 11.8 -109 87.1 6.4 102.0 24
2,695 3.8 -3.8 9.8 -0.8 92.0 57 101.6 1.2
Cinnamic acid 530 9.4 ~0.4 6.1 10.6 70.9 37 105.4 31
169.7 8.0 -13 5.2 8.8 72.2 9.0 104.9 1.8
2,715 75 -15 6.2 -0.2 83.8 5.8 1124 L5

circulation, and reabsorption (Deng et al., 2008; Zhu et al,, 2010). 3.4 Expression of UGT1A1 and nine other
Further research should be carried out to determine the specific ~ transporter proteins in NAFLD and normal
mechanism. All these results suggest lower systemic exposure of ~ rats’ liver

LGZGD in NAFLD rats, which might provide useful evidence for

the pathological changes in NAFLD rats and the clinical The quantitative results of UGT1A1 and the nine transporters
application of LGZGD. are shown in Figure 5. The expression levels of UGT1A1 and
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TABLE 4 Stability of the seven components in rat plasma at three quality control levels (n = 6).

Component Concentration (ng/mL) Stability during 24 h Three freeze-thaw —80°C for 30 days
at 4°C cycles
RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%)
Glycyrrhizic acid 531 11.0 -1.6 133 -5.9 36 -1.0
170.0 14.6 -5.6 12.6 -3.7 7.1 17
2,720 13.7 -33 14.2 9.7 27 27
Glycyrrhetinic acid 3.99 13.4 5.2 114 -0.4 3.6 -5.2
1278 25 6.7 7.9 -7.7 24 -4.9
2,045 8.7 -89 5.6 22 5.9 26
Dehydrotumulosic acid 4.93 5.0 3.8 14.6 -12.8 6.4 32
157.8 3.6 1.6 2.8 -43 82 10.2
2,525 8.1 -23 7.6 55 39 3.0
Isoliquiritin 4.74 5.9 13 113 -6.8 117 -1.1
1516 5.6 11.0 8.6 -3.0 7.3 2.1
2,425 7.8 -12.7 6.7 39 55 4.0
Liquiritin 483 8.7 1.4 72 10.5 55 -4.1
154.7 5.4 54 10.6 -1.8 7.4 3.1
2,475 8.7 -3.0 7.9 4.1 5.6 -12
Atractylenolide I1I 5.26 14.6 6.4 10.4 133 10.6 -4.4
168.4 6.0 52 74 -9.5 44 -35
2,695 7.8 -4.0 8.9 -3.8 72 14.1
Cinnamic acid 5.30 14.7 84 11.8 -0.4 24 -8.0
169.7 5.4 13.9 45 0.7 6.6 3.6
2,715 14.7 -37 7.6 -11.1 57 -2.6

NTCP, OATP1Al1, OCT1, MATE1l, MRP2, MDRI, BSEP,
OATP1A2, and OATP1A4 of the nine transporters in the liver
of the model group are significantly lower than those of the
normal group, which is consistent with the reports of previous
studies (Kim et al, 2004; Kirpich et al, 2011). Uridine
diphosphate glucuronosyltransferase (UGT) is a common
phase II metabolic enzyme that plays an important role in
drug binding reactions. Meanwhile, OCT1, NTCP, OATP1Al,
OATP1A2, and OATP1A4 are uptake transporters, whereas
MRP2, BSEP, MATEL, and MDRI are efflux transporters
(Chen L. et al, 2019). The expressions of UGT1A1 metabolic
enzyme and nine transporters are decreased in NAFLD rats,
indicating that the metabolism of the drug components absorbed
into the blood was inhibited in the model group, and the drug
uptake and excretion were also inhibited. When compared with
the normal group, UGT1Al, NTCP, OCT1, MATEL, MDRI,
BSEP, and OATP1A2 in the NAFLD group are significantly
decreased by 24.1, 35.3, 30.8, 38.6, 34.3, 43.7, and 33.8% (p <
0.05), respectively.

Frontiers in Pharmacology

3.5 Correlation between AUC values and
expression levels of metabolic enzyme and
transporters

The AUC is an important indicator of drug absorption. In this
study, a significant decrease in UGTIAl and the nine other
transporters was observed in the NAFLD rats. In order to further
understand the reasons for the pharmacokinetic differences, a
correlation analysis between the expression levels of the active
ingredients and UGT1A1 and transporters in the model group
and the normal group was conducted, and the results are shown
in Table 6 and Supplementary Figures S1-S50.

The expression levels of BSEP (p = 0.709, p = 0.976, p = 0.903, p =
0.733, p = 0.745, p = 0.855, and p = 0.891) (p < 0.05) were significantly
correlated with the exposure amount of the seven components in vivo,
respectively, while those of NTCP (p = 0.721, p = 0.685, p = 0.661, p =
0.685, p = 0.770,and p = 0.818) (p < 0.05) and OATP1A1 (p = 0.867, p =
0.733, p = 0.758, p = 0.685, p = 0.867, and p = 0.939) (p < 0.05) were
significantly correlated with the exposure amount of glycyrrhetinic acid,
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FIGURE 4

Mean concentration—time curves of the seven analytes in rat plasma (n = 6), (A) glycyrrhizic acid, (B) glycyrrhetinic acid, (C) dehydrotumulosic acid,

(D) isoliquiritin, (E) liquiritin, (F) atractylenolide Ill, and (G) cinnamic acid.

dehydrotumulosic acid, isoliquiritin, liquiritin, atractylenolide III,
and in  vivo, respectively, and those of
MDRI1 were significantly correlated with the AUC wvalues of

cinnamic  acid
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glycyrrhizic acid (p = 0.681), glycyrrhetinic acid (p = 0.772),
dehydrotumulosic acid (p = 0.657), isoliquiritin (p = 0.845),
atractylenolide III (p = 0.802) (p < 0.01), and cinnamic acid
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TABLE 5 Pharmacokinetic parameters of the seven components in male SD rats after the oral administration of LGZGD (mean * SD, n = 6).

Component Groups  tja(h)  Thax(h) CLz/F (L/h/kg) MRT,.
«(h)

Glycyrrhizic acid Normal 6.3 +3.0 104 + 1.7 6415.5 £ 2238.9 81042.3 £ 10475.2 82667.3 £ 10040.9 281.8 + 36.8 13.7 £33
Model 54+ 14 8.1 £49 | 2243.1 + 1202.0** = 40701.8 + 25060.3* = 40806.7 + 25026.0** 701.2 + 305.3* 16.0 + 8.0

Glycyrrhetinic acid Normal 6.0 2.1 93 £1.6 7281.6 + 2079.1 88249.6 + 27217.9 89638.0 + 28611.9 273.6 + 64.8 10.8 £ 1.1
Model 89 +45 132 +6.3 1648.9 + 25626.1 + 14778.6*  26152.2 + 14423.4** 1184.3 + 716.4* 15.6 £2.3**

1173.34%

Dehydrotumulosic Normal | 19.0+122 4.0+ 1.8 10.1 £ 3.0 141.6 + 15.8 174.6 + 37.2 136156.3 + 25915.9 144 £2.7

i Model 5.0 + 1.8* 1.8 +£1.6 3.8 £ 0.6 434 + 12.00 435 + 12.00* 559085.2 + 104 + 2.2*
149625.6%**

Isoliquiritin Normal 92 +44 0.6 £0.1 6.1 £1.8 107.6 = 21.2 166.5 = 10.5 82306.9 + 61479.7 19.8 £ 1.7
Model 13.1+£75 0.7 £0.2 4.2 £0.8* 51.9 + 7.8 56.9 + 10.87** 403580.1 + 75381.0** | 15.5+ 1.8**

Liquiritin Normal 52+25 48 £ 1.1 10332.4 + 1848.3 114704.1 + 32858.5 115445.5 + 32941.3 211.0 + 56.8 7.7 £ 1.6
Model 6.0 34 6.8 4.1 3741.7 £ 991.4%* | 52772.6 +£22330.1** = 53400.2 + 22110.2** 491.1 + 204.8* 10.1 + 1.3*

Atractylenolide III Normal 102 + 4.4 0.7 £0.1 122 £ 34 352.5 £ 21.5 568.1 + 234.7 149538.5 + 21123.9 147 £ 1.5
Model 183+ 1.3* 06 +0.1 7.9 £ 1.3* 116.7 + 16.1*** 165.8 + 45.1** 171606.0 + 32478.4 193 +2.9*

Cinnamic acid Normal 128 £ 3.6 0.6 £0.1 1930.9 + 483.9 10094.3 + 1770.0 10505.6 + 1902.0 2180.2 + 440.9 82+ 13
Model 6.6 + 3.5% 0.6 0.1 1190.4 + 352.4* 4332.2 + 1334.7%%* 4406.4 + 1420.0*** 5187.3 £ 1815.1** 62+ 1.8

ANOVA test was used to calculate the significance of the differences, ***p < 0.001, **p < 0.01, and *p < 0.05, which compared with the normal group. The CLz/F is apparent clearance.

FIGURE 5
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Expression levels of metabolic enzyme UGT1A1 and nine transporters in the liver of model group and normal group (*p < 0.05, **p < 0.01, and ***p <
0.001, which compared with the normal group).

0.673), atractylenolide IIT (p = 0.733, p = 0.867, and p = 0.733), and
cinnamic acid (p = 0.661, p = 0.721, and p = 0.709) (p < 0.05).

Besides, the expression levels of OATP1A4 were significantly
correlated with the AUC values of glycyrrhetinic acid (p = 0.855)
(p < 0.01), dehydrotumulosic acid (p = 0.794) (p < 0.01),
atractylenolide III (p = 0.685) (p < 0.05), and cinnamic acid
(p = 0673) (p < 0.05), while those of OATPIA2 were
significantly correlated with the AUC values of glycyrrhetinic
acid (p = 0.733) (p < 0.05), dehydrotumulosic acid (p = 0.697)
(p < 0.05), and cinnamic acid (p = 0.733) (p < 0.05).

(p = 0.748) (p < 0.05). In addition, the expression levels of NTCP and
OATP1Al were significantly correlated with the AUC values of
glycyrrhetinic acid (p = 0.721 and p = 0.867), dehydrotumulosic
acid (p = 0685 and p = 0.733), isoliquiritin (p = 0.661 and p =
0.758), liquiritin (p = 0.685 and p = 0.685), atractylenolide III (p =
0.770 and p = 0.867) (p < 0.01), and cinnamic acid (p = 0.818 and p =
0.939) (p < 0.01). The expression levels of OCT1, MATE], and
MRP2 were found related to the AUC values of glycyrrhetinic acid
(p=0.830, p = 0.745, and p = 0.903), dehydrotumulosic acid (p = 0.758,
p = 0.648, and p = —0.794), isoliquiritin (p = 0.782, p = 0.770, and p =
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TABLE 6 Correlation results of AUC values with metabolic enzymes and transporters (**p < 0.01 and *p < 0.05).

Component Correlation coefficient p
UGT1A1  NTCP  OATP1A1  OCT1  MATE1T  MRP2  MDRI OATP1A2  OATP1A4

Glycyrrhizic acid 0515 0.455 0.600 0.624 0491 0.612 0.681* 0.709* 0.552 0539
Glycyrrhetinic acid 0.576 0.721* 0.867* 0.830* 0.745* 0.903** | 0772 | 0.976* 0.733* 0.855*
Dehydrotumulosic acid 0.564 0.685* 0.733* 0.758* 0.648* 0.794% 0.657% | 0.903** 0.697* 0.794*
Isoliquiritin 0.770** 0.661* 0.758* 0.782% 0.770* 0.673* 0.845** | 0.733* 0.600 0.612
Liquiritin 0.588 0.685* 0.685* 0.527 0.539 0527 0.547 0.745* 0.564 0.564
Atractylenolide I1I 0.697* 0.770% 0.867* 0.733* 0.867+ 0.733* 0.802*% | 0.855* 0.612 0.685*
Cinnamic acid 0.733* 0.818* 0.939* 0.661* 0.721* 0.709* 0.748% | 0.891** 0.733* 0.673*

4 Discussion

As mentioned previously, NAFLD is a common chronic liver
disease (Parlati et al., 2021) and the lack of safe and effective
thorough treatment has made related
cardiovascular diseases a major problem of chronic diseases
(Lou et al., 2020; Gu et al., 2021). Herein, the animal models
were divided into the genetic model, diet model, and

drugs for its

combination model of genetic and diet factors (Takahashi
et al., 2012). High-fat diets were found more closely related
to the pathogenesis of human patients, and this method was
more widely used in the manufacture of animal models of
NAFLD. The NAFLD model of rats was established by high-
fat diets. Under the microscope, the liver cells in the model
group appeared disordered, the volume of liver cells had
increased significantly, lipid vacuoles of different sizes were
observed in the cells, and the nucleus was displaced and
partially dissolved. In terms of biochemistry and pathology,
the TC and HDL-C of the model rats were significantly
different from those of the normal rats, similar to those of
NAFLD alone (Anstee and Goldin, 2006), in line with the
characteristics of NAFLD. Thus, the model was successfully
prepared and used in pharmacokinetic research.
effectively reduce the

Liquid-liquid  extraction

endogenous effect. In the early stage of the experiment,

can

organic reagents were used to precipitate protein, but the
recoveries of dehydrotumulosic acid and glycyrrhizic acid were
not higher than 50%. Methanol, ethyl acetate, and methanol
combined with ethyl acetate were subsequently investigated, and
the recovery of glycyrrhizic acid and dehydrotumulosic acid was
found to be the highest when the samples were extracted with
500 uL ethyl acetate and treated with 250 uL methanol
successively. The pharmacokinetics of LGZGD
components in the normal and NAFLD rats were successfully
compared by UPLC-MS/MS method. The
pharmacokinetic behavior of the seven components was
significantly different between the normal group and the fatty
liver model rats. The AUC, o, and Cy,ay of glycyrrhizic acid,
acid, dehydrotumulosic acid, isoliquiritin,

seven

using the

glycyrrhetinic
liquiritin, atractylenolide III, and cinnamic acid in the plasma
of NAFLD rats were significantly lower than those of normal rats.

Frontiers in Pharmacology

This is basically the same trend in the normal group and the
NAFLD rats. The mean residence time of atractylenolide III,
glycyrrhizic acid, glycyrrhetinic acid, and liquiritin was increased
in the NAFLD group when compared with the normal group. The
mean retention time of isoliquiritin and dehydrotumulosic acid
was decreased. In the rat model of NAFLD, the scavenging rates
of seven analytes were increased when compared with the normal
group, while the in vivo absorption of atractylenolide III,
dehydrotumulosic acid, and glycyrrhetinic acid was enhanced.
The absorption of glycyrrhizic acid, liquiritin, and isoliquiritin
was inhibited when compared with that in the normal group. The
pharmacokinetics of the main bioactive components of Ilex
hainanensis extract after oral administration to normal and
NAFLD rats were also studied (Yang et al,, 2013). The AUC
and Cy,.x of chlorogenic acid, kaempferol 7-O-p-D-glucoside,
and ilexgenin A was decreased significantly under the plasma
concentration-time curve. Kaempferol 7-O-B-D-glucoside and
ilexgenin A increased the MRT in NAFLD rats. This
pharmacokinetic feature is similar to the hereby observed
phenomenon.

Changes of enzymes and transporters in the rat liver directly
affect drug absorption and metabolism (Fisher et al., 2009; Li
et al., 2011; Miiller and Fromm, 2011). Studies have shown that
protein transporters such as MDR1, NTCP, OATP1A2, OCT1,
and MATEl matter considerably in the metabolism of the
components in the liver (Niemela et al., 2000; Nies et al,
2011; Koepsell, 2013; Konig et al., 2013). Most components of
LGZGD are similar to the metabolic process of bilirubin (Wang
et al., 2015; Yi et al., 2018), and its structure contains hydroxyl
groups, where UGTI1Al-mediated glucuronic acid coupling
reaction can occur. The results of UGT1Al and the nine
other transporters in the NAFLD rats showed that the
metabolism of drug components absorbed into the blood, and
drug uptake and excretion were inhibited in the model
group. The OCT1, NTCP, OATP1Al, OATPlA2,
OATP1A4 promoted the drug uptake transporter (Kim et al.,
2004), the NAFLD model was reduced, and the drug absorption
was restrained. The exposure characteristics of LGZGD active
components were correlated with the expression levels of

and

UGT1ALl and the nine transporters, with glycyrrhetinic acid,
dehydrotumulosic acid, isoliquiritin, atractylenolide III, and
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cinnamic acid being correlated the most. The AUC values of
glycyrrhetinic acid, dehydrotumulosic acid, isoliquiritin,
atractylenolide III, and cinnamic acid were compared with
those of NTCP, OCT1, MATE1, MRP2, MDRI1, and BSEP,
which were found positively correlated, indicating an increase
in the excretion levels of glycyrrhetinic acid, dehydrotumulosic
acid, isoliquiritin, atractylenolide III, and cinnamic acid when
the expression levels of NTCP, OCT1, MATE1, MRP2, MDRI1,
and BSEP were inhibited. The contents of glycyrrhetinic acid,
dehydrotumulosic acid, isoliquiritin, atractylenolide III, and
cinnamic acid in the blood were decreased. The metabolism
of LGZGD active components in the NAFLD rats require further
studies.

It has also been shown that hepatic cytochrome P450
expression is significantly higher in NAFLD rats than in
normal rats, which led to faster metabolism of the drug in the
liver of NAFLD rats, (Prompila et al., 2008; Li et al.,, 2011),
consistent with the pharmacokinetic behavior we observed in the
model group of rats. Besides, it has been confirmed by literature
reports (Lickteig et al., 2007; Kolodziejczyk et al., 2019) that the
upregulated expressions of hepatic efflux transporters MRP3,
MRP4, and BCRP in NAFLD rats might accelerate the excretion
of drugs into the blood of NAFLD rats, resulting in reduced drug
exposure in model group rats, which is consistent with the
observed enhancement of the elimination rate in the model
group. Further exploration should be carried out on whether
the pharmacokinetic difference between the NAFLD group and
the normal group after oral administration of LGZGD is related
to the levels of liver phase II metabolic enzymes and
transporters. The composition and function of gut microbiota
are influenced by a variety of host and environmental factors,
which include the diet. Additionally, the study showed that
NAFLD rats had different microbiome compositions when
compared with those fed on a controlled diet, and changes in
the intestinal microbiome were related to metabolic parameters.
The changes in intestinal flora in the model group might affect
drug absorption of rats, resulting in significantly lower AUC in
the NAFLD group than in the normal group. These differences
might be attributed to the changes in the absorption mechanism
of these components caused by the altered pathological status.
The expression levels of metabolic enzymes UGT1A1l and the
nine transporter proteins, that is, NTCP, OATP1A1l, OCT1,
MATEL, MRP2, MDRI1, BSEP, OATP1A2, and OATP1A4,
were significantly lower in NAFLD rats than in normal rats.
The results suggest the potential application of UGT1A1 and the
nine transporter proteins as biological markers for the
evaluation of the ameliorative effect of LGZGD on NAFLD.
However, the mechanism of the decreased absorption of the
seven analytes after the oral administration of LGZGD in
NAFLD rats require further studying.

5 Conclusion

An efficient and stable UPLC-MS/MS method was used to
simultaneously determine seven components in rat plasma, which
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were successfully applied to study the pharmacokinetics of LGZGD
in normal rats and NAFLD rats. It is also the first time to compare
the pharmacokinetic characteristics of the seven components
between normal and NAFLD rats after LGZGD administration.
After LGZGD administration, the pharmacokinetic profiles of the
seven compounds were significantly altered in NAFLD rats when
compared to normal rats, which might be attributed to the decreased
expression of UGT1Al metabolizing enzymes and the nine
transporters in NAFLD rats. The results indicate the applicability
of UGT1A1 and the nine other transporters as potential biological
markers for evaluating the ameliorative effects of LGZGD in
NAFLD. Additionally, it is suggested that in hepatic pathological
states, attention should be paid to the effects of abnormal drug
metabolism on hepatic drug enzymes to avoid hepatotoxicity.
Overall, the hereby obtained information can provide a
meaningful basis for the clinical development of a dosing
regimen for the treatment of NAFLD.
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the anti-inflammatory activity and
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Pengfei Yue'* and Ming Yang™*

'Key Laboratory of Modern Preparation of TCM, Ministry of Education, Jiangxi University of Chinese
Medicine, Nanchang, China, College of Chinese Medicine, Jiangxi University of Chinese Medicine,
Nanchang, China, *Chengdu University of Traditional Chinese Medicine, Chengdu, China, *Shanxi

University of Chinese Medicine, Xian, China, *College of Continuing Education, Jiangxi University of
Chinese Medicine, Nanchang, China

Asarum essential oil (AEO) has been shown to have good pharmacological
activities for the anti-inflammatory and analgesic effects, but increasing the
dose may cause toxicity. Therefore, we studied the toxic and
pharmacodynamic components of AEO by molecular distillation (MD). Anti-
inflammatory activity was assessed using RAW264.7 cells. Neurotoxicity was
assessed in PC12 cells and the overall toxicity of AEO was evaluated in the
mouse acute toxicity assay. The results showed that AEO is primarily
composed of safrole, methyl eugenol, and 3,5-dimethoxytoluene. After MD,
three fractions were obtained and contained different proportions of volatile
compounds relative to the original oil. The heavy fraction had high
concentrations of safrole and methyl eugenol, while the light fraction
contained high concentrations of a-pinene and p- pinene. The original oil and
all three fractions exhibited anti-inflammatory effects, but the light fraction
demonstrated more excellent anti-inflammatory activity than the other
fractions. Asarum virgin oil and MD products are all neurotoxic. The exposure
of PC12 cells to high concentrations of AEO resulted in abnormal nuclei, an
increased number of apoptotic cells, increased ROS formation, and decreased
SOD levels. Moreover, the results of acute toxicity tests in mice revealed that the
light fractions were less toxic than virgin oils and other fractions. In summary, the
data suggest that the MD technology enables the enrichment and separation of
essential oil components and contributes to the selection of safe concentrations
of AEO.

KEYWORDS

Asarum essential oil, molecular distillation, anti-inflammatory activity, neurotoxicity,
reducing toxicity and increasing efficacy

1 Introduction

The “Chinese Pharmacopoeia” records that Asarum can dispel wind and cold, relieve pain
through the orifice, and warm the lungs (National Pharmacopoeia Commission, 2020). It is used
for wind chills and colds, headaches, toothache, nasal congestion, rheumatism and pain, phlegm,
asthma, and cough. Asarum essential oil (AEO) is isolated from the dry rhizome of the Chinese
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herb Asarum [Asarum heterotropoides Fr. Schmidt var. mandshuricum
(Maxim.)Kitag.] (Yang et al., 2021), the main components of which are
methyl eugenol, safrole, and 3,5-Dimethoxytoluene (Liu et al., 2020).
AEQ is known for its antipyretic, analgesic, anti-inflammatory, and
bacteriostatic properties (Liu et al., 2023). It has been developed into
various products which are widely used in clinical medical supplies,
pesticides of plant origin, construction materials, and other fields
(Maseehullah et al.,, 2022) (Wu et al., 2020) (Akhlaq et al., 2022).

Multiple studies have documented that AEO exhibits a
significant anti-inflammatory effect both in vivo and in vitro
(Choi et al,, 2021) (Zhang et al,, 2021) (Liu et al., 2022; Liu et al,,
2022), which indicates that it is helpful for relieving cough and
asthma, relieving bronchospasm, and reducing inflammation in the
lungs (Han et al., 2022). Network pharmacological analysis of AEO
components showed that methyl eugenol and safrole could act on
the inflammatory genes COX-1 and LAT4H (Liu and Wang, 2022).
The aforementioned data suggested that methyl eugenol and safrole
are the active components of AEO and are may responsible for their
anti-inflammatory effects (Fan et al., 2021).

The use of Asarum has been documented in “Ben Cao Bie Shuo”, an
ancient Chinese pharmacology book written in the Song Dynasty.
According to this book, the use of Asarum alone should not exceed
a dosageof one gian (which is equivalent to 3.72 g). Overdosaging may
lead to Qi stuffiness and congestion, ultimately causing death (Hu et al,,
2019). Pharmacological studies have confirmed that Asarum exhibits a
certain degree of toxicity, primarily in the respiratory and nervous
systems (Hou et al., 2023). It should be noted that the toxicity of AEO is
closely related to the content of volatile oil. The safety of Asarum was
often ensured through dosage, preparation form, the processing of
medicinals, and combination in Chinese medicine. Therefore, a widely
used method is to prepare Asarum as a decoction, which can reduce its
toxicity by prolonging cooking time and decreasing the amount of the
volatile oil. However, this limits the medicinal effects of AEO.
Furthermore, according to modern drug toxicology studies, the
toxicity of Asarum mainly originates from aristolochic acid and
volatile oil (Antsyshkina et al, 2020). Safrole in volatile oil is the
primary toxic component, which can paralyze animal respiratory
centers, damage the human nervous system, circulatory system, and
respiratory system, and exhibit a carcinogenic effect (Cao et al., 2020)
(Kemprai et al., 2020) (Yao et al., 2020). To retain the pharmacological
activity of AEO, some researchers separated and removed safrole from
the volatile oil by liquid phase preparation, silica gel column
chromatography, and adsorption using high-efficiency adsorbent
(Nie et al,, 2022). However, these methods are costly and, therefore,
economically unfeasible for large-scale development and application.
Moreover, prior evidence has demonstrated that the toxicity of the
whole AEO is higher than that of the enriched safrole oil and methyl
eugenol (Liu et al,, 2021). The aforementioned results suggest that the
combined toxicity of the individual components is less than that of the
whole volatile oil, but the underlying reasons for the reduction in
toxicity after enrichment remain poorly understood. Hence, further
investigation into the components causing toxicity of AEO and the
associated mechanisms is necessary to promote safer and more effective
market application.

Molecular distillation (MD) is a unique liquid-liquid separation
technology that can separate different substances based on their
molecular characteristics, such as the mean free path of different
molecules under high vacuum conditions (Mahrous and Farag,
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2022) (Reza Shirzad Kebria and Rahimpour, 2020). MD can achieve
the “refinement” of the main components of volatile oils, “enrichment
and enhancement” of the active ingredients, “toxicity reduction” of the
toxic components, and “aroma intensification ” (Dantas et al., 2020). In
this study, AEO was enriched by MD. The primary components of
AEO causing its anti-inflammatory activity, and toxicity were identified
and further research was conducted on its toxic/effective components.

2 Materials and methods
2.1 Reagents and chemicals

n-Hexane (F2124114GC > 99%) was obtained from Aladdin
Biotechnology (Shanghai, China). Butyl acetate (RH269812GC >
97.7%) was obtained from Shanghai Yien Chemical Technology Co.,
Ltd. (Shanghai, China). Anhydrous sodium sulfate (1804081) was
procured from Xilong Scientific (Guangdong, China).

Lipopolysaccharide (LPS), dimethyl sulfoxide (DMSO), and
dexamethasone (Dex) were purchased from Sigma-Aldrich (St
Louis, MO, United States). Cell culture medium RPMI 1640,
DMEM, phosphate buffer saline solution (PBS), and trypsin were
obtained from Solarbio Life Sciences (Beijing, China). Fetal bovine
serum (FBS) was obtained from Gibco BRL Life Technology (Gibco
BRL, Gaithersburg, MD). A cell counting kit 8 (CCK-8) was obtained
from Meilunbio (Dalian, China). Interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a) kits were purchased from Meimian
Biotechnology (Jiangsu, China). Superoxide dismutase (SOD) assay
kits were procured from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). 4',6-Diamidino-2-phenylindole ~dihydrochloride
(DAPI) was purchased from Solarbio Life Sciences (Beijing, China).
Annexin V-FITC apoptosis detection kit, mitochondrial membrane
potential assay kit, and reactive oxygen species (ROS) assay kit were
obtained from Beyotime Biotechnology (Shanghai, China).

2.2 Plant materials and extraction of AEO

Asarum (jk20220118008) was purchased from Chengdu and
authenticated as genuine Chinese herbal medicine by Professor
Zhang Puzhao of the School of Pharmacy, Jiangxi University of
Chinese Medicine. AEO was obtained by steam distillation (Asarum
was cut into 1 cm, 12 times the amount of water was added, and
extracted for 5 h), with an oil yield of approximately 1%. The volatile
oil was stored in a refrigerated cabinet at 4°C.

2.3 Three-stage molecular distillation of
volatile oil

AEOQ was spread on a thin film on a heated surface to ensure even
heating and improve evaporation efficiency and shorten the distillation
time. The feed flow rate and scraping speed had a relatively minor
impact on the separation results, unlike the evaporation temperature
and vacuum degree, which significantly affected the degree of
evaporation (Wang et al, 2023). The optimum experimental
conditions were determined by pre-experimentation using a short-
path MD (F417-9078, UIC GmbH Company, Germany). The
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optimized conditions were as follows: evaporation temperature of 50°C,
vacuum of 8 mbar, primary condensation temperature of 15°C, and
secondary condensation temperature of —15°C. Finally, the crude oil (C)
was separated, and the fractions were obtained as a heavy fraction (H), a
middle fraction (M), and a light fraction (L).

2.4 Gas chromatograph-mass spectrometry
(GC-MS) analysis of the volatile oil

2.4.1 Preparation of internal standard solution

To a 10-mL volumetric flask, 1,000 uL of butyl acetate was added and
the flask was accurately weighed on an analytical balance. The solution
was then diluted to 10 mL with n-Hexane and allowed to mix well.

2.4.2 Preparation of sample solution

Asarum crude oil was dried with anhydrous Na,SO,. Next,
50 uL of crude oil and 50 pL of each distillate were pipetted into
four 10-mL volumetric flasks. Then, 50 uL of the internal standard
solution was added to each flask and diluted to 10 mL with
n-hexane. The mixture was evenly mixed and thereafter filtered
with a 0.22-um microporous membrane to obtain the GC sample.

2.4.3 GC conditions

Gas phase conditions: A gas chromatograph-mass spectrometer
(7890B-5977A, Agilent Technologies, Inc., United States) and HP-
5MS columns were used. The carrier gas was He, the flow rate was
1.0 mL/min, and the split ratio was 10:1. The inlet temperature was
250°C. The heating conditions are shown in Supplementary Table S1.

MS conditions: Electrospray ionization (ESI) was performed.
The electron energy was 70 eV, the ion source temperature was
230°C, and the quadrupole temperature was 150°C. Then, the scan
range was defined as m/z 30-650 amu, and the injection volume was
0.3 pL. The results were searched with the NIST14. L database in
combination with related literature.

2.5 Cell lines and treatment

PCI2 (Rat adrenal pheochromocytoma) cells were purchased
from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (ZQ
0150, Shanghai, China). The cells were cultured in RPMI
1,640 medium containing 1% penicillin/streptomycin and 10% FBS
in a 5% CO, incubator at 37°C. The cells were harvested using 0.25%
trypsin/EDTA when they reached 80%-90% confluency. The cells
were treated with different concentrations of the previously obtained
four distillates for the following experiments.

RAW?264.7 murine macrophage cells were kindly given by the
Research and Experiment Center, College of Traditional Chinese
Medicine, Jiangxi University of Chinese Medicine. The cell medium
was prepared with DMEM (containing 1% penicillin/streptomycin)
and 10% FBS and was cultured in a humidified 5% CO, incubator at
37°C. After the cells reached 80%-90% confluency, they were
collected using 0.25% trypsin/EDTA for the subsequent
experiments. Then, the cells were treated with 0.5, 0.25, 0.125,
and 0.0625 pL/mL concentrations of each of the four distillates.

LPS was diluted to 1 mg/mL in sterile PBS stored at —20°C and
then diluted to 100 pg/mL in DMEM medium. Dex was diluted to
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4 pg/mL in PBS. LPS and Dex were used in the anti-inflammatory
experiment with RAW264.7 cells.

2.6 Cell viability assay

PC12 and RAW264.7 cells were harvested by centrifugation and
seeded in 96-well plates at 1 x 10" per well. Then, the cells were
treated with eight different concentrations (2, 1, 0.5, 0.25, 0.125,
0.0625, 0.03125, and 0.015625 pL/mL) of four distillates (C, H, M,
and L) in an incubator for 24 h. According to the kit instructions,
RPMI 1,640 containing 10% CCK-8 reagent was added to each well.
After incubation at 37°C for 2 h, the optical density (OD) value of
each well was measured at 450 nm using a microplate reader
(Multiskan GO, Thermo Fisher Scientific, United States).

2.7 Measurement of anti-inflammatory
activity

A total of 4 x 10* RAW264.7 cells per well were cultured in 24-
well plates. Four concentrations (0.5, 0.25, 0.125, and 0.0625 uL/mL)
of distillates C, H, M, and L were added for intervention on the
second day. After 2 h of incubation, the cells were induced by LPS
(100 pg/mL). The untreated RAW264.7 cells served as the control
group, the cells induced by LPS without dosing were used as the
model group, and dexamethasone was added for the Dex
group. After 24 h of incubation, cell supernatants were collected
for further experiments with commercial IL-6 and TNF-a kits. Then,
after rinsing the plate five times, the kit reagents were added to the
reaction plate and incubated at 37°C for 30 min. After washing the
samples five times, reagents added following the
manufacturer’s instructions and reacted for 10 min. The OD

were

values of the wells were detected at 450 nm via a microplate
reader, and the anti-inflammatory activity of the cells was calculated.

2.8 Measurement of the oxidative enzyme
system

PC12 cells were collected by trypsin and seeded in 6-well plates with
4 x 10 cells per well. The cells were cultured overnight and exposed to 1,
0.5,0.25, and 0.125 pL/mL of the four distillates (C, H, M, and L). Then,
the cells were incubated in an incubator for 24 h. The cells and cell
supernatants were centrifuged and collected in 2mL EP tubes.
Thereafter, the cells were broken using a cell disruptor and stored
at —80°C for subsequent assays for the determination of oxidative
enzymes. The SOD levels in PC12 cells were measured using the
96-well plates in the commercial assay kits with five replicate wells
per sample. The OD values were measured via a microplate reader.

2.9 DAPI and annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI)
staining

DAPI and Annexin V-FITC were used to detect the apoptosis of
PC12 cells. For DAPI staining, 4 x 10° PC12 cells were cultured in
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each well of the 6-well plates. Four different concentrations (1, 0.5,
0.25, and 0.125 pL/mL) of distillates C, H, M, and L were separately
added to the cells and incubated for 24 h. After incubation, the cell
supernatants were discarded. The cells were washed twice in PBS,
and fixed with 4% paraformaldehyde (PFA) (DF0135, Leagene
Biotechnology, China) for 15 min. Thereafter, the DAPI reagent
was added for 5-10 min at room temperature (RT), followed by
washing with PBS twice. The stained cells were observed under a
fluorescence microscope (Nikon, Japan).

Annexin V-FITC assay was performed according to the
PC12 cells were collected
trypsin digestion and centrifuged (1,000 rpm, 5 min). After

manufacturer’s instructions. after
resuspending with PBS, the cells were centrifuged again, and the
supernatants were discarded. Next, 195uL Annexin V-FITC
binding reagent was added. The cells were resuspended and 5 pL
of Annexin V-FITC and 10 pL of PI staining solution were added.
The samples were incubated for 10-20 min at RT under a dark
condition. A flow cytometer (Becton, Dickinson, and Company,
United States) was used to analyze the stained cells.

2.10 Measurement of ROS levels

The ROS levels in PC12 cells were determined using the
fluorescent probe DCFH-DA. Approximately 4 x 10> cells were
seeded in each well of a 6-well plate, and the ROS level was measured
after treatment with the distillates (C, H, M, and L) for 24 h. To each
well, 2 mL of DCFH-DA was added, followed by incubation at 37°C
for 20 min. Thereafter, the cells were rinsed thrice with serum-free
RPMI 1,640 medium. The cells were then studied using a flow
cytometer with an excitation wavelength of 488 nm and an emission
wavelength of 525 nm.

2.11 Measurement of mitochondrial
membrane potential

JC-1 was used as a fluorescent probe in the Mitochondrial
Membrane Potential Assay Kit (JC-1) for early apoptosis
detection. PC12 cells (4 x 10° per well) were seeded in 6-well
plates and incubated with four concentrations (1, 0.5, 0.25, and
0.125 uL/mL) of the four distillates (C, H, M, and L) for dosing
intervention. After 24 h of intervention, the experiment was
performed according to the manufacturer’s instructions. JC-1
staining solution was added to the cells and cultured at 37°C for
20 min. A fluorescence microscope was used to observe the
fluorescence of the cells.

2.12 Effect of AEO on acute toxicity in mice

A total of 90 SPF KM mice (6-8 weeks old; 18-22 g each), half
male and half female, were obtained from the Experimental Animal
Center of the Jiangxi University of Chinese Medicine. This
experiment was approved by the Animal Ethics Committee of
the university (Animal Ethics Number: 20220306029) and strictly
followed the Guidelines for the Management and Use of Laboratory
Animals. The acute toxicity test was performed to assess the toxicity
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of AEQ, and the LD, value was used as the assessment index. The
mice were divided into 22 groups: blank (saline), control (20%
Tween-80), and 20 experimental groups (four distillates, five dose
groups for each distillate, six mice in each group, half male and half
female). According to the pre-experimental results, the doses of both
crude oil and H distillate were 1.0792, 1.3489, 1.6862, 2.1077, and
2.6347 g/Kg; the concentrations of M were 2.1077, 2.6347, 3.2865,
4.1080, 5.1349 g/Kg, and the administration concentrations of L
distillate were 2.6347, 3.2865, 4.1080, 5.1349, 6.4185 g/Kg. The mice
fasted without water for 12 h before the experiment. After 12 h, the
four distillates were administered by gavage at 0.2mL/10g per
mouse.

