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ABSTRACT: Tinospora cordifolia (Willd.) Miers (Menispermaceae) is a
traditional rejuvenator and a conventional medicine used to manage oxidative
stress-related diseases, including those associated with the central nervous
system. Decreased dextromethorphan (DEM) metabolism is necessary for
high bioavailability and application against Alzheimer’s disease (AD). Since T.
cordifolia stem extract (TCE) can potentially inhibit several metabolic
enzymes, it can also enhance dextromethorphan bioavailability. This study
investigates the potential of TCE to improve DEM’s bioavailability and
efficacy for the management of AD. In silico analysis was carried out to find the
inhibition potential of phytocomponents of T. cordifolia for CYP2D6 and
CYP3A4. The LC-MS method was revalidated for the analysis of DEM and
metabolite dextrorphan (DEX) in the presence of quinidine (QN). The ratio
of DEM to DEX was estimated with varying doses of TCE following
pharmacokinetic analysis. Network pharmacology analysis was carried out to
understand the complementary potential of phytocomponents. This was further validated in the scopolamine-induced dementia
model through behavioral and histopathological analyses. TCE (100 mg/kg) for 14 days increased the DEM to DEX ratio by 2.8-
fold compared to QN treatment. While Tmax was comparable to that of QN treatment at this dose (100 mg/kg) of TCE, it increased
significantly at the higher dose (400 mg/kg) of TCE pretreatment. All other pharmacokinetic parameters were also enhanced at this
dose with a 4.7-fold increase in DEM/DEX compared with QN. Network pharmacology analysis indicated the ability of TCE to
target multiple factors associated with AD. Furthermore, it improved spatial memory and reduced hyperactivity in rodents better
than the combination of QN and DEM.

1. INTRODUCTION
Dextromethorphan (DEM, Figure S1) suppresses cough
through the modulation of the cough center. Besides
interacting with multiple receptors in the central nervous
system (CNS), it also blocks N-methyl-D-aspartate receptors
(NMDARs).1 The NMDAR mediates excitatory glutamatergic
neurotransmission for maintaining synaptic plasticity and
neuron survival. However, hyper-NMDAR activity leads to
hyper excitotoxicity and is a significant cause of neuro-
degeneration and AD.2 Thus, DEM has caught attention for
repurposing against AD. However, the bioavailability of DEM
is poor and variable.3 This is attributed to its rapid first-pass
metabolism and subsequent elimination. DEM is primarily
metabolized to dextrorphan (DEX). Although DEX is a potent
blocker of NMDAR, it has poor brain access. This is because
98% of DEX is rapidly glucuronidated; in this form, it is
permanently charged, limiting its BBB permeability.4 Fur-
thermore, this promotes rapid kidney clearance, affecting the
bioavailability. Nonetheless, good correlations have been
reported between the plasma levels of the unbound DEX

and DEM with the extracellular fluid of the brain.5,6 Thus,
ensuring a higher plasma level of DEM through inhibition of
its metabolism has been used as a strategy to enhance its
effectiveness against neurodegeneration.7 Cytochrome P450
2D6 (CYP2D6) is responsible for 80% of the metabolism of
DEM to DEX.8 Since quinidine (QN) is known to inhibit
CYP2D6, its combination with DEM has been used as a
therapeutic strategy to manage AD (Figure S1).9 Although QN
is well tolerated at low doses, it is associated with QT
prolongation and, in some cases, pleomorphic arrhythmia.10

DEM is also partly metabolized to 3-methoxymorphinan,
and cytochrome P450 3A4 (CYP3A4) accounts for 90% of this
metabolism.11 Since the content of CYP3A4 in the liver of an
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individual is generally much higher than that of CYP2D6,11 it
is also desirable to inhibit CYP3A4 to increase the plasma level
of DEM. However, QN itself is eliminated by CYP3A4-
mediated hepatic metabolism.12 Thus, there is a scope for an
alternative strategy to increase the bioavailability of DEM.

Tinospora cordifolia (Willd.) Miers (Menispermaceae) is
traditionally used as a rejuvenator.13 It has also been shown to
improve cognitive decline14 and reportedly manage oxidative
stress-related diseases through multiple modes of action.15 Our
earlier findings have shown that the hydro-alcoholic T.
cordifolia stem extract (TCE) is a potent inhibitor of
CYP2D6.16 It was also shown to inhibit the enzymatic activity
of CYP3A4.16 However, the mechanism of these metabolic
enzyme inhibitions is not clear. Thus, analysis of phytocompo-
nents of TCE and their potential to inhibit these enzymes
through in silico methods can suggest the possibility of TCE to
improve the bioavailability of DEM. Besides, TCE has been
well-reported for its benefits against AD.17 Although the
mechanisms of action of TCE against AD are unclear, it has
been shown to reduce glutamate-induced excitotoxicity,18 a
significant contributor to dementia. Moreover, its antioxidant
and anti-inflammatory properties are associated with its ability
to protect against neurodegeneration.19 Taken together, TCE
can potentially complement DEM against neurodegeneration
and AD. Thus, it is desirable to investigate TCE’s effect on
DEM’s pharmacokinetics. Earlier, our group developed an LC-
MS/MS method for determining DEM and DEX from
preclinical samples using a very low volume of plasma.20

However, this method cannot be directly applied to estimate
the pharmacokinetics of DEM and DEX coadministered with
QN. This is because the presence of QN may interfere with the
assay. Hence, it is necessary to revalidate the LC-MS/MS
method to study the pharmacokinetics of DEM and DEX when
administered with QN. Keeping these in view, the current
investigation (Figure S2) was performed to assess TCE’s
ability to improve DEM’s bioavailability and efficacy for
management of AD. This was supported by preclinical and in
silico studies to demonstrate the potential for its comple-
mentary application.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. TCE was procured from

Kisalaya Herbals, Ltd. (Indore, MP, India), and authenticated
by the LC-MS profile of the critical component (Figure S3).
Working standards and Internal Standards DEM, DEX, DEM-
d3, and DEX-d3 purity (>99%) were purchased from
BioOrganics (Bangalore, India). QN sulfate (>99% pure)
was purchased from VIVAN Life Sciences Pvt. Ltd, Mumbai.
Reference standrad (RS) of DEM was procured from Divi’s
Laboratories Limited. Formic acid and HPLC-grade methanol
of Sigma-Aldrich (Missouri, USA) were used. The LABJAL
water system (Labindia, India) was used to prepare in-house
ultrapure water. Rat plasma treated with anticoagulant
(heparin) of Prado Pvt., Ltd. (Pune, India), was used.

2.2. In Silico Analysis of Phytocomponents and Their
Potential for Inhibition of CYP2D6 and CYP3A4. A total
of 75 nonduplicate phytoconstituents of TCE were collected
from published articles and chemical databases, including
PubChem and DrugBank.21−23 The Canonical Simplified
Molecular Input Line-Entry System (SMILES) of each active
ingredient was retrieved, and gastrointestinal (GI) absorption,
intestinal absorption, oral bioavailability, and CYP enzyme
(CYP2D6 and CYP3A4) inhibition activity were predicted

using the SwissADME,24 ADMETlab25 admetSAR,26 and
vNN-ADMET27 web servers.

