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ABSTRACT

Andrographis paniculata is an herbal plant that has been used
traditionally for decades to treat a wide range of diseases. To this date, no
research on the integration of in silico, in vitro, and in vivo pharmacokinetics
(PK) has been documented on andrographolide (AG), the primary bioactive
compound in A. paniculata. In this study, we employed an in silico approach to
predict the physicochemical properties, metabolism, and toxicity of AG. PK
properties were validated using in vitro assays and further tested in Wistar
rats. Based on in silico prediction, AG was demonstrated to be a soluble,
permeant, and lipophilic drug. AG was regarded as a non-mutagenic and non-
carcinogenic drug with a low risk of oral absorption. In vitro assays showed
that AG was stable at all pH levels tested, had a high equilibrium solubility, and
moderately stable in the mouse plasma. AG was also permeant across the
Caco-2 monolayer with Papp values of 9.627 x 10-¢ cm/s (apical) and 18.1 x
10-¢ cm/s (basolateral). It had a stable metabolism in the liver microsomes
and did not have any inhibitory effects on the enzymes CYP2C8, CYP2C19,
CYP2D6, or CYP3A4 (MDZ). Based on in vivo results, the volume of
distribution and clearance were both high, with a short elimination half-life
(0.17 £ 0.0 h) contributing to the low oral bioavailability (~2%). Rapid oral
absorption was shown with Tmax of 0.25 h. Our data revealed promising drug-
like properties of AG, and its pharmacokinetics profiles support its potential
in developing andrographolide-based products from natural resources.
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INTRODUCTION

Andrographis paniculata (Burm.f.) Nees
(family Acanthaceae) commonly called "Hempedu
bumi" and "King of bitter" is widely distributed in
South Asian countries such as Indonesia, Malaysia,
Thailand, and China. It has long been used
traditionally in treating sore throat, fever, and
snake bites as well as in reducing inflammation and
allergies (Ibrahim et al, 2020). This herb is also
extensively studied to prevent the occurrence of
non-communicable diseases such as metabolic and
cardiovascular disorders (Yoopan et al, 2007;
Nugroho et al., 2013). Traditional knowledge has
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contributed to the majority of modern drug
discovery, andrographolide is no exception.
Andrographolide (AG), the primary diterpenoid
compound, is responsible for the majority of its
therapeutic effects. AG has a strong bitter taste and
is responsible for most of the bioactivities of the
plant, such as anti-viral, hepatoprotective, anti-
cancer, anti-inflammatory, anti-arthritic, anti-
diabetic, and anti-hyperlipidemic properties (Sinha
& Raghuwanshi, 2000; Rajanna et al, 2021; Jiang et
al, 2021).

Current research showed that AG provides a
new option for pharmacological studies that might
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lead to better approaches to treating a wide range
of illnesses, including cancer, colitis, and
Parkinson's (Lu et al, 2019; Guo et al, 2019; Khan
et al, 2021). Further clinical and experimental
investigations are needed to accurately define the
dosages, methods of intervention, and any adverse
side effects. It is widely known that the failure rates
in the clinical phase of drug discovery are high due
to undesirable pharmacokinetics and toxicity of the
drug candidate (Tuntland et al, 2014). Therefore,
analyzing absorption, distribution, metabolism,
excretion and toxicity (ADMET) properties through
in silico and in vitro approaches should be
considered as early as possible because these tools
are also essential for the prediction of in vivo
pharmacokinetics (Dunninton et al.,, 2018). Hence,
the current study attempted to confirm the
preferred drug-like compound, AG using a
standardized aqueous extract of A. paniculata
through in silico, in vitro, and in vivo investigations.
This study will offer information on the
pharmacokinetic profiles of AG, which is critical not
only for determining the proper dose regimen but
also for reducing the likelihood of adverse effects
due to overdose.