2.13 Statistics and analysis

Data were processed using SPSS 21.0 (IBM, New York, NY,
United States) for plotting and statistical analysis. Graphs were
constructed using GraphPad Prism 9.0 (GraphPad Software, CA,
United States) and SIMCA 14.1 (Umetrics, Sweden). Data were
expressed as mean + standard deviation (" X + SD) and compared
using one-way analysis of variance (ANOVA). p < 0.05 was
considered statistically significant.

3 Results
3.1 GC-MS analysis of different distillates

Asarum volatile crude oil (C) was divided into three distillates,
heavy oil (H), medium oil (M), and light oil (L) via MD. A total of
34 components were identified and isolated from the Asarum crude oil,
among which methyl eugenol had the highest content (24.02%), and the
others were mainly safrole (17.08%), 3,5-dimethoxytoluene (10.62%),
myristyl ether (8.20%), 3,4,5-trimethoxytoluene (7.04%), 3-carene
(4.77%), B-pinene (4.51%), eugenolone (3.00%), lobenol (1.21%), and
levulinic-limonene (1.05%) (Figure 1, $4). The primary components of
medium oil and light oil were also analyzed through distillation. The
results showed that the main components of distillates M and L were
(1S) -(-)-alpha-Pinene (10.64%, 19.84%), P-pinenelaevo (12.51%,
19.69%), and (1S) -(+)-3-Carene (13.96%, 19.63%). Unlike the light
fraction, the M fraction contained safrole (12.55%) and 3,5-
dimethoxytoluene (7.93%). The main components of the heavy
fraction were methyleugenol (31.36%), safrole (19.42%), and 3,5-
dimethoxytoluene (12.01%). From the aforementioned results, it is
evident that the components in different distillates have significant
differences in mass fraction. Therefore, by using MD, the separation and
enrichment of AEO was achieved (Table 1).

From these results, the contents of monoterpenes in crude oil, H,
M, and L were 13.58, 1.31, 53.72, and 77.25%, respectively, whereas
the contents of ethers in C, H, M, and L were 69.44, 86.21, 27.86, and
5.83%, respectively. The monoterpenes, with boiling points generally
in the range of 140°C-180°C, exhibit analgesic, antibacterial,
detoxification, and diuretic effects. For example, the boiling point
of B-pinenelaevo is 155°C-156°C, and (+) -3-caren has a boiling
point of 168°C-169°C. However, the ethers in AEO had higher
boiling points, such as safrole 232°C-234°C and methyl eugenol
254°C-255°C. These ether components exhibited neuroleptic effects
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FIGURE 1

GC-MS spectra of Asarum volatile crude oil and each distillate after molecular distillation S1: Light distillate (L). S2: Medium distillate (M). S3: Heavy

distillate (H). S4: Asarum volatile crude oil (C).

and were also the primary toxic components of AEO. From these
results, it can be concluded that the light distillate is enriched in low-
boiling-point components, while the heavy distillate is enriched in
high-boiling-point components.

3.2 Cell viability of RAW264.7 cells and
PC12 cells

To investigate the safety concentrations of the four distillates C,
H, M, and L on RAW264.7 cells and PC12 cells, eight different
concentrations (2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, and
0.015625 uL/mL) of these distillates were added to the
RAW264.7 cells and PC12 cells to detect cell viability for 24 h.

The cell viability results of RAW264.7 cells showed that the
survival rate was close to 0 at a concentration of 2 uL/mL. However,
the survival rates increased with the decrease in the distillate
concentration for all the distillates. Especially at 1uL/mL
concentrations, the cell viability with heavy, medium, and light
distillates was significantly higher than that with crude oil.
Meanwhile, when the concentrations of crude oil, heavy distillate,
medium distillate, and light distillate were all less than or equal to
0.5 uL/mL, the cell viability of RAW264.7 cells was greater than 85%.
Therefore, four concentrations (0.5, 0.25, 0.125, and 0.0625 uL/mL)
of C, H, M, and L were selected for the following experiments on
RAW264.7 cells (Figure 2A).

Furthermore, the cell viability results from PC12 cells showed an
increase in survival rate with the decrease of concentrations of C, H,
M, and L. At 2 uL/mL concentration of the four distillates, the
survival rates of PC12 cells were almost 0, while at a concentration of
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1 uL/mL of C, H, M, and L, the cell viability of the C group was lower
than that of the H, M, and L groups. Notably, the survival rates of
PC12 cells were greater than 85% at a concentration of 0.5 pL/mL for
all four distillates. This indicates that 0.5 uL/mL was a safe distillate
concentration for PC12 cells (Figure 2B).

3.3 IL-6 levels in RAW264.7 cells after
treatment with AEO and its different
distillates

The IL-6 level in RAW264.7 cells was determined via the
commercial ELISA kit after treatment with AEO and its different
distillates. First, the IL-6 levels at different concentrations (0.5, 0.25,
0.125, and 0.0625 pL/mL) of crude oil, heavy distillate, medium
distillate, and light distillate were compared. The results showed that
compared with the LPS-induced model group, there were decreasing
trends in IL-6 levels in the Dex groups and four concentration
groups of H, M, and L. Furthermore, the IL-6 levels in 0.5 and
0.25 uL/mL groups of C were decreased (p < 0.05, vs. model group).
These results indicated that distillates H, M, and L, obtained from
AEP by MD, could reduce the contents of pro-inflammatory
cytokine IL-6 compared with that of the model group
(Figures 3A-D).

Then, the levels of IL-6 in C, H, M, and L were analyzed at the
concentration (0.5, 0.25, 0.125, and 0.0625 pL/mL)of distillates.
Compared with the C group, the IL-6 levels were significantly
lower in M and L groups for 0.5 L/mL distillate concentration
(p < 0.05). When the concentrations were 0.25, 0.12,5, and
0.0625 pL/mL, the IL-6 levels IL-6 in H, M, and L groups were
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TABLE 1 Chemical composition and content of each distillate after molecular distillation.

Common name Quality fraction (%)

1 2.4974 000123-86-4 Butyl acetate 3.8947 4.0919 4.5102 4.9352
2 4.0801 002867-05-2 alpha-Thujene 0.2791 — — 1.4746
3 4.2314 007785-26-4 (1S)-(-)-alpha-Pinene 4.183 0.465 10.6367 19.8361
4 4.5339 000079-92-5 Camphene 0.9851 — 2.6924 4.7972
5 5.0363 028634-89-1 Bicyclo [3.1.0]hex-2-ene,4- 0.2417 — 0.7651 —
6 5.1281 000127-91-3 beta-Pinene 4.5104 0.5572 12.505 19.6851
7 5.3982 000123-35-3 Myrcene 0.5025 — 1.6231 2.1255
8 5.771 000099-83-2 a-Phellandrene 1.1322 0.1483 3.522 4.3413
9 5.9276 000498-15-7 (1S)-(+)-3-Carene 4.7743 0.6086 13.9615 19.6277
10 6.3111 000527-84-4 0-Cymene 0.8599 0.1629 0.1143 2.9636
11 6.4354 000138-86-3 (1S)-Limonene 1.0493 — 3.3502 3.9054
12 6.5164 000470-82-6 1,8-Cineole 0.791 0.1553 24182 2.6329
13 6.6677 003779-61-1 trans-p-Ocimene 0.1107 — 0.3678 0.3693
14 7.3483 000099-85-4 gamma-Terpinene 0.17 - 0.5435 0.3142
15 8.3585 000586-62-9 Terpinolene 0.4575 — 1.4383 0.2107
16 10.6327 000076-22-2 (+/-)-Camphor 0.2077 — — —
17 10.9893 000503-93-5 Eucarvone 3.001 2.3242 5.3055 2.4981
18 11.6807 000507-70-0 Borneol 1.2083 1.0079 - 0.7308
19 12.3506 000562-74-3 4-Carvomenthenol 0.3645 — 0.6204 0.3645
20 13.1609 000098-55-5 a-Terpineol 0.407 — — —
21 13.6632 000140-67-0 Estragole 0.6339 0.5721 0.9396 0.3029
22 19.0166 004179-19-5 3,5-Dimethoxytoluene 10.6157 12.0113 7.9303 1.9804
23 21.0207 000094-59-7 Safrole 17.0851 19.4187 12.5543 3.15
24 30.4796 000093-15-2 Methyleugenol 24.0203 31.3644 4.0635 0.3947
25 30.7227 006443-69-2 3,4,5-Trimethoxytoluene 7.0425 9.1769 1.3602 —
26 31.2629 017334-55-3 Calarene 0.2472 0.2764 0.2097 —
27 31.9867 036577-33-0 (-)-Guaia-6,9-Diene 0.1855 0.4505 — —
28 32.9321 000607-91-0 Myristicin 1.5114 2.0284 0.2217 —
29 33.2292 054274-73-6 1-Epibicyclosequiphellandren 0.1409 — — —
30 34.7957 000607-91-0 Myristicin 8.1986 11.1031 0.7939 —
31 37.81 000487-11-6 Elemicin 0.2202 0.3604 - —
32 38.2746 005353-15-1 y-Asarone 0.1092 0.1725 — —
33 39.3064 018607-90-4 Kakuol 0.5873 0.792 — —
34 39.6035 005986-55-0 patchouli alcohol 0.2721 0.3147 — —
Monoterpene hydrocarbons 13.5813 1.3141 53.7151 77.2481
Sesquiterpene hydrocarbons 0.4327 1.2153 0.2097 —
Monoterpenoids 1.9798 1.0079 0.6204 1.0953

(Continued on following page)
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TABLE 1 (Continued) Chemical composition and content of each distillate after molecular distillation.

Common name

Quality fraction (%)

H M
Monoterpene ketone 3.5883 3.5136 5.7304 2.7235
Ether ‘ 69.4369 ‘ 86.2078 27.8635 ‘ 5.828
% Identified of total peaks area ‘ 89.019 ‘ 93.2587 88.1391 ‘ 86.8949
RAW264.7 PC12
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FIGURE 2

Cell viability studies of Asarum volatile oil and its distillates with RAW264.7 cells and PC12 cells (A) Cell viability on RAW264.7 cells, with eight
concentrations (2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, and 0.015625 pL/mL) of C (Asarum volatile crude oil), H (heavy distillate), M (medium distillate), and
L (light distillate). (B) PC12 cells were treated with eight concentrations (2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, and 0.015625 pL/mL) of C (Asarum volatile
crude oil), H (heavy distillate), M (medium distillate), and L (light distillate) to measure cell viability.

clearly decreased (p < 0.05, vs. C group). This indicated that
distillates H, M, and L showed a relative decrease in the content of
pro-inflammatory cytokine IL-6 at the same concentrations
compared to crude oil in a

(Figures 3E-H).

dose-dependent manner

3.4 TNF-a levels in RAW264.7 cells after
treatment with AEO and its different
distillates

AEO also exhibits pro-inflammatory effects. Therefore, we
investigated the TNF-a levels in RAW264.7 cells after AEO, and
H, M, and L intervention. Similarly, the TNF-a levels in the four
concentrations of C, H, M, and L were measured first. Compared
with the LPS-induced model group, the TNF-a levels in the Dex
groups and four concentrations (0.5, 0.25, 0.125, and 0.0625 pL/mL)
of the H, M, and L groups showed a decreasing trend (p < 0.05)
(Figures 4A-D). Further, the TNF-a levels in C, H, M, and L at the
same concentration were compared. The results showed that at 0.5,
0.125, and 0.0625 pL/mL, the TNF-a levels in H, M, and L were
notably lower than that of C group. Only the TNF-a level in the L
group was decreased (p < 0.05, vs. C group) when the concentration
was 0.25 pL/mL (Figures 4E-H). These results illustrated that the
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three distillates (H, M, and L) could reduce the release of TNF-a in
RAW?264.7 cells and exert anti-inflammatory effects compared with
crude oil.

3.5 Orthogonal partial least squares-
discriminant analysis (OPLS-DA) of the anti-
inflammatory activity of AEO

Principal component analysis was used to analyze the
relationship between AEO and the IL-6 and TNF-a levels via
SIMCA14.1software. The results are shown in Figure 5. The data
were downscaled and simplified by OPLS analysis, with Q2 (cum) of
the TNF-a model being 0.832 and that of (cum) Q2 (cum) of the IL-
6 model being 0.586, which showed good overall predictive ability.
Further correlation analysis was performed on the two data sets to
screen for compounds (Figure 6).

The correlation analysis between anti-inflammatory activity and
components of AEO revealed that the anti-inflammatory activity
was primarily associated with methyl eugenol, a-pinene, B-pinene,
a-phellandrene, 1,8 eucalyptol, camphorene, and p-laurelene.
Therefore, the strong anti-inflammatory activity of L may be
related to the high relative percentage content of a-pinene and -
pinene.
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FIGURE 3

Levels of IL-6 in RAW264.7 cells after treatment with Asarum volatile crude oil and different distillates (A) Concentrations of IL-6 in RAW264.7 cells
with 0.5, 0.25, 0.125, and 0.0625 uL/mL of (C). (B) Concentrations of IL-6 in RAW264.7 cells with 0.5, 0.25, 0.125, and 0.0625 pL/mL of (H). (C)
Concentrations of IL-6 in RAW264.7 cells with 0.5, 0.25, 0.125, and 0.0625 uL/mL of M. (D) Concentrations of IL-6 in RAW264.7 cells with 0.5, 0.25, 0.125,
and 0.0625 plL/mL) of L. (E) Concentrations of IL-6 in RAW264.7 cells after treatment at 0.5 yL/mL of C, H, M, and L. (F) Concentrations of IL-6 in
RAW264.7 cells after treatment at 0.25 pL/mL of C, H, M, and L. (G) Concentrations of IL-6 in RAW264.7 cells after treatment at 0.125 pL/mL of C, H, M,
and L. (H) Concentrations of IL-6 in RAW264.7 cells after treatment at 0.0625 pL/mL of C, H, M, and L. C (Asarum volatile crude oil), H (heavy distillate), M
(medium distillate), L (light distillate).*p < 0.05, compared with model group, #p < 0.05, compared with the C group.
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FIGURE 4

Levels of TNF-a in RAW264.7 cells after treatment with Asarum volatile crude oil and different distillates (A) Concentrations of TNF-a in
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RAW264.7 cells with 0.5, 0.25, 0.125, and 0.0625 pL/mL of (C). (B) Concentrations of TNF-a in RAW264.7 cells with 0.5, 0.25, 0.125, and 0.0625 pL/mL of
(H). (C) Concentrations of TNF-ain RAW264.7 cells with 0.5, 0.25, 0.125, and 0.0625 pL/mL of M. (D) Concentrations of TNF-a in RAW264.7 cells with 0.5,
0.25,0.125, and 0.0625 plL/mL) of L. (E) Concentrations of TNF-ain RAW264.7 cells after treatment at 0.5 yL/mL of C, H, M, and L. (F) Concentrations

of TNF-ain RAW264.7 cells after treatment at 0.25 uL/mL of C, H, M, and L. (G) Concentrations of TNF-ain RAW264.7 cells after treatment at 0.125 pL/mL
of C, H, M, and L. (H) Concentrations of TNF-a in RAW264.7 cells after treatment at 0.0625 pL/mL of C, H, M, and L. C (Asarum volatile crude oil), H (heavy
distillate), M (medium distillate), L (light distillate).*p < 0.05, compared with model group, #p < 0.05, compared with C group.
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FIGURE 5

Principal component analysis of each fraction of Asarum essential oil.
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FIGURE 6
VIP values for the individual distillate compounds of Asarum essential oil.

3.6 ROS levels in PC12 cells after treatment
with AEO and its different distillates

Next, the effect of crude oil and its distillates on intracellular
ROS in PCI2 cells was investigated via flow cytometry. Al to
A4 were ROS level expressions under C stimulation, Bl to
B4 were under H, C1 to C4 were under M, and D1 to D4 were
under L intervention. These findings from this experiment
demonstrated that both the intracellular ROS levels
fluorescence intensity significantly changed after C, H, M, and L

and

intervention compared to those of the normal group (blank group).
Moreover, the fluorescence intensity tended to be normal as the drug
concentration decreased. In addition, the statistical results showed
that under C intervention, the fluorescence intensities of A2 (0.5 uL/
mL), A3 (0.25 uL/mL), and A4 (0.125 pL/mL) were significantly
changed compared with that of the normal group (p < 0.01).
Fluorescence intensities corresponding to all four concentrations
of H were statistically significant, while only C4 (0.125 uL/mL) had a
significant change in M distillate (p < 0.01). Finally, all four
concentrations (1, 0.5, 0.25, and 0.125pL/mL) of H distillate
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caused significant changes in the cellular oxidative stress levels
compared to the normal group (p < 0.01) (Figure 7).

3.7 Cell apoptosis of PC12 cells after
treatment with AEO and its different
distillates

The Annexin V-FITC assay kits were used to investigate the cell
apoptosis rates of crude oil and distillates with PC12 cells. The results of
this study showed that the high concentration (1 puL/mL) of these
distillates (H, M, L) obtained after MD exhibited a higher apoptosis
rates compared to the normal group (blank group). Furthermore, the
apoptosis rate varied in a concentration-dependent manner. Lower
concentration resulted in lower cell apoptosis rate. In addition, the
statistical findings revealed that A2 (0.5 uL/mL) in distillate C and Bl
(1 pL/mL) in distillate H exhibited a significant increase in apoptosis
rate (p < 0.01, compared with that with the normal group). In M groups,
the apoptosis rates of 1, 0.5, and 0.25 uL/mL were significantly different
from those of the normal group. In distillate L groups, the apoptosis
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Concentrations of ROS in PC12 cells after treatment with Asarum volatile crude oil and different distillates. Concentrations of ROS in PC12 cells after
treatmentwith 1, 0.5, 0.25, and 0.125 pL/mL of Asarum volatile crude oil (C), heavy distillate (H), medium distillate (M), and light distillate (L). (A2—A4) represent
ROS levels in PC12 cells after treatment with C (A2: 0.5 uL/mL, A3: 0.25 pL/mL, A4: 0.125 pL/mL). (B1—B4) represent ROS levels in PC12 cells after treatment
with H (B1: 1 yL/mL, B2: 0.5 pL/mL, B3: 0.25 pL/mL, B4: 0.125 pL/mL). (C1-C4) represent ROS levels in PC12 cells after treatment with M (C1: 1 pL/mL,

C2: 0.5 pL/mL, C3: 0.25 pL/mL, C4: 0.125 yL/mL). (D1-D4) represent ROS levels in PC12 cells after treatment with L (D1: 1 yL/mL, D2: 0.5 yL/mL, D3:
0.25 pL/mL, D4: 0.125 pyL/mL). The ROS levels of the (C—L) groups are shown on the right side, ** p < 0.01, compared with the normal group (N).

rates were significantly changed for the concentrations of 1, 0.25, and
0.125 pL/mL (p < 0.05, compared with the normal group) (Figure 8).

3.8 Cell morphology of PC12 cellsafter
treatment with AEO and its different
distillates

The effects of Asarum volatile crude oil and the different distillates
on PC12 cell morphology by DAPI staining were observed. Cells in
1 uL/mL of each of C, H, M, and L (Al, B1, C1, and D1) groups
demonstrated significant morphological changes with abnormal
nuclei and increased apoptotic cells. However, as the concentration
of the added distillate decreased, the morphology of cells in C, H, M,
and L (A4, B4, C4, and D4) groups at 0.12 5 uyL/mL of C, H, M, and L
cells demonstrated similar morphology to that of the normal group
(blank group), with intact nuclei and significantly more viable cells.
These results suggested thatthat the survival rates of PC12 cells is
concentration-responsively changed following treatment with AEO
and its different distillates. (Figure 9).
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3.9 Effect of AEO on the oxidase system

Oxidative damage can induce apoptosis. The expression levels of
superoxide dismutase (SOD) in the different distillates of AEO at
in. The SOD levels were
significantly decreased at high concentrations of AEO, suggesting that
AEOQ affects the oxidative stress system at high concentrations. Notably,
the SOD expression of H was significantly lower than that of the other
three groups (B2 < A2, C2, D2) when the concentration was 0.25 uL/mL,
which may be related to the higher safrole content in H (Figure 10).

different concentrations are shown

3.10 Effect of AEO on acute toxicity in mice

Acute toxicity experiments on mice were performed to investigate the
toxicity of AEO and three AEO distillates. Mice mortality was investigated
and determined after AEO administration. The results showed that the
LDs, of C, H, and M was 1.8852, 1.9566, and 3.6741 g/Kg, respectively,
and the toxicity of the M group was lower than that of the other two
groups. The mortality rate of mice was only 16.67% when the
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FIGURE 8

Apoptosis in PC12 cells after treatment with Asarum volatile crude oil and different distillates Apoptosis rates in PC12 cells were measured by flow
cytometry after treatment with 1, 0.5, 0.25, and 0.125 pL/mL of Asarum volatile crude oil (C), heavy distillate (H), medium distillate (M), and light distillate
(L). (A1-A4) represent apoptosis in PC12 cells after treatment with (C). (B1-B4) represent apoptosis in PC12 cells after treatment with (H). (C1-C4)
represent apoptosis in PC12 cells after treatment with (M). (D1—-D4) represent apoptosis in PC12 cells after treatment with (L). Figure on the top right
represents normal PC12 cells. The lower right is the apoptosis rate in PC12 cells of the (C, H, M, and L) groups, *p < 0.05, **p < 0.01, compared with the

normal group (N1).

administration concentration of L was 6.4185 g/Kg, indicating that the
toxicity of L was significantly lower than the other distillates (Table 2).

4 Discussion

As the primary active component of Asarum, the volatile oil has
pharmacological effects on the nervous, immune, and cardiovascular
systems (Fung et al, 2021). Despite prior research on the chemical
composition and pharmacological action of AEO, notable
disagreements persist regarding its main components, such as methyl
eugenol, safrole, and 3,5-dimethyltoluene (Hue et al., 2022; Gu et al,
2023). Therefore, MD was used to facilitate the enrichment and
separation of AEO components. Furthermore, further research was

conducted to establish the relationship between toxicity,
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pharmacodynamics, and the main components of AEO. The results
from these investigations will help elucidate the specifically effective or
toxic component of the AEO and provide references for more rational
and effective clinical applications of Asarum in the future.

Using MD, the enrichment and separation of AEO were achieved.
Compared with crude oil, the content of olefin components with lower
boiling points in the heavy distillate was significantly reduced, while
methyl eugenol increased from 24.0203 (C) to 31.3644% (H). However,
the olefin components in the middle and light distillates achieved
enrichment. The ratios of a-pinene and B-pinene contents in crude
oil, heavy distillate, middle distillate, and light distillate are 1:0.1:2.5:
4.7 and 1:0.1:2.8:4.4, respectively, and the total amount of a-pinene and p-
pinene accounts for 39.5% of the light oil distillate, which is five times
more than that of crude oil. Furthermore, significant differences in the
relative contents of methyl eugenol, safrole, and 3,5-dimethyl
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Morphology of PC12 cells after treatment with Asarum volatile crude oil and different distillates. The morphology of PC12 cells was measured by the
DAPI staining method, scale bar: 20 um. (A1-A4) represent the PC12 cells to which were added 1, 0.5, 0.25, and 0.125 pL/mL of Asarum volatile crude oil
(C), heavy distillate (H), medium distillate (M), and light distillate (L), respectively. The top right corner shows normal PC12 cells. The survival rates of

PC12 cells under different distillates are shown on the right side.

methylbenzene were observed in each distillate, with 3,5-dimethyl
methylbenzene in C, H, M, and L in the ratio 1:1.1:0.8:0.2 and safrole
in G, H, M, and L in the ratio 1:1.1:0.7:0.2. The ratio of methyl eugenol in
C, H, M, and L was 1:1.3:0.2:0.02. The methyl eugenol content was
significantly reduced in the light fraction, and the safrole content was only
18.44% of the crude oil. The difference in the composition of each
distillate was influenced by the different boiling points of the components,
providing a basis for further toxicological investigation.

Numerous experiments have shown that the AEO exhibits a
significant anti-inflammatory effect both in vivo and in vitro (Zhang
et al, 2021) (Antsyshkina et al., 2020). During inflammation, activated
inflammatory cells secrete large amounts of pro-inflammatory cytokines
IL-1B, IL-6, and TNF-a (Siouti and Andreakos, 2019) (Choudhury et al,,
2021). Therefore, in the current study, the anti-inflammatory activity of
the essential oil was chosen as the index for the evaluation of the efficacy
of the essential oil. In the LPS-induced RAW?264.7 cell model, LPS caused
an increase in IL-6 and TNF-a levels. AEO and its fractions significantly

Frontiers in Pharmacology

reduced the elevation of TNF-a and IL-6 and decreased the production
and release of the pro-inflammatory cytokines TNF-a and IL-6, resulting
in anti-inflammatory effects. Principal component analysis showed that
the monoterpene component had better anti-inflammatory activity than
other components. The relative percentage of monoterpenes was higher
in the light fraction than in the other fractions, so it had a better anti-
inflammatory activity.

A previous study by our group demonstrated that AEO at a dose
of 1.8852 g/kg inhibited the normal functioning of the central
nervous system of KM mice and impaired their balance and
with
intoxicated state, abnormal gait, limping, slowed movement, and

coordination, clinical ~manifestations including an
the loss of appetite. These results are consistent with the reported
adverse events of Asarum, including hepatotoxicity, nephrotoxicity, and
neurologic reactions (Zhang et al., 2019). According to clinical reports,
AEO could cause respiratory excitation at low doses and respiratory

depression at high doses (Yan, 2022). Because of the two-way
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SOD expression in PC 12 cells after essential oil intervention (A) Expression of SOD in PC 12 cells with 0.5, 0.25, 0.125, and 0.0625 pL/mL of (C). (B)
Expression of SOD in PC 12 cells with 0.5, 0.25, 0.125, and 0.0625 pL/mL of (H). (C) Expression of SOD in PC 12 cells with 0.5, 0.25, 0.125, and 0.0625 uL/
mL of M. (D) Expression of SOD in PC 12 cells with 0.5, 0.25, 0.125, and 0.0625 pL/mL) of L. (E) Expression of SOD in PC 12 cells after treatment at 0.5 pL/
mL of C, H, M, and L. (F) Expression of SOD in PC 12 cells after treatment at 0.25 pL/mL of C, H, M, and L. (G) Expression of SOD in PC 12 cells after
treatment at 0.125 pL/mL of C, H, M, and L. (H) Expression of SOD in PC 12 cells after treatment at 0.0625 yL/mL of C, H, M, and L.

TABLE 2 LDs, value of AEO in mice.

Groups Dose (g/Kg) Total (N) Deaths (x) Mortality (x/N, %) LDsy (9/Kg)
C 1.0792 6 0 0 1.8852
1.3489 6 0 0
1.6862 6 3 50
2.1077 6 3 50
2.6347 6 6 100
H 1.0792 6 0 0 1.9566
1.3489 6 1 16.67
1.6862 6 1 16.67
2.1077 6 3 50
2.6347 6 6 100
M 2.1077 6 0 0 3.6741
2.6347 6 1 16.67
3.2865 6 2 3333
4.1080 6 3 50
5.1349 6 6 100
L 2.6347 6 0 0 /
3.2865 6 0 0
4.1080 6 0 0
5.1349 6 0 0
6.4185 6 1 16.67
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modulation of the nervous system by AEO, it is vital and significant to
find the threshold between the therapeutic effect and toxicity and
determine a safe therapeutic window. The acute toxicity test in mice
indicated that the LDs, assessment confirmed that the toxicity of the
crude oil was similar to that of the heavy distillate. In contrast, the
toxicities of the middle and light distillates were remarkably reduced. A
comparison of the components revealed that the reduction in toxicity
was associated with a reduction in the contents of safrole, methyl
eugenol, and 3,5-dimethyl methylbenzene.

Only a few studies are available on the mechanism of neurotoxic
effects of AEO, which mainly focus on cell apoptosis, oxidative stress, and
the inhibition of neuraxial growth (Hue et al,, 2022). Prior evidence has
indicated that mitochondrial dysfunction is a major pathogenesis of
neurological diseases (Reiss et al., 2022) (Calvo-Rodriguez and Bacskai,
2021). Hence, it was investigated whether the mechanism of toxicity was
related to the induction of apoptosis by the mitochondrial pathway
involving ROS. PCI12 cells, which are extensively applied to study
neurotoxicity, are derived from the sympathetic nervous system that
has stopped dividing and grows neurons when induced by nerve growth
factors (Kagan et al,, 2022; Xie et al., 2023). Therefore, PC12 cells were
chosen to establish an in vitro model to explore AEO neurotoxicity in this
study. According to the flow cytometric detection, biochemical methods,
and the DAPI staining, it was demonstrated that AEO administration
induced oxidative damage and dysfunction in the mitochondria of PC
12 cells, with significant changes in cell morphology, abnormal nuclei,
and an increase in apoptotic cells. Moreover, we also noted that the
apoptosis rate of PC12 cells was increased after AEO treatment, indicating
that AEO could induce apoptosis in PC12 cells. In summary, the
enrichment of the AEO by MD confirmed that the primary anti-
inflammatory components in the AEO were methyl eugenol, o-
pinene, B-pinene, a-phellandrene, 1,8 eucalyptol, camphorene, and p-
myrcene, and the main toxic components were safrole, methyl eugenol
and, 3,5-Dimethoxytoluene. This finding is consistent with previous
literature reports. Methyl eugenol and myristicin in AEO have been
reported to have hepatorenal toxicity and genotoxicity (Cao et al., 2020)
(Akhlaq et al., 2022) (Carvalho et al,, 2022). A study has found that safrole
oxide can cause apoptosis in mouse neuronal cells by regulating the
activity of ROS (Su et al,, 2007a). In the meantime, safrole oxide could
affect the activity of VECs, thereby inhibiting the differentiation of NSCs
and inducing their apoptosis (Su et al., 2007b).

The in vitro findings were also validated by in vivo experiments. The
experimental results in mice demonstrated that the light distillates of
AEQ exhibited low toxicity. However, the characteristic components of
AEO were safrole, methyl-eugenol, and 3,5-Dimethoxytoluene, and the
light distillates contained relatively low levels of the characteristic
components and were not representative of AEO. Therefore, further
investigations are needed to apply the MD technique to enrich the
distillates containing the characteristic constituents of AEO and identify
a safety window for clinical applications by studying the varying
proportions of the constituents.

5 Conclusion

In summary, the MD technique can effectively enrich and
separate essential oils. AEO exhibits good anti-inflammatory
activity and considerable toxicity. The potential mechanism of
neurotoxicity is related to oxidative stress and apoptosis. Most of
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the current methods of reducing the toxicity of Asarum are based on
increasing the decoction time and reducing the essential oil content.
However, studies have indicated that the essential oil of Asarum
exhibits a significant anti-inflammatory effect, and reducing the
essential oil content also reduces its effectiveness. Therefore,
determining the safety window is essential for the clinical
applications of AEO, both to exploit its medicinal properties and
avoid the toxicity of the essential oil. In the current study, the MD
technique was used to enrich and separate the Asarum essential oil
and provide methods and ideas for future experiments.

Based on our previous studies, AEO has anti-inflammatory,
antibacterial and analgesic effects. Through molecular distillation
technology to reduce its toxicity, it is expected to be developed as a
spray gel for treating oral ulcers.
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Absorption, tissue distribution,
and excretion of glycycoumarin, a
major bioactive coumarin from
Chinese licorice (Glycyrrhiza
uralensis Fisch)
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Shuiping Ou?, Qi Chang?*, Xingian Zhao?, Wen Zhou?, Jinghua Yu
and Zugiang Wu'*
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The Sixth Affiliated Hospital, School of Medicine, South China University of Technology, Nanhai District
People’s Hospital of Foshan, Foshan, China, ?Bijie City First People’'s Hospital, Bijie, China, *School of
Pharmacy, Zunyi Medicinal University, Zunyi, China, “Institute of Medicinal Plant Development, Chinese
Academy of Medical Sciences and Peking Union Medical College, Beijing, China

Licorice (Glycyrrhiza uralensis Fisch) is a natural plant resource widely used as a
food and herbal medication in China. Glycycoumarin (GCM) is a major coumarin in
licorice that possesses several biological activities. However, little is known about
its pharmacokinetic profile. The present study aimed to describe the oral
absorption, tissue distribution, and excretion of GCM in rats. Free (parent drug)
and/or total (parent drug plus the glucuronidated metabolite) GCM in biological
samples was quantified before and after the hydrolysis reaction with -
glucuronidase using a reliable LC-MS/MS method. The results indicated that
GCM was rapidly absorbed and transformed into its conjugated metabolites
after administration. Free GCM plasma concentrations after i. v. (10 mg/kg)
administration quickly decreased with an average ty;), of 0.71h, whereas the
total GCM concentration reduced slowly with a ty/, ., 0f 2.46 h. The area under the
curve of glucuronidated metabolites was approximately four-times higher than
that of free GCM. Presumably, because of hepatic and/or intestinal tract first-pass
metabolism, GCM exhibited a poor bioavailability of 9.22%, as estimated from its
total plasma concentration. Additionally, GCM was distributed rapidly and widely
in various tissues except the brain. The liver had the highest concentration; further,
GCM was promptly eliminated from test tissues after intraperitoneal (20 mg/kg)
administration, but only a small amount of GCM was excreted via bile and urine.
Overall, GCM is absorbed and rapidly transformed into its conjugated metabolites
with low bioavailability; further, it is distributed in various tissues, except the brain.
These pharmacokinetic results are helpful for better understanding the
characteristics and pharmacological effects of GCM.
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1 Introduction

Licorice (Glycyrrhiza uralensis Fisch), known as Gan Cao in
traditional Chinese medicine, is one of the best-known herbal
medicines throughout Asia and is widely used as a medicine and
food in China. Licorice appears in the pharmacopoeia of the People’s
Republic of China, where its applications include detoxification and
treatment of spleen and stomach disorders, palpitations and
shortness of breath, coughs, influenza infection, and liver disease.
Pharmacological studies have demonstrated that licorice exhibits
various  biological activities, including antioxidant, anti-
inflammatory, antidiabetic, anticancer, and skin-whitening effects
(Asl and Hosseinzadeh, 2008; Fu et al., 2013; Fukuchi et al., 2016).
Phytochemical studies have shown that licorice is rich in triterpenes
and their glycosides, flavonoids, and coumarins (Ji et al., 2016).

Glycycoumarin (GCM, Figure 1) is a major coumarin in licorice,
accounting for 0.81 mg/g in the crude roots and rhizomes of licorice
(Qiao et al, 2014b). The reported biological activities of GCM
include antioxidant, anti-inflammatory and anti-hepatitis C virus
activities (Adianti et al., 2014). More recently, additional beneficial
effects of GCM have been described. For example, GCM exerts anti-
hepatoma effects by binding to and inactivating the oncogenic
kinase TOPK and activating the p53 pathway (Song et al., 2016).
It also improves the efficacy of BH3 mimetic ABT-737 against liver
cancer and attenuates the platelet toxicity of ABT-737 (Zhang et al.,
2018). Moreover, GCM can ameliorate alcohol-induced hepatic
injury by activating Nrf2 and autophagy (Song et al.,, 2015) and
protect against acetaminophen-induced liver injury by activating
sustained autophagy (Yan et al, 2018). The major metabolic
pathways of GCM in vivo are glucuronidation and hydroxylation;
three metabolites are formed in the glucuronidation reaction, and
the binding sites may include its three hydroxyl groups (Wang et al.,
2014).

Despite increasing studies on the biological activities of GCM
and its underlying metabolic pathways, little is known about its
pharmacokinetic profile. In this study, we performed a rapid and
reliable liquid chromatography coupled with mass spectrometry
(LC-MS/MS) method for determining GCM abundance. This
method was successfully used to assess the pharmacokinetic
properties of GCM and its tissue distribution in rats. To our
knowledge, this study is the first to report the pharmacokinetics
of purified GCM, including its oral absorption, bioavailability, tissue
distribution, and excretion, after oral, intravenous (i.v.), and
intraperitoneal administration in rats for exploring its disposal in
the body and further understand its in vivo pharmacological
activities.

2 Materials and methods
2.1 Chemicals and reagents

Glycycoumarin (purity>98%, Cat# DSTDG010801) was used as
a reference compound and was purchased from Lemeitian Medical
Technology Co., Ltd. (Chengdu, China). Psoralidin (Cat# 180526),
used as an internal standard (IS), was obtained from Ronghe
Pharmaceutical Sciences (Shanghai, China). p-Glucuronidase
(Type H-1, Cat# SLCH4420) was obtained from Sigma (St. Louis,
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FIGURE 1
Chemical structure of glycycoumarin and psoralidin (internal
standard).

MO, United States). Solutol HS-15 (Cat# 159186) was obtained from
MedChemExpress LLC (Shanghai, China). Anhydrous sodium
acetate (Cat# Cl12095781) was purchased from Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). HPLC-
grade acetonitrile and methanol were purchased from Fisher
Scientific (Emerson, IA, United States). MCI GEL was purchased
from Mitsubishi Chemical (Tokyo, Japan). Silica gel was obtained
from Qingdao Haiyang Chemical Co., Ltd. (Qingdao, China).
Analytical-grade ethyl acetate, methanol, and dichloromethane
were obtained from Fuyu Fine Chemical Co., Ltd. (Tianjin, China).

2.2 Plant material

The roots and rhizomes of licorice (G. uralensis Fisch.) were
obtained from the Institute of Medicinal Plant Development,
Chinese Academy of Medical Sciences, and Peking Union
Medical College in November 2018 in Beijing. It was identified
by Associate Professor Cha Qin from the Institute of Chinese
Materia Medica of Bijie City. A voucher specimen (No. 2018-
1101) was deposited at the Key Laboratory of Pharmacy of Bijie
City First People’s Hospital, Guizhou, China.