The crystal structure of CYP2D6 (PDB code: 3TBG)
cocrystallized with thioridazine (RTZ) and CYP3A4 (PDB
code: 3NXU) cocrystallized with ritonavir (RIT) was obtained
from the Protein Data Bank (PDB, https://www.rcsb.org).
Both crystal structures were prepared using the Schrodinger
suite’s protein preparation wizard. Similarly, the collected
active ingredients of TCE were prepared using the LigPrep
module of the Schrodinger suite to generate the correct
energy-minimized 3D molecular stereoisomer of each
phytocompound. For docking phytocompounds into the active
site of the CYP enzymes, a receptor grid of 12 Å around the
centroid of the crystallized ligand was generated. Moreover, the
stereoisomers of phytocompounds were flexibly docked using
the Glide module of the Schrodinger suite in extra-precision
(XP) mode. Furthermore, the docked phytocompounds were
reranked by estimating their relative binding-free energy
(ΔGbind) using molecular mechanics generalized Born surface
area (MM/GBSA) post docking scoring protocol where ΔGbind
= ΔGsolv + ΔEMM + ΔGSA. While the ΔGsolv term is related
to the difference in solvation energy of the complex and
unbound form, ΔEMM and ΔGSA present differences in
minimized energies and surface area energies, respectively. The
cocrystallized ligands were used as controls in the study.

2.3. Authentication of TCE. The berberine standard
(98.93% purity) was procured from VIVAN Life Sciences Pvt.,
Ltd., Mumbai. The mass parameters for the berberine standard
were optimized (polarity: positive; multiple reaction monitor-
ing (MRM, parent ion/product ion): 336.1/320.0); compound
parameters: declustering potential (DP, 80 V), entrance
potential (EP, 10 V), collision energy (CE, 30 V), collision
cell exit potential (CXP, 9 V), ion spray voltage (IS, 5500V);
source parameters: ion source gas (GS, 1; 45 psi), GS2(50
psi), collision associated dissociation (CAD, 6 psi), curtain gas
(CUR, 30 psi), and temperature(450 °C)). The berberine
(100 ng/mL) and TCE (2000 ng/mL) solutions were
prepared using a diluent (methanol:water 80:20). The samples
were analyzed using Agilent Poroshell 120 EC-C18 100 × 4.6
mm, 4 μ column, methanol: 0.1% formic acid in water as
mobile phase, methanol:water (50:50) as rinsing solution,
column oven (40 °C), autosampler (5 °C), injection volume
10 μL, and flow rate of 0.6 mL/min. The mobile phase was
varied with different proportions of (50:50, 60:40, 70:30, and
80:20) an aqua organic mixture. Furthermore, a tuning
solution of TCE was prepared by dissolving it in methanol.
The solvent was Q1 scanned from 200 to 1000 m/z using an
API 4000 QTRAP mass spectrometer. The TCE was scanned
in the same range in the positive polarity mode. The
phytoconstituents of TCE including N-formylannonaine, N-
feruloyltyramine, berberine, jatrorrhizine, corydine, luteanine,
tembetarine, palmatine, and rotundine were monitored (Figure
S3). The m/z (M+1) of these compounds was confirmed in
the Q1 scan. For further confirmation, the mass fragmentation
(Q1/Q3) pattern of well-known compounds like berberine,
jatrorrhizine, and palmatine was analyzed (Figure S4).

2.4. Instrumentation and Analysis Conditions (UPLC-
MS/MS). The LC-MS/MS system comprised an Agilent 1290
Infinity II UPLC system and an AB SCIEX API 4500 Triple
Quad Tandem Mass Spectrometer (Singapore) with an ESI
source (electrospray ionization source). Chromatographic
separation was achieved using a UPLC Eclipse Plus C18
column (5 μm, 100 × 4.6 mm: Agilent, California, USA). The
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separation was optimized with an isocraticsystem in which
methanol and formic acid in water (0.1%) (60:40, v/v) were
used as the mobile phase.

AB SCIEX API 4500 Triple Quad mass spectrometer was
equipped with an ESI source for detection and mass analysis.
All analytes were quantified using positive MRM mode, and
the compound-dependent parameters are listed in Table S1.
The dependent parameters like nebulizer gas, curtain gas 40
(GS1 40), drying gas (GS2) 60, collision gas (CAD) 12,
source temperature 550 °C, and ion spray voltage (IS) 5000
were optimized parameters for better sensitivity. An updated
version of Analyst software, i.e., 1.7.2, was used to evaluate all
the data.

2.5. Preparation of Calibration Curve (CC) and
Quality Control (QC) Samples. Different stocks were
utilized to prepare the CC and QC samples. The stock
solutions DEX, DEM, DEX-d3, and DEM-d3 of 1.0 mg/mL
concentrations were prepared using methanol as solvent. The
working standard solutions of CC (calibration standards) and
QC samples were prepared by the serial dilutions technique
using methanol:water (50:50, v/v) as diluent. The concen-
trations of these samples were prepared 20 times higher than
the spiked calibration standards and QC samples. The working
solution of CC was spiked into interference-free blank plasma
in the proportion of 50 μL working solution and 950 μL blank
plasma. The CC for DEM was established at 0.20, 0.39, 0.78,
2.61, 8.71, 29.04, 72.60, 161.34, 322.69, and 403.36 ng/mL
and the same for DEX at 0.10, 0.20, 0.41, 1.35, 4.52, 15.05,
37.62, 83.61, 167.21, and 209.02 ng/mL in the spiked plasma.
The working solution of QN was spiked into blank plasma to
prepare in the presence of blank plasma containing QN
(concentration about 2000 ng/mL). This presence of blank
plasma containing QN was used to prepare different QC
samples. The concentrations 0.20, 0.58, 142.18, and 302.52
ng/mL and 0.10, 0.30, 73.68, and 156.76 ng/mL were
considered as LLOQ, LQC, MQC, and HQC samples for
DEM and DEX, respectively.

2.6. Sample Preparation. The frozen CC standards, blank
rat plasma, QC samples, and preclinical study samples were
retrieved from a deep freezer set at −70 °C and allowed to
thaw at room temperature. An aliquot of rat plasma samples
(30 μL) and a mixture of IS solution (50 μL) (i.e., 50 and 40
ng/mL for DEM-d3 and DEX-d3, respectively) were taken in a
polypropylene tube and vortexed for about 30 s. This was
followed by the addition of 100 μL of a formic acid solution
(0.1% prepared in water). Then, these samples were again
vortexed for approximately 30 s to ensure proper mixing. The
samples were extracted by the solid phase extraction (SPE)
technique using a Hi-Purit DURA HLB SPE cartridge, 1 cm3,
30 mg of a National Chromatography cartridge. The SPE
cartridge was preconditioned with methanol (1 mL) followed
by water (1 mL). This preconditioned cartridge was loaded
with the entire sample with gentle pressure. Then, the
cartridges were washed with methanol (1 mL, 5%) and
water (1 mL) to remove the unwanted matrix components.
Then, cartridges were kept at high pressure for around 2 min
for drying. After complete drying, the samples were eluted with
300 μL of mobile phase (methanol:0.1% formic acid in water
in the volume ratio of 60:40). Then, the samples were
transferred into pre-labeled autosampler vials and 10 μL
samples from these vials were injected into the UPLC-MS/MS
system for analysis.

2.7. Method Validation. The developed analytical method
was validated for sensitivity, selectivity, specificity, matrix
effect, linearity, precision and accuracy, recovery, and stabilities
in accordance with the US FDA (2018), EMA (2012), and
ICH M10 (May 24, 2022) guidelines.

2.7.1. Selectivity. Six samples of plasma collected from six
healthy rats were treated as a blank. One representative LLOQ
for each lot was processed along with the blank sample. Along
with this, standards of CC and batch qualifying samples [LQC,
MQC, and HQC] were processed as mentioned in Section 2.6
and then analyzed. Each blank plasma lot was estimated at
retention time (RT) and mass−over charge ratio (m/z) of
DEM, DEX, DEM-d3, and DEX-d3 interference.