MATERIALS AND METHODS
ADMET prediction

ADMET parameters were predicted using
ADMET Predictor® 9.5 (Simulations-Plus, Inc.) on
a Windows XP operating system (Seyedhosseini et
al, 2022). The chemical structure of AG (Figure 1)
was downloaded from the drug bank database in
SMILES format. The structure was introduced into
ADMET Predictor® 9.5 as:
[HI[C@]12CCC(=C)[C@@H](C\C=C3/[C@H](0)CO
C3=0)[C@]1(C)CC[C@@H](0)[C@@]2(C)CO. The
simulated models used in this simulation were the
physicochemical and biopharmaceutical
(PhysChem), metabolism, and toxicity modules.

-\;
Figure 1. The chemical structure of
Andrographolide (AG)
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Chemicals

AG was obtained from Proliv Life Science
Sdn. Bhd., Malaysia. Tween 80 and Nicotinamide
adenine dinucleotide phosphate (NADPH) were
purchased from Colorcon, India, and Sisco Research
Laboratories, India, respectively. = Dimethyl
acetamide (DMA) and methyl cellulose were
obtained from Merck, Germany, and hydroxy propyl
beta cyclodextrin (HPRCD) was from Roquette,
France. Phosphoric acid was purchased from Loba
Chemie, India. Other chemicals were from Sigma-
Aldrich, USA.

Preparation of A. paniculata aqueous extract

The leaves of A. paniculata were collected
from Naturemedic Laboratories Sdn Bhd, Malaysia
under the voucher specimen number,
UniSZA/A/000000010. The extraction was done
following the procedure described by Abubakar et
al. (2020). The leaf sample was ground into powder.
Then, the sample was extracted using a maceration
process in filtered water at 60°C for 3h, followed by
the spray drying process. The sample extract was
kept at 4°C for the next test.

High-performance
(HPLC)

HPLC system consisted of a Waters 2690
Alliance Separation Module with Zorbax Eclipse
XDB-C18 (4.6 mm x 150 mm x 5 pum) set to 280 nm
and a computer system for data acquisition
(Empower software, Waters) was used (Al Harthi et
al, 2015). About 100 mg of A. paniculata extract
was dissolved into 25 mL of methanol. Then, the
extract was vortexed and then filtered through a
0.45pm nylon filter Meanwhile, 1.0 mg of
the standard was prepared by dissolving in 1 mL of
50% methanol and sonicated for 5 min. Mobile
phases consisting of methanol (60%) and
deionized water (40%) were employed at a flow
rate of 1.0 mL/min (Ismail et al, 2022).

liquid chromatography

Aqueous stability test

The positive standards, chlorambucil, and
erythromycin were dissolved in dimethylsulfoxide
(DMSO) to create stock solutions with a
concentration of 10 mM (Yu et al, 2018). For
neutral pH, Dulbecco’s phosphate buffer saline
(DPBS) was adjusted to pH 7.4. Simulated gastric
fluid was prepared by dissolving sodium chloride
(150 mM) in 800 mL of distilled water and
adjusted to pH 2. Sodium bicarbonate buffer was
prepared for basic pH which was pH 9.2. The assay
buffer was initially preincubated at 37 °C for 5 min.
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Subsequently, 30 pL of the sample was introduced
and allowed to incubate at 37°C for 120 min.
Throughout this incubation period, 250 pL of the
sample mixture was extracted at 0, 30, 60, and 120
minutes and transferred into tubes containing 250
uL of acetonitrile along with the internal standards
(carbamazepine, furosemide, celecoxib, and
telmisartan). Their robust stability across different
pH conditions, serves as dependable references.
Their well-understood degradation pathways also
help in comparing the stability of other drugs. The
samples were analyzed by LC-MS/MS API- 4000
(Shimadzu, Japan) coupled with an ACE 3 C18, 4.0
x 150 mm. The results were reported as the mean *
SD and the following equation was used to calculate
aqueous stability:

Aqueous stability =
peak area of a compound at X hr

peak ratio of a compound at 0 hr

Equilibrium solubility test

The solubility of AG was evaluated in DPBS
with pH 7.4 in triplicates (Tang et al, 2019). Briefly,
the test and control compounds (estriol and
propranolol HCl) were incubated in DMSO (200
uM) and DPBS (1 mg/mL) at 25 °C for 24 h. After
incubation, the suspension was filtered through
0.45 pm syringe filters. Then, the AG compound was
analyzed for dissolved content of the test substance
in the filtrate by HPLC method (Waters, 2695)
equipped with a Waters: Xterra, 4.6 x 150 mm, 5 um
column. The flow rate was set at 1.0 mL/min and
the mobile phases were as follows:
A: Ammonium acetate: acetonitrile (90:10); B:
Ammonium acetate: acetonitrile (5:95); C:
Ammonium acetate: methanol (10:90); D:
Methanol (100).

Meanwhile, 10 mM of DMSO stock solution
was also prepared as a standard solution and
calculated using the formula:

Equilibrium solubility=
Standard solution concentration x
peak area of a compound in PBS

mean peak area of compound in 100% DMSO

In vitro plasma stability test

The stability of AG was studied in the plasma
of mouse, rat, dog, and human as described in the
previous report (Konsoula & Jung, 2008). A total of
297 uL of plasma was preheated at 37 °C for 5
minutes in a shaking water bath. The reaction
was initiated by introducing 3 pL of 1.0 mM AG
and the positive control (enalapril), followed by an
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incubation period at 37°C for 120 min. At various
time points (0, 30, 60, 90, and 120 min), 50 pL of
samples were withdrawn and combined with 1.0
mL of ethyl acetate, which contained the internal
standards (Celecoxib and Furosemide). Celecoxib
and furosemide are widely accepted internal
standards due to their well-characterized stability
and behavior in plasma.

The plasma samples in ethyl acetate were
thoroughly mixed by vortexing for 5 min and then
subjected to centrifugation at 13,000 rpm for 10
minutes. The supernatant was removed,
evaporated to dryness under nitrogen gas in vials,
and reconstituted with 200 pL of water: acetonitrile
(1:1) containing 0.1 % v/v formic acid. The
supernatants were analyzed by LC-MS/MS. Plasma
stability was calculated as the following equation:

Plasma stability=
peak area of a compound at X hr

peak ratio of a compound at 0 hr

The samples were measured using an MDS-
Sciex (Applied Biosystems) API 4000 Q-Trap mass
spectrometer with an electrospray ionization
source. Mass detection was performed in the
negative ion mode. For multiple reaction
monitoring (MRM) analyses, the target ions used
were 349.2 ® 287 m/z. ACE 3 C18, 4.0 “ 150 mm
was used as the column. A flow rate at 1.0 mL/min
was used with a gradient elution program: 0.01
min, 25% eluent A and 75% eluent B; 3.50 min,
25% eluent A and 75% eluent B. Eluent A consisted
of formic acid and water. Eluent B consisted of
acetonitrile.

In vitro permeability test

Human intestinal adenoma-colon carcinoma
(Caco-2) monolayer was employed in the test
(Kamiya et al, 2020). Caco-2 cells (American Type
Culture Collection, USA) (Cat No. CRL-2102™) were
cultured in Dulbecco's Modified Eagle's medium
(DMEM), supplemented with 10% FBS, 1 mM
sodium pyruvate, 1 mM non-essential amino acids,
and 1% PS at 37 °Cin an atmosphere of 5% CO2 and
95% relative humidity. Caco-2 cells were seeded at
40,000 cells per insert into Millicell inserts and
cultured for 21 days. Before treatment, the grown
cells were rinsed with 1” of Hank’s Buffered Saline
Solution (HBSS). Then, the monolayer integrity was
checked using Trans Epithelial Electrical Resistance
(TEER), with the accepted value of TEER of >320
ohm cm?. Fresh working solutions (10 pM) were
prepared for standard and test compounds by
diluting in 1" HBSS.
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The permeability of the cell monolayer was
measured from both the apical to the basolateral
(AP to BL) and the basolateral to the apical (BL to
AP) sides. For AP to BL, 0.3 mL of HBSS and 0.2 mL
of the samples were added to all inserts. The inserts
were then incubated for 1 h in a humidified
chamber maintained at 37 °C. For BL to AP, 0.3 mL
of 1x HBSS and 0.2 mL of the samples were added
to all inserts and incubated for 40 min at 37 °C.
After removing the plate from the humidified
chamber, both apical and basolateral solutions
were analyzed using LC-MS/MS API- 4000
(Shimadzu, Japan). Following the permeability
assay, a Lucifer Yellow Rejection (LYR) test was
performed to ensure monolayer integrity. Only cell
monolayer inserts with a LYR of 98% were
evaluated for the analysis. Papp values were
calculated using the following equation.