2.3 Extraction and isolation of
glycycoumarin

Licorice (21 kg) was powdered and extracted thrice with 90% (v/
v) ethanol for 2 h under reflux. The extracts were pooled and filtered,
concentrated in vacuo to remove ethanol, and free-dried to obtain a
dry licorice alcohol extract (3.6kg). The licorice extract was
dissolved in distilled water and extracted using ethyl acetate. The
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resulting ethyl acetate extract (860 g) was applied to a silica gel
column and successively eluted with 0, 5, 10, 30, 50, and 100% (v/v)
methanol in dichloromethane. The eluents from the 5% methanol
application were collected and subjected to MCI GEL column
chromatography for decolorization. The extracted compounds
were then separated by repeated column chromatography and
preparative high-performance liquid chromatography (HPLC) to
isolate GCM. The chemical structure of the isolated GCM was
identified by comparing the mass and fragmentation profiles
obtained by electrospray ionization mass spectrometry (ESI-MS),
as well as nuclear magnetic resonance ("H- and *C-NMR) spectra
(Bruker AV-600, Fillanden, Switzerland) with those available in the
literature. We also compared the GCM HPLC retention times and
online UV spectra with those of the reference compound. The purity
of GCM was assessed using HPLC-UV analysis.

2.4 Animals

Male Sprague-Dawley rats (200 + 20 g) were obtained from SJA
Laboratory Animal Co. Ltd. (Hunan, China). All animals were kept
under standard conditions of light, humidity, and temperature, and
were allowed free access to a standard diet and water. All animal
experiments were approved by the Animal Ethics Committee of Bijie
City First People’s Hospital (BY[2019]-02-198). On the day before
GCM administration, rats were subjected to a minor surgical
(0.59 mm 1D,

China) was

procedure. Briefly, a polyurethane catheter
0.94mm OD; Skillsmodel

cannulated into the right jugular vein while under anesthesia

Limited, Beijing,

induced using an intraperitoneal dose of chloral hydrate at
350 mg/kg. After surgery, the rats were individually placed in
metabolism cages to allow recovery for at least 24 h. The rats
were fasted overnight with free access to water before GCM
administration.

2.5 Preparation of standards and quality
control samples

GCM (2.0 mg) and IS (2.0 mg) were accurately weighed and
then dissolved in methanol to prepare respective stock solutions
with a concentration of 2 mg/mL each. After dilution with methanol,
the stock solution was prepared as a series of standard working
solutions. The working solutions were used to spike the plasma, bile,
urine, or tissue homogenates to obtain final GCM concentrations of
1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, and 2000 ng/mL for the
standard curve of all samples. The final concentration of IS used in
the plasma, bile, urine, and tissue homogenates was 100 ng/mL. Four
concentrations (5, 15, 150, and 1500 ng/mL) of quality control (QC)
samples were freshly prepared for method validation.

2.6 Drug administration and sample
collection

2.6.1 Drug administration

All GCM dosing drugs were freshly prepared at a concentration
of 10 mg/mL prior to the experiments. Briefly, GCM was dissolved
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in normal saline containing 5% (v/v) Solutol HS 15. The animals
were randomly divided into three groups. The i. v. administration
group was treated intravenously with 10 mg/mL GCM by quick
injection through the cannulated catheter, and approximately
0.2 mL saline with 20 units of heparin was injected to flush the
catheter and prevent blood coagulation. The oral administration
group was treated with 20 mg/mL GCM in a single gastric gavage
dose, and the intraperitoneal injection group received 20 mg/kg
GCM through intraperitoneal injection.

2.6.2 Plasma sample collection

Approximately 0.3 mL blood samples were collected via the
cannula and placed into heparinized micro centrifuge (Eppendorf)
tubes at multiple time-points (0.08, 0.25, 0.50, 1, 2, 3,4, 5, 6, 7, 8, 10,
12, and 24h) after GCM administration. The samples were
centrifuged at 3000 x g for 5 min at 4°C for plasma separation; a
0.1 mL aliquot of each separated plasma sample was harvested and
stored at —40°C until assessed.

2.6.3 Tissue sample collection

Twenty-five rats were randomly divided into five groups and
administered 20 mg/kg GCM intraperitoneally. Samples of various
tissues (heart, liver, spleen, lung, kidney, and brain) of a certain
weight were collected from the rats at 0.5, 1, 2, 4, and 6 h following
GCM administration. All tissues were then rinsed with normal
saline to clean the blood, blotted with filter paper, and stored
at —40°C until use. Blood samples were collected via the carotid
artery at the specified time points, and plasma samples were
harvested as described above.

2.6.4 Bile sample collection

Rats (n = 6) underwent bile fistula cannulation under
anesthesia prior to bile sample collection. Bile samples from
rats following i. v. GCM administration (10 mg/kg) were
collected via cannula every 2 h over an 8 h collection period.
Samples were collected from the catheter and delivered into
acidified (0.1% HCI) centrifuge tubes. The rats were placed on
thermostatic plates and kept under mild anesthesia throughout
the experiment. The bile samples were diluted with saline and
stored at —40°C until assayed.

2.6.5 Urine sample collection

Six rats were individually placed in metabolic cages and
administered 10 mg/kg GCM by i. v. injection. Urine samples
were collected over 24 h after administration in a urine reservoir
containing 2 mL 0.1% HCI to avoid GCM degradation. Each urine
reservoir was rinsed with 5 mL normal saline after collection. Every
urine sample was diluted to 20 mL with normal saline and then
stored at —40°C until assayed.

2.7 Determination of GCM levels in
biological samples

Free (parent drug) and/or total (including parent and
glucuronidated metabolites) GCM concentrations in rat plasma,
tissues, urine, and bile were quantitatively assayed using LC-MS/MS
before and after hydrolytic treatment with -glucuronidase.
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2.7.1 Preparation of plasma samples

Aliquots (100 pL) of plasma samples were divided into two equal
fractions for determining the free and total GCM concentrations, as
previously described (Chang et al., 2012). Briefly, two aliquots of
50 uL plasma were incubated at 37°C with or without pg-
glucuronidase at a concentration of 1,200 units for total and free
GCM, respectively. After 40 min of incubation, 10uL of IS
(1,000 ng/mL) was added to the mixtures followed by extraction
with ethyl acetate. After centrifugation, the clear ethyl acetate layer
was transferred and concentrated using a freeze-dry concentration
method at 4°C. Subsequently, the remaining material was
reconstituted in 200 pL of 90% (v/v) methanol. A 10 puL aliquot
of the supernatant was injected into the LC-MS/MS system for
analysis.

2.7.2 Preparation of tissue samples

Tissue samples were accurately weighed and homogenized in
ice-cold saline (1:4, w/v) using a glass tissue homogenizer.
Homogenized organs were centrifuged at 12,000 x g for 10 min
to obtain clear supernatants; the supernatant was then transferred to
a clean test tube kept at —40°C until assayed.

2.7.3 Preparation of gastrointestinal tract solutions

The gastrointestinal tract solutions were collected as described
previously (Kong et al., 2013). Briefly, rats were fasted overnight and
sacrificed; the entire stomach, small intestine, and colon of each rat
were removed, and their contents were rapidly collected on ice. Each
of the contents was suspended in buffer solutions at pH 1.2, 6.8, and
7.4. Following mixing and centrifugation, the protein content of the
gastrointestinal tract solutions was assayed using the BCA protein
assay kit from Solarbio (Beijing, China) and then adjusted to 12 mg/
mL for further study.

2.7.4 Preparation of bile and urine samples

Two aliquots of 50 pL prepared bile or urine samples were
spiked with or without -glucuronidase to determine the total
or free GCM concentrations, as described above. The mixtures
were incubated at 37°C for 40 min, and the mixtures were then
spiked with 120 pL of ice-cold methanol containing IS to stop
incubation. A 10 pL supernatant of each sample was used for the
analysis.

2.8 Analysis of GCM stability in the
gastrointestinal tract

The stability of GCM in the gastrointestinal tract, including
chemical stability and enzymatic stability, was assessed using an
in vitro method as described previously (Kong et al., 2013). Briefly,
GCM was spiked into different pH (1.2, 6.8, and 7.4) buffers and
gastrointestinal content solutions containing the GCM at a final
concentration of 0.8 ug/mL. The solutions were then mixed and
incubated at 37°C. Aliquots of 200 pL samples were collected at 0.5,
1,2,and 4 h, and 200 uL ice-cold methanol containing 200 ng/mL IS
was added to stop the incubation. After centrifugation, 10 pL of the
supernatant was used for analysis. Each experiment was performed
in triplicate.
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2.9 LC-MS/MS conditions

An LC-MS/MS system comprising an Agilent 1260 HPLC
system (Palo Alto, CA, United States) and an Applied Biosystems
4500 Q-Trap mass spectrometer equipped with an electrospray
ionization source (Foster City, CA, United States) was used.
Chromatographic separation was performed on a CI18 column
(100 x 4.6 mm, 3 pm, Thermo Fisher Scientific, Waltham, MA,
United States) maintained at 30°C. The mobile phases comprised
0.1% (v/v) formic acid in water (A) and acetonitrile (B) at a flow rate
of 0.4 mL/min. Phase B was linearly increased from 40% to 90% over
a period of 0.1 min, maintained at 90% for 2 min, and then
decreased to 40% for re-equilibration. The total run time was
4 min. For mass spectrometry detection, the positive ion mode
was used and the jon spray voltage was set at 5,500 V. The
operating conditions were as follows: ion source temperature,
450°C; curtain gas, 20 psi; collision gas, medium. Ion source
gases 1 and 2 were both at 60 psi. The collision energies were
37 and 42 V, and the declustering potentials for GCM and IS were
110 and 136V, respectively. Quantification was performed by
multiple reaction monitoring (MRM) of molecular ions and
product ions at m/z 369.3 and 284.7 for GCM and 337.0 and
280.9 for IS (Supplementary Figure S1). Analyst” software
(Version 1.6.3) was used for data acquisition and peak integration.

2.10 Pharmacokinetic data analysis

Pharmacokinetic parameters were calculated based on changes
in the plasma drug concentration versus the time profile of each rat
using a non-compartmental model using WinNonlin software
(Pharsight Corporation, Mountain View, CA, United States,
Version 6.1). Plasma maximum concentration (Cmax) and the
time of Cmax (Tmax); initial plasma concentration (Co) for i. v.
administration; terminal elimination half-life (t;/, »,); area under
the plasma concentration versus time curve from time zero to the last
sample collection time point (AUC,_,) and to infinity (AUCy_);
total body clearance (CL); and volume of distribution (Vg4 3,).
Absolute bioavailability (F) was calculated based on the AUC,
oral/ AUCq_oo, ;. vat equivalent doses.

3 Results and discussion

3.1 Isolation and identification of
glycycoumarin

After several purification steps (silica gel column, MCI GEL™
column, and reverse-phase HPLC), pure GCM was isolated. Its
chemical structure was characterized based on the high-resolution
ESI-MS  (HRESI-MS), 'H-NMR, and "C-NMR
(Supplementary Figures S2-S5, Supplementary Material) in
accordance with the literature (Ji et al., 2016). Furthermore, the
HPLC retention time and online UV spectrum of the isolated GCM
were the same as those of the reference standard. The purity of the
isolated GCM was determined to be 97.4% using HPLC-UV
analysis.

spectra
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FIGURE 2

Liquid chromatography tandem-mass spectrometry chromatograms of (A,B)blank plasma (C,D) blank plasma spiked with glycycoumarin and the
internal standard(IS) both at 100 ng/mL, and (E,F) the plasma sample 1 h after i. v. administration of glycycoumarin at a single dose of 10 mg/kg and spiked

with IS.

3.2 Method validation

Before the pharmacokinetic studies, a LC-MS/MS method was
established and validated for the quantitative analysis of free and
total GCM concentrations in rat plasma, urine, bile, and tissues.

3.2.1 Specificity

Figure 2 shows the representative LC-MS/MS chromatograms of
the blank plasma (Figures 2A, B), quality control plasma samples
(blank plasma supplemented with GCM and IS at 100 ng/mL,
respectively. Figures 2C, D), and plasma samples collected 1h
after i. v. dosing (10 mg/kg) of GCM (Figures 2E, F). The
retention times of GCM and IS were 1.49 and 1.68 min,
respectively. Supplementary Figure S6 shows the typical MRM
chromatograms of pooled blank urine and bile samples spiked
with GCM and IS; these were eluted at 1.49 and 1.68 min,
respectively. The typical of blank
homogenates spiked with GCM and IS were obtained under the

chromatograms tissue
same conditions (Supplementary Figure S7). This revealed that
GCM and IS were completely separated, and that there was no
interference to influence GCM quantification in the biological
sample.

3.2.2 Linearity, LLOD, and LLOQ

The standard calibration curves for rat plasma, urine, and bile
containing GCM exhibited good linearity (R* > 0.99) over a
concentration range of 2-2,000 ng/mL. The LLOD was 1 ng/mL,
and the LLOQ was 2ng/mL. Linear responses of GCM were
observed at 5-2,000 ng/mL in the tissue samples. The LLOD was
1 ng/mL, and the LLOQ was 5ng/mL. The results of the linear
regression analyses are listed in Supplementary Table SI.

3.2.3 Extraction recovery and matrix effect

The average extraction recovery of the QC samples ranged from
85.47% to 111.54% for GCM in all biological samples. The internal
standard normalized matrix factor (ISNMF), which was evaluated
by the matrix factor of the analyte versus the internal standard
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matrix factor, was recommended for evaluating the matrix effects
(De Nicolo et al., 2017). The RSD of ISNMFs ranged from 1.75% to
14.14%, indicating that the influence of co-eluted substances could
be corrected by using the IS.

3.2.4 Stability, precision, and accuracy

Stability studies were carried out by analyzing different
concentrations for QC after biological sample preparation at 4°C
for 24 h and storage at —40°C for 7 days, respectively. As shown in
Supplementary Table S2, their accuracies ranged from 85.53% to
114.13%, and all RSDs were within 14%.The intra-day and inter-day
precision and accuracy for GCM are shown in Supplementary Table
S3. The intra-day and inter-day precision of GCM determinations
were <15%, and their accuracy ranged from 85.69% to 118.42% at 5,
15, 150, and 1,500 ng/mL.

3.2.5 Dilution

The accuracy of dilution for 10,000 ng/mL GCM (n = 5) ranged
from 86.24% to 112.28% in the plasma, heart, liver, and spleen.
These values correspond to the Food and Drug Administration
(FDA) criteria for bioanalytical validation methods.

3.3 Pharmacokinetics

To better understand the oral absorption and disposal process of
GCM in the body, free and total plasma GCM concentrations (the
parent form and glucuronidated metabolites) were determined. The
plasma concentration versus time profiles of free and/or total GCM
in rats after receiving an i. v. dose (10 mg/kg) or oral administration
(20 mg/kg) are shown in Figure 3. The pharmacokinetic parameters
of the free and/or total GCM are presented in Table 1. After i. v.
dosing, only a minor quantity of parent GCM was detected in
plasma samples after the first 6 h post-administration; it was almost
undetectable in plasma collected after 6 h. It might be transformed
into its glucuronidated metabolites because relatively high GCM
concentrations were detected in the plasma after enzymatic
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FIGURE 3

Free and total plasma concentration-time profiles of
glycycoumarin in rats after single intravenous (i.v., 10 mg/kg)or oral
administration (20 mg/kg). Each pointrepresentsthe mean + standard
deviation (n = 6).

treatment with 8-glucuronidase. The results showed that the AUC,
oo Of conjugated GCM was approximately four times higher than
that of free GCM. This implies that glucuronidated metabolites are
the major form of GCM in rats. The glucuronidated metabolites
were eliminated slowly from the body, with average t/, », values of
246 h after i. v. administration, more than 3 folds those of
free GCM.

After oral administration of 20 mg/kg, free GCM was almost
undetectable in the plasma after 2 h. However, after treatment with
B-glucuronidase, GCM was detected in the plasma over 24 h after
dosing. Total GCM reached a C,,,x of 232.18 ng/mL at a T, of
0.79 h, and was eliminated from the body with a t;, ), of 4.75 h; the
AUC., was 1,017.85 ng h/mL.The absolute bioavailability of GCM
was not determined because the concentration of free GCM after
oral administration was too low to be detected at most time points.
The bioavailability of total GCM was estimated to be 9.22%, which
was calculated by an AUC,_, of total GCM. This result suggested
that a certain amount of GCM could be absorbed into the body and
then quickly metabolized into glucuronidated metabolites via
intestinal and/or hepatic first-pass effects.

GCM is reported to be rapidly absorbed into circulation and is
involved in Phase I and Phase II biotransformation; further, GCM
glucuronidation and hydroxylation are the main metabolic
pathways involved (Wang et al, 2014). The isoprenyl methyl
group is the major metabolic participant in hydroxylation
reactions. The glucuronidation products include the parent GCM
and its hydroxyl metabolites conjugated to glucuronic acid.
However, in this study, our developed method could only
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monitor GCM but not detect other metabolites. Cytochrome
P450 enzymes are also reported to be involved in GCM
metabolism because many GCM metabolites have been
demonstrated to be catalyzed in rat liver microsomes (Wang
et al, 2014). Thus, the most likely reason for the low oral
bioavailability of GCM might be related to its extensive first-pass
effect when transiting the liver and/or intestine, which deserves

further study.

3.4 In vitro stability of GCM

In addition to hepatic metabolism, chemical stability, and drug
metabolism in the intestine are considered important factors for low
oral bioavailability (Crozier et al., 2009; Stalmach et al., 2012). To
further explore whether the low bioavailability of GCM was related
to intestinal metabolism, GCM was investigated in vitro using
different pH buffer solutions and in gastrointestinal content
samples. The results indicated that GCM was relatively stable in
these tested solutions (pH 1.2, 6.8, and 7.4) and in stomach content
solutions after 4 h of incubation at 37°C, but was unstable in the
small intestine and colon content solutions (Figure 4). This result is
consistent with reports on polyphones, which undergo rapid and
extensive first-pass effects via conjugation in the intestinal tract and
are poorly bioavailable (Stalmach et al., 2012; Ma et al., 2014; Wang
et al, 2014; Wang et al,, 2015). Thus, these results indicate the
intestinal tract and hepatic first-pass metabolism are the main
reasons for low GCM bioavailability.

3.5 Tissue distribution

The tissue distribution profile of drugs or compounds in vivo is
closely related to their pharmacological effects, which determine the
strength and duration of these effects. Further, understanding the
characteristics of tissue distribution of drugs or compounds is
helpful to further understand the sites and extent of their
accumulation in vivo (Yuan et al., 2015). This will be beneficial
in predicting adverse drug reactions, which are significant for
providing guidance, especially for certain drugs or compounds
metabolized in the body.

Our previous studies have shown that intraperitoneal injection
of GCM exerts strong hepatoprotective and anti-liver cancer activity
(Yan et al,, 2018; Zhang et al., 2018). We thus questioned whether
GCM is well-distributed in the liver tissue. Combining previous
modes of drug administration (Song et al., 2015; Song et al., 2016;
Yan et al., 2018), reducing the influence of individual absorption
differences in animals, and directly observing the distribution of
GCM in rats, intraperitoneal administration was used in the
experiments reported here. After intraperitoneal administration
of 20 mg/kg, GCM was widely distributed in all tissues, except
the brain, as shown in Figure 5. Despite being a lipophilic
polyhydroxy compound, GCM was not detected in brain
samples. These results indicate that GCM cannot cross the
blood-brain barrier. The highest
observed in the liver, followed by that in the spleen, lung, heart,

GCM concentration was

and kidney; the concentration in the liver increased during 0.5-1 h,
and then decreased. However, the GCM levels significantly
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TABLE 1 Pharmacokinetic parameters of glycycoumarin (GCM) after a single intravenous (i.v., 10 mg/kg) or oral (20 mg/kg) administration to rats. All data are
expressed as the mean * standard deviation (n = 6).

Parameters i.v. (10 mg/kg) Oral (20 mg/kg)
Free GCM Total GCM Total GCM

Cinax (ng/mL) 232.18 + 7830

Tnax (h) 0 0 0.79 + 0.64

Co (ng/mL) 5686.95 + 1362.90 9727.38 + 5068.72

tuys ne (h) 0.71 + 0.11 2.46 + 0.61 4.75 + 0.46

AUC,.; (ng h/mL) 1163.66 + 283.73 5033.80 + 1840.97 983.23 + 217.32

AUCy_(ng h/mL) 1169.64 + 283.36 5521.77 + 2112.90 1017.85 + 238.94

CL/F (L/h/kg) 8.95 + 2.0

Va r/F 9.25 + 3.13

F (%) 9.22

Urine recovery (% of dose)

0-12h 0.28 + 0.25 0.74 + 0.46

12-24 h 0.11 + 0.10 0.23 +0.22

Bile recovery (% of dose)

0-2h 0.20 + 0.12 1.97 + 0.59

2-4h 0.08 + 0.06 1.71 £ 0.55

4-6h 0.05 + 0.04 1.51 +0.38

6-8 h nd 1.33 + 0.96

“~” not applicable; “nd” not detectable.

decreased to undetectable levels by 6 h after dosing in most tissues.
The highest concentration detected in the liver implied that the liver
may be the main binding site for GCM, and that hepatic clearance
may represent the primary route for GCM elimination. This may
also help explain the hepatic first-pass effect of GCM. The
concentration of GCM in plasma decreased rapidly after 0.5 h,
which is in agreement with the results of the pharmacokinetic
studies. Compared with the plasma concentrations, GCM can be
quantified in various tissue samples, meaning that it has a relatively
high degree of tissue distribution. Overall, these results provide an
important material basis for the pharmacological effects of GCM.

3.6 Urinary and biliary excretion of GCM

The total amount of a drug in the circulatory system can be
calculated after i. v. administration, which can yield the precise
excretion rate of a parent drug in bile and urine. However, oral
administration cannot result in this because of individual differences
in drug absorption. Therefore, we performed i. v. administration to
explore the excretion rate of GCM. The urinary and biliary
recoveries of free and total GCM after i. v. administration are
displayed in Table 1. The results indicated that a small amount
of GCM was excreted as glucuronidated metabolites from bile with
approximately 1.97%, 1.71%, 1.51%, and 1.33% of the dose
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administered over the periods of 0-2, 2-4, 4-6 and 6-8 h post-
dosing, respectively. Furthermore, very low amounts of GCM in the
parent form were excreted from bile: <1% of the delivered dose over
0-8 h. The urinary recovery of GCM over 24 h after dosing was 0.
39% and 0.97% of the administered dose for free and total GCM,
respectively. In the study of another polyphenol compound, a large
number of sulfonated metabolites can also be excreted through bile
and urine in addition to glucuronidated metabolites (Chang et al.,
2012). This suggests that biliary and urinary excretion represent
minor pathways for glucuronidated GCM metabolites.

The liver is rich in a large number of phase I and II metabolic
including CYP450, UDP-glucuronosyltransferases
(UGTs), and sulfotransferases, which are the main sites of drug
metabolism (Zhang et al., 2020). Our results show that a large
amount of GCM is distributed in the liver and further metabolized in

enzymes,

the liver. In addition to phase I metabolism, parent GCM and its
phase I metabolites can undergo glucuronidation reactions by UGT
enzymes because there is an abundance of UGT enzymes including
UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT1A19, and
UGT2BY in the liver (Wang et al., 2014). More recently, GCM was
found to strongly inhibit P450 family members, including CYP1A2,
CYP2B6, CYP2C8, CYP2C9, and CYP2C19, as well as UGT1A19 in
human liver microsomes (Li et al, 2017; Kuang et al, 2021).
Furthermore, GCM also significantly inhibits CYP2D6 activity,
which mediates the metabolism of approximately 30% of the
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http://www.youdao.com/w/explore/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1216985

Ye et al.

80%
60% -
g
g . ——Ph=1.2
3 0 -B-Ph=6.8
20% - —A—Ph=7.4
0% T T T T )
0 1 2 3 4 5
B
100%
80%
£ 60%
<
g
& 40% -
—&—Stomach contents
20% =f-Small intestine contents
° —4—Colon contents
0% T T : . )
0 1 2 3 4 5]
Time (h)
FIGURE 4

Stability of glycycoumarin in different pH buffer solutions and in
gastrointestinal content solutions. Each point represents the mean +
standard deviation (n = 3).
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FIGURE 5

Concentration of glycycoumarin (GCM) in various tissues at the
indicated time points after intraperitoneal administration at a single
dose of 20 mg/kg to rats. Each point represents the mean + standard
deviation (n = 5).

drugs on the market (Qiao et al., 2014a). Glycyrol, with a similar
structure to that of GCM, is another major bioactive coumarin in
licorice, as well as being a metabolite of GCM, and is not absorbed
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into the blood after oral administration (Wang et al, 2015).
However, glycyrol also displays competitive inhibitory effects on
CYP1A1 and CYP2C9 in human liver microsomes(Kim et al., 2016).
In summary, the above results suggest that GCM may cause
potential drug interactions when co-administered with agents
metabolized by such enzymes. Therefore, as a lead compound
with developmental value, the mechanisms of GCM absorption
and its inhibitory effects on P450 should be investigated further.

4 Conclusion

A simple and reliable LC-MS/MS method for quantifying GCM
concentrations in plasma, urine, bile, and tissue samples was
developed and validated. To the best of our knowledge, this is
the first systematic report regarding the pharmacokinetic and
tissue distribution profiles of GCM in rats. The obtained
pharmacokinetic and tissue distribution data indicate that GCM
can be absorbed by the body with low bioavailability, which is then
rapidly converted to conjugated GCM metabolites, and that only a
small amount is removed from the body via biliary and urinary
excretion. Furthermore, GCM is distributed rapidly and widely in
various tissues, with the liver representing the major distribution
site, whereas GCM does not cross the blood-brain barrier. These
results can help us better understand the pharmacological effects of
GCM in the body.
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Introduction: Ceftriaxone is one of commonly prescribed beta-lactam antibiotics
with several label and off-label clinical indications. A high fraction of administered
dose of ceftriaxone is excreted renally in an unchanged form, and it may accumulate
significantly in patients with impaired renal functions, which may lead to toxicity.

Methods: In this study, we employed a physiologically-based pharmacokinetic
(PBPK) modeling, as a tool for precision dosing, to predict the biological exposure
of ceftriaxone in a virtually-constructed healthy and chronic kidney disease patient
populations, with subsequent dosing optimizations. We started developing the
model by integrating the physicochemical properties of the drug with biological
system information in a PBPK software platform. A PBPK model in an adult healthy
population was developed and evaluated visually and numerically with respect to
experimental pharmacokinetic data. The model performance was evaluated based
on the fold error criteria of the predicted and reported values for different
pharmacokinetic parameters. Then, the model was applied to predict drug
exposure in CKD patient populations with various degrees of severity.

Results: The developed PBPK model was able to precisely describe the
pharmacokinetic behavior of ceftriaxone in adult healthy population and in
mild, moderate, and severe CKD patient populations. Decreasing the dose by
approximately 25% in mild and 50% in moderate to severe renal disease provided a
comparable exposure to the healthy population. Based on the simulation of
multiple dosing regimens in severe CKD population, it has been found that
accumulation of 2g every 24 h is lower than the accumulation of 1g every
12 h dosing regimen.

Discussion: In this study, the observed concentration time profiles and
pharmacokinetic parameters for ceftriaxone were successfully reproduced by
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the developed PBPK model and it has been shown that PBPK modeling can be used
as a tool for precision dosing to suggest treatment regimens in population with

renal impairment.
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PBPK, Pk-sim®, CKD, ceftriaxone, PK parameters

1 Introduction

Ceftriaxone is a third-generation cephalosporin antibiotic with a
broad-spectrum activity against a wide range of microbial infections.
Mechanistically, ceftriaxone acts as a bactericidal agent by
inactivating penicillin-binding proteins in the outer cytoplasmic
membrane and inhibiting bacterial cell wall synthesis (Fontana et al.,
1998; Kocaoglu and Carlson, 2015). Due to its physicochemical
characteristics, ceftriaxone can cross different biological barriers and
penetrate deep into other systemic tissues, including the blood-brain
barrier. Thus, it has been approved to treat infections that affect
various body organs, including the central nervous system, lung
tissue, skin and soft tissue, bone and joints, and urinary tract
infections. (Steele, 1984; Le Turnier et al, 2019). It is well
tolerated and exhibits a good safety profile at the standard doses
with a predictable pharmacokinetic behavior. Clinically, ceftriaxone
can be used as empirical therapy before the culture susceptibility is
available, and then treatment protocol can be converted to a
pathogen-specific therapy. According to the literature, 33%-67%
of ceftriaxone is eliminated in unchanged form through the kidney,
while the remaining fraction is excreted through the biliary system
(Patel and Kaplan, 1984). The protein bound fraction of ceftriaxone
in the plasma was estimated to be 60%-95% (Popick et al., 1987).
Given that ceftriaxone exhibits very low bioavailability after oral
administration (<1%), it is only administered parenterally as
intravenous or intramuscular injections (Nau et al., 2010).

One of the most determinants of drug kinetic behavior is the
kidney’s functional status, and pharmacokinetic parameters are highly
affected in patients with chronic kidney disease (CKD) (Rowland Yeo
et al, 2011; Velenosi and Urquhart, 2014). Therefore, patients with
CKD should be closely monitored, especially for renally excreted
drugs (Tan et al,, 2018). Appropriate dose selection according to the
functional status of the kidneys is necessary to avoid drug build-up in
the body, which may increase the risk of toxicity (Trotman et al., 2005;
Patel et al., 2010; Morales-Alvarez, 2020). According to recently
published data (Lacroix et al, 2021), severe adverse reactions,
including deaths, convulsions, hallucinations, and other brain
toxicities, were seen in patients treated with ceftriaxone. It has
been mentioned that these toxic events were attributed to
ceftriaxone. A recommendation has been given to clinicians to
avoid this danger, especially in patients with renal impairment.
Notably, the plasma level of ceftriaxone was found to be above the
toxic limits in many patients. Therefore, proper administration of
ceftriaxone is necessary to achieve the optimal benefit and prevent
potential toxicities by maintaining ceftriaxone plasm levels within
therapeutic ranges and avoiding any accumulation (Aloy et al., 2020;
Chahine, 2022).

Physiologically-based pharmacokinetic (PBPK) models are
mathematical and quantitative in nature, and they are developed
to predict drug absorption, distribution, metabolism, and excretion
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(ADME). Modeling and simulation are now standard practices in the
drug development process with the ultimate goal of improving the
efficacy and safety of drugs (Li et al, 2017; Taskar et al, 2020;
Verscheijden et al., 2020; Wang et al., 2021). In early clinical trials,
several patient populations are inaccessible, either ethically or for
other reasons, and they cannot be included in clinical studies, such as
pediatrics, pregnant women, or patients with chronic renal and
hepatic diseases. PBPK models are one of the alternative
approaches that are authenticated to predict drug exposure in
those populations with subsequent dosing suggestions based on
individualized physiological needs. PBPK models have been used
fields,

environmental  risk

in various such as human health risk assessment,

assessment, and drug discovery and
development. They are considered a powerful approach for
detecting the concentration of xenobiotics in tissues of interest,
and they facilitate the in vitro to in vivo extrapolation. Accurate
parametrization of the models is very important for the extrapolation
and application of the PBPK model (Thiel et al., 2015).

According to clinical indications, ceftriaxone has been
recommended to be given in doses of 250 mg, 500 mg, 1 g, or
2 g daily or two times a day for a specific period of time. A
previous study demonstrated alterations in the PK parameters of
ceftriaxone in patients with mild, moderate, and severe renal
impairment (Patel et al., 1984). Except for patients on dialysis,
the study did not recommend dosing modification as long as no
more than 2g/day was prescribed. However, the recently
published data about ceftriaxone-induced toxicity mentioned
that the median dose that intoxicated patients administered was
1.7 g/day (Lacroix et al.,, 2021). Therefore, using the PBPK
method is highly suitable in the current situation to provide
a quick overview of drug exposure in the CKD population and
validate the PK information of ceftriaxone that might be
required to avoid the potential of adverse events. Thus, the
current study was performed to evaluate the need for ceftriaxone
dosage adjustment in patients at different stages of renal
insufficiency.

2 Materials and methods

2.1 PBPK software

PK-Sim software (version 9; Open System Pharmacology [OSP]
Suite (https://www.open-systems-pharmacology.org) was used to
simulate ceftriaxone concentrations over time in the plasma. The
simulation was created based on the interplay between
physicochemical, physiological, and biochemical factors (Cole
et al,, 2020). The PK-Sim platform was designed to be consisting
of several building blocks while taking into account several external

and internal factors that may influence the PK of the drugs (Farhan
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TABLE 1 Clinical studies that were used for development and evaluation of the ceftriaxone PBPK model.

Inf. Time

Age (year)

Female (n)

Weight (kg)

10.3389/fphar.2023.1200828

Reference

Single dosing regimens of ceftriaxone in adult healthy population

500 mg 20 min 10 5 29.5 (22-43) 65.2 (49-75) Borner et al. (1985)
2000 mg 20 min 10 5 29.5 (22-43) 65.2 (49-75) Borner et al. (1985)
500 mg 30 min 12 2 36 (21-47) 74.1 (53-94.8) Patel et al. (1981)
1,000 mg 30 min 12 2 36 (21-47) 74.1 (53-94.8) Patel et al. (1981)
2000 mg 30 min 12 2 36 (21-47) 74.1 (53-94.8) Patel et al. (1981)
1,000 mg 30 min 30 5 34.5 (18-65) 793 £ 11.3 Harb et al. (2010)
500 mg 3 min 6 0 (21-37) 78.2 Seddon et al. (1980),*
500 mg Bolus 6 N/A N/A N/A Stoeckel (1981),
1,500 mg Bolus 6 N/A N/A N/A Stoeckel (1981),
3,000 mg Bolus 6 0 (23-29) N/A McNamara et al. (1982),
Multiple dosing regimens of ceftriaxone in adult healthy population
500 mg q12 h 30 min 12 N/A 29 (19-45) 70 (57-99) Pollock et al. (1982)
1,000 mg q12 h 30 min 12 N/A 31 (21-51) 73 (56-99) Pollock et al. (1982)
2000 mg q12 h 30 min 12 N/A 33 (20-51) 74 (54.5-113.5) Pollock et al. (1982)
2000 mg q24 h 30 min 8 N/A 28.3 (21-46) 71.8 (62.5-75.2) Pollock et al. (1982)

Single dosing regimen of ceftriaxone in CKD patient population with various degree of severity

1,000 mg

15 min

30 N/A 52.6 (21-75)

“Data from these studies were used as external test dataset.

TABLE 2 Parameters that were used for developing the ceftriaxone PBPK model.

Input value Reported value

65.9 (51.8-103)

Patel et al. (1984)

Reference of reported value

Physicochemical properties

Molecular weight g/mol 554.58 554.58 Wishart et al. (2018b)
Lipophilicity Log - 17 - 17 Wishart et al. (2018b)
pKa (acid) 2.7 2.7 Wishart et al. (2018a)
Distribution

Partition coefficient model Poulin/Theil model PK-Sim
Cellular permeability model PK-Sim standard model

Fraction unbound % 12.5% 5-40 Popick et al. (1987)
Elimination

Biliary clearance mL/min 3.67° 1-13 Arvidsson et al. (1982)
Renal clearance L/hour 0.657* 0.32-0.73 Kim et al. (2021)

“Value has been identified using parameter identification feature supplied with the PK-Sim software.

et al, 2022). Structurally, the model is represented by several

biological compartments correlated to each other utilizing arterial

and venous blood circulations. The observed data of ceftriaxone
plasma concentration versus time was digitized using Get-Data
Graph Digitizer” (version 2.26), according to a previous study
(Wojtyniak et al., 2020).
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2.2 Literature search

We

included

A literature search was conducted through different electronic
databases, including MEDLINE, EMBASE, and Google Scholar, to
retrieve clinical PK studies to be used for the PBPK model

studies that evaluated
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intravenous administration of ceftriaxone in adult healthy and CKD
patient populations. In order to use clinical PK data in the
of PBPK models,
concentration versus time profiles have to be available and

development and verification processes
described with rich-sampling scheme and uniform sampling
times, which typically conducted in early phase of drug
development. Clinical PK studies used for developing and
evaluating the ceftriaxone PBPK model are shown in Table 1.
The physicochemical properties of ceftriaxone (Table 2) that
were used for developing this model were obtained from
PubChem (Kim et al,, 2021), DrugBank (Wishart et al., 2018a),
and the Human Metabolome Database (Wishart et al., 2018b).

2.3 Designing PBPK models for adult healthy
and CKD patient populations

The general guideline of the European Medicines Agency was
followed for PBPK model development and evaluation (Luzon et al.,
2017). Previous preliminary PBPK models for several renally cleared
drugs, including ceftriaxone in Chinese pregnant women, were
identified and reviewed to have better initial estimates for the
model parameters (Song et al, 2020). A general schematic
workflow for the overall process of developing the ceftriaxone
PBPK model is depicted in Figure 1, and model parameters are
defined in Table 2. We started the modeling by integrating drug-
specific parameters (e.g., MW. logP, pKa), and trial design-specific
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parameters (e.g., administration protocol, route of administration,
dose, and dosing frequency) with the predefined biological system-
specific parameters in the PK-Sim. The fraction of drug unbound in
plasma was used in conjunction with the physicochemical
quantify
permeation, and other biological passive processes. Given that
ceftriaxone the
established after intravenous administration, and thus, only

characteristics  to tissue partitioning, membrane

is administered parenterally, model was
information on distribution and elimination properties were
gathered. The distribution phase was modeled by taking into
account partition coefficients and cellular permeability. The
partition coefficient was calculated automatically using Poulin/
Theil method, whereas cellular permeability was calculated using
the PK-Sim standard method. Renal clearance was modeled by
choosing renal plasma clearance as a process type in the PK-Sim
software. When choosing this process type, the PK-Sim software
automatically calculates the renal clearance by taking into account
the experimental value for kidney plasma clearance and fraction
unbound of the drug (fu) in plasma. Biliary clearance was added to
the model based on the experimental values as illustrated in Table 2.
Once the model was developed and evaluated based on adult healthy
population demographics and data, the model was used to predict
the exposure in CKD patients by taking into account the
of CKD with

various degrees of severity based on the previous findings, as

accompanying pathophysiological alterations

identified in Table 3. The physiological parameters that have
been modified in the CKD are creatinine clearance, kidney
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TABLE 3 Pathophysiological changes associated with the severity of the CKD according to Malik et al., 2020 (Malik et al., 2020).