2.7.2. Specificity. The specificity study assessed any process
conversion of analytes, and internal standards (IS) during
quantification. DEM, DEX, and QN (2000 ng/mL) at the
ULOQ concentration were spiked separately to plasma.
Individual IS (i.e., DEM-d3 and DEX-d3 were spiked
separately in rat plasma at a working concentration. At the
lowest quantification limit, a blank sample was spiked with a
mixture of analytes, i.e., DEM and DEX. The above specificity
samples were processed as per sample preparation procedure
Section 2.6. Then, these samples were assessed for any
interference observed at RT and m/z for the respective
molecules to conclude any process conversion.

2.7.3. Matrix Effect. Six different rat plasma lots at LQC and
HQC concentration levels were evaluated to determine the
matrix effect. The comparison of the area response of the
analyte with matrix and without matrix was used to assess the
matrix factor (MF). The formula used to calculate the MF for

analyte and IS is = analyte / IS

analyte / IS
(peak area with matrix)

(peak area without matrix)
, and that for the IS-

normalized factor is = sanalyte matrix factor
internal standard matrix factor

. The assessment
was performed with aqueous and extracted samples containing
equal amounts of both analyte and IS. Then, the MF (IS
normalized) was calculated for DEM and DEX to assess the IS-
normalized matrix effect.

2.7.4. Linearity. For DEM, the concentration range was
established from 0.20 to 403.36 ng/mL, while for DEX, it was
0.10 to 209.02 ng/mL. The CCs for DEM and DEX were
generated by considering the peak area ratio relative to their
corresponding IS against respective nominal concentrations in
plasma. The linearity within the specified concentration ranges
was established through a least-squares regression analysis with
a weighing factor of 1/x2.

2.7.5. Precision and Accuracy. The precision and accuracy
of the method were established in six replicates of the LLOQ
QC, LQC, MQC, and HQC concentration levels. Intraday and
interday precision and accuracy were performed on different
analytical days, explaining the validation runs’ consistency and
reproducibility. The % relative standard deviation (RSD),
besides the mean of % accuracy, was considered to assess
precision and accuracy. As per the acceptance criteria of
method validation, the mean % accuracy should be between 85
and 115% except for LLOQ QC for which this restriction is
eased, i.e., 80 to 120%. The % RSD should be within 15%,
except for LLOQ QC, which is 20%.

2.7.6. Sensitivity. The sensitivity of an analytical method at
the lower limit of quantification (LLOQ), the signal-to-noise
(S/N) ratio, accuracy, and precision are evaluated using LLOQ
samples from three different batches. Six replicates per LLOQ
sample are analyzed. The S/N ratio is calculated by dividing
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the average signal response by the average noise level. The S/N
ratio for each analyte should be greater than 5. Accuracy was
determined by comparing the mean concentration with the
nominal concentration, while precision was assessed using the
coefficient of variation (CV). Acceptable accuracy is usually
within ±20%, and the precision should be ≤20%.

2.7.7. Recovery. The SPE procedure’s relative recovery was
assessed by comparing the peak area of the response of
extracted QC samples with QC samples prepared using a
postextracted blank matrix. This evaluation aimed to determine
the efficiency of the extraction process. The comparison was
conducted at low, middle, and high QC concentration levels to
assess the extraction efficiency across various concentrations.
By analyzing the peak area responses, the closeness of the
extracted QC sample responses to those of the QC samples
prepared with the postextracted blank matrix indicated the
recovery efficiency.

2.7.8. Stability. The stability of analyte DEM and DEX in
rat plasma was estimated by utilizing the two QC levels, i.e.,
LQC and HQC (n = 6 for each QC level), under the following
conditions: freeze thaw stability for five cycles, wet extract
stability at refrigerator, benchtop stability at room temperature,
autosampler stability at 5 °C, and long-term storage stability
for 49 days at −70 °C.

2.8. Pharmacokinetics Study. This study was designed to
investigate the comparative effect of the QN and TCE extract
on the pharmacokinetics of DEM in pathogen-free Wistar rats.
A total of 36 animals (male and female) having weights
between 200 and 250 g were purchased from Prado Pvt., Ltd.
(Pune, India). Before initiation of experiments, rats were
allowed 7 days of acclimatization in the animal cages under
ambient temperature (25 ± 1 °C) and fed with standard
rodent chow and tap water ad libitum. The rats were kept in
fasting condition for about 12 h before the start of the
experiment; however, they were free to drink water. All studies
were approved by the institutional animal ethical committee of
the School of Pharmaceutical Sciences, Siksha O Anusandhan
University (Deemed to be University), Bhubaneswar, Odisha,
India (07/21/IAEE/SPS/SOAU), and conducted in line with
the guidelines of the committee on the care and use of
laboratory animals.

To investigate the effect of TCE on the oral pharmacoki-
netics of DEM, two types of studies were planned based on the
single pretreatment groups (group A) and multiple pretreat-
ment groups (group B). Each group contained 18 rats.
Furthermore, each group was divided into three different
subgroups (A-1, A-2, A-3, B-1, B-2, and B-3), having six rats in
each subgroup. After 12 h of fasting, A-1, A-2, and A-3 group
animals were administered with QN (2.5 mg/kg), TCE (100
mg/kg), and TCE (400 mg/kg), respectively, as single
pretreatment. After 2 h of pretreatment, a single DEM dose
(5 mg/kg) was administered and blood samples were collected
as per the predetermined time points.

Animals of groups B-1, B-2, and B-3 were administered daily
with QN (2.5 mg/kg), TCE (100 mg/kg), and TCE (400 mg/
kg), respectively, for 14 days as multiple pretreatments. After 2
h of the 14th day’s pretreatment dose, a single dose of DEM (5
mg/kg) was administered. The blood samples (0.2 mL) were
directly collected from the jugular vein at 0 (predose), 0.08,
0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0, 10.0, and 24.0 h time
intervals after administration, and the samples thus collected
were transferred into the prelabeled tubes containing heparin
as an anticoagulant. These collected samples were centrifuged

at 5000 rpm for 10 min without delay. After centrifugation, 100
μL of plasma was aliquoted and shifted to a separate tube. The
tubes were then stored at a temperature of −70 °C to maintain
their integrity and prevent degradation until further analysis.
Pharmacokinetic parameters like maximum drug plasma
concentration (Cmax), area under the curve (AUC), mean
residence time (MRT), drug clearance (CL), biological half-
life (t1/2), and maximum peak time (Tmax) were calculated.

2.9. Network Pharmacology of TCE for Effect against
AD. Phytoconstituents of TCE that were predicted to have
good blood−brain barrier (BBB) permeability and comply
with Lipinski’s rule of five were selected for this analysis. The
targets of these ingredients were predicted by entering their
canonical SMILES values into the SwissTargetPrediction and
SuperPred web servers. The predicted common targets of “
Homo sapiens” only were selected for gene−disease association
(GDA) analysis. The association of common targets with AD
was done using the R package disgenet2r. Those targets having
a GDA score ≥0.3 and associated with AD were retained for
functional enrichment analysis and network construction.

For functional pathway and gene ontology enrichment
analyses, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway and gene ontology (GO) enrichment
analyses of AD disease-associated targets were carried out by
submitting the list of genes to the ShinyGO web server. The
top 10 KEGG pathways and GO terms based on enrichment
FDR (p-value ≤0.05) and fold enrichment were plotted using
the SRplot data visualization web server. The KEGG and GO
enrichment analyses revealed the possible functional pathways
and GO terms of the AD disease-associated targets.

Furthermore, the protein−protein interaction (PPI) be-
tween AD disease-associated targets was retrieved by searching
gene names in the STRING database with species as ″Homo
sapiens″ and a confidence score >0.4. Parallelly, the compound-
target-pathway network was constructed and visualized using
Cytoscape software and analyzed using NetworkAnalyzer
plugins of Cytoscape.