daqQ vd 1
Papp (£2) =2 X 72 X 2 4)

sec
where dQ/dt = permeability rate in pg/s
Co = initial concentration in pg/mL; A = membrane
surface area (0.6 cm? for 12 mm inserts); Vg =
volume in donor well (0.3 mL)

In vitro metabolic stability

In the liver microsomes of mice, rats, dogs,
and humans, the metabolic stability of AG was
determined (Bae et al, 2020). A working stock
solution containing 1.0 mM nicotinamide adenine
dinucleotide phosphate (NADPH) and 4.0 M AG was
made in potassium phosphate buffer. Incubation
mixture containing pooled liver microsomal
protein (55 pL), and AG (25 upL) in potassium
phosphate buffer (pH 7.4) were preincubated at 37
°C for 5 min. For positive control, verapamil was
used. To start the reaction, 20 pL of NADPH was
added to all tubes except the To tubes. The mixture
was then incubated at 37 °C for 5, 15, and 30 min.
For To, acetonitrile (internal standard) was added
before mixing with pre-heated NADPH. At
respective time intervals, the reaction was stopped
with the addition of 100 pL of acetonitrile
containing the internal standards
(carbamazepine/celecoxib/furosemide/telmisarta
n). These internal standards were chosen due to
their well-documented metabolic pathways,
chemical stability, distinct analytical signals, and
minimal interference with other compounds. Their
use ensures accurate and reproducible results,
providing a consistent reference point for
evaluating the metabolic stability of the test
compounds (Bae et al, 2020).
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The supernatant was then analyzed using
LC-MS/MS, employing MDS-Sciex (Applied
Biosystems) API 4000 Q-Trap mass spectrometer
with an electrospray ionization source. Mass
detection was performed in the negative ion mode.
For MRM mode, the target ions used were 349.2 ®
287 m/z. The percentage of parents remained at
the end of 30 minutes was calculated as shown
below:

Percentage of parent remained at X time =
time X peak areart'ltio) x 100""(5)
TO peak arearatio

(time X peak area ratio

In vitro CYP450 isomers inhibition assay

The assay was conducted using a human
liver microsome (Xenotech LLC, USA) (Lin et al,
2007). In brief, 80 uL of microsomal protein was
combined with 20 pL of each CYP450 isoform
substrate. The assay mixture was then treated with
2 pL of andrographolide (1 and 10 M) and positive
control (10 M). The solution was then pre-
incubated for 5 min at 37 °C in a shaking water bath.
A pre-incubated 100 pL solution containing 2.0 mM
of NADPH was added to each tube. The reaction was
stopped by adding 200 uL of quenching solution
(acetonitrile with internal standard) to all tubes
after 20 min of incubation. The samples were then
analyzed with LC-MS/MS analysis. Changes in
metabolite signal were monitored using
electrospray ionization in the multiple reaction
monitoring (MRM) mode on an Applied Biosystems
MDS Sciex API-4000 Q-Trap (Toronto, Canada) for
the LC/MS-based assay. Waters: Xterra, 4.6 “ 50 mm,
3 um was used as the column. For chromatographic
conditions, a flow rate at 1.0 mL/min was used with
a gradient elution program: 0.05% of formic acid in
water for eluent A and 0.05% of formic acid in
acetonitrile for eluent B. The run time was 6 min
and the autosampler temperature was 5 °C. The
following equation was used:
% Inhibition =