Parameter

Mild 30-60 mL/min/1.73 m?

Moderate 15-30 mL/min/1.73 m?

Stage of CKD

Severe <15 mL/min/1.73 m?

Creatinine clearance 41-74

18-30 5-14

Kidney volume 132 mL

Renal perfusion 176 mL/min/100 g
Hematocrit 0.44

Correction factor® 1.45

92 mL 76 mL

97 mL/min/100 g 75.35 mL/min/100 g
0.40 0.34

2.20 2.50

“Correction factor for the effect of the CKD, on the content of plasma proteins as described by Malik and colleagues (Malik et al., 2020).

volume, renal perfusion, and hematocrit (Malik et al., 2020). These
parameters directly impact renal clearance. The effect of the CKD on
the fraction unbound was accounted for by using a plasma protein
scaling factor that is provided with the PK-Sim software. This scalar
is recommended to be used if the changes in plasma protein
concentrations and, as a result, plasma protein binding are
expected due to pathological conditions such as renal failure. For
biliary clearance, no parameter was accounted for in the CKD
modeling. Thus, it is assumed that CKD patients have intact
biliary system.

2.4 Evaluation of the PBPK model and
predictability assessment

The PBPK model was evaluated according to previously
published guidelines (Kuepfer et al, 2016). The model’s
performance was evaluated visually and considered successful
when the simulated and experimental PK findings fell within the
5th and 95th percentiles. A numerical evaluation according to the
mean fold error (MFE) and mean square root of error (RMSE) was
used as indicators to examine how much the predicted values
deviated from the observed values (Eqs 2, 3). As described in
many previous constructed models, the acceptable error range for
the predicted to observed values was determined to be within a two-

fold range.
. Predicted value o f PK parameter
Ratio = (1
Observed value o f PK parameter
MFE = Meanof Predicted Values 2
Meano f Observed Values
N . 2
Ob d value — Predicted val
RMSE = ’21 (Observed value — Predicted value) 3)

N

3 Results
3.1 Development of a PBPK model in adult
healthy population after single and multiple
dosing regimens

The clinical PK studies used for the model development and

evaluation are summarized in Table 1. Data from three studies

Frontiers in Pharmacology

were used as external test dataset (Seddon et al., 1980; Stoeckel,
1981; McNamara et al., 1982) and they were only used for the
visual verification of the model. Using a virtual human
population of 100 healthy individuals, we developed a
population PBPK model after intravenous administration for a
wide range of single and multiple dosing regimens of ceftriaxone
with subsequent model validation processes with respect to the
observed data from the clinical PK studies. The model’s
performance was evaluated visually as demonstrated in Figures
2-4, where most of the observed time points were included within
the 5th to 95th prediction interval. For single dosing regimens,
the developed model was further evaluated by comparing the
ratio of predicted-to-observed values for the PK parameters,
including AUC, Cmax, T%, and clearance (CL). All the
calculated predicted-to-observed PK data were within the
predefined acceptable two-fold range as demonstrated in
Table 4. The MFE of the AUC, Cmax, T%, and CL were 1.01,
0.90, 1.20, and 0.98, respectively. Because that peak and trough
concentrations are very important PK parameters in the dosing
adjustment for antibiotics, the PBPK model for multiple dosing
regimens was evaluated based on the ability of the model to
reproduce the maximum and minimum concentrations after the
first dose and at steady state. Four days were required for
ceftriaxone to reach steady state concentration which is in the
line with the reported values (Pollock et al., 1982). We evaluated
the ability of the model to capture the peak (Cmax) and trough
concentrations (Cmin) at the first day and at the steady state
visually (Figure 4) and numerically by comparing the ratio of
predicted-to-observed values for the corresponding parameters.
All the calculated predicted-to-observed values were within the
predefined acceptable two-fold range as demonstrated in Table 5.

3.2 Development of the PBPK model in
different stages of CKD after ceftriaxone
intravenous administration

Pathophysiological changes associated with the CKD severity
stages were obtained from a previous study (Malik et al., 2020). They
included creatinine clearance, kidney volume, renal perfusion, and
hematocrit. The altered values were incorporated into the PK-Sim to
predict drug concentration in the CKD patient population with
varying degrees of severity. A previous clinical PK study investigated
the effects of CKD on PK parameters of 1g ceftriaxone after
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FIGURE 2

Plasma concentration-time profiles for intravenous

administration of ceftriaxone in adult healthy population. (A) 0.5 g
(Patel et al.,, 1981), (B) 0.5 g (Borner etal., 1985), (C) 0.5 g (Seddon et al.,
1980), (D) 1 g (Patel et al., 1981), (E) 1 g (Harb etal,, 2010), (F) 1.5 g
(Stoeckel, 1981), (G) 2 g (Patel et al., 1981), (H) 2 g (Borner et al., 1985),
() 3 g (McNamara et al., 1982). The 5th to 95th percentile prediction
range is shown as a shaded area, and observed data points are
indicated as red circles; simulated means are indicated as solid lines.

intravenous administration, and it was used for the CKD PBPK
model evaluation (Patel et al., 1984). After generating a virtual CKD
population with different degrees of severity based on the previously
mentioned CKD-specific physiological alterations, the model was
used to predict PK parameters of ceftriaxone in case of mild,
moderate, and severe renal impairment. The model successfully
captured the observed data, as represented graphically in Figure 5.
Moreover, the model was verified according to the predicted-to-
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observed ratios of the PK parameters (AUC, T, and CL). The fold
errors of all PK parameters of ceftriaxone in the healthy model and
the mild, moderate, and severe renal impairment disease models
were within the predefined acceptable two-fold error range
(Table 6). Based on the simulation of multiple dosing regimens
in severe CKD population (supplementary, Figure 15), it has been
found that accumulation of 2 g every 24 h (factor of 1.50) is lower
than the accumulation of 1g every 12 h (factor of 2.30) dosing
regimen (Table 7). This may be an indicator of the applicability of
the high-dose extended-interval protocol with
deterioration in renal function, in comparison to low-dose

in patient

multiple interval treatment protocol.

3.3 Dosing adjustment of ceftriaxone in
subjects with different stages of CKD

Box-whisker plots for the AUC of 1 g intravenous ceftriaxone
in patients with various degrees of CKD compared to healthy
individuals as a reference are shown in Figure 6. It has been
shown that the exposure increased as CKD progressed. In gradual
dosing reduction simulation trials, we found that 750 mg (25%
reduction in the initial dose) and 450 mg (55% reduction in the
initial dose) are comparable in exposure to the reference healthy
simulated population for mild CKD population, and for
moderate to severe CKD population, respectively (Figure 6 B,
C, and D).

4 Discussion

Ceftriaxone is a highly effective antimicrobial agent used to
treat various infections (Epstein et al., 1982; Cleeland and
Squires, 1984). The PK of ceftriaxone has been extensively
studied in human and animal models (Patel et al., 1981;
Rebuelto et al., 2003; Buragohain et al., 2021); however, the
literature is still incomplete in many key areas, including
special populations such as CKD patients. Clinically, it has
been demonstrated that ceftriaxone clearance is decreased
severely in patients with creatinine clearance lower than 5 mL/
min/1.73 m*> (Patel et al, 1984). Although ceftriaxone is
prescribed with caution in patients with CKD, specific dosing
recommendations based on renal function have not been
provided (Munar et al, 2007). In this study, we aimed to
explore the effects of renal failure on the pharmacokinetic
parameters of ceftriaxone in a virtual human population using
modeling and simulation. To the best of our knowledge, this is
the first study that used the PBPK modeling and simulation to
predict ceftriaxone exposure in the CKD patient population
based on the degree of severity and physiological needs. The
performance of the developed ceftriaxone PBPK model was
verified visually, where the observed data contained within the
constructed 5th to 95th predictive interval, and statistically
according to values of the predicted-to-observed ratio, and all
values fell within the predefined error range.

There has been widespread debate on the pharmacokinetics and
appropriate dosing regimens of ceftriaxone in critically ill patients
and those with various degrees of renal impairment. In a
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FIGURE 3

Combining the same doses of ceftriaxone from different studies for visual verification of the PBPK model in adult healthy population. Observed data
are depicted as colored shapes, while solid line and shaded areas representing the prediction mean and 5th to 95th prediction range, respectively.
(A) after administering 0.5 g ceftriaxone. (B) after administering 1 g ceftriaxone. (C) after administering 2 g ceftriaxone.

pharmacokinetic analysis of data obtained from critically ill patients
infused with 2 g ceftriaxone once daily over 30 min, Joynt et al.
(2001) concluded that ceftriaxone may be accumulated in patients
with renal failure in comparison to those with intact renal function.
It has been found that elimination half-life was 3-fold higher in
patients with moderate or severe renal failure, and there was 50%
reduction in clearance (Joynt et al., 2001). Moreover, another two
pharmacokinetic studies demonstrated the accumulation of
ceftriaxone in critically ill patients with moderate to severe renal
failure (Heinemeyer et al., 1990; Van Dalen and Vree, 1990). The
results from our PBPK modeling and simulation confirm what the
abovementioned studies found in relation to the accumulation of
ceftriaxone in patients with moderate and severe renal failure. In
addition, we simulated the plasma concentration of 2 g intravenous
ceftriaxone as being taken once daily (2 g every 24 h) or in a divided
dosing scheme (1 g every 12 h). We found that the divided dosing
scheme accumulated even more than single dosing regimen,
illustrating the appropriateness of the single dose regimen. This
finding is comparable to that found by TI et al. (1984). The
investigators concluded that in patients with severe renal
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impairment, a once daily dosage regimen is feasible in compare
to the 12-h dosage regimen (Ti et al., 1984). Furthermore, Stoeckel
and Koup. (1984) found that a large single dose of ceftriaxone is
favored rather than divided dose in case of renal insufficiency,
despite no major accumulation was found in the patients
(Stoeckel and Koup, 1984).

It has been argued that no dose adjustment was needed for
ceftriaxone in case of renal failure due to the assumption that
biliary clearance could make a balance on the total ceftriaxone
clearance (Stoeckel and Koup, 1984). However, the contribution of
biliary system into the overall clearance of ceftriaxone was not
found to compensate the impairment of renal function
(Heinemeyer et al., 1990; Grégoire et al.,, 2019). Moreover, the
functional status of kidney was found to be one of the most
that the
pharmacokinetic of ceftriaxone, and it has been recommended

important  covariates significantly ~ impact
to be considered for the purpose of dosing adjustment (Bos et al.,
2018; Grégoire et al., 2019).

In a recently published pharmacokinetic analysis of data

obtained from three independently conducted studies, Heffernan
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FIGURE 4

Simulation of concentration versus time profiles of multiple dosing regimens of ceftriaxone in adult healthy populations. Observed peak and trough
concentrations (Pollock et al., 1982) are depicted as colored circles, while solid lines and shaded areas representing the prediction mean and 5th to 95th
prediction interval, respectively. (A) after administering 0.5 g ceftriaxone intravenous infusion every 12 h for 4 days. (B) after administering 1 g ceftriaxone
intravenous infusion every 12 h for 4 days. (C) after administering 2 g ceftriaxone intravenous infusion every 12 h for 4 days. (D) after administering

2 g ceftriaxone intravenous infusion every 24 h for 4 days.

et al. (2022) empirically described ceftriaxone pharmacokinetic
parameters with taking into account both free and total
concentration, and accordingly, optimized dosing regimens
(Heffernan et al., 2022). The researchers mentioned that the dose
of ceftriaxone should be adjusted based on renal function, albumin
concentration, and minimum inhibitory concentration of the
isolated pathogens. They recommended that ceftriaxone 1 g twice
daily is generally suitable regimen for providing therapeutic
exposure in patients with a normal renal function (creatinine
clearance is around 100 mL/min), assuming that minimum
inhibitory concentration is <0.25 mg/L. Importantly, because that
patients’ overall clinical context (e.g., impaired renal function)
should be taken into account, they mentioned that lower dose
(1 g once daily) of ceftriaxone might be suitable for isolates with
inhibitory (<0.125 mg/L).
Furthermore, in critically ill patients with augmented renal

low  minimum concentration

clearance with or without hypoalbuminemia, the investigators
recognized that there is a need for higher doses of ceftriaxone to
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achieve the therapeutic target exposure. In contrast to the empirical
approach that they used, we described the ceftriaxone exposure
using physiologically meaningful approach with more biologically
relevant parameters and then we applied the model to predict
exposure in patients with various degrees of CKD. We mainly
focused on the applicability of the PBPK modeling in predicting
ceftriaxone exposure in patients with renal impairment and
subsequently determining the appropriate dose reduction that
result in an exposure comparable to normal subjects.

The developed PBPK model precisely described an observed
data obtained from a PK study conducted on both healthy and
renal failure patients (Patel et al., 1984). Patel et al. (1984)
examined the effects of renal failure on the pharmacokinetic of
1 g ceftriaxone infused over 15min. They noted two-fold
increase in half-life, and more than 50% decrease in plasma
clearance, in comparison to young healthy population with
intact renal function at the same dose. We tested our PBPK
model for reproducing the results from this trial that was
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TABLE 4 Predicted-to-observed ratios of PK parameters of ceftriaxone in the
adult healthy population.

PK parameter Predicted Observed Ratio
0.5 g V. infusion (Patel et al., 1981)
AUC [ug/mL*h] 490.1 551 (462-737) 0.89
Cmax [pg/mL] 63.5 82 0.77
T% [h] 8.34 6.30 (5.45-7.75) 1.32
CL [mL/min] 17.04 15.48 (11.3-19.83) 1.10
0.5 g V. infusion (Borner et al., 1985)
AUC [pg/mL*h] 490.1 551 (462-737) 0.89
Cmax [pg/mL] 63.5 82 0.77
T¥% [h] 8.34 6.30 (5.45-7.75) 1.32
CL [mL/min] 17.04 15.48 (11.3-19.83) 1.10
0.5 g LV. infusion (Borner et al., 1985)
AUC [pg/mL*h] 517.3 549 + 125 0.94
Cmax [pg/mL] 74.23 83.8 + 40.1 0.89
T% [h] 7.20 9.87 +2.22 0.73
CL [mL/min] 16.11 16 + 4.3 1.01
1 g V. infusion (Patel et al., 1981)
AUC [pg/mL*h] 988 1,006 (764-1,238) 0.98
Cmax [pg/mL] 127 150.7 0.84
T [h] 8.37 6.13 (5.0-7.24) 1.37
CL [mL/min] 17.03 16.78 (13.47-21.82) 1.01
1 g V. infusion (Harb et al., 2010)
AUC [pg/mL*h] 933 1,085.8 + 187.5 0.86
Cmax [pg/mL] 120.86 150 + 19.9 0.81
T% [h] 8.89 8.25 (6.03-10.4) 1.08
CL [mL/min] 17.87 15.86 113
2 g LV. infusion (Patel et al., 1981)
AUC [pg/mL*h] 1974.5 1,703 (1,308-2,055) 1.16
Cmax [pg/mL] 254 256.9 0.99
T¥% [h] 8.86 5.82 (4.73-6.84) 1.68
CL [mL/min] 16.90 19.83 (16.22-25.48) 0.85
2 g LV. infusion (Borner et al., 1985)
AUC [pg/mL*h] 1,908.44 1,565 + 328 1.22
C_max [pg/mlL] 278 258 + 38.4 1.08
T% [h] 6.58 6.4 + 1.07 1.03
CL [mL/min] 17.47 221450 0.79
Predictability assessment

AUC C_max T% CL

(Continued in next column)
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TABLE 4 (Continued) Predicted-to-observed ratios of PK parameters of
ceftriaxone in the adult healthy population.

PK parameter Predicted Observed
MFE 1.01 0.90 1.20 0.98
RMSE 1915 19.4 208 247

conducted on CKD patients with various degrees of severity.
After stratifying the CKD patients by the exposure, we
simulated the drug concentration after gradually reducing the
dose that has been used in the clinical trial (1 g daily) to get a
comparable exposure to healthy subjects. We found that
450-500 mg ceftriaxone in patients with moderate to severe
renal failure resulted in a biological exposure that is comparable
to the 1,000 mg that was given to healthy subjects in this trial.
Thus, we concluded that 50% decrease in the dose for moderate
to severe CKD is likely to provide the same exposure as seen in
healthy individuals. In comparison to Heffernan et al. (2022)
where the researchers depended on the minimum inhibitory
concentration in the dosing recommendation, we provided our
recommendation based on the comparability of total biological
exposure in renally impaired patients to healthy individuals. It
is important to note that while Heffernan et al. (2022) took into
account both free and total concentration in their empirical
model, our PBPK model is already accounting for this effect by
incorporating the fraction of drug unbound as a drug-related
parameter; Heffernan et al. (2022) generally recommended
higher doses of ceftriaxone because the patients were
critically ill, who are usually infected with more resistant
bacteria and have lower albumin concentration (Heffernan
et al,, 2022). In contrast, Patel et al. (1984) recruited renally
impaired patients otherwise free of clinical illness and they were
not critically ill. The study was conducted to only characterize
ceftriaxone kinetically in renally impaired patients, which is
very understand the trend in
pharmacokinetic of ceftriaxone in renally impaired patients
(Patel et al., 1984).

Patients with renal diseases are at a high risk of developing
bacterial infections with increased resistance to many antibiotics
(Berns and Tokars, 2002; Su et al, 2018; Wang et al, 2019).
Simultaneously, there is a limited choice of antibiotics for

important to general

treating these infections owing to their toxicity profiles.
Ceftriaxone is commonly prescribed to patients with CKD at
doses of 2 g/day or less, even though the median dose in patients
diagnosed with ceftriaxone-induced toxicity was 1.7 g/day (Lacroix
et al,, 2021). A case report documented an association between a
high therapeutic dose of ceftriaxone (2 g/12 h for 7 days) and the
development of neurotoxicity in patients with End Stage Renal
Disease (ESRD) (Hagiya et al,, 2017). These adverse effects are
present in the form of altered mental status, choreoathetosis, and
myoclonus, and these adverse events disappear following drug
withdrawal (Hagiya et al., 2017).

Other studies have demonstrated the influence of the kidney
functional state on toxicity and how ceftriaxone led to side effects

(Kim et al., 2012; Safadi et al., 2014; Tan and Tun, 2019; Yamada
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TABLE 5 Comparison of predicted and observed (Pollock et al., 1982) peak and trough concentrations of ceftriaxone after multiple dosing regimens.

Peak concentration®

Trough concentration®

Simulated Observed FE Simulated Observed FE
0.5 g intravenous ceftriaxone q12 h in healthy population
Day 1 64 (57-71) 79 (64-102) 1.23 14 (6-28) 15 (8.6-24) 1.07
Day 4 84 (66-117) 101 (77-117) 1.20 21 (7-50) 20 (14-28) 1.05
0.5 g intravenous ceftriaxone q12h in severe CKD population
Day 1 63 (43-127) 31 (20-57)
Day 4 130 (80-240) 68 (36-146)
1 g intravenous ceftriaxone q12h in healthy population
Day 1 128 (113-143) 145 (130-160) 113 28 (12-56) 30 (23-42) 1.07
Day 4 167 (133-234) 168 (132-213) 1.01 42 (13-101) 35 (23-58) 1.2
1 g intravenous ceftriaxone q12h in severe CKD population
Day 1 136 (85-259) 66 (40-113)
Day 4 279 (160-480) 149 (73-295)
2 g intravenous ceftriaxone q12h in healthy population
Day 1 244 (216-273) 255 (184-338) 1.04 58 (24-114) 45 (29-64) 1.30
Day 4 322 (252-459) 280 (214-346) 1.15 87 (28-205) 59 (37-111) 15
2 g intravenous ceftriaxone q12h in severe CKD population
Day 1 263 (166-494) 135 (81-230)
Day 4 546 (315-945) 301 (146-590)
2 g intravenous ceftriaxone g24h in healthy population
Day 1 244 (212-270) 239 (198-278) 1.02 17 (3-50) 13 (7-23) 1.31
Day 4 263 (222-323) 260 (216-281) 1.01 21 (3-63) 15 (7-27) 1.40
2 g intravenous ceftriaxone g24h in severe CKD population
Day 1 263 (167-487) 72 (36-130)
Day 4 361 (215-631) 107 (46-225)

“The simulated and observed values (Pollock et al., 1982) represent the mean and the values between parentheses is the range. FE: fold error, CKD: chronic kidney disease.

et al,, 2020; Oyama et al., 2021). For instance, a case series reported
that ceftriaxone treatment for a long period at high dosages was
associated with the development of pseudolithiasis in patients with
severe renal impairment who received dialysis (Oyama et al., 2021).
In addition to pseudolithiasis, choreoathetosis was associated with
ceftriaxone treatment (2 g/day) in ESRD patients (Tan and Tun,
2019). Moreover, a patient with CKD developed nonconvulsive
status epilepticus after treatment with ceftriaxone (2 g/day) (Kim
et al.,, 2012). Further, acute cholangitis and large pseudostones are
produced in humans after kidney transplantation and are treated
with ceftriaxone (Yamada et al., 2020). Other studies have found that
ceftriaxone treatment at 2 g/day for 3 days causes encephalopathy in
patients with ESRD (Safadi et al., 2014). Taken together, toxicity
may develop in patients with ESRD treated with 2 g/day of
ceftriaxone.
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The variability in plasma concentration, protein binding, and
other PK properties among individuals who received ceftriaxone
(Patel and Kaplan, 1984; Popick et al., 1987; Schleibinger et al.,
2015) play crucial roles in PBPK model system. A high percentage
of ceftriaxone excreted renally in unchanged form, indicating
that renal clearance is the rate-limiting step of ceftriaxone
accumulation in patients with kidney diseases. Thus, PBPK
can provide preliminary data the expected
ceftriaxone exposure in CKD patients. Extensive protein

regarding

binding affects the kinetic behavior of ceftriaxone. This
hypothesis was confirmed in a previous study demonstrating
increased free ceftriaxone concentrations in the blood of patients
with iatrogenic hypoalbuminemia (Mimoz et al., 2000). A
different study found that ceftriaxone treatment at lg/day
resulted in values of 100% above the minimum inhibitory

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1200828

Alasmari et al.

10.3389/fphar.2023.1200828

A . B
E 100 - £
(=2 3 (=2
= ] =
c 1 c
3= 1 )
g 10 4 ©
c ; b=
L] 1 L]
o 4 o
c c
o 1 o
S (&)
 — ——
0 10 20
Time [h]
Cc D
£ £
2 100 - 2
= = 100 -
o o 3
: 0 || e
o o
= 4 [ =
o o
(&) (&)
T N * T . N T 10 T * " T 4
0 10 20 0 10
Time [h] Time [h]

FIGURE 5

Simulation of concentration versus time profiles of 1 g intravenous infusion of ceftriaxone in healthy population (A), mild renal impairment
population (B), moderate renal impairment population (C), and severe renal impairment population (D). Observed data are depicted as colored circles,
while solid line and shaded areas representing the prediction mean and 5th to 95th prediction range, respectively.

TABLE 6 PK analysis of time profiles for CKD patients.

PK parameter Data type Healthy CKD
Moderate

AUC [ug/mL*h] Predicted 1,037 1,454.63 2,011.93 2,211.58
Observed 894.77 1,558.10 1,970.87 2,025.89
Fold error 1.16 1.07 1.02 1.09

TV [h] Predicted 7.67 9.40 12.88 13.08
Observed 8.96 14.69 15.30 15.42
Fold error 1.17 1.56 1.19 1.18

Clearance [mL/min] Predicted 16.10 11.45 8.30 7.54
Observed 20.05 + 3.15 11.75 £ 4.20 8.82 + 1.62 10.05 £ 2.95
Fold error 1.25 1.03 1.06 1.33
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FIGURE 6

Box-whisker plots for the effect of various degrees of CKD on the exposure of ceftriaxone in comparison to healthy individuals, with subsequent
dosing optimizations. (A) Comparison, in term of AUC, between healthy (reference) and CKD populations with various degrees of severity after
administration of 1,000 mg intravenous ceftriaxone. (B) AUC of ceftriaxone after the dose was decreased to 750 mg in mild CKD, in comparison to
healthy subjects administered 1,000 mg ceftriaxone. (C) AUC after the dose was decreased to 450 mg in moderate CKD, in comparison to normal
subjects administered 1,000 mg ceftriaxone. (D) AUC after the dose was decreased to 450 mg in severe CKD, in comparison to normal subjects

administered 1,000 mg ceftriaxone.

TABLE 7 Ratio of trough concentrations at steady state to the trough
concentrations after the first application, as estimation of accumulation index.

Regimen Healthy CKD
Simulated Observed Simulated

0.5 g, q12h, for 4 days 1.50 1.33 220

1 g ql2h, for 4 days 1.50 1.20 230

2 g, q12h, for 4 days 1.50 131 2.23

2 g, q24h, for 4 days 1.24 1.20 1.50

concentrations in patients with hypoalbuminemia and septic
shock (Ulldemolins et al., 2021).

In summary, the kinetic properties of ceftriaxone after intravenous
administration in healthy individuals and at various stages of CKD were
successfully described using the current ceftriaxone PBPK model. Based
on the generated AUC data, the model was used to suggest dosages for
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various CKD stages comparable to those in the healthy population.
Clinicians should be aware about the increase in ceftriaxone exposure in
patients with severe renal impairment, especially for diseases requiring
high dosages of ceftriaxone. We outlined the current state-of-the-art of
PBPK in drug investigations and provided guidance for future
applications. In addition, we demonstrated that applying PBPK can
help identify novel safety concerns and optimize dose regimens when
conducting clinical trials with ceftriaxone in patients. Future PBPK
studies are warranted to simulate further the antimicrobial compounds
accumulations in the blood of patients with CKD and to recommend
updated dosage regimens.
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College, Beijing, China

Introduction: The aim of the present study was to establish a simple method for
the determination of riluzole in human plasma by ultraperformance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) and apply it for
the determination of riluzole in amyotrophic lateral sclerosis (ALS) patients.

Methods: Samples were prepared by protein precipitation and were then
gradient-eluted on a column of ACQUITY UPLC® HSS T3 by using 0.1% formic
acid acetonitrile and 0.1% formic acid water as the mobile phase. Detection was
performed on a Xevo TQ-S tandem mass spectrometer in the multiple-reaction
monitoring mode using positive electrospray ionization. Validation was performed
in the range of 5-800 ng/mL.

Results and discussion: Three batches of precision accuracy, selectivity, matrix
effects, extraction recovery, and stability were also verified and met the
requirements. The results showed that the method was reliable and
successfully applied to the pharmacokinetics study of riluzole in Chinese
amyotrophic lateral sclerosis patients. Meanwhile, in comparison with other
prior published methods, our method has the advantages of simple sample
preparation, relatively short running time, and small plasma sample
consumption, which represented a high-throughput sample determination
potential.

KEYWORDS

riluzole, clobazam, amyotrophic lateral sclerosis, ultraperformance liquid
chromatography-tandem mass spectrometry, pharmacokinetics
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1 Introduction

Riluzole is an anti-glutamate drug that has been used to treat
amyotrophic lateral sclerosis (ALS) since it was approved by the
United States Food and Drug Administration in 1996 (RILUTEK",
tablets) (Fehlings et al., 2021). ALS is a rare disease in which patients
typically have a survival of only 3-5 years, due to respiratory failure
(Grad et al,, 2017). In addition, riluzole is the the only oral drug for
ALS treatment in China that can prolong the survival of patients by
approximately 3 months (Miller et al, 2012). However, the
pharmacokinetic characteristics of riluzole in Chinese ALS
patients are unknown. Therefore, the goal is to establish a simple
method for determining riluzole in humans, which is convenient for
the subsequent construction of population pharmacokinetics
(popPK) models of Chinese ALS patients to describe their
pharmacokinetics characteristics (Bruno et al., 1997).

So far, several methods have been reported for quantitative
determination of riluzole in plasma (Sarkar et al, 2017; Chandu
et al., 2010; Chow et al.,, 2012; Le Liboux et al., 1997; van Kan et al.,
2004). These methods used either high-performance liquid
chromatography (HPLC) with UV detection or ultraperformance
liquid chromatography-tandem mass spectrometry (UPLC-MS/
MS). The lower limits of quantification (LLOQ) of the HPLC-UV
methods described by Le Liboux, van Kan HJ, and Chow DS were
10 ng/mL, 20 ng/mL, and 20 ng/mL, respectively, and all required
large amounts of human plasma (1 mL, 500 uL, and 200 uL) (Chow
et al,, 2012; Le Liboux et al., 1997; van Kan et al., 2004). More
recently, Mahua Sarkar and Chandu BR developed the UPLC-MS/
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MS method for the riluzole assay in human plasma with an LLOQ of
0.5 ng/mL, but all required 200 pL human plasma (Chandu et al.,
2010; Sarkar et al., 2017). In addition, the pre-treatment processes
for these methods were all liquid-liquid extraction or solid-phase
extraction (SPE), which were considered complex.

In this paper, a novel UPLC-MS/MS method was developed. The
plasma sample was prepared using protein precipitation, which was
simpler than liquid-liquid extraction or SPE, the analytes were
highly efficient in a relatively short time on the T3 column, and
the volume of the plasma sample used was small. The combination
of the three features resulted in a robust and high-throughput
analysis method. In addition, the validated analytical method was
successfully applied to the quantitative determination of riluzole in
Chinese ALS patients.

2 Materials and method
2.1 Chemicals and regents

Riluzole (Figure 1) was purchased from MedChemExpress (New
Jersey, United States). The internal standard (IS) clobazam
(Figure 1) (solution in methanol, 100 ug/mL, expiry date
2024.2.23) was purchased from Tianjin Alta Technology Co., Ltd.
(Tianjin, China). Methanol, acetonitrile, and water (HPLC-grade)
were purchased from Honeywell Burdick and Jackson (Ulsan,
Korea). Formic acid (analytical grade) was purchased from
Thermo Fisher Scientific CN Co., Ltd. (Shanghai, China).
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FIGURE 1

Product ion spectra of analytes. (A) Riluzole parent ion and daughter ion scan; (B) clobazam parent ion and daughter ion scan. The illustrations in
Figures (A) and (B) give the structures of riluzole and clobazam, respectively, and the location of the possible break.
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2.2 UPLC conditions

Chromatographic separation was performed on an ACQUITY
UPLC I-Class System (Waters, Milford, United States). The
analytical column was an ACQUITY UPLC® HSS T3 (2.1 x
50 mm, 1.8 um, Waters, Milford, United States). The column
temperature was set to 40°C. The mobile phase consisted of 0.1%
formic acid in acetonitrile and 0.1% formic acid in water. The
gradient elution procedure started with 95% formic acid in water
maintained for 0.5 min, then the gradient was decreased to 40%
formic acid in water within 0.5 min. In addition, the proportion of
formic acid in water was continuously decreased to 5% within 2 min
and held for 1 min. Finally, the proportion of formic acid in water
was switched back to 95% in 0.5 min and held for 0.5 min before the
next run. The flow rate was fixed at 0.3 mL/min. In addition, riluzole
and clobazam were gradient-eluted at 1.9 min and 2.12 min,
respectively. The injection volume was 5pL, and the total
running time was set to 5 min.

2.3 Mass spectrometer conditions

Mass spectrometry was performed using a Xevo TQ-S mass
spectrometer (Waters, Milford, United States) equipped with a
positive-mode electrospray ionization source (ESI). The test was
operated in a multiple-reaction monitoring (MRM) mode with a
dwell time of 0.043 s per conversion. Due to time and price
constraints, we chose clobazam, which was already available in
the laboratory and has similar UPLC conditions to those of
riluzole, as the internal standard. The transitions monitored were
m/z 234.977—166.031 for riluzole and m/z 301.006—224.040 for
clobazam. Ultrahigh-pressure nitrogen was used as the desolvation
gas (1000 L/h) and the cone gas (150 L/h). The desolvation
temperature was 500°C. The collision energy of riluzole and IS
was 28 V and 32 V, respectively. In addition, the capillary voltages of
riluzole and IS were both 3 kv.

2.4 Calibration standards and quality control
samples

In order to save the drug-free human plasma, we first dilute the
stock solution into the working standard solutions and QC solutions
with reagents and then dilute the working solutions and QC
solutions into the standards and QC samples with the drug-free
plasma. The working standard solutions were prepared at
concentrations of 0.5, 1, 2, 4, 10, 20, 40, and 80 ug/mL by
diluting the stock solution (1 mg/mL) with water—acetonitrile (v:
v = 95:5). A standard curve of final concentrations of 5, 10, 20, 40,
100, 200, 400, and 800 ng/mL was obtained by diluting the working
standard solution with drug-free human plasma. Similarly, QC
solutions at concentrations of 1.5, 6, and 60 ug/mL were also
obtained by diluting the stock solution with water—acetonitrile (v:
v = 95:5). Quality control samples (QCs) at concentrations of 15, 60,
and 600 ng/mL were also obtained by dilution of blank human
plasma. All solutions, standards, and QCs were stored frozen
at —80°C.
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2.5 Sample preparation

A 50 uL volume of the plasma sample was first added toa 1.5 mL
Eppendorf tube, and then 200 pL protein precipitation solution
(acetonitrile) containing IS (5ng/mL) was added. The mixture
was thoroughly vortexed for 2 min. The supernatant (50 uL) was
collected by centrifugation at 12,000 rpm for 10 min. Then, 450 uL
of water—acetonitrile (v: v = 95:5) was added and mixed well. The
plasma volume used (50 uL) is much lower than that of the
published studies (200 uL-1mL) (Sarkar et al, 2017; Chandu
et al.,, 2010; Chow et al., 2012; Le Liboux et al., 1997; van Kan
et al., 2004).

2.6 Data acquisition and analysis

All data were collected and processed using MassLynx software
(version 4.1 SCN810). A weighted least-squares linear regression
model (weighted 1/x2) was used to establish the relationship
between the concentration and the peak area ratio of the analyte
to IS. The concentrations of the QC samples and the unknown
clinical sample were calculated by interpolation of the equation. For
QC samples and calibration standards, except for LLOQ samples
(bias <20%), the remaining sample bias should be <15%. In addition,
in each analysis run, more than 75% of the QC samples should meet
the aforementioned criteria, and the correlation coefficient (r)
should be >0.99.

2.7 Method validation

The method was validated in accordance with the FDA (2018)
bioanalytical method validation guidance for industry and the
European Medicines Agency (2011) guideline on bioanalytical
method validation including precision and accuracy, LLOQ,
linearity, and stability of the analyte under various conditions,
such as carry-over, extraction recovery, and matrix effect.

Three independent and continuous batches of LLOQ, low-,
medium-, and high-QC samples were evaluated in at least 2 days
to assess the precision and accuracy. In each analysis batch, the QC
assessment for each concentration level was repeated six times.
Relative standard deviation (RSD) and relative error (RE) were used
to indicate precision and accuracy, respectively. In addition to
LLOQ, the other three concentration levels of QCs’ intra-batch
and inter-batch RSD should be < 15% and RE should be within
+15%, while LLOQs inter-batch and intra-batch RSD should
be <20% and RE should be within +£20%.

The linearity response of riluzole was assessed over calibration
ranges. The calibration curve was performed with eight
concentrations, and the requirements were the same as those
given in Section 2.6.

Stability assessment of the riluzole in a stock solution included
long-term stability and short-term stability. However, according to
the certificate of analysis (COA) of riluzole, the riluzole solution can
be stored for up to 6 months at —80°C, and the short-term stability
was evaluated by keeping it at room temperature for 5 h. The IS was
diluted when it would be used.
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Stability assessment of the analyte in plasma and whole blood
included short-term stability, autosampler stability, freeze—thaw
stability, whole blood stability, and long-term stability. Short-
term stability was evaluated by measuring QCs maintained at
room temperature for 4 h. Autosampler stability was achieved by
analyzing the processed QCs that had been held in the autosampler
(10°C) for 24 h. The freeze-thaw stability was evaluated after seven
freeze (-80°C) and thawing (room temperature) cycles before QC
sample preparation. Whole blood QCs were kept at room
temperature for 4h to assess the whole blood stability. Long-
term stability was assessed by analyzing QCs after storage for
26 days at —80°C.

Extraction recovery was evaluated by comparing the peak areas
of the analyte extracted from the three-level QC samples with those
of post-extraction spiked QC samples at the same concentrations.
The RSD of the extraction should be < 15%; the RE should be
within +15%.

Matrix effects were assessed using low-, medium-, and high-level
QCs from six individuals. Matrix factors were evaluated by
calculating the peak area’s ratio of the presence of the matrix
(measured by analyzing the blank matrix spiked with the analyte
after extraction) to the absence of the matrix (pure solution of the
analyte). The RSD of the matrix effect should be < 15%.

2.8 Application

The validated analytical method was applied to determine the
concentration of riluzole in patient plasma after oral administration
of riluzole. The clinical study was approved by the Ethics Committee of
Peking Union Medical College Hospital and was in line with good
clinical practice. All subjects signed informed consent prior to the study.
The criteria for inclusion of ALS patients taking riluzole in our hospital
were as follows: 1) age >18 years; 2) the treatment course of oral riluzole
was >2 weeks, indicating that riluzole reached homeostasis in the
patient. Exclusion criteria: 1) the duration of medication could not
be determined; 2) elderly patients (>80 years of age) with poor basic
condition and many influencing factors are difficult to evaluate; 3) had
taken clobazam within 1 month. Since riluzole reached a steady state in
enrolled patients, a blood sample was collected from each patient at a
random time point, and the last time of medication before blood
collection, the time of blood collection, and demographic information
about the patients were accurately recorded. All blood samples were
centrifuged at 3000 rpm for 10 min to obtain plasma samples, which
were stored at —80°C prior to analysis.