2.10. Effect on Scopolamine-Induced Dementia. For
study of the effect on scopolamine-induced dementia, Wistar
rats of either sex weighing between 180 and 200 g were
procured from M/S Saha Enterprise, Kolkata, and housed in
the animal facility of School of Pharmaceutical Sciences, Siksha
‘O’ Anusandhan (Deemed to be University), Bhubaneswar,
Odisha, India. The studies were conducted in accordance with
the protocol approved by the institutional animal ethical
committee (07/21/IAEE/SPS/SOAU). The rats were kept in
cages and maintained under standard husbandry conditions
(12:12 h light/dark cycle, controlled room temperature (23 ±
2 °C), stress-free, ad libitum water, standard diets, and sanitary
conditions). Before the experiment was begun, the rats were
allowed to acclimatize for a period of 1 week to reduce stress.
The study was accepted and approved by the institutional
ethical committee (07/21/IAEE/SPS/SOAU) of the School of
Pharmaceutical Sciences, Siksha ‘O’ Anusandhan (Deemed to
be University), Bhubaneswar, Odisha, India.

Scopolamine is known to cause dementia through multiple
mechanisms including impairment of cholinergic transmission
and oxidative stress.28 Accordingly, this method has been
widely used as a model for AD in rats.29 Following these
reported protocols, the effect of TCE and DEM against
dementia was evaluated. Briefly, animals were trained for 14
days in a rectangular maze. After acclimatization and training,
the animals were grouped into four groups consisting of six
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animals each. Amnesia was induced in all of the groups by daily
intraperitoneal injections of scopolamine (1 mg/kg) for 9
consecutive days. The animals were grouped as follows: (i)
group 1: control (2 mL of saline po); (ii) group 2: standard
(QN (2.5 mg/kg) and DEM (5 mg/kg) after 2 h of QN); (iii)
group 3: TCE (400 mg/kg); (iv) group 4: TCE (400 mg/kg)
and DEM (5 mg/kg) after 2 h of TCE. Each day, the test
compounds were administered before 1 h of scopolamine
induction and the behavioral tests were performed after 1 h
after that. After the ninth day, the animals were sacrificed by
higher dose of ketamine and xylazine. The brains of the
animals were isolated and kept in a 10% formalin solution for
histopathological analysis.

The nootropic potential was evaluated by a rectangular
(Hebb William) maze, which is a fully enclosed rectangular
box that includes an entrance (A) and a reward chamber (B)
situated at opposite ends. The box is divided by wooden slats
into blind passages, leaving only a twisting corridor (C)
connecting the entrance (A) to the reward chamber (B). After
familiarization, the rat was placed in the entrance chamber and
a timer was activated. The time it took for the rat to reach the
reward chamber was recorded as the trial’s learning score. The
learning score for each day was obtained. The locomotor and
exploratory behaviors of the rats were measured by the open
field test. The test animals were kept at the center of the test
platform with a 1 m2 area with a height of 0.4 m to prevent
escape of animals. The experiment was conducted in a quiet
room satisfactorily lit. This study was conducted after 2 h of
rectangular maze test on the first, fifth, and ninth days. Animals
were monitored for a period of 3 min, and the numbers of
square crossings were noted.

After the completion of the ninth day study, rats were
sacrificed (after being anesthetized) and decapitated. The skull
was opened and the brain was cut along the sagittal plain and

fixed in formalin (10% solution in saline) and sent for
histological slide preparation to the pathologist. The slides
were examined by a fluorescence microscope with 100×
magnifications.

2.11. Statistical Analysis. All of the collected data are
evaluated in terms of mean ± standard deviation (SD). The
one-way ANOVA was used to analyze the collected data. The
Statistical Analysis Software (SAS) used noncompartmental
analysis to examine the pharmacokinetic parameters.

3. RESULTS AND DISCUSSION
3.1. In Silico Analysis of Phytocomponents and Their

Potential for Inhibition of CYP2D6 and CYP3A4. TCE
has been widely investigated, and 75 unique phytocomponents
were found from different databases.21−23 For any significant
effect on CYP enzymes in the liver, the components are
expected to have good intestinal permeability. Thus, these 75
compounds were filtered based on the likelihood of their
intestinal permeability using the consensus results of different
web servers, including SwissADME,24 ADMETlab,25 admet-
SAR,26 and vNN-ADMET.27 These web servers also predict
the potential of ligands to inhibit CYP enzymes. These are
primarily based on the pharmacophore models and classify
inhibitors based on the structural features30 within the
limitations of the data set used to develop the pharmacophore.
Because of this limitation, a complete consensus was not
observed for inhibiting CYP2D6 and CYP3A4 among the
phytocompounds. Therefore, molecular docking followed by
MM/GBSA analysis using the Schrodinger suite Glide docking
module in extra-precision mode (XP) was undertaken.
Although widely used, the docking scores often fail to
differentiate between <1.5 kcal/mol binding affinity differ-
ences. Thus, additionally, the ΔGBind score was used. This free
energy score is based on MM/GBSA that combines molecular

Table 1. Interacting Residues Involved in Interactions of CYP’s Enzymes and Potential Inhibitorsa

enzyme inhibitor H-bonds hydrophobic π-cation
π−π

stacking salt bridges

XP
GScore

(kcal/mol)
ΔGbind

(kcal/mol)

CYP2D6 RTZ LEU110, PHE120, ALA209, LEU213, GLN244,
PHE247, ILE297, ALA300, VAL308, PHE483,
LEU484

GLU216,
ASP301

−7.07 −72.57

M30 LEU213, GLU216, THR309, VAL370, VAL374 −6.20 −73.78
M35 SER304 PHE120, ASP301, ALA305, THR309, VAL370,

VAL374
−6.02 −65.40

M37 PHE120, LEU213, VAL374, PHE483 −7.27 −85.15
M38 PHE120, LEU213, VAL374, PHE483 −7.48 −83.12
M39 GLN244 PHE120, GLN244, ALA300 ASP301 −7.12 −67.86
M44 SER304 PHE120, LEU213, GLU216, VAL374, PHE483 −6.69 −64.36

CYP3A4 RIT SER119, ARG372,
LEU483

PHE57, ARG106, PHE108, ILE120, LEU210,
PHE213, PHE215, THR224, PHE241, ILE301,
PHE304, ILE369, LEU373

PHE213 −10.03 −62.42

M33 SER119, THR309 ILE120, PHE241, ILE301 −6.94 −60.45
M38 THR309 PHE108 ARG105 −6.49 −70.96
M39 ILE301, PHE304 −6.93 −65.95
M40 ILE369, MET371,

ARG372, LEU483
ILE369, LEU482 −8.81 −66.66

M41 ILE369, MET371,
ARG372, GLY481,
LEU483

PHE304, ILE369, LEU482 −8.34 −73.48

M42 THR309, ILE369,
LEU483

ILE369, LEU482 −10.15 −65.89

aThioridazine (RTZ) and ritonavir (RIT) were taken as control inhibitors. The interactions analysis was performed using online web tool protein-
ligand interaction profiler (PLIP). M30: piperidine, 1-(5-(1,3-benzodioxol-5-yl)-1-oxo-2,4-pentadienyl)-; M33: N-formylannonaine; M35:
dasycarpidan-1-methanol, acetate (ester); M37: berberine; M38: jatrorrhizine; M39: luteanine; M40: (±)-corydine; M41: (+)-magnoflorine
iodide; M42:7-hydroxy-1-[(3-hydroxy-4-methoxyphenyl)methyl]-6-methoxy-2,2-dimethyl-1,2,3,4-tetrahydroisoquinolin-2-ium; M44: rotundine.
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mechanics energies with generalized Born and surface area
continuum solvation and can minimize the false positives.31 It
is preferable to use the consensus of the docking score and
ΔGbind to rank the phytocompounds as inhibitors of CYP
enzymes. Based on the above predicted properties, phyto-
compounds with high intestinal permeability, CYP enzyme
inhibition activity (probability >80%; at least by two tools), XP
docking score ≤−6.0 kcal/mol, and ΔGbind ≤−60.0 kcal/mol
were considered as potential CYP enzyme inhibitors.