[100 (mean test peak area ratio —mean blank area ratio) x 100... (6)

mean control peak area ratio

In vivo animal study

The ethical approval was obtained from the
Animal Welfare Division, Ministry of Environment,
Forest and Climate Change, India under
the Animal License “812/P0/RcBi/S/04/CPCSEA”.
Male Wistar rats (245-265 g) used in the study
were obtained from the in-house breeding facility
at Auregene Pharmaceutical Services Limited,
India. Six animals were housed in a cage (n =
3/cage) under controlled environmental
conditions (26 * 1 °C with 12-h light/dark cycles).
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Rats were acclimatized to the experimental
environment for 4 days before the experiment
started. At the rates of 50 mg/kg and 5 mg/kg, AG
was administered orally and sublingually (IV),
respectively to three rats in each group. The AG
compound was dissolved in Tween 80 and 0.5%
w/v methyl cellulose for oral administration.
Solution for intravenous (IV) was prepared using a
mixture of 3% v/v dimethyl acetamide (DMA) and
10% w/v hydroxy propyl beta cyclodextrin
(HP3CD).

Sample collection and analysis

Animals were euthanized by CO2 overdose.
Blood samples (0.13 mL) were collected at 0.25, 0.5,
1, 2,4, 8, and 24 h for oral and 0.12, 0.25, 0.5, 1, 2,
4, 8, and 24 h for IV, in microcentrifuge tubes
containing 15 pL of Di sodium ethylene diamine
tetra acetic acid (NazEDTA). The plasma samples
were preserved at -80 °C until examination, and
quantitative bio-analysis was carried out through
LC-MS/MS, employing an HPLC system, which
consisted of a binary pump LC-20AD Prominence, a
Degasser DGU-20A3 Prominence, an Autosampler
SIL-HTC Prominence, and a Column Oven CTO-10 A
Prominence (Shimadzu, Japan). On the other hand,
for the mass spectrometer, we employed API-4000
instruments that were equipped with a Turboion
Spray (AB Sciex, Canada). The analysis of the
plasma samples involved protein precipitation
using acetonitrile containing the internal standard
(Celecoxib and Furosemide) and 0.15% v/v
phosphoric acid. The lower limit of quantitation
was set at 5 ng/mL.

Pharmacokinetic parameters for the plasma
were computed by utilizing individual plasma
concentration-versus-time profiles. This analysis
was performed with the assistance of a non-
compartmental analysis tool integrated into the
Phoenix WinNonlin Professional software (Version
6.4.0, Pharsight Corporation, USA). Plasma
pharmacokinetic parameters, including the area
under the plasma concentration-time curve (AUCo-
» and AUCo-last), maximum concentration (Cmax),
time to reach Cmax (Tmax), initial concentration at 0
hours (Co), elimination half-life (T1/2), clearance
(CL), and volume of distribution (Vss and Va), were
derived from the plasma concentration-time
profile. The absolute oral bioavailability was
computed using the following formula:

Absolute oral bioavailability =
AUC oral x DOSE iv

AUC iv x DOSE po
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RESULTS AND DISCUSSION

In silico ADMET analysis was conducted
based on computational modeling techniques to
give an early insight into the ADMET profile of AG
before pursuing in vitro and in vivo assays (Turner
et al, 2011). The predicted physicochemical
properties demonstrated that AG satisfied
Lipinski's rule of five, (MW < 500, logP < 5, HBD <
5, and HBA < 10), as well as Veber's rule (TPSA 140
< A and Nrot < 10) indicating that this molecule has
good absorption and likely good oral bioavailability
(Table D).