3 Results and discussion
3.1 Method development and optimization

3.1.1 Optimization of mass spectrometric
parameters

Filtering and optimizing mass spectrometry conditions by
systematic methods. We tried atmospheric pressure chemical
ionization (APCI) and ESI source in positive and negative
ionization modes. Usually, positive ionization is the preferred
ionization mode for the detection of neutral or basic analytes.
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The results show that the ESI source has higher ionization
efficiency in the positive ionization mode, which may be related
to the presence of the amine group in the molecular structure of
riluzole.

An apposite MRM transition of riluzole and IS was selected
based on the ion spectrum of the analyte product. In addition, the
voltage and gas parameters were adjusted to obtain the most suitable
ionization and fragmentation conditions.

3.1.2 Optimization of chromatographic conditions

In order to improve the response and peak shape and reduce the
carryover of riluzole, the organic phase and aqueous phase of formic
acid with different proportions were tested. Finally, it was found that
when the mobile phase was 0.1% formic acid in acetonitrile and 0.1%
formic acid in water, and the flow rate of the system was 0.3 mL/min,
the best effect was obtained. In addition, under the chromatographic
conditions described herein, effective chromatographic separation
guaranteed the accurate determination of riluzole within a running
time of 5 min.

3.1.3 Optimization of sample preparation

Protein precipitation, liquid-liquid extraction, and SPE are the
most common sample pre-treatment methods. Previously reported
pre-treatment methods of riluzole samples were liquid-liquid
extraction or SPE, which were considered too complicated.
Therefore, our study explored the selection of plasma volume,
the proportion of the precipitant to plasma, and whether to
dilute the supernatant. The results showed that the response of
riluzole was appropriate when the volume of the plasma sample was
50 uL, the acetonitrile-to-plasma ratio was 4:1, and 50 pL of the
supernatant was diluted with 450 L solution. If the supernatant was
not diluted, the response of the ULOQ sample (800 ng/mL) will
exceed the highest response of the machine. In the process of
exploration, in order to save clinical samples, we tried to take
only 5pL plasma and added 20 pL acetonitrile in the ratio of 1:
4 for protein precipitation, but the standards and QCs’ bias did not
meet the requirements. In addition, the dilution of the supernatant
with different proportions of water—acetonitrile and whether to add
0.1% formic acid were studied. The response of riluzole was
appropriate when water—acetonitrile (v: v = 95:5) was chosen as a
diluent, and there was no effect on the results irrespective of adding
0.1% formic acid in water—acetonitrile (v: v = 95:5), so we chose the
simpler water—acetonitrile (v: v = 95:5) as a diluent.

In addition, we tried different collision energies, and each
analyte obtained three different daughter ions, namely, m/z
234.977—166.031 (28 V), 234.977—149.764 (30 V), and
234.977—138.053 (34 V) for riluzole and m/z 301.006—224.04
(32 V), 301.006—153.064 (36 V), and 301.006—105.110 (34 V)
for clobazam. We compared their response, peak shape, and
carryover after sample preparation under the corresponding
chromatographic conditions. Finally, the product ion spectra
were obtained (Figure 1) to select the transitions of the analyte
(riluzole, 234.977—166.031) and the IS
301.006—224.040).

All in all, the time and effort required to prepare samples using

(clobazam, m/z

protein precipitation is significantly reduced compared to that taken
by liquid-liquid extraction or SPE reported so far. In addition, the
relatively short running time of the method (5 min) and the plasma
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TABLE 1 Back-calculated concentrations of calibration standards for riluzole (linear-weighted 1/x2).

R? Slope Intercept Regression
equation
Nominal 5.00 ng/mL | 10.0 ng/mL = 20.0 ng/mL | 40.0 ng/mL = 100 ng/mL 200 ng/mL 400 ng/mL 800 ng/mL
Concentration
Mean® 4.95 9.55 19.3 42.8 94.7 2159 426.2 765.3 0.996 = 0.972 5.994 y=0972x + 5994
RE (%)" -0.9 -4.5 =37 7.0 =53 7.9 6.5 -4.3
RSD (%)¢ 38 34 4.7 5.6 32 4.2 32 2.5
“Concentration is to three significant figures.
"Expressed as [(mean observed concentration — nominal concentration)/(nominal concentration)] x 100 (to one decimal place).
“Relative standard deviation: standard deviation/mean x 100 (to one decimal place).
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FIGURE 2

Typical multiple-reaction monitoring chromatograms of riluzole and clobazam: (A) blank plasma sample; (B) plasma spiked with the analytes at
LLOQ level (5 ng/mL) and internal standard; and (C) real clinical samples (137.2 ng/mL).

volume used (50 pL) is much smaller than that of the published
works (200 uL-1 mL), making it ideal for drug analysis in the clinical
setting (Sarkar et al., 2017; Chandu et al., 2010; Chow et al., 2012; Le
Liboux et al., 1997; van Kan et al., 2004).

3.2 Method validation

3.2.1 Linearity, carryover, and selectivity

Eight calibration standards were analyzed per batch, and the
calibration curve showed good linearity in the range of 5-800 ng/
mL. The regression coefficients of all standard curves were >0.99 and
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the back-calculated concentrations were within 85%-115% of their
nominal values (Table 1). Carryover was investigated by testing the
blank sample after the upper limit of quantitation (ULOQ). The
peak area of carryover was within 20% of the peak area at LLOQ in
every analytical batch. As a result, the peak area of carryover was
approximately 10% of the peak area at LLOQ throughout method
validation, which met the requirements.

The concentration of LLOQ was 5 ng/mL. Figure 2 shows a
typical chromatogram of the analyte and IS in blank plasma samples
spiked with the analyte at the LLOQ level and IS (5 ng/mL). The
results indicated that the method had satisfactory selectivity for
riluzole and IS.
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TABLE 2 Intra- and inter-day precision and accuracy of quality control samples of riluzole.

Item LLOQ Low QC Medium QC High QC
Nominal concentration 5.00 ng/mL 15.0 ng/mL 60.0 ng/mL 600 ng/mL
1(n=6) Mean® 5.1 155 55.6 632
1(n=6) RE (%)° 2.0 3.4 7.4 53
1(n=6) RSD (%)¢ 25 1.9 1.4 2.9
2 (n=6) Mean® 5.1 15.8 54.6 629
2 (n=6)¢ RE (%)° 2.3 5.0 -89 49
2 (n=6) RSD (%)° 29 27 0.8 0.7
3 (n=6) Mean® 45 154 63.1 660
3 (n=6) RE (%)° -11.0 2.6 52 10.0
3(n=6) RSD (%)° 1.9 17 2.0 1.6
Inter-day (n = 17) Mean* 49 15.6 58.0 640
Inter-day (n = 17) RE (%)° 22 3.7 -34 6.7
Inter-day (n = 17) RSD (%)¢ 6.9 2.3 6.9 2.9

“Concentration is to three significant figures.

"Expressed as [(mean observed concentration — nominal concentration)/(nominal concentration)] x 100 (to one decimal place).

“Relative standard deviation: standard deviation/mean x 100 (to one decimal place).
9For batch 2, the number of Q2 was 5.

TABLE 3 Matrix effect (n = 6) and extraction recovery (n = 6) of riluzole in plasma.

Spiked concentration (ng/mL)

Extraction recovery (%)

Matrix effect (%)

Mean + SD Mean + SD
Riluzole 15.0 93.0 + 3.9 4.2 103.8 + 3.6 35
60.0 100.1 + 1.8 1.8 102.4 + 0.7 0.7
600 98.5 + 1.4 14 105.2 + 0.6 0.6
Clobazam 5.00 109.6 + 4.7 43 103.7 + 2.9 2.8

“Concentration is to three significant figures.

"Expressed as [(mean observed concentration — nominal concentration)/(nominal concentration)] x 100 (to one decimal place).

“Relative standard deviation: standard deviation/mean x 100 (to one decimal place).

3.2.2 LLOQ, precision, and accuracy

Table 2 summarizes the intra- and inter-assay precision and
accuracy of riluzole measured by LLOQ and three QC levels.
Compared with the nominal concentration, the RE of LLOQ
samples ranged from -12.3% to 5.9%, the RE of other QC
samples ranged from -10.1% to 13.1%, and the RSD level for
each concentration was also <15%. The results showed that the
precision and accuracy were within an acceptable range. The
method was reliable and reproducible and can be used for the
determination of riluzole concentration in human plasma.

3.2.3 Matrix effect and extraction recovery

The results of matrix effect and extraction recovery are shown in
Table 3. The matrix effect of riluzole was between 99.1% and 107.6%;
therefore, the matrix did not significantly affect the determination of
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drug concentration. The overall average extraction recovery of riluzole
at three different concentrations was 97.2%.

3.2.4 Stability

The results showed that the riluzole stock solution can be kept at
room temperature for 4 h. The stability results of riluzole in plasma and
in whole blood are shown in Table 4. The riluzole plasma samples could
be stably placed at room temperature for 4 h, remained stable after
seven freeze—thaw cycles (-80°C to room temperature), and could be
stably stored at —80°C for at least 26 days. In addition, the processed
samples remained stable after being placed in the autosampler for 24 h,
and the riluzole whole blood samples were stable for 4h at room
temperature, providing a time window for clinical sample processing.
At the same time, according to the concentrations measured after the
preparation of the whole blood QCs, it can be inferred that riluzole may
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TABLE 4 Stability assessments for riluzole in plasma, processed, and whole blood samples (n = 6).

Stability type Nominal concentration (ng/mL) RE (%)° RSD (%)©
Short-term 15.0 14.8 -13 1.5
(plasma samples, room temperature for 4 h) 60.0 62.3 3.8 1.6
600 630.8 5.1 14
Freeze-thaw 15.0 15.3 1.9 13
(plasma samples, seven cycles) 60.0 61.8 3.0 1.0
600 635.3 59 1.6
Long-term 15.0 16.8 119 13
(plasma samples, —80°C for 26 days) 60.0 66.4 10.6 0.9
600 677.9 13.0 1.6
Autosampler 15.0 17.2 14.8 1.9
(processed samples, 10°C for 24 h) 60.0 66.9 11.6 1.2
600 685.4 14.2 1.7
Whole blood* 7.1 7.0 -0.9 1.6
(room temperature for 4 h) 29.3 25.6 -12.6 1.2
279 275 -1.5 13

“Concentration is to three significant figures.

"Expressed as [(mean observed concentration — nominal concentration)/(nominal concentration)] x 100 (to one decimal place).

“Relative standard deviation: standard deviation/mean x 100 (to one decimal place).

*When configuring whole blood stable QC samples, assuming that riluzole is not distributed in blood cells, the volume of plasma centrifuged is about half of the volume of whole blood, so the

configured final concentrations of whole blood QC samples were 7.5, 30, and 300 ng/mL.

TABLE 5 Concentration of riluzole in ALS patients after multiple oral doses (50 mg bid).

Patient The time of the last dosing before the blood collection (h)  Concentration (ng/mL)  Patient  C yougn (NG/mL)
3 4 76.6 4 37

5 8.5 71.7 10 16

6 25 1372 11 37.4

7 525 90.8 13 58

Note: Steady-state trough concentrations were collected for patients 2, 4, 8, 9, and 10.

be distributed in the whole blood cells, but further experimental
verification is needed.

3.2.5 Application

The UPLC-MS/MS method was successfully applied to determine
the steady-state concentration of riluzole in ALS patients treated with
riluzole for at least 1 month. So far, 10 plasma samples from 10 ALS
patients have been successfully analyzed, and no notable problems have
occurred during the whole analysis, such as changes in retention time
and interference. Table 5 shows the concentrations of 10 subjects who
received riluzole. At present, steady-state trough concentrations were
collected for patients 2,4, 8, 9, and 10, and the collection time points for
other patients were in the elimination phase. According to (Bruno et al.
1997), the steady-state trough concentration of patients with SCI after
taking riluzole ranged from 11.17 to 147.55 ng/mL. The concentrations
of the five samples that had reached the steady state in our experiments
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were 20.6, 37, 16, 374, and 58 ng/mL, respectively, which were
consistent with the range of SCI patients. Of course, further
verification of large samples was needed. Therefore, based on the
current results, 5 ng/mL was a suitable LLOQ. At the same time,
considering the range of steady-state peak concentration of riluzole
reported in foreign patients with SCI (Bruno et al., 1997), the ULOQ is
also appropriate in order to continue the determination of subsequent
collected samples, including those with around peak concentration. In
general, the range of the standard curve in our method was suitable for
the clinical setting. We will further establish popPK of riluzole in
Chinese ALS patients after measuring the samples collected later and
compare its pharmacokinetic characteristics with those of foreign
patients with ALS or SCI (Bruno et al., 1997).

In addition, as the disease progresses, swallowing difficulties
may gradually appear in ALS patients, resulting in an inability to
take oral riluzole tablets. Therefore, in recent years, researchers have

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1227354

Sun et al.

devoted themselves to the development of new dosage forms of
riluzole, such as suspension and oral films (Wymer et al., 2023). The
simple method was established for the determination of riluzole
concentration, which was convenient for other groups to refer to,
and can be applied in the study of pharmacokinetics and
bioavailability of new forms of riluzole.

4 Conclusion

A robust UPLC-MS/MS method has been developed and validated
for the determination of riluzole in human plasma, and the feasibility of
this method was further verified by the determination of the riluzole
concentration in clinical samples. Compared with other reported
analytical methods, our method has the advantages of simple sample
preparation, relatively short running time, and small plasma sample
volume. Considering the high-throughput potential of our method, it
can be easy to analyze patient samples in the clinical setting or clinical
trials. At the same time, this was the first published method used to
determine the riluzole concentration of Chinese ALS patients, and the
first to report the stability data of riluzole in whole blood, which is
conducive to the development of subsequent studies related to the
pharmacokinetics of riluzole.
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Yunyun Zhan'!, Anzhou Wang?*', Yige Yu?, Jie Chen?, Xinhao Xu?,
Jingjing Nie?* and Jingjing Lin>®*

'Department of Pharmacy, The Affiliated Lihuili Hospital, Ningbo University, Ningbo, Zhejiang, China,
2Department of Pharmacy, The Third Affiliated Hospital of Wenzhou Medical University, Wenzhou,
Zhejiang, China, *Department of Pharmacy, The First Affiliated Hospital of Wenzhou Medical University,
Wenzhou, Zhejiang, China

Vortioxetine is a novel anti-major depression disorder drug with a high safety
profile compared with other similar drugs. However, little research has been done
on drug-drug interactions (DDI) about vortioxetine. In this paper, the inhibitory
effect of vortioxetine on cytochrome P450 (CYP450) and the type of inhibitory
mechanism were investigated in human and rat liver microsomes. We set up an
in vitro incubation system of 200 pL to measure the metabolism of probe
substrates at the present of vortioxetine at 37°C. The concentrations of the
metabolites of probe substrates were all measured by ultra-performance liquid
chromatography tandem mass spectrometry (UPLC-MS/MS) method. It was
found no time-dependent inhibition (TDI) of vortioxetine through
determination of half-maximal inhibitory concentration (ICsg) shift values. The
enzymes and metabolites involved in this experiment in human and rats were as
follows: CYP3A4/CYP3A (midazolam); CYP2B6/CYP2B (bupropion); CYP2D6/
CYP2D (dextromethorphan); CYP2C8/CYP2C-1 (amodiaquine); CYP2C9/
CYP2C-2 (losartan); and CYP2C19/CYP2C-3 (mephenytoin). We found that
vortioxetine competitively inhibited CYP2C19 and CYP2D6 in human liver
microsomes (HLMs) with inhibition constant (K;) values of 2.17 uM and 9.37 uM,
respectively. It was noncompetitive inhibition for CYP3A4 and CYP2CS8, and its K;
values were 7.26 uM and 6.96 uM, respectively. For CYP2B6 and CYP2C9,
vortioxetine exhibited the mixed inhibition with K; values were 8.55uM and
417 uM, respectively. In RLMs, the type of vortioxetine inhibition was
uncompetitive for CYP3A and CYP2D (K; = 4.41 and 100.9 uM). The inhibition
type was competitive inhibition, including CYP2B and CYP2C-2 (K; = 2.87 and
0.12 uM). The inhibition types of CYP2C-1 and CYP2C-3 (K; = 39.91 and 4.23 uM)
were mixed inhibition and noncompetitive inhibition, respectively. The study of
the above mechanism will provide guidance for the safe clinical use of vortioxetine
so that the occurrence of DDI can be avoided.
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1 Introduction

With the rapid development of the times and fast-paced life, the number of people
suffering from depression is increasing year by year (Lam et al., 2014). The cognitive function
of the brain will be greatly damaged after suffering from major depressive disorder, which
will greatly affect people’s daily life and work (Pehrson and Sanchez, 2014). Vortioxetine, as a
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TABLE 1 Analytical parameters for the metabolites and internal standard (IS).

10.3389/fphar.2023.1199548

Analytes lonization mode Parent (m/z) Daughter (m/z) Cone (V) Collision (V)
Hydroxy bupropion ESI * 256.0 238.0 20 10
4-hydroxy mephenytoin ESI * 235.1 150.0 15 20
Dextrorphan ESI* 258.0 157.0 55 40
E-3174 ESI* 437.2 235.0 20 15
N-desethyl amodiaquine ESI * 328.0 282.8 20 15
1-Hydroxymidazolam ESI * 341.9 324.0 50 20
Diazepam (IS) ESI * 285.0 154.0 10 30

TABLE 2 The ICs, values on CYP450 in (-) NADPH or (+) NADPH with ICs, fold shift and inhibitory effects of vortioxetine on CYP450 in HLMs and RLMs.

CYP isoform ICs0 IC50 values (uM) IC5q fold shift Inhibition type
(-) NADPH  (+) NADPH Ki (uM)  oKi (uM)

HLMs CYP3A4 9.31 15.52 13.65 1.14 Noncompetitive 7.26 6.82 0.94
CYP2B6 8.94 5.38 6.69 0.80 Mixed 8.55 23.04 2.70
CYP2C8 15.00 18.21 18.70 0.97 Noncompetitive 6.96 13.48 1.94
CYP2C9 23.03 18.57 16.66 111 Mixed 4.17 66.5 15.94
CYP2C19 2.40 5.88 2.83 2.08 Competitive 2.17 - -
CYP2D6 17.93 19.37 18.35 1.06 Competitive 9.37 - -

RLMs CYP3A 16.37 20.94 16.41 1.28 Uncompetitive 4.41 - -
CYP2B 8.89 10.11 5.30 191 Competitive 2.87 - -
CYP2C-1 22.17 19.78 9.97 1.98 Mixed 3991 56.73 1.42
CYP2C-2 0.37 8.97 37.47 0.24 Competitive 0.12 - -
CYP2C-3 20.28 24.63 521 4.72 Noncompetitive 4.23 12.54 297
CYP2D 15.67 3.35 7.38 0.45 Uncompetitive 100.9 - -

Note: ICs fold shift value is the ratio of the ICs, value of (=) NADPH, to the ICs, value of (+) NADPH.

novel anti-major depressive disorder drug, may have two
mechanisms at present: one is to inhibit serotonin transporter,
and the other is to modulate the effects of several serotonin (5-
HT) receptors (Pehrson and Sanchez, 2014). Based on the above
mechanism of action, vortioxetine has certain therapeutic effects on
cognitive impairment repair, sleep disturbance and chronic
neuropathic pain (Frampton, 2016; Adamo et al., 2021). Clinical
data show that vortioxetine does not need to adjust the therapeutic
dose for these influencing factors such as gender and age, which
means that the drug has greater clinical safety (Chen et al., 2018).

In addition to paying attention to the pharmacodynamics of
the drug, we should also pay attention to its pharmacokinetics,
such as what happens to vortioxetine in the body’s metabolism.
Drug’s metabolism through the liver, gastrointestinal tract,
lungs, skin, kidneys, etc., of which 90% of the drugs are
metabolized by the liver (Arora et al., 2015). The reason is
that there are a lot of cytochrome P450 (CYP450) enzymes in
the liver, and these enzyme proteins are mainly used for the
oxidation reaction of substances in the human body. In human,
vortioxetine has been shown to be involved in the metabolism of
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CYP450 enzymes, including CYP2A6, CYP3A4/5, and CYP2C9,
CYP2C19, and CYP2D6 (Hvenegaard et al., 2012). Its main
CYP2De6,
(Hvenegaard et al., 2012). According to the current statistics,

metabolic enzyme was followed by others
there is no significant difference about using vortioxetine
between Chinese people and non-Chinese people whether
they were strong metabolizers or poor metabolizers (Miao
et al,, 2019). But whether drug-drug interactions (DDI) affect
its metabolism is now poorly understood.

Here we explored the type of mechanism of inhibition by
vortioxetine on CYP3A4/3A, CYP2B6/2B, CYP2C8/2C-1,
CYP2C9/2C-2, CYP2C19/2C-3, and CYP2D6/2D in human liver
microsomes (HLMs) and rat liver microsomes (RLMs), in which the
substrates corresponding to each enzyme were midazolam,
bupropion, amodiaquine, losartan, and
detromethorphan. We ultra-performance  liquid
chromatography tandem mass spectrometry (UPLC-MS/MS) as

the analytical instrument to assess the specific mechanism of

mephenytoin,

used an

inhibition of vortioxetine on CYP450 enzymes. However, no
related results have been reported before.
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The ICsg shift curves of vortioxetine on the (A) CYP3A4, (B) CYP2B6, (C) CYP2C8, (D) CYP2C9, (E) CYP2C19 and (F) CYP2D6 activities in HLMs. The
concentrations of vortioxetine were 0.01-100 pyM. Values are expressed as mean + SD of three samples.

2 Materials and methods
2.1 Materials and regents
HLMs and RLMs all were purchased from iPhase
Pharmaceutical Services Co., Ltd. (Beijing, China). Metabolic
probe substrates and their metabolites including midazolam, 1-
hydroxymidazolam, bupropion, bupropion,
N-desethyl ~amodiaquine, losartan, E-3174,
mephenytoin, 4-hydroxy mephenytoin, dextromethorphan, and
dextrorphan were purchased from Shanghai Canspec Scientific
Instruments Co., Ltd. (Shanghai, China). The internal standard
diazepam

hydroxy
amodiaquine,

and vortioxetine were
Sunflower Technology Development Co., Ltd. (Beijing, China).

The reduced nicotinamide adenine dinucleotide phosphate

purchased from Beijing

(NADPH) used in the incubation system was purchased from
Roche Pharmaceutical Ltd. (Basel, Switzerland). Methanol and
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acetonitrile used for UPLC-MS/MS were purchased from Merck
(Darmstadt, Germany). Ultrapure water was obtained from
Millipore (Bedford, MA, United States) by using a Milli-Q
A10 purification system.

2.2 Microsomal incubation procedure

To study the inhibitory effect of vortioxetine on specific enzymes,
in vitro incubation system of 200 uL was established, and the
37°C. The components of the
incubation system were as follows: 0.20 mg/mL HLMs or 0.20 mg/
mL RLMs, 0.1 M Tris-HCI, vortioxetine, and the probe substrates of
each enzyme. In the study of K,’s (Michaelis-Menten constant)
experiment, midazolam (1, 2, 5, 10, 20, 50 and 100 uM in HLMs
and RLMs) corresponded to CYP3A4/3A; bupropion (10, 20, 50, 100,
200, 500, 1,000 and 2000 uM in HLMs; 1, 2, 5, 10, 20, 50, 100 and

incubation temperature was

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1199548

Zhan et al.

CYP3A

>

130-
120- ® NADPH (-)
110 3
100- ®  NADPH ()
904
80
704
60 1C,,=20.94 ()NADPH
4 IC4;=16.41 ()NADPH
30+
204
10-
G T T T

T
-3 -2 -1 0 1
Log(Vortioxetine) (uM)

Control activity (100%)

~-a
w

()

CYP2C-1

1204 e NADPH ()

110+

1004 = NADPH (+)
90
80
704 [ ]
60 IC4,=18.31 (\NADPH
ig' IC5,=4.74 (+)NADPH
30+
204 -
104

Control activity (100%)

-3 -2 -1 0 1 2 3
Log(Vortioxetine) (uM)

m

CYP2C-3

125+
e NADPH ()

1004 = NADPH (+)

754
1C,=24.63 ()NADPH

50- IC,,=5.21 (+)NADPH

254

Control activity (100%)

<>

-3 -2 -ll 0 1 2 3
Log(Vortioxetine) (uM)

FIGURE 2

10.3389/fphar.2023.1199548

CYP2B

1204
~ 1104
X 100
904 ™
80 a
704
60- IC5,=10.11 (-)NADPH
ig 1C;,=5.30 ()NADPH
304
204
10

-3 -2 -Il 0 1
Log (Vortioxetine) (WM)

e NADPH ()
= NADPH(#)

o,

Control activity (100

(S
w

D CYP2C-2

e NADPH ()
= NADPH (+)

1C,,=8.97 ()NADPH
IC,,=37.47 (NADPH

Control activity (100%
W\
<

0 T

-3 -2 -Il GI) 1
Log(Vortioxetine) (uM)

~ -
w

-n

CYP2D

1107
1004 e NADPH()

90- ® NADPH (+)
80-

60
50 1C5,=3.35 (YNADPH
404 IC,=7.38 ()NADPH
30
20
10

v T T T T

-3 -2 -1 0 1
Log(Vortioxetine) (uLM)

Control activity (100%)

(S
w

The ICsq shift curves of vortioxetine on the (A) CYP3A, (B) CYP2B, (C) CYP2C-1, (D) CYP2C-2, (E) CYP2C-3 and (F) CYP2D activities in RLMs. The
concentrations of vortioxetine were 0.01-100 puM. Values are expressed as mean + SD of three samples.

200 uM in RLMs) corresponded to CYP2B6/2B; amodiaquine (5, 10,
20, 50, 100 and 200 uM in HLMs; 10, 20, 50, 100, 200, 500 uM in
RLMs) corresponded to CYP2C8/CYP2C-1; losartan (1, 2, 5, 10, 20, 50,
100, 200 uM in HLMs; 10, 20, 50, 100, 200, 500 and 1,000 pM in RLMs)
corresponded to CYP2C9/CYP2C-2; mephenytoin (20, 50, 100, 200,
500 and 1,000 uM in HLMs; 5, 10, 20, 50, 100, 200, 500 and 1,000 uM in
RLMs) corresponded to CYP2C19/CYP2C-3; and dextromethorphan
(1, 2,5, 10, 20, 50 and 100 uM in HLMs and RLMs) corresponded to
CYP2D6/CYP2D. After 5.0 min of preincubation in the shaking water
bath, the reaction was started with the addition of 1.0 mM NADPH.
The incubated temperature at 37°C for 30 min. After the incubation,
the enzyme reaction was stopped by cooling at —80°C, and 200 uL of
acetonitrile and 20 pL of internal standard diazepam (200 ng/mL) were
added for protein precipitation. The solution was fully vortexed and
centrifuged at 13,000 x rpm for 10 min, and the supernatant was
collected for data analysis by UPLC-MS/MS.
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The significance of half-maximal inhibitory concentration
(ICs9) was the concentration of the inhibitor to cause 50%
inhibition of original enzyme activity. To explore the ICs,, the
concentrations of the inhibitor vortioxetine were all 0.01, 0.1, 1,
10, 25 and 50 pM, while individual substrate was set according to its
corresponding K,,, value.

2.3 1C5q-shift experiments of vortioxetine

ICso-shift was used to investigate whether the drug produced
time-dependent inhibition (TDI) of the enzyme. This inhibitory
property belongs to the category of irreversible inhibition among the
types of enzyme inhibition. The ICsy-shift experiment was
performed by preincubating vortioxetine with HLMs or RLMs
for 30 min at 37°C in the absence and presence of 1.0 mM
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data point represents the mean of three samples.

NADPH. The above mixture was then incubated for another 30 min.
During the experiment, the individual substrates midazolam (4 uM),
bupropion (40 uM), amodiaquine (3 uM), losartan (8 uM),
mephenytoin (90 uM), and dextromethorphan (10 uM) were
determined with vortioxetine ICsy-shift in HLMs. In RLMs, the
substrates midazolam (3.5 uM), bupropion (20 uM), amodiaquine
(20 uM), (15uM), mephenytoin (400 uM), and
dextromethorphan (20 uM) were determined with vortioxetine

losartan
ICsp-shift, which based on its K, value. Other experimental

conditions were the same as above.

2.4 Reversible inhibition of vortioxetine on
CYP450

The inhibitory effect of the drug on different enzymes was
different. The inhibitory mechanism of the inhibitor on the
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enzyme was generally used by different concentrations of the
inhibitor against different concentrations of the probe substrate.
The concentrations of the inhibitor and the concentrations of
probe substrates in the experiment were estimated based on IC5,
and K,, values, respectively.

In HLMs, the concentrations of the substrates midazolam,
bupropion, = amodiaquine, losartan, = mephenytoin, and
dextromethorphan were 1, 2, 4, 8 uM; 10, 20, 40, 80 uM; 0.8, 1.5,
3, 6uM; 2, 4, 8, 16 uM; 20, 45, 90, 180 uM; 2.5, 5, 10, 20 pM,
respectively. Corresponding to the concentration of vortioxetine
were 2, 4,9, 18 uM; 2, 4, 8, 16 uM; 4, 8, 15, 30 uM; 5, 10, 25, 50 pM;
0.6, 1.2, 2.5, 5 uM; 4.5, 9, 18, 36 uM, respectively.

In RLMs, the concentrations of the substrates midazolam and
dextromethorphan were 0.8, 1.6, 3.5, 7 uM and 5, 10, 20, 40 puM,
respectively, vortioxetine concentrations were 4, 8, 16, 32 uM. The
concentrations of mephenytoin and amodiaquine were 100, 200,
400, 800 uM and 5, 10, 20, 40 uM, respectively, vortioxetine
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concentrations were 5, 10, 20, 40 uM. The losartan concentrations
were 4, 8, 15, 30 uM, corresponding to vortioxetine concentrations
0f 0.08, 0.15, 0.3, 0.6 M. Bupropion concentrations were 5, 10, 20,
40 uM, corresponding to vortioxetine concentrations of 2, 4, 8,
16 uM. The experimental conditions were the same as above.

2.5 UPLC-MS/MS conditions

All experiments results were detected by UPLC-MS/MS,
which equipped with a Waters Acquity UPLC system (Milford,
MA, United States) and a Waters Xevo TQ-S triple quadrupole
tandem mass spectrometer with an electrospray ionization source
(Milford, MA, United States). The chromatographic separation
was performed on a Waters ACQUITY UPLC BEH C18 column
(2.1 x 50 mm, 1.7 pm, Waters Corp.) at 40°C. The mobile phase
was consisted of acetonitrile (A) and 0.1% formic acid in water
(B). The gradient elution at a flow rate of 0.4 mL/min was
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conducted as follows: 0-0.5 min, 10% A; 0.5-1.0 min, 10%-
90% A; 1.0-2.0 min, 90% A; 2.0-2.1 min, 90%-10% A, and
2.1-3.0 min, 10% A. The relevant analysis parameters were
shown in Table 1.

2.6 Statistical analysis

ICs, values and enzyme kinetic parameters were calculated by
Graphpad Prism 6.0 (GraphPad software Inc., CA, United States).
Lineweaver-Burk Plot was used to determine inhibitor patterns.
Dixon plots of K; values were obtained from the slope of the
nonlinear regression line in the Lineweaver-Burk plot as a
function of different inhibitor concentrations, while secondary
plots for aK; were obtained from the y-intercept of the nonlinear
regression line in Lineweaver-Burk Plot versus concentration of
different inhibitors. Data for each experiment were expressed as
mean = SD (n = 3).
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3 Results
3.1 IC5q-shift assay in HLMs and RLMs

According to the results in Table 2, vortioxetine was a potential
inhibitor of CYP450. It was found that vortioxetine had medium
inhibitory efficiency on CYP3A4, CYP2B6, and CYP2C19 in HLMs.
In RLMs, vortioxetine had medium inhibitory efficiency on CYP2B,
and strong inhibitory effect on CYP2C-2.

The value of ICsy-shift was used to assess whether there was a
TDI in the process of enzyme inhibition. As previously reported,
when ICsq-shift >10, there will be obvious TDI. According to the
results, we found no TDI for CYP450 by vortioxetine (Table 2;
Figures 1, 2). Particularly, the activity of CYP2C19 was significantly
reduced with the NADPH in HLMs. Conversely, the activity of
CYP2C-2 was significantly increased with the NADPH in RLMs.

3.2 Enzyme kinetic analysis of vortioxetine

Through the value of IC5,-shift, we can preliminarily determine
whether there was a TDI of vortioxetine on CYP450 enzymes. To
further investigate the inhibitory mechanism of vortioxetine on the
CYP450 enzymes, we used a series of concentrations of vortioxetine
to react with the probe substrates and determine their metabolisms
in HLMs and RLMs. In HLMs (Figure 3), the type of inhibition
mechanism of vortioxetine on CYP3A4 and CYP2C8 was
noncompetitive, with K; values of 726 uM and 2.96 uM,
respectively. The type of inhibition mechanism of vortioxetine on
CYP2B6 and CYP2C9 was mixed, with K; values of 8.55 uM and
4.17 uM, respectively. The inhibition mechanism of CYP2C19 and
CYP2D6 was competitive, with K; values of 2.17 uM and 9.37 puM,
respectively. In RLMs (Figure 4), the type of inhibitory mechanism
of vortioxetine on CYP3A and CYP2D was uncompetitive, with K;
values of 4.41 uM and 100.9 uM, respectively. The type of inhibitory
mechanism of vortioxetine on CYP2B and CYP2C-2 was
competitive, with K; values of 2.87 uM and 0.12 uM, respectively.
The inhibition mechanism type was mixed to CYP2C-1 with the K;
value of 3991 puM and the inhibition mechanism type was
noncompetitive to CYP2C-3 with the K; value of 4.23 uM.

4 Discussion

Although current clinical data suggested that vortioxetine was a
higher safety profile compared with other anti-major depressive
disorder drug, polypharmacy cannot be avoided in most patients
(Yee etal., 2018). DDI still cannot be ignored. Most of DDI occurred
because a drug affected the activity of liver enzymes, resulting in
toxic reactions caused by changed in the rate of metabolism of other
drugs (Fowler and Zhang, 2008). Though we found that
showed the
metabolism in previous study (Xu et al.,, 2021), the mechanism of

propafenone inhibitory effect on vortioxetine
action of vortioxetine on liver drug enzymes has never been reported
before. Here we firstly explored the mechanism of vortioxetine’s
inhibition on CYP450 enzymes in HLMs and RLMs.

Judging the inhibitory strength of a drug on an enzyme was

usually judged by the value of the ICsq. According to the general
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standard, IC5y < 1 uM suggested strong inhibitory effect, 1 uM <
ICs < 10 uM suggested medium inhibitory effect, and IC5o > 10 uM
suggested weak inhibitory effect (Jin et al, 2015). The results
(Table 2) showed that vortioxetine was medium inhibitory effect
on CYP3A4, CYP2B6 and CYP2C19 in HLMs, and medium
inhibitory effect on CYP2B and strong inhibitory effect on
CYP2C-2 in RLMs. As for other CYP450 enzymes, there were
also weak inhibitory effects. Therefore, vortioxetine can be
determined as a potential liver drug enzyme inhibitor. The
mechanism of drug inhibition on CYP450 enzymes can be
divided into reversible inhibition and irreversible inhibition (Lou
et al,, 2019). Reversible mechanisms are divided into competitive
inhibition, noncompetitive inhibition, uncompetitive inhibition and
mixed inhibition.

All the competition mode calculations in this experiment were
obtained by Lineweaver-Burk. TDI in irreversible inhibition is the
most commonly explored mode of inhibition today. Nowadays,
there is no accurate conclusion about whether drugs have TDI in
CYP450 enzymes, and the ICs,-shift value is often used to determine
whether there is TDI (Bao et al., 2018). It has been reported in the
literature that TDI is a positive reaction when ICsy-shift >10
(Grimm et al., 2009). The result of our experiment was that there
was no significant change in ICsp-shift detected after 30 min pre-
incubation with NADPH or not. It can be concluded that
vortioxetine has no TDI on the above six CYP450 isoforms.

Based on the above judgments, the inhibitory effects of
vortioxetine on CYP450 enzymes studied in this paper were all
reversible inhibition. We found that CYP2C19 and CYP2D6 were
competitive inhibition, CYP3A4 and CYP2C8 were noncompetitive
inhibition, and CYP2B6 and CYP2C9 were mixed inhibition in
HLMs. Based on the above-mentioned inhibitory mechanism, it is of
great help for the guidance of multiple drugs in clinical practice.
Thus, in the clinic, the combination of vortioxetine and
CYP450 substrate drugs should be avoided or monitored, even
when these drugs are administered in therapeutic doses. For
example, common gastric ulcer patients used proton pump
inhibitors such as omeprazole or H, receptor inhibitor
cimetidine, which are inhibitors of CYP2C19 and CYP2C9,
respectively (Miner et al., 2003; Burt et al, 2016). When these
drugs were taken concurrently with vortioxetine, the patient’s
blood concentration should be monitored or the dosage should
be adjusted appropriately to avoid adverse reactions. The differences
in ICs value and inhibitory mechanism between HLMs and RLMs
may also be caused by differences between species (Shimada et al.,
1997; Komura and Iwaki, 2008; Nishimuta et al., 2013).