Using these criteria (Table 1), molecules M30 (CID: 4840),
M35 (CID: 550072), berberine (CID: 2353), jatrorrhizine
(CID: 72323), luteanine (CID: 48704), and rotundine (CID:
5417) were predicted to inhibit CYP2D6. Similarly, in the case
of CYP3A4, n-formylannonaine (CID: 23251787), jatror-
rhizine, luteanine (CID: 48704), corydine (CID: 111119),
magnoflorine iodide (CID: 3999), and M42 (CID: 4622630)
were predicted as possible inhibitors (Table 1). Moreover,
jatrorrhizine and luteanine were found to be potential
inhibitors of both CYP enzymes. More than the docking
scores, the binding mode helps distinguish a binder from a
nonbinder. Thus, the binding modes of the above selected
compounds were studied by visualizing their protein−ligand
interaction profiles using the PLIP.32 The cocrystallized ligands

were used as controls in this study. RTZ has been
experimentally shown to have a hydrophobic interaction with
LEU110, ALA209, LEU213, PHE247, ILE297, and ALA300 of
CYP2D6 with no hydrogen bonding.33 These residues were
also predicted in the interaction between RTZ and CYP2D6
without hydrogen bonding (Table 1). RIT has been
experimentally demonstrated to interact with CYP3A4 through
hydrogen bonding (SER119), hydrophobic interaction
(PHE57, PHE108, LEU210, PHE215), and π−π stacking
(PHE213).34 The predicted binding mode also showed
interactions with these residues (Table 1). Thus, the predicted
binding modes of control are close to the experimentally
determined mode of interaction and suggest the utility of using
the binding mode analysis to support the potential for
inhibiting these enzymes. The phytocompounds screened for
CYP2D6 inhibition ability were found to bind to the same
cavity in close proximity to the site at which RTZ is known to
bind (Figure 1). Similarly, the phytocompounds were found to
attach to the site where RTZ is known to interact with
CYP3A4 (Figure 1). Although variations were observed in
interactions with specific residues, some residues that are
shown in the interaction of cocrystallized ligands were also
found to be involved in the interaction with these

Figure 1. Binding mode of selected compounds in comparison with reported inhibitors, i.e., ritonavir (RIT) and thioridazine (RTZ). (A, C)
Binding mode of redocked thioridazine (green) and ritonavir (magenta) in CYP2D6 and CYP3A4, respectively. (B) Binding mode of M30 (CID:
4840; dark blue), M35 (CID: 550072; light blue), berberine (CID: 2353; cyan), jatrorrhizine (CID: 72323; green), luteanine (CID: 48704;
yellow), and rotundine (CID: 5417; bricks red) in CYP2D6 enzyme. (D) Binding mode of n-formylannonaine (CID: 23251787, dark blue),
jatrorrhizine (light blue), luteanine (CID: 48704; cyan), corydine (CID: 111119; green), magnoflorine iodide (CID: 3999; yellow), and M42
(CID: 4622630; bricks red) in CYP3A4 enzyme. The iron-protoporphyrin IX molecule is shown in orange color.
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phytocompounds. Taken together, the docking score, ΔGbind,
and binding mode analysis suggest the potential of these
phytocompounds to inhibit these CYP enzymes. However,
further experimental studies are necessary to validate the ability
of these phytocompounds to inhibit CYP enzymes. Nonethe-
less, some of these have been shown to inhibit these enzymes
in vitro. While jatrorrhizine is reported to inhibit CYP3A4,35

berberine36,37 and corydine38 have been shown to inhibit
CYP2D6 and CYP3A4. Because phytocompounds of extracts
often have holistic properties, the contribution from other
components cannot be ruled out. These data partly explain the
potential of TCE to inhibit the metabolic activity of CYP2D6
and CYP3A4.16

3.2. Authentication of TCE. Berberine is an important
phytocomponent of TCE. Its reference standard was used as a
marker to compare RT with different mobile phases. The RT
of TCE exactly matched that of berberine in all chromatog-
raphy conditions (Figure 2). The fragmentation pattern was

also similar (Figure S3), confirming the presence of berberine
in the TCE. Along with the certificate of analysis, this LC-MS
study indicated the authenticity of TCE.

In silico analysis has revealed that along with berberine,
multiple TCE components can potentially inhibit CYP2D6
and CYP3A4 (Table S2). Therefore, LC-MS analysis was
carried out to assess the presence of phytocomponents with
potential affinity for CYP2D6 and CYP3A4. In the absence of a
standard marker, the Q1/product ion scan can be used as an
alternative tool to assess the presence of phytocomponents.
The Q1 scan of TCE solution showed m/z (M + 1) values that
matched with the parent ion mass of several phytoconstituents
of TCE, including N-formylannonaine, N-feruloyltyramine,
berberine, jatrorrhizine, corydine, luteanine, tembetarine,
palmatine, and rotundine (Figure S3). Furthermore, the
product ion spectra of TCE showed fragmentation that can
be attributed to representative compounds, including berber-
ine, jatrorrhizine, and palmatine, based on their reported MS/

Figure 2. Chromatograms of berberine and TC extract at different chromatographic conditions like mobile phase 80:20 (chromatograms A and B),
mobile phase 50:50 (chromatograms C and D), mobile phase 60:40 (chromatograms E and F), and mobile phase 70:30 (chromatograms G and
H).

Figure 3. Chromatogram of the analytes in rat plasma. (A) (1) Blank sample for DEM, (2) LLOQ for DEM, (3) ULOQ for DEM, (4) rat plasma
sample at 0.25 h. (B) (1) Blank sample for DEX, (2) LLOQ for DEX, (3) ULOQ for DEX, (4) rat plasma sample at 0.25 h.
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MS data (Figure S4).38 Thus, the LC-MS profile of the extract
showed parent ion peaks (M + 1) for most of the
phytocompounds that have been shown to have an affinity
for CYP2D6 and CYP3A4, and TCE is likely to inhibit these
CYP enzymes that may decrease the metabolism of DEM.

3.3. UPLC-MS/MS Method Validation. 3.3.1. Selectivity.
The selectivity of the method for DEM, DEM-d3, DEX, and
DEX-d3 was assessed by comparing the area response of the
LLOQ to that of a clean rat plasma sample (blank).
Interference present was found to be less than 0.45% for the
analytes and less than 0.62% for the ISs in the blank rat plasma
samples when compared with the corresponding responses in
the LLOQ sample. The absence of significant interference
confirms the method’s selectivity in accurately quantifying
DEM and DEX in rat plasma, indicating that the measured
signals primarily originate from the target analytes of interest.

3.3.2. Specificity. The interference was assessed at RT and
m/z of DEM for samples DEX, DEM-d3, DEX-d3, and QN,
and all predose samples (PD) of 36 rats that were used during
the study. Furthermore, the interference was assessed at RT
and m/z of DEX for samples DEM, DEM-d3, DEX-d3, QN,
and all predose (PD) samples of 36 rats that were used during
the study. No significant interference was observed at RT and
m/z of analyte and IS, indicating the specificity of the method
for simultaneous estimation of DEM and DEX. The chromato-
grams of DEM, DEX, DEM-d3, DEX-d3, QN, and PD are
shown in Figure 3 and Table 2.

3.3.3. Matrix Effect. No significant enhancement/suppres-
sion of the detector response was observed in all lots of rat
plasma at LQC and HQC levels. The MF (IS normalized) for
DEM and DEX were also within the range of 0.85 to 1.15
(Table 3). The %CV of the MF (IS normalized) for both was
below 5%. This indicates a lack of significant matrix effect,
suggesting the suitability for quantifying DEM and DEX from
rat plasma.