The aqueous solubility of AG exceeded the
Simulations-Plus suggested high-risk threshold of
0.01 mg/ml, showing that the compounds’
solubility is comparable to orally bioavailable drugs
(El-Saadi et al, 2015). Meanwhile, a qualitative
permeability model for BBB was predicted to have
high permeability and therefore AG has a high
chance of penetrating the blood-brain barrier and
could be developed as a central nervous system
drug for Alzheimer's disease (Morofuji &
Nakagawa, 2020). In silico data of AG were
compared with in vitro results and it exhibited
similarities in terms of solubility, permeability,
likelihood of BBB penetration, and intestinal efflux
by p-glycoprotein (p-gp). The Peff and MDCK scores
of AG were classified as a highly effective jejunal
permeation with a low risk of low apparent
permeation. Characterization of distribution PK
profile such as drugs with a blood-to-plasma
concentration ratio, human and rat plasma protein
binding, volume of distribution, and fraction
unbound in human liver microsomes of AG showed
that these values were in the recommended range.

Distribution of AG was described based on
the drug's capacity to pass from intravascular
space, such as blood vessels, to extravascular areas,
such as bodily tissues. AG avoided high RBC
partitioning and extensive plasma protein regions
in this study. This means that AG was not
influenced by RBC metabolism and can approach
the therapeutic target, which is a desirable feature
of an effective drug (Kok-Yong & Lawrence, 2015).
Compound liability of AG was also predicted using
two models (ADMET _risk and Absn_risk) and it
revealed that AG was a low-risk oral drug.Following
that, the predicted metabolism properties include
the CYP substrate/no substrate classification
model and CYP inhibition for the major cytochrome
P450s. The program also integrated the site of
metabolism and kinetic predictions (Km, Vmax, and
CLint) to generate maps of likely metabolites
via the MedChem Designer™ auxiliary program.
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The result showed that AG inhibited all the
isoforms (Supplementary 1). AG was also non-
substrate to all CYP isoforms except for CYP3A4
(83%). The predicted Km, Vinax, and Crint for CYP3A4
were 183.298, 77.772, and 47.096, respectively.
The site of metabolism for CYP3A4 was predicted
as in Supplementary 2. The CYP risk was 2.131.

Next, AG was assessed to determine its
likelihood of being toxic, allergenic, and mutagenic
(Table II). Through the MRTD module, a potential
for side effects for AG was predicted as the value
was lower than 3.16 mg/kg-bw/day and the value
of hERG_pICso was less than 5.5 M, indicating that
human ether-a-go-go-related (hERG) gene was not
suppressed. The AG compound was also not a skin
or respiratory sensitizer. Furthermore,
phospholipidosis was discovered to be non-toxic.
However, AG was predicted to bind detectably to
the androgen receptor with a 0.002% degree of
binding affinity. Although the AG compound was
shown to be non-toxic to estrogen, it is likely to bind
to the androgen receptor, which suggests the
possibility that it could interfere with the normal
transmission of hormonal signals and be
potentially harmful. Predictions for reproductive
and chromosomal aberration were also found to be
toxic. Therefore in vitro genotoxicity study must be
done to verify the finding. The predicted
reproductive toxicity of AG was supported by in vivo
findings from previous studies (Liang et al, 2018).
They discovered that after sperm injection, AG
disrupted the spindle tissue and migration, as well
as inhibited oocyte development in mice. Increased
levels of ALT and LDH enzymes, as well as Ser
AlkPhos or Ser GGT, were observed. Only the Ser
GGT level was within the normal level. Finally, AG
had no mutagenic effect but had a value of 2 for
overall toxicity.

To detect and quantify AG in A. paniculata,
HPLC analysis was performed. As shown in
Supplementary 3, the extract was compared with
the standard and the result showed that AG
produced the highest content of phytochemical
with a concentration of 5.295 ppm at 3.181 min.

The aqueous stability of AG was assessed in
different pH levels and based on classification
criteria, the percent parent remained at 60 min
with >70 being considered as stable, 50-70 being
moderately stable, and <50 being classified as
unstable. AG remained stable for 120 min at pH 2.0
(90%), pH 7.4 (95.60%), and pH 9.2 (83.70%). The
previous study revealed that the stability of AG
varied in different pH with the best condition of pH
3-5 (Yan et al, 2018).
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For the solubility test, based on the
assessment criteria, the mean solubility of >100 uM
is considered highly soluble. In this study,
AG was regarded as a highly soluble compound
with 152.17 + 0.06 puM of mean solubility in
DPBS after 24 h. Estriol and propranolol have
mean solubilities at 66 pM and >200 uM,
respectively. These controls were chosen in this
study because their solubilities in various
solvents are well established and therefore
provide a reliable baseline for validating the
solubility test. Meanwhile, for the plasma
stability test, AG was moderately stable in mouse
but unstable in rat, dog and human plasma
with less than 50% of the parent remaining after
120 min.