More studies are needed to interpret the role of vortioxetine
in altering the response of drug-metabolizing CYP450 enzymes.
The structural information may yield insights into the loss of
activities of CYP450 enzymes and the differences in the
inhibitory mechanisms, which provide further aids in
understanding how vortioxetine influences protein function
in biologic systems (Parikh et al., 2020). Previously, Pallan
et al. team had obtained a crystal structure of human P450
21A2 in complex with progesterone, a substrate in adrenal 21-
hydroxylation, and the structure of the human P450 21A2-
substrate complex provides direct insight into mechanistic
effects of genetic variants (Pallan et al., 2015b). Similar paper
could also be found that several minor structural differences of
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x-ray crystal structures of zebrafish P450s 17A1 and 17A2, as
well as with human P450 17A1, may be critical in understanding
the basis of lyase function (Pallan et al., 2015a). Moreover,
serotonin levels are controlled beside reuptake by the enzyme
monoamine oxidase A (MAO-A) and that impaired MAO A
leads to pathology that cannot be treated pharmacologically
(Prah et al., 2020; Prah et al., 2022).

Vortioxetine at a single oral dose of 10 mg was clinically
used in 14 healthy subjects with a C,,,x of 4.60 ng/mL and an
AUC(g.y) of 254.72 ngh/mL (Chen et al., 2018). Another study
found that patients with severe liver impairment taking a single
oral dose of 10 mg of vortioxetine, AUC o) was 10% higher and
Cinax 24% lower than healthy subjects, but it is not considered to
adjust the clinical dose (2022). However, the plasma protein of
vortioxetine was as high as 99%, and no serious adverse
reactions caused by other drugs competing with vortioxetine
for plasma proteins have been found, which should be paid
attention to together with vortioxetine’s inhibition of
CYP450 enzymes in vivo. Other antipsychotic drugs inhibited
CYP450 enzymes as well. For example, the novel atypical
antipsychotic drug asenapine is mainly metabolized in the
body by CYP1A2, CYP2D6 and CYP3A4. In vitro, it was
found that asenapine significantly inhibited CYP1A2,
CYP2D6, CYP3A4, and the data of CYPlA2
CYP2D6 were likely to speculate that the same reaction will
occur in vivo (Wojcikowski et al., 2020). If inhibitors of the

corresponding enzymes or metabolites of enzymes are taken

and

together in the body, it is likely to cause adverse reactions by
DDI. In another study, the interaction relationship between
iloperidone and lurasidone in vitro was found, and it is very
likely that it can occur in vivo (Danek et al., 2020).

In this paper, the studies we did were in vitro on the inhibitory
effect of vortioxetine on CYP450. Based on the
mechanism discussed above, it is helpful to treat different

inhibition

conditions encountered by different patients, and it also provides
an indispensable basis for the research of in vivo.

5 Conclusion

In summary, we investigated the inhibitory mechanism and Ki
values of vortioxetine on CYP3A4/3A, CYP2B6/CYP2B, CYP2C8/
CYP2C-1, CYP2C9/CYP2C-2, CYP2C19/CYP2C-3, CYP2De6/
CYP2D and found no TDI effect of vortioxetine on CYP450. In
HLMs, CYP3A4 and CYP2C8 were noncompetitive inhibition,
CYP2B6 and CYP2C9 were mixed inhibition, and CYP2C19 and
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Lacosamide, a third-generation novel antiepileptic drug, was first approved in 2008 as
an adjunct to partial seizures. In 2014, the U.S. Food and Drug Administration (FDA)
approved it as a single agent for partial seizures. Since epilepsy is a chronic condition,
most patients need long-term antiepileptic medicinal products, so it is even more
important to consider the drug-drug interactions (DDlIs). For the purpose of this
experiment, an ultra performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS) assay with accuracy and simplicity was optimized and fully validated
for the simultaneous quantitative determination of lacosamide and O-Desmethyl-
lacosamide (ODL), and DDlIs between lacosamide and nisoldipine in vivo and in vitro
was researched. The protein was precipitated with acetonitrile, the analytes were
eluted with acetonitrile and a 0.1% formic acid solution in a gradient program, and
lacosamide, ODL, and lamotrigine (Internal Standard, IS) were successfully separated
by chromatography. The findings of the biological analysis revealed that the lower
limit of quantification (LLOQ) for lacosamide in samples was 2 ng/mL and the linearity
ranged from 2 to 10000 ng/mL. The LLOQ for ODL was 1 ng/mL, while the linearity
range for this substance was 1-1,000 ng/mL. In rat liver microsomes (RLM), the LLOQ
of ODL was 80 ng/mL and the linear range was 80—-40000 ng/mL. The selectivity,
stability, matrix effect and recovery rate were all satisfied with the need of quantitative
analysis of samples. Then, the UPLC-MS/MS assay was employed successfully on the
interactions of lacosamide and nisoldipine in vivo and in vitro. The half-maximal
inhibitory concentration (ICsp) was 3.412 uM in RLM, where nisoldipine inhibited the
metabolism of lacosamide with a mixture of inhibition mechanism. In rat
pharmacokinetic experiments, it was found that nisoldipine could significantly
change the pharmacokinetic characteristics of lacosamide, including AUCo.y,
AUC(0-c0) Tmax: Cly/r and Cinax, but had no significant effect on ODL. In summary,
the UPLC-MS/MS method could accurately and sensitively quantify lacosamide and
ODL, and could be used for the interaction between nisoldipine and lacosamide in
vivo and in vitro.
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Introduction

Approximately 70 million individuals globally are suffering from
epilepsy, among the most prevalent brain disorders. It is
distinguished by a propensity to repeatedly cause spontaneous
seizures, which have a variety of neurobiological, cognitive, and
psychosocial effects (Thijs et al,, 2019). The first generation of
antiepileptic drugs had more adverse reactions, mainly in
cognitive aspects, and were rarely used in clinical practice
(Nanau and Neuman, 2013; Steinhoff and Staack, 2019). The
second generation of antiepileptic drugs had relatively fewer side
effects than the first generation and were slightly better at controlling
seizures (Perucca et al., 2020).
(Figure 1A),
antiepileptic drug, stands out for its good efficacy and safety,
with better pharmacokinetic characteristics and tolerability

Lacosamide as a third-generation novel

compared to the first and second generation (Carona et al,
2021). It is used adjunctively for the treatment of adults with or
without secondary systemic partial seizures, with a low incidence of
adverse effects, and is now available for the treatment of primary
generalized tonic-clonic seizures or generalized epilepsy, in addition
to being shown to be therapeutic as adjunctive therapy for focal
epilepsy (Kim et al., 2012; Ahn et al., 2022).

Antiepileptic drugs often require other drugs in combination
with multiple therapies to control the occurrence of seizures and
thus promote the development of drug-drug interactions (DDIs).
Therefore, their co-administration with lacosamide may affect their
pharmacokinetic and pharmacological effects. In a clinical study,
when lacosamide was used in combination with an enzyme inducer
of anticonvulsants such as carbamazepine, phenobarbital, or
phenytoin, the concentration of lacosamide was lower than when
used alone (Markoula et al., 2014). Lacosamide is metabolized by
several cytochrome P450 (CYP) enzymes (CYP2C19, CYP2C9, and
CYP3A4) (Cawello et al, 2014; Ahn et al, 2022), the main

of which (ODL)
1B).  The drug
carbamazepine induces )
of
Lacosamide can cause

metabolite is  O-Desmethyl-lacosamide

(Figure first-generation  anti-epileptic

CYP3A4, CYP1A2, CYP2CI19,
carbamazepine can the pharmacokinetic
(Lakehal 2002).

arrhythmias, and patients with diabetic peripheral neuropathy

alter profile

lacosamide et al,
and cardiovascular disease are prone to atrial arrhythmias

(DeGiorgio et al, 2013; Malissin et al, 2013). Digoxin is

10.3389/fphar.2023.1265252

primarily used to treat heart failure and atrial fibrillation because
it has a limited range of therapeutic targets. It is used in combination
with lacosamide, and has no significant effect on the absorption of
lacosamide and the elimination of metabolites (Cawello and Bonn,
2012).

In addition, as global life expectancy increases, the number of
elderly epilepsy patients is increasing. Elderly patients with epilepsy
are at great risk of cardiovascular disease, and many epilepsy
patients with cardiovascular and cerebrovascular diseases in the
treatment of the primary disease at the same time to take
cardiovascular drugs to control the disease (Husein et al., 2021).
Due to the chronic nature of epilepsy, most patients need to take
anti-epileptic drugs for a long period of time, so it is more important
to take into account drug interactions in order to alleviate the
patient’s condition (Cawello, 2015). In order to improve the
effectiveness and safety of clinical drugs, a rapid and accurate
method for the determination of drug concentration is needed.
The main methods reported for the determination of lacosamide
included gas chromatography-mass spectrometer (GC-MS)
(Nikolaou et 2015; Mouskeftara et 2020), high
performance liquid chromatography (HPLC) (Kestelyn et al,
2011; Shah et al, 2012), and liquid chromatography tandem
mass spectrometry (LC-MS/MS) (Kim et al., 2012; Payto et al,
2014; Korman et al., 2015; Bharwad et al., 2020; Qiu et al., 2022). The
significant features of these methods and the detection methods in

al,, al,,

this experiment are compared in Table 1.

However, to the best of our knowledge, only one analytical
method for the simultaneous measurement of lacosamide and its
metabolite ODL in biological matrices by LC-MS/MS has been
reported. In this investigation, the LC-MS/MS method for the
measurement of lacosamide and ODL had long analysis run time
(6.5 min) and low sensitivity (0.95 ug/mL) (Payto et al., 2014). Thus,
in this study, we firstly established a simple, quick and sensitive ultra
performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS)  method the of the
concentrations of lacosamide and ODL in plasma and rat liver

for measurement
microsomes (RLM) using lamotrigine as internal standard (IS). In
addition, the effect of nisoldipine on lacosamide in RLM and its
mechanism were investigated. Moreover, since our in vitro results
suggested that nisoldipine had a significant inhibitory effect on
lacosamide in RLM, we performed in vivo drug interaction
experiments in the presence or absence of nisoldipine in rats,

A B
o OH
/o) 0O
H
CYP2C9/CYP2C19 N
H CYP3A4 H
lo) @)
Lacosamide O-Desmethyl-lacosamide
FIGURE 1

Chemical structures and biotransformation pathway of lacosamide (A) and O-Desmethyl-lacosamide (B).
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TABLE 1 Summary of methods for the measurement of lacosamide in the literatures.

Sample preparation Metabolite

Run time
(min)

Methodology

Rat plasma (100 pL) plus IS (10 pL) protein | O-desmethyl lamotrigine 2.0 UPLC-MS/MS 0.002 10 Our method
precipitation with acetonitrile lacosamide

Human plasma (25 uL) plus methanol O-desmethyl lacosamide- 6.5 LC-MS/MS 0.95 30.29 Payto et al.
precipitated solution (150 pL) containing IS | lacosamide 13C (2014)

(5 pg/mL)

Human plasma (500 uL) plus IS (25 pL) None moclobemide 7.0 GC-MS 2 100 Mouskeftara
extracted with ethyl acetate et al. (2020)
Human plasma (200 pL) plus IS (20 uL) None levetiracetam- 11.5 GC-MS 0.2 20 Nikolaou et al.
derivatized by silylation de (2015)

Human plasma (100 L) plus IS (25 uL) None AC-Phe- 25 HPLC-UV 0.5 12,5 Kestelyn et al.
protein precipitation with methanol Nhme (2011)

Rat plasma (200 uL) plus IS (10 pL) None nevirapine 17 HPLC 0.025 10 Shah et al. (2012)
extracted with ethyl acetate

Human plasma (50 uL) plus methanol None lacosamide- 0.2 SPE-MS/MS 0.5 50 Korman et al.
precipitated solution (200 pL) containing IS 13C (2015)

(1 pg/mL)

Rat plasma (50 pL) plus IS (100 uL) protein | None LCD001 4.5 LC-MS/MS 0.0003 1 Kim et al. (2012)
precipitation with acetonitrile

Rat plasma (50 pL) plus acetonitrile None midazolam 6.5 UPLC-MS/MS 0.5 5 Qiu et al. (2022)
precipitated solution (150 pL) containing IS

(50 ng/mL)

Human plasma (150 pL) plus IS (50 uL) None lacosamide- 2.2 UPLC-MS/MS 0.02 20 Bharwad et al.
protein precipitation with methanol and 13C (2020)
acetonitrile

and evaluated the changes of pharmacokinetic parameters of
lacosamide and ODL.

Materials and methods
Chemicals and reagents

Lacosamide (purity, 98%), lamotrigine (purity, 98%, used as
internal standard, IS), and ODL, were supplied from Beijing
Sunflower Technology Development Co., Ltd (Beijing, China).
Nisoldipine (purity, 99%), Lercanidipine (purity, 99%), Nitrendipine
(purity, 98%), Nimodipine (purity, 98%), Lacidipine (purity, 98%),
Felodipine (purity, 98%) and Nicardipine (purity, 98%) were
provided by Shanghai Canspec Scientific Instruments Co., Ltd.
(Shanghai, China). Acetonitrile (HPLC grade) and methanol (HPLC
grade), were produced by Merck Company (Darmstadt, Germany).
Ultra-pure water was prepared by a Milli-Q water purification system
manufactured by Milli-Q (Millipore, Bedford, USA). All other
chemicals and biologicals were of analytical grade or above.

Liquid chromatographic and mass
spectrometric conditions

A Waters UPLC-MS/MS System comprised of a Waters Xevo
TQ-S triple quadrupole tandem mass spectrometer (Milford, MA,
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USA) and a Waters Acquity UPLC I-Class system (Milford, MA,
USA) was used for chromatographic analysis using an Acquity BEH
C18 chromatography column (2.1 mm x 50 mm, 1.7 um) at a flow
rate of 0.40 mL/min. In addition, other conditions were set as
follows: injection volume of 6.0 pL, autosampler temperature of
10°C, column temperature of 40°C. 0.1% formic acid in water
(solution A) and acetonitrile (solution B) was used to form the
mobile phase with a gradient elution as below: 0-0.5 min, 90% A;
0.5-1.0 min 90%-10% A; 1.0-1.4 min, 10% A; and 1.4-1.5 min,
10%-90% A. 90% A was then maintained at 1.5-2.0 min to reach
equilibrium. The entire run time was 2.0 min.

A Waters Xevo TQ-S triple quadrupole tandem mass
spectrometer was combined with electrospray ionization (ESI) in
positive ion mode for mass spectrometry. Measurements were
The
quantitative ion pairs and related parameters of lacosamide, its
metabolite ODL, and IS are listed in Table 2. The Masslynx
4.1 software (Waters Corp, Milford, MA, USA) was used to
collect, process, and control the apparatus.

conducted by multiple reaction monitoring (MRM).

Rat liver microsomes

Six blank rat livers were weighed and homogenized with 0.01 mM
cold PBS buffer containing 0.25 mM sucrose solution (stored at 4°C).
For 15 min, the homogenate was centrifuged at 11,000 rpm. After that,
discard the precipitation, and the supernatant was transferred to a fresh
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TABLE 2 The Quantitative lon Pairs and Related Parameters of lacosamide, Its Metabolite ODL, and IS.

Compound Parent (m/z) Daughter (m/z) Cone (V) Collision (eV)
Lacosamide 251.1 108.2 20 25
ODL 237.1 108.2 20 10
I 256.0 145.0 10 20

tube and centrifuged once again for 15 min at 11,000 rpm. Supernatant
was then spun at 100,000 xg for 1h. Finally, the supernatant was
discarded and the microsomal microspheres were frozen in a 0.01 mM
PBS suspension and kept at —80°C. The Bradford Protein Assay Kit
(Thermo Scientific, Waltham, MA, USA) was used to measure the
protein concentration (Wang et al., 2015).

Preparation of standard curve and quality
control (QC) samples

A certain amount of lacosamide was accurately weighed, and
diluent (methanol) was added into the EP tube to dissolve. After
shaking, 1.00 mg/mL lacosamide reserve solution was obtained. A
series of standard working solutions with concentration gradients of
20, 100, 500, 1,000, 5,000, 10,000, 50,000 and 100,000 ng/mL were
obtained by dilution with methanol. According to the same method,
ODL were prepared and a series of concentration gradients were
obtained: 10, 20, 50, 100, 500, 1,000, 5,000 and 10,000 ng/mL. From
the prepared standard working solution, 10 uL lacosamide and 10 pL
ODL were added to 80 uL blank matrix to prepare calibration standards
with concentrations of 2, 10, 50, 100, 500, 1,000, 5,000 and 10,000 ng/
mL for lacosamide, and 1, 2, 5, 10, 50, 100, 500 and 1,000 ng/mL for
ODL, and these standard curves were determined. Lower limit of
quantification (LLOQ) and three Quality Control (QC) samples
were obtained by the same method. The LLOQ of lacosamide and
ODL were 2ng/mL and 1ng/mL, respectively, and the three QC
samples of lacosamide and ODL were 5, 4,000 and 8,000 ng/mL,
and 2, 400 and 800 ng/mL, respectively. All chemicals and solutions
were stored at - 80°C for further use.

Calibration curves (80-40000 ng/mL) in RLM were established
by preparing calibration products according to the above method.
The three QC concentrations were 200, 16,000 and 32,000 ng/mL,
respectively, and the LLOQ was 80 ng/mL.

Pre-treatment of samples

Protein precipitation was used to remove proteins from plasma
and extract the test materials. 100 uL plasma sample was mixed with
10 uL IS working solution (1 pg/mL) and 300 uL acetonitrile, and
centrifuged at 13,000 rpm for 10 min at 4 °C. The supernatant was
obtained and aspirated into a sample bottle. Finally, 6.0 pL of sample
was injected for analysis.

Method validation

The parameters of this test, which was conducted according to
with the FDA bioassay, included selectivity, calibration curve,
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LLOQ, accuracy and precision, matrix effect, recovery, and
stability (US Food and Drug Administration, 2018).

Different batches of matrix-match samples were treated to
examine the selectivity of the UPLC-MS/MS method. Analysis of
blank matrix samples (neither analyte nor IS), and real sample is
done to determine whether endogenous chemicals interfere with the
retentions of the analytes and IS.

The concentrations of lacosamide and ODL in matrix were
taken as the horizontal coordinate, and the ratio of the two to the IS
peak area was taken as the vertical coordinate. The weighted least
square method was used to perform regression operations, and the
calibration curves of lacosamide and ODL were obtained
respectively. LLOQ is the minimum concentration of the
calibration curve and should be accurate and precise in the range
of £20%.

To achieve inter-day and intra-day precision and accuracy, QC
samples were analyzed in five batches over three consecutive days.
Separate calibration is performed on each verification day. Relative
standard deviation (RSD%) is used to indicate accuracy, and relative
error (RE%) is used to indicate accuracy. Accuracy of £15% or less,
precision of 15% or less is considered acceptable.

Lacosamide and ODL standard solutions were added to the
treated various blank matrices to prepare three QC concentrations.
The peak areas obtained were compared with those obtained from
three QC levels of pure standard solutions, that is, matrix effect. The
recovery was obtained by comparing the peak area before extraction
of lacosamide and ODL with the peak area after extraction at the
three QC levels.

Three concentrations of QC matrix-match samples were placed
in various conditions to test the stability of lacosamide and ODL for
short-term, long-term, three freeze-thaw cycles, and at autosampler.
Sample storage at room temperature for at least 3 h was used to test
the short-term stability. After 21 days of storage at —80°C, samples
were tested to establish their long-term stability. By assessing the
stability of three freeze-thaw cycles from freezing (~80°C) to thawing
(room temperature) three times, the stability of the samples was
assessed. Additionally, the stability of the produced samples was
assessed after 4 h of storage in an autosampler at 10°C.

Enzyme reaction of lacosamide using RLM

The range of 20-2000 uM of lacosamide had been dissolved in
DMSO to comply with the K,, (Michaelis-Menten constant)
sequence concentrations. Incubation system of 200 pL was made
up of 100 mM of PBS buffer, 0.2 mg/mL of RLM, 1 mM of NADPH,
and 20-2000 uM of lacosamide. In addition to NADPH, the solution
was mixed and pre-incubated at 37°C for 5 min prior to the addition
of 1 mM NADPH, followed by incubation for 50 min and placed at -
80°C to discontinue the reaction. After complete completion of the
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FIGURE 2

Blank rat plasma samples (A): no analyte, no IS). Typical MRM chromatograms of lacosamide, O-Desmethyl-lacosamide and lamotrigine (IS) in rat

plasma (B).

enzyme reaction, the mixture was added 10 pL of 200 ng/mL IS
solution and 300 pL of acetonitrile (protein precipitant). The
then
13,000 rpm for an additional 10 min, and the supernatant of

mixture was swirled for 2min and centrifuged at
100 puL was placed in an injector for the quantification by UPLC-
MS/MS.

Effect of cardiovascular drugs on the
metabolism of lacosamide in RLM

In the RLM incubation system, the K, of lacosamide was
1,016 uyM. In order to investigate the potential DDIs of
lacosamide, the 200 uL system remained unchanged, and using
K., as the concentration of lacosamide in the RLM system,
7 cardiovascular drugs (nitrendipine, lercanidipine,
nisoldipine, lacidipine, felodipine, nimodipine, nicardipine,
100 uM  of each drug as the inhibitor) were tested for
inhibition on the metabolism of lacosamide. The following
reaction procedure was identical to the above-mentioned
enzyme reaction. The experiment had to be redone with an

inhibition rate of 80% or higher.
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The half maximal inhibitory concentration (ICs() of inhibitors
(nisoldipine, lacidipine, felodipine, nimodipine, nicardipine) against
lacosamide was determined in RLM. The cardiovascular drugs was
dissolved in DMSO and diluted with DMSO at a concentration
gradient of the ICs, was 0, 0.01, 0.1, 1, 10, 25, 50 and 100 M, and the
concentration of lacosamide was 1,016 uM in RLM. The subsequent
processing steps were the same as above to obtain the IC5, values of
inhibitors in RLM. To identify the mechanisms underlying the
inhibitory effect of nisoldipine on lacosamide, 0, 1.7, 3.4 and
6.8 UM of nisoldipine (based on the ICs, value), and 254, 508,
1,016, and 2032 uM of lacosamide (according to the K, value) in the
RLM system, were selected. The subsequent reaction and treatment
process were the same as the described above.

In vivo pharmacokinetic study

18 Sprague-Dawley (SD) male rats (200 + 10 g) were bought
from the Animal Experimental Center of the First Affiliated
Hospital of Wenzhou Medical University and were randomly
assigned to three groups (n = 6): group A (control group) and
group B, C (experimental group). The animals fasted for 12h
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TABLE 3 Evaluation of the Intra-Day and Inter-Day Precision and Accuracy by the Proposed UPLC-MS/MS Method for Determination of lacosamide and ODL in
various matrices (n = 5).

Matrix Analytes  Concentration (ng/mL)  Intra-Day Inter-Day

Precision (RSD %) Precision (RSD %)

Accuracy (RE %)

Accuracy (RE %)

Plasma Lacosamide | 2 19.9 -35 18.7 7.6
5 24 -1.0 32 2.5
4,000 4.8 11.2 3.6 11.5
8,000 33 -3.4 2.9 3.6
ODL 1 10.7 -0.9 8.9 3.1
2 9.2 2.0 6.9 0.1
400 2.6 2.0 3.7 0.7
800 6.4 5.5 53 5.0
RLM ODL 80 123 0.0 11.6 3.0
200 4.5 35 6.0 5.0
16,000 3.7 55 7.6 11.8
32,000 6.7 2.5 6.4 4.3

TABLE 4 Matrix effect and recovery rate of lacosamide and ODL in various matrices (n = 5).

Analytes Concentration (ng/mL) Recovery rate (%) Matrix effect (%)
Mean + SD RSD% Mean + SD RSD%
Plasma Lacosamide 5 104.8 + 12.9 12.3 111.6 + 4.5 4.0
4,000 1104 + 3.7 33 89.8 + 5.8 6.5
8,000 99.0 + 7.9 8.0 92.8 +7.7 8.3
ODL 2 92.5 + 4.6 5.0 96.0 + 3.6 3.8
400 89.9 5.0 5.6 957 + 6.8 7.1
800 1023 £ 3.6 3.6 1125 + 2.6 23
RLM ODL 200 102.8 + 5.6 5.4 99.6 + 11.8 119
16,000 99.4 + 4.6 4.6 109.2 + 6.9 63
32,000 1049 + 8.2 7.8 1053 + 4.3 4.1

before the experiment, with no restricted water intake. Data analysis

Lacosamide, felodipine, and nisoldipine were prepared with

suspension of 0.5% sodium carboxymethyl cellulose (CMC-Na)
solution and administered orally. Groups B and C were given
felodipine (1 mg/kg), and nisoldipine (1 mg/kg) by gavage,
respectively, and the same amount of CMC-Na solution was
administered to group A. After 30 min, all rats were received
10 mg/kg of lacosamide by gavage. Tail venous blood was collected
at 0.333,0.667, 1, 1.5, 2, 3, 4, 6, 8, 12, 24 and 48 h after dosing. The
blood sample (0.3 mL) was centrifuged at 8,000 rpm for 5 min
100 pL of plasma was obtained and frozen at - 80°C for further
processing. The subsequent treatment was carried out according to
the chapter of Pre-treatment of samples.

Frontiers in Pharmacology

The GraphPad Prism 9.0 software was used to generate the
Km, ICsg, the Lineweaver-Burk plot, and the mean plasma
concentration-time curve. Drug and Statistics (DAS) software
(version 3.0 software, Mathematical Pharmacology Professional
Committee of China, Shanghai, China) with non-compartment
model analyses was used to obtain the pharmacokinetic
parameters of lacosamide and ODL in rats. The comparison of
the pharmacokinetic parameters among three groups in rats was
performed with SPSS (version 26.0; SPSS Inc., Chicago, IL, USA),
with one-way ANOVA, and the p-value <0.05 was regarded as
statistically significant.
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TABLE 5 Stability Results of lacosamide and ODL in various matrices Under Different Conditions (n = 5).

Matrix Room

Analytes

Concentration (ng/mL)

temperature (3 h)

10°C (4 h) Three freeze-thaw 21 days

RSD (%) RE (%) RSD (%) RSD (%) RE (%) RSD (%)
Plasma Lacosamide 5 24 10.0 9.5 -1.7 4.0 7.3 12.7 1.0
4,000 39 5.8 2.6 12.7 34 1.5 1.0 —4.6
8,000 0.7 -10.4 4.7 -1.9 22 -14.4 15 -2.4
ODL 2 34 4.4 5.8 -0.3 12.3 -1.6 5.0 9.3
400 4.1 0.0 2.3 -7.4 4.6 1.6 2.5 -5.1
800 44 0.6 2.8 -7.4 29 4.1 5.8 0.0
RLM ODL 200 9.5 -4.3 52 9.9 4.8 -10.4 10.9 -9.7
16,000 29 -0.2 32 10.4 2.8 -0.9 35 1.1
32,000 1.6 1.9 7.3 2.6 3.4 -1.0 22 39
RLM 120
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FIGURE 3

Michaelis—Menten kinetics of lacosamide in RLM.

Results
Method validation

The method for the quantification of lacosamide and ODL had
been successfully established, as illustrated in Figure 2, with no
interference peaks. In this study, the regression equation of
calibration standard curve was constructed as follows:
lacosamide, y= (0.000764*x + 0.001259, r* = 0.996); ODL in
plasma, y= (0.005327*x + 0.003107, #* = 0.999); ODL in RLM,
y= (0.004099*x + 0.000403, * = 0.998). The calibration standard
curves illustrated excellent linearity at a concentration range of
2-10000 ng/mL for lacosamide and that of 1-1,000 ng/mL for ODL
in plasma, also 80-40000 ng/mL for ODL in RLM.

Four concentration levels of each analyte have been employed to
measure the precision and accuracy. Lacosamide and ODL have
intra-day and inter-day precision of less than 15% and accuracy
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FIGURE 4
Comparison of the inhibitory effects of 7 cardiovascular drugs on
lacosamide in RLM.

of £15% at three QC levels. As for LLOQ, the precision was below
20% and the accuracy was within +20%. All the results in various
matrices are presented in Table 3.

Three QC levels were used to study the recovery and matrix
effects. As shown in Table 4, the recovery rates of lacosamide and
ODL in rat plasma ranged from 99.0% to 110.4% and 89.9%-
102.3%, respectively. The matrix effect of lacosamide and ODL
were calculated to be within the acceptable range (89.8%-111.6%
and 95.7%-112.5%). The recovery and matrix effect in RLM also met
the requirements of the guidelines on bioanalytical method
matrix effect had little influence on the
ionization of the analytes, nor did it influence the precision of
UPLC-MS/MS optimization.

The stability of lacosamide and ODL in various matrices was

validation. Thus,

determined by the stability test, and were expressed in Table 5.
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ICs0 curves of 5 cardiovascular drugs on lacosamide metabolism in RLM. Nisoldipine (A), Felodipine (B), Lacidipine (C), Nimodipine (D),

Nicardipine (E).

The results showed that lacosamide and ODL in matrix-match
samples were stable after analysis under four different conditions:
room temperature for 3 h, 10°C for 4 h, three complete freezing
(—80°C)/thawing (RT) cycles, or storage at —80°C for 21 days. The
stability test results were in the range of error (+15%).

Screening drugs with potential interactions
in combination with lacosamide

The K, value for lacosamide was determined by non-linear
regression of the rate of reaction to the concentration of the
substrate (Figure 3). The K, values of lacosamide was 1,016 pM
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in RLM. In this study, 7 cardiovascular drugs that may be used in
combination with lacosamide were selected, and it was found that
5 drugs (nisoldipine, felodipine, lacidipine, nimodipine, and
nicardipine) with inhibition rates greater than 80% were
screened out (Figure 4).

Effect of nisoldipine on the enzyme kinetics
of lacosamide in vitro

The ICso curves of 5 cardiovascular drugs on lacosamide
metabolism in RLM are displayed in Figure 5. The assessment of
inhibition revealed that nisoldipine, felodipine, lacidipine,
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nimodipine, and nicardipine could significantly decrease the
concentration of ODL (ICs, were 3.412, 1.518, 2.685,
2.580 and 2.876 uM, respectively). The IC5, was below 10 uM,
suggesting a modest inhibition of the metabolism of lacosamide
in vitro. The inhibitory mechanisms of nisoldipine on lacosamide
in RLM were further investigated, and it inhibited the
metabolism of lacosamide with a Ki of 2.886 and aKi of 2.941,
by a mixed inhibition mechanism, involving un-competitive as
well as non-competitive inhibition, in accordance with the
Lineweaver-Burk plots (Figure 6).
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Effect of nisoldipine on the
pharmacokinetics of lacosamide in vivo

The average concentration-time curves of lacosamide and
ODL in rats are shown in Figure 7; Tables 6, 7 show the main
pharmacokinetic results obtained from non-compartment model
analyses in rats with or without nisoldipine. The results indicated
that the combination of nisoldipine and lacosamide was the most
effective. The AUC g 1), AUC(g.0) and Cp,ay 0of lacosamide were
significantly increased when nisoldipine was administered in
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TABLE 6 The Pharmacokinetic Parameters of Lacosamide in the Presence and Absence of nisoldipine (n = 6).

Parameters

AUC(.yy (ng/mL*h)

Lacosamide

18,734.31 + 4,192.44

Lacosamide + nisoldipine

31,364.27 + 3251.79**

AUC(q 0 (ng/mL*h)

18,742.60 + 4,200.86

31,367.45 + 3255.93***

MRT g (h) 6.54 + 231 5.07 + 0.92
MRT 000 (h) 7.01 + 3.14 511 +0.92
t1/2, (h) 3.49 +1.03 326 +0.71
Tonax (h) 2.08 + 0.49 1.42 + 0.38*
CLyr: (L/h/kg) 0.60 + 0.13 032 + 0.00*
Vi (L/kg) 272 + 058 1.49 + 0.19%*

Crax (ng/mL) 3164.24 + 1,070.20

5,297.66 + 466.35°*

AUCG, area under the plasma concentration-time curve, t,/,, elimination half time, Ty, peak time, CL,/r plasma clearance, C,,x maximum blood concentration *p < 0.05, **p < 0.01, ***p <

0.001, compared with the group A.

TABLE 7 The Pharmacokinetic Parameters of ODL in the Presence and Absence of nisoldipine (n = 6).

Parameters Lacosamide

AUC(y.yy (ng/mL*h) 3422.11 + 1,059.19

AUC(q o0 (ng/mL*h) 3423.38 + 1,061.55

Lacosamide + nisoldipine
5,482.80 + 807.91*

5,495.81 + 817.99**

MRT gy (h) 6.01 + 0.64 530 + 0.39*
MRT .00 (h) 628 + 0.74 544 + 0.40*
ty/2, (h) 326 + 054 311+ 021
Tonax (h) 350 + 0.55 2.83 +0.75
CL,/ (L/h/kg) 311+ 077 1.86 + 0.32%
Vi (L/kg) 14.99 + 5.04 838 + 1.71*

558.05 + 220.49

Cinax (ng/mL)

829.00 + 128.67*

AUC, area under the plasma concentration-time curve, t;/, elimination half time, Ty, peak time, CL,/r plasma clearance, C,,,x maximum blood concentration *p < 0.05, **p < 0.01, compared

with the group A.

combination with lacosamide in rats, while CL,g, T,y and, Vg
were significantly decreased. And, there was no significant
change in MRT(., MRT(.o) and typ,. These results
suggested that nisoldipine could increase the plasma exposure
of lacosamide in SD rats, demonstrating that nisoldipine might
be a potential interaction drug with lacosamide. With respect to
ODL, the AUC(g.1), AUC(p.c0) and Cyax increased significantly,
the MRT (g1, MRT(¢.c0)> CL,/r and Vi decreased significantly,
and t/,, and T, had no significant difference when nisoldipine
was administered. As for felodipine, it did not change the
exposure of lacosamide and ODL in rats.

Discussion

People with epilepsy often have complications or underlying
conditions that may be combined with cardiovascular medications
(Cawello, 2015). Depending on the drug’s dose as well as its specific
metabolic path, DDIs may result in negative reactions to drugs.

Frontiers in Pharmacology

Lacosamide is metabolized by multiple cytochrome P450 enzymes,
including CYP3A4, CYP2C9, and CYP2C19, producing the primary
inactive O-demethylated metabolite.

To better analyze lacosamide, ODL, and IS and produce more
precise analytical results, the MS settings were improved in this
experiment. Lacosamide, ODL, and IS have good peak and
separation effects following the optimized gradient -elution
process with 0.1% formic acid in water and acetonitrile as mobile
phase, and the retention time is 1.18 min, 1.12 min and 1.14 min,
respectively. The quantitative fragment ions of lacosamide, ODL and
IS were m/z 251.1—108.2,m/z 237.1—108.2 and m/z 256.0—145.0,
respectively. Samples need to be processed before UPLC-MS/MS
detection, and we used acetonitrile one-step precipitation extraction
to reduce interference from endogenous substances, especially
proteins, and to obtain permitted recovery and matrix effects.

Many cardiovascular drugs are substrates for CYP3A4,
CYP2C19, and CYP2C9, or inhibitors of these enzymes (Yuan
et al, 2014; Zhou et al, 2014; Fuhr et al, 2022). In this study,
after screening 7 potential cardiovascular drugs before the in vivo
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study, 5 drugs with higher inhibitory rates were selected for their
ICso values, all of which were less than 10 M, and 2 drugs
(felodipine, and nisoldipine) were selected for in vivo
pharmacokinetic experiments in rats. All two cardiovascular
drugs are calcium channel blockers that are widely used in the
treatment of cardiovascular disease and are clinically approved for
the treatment of hypertension (Wei et al., 2012; Wu et al., 2015).

As far as we know, nisoldipine is a substrate of CYP3A4, but its
inhibitory effect on CYP450 has not been reported. In this study, we
firstly studied the inhibitory mechanism of nisoldipine on
lacosamide in RLM through the production of ODL in vitro. The
results showed that nisoldipine could significantly inhibit the
formation of ODL and
lacosamide, and its inhibitory effect occurred through a mixed

inhibitory mechanism (non-competitive inhibition and un-

showed moderate inhibition on

competitive inhibition). These results suggested that nisoldipine
may exhibit mixed inhibition through multiple pathways.

Previously reported t/5,, CL,r and V,r of lacosamide alone in
rats were similar to those in our study, with slight differences in C.x
and Tyae such differences may have resulted from individual
variances between rats. The values of AUCy, and MRT . are
roughly half of those in this study, which are 9270.3 + 3231.7 ng/
mL*h and 3.6 + 0.5 h respectively (Qiu et al., 2022), while the values
of these two parameters in this experiment are 18,734.3 + 4,192.4 ng/
mL*h and 6.54 + 2.31 h respectively. The reason may be that the oral
dose in the literature (5 mg/kg) is half of the dose in this experiment
(10 mg/kg). The pharmacokinetic parameters of ODL in rats have
not been reported despite in healthy subjects, where the previously
reported value of Cp,, (0.459 ug/mL) in healthy subjects was
consistent with our study of Cp. (558.0 + 220.5ng/mL)
(Cawello et al., 2014).

The results of pharmacokinetic experiments in rats showed that
in the present of nisoldipine, AUC and C,,, were increased
significantly, and CL,r were decreased by about 50%, so the
metabolism of lacosamide were slowed down and/or drug
absorption were increased. Nisoldipine had no significant effect
on the final t;,, of lacosamide, indicating that nisoldipine had a
moderate effect on lacosamide clearance, and the effect on the final
t1/2, was not as significant as that on AUC. The AUC, C,,,, and CL,,
r values for ODL were consistent with the prototype in the presence
of nisoldipine, according to the pharmacokinetic data of the
metabolite. This result could be explained by lacosamide’s higher
bioavailability in the presence of nisoldipine, which suggests that
greater amounts of lacosamide has the potential to be transformed
into ODL. However, in vivo studies in rats cannot properly predict
the situation in people since the role of the CYP450 enzymes for
substrate metabolism in humans and rats differ, and additional
research is required to confirm this in clinical investigations.