3.3.4. Linearity. The developed method was found linear (r2

> 0.99) from 0.20 ng/mL to 403.36 ng/mL and from 0.10 ng/
mL to 209.02 ng/mL for DEM and DEX, respectively. This
dynamic range was adequate for quantifying DEM and DEX in
the preclinical study (Table 4).

3.3.5. Precision and Accuracy. To evaluate the precision
and accuracy, four QC levels in six replicates (LLOQ QC,

LQC, MQC, and HQC) were analyzed through 10 CC
standards (Table 5) using three analytical runs through 2 days.
The precision (%CV) of back-calculated concentrations of
DEM and DEX for the interday analysis were found from 2.21
to 4.76 and from 2.53 to 9.09, respectively. The method was
found precise for the intraday analysis, too, with %CV in the
range of 3.56 to 9.52 (DEM) and 3.64 to 10.00 (DEX). The
mean interassay accuracy of the method for analysis of DEM
and DEX was found in the ranges of 98.28−105.00 and 96.67−
110.00%, respectively. Similarly, the accuracy for intra-assay
was found acceptable in the range of 98.99 to 105.00% for
DEM and from 98.19% to 100.00% for DEX. Thus, the newly
developed method was accurate and precise per ICH
guidelines (M10) to quantify DEM and DEX.

3.3.6. Sensitivity. The method was sensitive enough to
measure DEM at 0.20 ng/mL and DEX at 0.10 ng/mL as the
LLOQ. Mean accuracies from three runs of six successive
LLOQ samples were 105.00% for DEM and 100.00% for DEX.
All LLOQ samples were found to have accuracy within a range
of 80 to 120%. Precision (%CV) was ±5.76 for DEM and
±10.50 for DEX. The method shows sufficient sensitivity,
acceptable accuracy, and precision, making it suitable for
quantifying DEM and DEX at low concentrations (Table 4).

3.3.7. Recovery. The SPE’s extraction efficiency was
assessed regarding analyte and IS recovery from the rat plasma
(Table 5). The recoveries of DEM were found to be 99.95,
97.81, and 97.43% at low, middle, and high QC levels,
respectively. The consistent recoveries of DEX were observed
to be 95.57, 103.51, and 100.42% for low QC, middle QC, and
high QC levels, respectively. Recoveries of ISs were 99.83 and
98.57% for DEM-d3 and DEX-d3, respectively. The precise
and high-efficiency recovery at three gradient levels for DEM

Table 2. Specificity for DEM and DEX and Their IS (n = 3)

analyte/internal standard % of interference for DEM % of interference for DEM-d3 % of interference for DEX % of interference for DEX-d3

DEM (400 ng/mL) 0.00 0.17 0.00
DEM-d3 (50 ng/mL) 0.08 0.00 0.00
DEX (200 ng/mL) 0.02 0.00 0.00
DEX-d3 (40 ng/mL) 0.00 0.00 0.03
QN (2000 ng/mL) 0.00 0.00 0.00 0.00

Table 3. Recovery and Matrix Factor for DEM and DEX and Their IS (n = 6)

recovery matrix factor

QC level

LQC MQC HQC LQC HQC

compound
mean recovery

(%)
CV
(%)

mean recovery
(%)

CV
(%)

mean recovery
(%)

CV
(%)

IS normalized
factor

CV
(%)

IS normalized
factor

CV
(%)

DEM 99.95 9.83 97.81 4.16 97.43 5.47 1.04 4.56 1.00 2.88
DEM-d3 97.99 10.38 99.25 6.29 102.24 6.58
DEX 95.57 5.48 103.51 6.03 100.42 3.39 0.99 3.34 1.03 3.96
DEX-d3 97.42 4.02 96.79 2.14 101.51 3.84

Table 4. Linearity and Sensitivity for DEM and DEX in Rat
Plasma

analytes

linear
range

(ng/mL)
LLOQ

(ng/mL)

S/N
for

LLOQ slope intercept r

DEM 0.196 to
403.356

0.196 22 0.0179 0.122 0.9970

DEX 0.102 to
209.017

0.102 48 0.011 0.0799 0.9998
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and DEX advocates that the method is valid for quantifying
DEM and DEX from rat plasma.

3.3.8. Stability. Different stability experiments like benchtop
stability, autosampler sample stability, wet extract stability,
processed sample stability, freeze−thaw stability, and long-
term stability were executed for DEM and DEX in the plasma

of rats. Both the analytes and IS were found to be stable in all
the above stability conditions (Table 6). Thus, the results of
the stability experiment justify the techniques by which the
samples were processed for further application.

3.4. Pharmacokinetic Study. The compound-dependent
parameters were optimized (Table S1), and the method was

Table 5. Accuracy and Precision for DEM and DEX in Rat Plasma (n = 6)

interday intraday

analyte name nominal conc. (ng/mL) mean ± SD accuracy (%) precision (% CV) mean ± SD accuracy (%) precision (%CV)

DEM 0.20 0.21 ± 0.01 105.00 4.76 0.21 ± 0.02 105.00 9.52
0.58 0.57 ± 0.03 98.28 5.26 0.60 ± 0.05 103.45 8.33

142.18 143.29 ± 3.16 100.78 2.21 142.81 ± 5.79 100.44 4.05
302.52 301.97 ± 8.42 99.82 2.79 303.04 ± 12.37 98.99 3.56

DEX 0.10 0.11 ± 0.01 110.00 9.09 0.10 ± 0.01 100.00 10.00
0.30 0.29 ± 0.02 96.67 6.90 0.30 ± 0.02 100.00 6.67

73.68 73.93 ± 3.26 100.34 4.41 74.06 ± 3.19 100.52 4.31
156.76 155.35 ± 3.93 99.10 2.53 153.92 ± 5.61 98.19 3.64

Table 6. Stability at LQC and HQC Levels of DEM and DEX in Rat Plasma (n = 6)

stability analyte nominal conc. (ng/mL) calculated conc. (ng/mL) precision (% CV) % difference

benchtop stability (19 h and 28 min) DEM 0.58 0.59 ± 0.05 8.47 5.29
302.52 300.16 ± 11.76 3.92 −0.36

DEX 0.30 0.29 ± 0.02 6.9 0.00
156.76 153.91 ± 5.91 3.84 −0.70

wet extract stability (42 h and 12 min) DEM 0.58 0.61 ± 0.05 8.20 8.86
302.52 298.73 ± 10.53 3.52 −0.83

DEX 0.30 0.31 ± 0.02 6.45 6.90
156.76 153.92 ± 5.87 3.81 −0.69

processed sample stability (28 h and 21 min) DEM 0.58 0.56 ± 0.03 5.36 −0.06
302.52 308.31 ± 8.23 2.67 2.35

DEX 0.30 0.030 ± 0.01 3.33 3.45
156.76 151.91 ± 3.03 1.99 −1.99

freeze thaw stability (five cycles) DEM 0.58 0.57 ± 0.03 5.26 1.72
302.52 293.62 ± 16.24 5.53 −2.53

DEX 0.30 0.30 ± 0.02 6.67 3.45
156.76 156.02 ± 1.22 0.78 0.66

autosampler stability (64 h and 3 min) DEM 0.58 0.58 ± 0.03 5.17 3.51
302.52 308.23 ± 7.69 2.49 2.32

DEX 0.30 0.28 ± 0.02 7.14 −3.45
156.76 149.71 ± 5.67 3.79 −3.41

long-term stability (49 days) DEM 0.58 0.58 ± 0.03 5.17 3.51
302.52 299.62 ± 9.41 3.14 −0.54