Caco-2 cell line was used as a reliable model
to examine how drugs are absorbed through the
intestine and the related processes involved
(Kamiya et al, 2020). A compound that was entirely
absorbed in the intestine had a high permeability
coefficient (Papp AP to BL > 1 x 107%) but an
incompletely absorbed medication had a low
permeability coefficient (Papp AP to BL 1 x 10-7).
Permeability AG was found to be moderately
permeable with a Papp value 0£9.627 x 10-6 cm/s for
the apical and 18.1 x 1076 cm/s for basolateral
directions. The estimated efflux ratio was 2.00,
which suggests that compounds might be a
substrate of efflux transports including p-
glycoprotein.

Since there are many drug-metabolizing
enzymes found in the liver, subcellular fractions like
liver microsomes are ideal in vitro models of
hepatic clearance (Bae et al, 2020). Evaluating the
PK profile that underlies dosage and dose
frequency requires understanding the metabolic
stability of the drug candidates eliminated by
metabolism (Knights et al, 2016). AG was exposed
to liver microsomes of four species to determine
the interspecies variation of microsomal stability.
However, only the microsomal half-life of mouse
was calculated at more than 30 min, indicating that
other microsomes might not be stable to oxidative
metabolism in the liver.

CYP3A4 is involved in the majority of drug
metabolism (Lin et al, 2007). Other important
CYP450 enzymes include CYP1A2, CYP2C9,
CYP2C19, and CYP2D6. In the present study, AG did
not inhibit the activities catalyzed by CYP2CS,
CYP19, CYP2D6, and CYP3A4 (MDZ)
(Supplementary 4). This result matched the
findings of in silico ADMET. However, for CYP1AZ2, it
was noted a contradictory result for this enzyme.
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Figure 2. Mean plasma concentration vs time profiles of AG at 5 mg/kg intravenous (IV) and 50 mg/kg oral
and dose in male Wistar rats. Values represent the mean and standard deviation (SD) (n= 3).

Table III. Mean values of pharmacokinetic parameters for AG when compared to the previous reports.
Values represent the mean and standard deviation (SD) (n= 3).

Parameter AG (Yang et al, 2013) (Bera et al,, 2013)
Route of administration 1V Oral 1V Oral
Dosing 5 mg/kg 50 mg/kg 5 mg/kg 100 mg/kg
Area under curve (0 to last time measured)  390+45.65 66+29.10 NA 259.16 £ 32.68
(AUCo-1ast) ng*h/mL ng*h/mL ng*h/mL
Peak plasma concentration (Cmax) NA 73+40.90 NA 11581 £17.56
ng/mL pg/mL
Time to reach Cmax (Tmax) NA 0.2520.0h NA 0.75+0.29h
Initial plasma concentration (Co) 15152984 NA NA NA
ng/mL
Elimination half-life (T1/2) 0.17+0.0 h NA 0.23+9.54 h 245+044h
Clearance (CL) 199+16.97 NA 94.99+29.02 NA
mL/min/kg mL/min/kg
Volume of distribution (steady state) (Vss) 2.98+0.30 L/kg NA NA NA
Volume of distribution (elimination) (Va)  3.20+0.54 L/kg NA 53.64+16.34 L/kg NA
Mean resident time, (MRTast) 0.26+0.23h 0.98+0.10h 7.35%#102.73 h NA
Oral bioavailability (F) NA 1.69% NA 2.67%