Conclusion

All in all, this study assessed the impact of DDIs on the
metabolism of lacosamide. Through sample pre-treatment and
complete methodology verification, the method was characterized
by simple operation, high recovery, high sensitivity and specificity.
When co-administered with lacosamide in rats, nisoldipine could
alter lacosamide

significantly and ODL pharmacokinetic
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we found that the inhibition of

nisoldipine on lacosamide was consistent in vivo and in vitro.

parameters. In addition,
Due to the wide range of clinical applications of lacosamide and
nisoldipine, we could provide basis for the appropriate and rational
combination of lacosamide and nisoldipine, offer evidence for the
joint development of antiepileptic drugs and cardiovascular drugs,
and furnish support for personalized clinical medication.
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Background: Ciprofol, a novel sedative—hypnotic drug, has been approved for its
use in inducing and maintaining general anesthesia, as well as for providing sedation.

Methods: In this phase |, single-center, parallel, controlled, open-label clinical trial,
our objective was to analyze the pharmacokinetics (PK), pharmacodynamics (PD),
and safety of ciprofol emulsion in 24 participants with mild and moderate renal
impairment (n = 8 per group) and matched healthy participants (n = 8). An initial
loading infusion of ciprofol was administered at 0.4 mg/kg for 1 min, followed by a
maintenance infusion at a rate of 0.4 mg/kg/h for 30 min. We collected plasma and
urine samples from the participants to assess the PK of ciprofol and its metabolite
M4. The evaluation of PD involved using a modified observer's alertness/sedation
scale (MOAA/S) in combination with bispectral index (BIS) monitoring. Safety
assessments were conducted throughout the trial process.

Results: The plasma concentration—-time curve of ciprofol in participants with
renal impairment was similar to that in participants with normal kidney function.
The area under the curve (AUC) and maximum concentration (C,,,.,) of total and
unbound ciprofol in plasma for participants with renal impairment were only
slightly higher (0.7-1.2-fold) than those in participants with normal renal function.
In contrast, for the metabolite M4, AUC values were 1.3- and 2.1-fold greater in
participants with mild and moderate renal impairment, respectively, than in
healthy controls. However, renal impairment had no significant impact on the
PD parameters. The study found that ciprofol was well-tolerated, with all adverse
events (AEs) reported being mild or moderate in severity.

Conclusion: Based on these findings, we can conclude that no dosage adjustment
of ciprofol is necessary for patients with mild—moderate renal impairment who
receive the injection.

Clinical Trial Registration: https://clinicaltrials.gov, identifier NCT04142970.
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1 Introduction

Ciprofol (HSK3486) is a sedative—hypnotic compound approved
in 2020 for use in inducing and maintaining sedation, as well as
providing general anesthesia. The primary mechanism of action of
ciprofol is to enhance the activity of the ion channel mediated by
gamma-aminobutyric acid type A (GABA ) receptors, resulting in
an influx of chloride ions (Qin et al., 2017). This leads to suppression
of the central nervous system. This channel is also the primary target
of propofol, a commonly used intravenous anesthetic with rapid
onset and a short duration of action (Sahinovic et al., 2018).
However, propofol has limitations, including injection pain,
hemodynamic issues, and the risk of a potentially fatal condition
known as propofol infusion syndrome (PIS) (Mahmoud and Mason,
2018). To these
pharmacological and physicochemical properties of drug-receptor

address limitations and improve the
binding, propofol was optimized into ciprofol by incorporating a
cyclopropyl group (Qin et al., 2017). Ciprofol has been shown to be
highly effective, causing significant reductions in pain and improved
hemodynamic stability (Qin et al., 2017; Li et al,, 2022; Liu et al,,
2022; Wang et al., 2022).

Ciprofol exhibits wide tissue distribution, with approximately
95% of the drug binding to plasma proteins (Lu et al., 2023). It is
primarily  metabolized in the liver by phase II
glucuronosyltransferases (UGTs), and UGTI1A9 is the main
enzyme responsible for converting ciprofol into its major
metabolite, M4. Subsequently, M4 is excreted through the renal
route (84.59%) (Bian et al., 2021). The M4 metabolite does not
exhibit any toxic or hypnotic properties, and it may not be necessary
to evaluate the function of the kidney in removing this metabolite
(Bian et al., 2021). It is well-established that renal impairment can
have a notable effect on the renal excretion of drugs, as well as their
metabolism and transport in the kidney, liver, and intestine.
Additionally, it can impact the protein binding of drugs, resulting
in substantial changes in both pharmacokinetics (PK) and
pharmacodynamics (PD) (Boucher et al., 2006; Dixon et al,
2014; Celestin and Musteata, 2021). Thus, regulatory agencies
recommend that studies be conducted to evaluate the potential
effects of renal impairment on the PK and PD of any drug that may
be used in patients with renal impairment, even if the kidneys are not
primarily the elimination route for small molecules of drugs or their
active metabolites (European Medicines Agency, 2015; U.S. Food
and Drug Administration, 2020). Previous investigations have
explored the PK, PD, and safety of ciprofol in a few special
populations, including patients with hepatic impairment, the
elderly (ages 65-73) vs. younger adults (ages 21-44), and male
vs. female subgroups (Li et al., 2021; Teng et al, 2021; Hu et al,
2022). However, there were limited data to determine whether dose
adjustment of ciprofol is necessary in patients with renal
impairment.

In the current study, our objectives were to explore the PK
profiles of total ciprofol, unbound ciprofol, and its major
metabolite M4 and to evaluate the PD of ciprofol and its
safety profile in patients with mild-to-moderate renal
impairment, as well as in healthy controls. These results may
provide essential information for recommending appropriate
dosage adjustments of ciprofol for patients with varying stages

of renal impairment.
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2 Materials and methods
2.1 Subjects

The study, conducted at the First Affiliated Hospital of
Zhengzhou University in China between November 2019 and
August 2020, received approval from an independent Ethics
Committee. All participants provided written informed consent.
This clinical trial (NCT04142970, principal investigator: Zhangsuo
Liu, date of registration: October 2019, https://clinicaltrials.gov/)
adhered to ethical guidelines, such as the Declaration of Helsinki
principles and Good Clinical Practice rules.

Participants eligible for the trial were males and females aged
between 18 and 65, with a body weight >45kg and a body mass
index (BMI) ranging from 18 to 28 kg/m”. Exclusion criteria included
individuals with any clinically significant medical conditions (except for
renal impairment or its underlying causes); medical instability;
including psychiatric or neurological disorders; cardiovascular,
endocrine, pulmonary, hepatic, gastrointestinal, or metabolic
illnesses; or any other condition that could interfere with the
assessment of the PK of the investigational drug or the completion
of the trial. Potential participants underwent a pre-study screening,
which involved reviewing their medical history, physical examinations,
a 12-lead ECG, and monitoring of vital signs (blood pressure, oxygen
saturation, and respiratory and cardiac rates). Laboratory examinations,
including coagulation, hematology, clinical chemistry, and urinalysis,

were conducted 14 days prior to the study.

2.2 Study design and procedures

In this phase I, single-center, parallel, controlled, open-label
clinical trial, the participants were admitted to the clinic the day
before receiving medication. They fasted for at least 8 h and
abstained from drinking water for at least 2h prior to drug
administration. On the subsequent morning, the participants
were administered a 0.4 mg/kg dose of ciprofol as a 1-min bolus,
followed by a continuous infusion of 0.4 mg/kg/h for 30 min using a
pump in a fully equipped operating room. To calculate the rate of
ciprofol administration, the following formulas were used: dosing
rate of the loading dose (mL/h) = 0.4 mg/kg x subject’s baseline
weight (kg) + 2.5 mg/mL x 60 h™' and administration rate of the
maintenance dose (mL/h) = 0.4 mg/kg/h x baseline weight (kg) +
2.5 mg/mL. The degree of anesthesia or sedation experienced by
participants was evaluated using two methods: the modified
observer’s alertness/sedation scale (MOAA/S) and bispectral
index (BIS) monitoring. Vital signs, electrocardiograms, and
other indicators were monitored using an electrocardiogram
monitor. These observations continued until the participants
were fully awakened and achieved an MOAA/S score of 5 for
three consecutive assessments. MOAA/S scores (Yamada et al,
2022) (Supplementary Table S1) were evaluated at various time
points, including 5 min before drug administration, 1 min after the
start of the loading dose, every 5min during the continuous
maintenance infusion, and every 2min until the end of the
infusion. BIS values were recorded 5 min before and 60 min after
drug administration. Each subject received 100% oxygen via a mask
until they were fully awake. Food and water were provided to the
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participants after they had fully awakened following medication
administration.

Arterial blood samples (3 mL in volume) were collected at
specific time intervals, including 30 min before administration;
1 min after the completion of the loading infusion; and at 5, 10,
20, and 30 min after the start of the maintenance infusion, as well as
at 1,2, 4,8, 15,30 min, and 1 h after the end of the infusion. Venous
blood samples (3 mL in volume) were collected at 2, 3, 4, 6, 8, 12, 24,
and 48 h after drug administration. In addition, each 5 mL of arterial
blood was sampled to estimate the protein binding rate, 1 min after
the start of administration and 1 min after the end of the infusion.
Blood samples were collected in K,EDTA-containing tubes and
centrifuged for 10 min at 4°C and 1,700 x g, and the plasma was
separated and stored at-80°C.

Urine samples were collected over a 24-h period before ciprofol
administration and at specific time intervals after administration:
0-4, 4-8, 8-12, 12-24, and 24-48 h. The urine samples (3 mL) were
aliquoted into polypropylene tubes and cryopreserved at —80°C for
future analysis.

Once the final PK samples were collected and safety evaluations
were completed, the participants were allowed to leave the clinical
site on the third day.

2.3 Assay of ciprofol and M4

The concentrations of ciprofol and its metabolite M4 in plasma,
as well as the concentration of M4 in urine, were evaluated using
established high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) techniques. The analytical instrument
used for the analysis was an LC-30 AD system (Shimadzu), coupled to
a Triple Quad 6500* mass spectrometer and Analyst™ 1.6.3 software
(both AB Sciex). Protein precipitation was performed as a pretreatment
step for human plasma and urine samples. To monitor ciprofol and
M4, multi-reaction monitoring was performed in negative mode. The
compound HSK23287 served as the internal standard for assessing
ciprofol, while nimesulide was used as the internal standard for M4. A
quadratic regression analysis was conducted to determine the best-fit
line for the calibration standards, with a weighing factor set to 1/x* The
linear range of ciprofol and M4 in plasma was 5-5,000 ng/mL, and in
urine, it was 10-10,000 ng/mL.

2.4 Pharmacokinetic and pharmacodynamic
analyses

PK parameters were computed using a noncompartmental
approach with the Phoenix WinNonlin 8.3.1 (Certara, L.P.,
United States). The
concentration (Cp,,) was directly obtained from the plasma

Princeton, NJ, maximum  plasma
concentration-time plot. The peak time (T,,.x) was defined as
the time at which C,,,, was obtained. The area under the plasma
concentration-time curve (AUC) from 0 to t (AUC,,) was
computed using the linear trapezoidal rule. AUC,r was
calculated as follows: AUCy. i, = AUCy.; + C/k,, where C; is
the final determined concentration and k. is estimated by linear
regression of the log-linear part of the plasma concentration-time
curve. The terminal elimination half-life (t,,,) was calculated as
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In2/ke, the total clearance (CL) as Dose/AUC i, and the
as Dose/(AUCq.ine* ko).
binding (PB) was measured with equilibrium dialysis. For each

distribution volume (Vy4) Protein
participant, the protein binding was calculated as the average
following the loading infusion and 1 min after the infusion was
discontinued. The fraction unbound (Fu) was calculated as follows:
Fu (%) = 100%—PB (%). Unbound concentration was estimated
using the measured total concentration at each time point
multiplied by Fu, assumed to be constant. The unbound
Cinax (Ciax,u) of ciprofol was calculated as C,,x x Fu(%), and
unbound AUC ¢ (AUCy inf,) Of ciprofol was calculated using the
linear trapezoidal rule, as previously described, from the unbound
ciprofol concentrations.

The PK parameters of urine were as follows: cumulative excretion
(Aeg_4g) and renal clearance (CLy) of M4. Aey_453 was determined by
summing the quantity of M4 excreted in urine between 0 and 48 h
following dosing. CLg was computed as Aeg 45/AUC ;.

PD parameters were calculated using Adopt SAS" 9.4 (SAS
Institute, Cary, North Carolina, United States). The PD parameters
included the following: minimum BIS value (BIS;c), the time to
reach BIS,cak (Tpispeak)s and BIS AUC.,.

2.5 Safety

For safety assessment, the alterations in vital signs, ECG signals,
laboratory findings, physical examinations, and assessments of
injection pain were surveilled. Particular attention was given to
adverse reactions associated with sedation, such as bradycardia,
apnea, hypoxia, and hypotension.

2.6 Statistics analysis

Continuous variables were expressed as medians (maximum
and minimum) or means (standard deviations). Adopt SAS® 9.4
(SAS Institute, Cary, North Carolina, United States) was used to
statistically assess the PK and PD data. The impact of renal
impairment versus the control group was investigated using
analysis of variance (ANOVA), which included renal function as
a fixed effect, and the corresponding 90% confidence intervals (CIs)
around the geometric least-squares mean (GLSM) ratio of Cay
AUC.inp Cinax,us and AUC g, were calculated. Multiple regression
analysis was conducted to assess the correlation between clinical
variables (age, sex, weight, and eGFR) and PK parameters (Cax
AUCq_inp CL, Criax.ws AUCq.infu» CLy, and CLg). The correlation was
determined by multiple regression analysis, using PK parameters as
the dependent variable and clinical variables as independent
variables.

3 Results
3.1 Subject demographics
A total of 24 participants with varying degrees of renal function,

ie, mildly impaired function (eGFR: 60-89 mL/min/1.73 m®),
moderately impaired function (eGFR: 30-59 mL/min/1.73 m®),
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and normal kidney function (eGFR: 290 mL/min/1.73 m?) (n = 8 for
each group), were enrolled in the study (Figure 1). The
categorization of renal function was established by assessing the
filtration (eGFR) the
modification of diet in renal disease (MDRD) equation (Levey
et al., 2006): eGFR (mL/min/1.73 m?) = 175 x (Scr, std)™*** x
(age) ' x (0.79 for females). The demographic attributes of the
normal control participants closely resembled those of the

estimated  glomerular rate through

participants with renal impairment (Table 1).

3.2 Pharmacokinetics

The mean plasma concentration-time graphs of ciprofol and its
metabolite M4 are shown in Figure 2. In Figure 2A, it is evident that the
plasma concentration-time curve of ciprofol is similar across the three
groups. The C,,,, of ciprofol was achieved 1 min after administration.
Following the cessation of administration, the plasma concentration of
ciprofol measured 352 ng/mL in the mild renal impairment group,
314 ng/mL in the moderate renal impairment group, and 297 ng/mL in
the normal kidney function control group. The concentration of

Maintenance dose:
Lv 0.4 mg/kg/h (30 min)

Loading dose:
Lv 0.4 mg/kg (1 min)

10.3389/fphar.2023.1260599

ciprofol in plasma decreased to the lowest limit of quantitation
(5 ng/mL) approximately 8-12 h after the administration was stopped.

The primary PK parameters of ciprofol are presented in Table 2.
The results showed that compared to the healthy control
participants, the with  mild
exhibited an 8.56% decrease in C,,,, and a 15.67% increase in
AUC i of ciprofol. On the other hand, the individuals with
moderate renal impairment showed a decline of 15.15% and
1.80% in Cyax and AUC ;¢ of ciprofol, respectively (Table 2, 3).
The C,,.x values in the participants with mild and moderate renal

individuals renal impairment

impairment showed significant inter-individual variability, with
coefficient of variation (CV%) values amounting to 138.15% and
42.72%, respectively.

The results of the protein binding assay indicated that ciprofol
exhibits a high degree of binding to plasma proteins. The mean
protein binding (%) for ciprofol was 99.10%, 99.15%, and 99.24%
among the normal, mild renal impairment, and moderate renal
impairment groups, respectively. The Fu (%) was 0.9%, 0.85%, and
0.76% for healthy participants and patients with mild and moderate
renal impairment, respectively. As renal function worsened,
decreased Fu was noted.

Treatment and observation period:
PK,PD and safety ecaluation

A\
A

Screening (N=94)

Screen failure (N=65)
* Do not meet the
inclusion/exclusion criteria
(N=56)
v ¢ Other (N=9)
Enrolled (N=29)
v v Y
Normal Renal Function Mild Renal Impairment Moderate Renal
(N=9) (N=11) Impairment (N=9)
Early Withdrawal
* withdrew consent Early Withdrawal Early Withdrawal
(N=2) [ * Administration [ * Administration ¢
¢ Administration deviation (N=1) deviation (N=1)
deviation (N=1)
Completed the Study Completed the Study and Completed the Study
and analyzed for PK/PD analyzed for PK/PD and and analyzed for PK/PD
and safety (N=8) safety (N=8) and safety (N=8)

FIGURE 1

Flow diagrams of the current trial. (A) Schematic of the trial duration and (B) schematic of the trial participants.
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TABLE 1 Demographic and baseline characteristics.

Parameter

Renal function group

Normal (n = 8)

10.3389/fphar.2023.1260599

Moderate (n = 8)

Sex [M/F (n)] 6/2 7/1 6/2

Age (years) 44.1 (1.2) 41.4 (8.0) 47.8 (11.0)
Weight (kg) 63.9 (4.7) 71.0 (8.4) 60.7 (8.2)
BMI (kg/m?) 237 (1.5) 257 (1.5) 235 (2.5)
eGFR (mL/min/1.73 m?) 128.6 (20.7) 72.7 (7.5) 43.0 (10.6)

Unless otherwise specified, all data are reported as means (SDs). The body mass index (BMI) is formulated as [weight in kg + (height in m)]. The modification of diet in renal disease (MDRD)
equation is used to compute the estimated glomerular filtration rate (eGFR).

TABLE 2 Pharmacokinetic (pk) parameters in plasma and urine collected from participants with normal and impaired renal function.

Parameter

Plasma ciprofol

Renal function group

Normal (n = 8)

Moderate (n = 8)

Crnax (ng/mL)

5,941.25 (1,478.36)

5,432.50 (3,314.53)

5,041.25 (1,945.57)

Tinax (h)

AUC. (ng®h/mL)

0.02 (0.02, 0.02)

521.99 (77.30)

0.02 (0.02, 0.10)

596.24 (167.44)

0.02 (0.02, 0.02)

517.71 (98.52)

AUC.ins (ng®h/mL)

549.18 (87.17)

635.26 (174.15)

539.31 (99.40)

CL (L/h) 70.60 (10.58) 69.54 (14.21) 68.52 (11.40)
Va (L) 27241 (99.04) 378.12 (182.56) 212.49 (95.90)
ty2 (h) 2.82 (1.39) 4.02 (2.58) 2.13 (0.71)

Plasma unbound ciprofol

Cinax, u (ng/mL)

52.74 (11.39)

46.97 (29.51)

37.55 (12.79)

AUCy , (ngeh/mL)

4.67 (0.71)

5.09 (1.56)

3.91 (0.61)

AUC intu (ng®h/mL)

CL, (L/h)

4.91 (0.76)

7,841.62 (778.60)

542 (1.62)

8,297.30 (2,093.28)

4.07 (0.61)

9,023.51 (1,470.86)

Vau (L)

31,321.77 (14,232.70)

44,791.11 (20,668.31)

27,957.51 (12,240.64)

Plasma metabolite M4

Crnax (ng/mL)

1,371.75 (345.81)

1,250.63 (249.83)

1,455.50 (768.97)

Trnax (h)

0.55 (0.53, 0.65)

0.62 (0.50, 1.57)

0.62 (0.53, 2.52)

AUC, (ngeh/mL)

AUC.in¢ (ng®h/mL)

7,285.16 (3,010.77)

7,538.73 (3,111.54)

9,721.68 (2,322.06)

10,058.72 (2,438.99)

15,377.32 (9,426.84)

16,029.21 (9,662.07)

tys (h) 11.71 (4.20) 9.01 (1.55) 11.04 (1.75)
Urine metabolite M4

Aeg.¢ (mg) 23.85 (6.92) 23.83 (4.18) 16.76 (5.18)
CLg 3.50 (0.84) 2.61 (0.90) 1.23 (0.39)

Data are means (SDs) for all, except time to maximum concentration (T ,,x), which is the median (range).

Cnax» maximum observed concentration; AUC., area under the curve from 0 to 48 h after the end of administration; AUC i, area under the curve from 0 to infinity time; CL, total clearance;

Vg, distribution volume; t,,,, terminal elimination half-life; u, free fraction; Ae, accumulative urine excretion; CLy, renal clearance.
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TABLE 3 Statistical summaries of PK parameters for participants with mild and moderate renal impairment in comparison to the normal renal function controls.

Parameter

Renal impairment

GLSM

Ratio (%)

Normal renal function

90% Cl of ratio (%)

Mild renal impairment vs. normal renal function

Cinax 3,933.47 5,770.81 68.16 (38.65, 120.20)
AUCq.ing 614.90 543.24 113.19 (94.36, 135.77)
Crnax 33.32 51.63 64.55 (36.52, 114.07)
AUCq.infu 5.20 4.86 107.19 (89.22, 128.79)
Moderate renal impairment vs. normal renal function

Crnax 4,699.23 5,770.81 81.43 (46.18, 143.60)
AUC inf 531.21 543.24 97.78 (81.52, 117.29)
Crnax 35.65 51.63 69.05 (39.07, 122.03)
AUCq.infu 4.03 4.86 82.92 (69.01, 99.62)

Natural log-transformed parameters were subjected to analysis of variance, where groups served as the fixed effect and subjects as the random effect. For the parameters, the geometric least-
squares mean (GLSM) difference and its 90% confidence interval (CI) are obtained. The inverse logarithm is used in the aforementioned findings to obtain the point estimation and 90% CI for

the GLSM ratio of the parameters between the two groups.

In comparison to participants with normal renal function, those
with mild renal impairment demonstrated a 10.94% decrease in
Chax, u and a 10.39% increase in AUC i,  for unbound ciprofol
(Table 2). On the other hand, participants with moderate renal
impairment exhibited 28.80% and 17.11% reductions in C,x, , and
AUC inf, w respectively, in contrast with individuals with normal
renal function (Table 2, 3). Similarly, there was substantial
variability in C,,, , within the mildly and moderately impaired
groups, with CV% values amounting to 146.04% and 36.02%,
respectively.

There was no apparent trend observed in Cy,,x, and t;,, of
M4 among the three groups with respect to the aggravation of
renal function damage (Table 2). Nonetheless, there was an
observed increase in AUC j,¢ with increase in the degree of
kidney impairment (Figure 2B). The mean AUC, ;¢ increased by

Frontiers in Pharmacology

33.43% and 112.62% in the mildly and moderately impaired
groups, respectively (Table 2). In contrast to those with
normal renal function, those with moderate impairment
showed a 29.73% decrease in Aey., (Table 2). However, there
was no clear difference in Aey between the mild renal
impairment and normal function groups.

Based on the findings from the multiple regression analysis
conducted on PK parameters and clinical variables (age, sex,
weight, and eGFR) among the examined groups, it was identified
that the eGFR exhibited a significant correlation with CLy for
metabolite M4 (Supplementary Table S2; Figure 3). In the case
of total and unbound ciprofol, C,,.x,. appeared to be linearly
associated with sex, while AUCy ;s or AUCy.inr, was
associated with weight, as
Supplementary Table S2.

significantly indicated in
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3.3 Pharmacodynamics

The results revealed that the MOAA/S score-time curves were
similar across the three groups, consistent with the PK profiles
(Figure 4A). All three groups experienced deep sedation (MOAA/S
0-1) 6 min after infusion and regained consciousness immediately after
infusion (Pastis et al., 2022). The median recovery time for the normal
renal function group was 0.00 min, that for the mild renal impairment
group was 1.08 min, and that for the moderate renal impairment group
was 0.00 min, suggesting that the fluctuations in the recovery time were
not significant.

Mean BIS-time profiles and parameters are shown in Figure 4B;
Table 4, respectively. The BIS values decreased rapidly following the
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start of the infusion and reached their lowest levels (ranging from
41.13 to 47.63) at median times of 4.00, 3.48, and 3.00 min post-infusion
for the normal function, mild renal impairment, and moderate renal
impairment groups, respectively. The mean BIS corresponding to a
3-4 MOAA/S score, the desired sedation depth (Yamada et al., 2022),
was 69. BIS,.c and BIS AUC,  were similar across the three groups.

3.4 Safety

In the current study, 14 participants (58.3%) encountered a total
of 19 AEs, as detailed in Table 5. The trial documented four cases of
respiratory adverse events, with one occurring in the mild
impairment group and three in the moderate impairment
group. This suggests that there may be a potential association
between the severity of renal injury and the increased incidence
of adverse respiratory reactions. Throughout the entire duration of
the trial, no occurrences of participant withdrawal due to adverse
effects, severe adverse reactions, or fatalities were documented.

Vital signs, which included diastolic and systolic blood pressures,
mean arterial pressure, oxygen saturation, and respiratory and cardiac
rates, exhibited a consistent pattern of change (Figure 5), with
fluctuations remaining within a 20% range. These observations
suggest that ciprofol had minimal impact on hemodynamic
stability, signifying its favorable safety profile.

4 Discussion

This study is the first to investigate the impact of varying
degrees of renal impairment on the PK, PD, and safety of ciprofol,
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TABLE 4 Bispectral index (BIS) parameters in participants with normal and impaired renal function.

Parameter

Renal function group

Normal (n = 8) Mild (n = 8) Moderate (n = 8)

BISpeak 47.63 (10.183) 41.13 (5.515) 47.63 (6.323)
BIS AUC,., ‘ 7,445.44 (303.404) 7,270.08 (323.113) ‘ 7,448.91 (302.779)
Thispeak(min) ‘ 4.00 (2.00, 31.00) 3.48 (1.98, 7.00) ‘ 3.00 (2.00, 4.02)

Data are means (SD) for all except Tpyspeato Which is the median (range).
BISpearo BIS peak value (the lowest BIS value); BIS AUC.,, area under the BIS curve from zero to 1 h after the end of administration; Tgyspeaio time to BIS peak.
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aiming to provide insights for dose adjustment in patients with
mild-moderate kidney function impairment. The AUCs and C,,,x
of total and unbound ciprofol in plasma for participants with
renal impairment were only slightly higher (0.7-1.2-fold) than
those in participants with normal renal function. Linear
regression analysis revealed that PK parameters for ciprofol did
not exhibit a significant correlation with the eGFR. However,
given the relatively small sample size and larger variability
(geometric % coefficient of variation), the reason behind the
observed difference should be further investigated. It is crucial
to acknowledge that the variation in C,x and AUC between
healthy individuals and patients with renal impairment may be
influenced by differences in infusion rates or distribution volume.
Additionally, variations in Cy,.y,, and AUC, could also be linked
to variances in protein binding (Celestin and Musteata, 2021).
Ciprofol is a drug with a substantial affinity for binding to
proteins, primarily associating with serum albumin. It has been
documented that the level of albumin tends to decrease in various
types of renal diseases (Garrido et al., 1994). However, our study
found that with the decrease in renal function, protein binding
increased. This that including
lipoproteins, may have a role in the protein binding of ciprofol
(Zamacona et al., 1997; Zamacona et al., 1998).

The AUCy ;s of M4 showed a 1.3-2.1-fold higher
concentration in participants with mild and moderate kidney

indicates other proteins,

impairment, respectively, compared to participants with normal
renal function. The increase in AUC ;¢ with the severity of
renal impairment is consistent with its renal clearance. This is
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not surprising as M4 is primarily eliminated by kidneys.
However, as M4 has been shown to have no excitatory effects
on GABAA receptor-mediated cellular currents (Bian et al,
2021), it may not have a clinically relevant effect on the PD of
ciprofol.

UGT1A9 serves as the principal enzyme responsible for the
conversion of ciprofol into M4 and is acknowledged to exhibit
polymorphic characteristics. Genetic polymorphisms within the
UGT1A9 gene have been documented in association with the PK
and/or toxicity of various pharmaceutical agents, including
propofol, fluoroquinolone, and mycophenolic acid (Lévesque
2007; Kansaku et al, 2011; 2022).
Nevertheless, no investigations to date have explored the
potential correlations between UGT1A9 genetic polymorphisms
and the PK and/or PD of ciprofol. Consequently, further
investigations are imperative to ascertain the plausible impact of
these genetic variations on ciprofol’s PK and/or PD.

The temporal profiles of the MOAA/S score and BIS value for
PD were similar among the various renal impairment groups,

et al, Annisa et al.,

indicating that adjusting ciprofol dosages based on renal function
may not be warranted. A significant correlation between ciprofol
exposure and parameters such as recovery time, BIS AUC, ,, BIS,calo
and Tgispeak has been observed, suggesting the potential utility of
ciprofol exposure as a predictor of therapeutic efficacy.
Concerning safety, there was an increased incidence of
respiratory adverse reactions in the renal function impaired
group, relative to the normal renal function group. Such
adverse events are well-recognized in the context of anesthesia
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TABLE 5 Statistics of adverse events and adverse drug reactions.

System organ class preferred term

Renal function group [N (%), E]

Normal (n = 8)

Mild (n = 8)

10.3389/fphar.2023.1260599

Moderate (n = 8)

Overall AEs 4 (50%), 5 5 (62.5%), 6 5 (62.5%), 8
Injection site pain 0 (0), 0 1 (12.5%), 1 1 (12.5%), 1
Bradycardia 1(12.5%), 1 1(12.5%), 1 0 (0), 0
Electrocardiogram abnormal 0(0), 0 2 (25%), 2 0(0), 0
Apnea 0(0),0 1(12.5%), 1 2 (25%), 2
Respiratory depression 0 (0), 0 0 (0), 0 1 (12.5%), 1
Dizziness 0(0), 0 0(0), 0 1(12.5%), 1
Blood pressure increased 1 (12.5%), 1 1 (12.5%), 1 0(0), 0
Hypotension 1(12.5%), 1 0(0), 0 0 (0), 0
Protein present in urine 1 (12.5%), 1 0 (0), 0 0(0), 0
Facial paralysis 1(12.5%), 1 0(0), 0 0(0),0
Puncture site swelling 0(0), 0 0(0), 0 1(12.5%), 1
Vessel puncture site ecchymosis 0(0), 0 0(0), 0 2 (25%), 2
Drug-related AEs 3 (37.5%), 3 2 (25%), 3 5 (62.5%), 5
Injection site pain 0(0), 0 1(12.5%), 1 1 (12.5%), 1
Bradycardia 1(12.5%), 1 1(12.5%), 1 0 (0), 0
Apnea 0(0), 0 1 (12.5%), 1 2 (25%), 2
Respiratory depression 0 (0), 0 0 (0), 0 1 (12.5%), 1
Dizziness 0(0), 0 0 (0), 0 1 (12.5%), 1
Hypotension 1(12.5%), 1 0(0), 0 0(0),0
Facial paralysis 1(12.5%), 1 0 (0), 0 0(0), 0

E, number of AEs; N, number of subjects with AEs.

administration (Gan, 2006). Diligent monitoring by airway
management experts is essential to ensure patient safety
(Dinis-Oliveira, 2018). Overall, ciprofol demonstrated
favorable tolerability, an acceptable safety profile, and stable
patient hemodynamics.

Regrettably, this study did not include patients with severe
renal impairment (eGFR: 15-29 mL/min/1.73 m?), individuals
with end-stage renal disease (ESRD) (eGFR<15mL/min/
1.73 m?), or those undergoing dialysis. Notably, ESRD patients
may experience gastrointestinal absorption alterations, changes in
distribution volumes, shifts in protein binding, and variations in
drug metabolic clearance. Patients with ERSD may require higher
propofol induction doses (Goyal et al., 2002). The possible causes
of high propofol doses in individuals with renal dysfunction
include hyperdynamic circulation brought on by anemia. de
Gasperi et al. (1996) also found lower plasma propofol
concentrations in patients with severe renal impairment,
attributed to increased phenol-induced glucuronosyltransferase

Frontiers in Pharmacology

activity, enhanced glucuronic acid binding, and accelerated
hepatic biotransformation in patients with renal dysfunction
patients. Nonetheless, clinical data on ciprofol in patients with
severe renal impairment and ESRD receiving ciprofol remain
unexplored, thus warranting cautious usage in this patient
subgroup.

5 Conclusion

In summary, patients with mild (eGFR: 60-89 mL/min/1.73 m?)
to moderate (eGFR: 30-59 mL/min/1.73 m?) renal function
impairment displayed no clinically significant alterations in the
PK and PD of ciprofol. Moreover, ciprofol exhibited favorable
tolerance and an acceptable safety profile across all renal function
groups. Consequently, the adjustment of ciprofol dosages is deemed
unnecessary for individuals with mild to moderately impaired renal
function based on the aforementioned findings.
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Introduction: Pogostemon cablin (PC) is used in traditional Chinese medicine
and food, as it exerts pharmacological effects, such as immune-modulatory,
antibacterial,  antioxidant, antitumor, and antiviral.  Currently, the
pharmacokinetics (PK) studies of PC mainly focus on individual components.
However, research on these individual components cannot reflect the actual PK
characteristics of PC after administration. Therefore, the simultaneous
determination of multiple components in rat plasma using UPLC-MS/MS was
used for the pharmacokinetic study after oral administration of PC extract in this
study, providing reference value for the clinical application of PC.

Methods: In the present study, a reliable and sensitive ultra-high performance
liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) method was
developed and validated for the simultaneous determination of 15 prototype
components (vanillic acid, vitexin, verbascoside, isoacteoside, hyperoside,
cosmosiin,  apigenin,  B-rhamnocitrin, acacetin, ombuin, pogostone,
pachypodol, vicenin-2, retusin, and diosmetin-7-O-B-D-glucopyranoside) in
rat plasma after oral administration of the PC extract. Plasma samples were
prepared via protein precipitation using acetonitrile, and icariin was used as the
internal standard (IS).

Results: The intra-day and inter-day accuracies ranged from —12.0 to 14.3%, and
the precision of the analytes was less than 11.3%. The extraction recovery rate of
the analytes ranged from 70.6-104.5%, and the matrix effects ranged from
67.4-104.8%. Stability studies proved that the analytes were stable under the
tested conditions, with a relative standard deviation lower than 14.1%.

Abbreviations: PC, P. cablin; TCM, traditional Chinese medicine; IS, internal standard; ME, methanol;
ACN, acetonitrile; FA, formic acid; UPLC-MS/MS, ultra-high performance liquid chromatography/
tandem mass spectrometry; MRM, multiple reaction monitoring; RE, relative error; RSD, relative
standard deviation; LLOQ, lower limits of quantitation; QC, quality control; Tmax concentration
maximum; Ty, plasma half-life; C,,x concentration maximum; AUC, area-under-the-curve.
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Conclusion: The developed method can be applied to evaluate the PK of 15
prototype components in PC extracts of rats after oral administration using
UPLC-MS/MS, providing valuable information for the development and clinical
safe, effective, and rational use of PC.

Pogostemon cablin extract, prototype components, pharmacokinetic, rat plasma, UPLC-

MS/MS

1 Introduction

Medicinal plants are natural resources with crucial medicinal
value, not only for the treatment of diseases but also for the
enhancement of immunity and prevention of diseases. Therefore,
an in-depth study of medicinal plants is of great significance (Zhu
etal, 2022; Lai et al., 2023). Pogostemon cablin (Blanco) Benth., is
a plant of the Lamiaceae family, commonly called patchouli, or
“Guanghuoxiang.” Pogostemon cablin (PC), is extensively
distributed in the tropical and subtropical areas of Asia, and
widely cultivated in the Philippines, India, and southern and
southwestern China (Su et al.,, 2017; Chen et al., 2020). As a
traditional herbal medicine, PC was used as a stomach tonic to
remove dampness, improve indigestion, and relieve vomiting and
diarrhea. It was also used to treat the common cold, headache,
nausea, fever, and so on (Zhang et al, 2019; Chinese
Pharmacopoeia Committee, 2020; Li et al., 2023). There are a
number of components in PC, such as monoterpenoids,
triterpenoids, sesquiterpenoids, phytosterols, and flavonoids.
Studies have suggested that PC has immune-modulatory,
antibacterial, antioxidant, antitumor, and antiviral bioactivities
due to its multi-component properties (Kiyohara et al., 2012; Kim
et al., 2015; Liu et al., 2015; Junren et al., 2021). PC is one of the
ingredients in the formulations of many famous traditional
Chinese patent medicines, including Huoxiang Zhengqi Oral
Liquid and Huodan Wan (Pills). It can be used to treat
gastrointestinal disorders with Huoxiang Zhenggqi Oral Liquid,
and Huodan Wan can be used for cold rhinitis and nasal
congestion caused by dampness-heat in clinical (Lan and
Yuan, 2018; Zhao et al., 2019). In addition to the traditional
use of herbal medicine, PC also has high edible value and health
benefits due to its various nutrients, including amino acids,
proteins, vitamins, and minerals (Zhang, 2004). The leaves or
stems of fresh PC can be stir-fried, fried, dipped in sauce, cold
mixed, pickled, cooked in soup or congee, and it is mainly used as
side dishes and stews to taste because of its properties of
fishiness-eliminating and flavor-enhancing. Huoxiang jam is
considered a food with higher health value. Meanwhile, PC is
combined with Mentha haplocalyx, Glycyrrhiza uralensis, Perilla
frutescens, Ophiopogonis Radix, Chrysanthemum morifolium,
and other raw materials, which can form a variety of
medicinal teas with fitness, beauty, and disease treatment
effects. Moreover, PC can be used as a fixing agent for various
perfumes, and as a raw material for cosmetics and oral hygiene
products (Huo et al., 2007; Zhang J. et al., 2016; Sandes
et al., 2016).