DEX 0.30 0.30 ± 0.02 6.67 3.45
156.76 155.49 ± 7.51 4.83 0.32

Table 7. Pharmacokinetic Parameters of DEM and DEX after Single Oral Administration (n = 6, Mean± SD)

group A-1 QN + DEM group A-2 TCE (100 mg) + DEM group A-3 TCE (400 mg) + DEM

parameters DEM DEX DEM DEX DEM DEX

AUC(0→t) ng/mL·h 125.61 ± 13.22 53.91 ± 11.87 226.35 ± 61.33 65.92 ± 32.64 149.41 ± 25.75 53.36 ± 23.83
AUC(0→∞) ng/mL·h 128.45 ± 12.21 56.86 ± 11.77 231.36 ± 62.43 74.54 ± 38.77 156.04 ± 25.03 60.21 ± 26.76
Cmax (ng/mL) 49.54 ± 14.60 22.13 ± 6.01 71.76 ± 13.64 19.90 ± 10.94 76.73 ± 9.95 26.53 ± 14.74
Tmax (h) 0.43 ± 0.23 0.46 ± 0.10 0.51 ± 0.29 0.47 ± 0.22 0.49 ± 0.36 0.46 ± 0.19
Kel 0.27 ± 0.12 0.13 ± 0.05 0.20 ± 0.06 0.10 ± 0.04 0.31 ± 0.11 0.19 ± 0.08
t1/2 (h) 2.55 ± 0.89 5.98 ± 1.97 3.73 ± 1.09 8.25 ± 3.45 2.39 ± 0.67 4.51 ± 2.62
CL/F (L/h) 0.04 ± 0.00 0.09 ± 0.02 0.02 ± 0.01a 0.08 ± 0.04 0.03 ± 0.01a 0.09 ± 0.03
MRT(0→t) (h) 3.03 ± 1.04 4.09 ± 0.72 3.68 ± 0.46 4.86 ± 0.95 2.43 ± 0.54 3.23 ± 1.30
MRT(0→∞) (h) 3.44 ± 1.19 5.41 ± 1.07 4.10 ± 0.49 8.01 ± 3.00 2.91 ± 0.82 5.05 ± 2.34
AUC(0→∞) DEM/DEX 2.26 3.10 2.59

aP < 0.01: group A-2 compared to A-1, *P < 0.01: group A-3 compared to A-1.
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found to be selective for determining DEM and DEX when
administered with TCE. Based on this suitability, the current
LC-MS/MS method investigated pharmacokinetic-mediated
drug interaction between DEM and TCE. Earlier, we
demonstrated that 30−60 min of incubation with TCE is
necessary to inhibit the metabolic enzymes in vitro.16 Thus,
TCE was administered 2 h before the administration of DEM.
This was also necessary to minimize any absorption-mediated
drug interaction. Although QN is coadministered with DEM,
in the current study, QN was administered 2 h before the use
of DEM for comparison with TCE.

The major pharmacokinetic parameters including Cmax, Tmax,
AUC, MRT, t1/2, and CL/F_obs of DEM and its metabolite
DEX were presented for group A and B studies in Tables 7 and
8, respectively. Considering that inhibition of DEM metabo-
lism can lead to an increase in DEM levels along with a
decrease in DEX levels, the DEMAUC/DEXAUC ratio was
calculated and used as a parameter to suggest a metabolism-

mediated interaction. While no significant (p < 0.01) changes
were observed in pharmacokinetic parameters like Cmax, Tmax,
AUC, MRT, and t1/2 of group A-2 in comparison to group A-1,
a significant (p < 0.01) decrease in CL/F_obs was observed.
Similar observations were also made in Grp 3 animals treated
with a higher dose of TCE (400 mg/kg). Although this
suggests the ability of TCE (100 mg/kg) to increase
circulation of DEM following single-dose administration, it
failed to produce a significantly higher DEMAUC/DEXAUC
(Figure 4 A,B and Table 7). This suggests that the extent of
metabolism of DEM by a single dose of TCE did not produce
a change in the pharmacokinetic parameters of DEM.

A 14-day multiple-dosing study was used to demonstrate the
metabolism-mediated drug interaction of TCE.18 Moreover,
the multiple-dose study is more relevant to show metabolism/
pharmacokinetic-mediated drug interaction for drugs used for
long-term application.18 Accordingly, 14-day multiple-dosing
studies were conducted in group B animals (Figure 4C,D and

Table 8. Pharmacokinetic Parameters of DEM and DEX for Multiple Doses, 14 Days (n = 6, Mean ± SD)

group B-1 QN + DEM group B-2 TCE (100 mg) + DEM group B-3 TCE (400 mg) + DEM

parameters DEM DEX DEM DEX DEM DEX

AUC(0→t) ng/mL·h 102.90 ± 11.76 40.04 ± 22.25 196.63 ± 37.76a 27.10 ± 01.95 2301.80 ± 733.42a 189.64 ± 117.30
AUC (0→∞) ng/mL·h 106.16 ± 10.62 42.04 ± 22.63 199.66 ± 37.69a 28.52 ± 1.51 2341.86 ± 748.45a 251.30 ± 138.21
Cmax (ng/mL) 72.42 ± 12.14 17.33 ± 10.11 76.73 ± 09.95 10.93 ± 00.52 360.50 ± 113.41a 46.88 ± 26.66
Tmax (h) 0.11 ± 0.07 0.63 ± 0.21 0.08 ± 0.00 0.67 ± 0.20 0.96 ± 0.10a 0.63 ± 0.21
Kel 0.36 ± 0.05 0.33 ± 0.03 0.23 ± 0.06a 0.30 ± 0.02 0.25 ± 0.02a 0.14 ± 0.08
t1/2 (h) 1.97 ± 0.30 2.12 ± 0.19 3.15 ± 0.84a 2.32 ± 0.17 2.81 ± 0.25a 5.74 ± 1.93
CL/F (L/h) 0.05 ± 0.01 0.15 ± 0.74 0.03 ± 0.01a 0.18 ± 0.01 0.00 ± 0.00a 0.03 ± 0.01
MRT(0→t) (h) 2.09 ± 0.51 2.56 ± 0.09 3.39 ± 0.52a 2.79 ± 0.08 5.24 ± 1.41a 4.13 ± 0.96
MRT(0→∞) (h) 2.44 ± 0.68 3.13 ± 0.28 3.74 ± 0.83a 3.32 ± 0.27 5.45 ± 1.29a 7.77 ± 3.00
AUC(0→t) DEM/DEX 2.57 7.26 12.14

aP < 0.01: group B-2 compared to B-1, *P < 0.01: group B-3 compared to B-1.

Figure 4. Mean plasma concentration−time curves of DEM (A), DEX (B) in rats after a single pretreatment (A-1, A-2, and A-3 administered with
QN-2.5 mg/kg, TCE-100 mg/kg, and TCE-400 mg/kg, respectively) followed by single oral administration of DEM (5 mg/kg). DEM (C) and
DEX (D) in rats after multiple pretreatment for 14 days (B-1, B-2, and B-3 administered with QN-2.5 mg/kg, TCE-100 mg/kg, and TCE-400 mg/
kg, respectively) followed by single oral administration of DEM (5 mg/kg).
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Table 8). A significant (p < 0.01) increase in AUC and MRT
of DEM following the use of 100 mg/kg of TCE demonstrated
the ability of TCE to increase the bioavailability of DEM
compared to QN significantly. The Cmax and Tmax at this dose
(group B2) were similar to those of group B-1. This supports
that the pharmacokinetic interaction is not absorption-
mediated and suggests that keeping a 2 h gap between oral
administration of TCE and DEM has minimized possibilities
for absorption-mediated drug interaction. The clearance of
DEM at this dose was significantly lowered. This was also
accompanied by a 2.8-fold increase of DEMAUC/DEXAUC
compared to group B-1 (Table 8). This indicates that the
increase in bioavailability of DEM can be partly attributed to
the metabolism-mediated interaction between TCE and DEM.