NA= Not applicable
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The in vitro result showed a mild inhibition which
was <10%, while the in silico result showed no
inhibition. AG also showed moderate inhibition
against the activities of CYP2B6, CYP2C9, and
CYP3A4 (testo). These results also align with
earlier research, providing more evidence that
exposure to AG may have an impact on the
activity of CYP inhibitors, in particular by
inhibitors of CYP2B6 and CYP3A4 (testo) and
potentially affecting the safety or efficacy
of AG (Pan et al, 2011). Another report also
revealed that AG might affect warfarin metabolism
in the rat liver by decreasing the activity of CYP2C9
and CYP3A4 (Zhang et al, 2018). Hence, AG may
cause herb-drug interactions, therefore is not
recommended to be taken with the drugs
metabolized by CYP1A2, CYP2B6, CYP2C9, and
CYP3A4.

AG was further evaluated for in vivo animal
study. The plasma concentration versus time profile
of AG (Figure 2), while PK parameters (Table III)
comparing with the in vivo results of
andrographolide in the previous studies. The graph
could not be depicted for 24 h because the plasma
concentrations above two hours were below the
lower limit of quantification. CL and Vss are two
factors that affect the elimination half-life of the
compound (Jang et al, 2001). CL value was found
high in the present study, indicating that the drug
was eliminated from the body at a rapid pace, and a
drug with a high Va4 suggests that it was distributed
in tissues rather than binding to plasma or being
distributed in blood. V4 was measured slightly
higher than the in silico data reported in the
current study (1.095 L/kg). In the previous study,
other researchers reported a lower value of Vg
which was 0.27 L/kg with 1 mg/kg of dosing
through an intravenous route (Panossian et al,
2000). In the study done by the previous
researchers, they found a higher Cnaxof 115 ng/mL
at 0.75 h post dose with elimination half-life of 2.45
h, following an oral administration of
andrographolide in a dose of 100 mg/kg/day (Bera
et al, 2013). Cmax value in the present study was
lower which was 73.0 ng/mL, reaching 0.25 h with
an elimination half-life of 0.17 h. AUC is inversely
correlated to drug clearance. In other words, when
clearance is higher, the drug remains in systemic
circulation for a shorter duration, resulting in a
more rapid reduction in plasma drug
concentration. Therefore, AG in the present study
has a faster rate of clearance, easily excreted from
the body, and therefore contributed to its low
bioavailability.
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A group of researchers stated in their report
that a drug's high clearance and short half-life are
induced by rapid liver metabolism and excretion
(Masimirembwa et al, 2012). Panossian et al
(2000) and Ye et al. (2011) also reported low
bioavailability values, which were 0.21% and
2.67%, respectively. The poor in vivo performance
could also be related to the poor plasma stability of
AG as observed in the in vitro study (Yuan et al,
2022). Other than that, the contradiction of the
findings from in vitro and in vivo studies may be due
to the different solvents used to dissolve the
compound. However, according to the earlier
report, they found 2.67% of oral bioavailability of
AG and they concluded that it was because of its fast
metabolism and p-gp's affinity for efflux (Ye et al,
2011).

CONCLUSION

In silico ADMET showed that AG was
predicted to have good drug-like properties with
adequate metabolic and toxicity profiles. Lipinski's
rule of five was complied with no violation. AG also
possessed a high potential for drug development
based on desirable predicted aqueous solubility
and optimum permeation values. This is in parallel
with in vitro results which show a high stability in
gastrointestinal neutral, alkaline, and acidic
environments, high equilibrium solubility, and
moderate absorption of intestinal permeability.
Additionally, AG was classified as a lipophilic, non-
mutagenic, and non-carcinogenic molecule and
most likely to penetrate the BBB. Despite showing
high metabolic stability in the microsomal extract
of mouse, rat, dog, and human, AG did not inhibit
the activity of CYP2C8, CYP2C19 CYP2D6, and
CYP3A4 (MDZ). Based on in vivo PK parameters, it
was concluded that AG was widely distributed and
rapidly eliminated from the body and therefore
contributed to its low oral bioavailability. The study
confirmed the promising PK profile of AG, and
together with its well-documented potent
pharmacological features, this molecule is a
promising lead candidate for a low-risk oral herbal
drug against a wide range of illnesses.
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