Pharmacokinetics (PK) is the study of the absorption,
distribution, metabolism, and excretion of drugs in vivo, which
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plays an important role in the determination of the drug’s kinetics
and bioavailability. Notably, PK is very important for evaluating the
absorption properties of different active components of traditional
Chinese medicine (TCM). Moreover, the development of sensitive
and reliable biological sample analysis technology to simultaneously
determine multiple active ingredients in vivo is a hotspot in the PK
research of TCM extracts, due to the complex composition and
significant differences in the content (Cao et al,, 2021). Therefore,
an accurate and selective bioanalytical method is urgently required for
the simultaneous determination of multiple biological components in
plasma to understand the characteristics and diversity of the PK
properties of PC.

In this study, a method for the simultaneous detection of
15 compounds (vanillic acid, vitexin, verbascoside, isoacteoside,
hyperoside, cosmosiin, apigenin, f-rhamnocitrin, acacetin, ombuin,
pogostone,  pachypodol,
vicenin-2, and retusin) in rat plasma was established and validated

diosmetin-7-O-B-D-glucopyranoside,

using ultra-high-performance liquid chromatography/tandem mass
spectrometry (UPLC-MS/MS), which provided a reference for the
clinical safe, effective and rational use of PC.

2 Materials and methods
2.1 Chemicals and reagents

Standard compound including vanillic acid, vitexin, verbascoside,
isoacteoside, hyperoside, cosmosiin, apigenin, B-rhamnocitrin,
acacetin, ombuin, pogostone, pachypodol, diosmetin-7-O-f-D-
glucopyranoside, vicenin-2, and retusin (purity >98%) were
Desite Bio-Technology Co., Ltd.
(Chengdu, China). Icariin [internal standard (IS)] was provided by

purchased from Chengdu

Tianjin Yifang Zhongkang Pharmaceutical Technology Co., Ltd.
(Tianjin, China). Fisher Scientific (Fair Lawn, NJ, United States)
(ME) and
acetonitrile (ACN). The chromatographic grade of formic acid
(FA) was provided by ROE (St Louis, MO, United States). PC was
purchased from Guangdong province (China).

supplied the chromatographic grade methanol

2.2 Chromatography and mass
spectrometry (MS)

The analyte was separated and detected through the utilization
of a UPLC-MS/MS system, consisting primarily of the Agilent-1290
high-performance liquid chromatography system (Agilent,
United States) and the Agilent-6470 triple quadrupole tandem
mass spectrometer (Agilent, United States).
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FIGURE 1

The MRM chromatograms of 15 components and IS in rat plasma samples. (A) Plasma samples without any added analytes, (B) plasma samples
combined with the 15 compounds and IS, (C) post-dosing plasma samples from rats following oral ingestion of PC. 1. Vanillic acid, 2. Vitexin, 3.
Verbascoside, 4. Isoacteoside, 5. Hyperoside, 6. Cosmosiin, 7. Apigenin, 8. B-Rhamnocitrin, 9. Acacetin, 10. Ombuin, 11. Pogostone, 12. Pachypodol, 13.
Vicenin-2, 14. Retusin 15. Diosmetin-7-O-p-D-glucopyranoside 16. Icariin (IS).

The components were separated using an ACQUITY
UPLC®BEH C18 column (2.1 x 100 mm, 1.7 um) maintained at
a temperature of 25°C. 0.1% FA-water and ACN were used as mobile
phases A and B. The gradient elution conditions were as follows:
0-4 min, 14%-53% B; 4-5 min, 53%-100% B; and 5-7 min, 100%-
100% B. A flow rate of 0.3 mL/min and an injection volume of
5 uL were used.

Mass spectrometry analysis was conducted in the multiple
reaction monitoring (MRM) mode with both positive and
negative ionization (Zhu et al, 2022). The parameters for the
mass spectrometer included drying gas (N,) temperature, gas
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flow rate, atomizer pressure, and capillary voltage of 320°C, 7 L/
min, 35 psi, and 3500 V, respectively. The detailed MRM parameters
can be found in Supplementary Table S1.

2.3 PC extract preparation

PC (0.5 kg) was accurately weighed and extracted with 10-
fold ethanol (85%, v/v) under heated reflux conditions twice for
1.5 h. Next, the solutions for extraction underwent filtration and
were subsequently combined. The ensuing mixture underwent

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1293464

Zhu et al.

10.3389/fphar.2024.1293464

TABLE 1 Standard curve regression equation, linear range and LLOQ of 15 components.

Compound Calibration curve  Linear range (hg/mL) Correlation coefficients (r) LLOQ (ng/mL)
Vanillic acid Y = 0.0023X — 2.35435004 20-8,000 0.998 20.0
Vitexin Y = 0.0919X + 1.32925 0.5-200 0.998 05
Verbascoside Y = 0.0335X + 0.0024 10-4,000 0.999 10.0
Tsoacteoside Y = 0.0490X + 0.0015 2-800 0.997 20
Hyperoside Y = 0.0687X — 1.3570%%* 03-120 0.998 03
Cosmosiin Y = 0.0.1527X + 0.0031 0.5-200 0.998 0.5
Apigenin Y = 0.0805X + 0.0013 1.5-600 0.999 15
B-rhamnocitrin Y = 0.2143X + 0.0057 0.3-120 0.999 03
Acacetin Y = 0.4803X + 0.0023 0.3-120 0.998 03
Ombuin Y = 0.0472X + 0.0015 0.5-200 0.996 0.5
Pogostone Y = 0.0056X + 0.1677 125-50000 0.999 30.0
Pachypodol Y = 0.2386X + 0.0209 1-400 0.999 1.0
Vicenin-2 Y = 0.0112X - 0.0013 20-8,000 0.997 20.0
Retusin Y = 0.0989X + 0.0070 0.2-80 0.996 02
Diosmetin-7-O-p-D-glucopyranoside = Y = 0.2742X — 4.2961%% 0.3-120 0.999 0.3

concentration through evaporation under decreased pressure.
Ultimately, the dried PC extract was stored in a dry
environment for further analysis. The levels of vanillic acid,

vitexin, verbascoside, isoacteoside, hyperoside, cosmosiin,
apigenin, (-rhamnocitrin, acacetin, ombuin, pogostone,
pachypodol, vicenin-2, retusin, and diosmetin-7-O-f3-D-

glucopyranoside in the PC extract are displayed in

Supplementary Table S2.

2.4 Preparation of standard solutions,
calibration standards, and quality control
(QC) samples

Vanillic acid, vitexin, verbascoside, isoacteoside, hyperoside,

cosmosiin,  apigenin, acacetin,  ombuin,

pogostone, pachypodol, vicenin-2, retusin, diosmetin-7-O-p-D-

B-rhamnocitrin,

glucopyranoside, and icariin (IS) were individually weighed and
mixed with ME to prepare standard stock solution (1 mg/mL). To
obtain the subsequent working solutions, the standard stock
solutions were diluted using ME.

To prepare the calibration solutions, 20 pL of a mixture of
working solution and IS was added to blank rat plasma (100 uL),
resulting in concentrations: 20, 50, 100, 200, 400, 1,000, 2000,
4,000, and 8,000 ng/mL for vanillic acid and vicenin-2; 0.5, 1.25,
2.5, 5, 10, 25, 50, 100, and 200 ng/mL for vitexin, cosmosiin, and
ombuin; 0.3, 0.75, 1.5, 3, 6, 15, 30, 60, and 120 ng/mL for
hyperoside, p-rhamnocitrin, acacetin, and diosmetin-7-O-f-D-
glucopyranoside; 10, 25, 50, 100, 200, 500, 1,000, 2000, and
4,000 ng/mL for verbascoside; 2, 5, 10, 20, 40, 100, 200, 400,
and 800 ng/mL for isoacteoside; 1.5, 3.75, 7.5, 15, 30, 75, 150, 300,
and 600 ng/mL for apigenin; 1, 2.5, 5, 10, 20, 50, 100, 200, and
400 ng/mL for pachypodol; 0.2, 0.5, 1, 2, 4, 10, 20, 40, and 80 ng/
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mL for retusin; 125, 312.5, 635, 1,250, 2,500, 6,250, 12,500,
25,000, and 50,000 ng/mL for pogostone. QC samples at three
concentrations (low, medium, and high) were obtained similarly.
Prior to analysis, all solutions were stored in an environment
of 4°C.

2.5 Preparation of plasma sample

The 100 pL plasma sample was combined with 20 uL of ME, 20 uL
of IS (500 ng/mL), and 2.5 pL of FA, followed by vortexing for 1 min.
This mixture underwent extraction with 600 uL. ACN through vortexing
at room temperature for 3 min. Subsequent to centrifugation at
14,000 rpm for a period of 10 min, the resulting supernatant was
moved to another tube and dried under a stream of nitrogen. The
dried residue was dissolved in 100 uL. ME-ACN (50:50 v/v), followed by
vortexing for 5 min, and subsequent centrifugation at 14,000 rpm for
10 min. Finally, 20 pL of the supernatant was used for analysis.

2.6 Method validation

2.6.1 Specificity

In order to assess specificity, chromatograms of rat plasma
samples without any added analytes, plasma with added analytes,
and post-dosing plasma samples from rats following oral ingestion
of PC were analyzed.

2.6.2 Linearity and LLOQ

By graphing the correlation between the peak area ratios of each
component to IS versus the concentration of those particular
analytes to obtain calibration curves. The regression association
was depicted utilizing a linear formula with a weighting factor of 1/
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TABLE 2 Accuracy and precision of 15 components in rat plasma (n = 6).

Compound Spiked concent-ration Intra-day Inter-day
(ng/mL)
Measured RE Measured RE
(ng/mL) (VA (ng/mL) (%)
Vanillic acid 20 223 +05 115 24 22.1 % 0.6 10.6 25
400 401.0 + 6.1 03 15 395.5 + 15.4 ~1.1 39
6,400 6,544.7 + 92.7 23 1.4 6,203.9 + 375.4 -3.1 6.1
Vitexin 05 0.6+ 0.1 12,0 10.5 0.6+ 0.1 115 8.5
10 9.8 + 0.5 -1.7 5.1 10.3 + 0.3 27 3.1
160 153.7 + 3.9 -39 25 168.3 + 11.7 52 7.0
Verbascoside 10 114+ 12 143 10.6 111+ 03 10.8 2.8
200 193.8 + 15.8 -3.1 8.2 1934 + 13.1 -3.3 6.7
3200 3147.6 + 156.6 -1.6 5.0 3498.1 + 208.3 9.3 6.0
Isoacteoside 2 23+02 124 7.6 22+02 9.8 7.4
40 439 + 2.1 9.8 47 437 +21 9.3 48
640 657.2 +27.8 27 42 661.9 + 21.4 34 32
Hyperoside 03 03 +0.1 12.1 10.9 03+ 0.0 39 23
6 6.1+03 12 55 6.1+02 1.9 3.6
96 96.4 + 2.0 04 2.1 104.6 + 6.5 9.0 6.2
Cosmosiin 05 0.5 + 0.0 32 2.0 0.5+ 0.0 33 25
10 10.0 + 0.4 03 36 102 + 03 24 25
160 168.8 + 5.5 55 33 164.8 + 4.4 3.0 26
Apigenin 1.5 1.7 £02 13.4 9.3 1.7 £02 12.1 9.9
30 294 + 1.6 -1.9 54 318 + 1.5 6.0 48
480 4848 + 8.7 1.0 1.8 487.8 + 5.0 1.6 1.0
B-rhamnocitrin 03 03 +0.1 14.0 9.2 03 +0.1 12.6 9.3
6 53405 -12.0 85 6.1+02 0.8 34
96 872 +93 -9.2 10.6 100.8 + 4.0 5.0 4.0
Acacetin 03 03+ 0.0 10.8 113 03 +0.1 9.2 10.2
6 56+ 0.2 -6.6 38 59+ 0.5 -1.0 8.0
96 952 + 2.7 -0.9 2.8 97.6 + 2.7 17 2.8
Ombuin 05 05 + 0.0 63 6.0 05+ 0.1 7.5 11.2
10 9.8 + 0.5 -23 5.0 9.5+ 0.6 -5.1 59
160 1514 + 47 5.4 3.1 153.5 + 1.9 -4.0 12
Pogostone 125 1325+ 7.3 6.0 55 131.7 + 36 5.4 27
2,500 2,611.9 + 1259 45 48 2,535.6 + 75.2 14 3.0
40,000 37,526.9 + 1,130.5 -6.2 3.0 37,411.8 + 1754.1 -6.5 47
Pachypodol 1 1.1+0.1 9.5 4.9 1.1+0.1 72 7.8
20 222408 10.7 36 21.0 £ 1.1 48 5.4
320 346.8 + 13.8 8.4 40 317.9 + 245 -0.7 7.7
Vicenin-2 20 227 08 13.5 35 227 %12 13.2 53

(Continued on following page)
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TABLE 2 (Continued) Accuracy and precision of 15 components in rat plasma (n = 6).

Compound Spiked concent-ration Intra-day Inter-day
(ng/mL)
Measured RE RSD Measured RE
(ng/mL) (%) (ng/mL) (%)
400 369.3 + 16.7 -7.7 45 407.5 + 21.8 19 53
6,400 6,403.5 + 1155 0.1 1.8 6,480.6 + 158.8 13 25
Retusin 02 02 %00 10.6 6.1 0200 6.6 42
4 44+ 0.1 9.5 29 42401 5.9 27
64 64.6 = 4.1 0.9 63 642 % 4.2 0.3 6.5
Diosmetin-7-O-p-D- 03 03 %00 136 5.6 03+ 0.0 122 5.8
glucopyranoside
6 6.19 £ 0.2 3.1 3.8 6.0 + 0.4 -0.9 5.9
96 1027 + 4.9 7.0 47 99.3 + 4.3 3.4 43

x>. The determination of LLOQ relied on the baseline noise,
ensuring a signal-to-noise ratio of around ten.

2.6.3 Precision and accuracy

QC samples three concentrations (20, 400, and 6,400 ng/mL for
vanillic acid and vicenin-2; 0.5, 10, and 160 ng/mL for vitexin,
cosmosiin, and ombuin; 0.3, 6, and 96 ng/mL for hyperoside, -
rhamnocitrin, acacetin and diosmetin-7-O-B-D-glucopyranoside;
10, 200, and 3200 ng/mL for verbascoside; 2, 40, and 640 ng/mL
for isoacteoside; 1.5, 30, and 480 ng/mL for apigenin; 1, 20, and
320 ng/mL for pachypodol; 0.2, 4, and 64 ng/mL for retusin; 125,
2,500, and 40,000 ng/mL for pogostone) were analyzed six
repetitions over one or three consecutive days to assess the
precision and accuracy. Relative error (RE) was used to
determine accuracy, while the precisions were expressed as the
relative standard deviation (RSD).

2.6.4 Extraction recovery and matrix effect

Analyzing the peak areas of QC samples and the peak areas of
the post-extraction mixed samples to measure the extraction
recovery rates at three concentrations. Matrix effects were
determined by comparing the peak areas of QC samples in
post-extracted mixed samples to those in standard solutions,
calculating the ratio for evaluation.

2.6.5 Stability

Plasma samples were retained for 12h in an auto-sampler,
exposed to room temperature for 4h, undergoing three freeze-
thaw cycles, and stored at —80°C for a period of 1 week to assess
the stability of all compounds.

2.7 PK study

Six male rats (220 + 10 g) were utilized in this experiment
and were not restricted from drinking water but fasted for 12 h
before the investigation. A concentration of 0.5 g/mL of PC
extract was obtained by dissolving in 0.5% CMC-Na aqueous
solution. The PC suspension of the 4.0 g/kg dose was given to
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rats by single oral administration. Samples of blood (300 uL)
were obtained from the orbital venous plexus prior to and
following oral dosing at 0, 0.03, 0.08, 0.25, 0.5, 0.75, 1, 2, 6,
10, 12, 24, 36, and 48 h. Subsequently, the plasma collected
underwent centrifugation at a speed of 7000 rpm for a duration
of 10 min. It was then moved to clean tubes and kept at a
temperature of —80°C.

2.8 Data analysis

Data in this study was presented as the mean + standard
deviation (SD). The MassHunter Workstation software (version
B.09.00, Agilent, United States) was utilized for determining the
plasma levels of the 15 analytes. Additionally, PK parameters were
analyzed wusing DAS 3.0 Software (Medical College of
Woannan, China).

3 Result and discussion
3.1 Optimization of chromatography and MS

To improve the separation of the 15 compounds, an
investigation was conducted on the impact of different columns,
including ACQUITY UPLC BEH C18 (2.1 x 100 mm, 1.7 um) and
ACQUITY UPLC HSS T3 (2.1 x 100 mm, 1.8 um), on the
chromatographic peaks and retention times. The findings
revealed that the ACQUITY UPLC BEH CI18 (2.1 x 100 mm,
1.7 um) column provided superior separation capability for the
15 compounds. Different mobile phases were also evaluated, such
as 0.1% FA/water-ACN, 0.1% FA/water-ME, water-ME, and water-
ACN, to optimize the separation of all compounds. The findings
demonstrated that the 0.1% FA/water-ACN proved to be superior in
improving the separation and peak profiles of the compounds. All
15 components and IS were eluted successfully within a 7-min, and
with no observed interference peaks.

Optimizing the primary parameters of the MS was crucial in
enhancing the response of compounds. In positive ion mode, the
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TABLE 3 Extraction recovery and matrix effects of 15 components in rat plasma (n = 6).

Compound Spiked concentration Extraction RSD (%) Matrix RSD (%)
(ng/mL) recovery (%) effect (%)

Vanillic acid 20 90.2 + 8.0 8.8 89.3 + 7.0 7.9
400 97.1 + 6.8 7.0 93.1 + 8.1 8.7
6,400 92.1 + 45 49 865 + 8.3 9.6
Vitexin 05 88.1 9.1 10.3 83.7 + 6.7 7.9
10 89.2 + 10.3 115 85.1 + 8.1 9.5
160 7620 + 5.9 7.7 752+ 7.4 9.8
Verbascoside 10 89.0 + 5.4 6.0 81.2 + 6.8 8.4
200 923 +9.1 9.9 824 + 578 7.0
3200 84.9 + 4.9 5.8 852+ 73 8.6
Isoacteoside 2 83.1 £6.5 7.8 80.3 + 84 10.4
40 86.7 + 6.8 7.9 81.8 +9.2 11.2
640 91.7 + 10.4 114 869 +9.3 10.7
Hyperoside 03 794 £ 6.6 8.3 882 + 9.4 10.6
6 773 43 5.6 857 £7.3 85
96 784 + 4.4 5.6 70.7 £ 3.5 5.0
Cosmosiin 05 824 +7.7 9.3 91.9 + 8.5 9.3
10 81.0 £ 7.5 9.3 97.0 + 6.2 63
160 872 + 11.2 12.8 83.1 3.5 43
Apigenin 15 953 + 6.9 73 103.3 + 2.8 27
30 81.8 + 1.6 1.9 100.5 + 3.0 3.0
480 90.4 + 4.9 5.4 83.8 + 3.4 4.1
B-rhamnocitrin 03 96.0 + 6.5 6.8 80.4 + 4.2 53
6 84.0 £ 55 6.6 97.8 + 7.6 7.7
96 862 + 4.2 49 93.9 + 4.3 46
Acacetin 03 943 + 7.6 8.0 722 + 48 6.7
6 90.1 + 7.7 8.5 925 + 10.2 11.0
9% 89.0 + 11.3 12.7 712 9.1 12.8
Ombuin 05 70.6 £ 7.0 9.9 794 £93 117
10 79.4 + 3.0 3.8 79.1 £ 10.9 13.8
160 88.4 + 8.0 9.0 834 + 4.7 5.6
Pogostone 125 874 + 11.3 13.0 985 + 12.2 124
2,500 87.8 + 5.4 6.2 99.1 + 4.1 4.1
40,000 785 + 7.0 8.9 87.1 9.7 111
Pachypodol 1 89.4 + 10.5 11.7 69.3 £ 6.1 8.7
20 104.5 + 9.6 9.2 78.1 £ 7.0 9.0
320 96.3 + 9.1 9.5 82.1 + 10.6 12,9
Vicenin-2 20 934 + 5.1 5.4 89.5 + 10.4 11.7
400 71.1 + 3.4 48 104.8 + 132 12,6
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TABLE 3 (Continued) Extraction recovery and matrix effects of 15 components in rat plasma (n = 6).

Compound Spiked concentration Extraction RSD (%) Matrix RSD (%)
(ng/mL) recovery (%) effect (%)
6,400 79.2 +10.2 129 76.9 + 6.6 8.6
Retusin 0.2 95.2 + 8.1 8.5 70.9 + 6.3 8.9
4 89.1 + 11.5 129 69.9 + 7.4 105
64 71.6 + 9.3 13.0 67.4 + 6.9 103
Diosmetin-7-O-B-D- 03 855 + 7.0 8.1 758 + 9.7 127
glucopyranoside
6 89.7 + 7.1 7.9 68.7 + 3.9 57
96 93.5 + 57 6.1 72.8 + 6.6 9.0
Icariin (IS) 500 86.2 + 2.4 2.8 875+ 2.1 2.5

compounds retusin, diosmetin-7-O-p-D-glucopyranoside, and IS
were examined, while others were assessed in negative ion mode.

3.2 Sample preparation

The study evaluated four different extraction methods to
determine the most effective method for preparing plasma
samples, including protein precipitation using ME or ACN,
ethyl acetate liquid-liquid extraction, and extraction using a
mixture of ME and ACN (v/v = 1:4). The findings indicated
that the protein precipitation using ACN showed higher
extraction recovery rates for the 15 analytes tested.
Additionally, different volumes (400, 600, 800, and 1,000 uL) of
precipitated solvent were used to assess the extraction recovery and
matrix effect. The outcomes demonstrated that the extraction
recovery and matrix effects of the ACN-protein precipitation
using 600 puL satisfied the criteria for analyzing biological
specimens, with no interference from endogenous compounds.
Additionally, the impacts of various reconstitution solvents such as
ME, ACN, 50% ME, and ME-ACN (v/v = 1:1, 1:4, and 4:1) were
assessed. The results indicated that the redissolution effectiveness
was optimal with a ME-ACN mixture of (v/v = 1:1).

3.3 Method validation

3.3.1 Specificity

The MRM chromatograms in Figure 1 displayed the rat plasma
samples without any added analytes (A), plasma samples combined
with the 15 compounds and IS (B), and post-dosing plasma samples
from rats following oral ingestion of PC (C). The results suggested
no noticeable interference peaks were noted at the retention time of
the 15 compounds and IS.

3.3.2 Linearity and LLOQ

The calibration curves, linear ranges, correlation coefficients,
and LLOQ for 15 compounds are shown in Table 1. Within their
respective concentration ranges, the calibration profiles of these
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15 compounds exhibited excellent linearity (r > 0.996). The LLOQ of
vanillic acid, vitexin, verbascoside, isoacteoside, hyperoside,
cosmosiin,  apigenin,  B-rhamnocitrin, acacetin, ombuin,
pogostone,  pachypodol,  diosmetin-7-O-B-D-glucopyranoside,
vicenin-2, and retusin and were 20.0, 0.5, 10.0, 2.0, 0.3, 0.5, 1.5,

0.3, 0.3, 0.5, 30.0, 1.0, 0.3, 20.0, and 0.2 ng/mL, respectively.

3.3.3 Precision and accuracy

The precision and accuracy of QC samples at three
concentrations are provided in Table 2. The RSD of intra- and
inter-day were below 11.3%, the RE of intra-day ranged
from -12.0%-14.3%, and the inter-day ranged from -6.5%-
13.2%. These findings indicated that is accurate and precise to a
satisfactory degree.

3.3.4 Extraction recovery and matrix effect

As listed in Table 3, the 15 analytes and the IS displayed
extraction recovery and matrix effects within the ranges of
70.6%-104.5%, and 67.4%-104.8%, respectively. These findings
revealed that the method’s extraction recovery and matrix effects
were accurate and satisfactory.

3.3.5 Stability

As shown in Table 4, the RSD values for the stability of all
analytes tested were less than 14.1%, indicating that they were
adequately stable across different conditions. This further
suggested that the established UPLC-MS/MS method could
effectively measure the 15 components in rat plasma.

3.4 PK study

Following oral administration of the PC extract, 15 plasma
constituents were analyzed using the validated method.
Unfortunately, certain analytes such as vitexin, hyperoside,
acacetin, and diosmetin-7-O-B-D-glucopyranoside were only
detected in the initial plasma samples, leading to difficulties in
obtaining a complete PK profile. As a result, these analytes were

not included in our analysis. The mean plasma concentration-
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TABLE 4 Stability of 15 components in rat plasma (n = 6).
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Compound Spiked Room temperature Autosampler Three freeze-thaw  -80 °C for 7 days
concentration for 4 h for 12 h cycles
(ng/mL)
Measured RSD  Measured RSD  Measured RSD  Measured RSD
(ng/mL) (%) (ng/mL) (%) (ng/mL) (%) (ng/mL) (%)
Vanillic acid 20 220 + 04 2.0 227+ 10 43 227+ 05 21 23.1+08 34
400 405.6 + 17.8 44 396.6 + 8.7 22 374.6 + 10.2 27 392.0 + 8.5 22
6,400 5821.2 + 2412 4.1 6,602.7 + 196.9 3.0 6,149.2 + 382.8 62 5892.7 + 220.9 37
Vitexin 05 05 + 0.0 2.0 05 +0.1 7.0 05 + 0.0 3.0 0.6+ 0.1 7.1
10 9.7 +02 22 9.9+ 04 42 93+ 0.4 48 9.0 + 0.4 4.0
160 1538 + 6.7 44 1662 + 6.9 4.1 1546 + 8.7 5.6 147.4 + 107 72
Verbascoside 10 113 + 0.7 59 117 + 1.0 8.1 113 + 0.7 63 116 + 0.8 6.9
200 188.8 + 4.7 25 197.3 + 142 72 1789 + 9.6 5.4 180.0 + 4.9 27
3200 3280.8 + 140.4 43 3327.3 + 190.1 57 3240.3 + 93.8 29 31143 £ 67.0 22
Isoacteoside 2 22+0.1 5.7 22 +0.1 5.0 22 +0.1 39 22+0.1 4.0
40 416+ 13 32 438 + 14 33 430+ 12 2.8 422+ 09 22
640 657.1 +21.8 33 666.7 + 12.2 18 667.9 + 11.3 17 654.5 + 18.0 2.8
Hyperoside 03 03 +0.1 10.9 03 + 0.0 65 03 + 0.0 59 03+ 0.0 27
6 55+ 04 7.6 6.0 +02 3.8 59+ 04 6.1 59+02 35
96 94.9 + 5.8 62 99.1 + 4.5 46 95.8 + 3.3 35 933 +53 5.6
Cosmosiin 05 05+ 0.0 6.9 0.5+ 0.0 3.7 0.6 + 0.1 7.4 05 + 0.0 42
10 92+ 05 55 102 + 03 27 10.1 + 0.5 45 9.6 +0.5 53
160 163.7 + 5.5 3.4 1753 + 5.9 3.4 168.0 + 6.0 3.6 156.0 + 2.3 15
Apigenin 15 1.6 + 0.1 46 1.7 02 9.1 1.6 + 0.0 11 1.8 + 0.1 37
30 283+ 09 3.1 316 + 1.0 3.1 288+ 12 43 29.0 +0.7 25
480 4783 + 184 3.8 4944 + 113 23 461.1 + 23.0 5.0 4402 + 27.4 62
B-rhamnocitrin 03 03 +0.0 25 03 %00 5.0 03 + 0.0 4.6 03 + 0.0 6.8
6 6.0 +0.1 2.0 62+0.1 17 55+ 03 6.0 59+02 34
96 1026 + 4.6 45 1039 + 4.2 4.0 97.0 + 3.3 34 962 + 4.4 4.6
Acacetin 03 04 +0.1 105 03+ 0.0 8.9 03+ 0.0 5.1 03+ 00 24
6 54+ 04 73 58+ 0.5 85 56+ 03 4.9 58+ 02 27
96 944 + 13 14 96.5 + 4.2 43 943 + 1.4 15 935+ 1.8 1.9
Ombuin 0.5 05 + 0.0 26 05 + 0.0 26 0.6 + 0.0 7.7 05 + 0.0 5.6
10 9.9+ 03 27 9.6 +02 25 9.0 0.2 26 93+ 04 45
160 151.0 + 53 35 1553 + 4.2 27 154.7 + 7.3 47 154.9 + 4.8 3.1
Pogostone 125 132.6 + 8.9 6.7 1314 + 59 45 132.1+76 57 132.8 + 102 7.7
2,500 2,756.7 + 171.1 62 2,482.5 + 168.7 6.8 2,618.0 + 112.1 43 2,618.0 + 112.1 43
40,000 38,2982 + 647.9 17 37047.4 + 70 368258+ 15556 @ 4.2 381167 + 4.0
2,580.0 1,540.2
Pachypodol 1 1L1+0.1 10.0 11+0.1 45 118 +0.12 10.4 11401 83
20 214 + 20 9.1 18.7 + 0.8 45 20.6 + 1.7 8.3 208 + 1.8 8.9
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TABLE 4 (Continued) Stability of 15 components in rat plasma (n = 6).

Three freeze-thaw
cycles

Compound Spiked
concentration

(ng/mL)

Room temperature
for 4 h

Autosampler
for 12 h

—80 °C for 7 days

Measured RSD
(ng/mL) (VA

Measured RSD
(ng/mL) (VA

Measured RSD
(ng/mL) (VA

Measured RSD
(ng/mL) (VA

320 337.2 £ 12.6 3.7 334.8 £ 21.1 6.3 3451 +£72 2.1 330.2 £ 214 6.5

Vicenin-2 20 224+ 04 1.9 232 £ 0.6 2.7 23.0 £ 1.1 4.9 22.7£0.3 12

400 399.2 £2.7 0.7 409.4 + 12.1 3.0 389.6 £ 17.1 4.4 400.1 £ 5.7 14

6,400 6,476.6 + 162.3 2.5 6,139.7 + 284.7 4.6 6,473.2 + 140.7 2.2 6,317.8 + 84.9 13

Retusin 0.2 02 *0.0 6.8 02 £0.0 12.9 02 +0.0 7.1 03 +0.1 14.1

4 41+02 4.6 3.7+03 9.2 41+0.1 3.0 39+04 10.2

64 612+ 1.6 2.6 69.4 + 6.4 9.2 63.5+ 1.8 2.8 633 £53 8.4

Diosmetin-7-O-f- 0.3 0.3 £0.0 33 0.3 £0.0 6.4 03 +0.0 5.4 04 +0.1 10.2
D-glucopyranoside

6 6.5+0.2 2.9 6.3 +0.2 3.8 6.6 + 0.4 5.7 6.6 + 0.6 8.8

96 98.0 £ 1.7 1.7 99.4 £ 4.7 4.8 103.3 £ 2.9 2.8 102.2 £ 3.6 35

time curves for the remaining 11 analytes are displayed in
Figure 2, with corresponding PK parameters detailed in Table 5.
(Tmax) of vanillic acid,
apigenin, -
rhamnocitrin, ombuin, pogostone, pachypodol, vicenin-2, and
retusin were 1.4, 0.4, 0.5, 0.5, 0.3, 0.5, 0.6, 1.9, 0.8, 0.3 and 0.9 h,
respectively. The T.x of all components was within 2h,
indicating that the absorption of these compounds happened
quickly. Pogostone was rapidly absorbed in rats after oral

The concentration maximum

verbascoside, isoacteoside, cosmosiin,

administration, potentially attributed to its low polarity profile
and small molecule size (Liu et al., 2012; Chen et al., 2013).
Verbascoside and isoacteoside could be rapidly absorbed in vivo,
which might be related to their relatively large polarity, and
previous research has shown comparable PK characteristics.
(Zheng et al., 2015). The plasma half-life (T,,,) of pogostone
was 0.8 £ 0.5h, which was relatively short compared to other
compounds. It is speculated that this might be due to its
distribution and elimination rapidly in rats (Zheng et al,
2015). The (AUC) for
significantly that of the other

suggesting that pogostone exhibited a higher plasma exposure

area-under-the-curve pogostone

exceeded constituents,
level, correlating with its abundant PC content. Additionally, the
concentration maximum (C,,,,) of pogostone was 37204.0 *
10,901.0 ng/mL, coupled with its substantial exposure in vivo,
suggesting that pogostone may be the mian active component in
the PC extract (Li et al., 2021). Furthermore, the maximum
concentration (Cmax) of pogostone was
37204.0 £ 10,901.0 ng/mL.

The apigenin, B-rhamnocitrin, and pachypodol have a
double-peak phenomenon in Figure 2, which is likely due to

measured at

enterohepatic circulation (Wang et al., 2014). Additionally, the
absorption of drugs in the gastrointestinal tract is a complex
process that is influenced by many physical, chemical, and
physiological factors. There are multiple absorption sites in
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different parts of the gastrointestinal tract, but due to the
different permeability of the inner membrane of the cavity to
drugs at different sites, the absorption rates and times differ
following oral administration. Consequently, absorbed drugs
overlap in the blood, creating a bimodal phenomenon
(Zhou, 2003).

PK is an indispensable strategy for understanding the
behavior in vivo after drug administration, which is of great
significance in elucidating the mechanism of action, reducing
toxic and side effects, optimizing the drug administration
program, and guiding the clinical application of drugs (Jin
et al., 2019; Liu et al., 2021). Currently, the PK studies of PC
mainly focus on a few components, such as pogostone and
verbascoside (Li et al., 2012; Chen et al., 2013; Huo et al.,
2016). However, research on these individual components
cannot reflect the actual PK characteristics of PC after
administration. Therefore, in this study, the simultaneous
determination of multiple components in rat plasma and PK
study by UPLC-MS/MS, which is crucial in elucidating the
pharmacological substance basis, mechanism of action, and
optimal dosing regimen of PC, and may provide a reference
for the clinical application of PC.

Notably, most of the current PK studies are in normal
animals, and there are fewer in model animals. Numerous
that
significant alterations in PK parameters (Chen et al., 2022;

studies have shown disease states may cause

Liu et al.,, 2022; Xiong et al., 2023). Since the drugs are mainly
used in the pathological state of the bodys, it is more meaningful
to study the PK of TCM in pathological states (Luo et al., 2014).
Moreover, PK and pharmacodynamics (PD) are two important

field of
pharmacological research of TCM. PK/PD modeling is

interrelated and inseparable aspects in the
extensively utilized in both preclinical and clinical drug

research, which aids in gaining a comprehensive and precise
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FIGURE 2

Mean plasma concentration-time profiles in rats after oral administration of PC extract.

understanding of drug effectiveness over time and plasma
concentration. Additionally, it provides a valuable reference
for optimizing clinical dosage, improving efficacy, and
minimizing adverse effects. Therefore, it is vital to explore
the ideas and methods of PK-PD modeling of TCM to
elucidate the nature and laws (Zhang Z. et al., 2016; Zhu
2023). Only normal rats were investigated in this
study, while the PK of PC in model animals was lacking. In
the future, The PK research of PC should focus on studies in
PK-PD
elucidate the pharmacodynamic basis and mechanism of
action of PC.

et al.,

disease  states and  develop models  to
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4 Conclusion

In this study, a UPLC-MS/MS method was developed to
simultaneously measure 15 components in rat plasma following
the oral administration of PC extract. The method has the benefits of
uncomplicated sample preparation and the simultaneous analysis of
multiple components within a brief timeframe. Furthermore, the
method is specific, stable, and reliable. Moreover, PK results are
crucial in elucidating the pharmacodynamic material basis,
mechanism of action, and optimal dosing regimen of PC, and
may provide guidance for the future advancement and clinical
application of PC.
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TABLE 5 Pharmacokinetic parameters of 11 components in rats (n = 6).

10.3389/fphar.2024.1293464

Compound AUC (o-tn) AUC (0-00)
(pg/L*h) (ng/L*h)

Vanillic acid 14+ 14 115.8 + 36.8 25+0.1 1,314.1 £ 1724 1,314.1 £ 1724

Verbascoside 04 +03 553.9 + 159.4 2.6 +0.21 1702.2 + 394.5 1702.2 + 394.5
Isoacteoside 0.5+ 0.3 109.3 £ 41.5 29+03 383.8 £93.8 383.8 £ 93.8
Cosmosiin 0.5+03 6.2 +25 37406 50.1 + 10.2 50.1 + 10.2
Apigenin 0.3 +02 642 + 158 27406 254.7 + 65.5 254.7 % 65.5
B-rhamnocitrin 05+ 03 174 + 45 4.8 + 2.6 111.9 + 37.7 112.7 + 38.4
Ombuin 0.6 + 0.2 112+ 1.5 38+ 18 95.1 + 28.1 95.4 + 28.4

Pogostone 19+ 13 37204.0 + 10,901.0 08+ 0.5 258294.0 + 93,104.7 2583209 + 93120.6

Pachypodol 0.8 + 0.2 47.8 +15.9 2.0+ 0.1 243.4 + 63.5 243.4 + 63.5
Vicenin-2 03+ 0.1 249.4 + 50.8 12 +06 968.0 + 131.9 968.8 + 132.9
Retusin 0.9 + 0.6 33.0 + 14.6 1.5+02 92.2 + 33.0 922 + 33.0
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