Furthermore, significant increases in AUC, MRT, and t1/2
and a decrease in Kel and Cl were observed in group B-3 with
respect to group B-1, leading to a 4.7-fold increase in
DEMAUC/DEXAUC. Higher bioavailability of DEM with an
increase in dose is in agreement with the work of Marier et al.,
who reported a rise in DEMAUC/DEXAUC in a dose-dependent
manner following coadministration with QN.9 This can be
partly related to the inhibition of the metabolism of DEM and
suggests that multiple pretreatments of 400 mg/kg TCE cause
relatively higher enhancement in bioavailability of DEM
compared to the 100 mg/kg dose of TCE. Interestingly, a
significant increase in Cmax and Tmax was observed in group B-
3. Thus, there might be some absorption-mediated interaction
at higher doses. The involvement of multiple mechanisms for
herb−drug interaction poses the risk of unpredictability.39

Hence, increasing the dose of TCE to achieve a higher
DEMAUC/DEXAUC should be thoroughly investigated to
optimize its utility as a complementary therapy. Nonetheless,
the No-Observed-Adverse-Effect-Level (NOAEL) of TCE is
reported to be 1000 mg/kg/day and there is scope for its
application at lower doses.40 Moreover, TCE has been
demonstrated to improve the cognitive functions related to
AD in a preclinical model.41 However, this is yet to be
clinically validated.

3.5. Network Pharmacology of TCE for Targets of AD.
More preclinical and clinical studies are necessary to establish
the mode of action of TCE to justify its suitability for
application against AD as a standalone or complementary
therapy. Nonetheless, network pharmacology has been used as
a tool to have a preliminary idea about the possible modes of
action of herbal drugs.42 Accordingly, this technique was used
in the current study. The phytocomponents of TCE that are
expected to have brain access were found to have potential to
interact with 45 targets (Figure 5). Out of these, 10 targets
were found to be associated with AD. These targets are
involved in multiple pathways (Figure S5A) and are
categorized according to Gene Ontology (Figure S5B−D).
Therefore, protein−protein interactions were studied that led
to identification of SLC6A3, BCHE, ESR1, ESR2, and MAOB
as hub targets (Figure 6A). Although SLC6A3 is a dopamine
transporter gene, it has been implicated in several neuro-
psychiatric diseases.43 Besides, its abnormal expression has
been associated with symptoms of AD.44 While ESR1 and
ESR2 genes are associated with increased risk of AD,45 MAOB
elevation is a characteristic of AD.46 Furthermore, higher
BChE activity is reported with AD.47 The analysis of the
compound-target-pathway network reveals that compounds
4840 (piperine) and 162912526 (smilar to tinocordifolin) have
potential for interaction with MAOB (Figure 6B). This is in

agreement with the fact that piperine has a low IC50 value (7.0
μm) for MAOB.48 This also shows that eight compounds can
possibly modulate SLC6A3. Besides, strong interaction was
also predicted for these compounds with ESR1, ESR2, and
BCHE. This indicates that TCE components have potential to
interact with multiple targets associated with AD. However,
further experimental validation is necessary to support this.

3.6. Effect on Scopolamine-Induced Dementia.
Scopolamine is known to impair memory in rodents through
multiple etiologies. Although details of all these mechanisms
are not clearly elucidated, scopolamine is known to block
cholinergic response of acetylcholine, which is known to cause
AD-related cognitive impairment.49 Furthermore, it induces
oxidative stress associated with dementia.28 Accordingly,
control animals that did not receive any treatment showed
signs of cognitive impairment with increase in the transfer
latency in the rectangular maze (Figure 7A). As expected,
combination of DEM and QN significantly (p < 0.001)
reduced the scopolamine-induced transfer latency. Although
TCE alone failed to decrease this significantly during initial
period, beyond 7 days, the effect was significant (p < 0.001).
Interestingly, the effect of the combination of TCE and DEM
was significantly (p < 0.05) higher than the standard group
during this period. This suggests the relatively higher ability of
the TCE and DEM combination to improve spatial memory as
compared to the combination of DEM and QN.

Loss of spatial memory is associated with hyperactivity in
rodents.50 Thus, the locomotor and exploratory behaviors of
the rats were measured by the open field test. The control,
standard, and test group animals showed similar number of
peripheral squares crossing on day 1 (Figure 7B). TCE alone
showed less decrease in this as compared with the standard.
However, when combined with DEM, the effect was better
than that of the standard (Figure 7B). Thus, complementary
use of TCE with DEM was found to improve spatial memory
and reduce hyperactivity in rodents. Interestingly, the effect
was better than that of the combination of QN and DEM.

To support the behavioral studies, histopathological
structures of the hippocampus region were observed in all
four groups of test animals. The brain of the control animal
showed hypertrophic cells (Figure 8). There were prolifer-

Figure 5. Venn diagram illustrating the intersection of the predicted
potential targets by SwissTargetPrediction and SuperPred database of
Tinospora cordifolia phytoconstituents. The 45 joint targets further
shown into Alzheimer’s disease (AD) associated and nonassociated as
indicated by gene−disease association analysis from DisGeNET.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01219
ACS Omega 2024, 9, 23634−23648

23644

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01219/suppl_file/ao4c01219_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01219/suppl_file/ao4c01219_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01219?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01219?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01219?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01219?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ations of glial cells indicating impairment. Additionally,
spongiosis of the matrix with fluid-filled spaces were observed
indicating perivascular edema. This was found to be rectified in
the brain of animals of test groups. The outline of the
hippocampal region was clear in these groups, and cells appear
normal. This suggests that treatment with TCE and/or DEM

has prevented tissue degeneration in the hippocampal region of
the brain.

These findings are in agreement with prior works that
demonstrated the ability of TCE to improve cognitive
functions.18,41 Although most of these studies have used
TCE up to 200 mg/kg in rodents, a dose of 400 mg/kg was
used in this study taking into consideration the higher

Figure 6. Target−target and compound−target−pathway networks constructed by STRING and Cytoscape. (A) Target−target network. (B)
Compound−target−pathway network. The color of each eclipse in the target−target network represents the degree of the node. The thickness of
the edges in both networks represents the confidence score. The label of the compound’s node denoted the PubChem CID.

Figure 7. Effects of different test compounds on scopolamine-induced memory impairment in rats on (A) rectangular maze and (B) open field
tests. Values are represented as mean ± SEM from six animals and were analyzed using a one-way ANOVA accompanied by a Student t test. **p <
0.01 and ***p < 0.001 show the comparison between the scopolamine-control versus the treatment groups.
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bioavailability of DEM at this dose. Also, TCE is reported to
show highest protection at this dose against inflammation,
which is involved in the progression of AD.51 Moreover, 2000
mg/kg of TCE is demonstrated to be safe in rodents.51 Thus,
further studies at different doses can be investigated to
optimize doses for complementary benefits with DEM. Also,
toxicokinetic studies are necessary to validate the safety.
Nonetheless, this furthers traditional application of TCE as
rejuvenator13 and supports its potential application for
management of dementia.14

4. CONCLUSIONS
The study revealed that TCE coadministration enhanced the
bioavailability of DEM through significant enhancement in the
DEM/DEX ratio following multiple dosing. This was
significantly higher than the effect of QN. This led to
enhanced efficacy against the progression of dementia. Besides
enhancing the bioavailability of DEM, TCE may have potential
to contribute to the efficacy against dementia through
interactions with multiple targets associated with AD. Thus,
the current study can encourage further research for the
potential application of TCE as a complementary therapy to
DEM.
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