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ABSTRACT

The coronavirus disease 2019 (COVID-19) that is caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become an urgent crisis
of global health. Andrographolide is a major natural compound found in a Thai plant
namely Andrographis paniculata (Burm.f.) Wall. Ex. Nees. This phytochemical has
been demonstrated a potent antiviral effect for COVID-19 treatment. A present, the in
vivo studies of andrographolide regarding the anti-SASR-CoV-2 effect are still
invisible. The purpose of this study was to develop a physiologically based
pharmacokinetic (PBPK) animal model using available published data. Additionally,
the model was further scaled up to humans to predict andrographolide concentrations
in the lungs. This is significant because it may be critical to demonstrate an
appropriate dosage regimen of andrographolide for COVID-19 treatment. The
developed PBPK model with perfusion-limited assumption comprised of five tissue
compartments including lung, liver, fat, slowly perfused organ and rapidly perfused
organ. The feature of the developed PBPK model was integrating hepatic UGT2B7-
mediated metabolism in the mouse liver. The Michaelis-Menten equation with the
extrapolated maximum velocity of 626.5 mmol/h was used to describe the metabolism
in humans. The saturation of the metabolism occurred after multiple oral receiving 12
g q 8 h of andrographolide that could not be used therapeutically. Using Monte Carlo
simulation, most of the simulated subjects who orally receiving of 200 mg q 8 h

andrographolide could provide a free drug at a steady state over the reported ICso



value against SARS-CoV-2 in the lungs for the majority of healthy humans. Based on
the reported CCso value, the toxicity did not occur at the therapeutic dosage. Once
additional data, the PBPK would be needed to recalibrate to gain understanding in a
dose-response relationship and optimization of dosage regimens of andrographolide.
Last, our developed model also featured a preliminary assess the possible herb-drug
interaction based on the EMA guideline and the US FDA criteria. The model
predicted could imply that the possible interaction caused by andrographolide is
unlikely to appear after multiple oral administrations of 1400 mg.
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CHAPTER |

INTRODUCTION

Statement of purpose

Currently, coronavirus disease 2019 (COVID-19) has been caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and has been an urgent
crisis of global health. COVID-19 has produced severe diseases including severe
acute respiratory syndrome (SARS) and the Middle East respiratory syndrome
(MERS) (1). More than one million deaths caused COVID-19 globally at the end of
December 2020 (2) and more than 2 million deaths since the outbreak began. At
present, the effective drugs or vaccines against this virus are not successfully
developed (1, 3, 4).

Andrographolide is a major bioactive constituent in Andrographis paniculata
Burm.f Wall. Ex. Nees A.paniculata, which is widely found in Southeast Asia and
India (5, 6) . Various studies have shown it to possess many promising
pharmacological properties including being an antipyretic, anti-inflammatory,
antioxidant, antihyperglycemic, antimalarial, antitumor, antifertility, cardio-
protective, and hepatoprotective agent (7-15). The interested pharmacological
potential of purified andrographolide (Andro) is anti-virus such as influenza virus,
human immunodeficiency virus (HIV), severe acute respiratory syndrome coronavirus
1 (SARS-CoV-1), especially, SARS-CoV-2 (1, 16, 17). In 2020, there is a few studies
reported that Andro has a promising future in the treatment of the COVID-19 (18, 19).
Main protease (MP) is essential for the life cycle of SARS-CoV-2. Since it plays an
important role in the production of functional polyproteins required for viral
replication. Andro can directly inactive the SARS-CoV-2 viral replication through the
MP™ inhibition (19). Using SARS-CoV-2 infected human lung epithelial cells (Calu-
3), the viral replication and viral release of SARS-CoV-2 have been relatively high
inhibited by Andro when compared to remdesivir which is a current drug for SARS-
CoV-2 treatment (20, 21). The half-maximal inhibitory concentration (ICso) of Andro

for the inhibition of the production of infectious virions was 0.034 uM with the



selectivity index value of 380 (20). Despite Andro demonstrated a relatively high
against SARS-CoV-2 potential in in vitro studies, the treatment of COVID-19 in in
vivo still needs to prove.

According to the outbreak of COVID-19 and a rapidly increasing number of
infected COVID-19 patients in Thailand, the Department of Thai Traditional and
Alternative medicine recommends the use of either A. paniculata powder or A.
paniculata extract for COVID-19 treatment. In the asymptomatic COVID-19 patients,
the recommended dose is equivalent to Andro 60 mg g 8 h for 5 days in a row (22).
Recently, only one published clinical trial of Andro in humans is found. In small
clinical trials in humans, Andro has been demonstrated to benefit HIV-positive
patients (17) but did not benefit patients with active progressive multiple sclerosis
(23) and symptomatic adenomyosis (24). The dosages of Andro in the clinical trials
were between 2-10 mg/kg/day. However, no evidence of the efficacy and safety of A.
paniculata extract or Andro in patients with COVID-19 has been published. The
dosage regimen of Andro in patients with COVID-19 is still unknown. In order to
design an appropriate dosage regimen of Andro for COVID-19 treatment, the
understanding of the pharmacokinetics of Andro, especially the uptake of Andro from
plasma into the lung which is a target site of SARS-CoV-2 infection is important.

Base on in vitro and animal studies, Andro has low oral bioavailability (9,
25, 26) and might be passively transported through the gastrointestinal tract (27-30).
The low solubility profiles (31, 32), efflux by P-glycoprotein (25, 26), and high
intestinal-first pass metabolism of Andro (25, 26) might contribute to low oral
bioavailability of less than 10% (9, 25, 33). The unbound fraction of Andro in plasma
can distribute into several organs such as the heart, lung, liver, kidneys, spleen, and
brain (25, 34, 35). Andro might be mainly metabolized in the liver while
approximately 10% of the unchanged form of Andro is eliminated via the kidneys in
rats following oral administration of A. paniculata extract (36). UGT2B7 has been the
major enzyme involved in Andro metabolism in mice, beagle dogs, and humans (37)
while the major metabolism enzyme in rats is still unclear. The saturation of Andro
metabolism was observed in healthy Thai volunteers after oral intakes of A.

paniculata extract tables at a high dose which is equivalent to 88.56 mg of Andro



(38), however, the study regarding the saturation of form of Andro metabolism is not
still conducted.

There are many approaches to predict the dosage regimen in the clinical
study such as a dose-by-factor method, a pharmacokinetically-guided method, and a
similar drug method (39). Unfortunately, the dosage regimen of Andro could be not
predicted using such methods due to lack of the published information on Andro
relating to in vivo data including the no observed adverse effect levels (NOAEL) and
pharmacological activity dosages (PAD). The pharmacokinetic/pharmacodynamics
(PK/PD) modeling method has been a useful tool for dosage regimen prediction.
However, the prediction of drug levels in the target organ seemed to be beyond the
limitation (39).

A physiologically based pharmacokineticy PBPK (model has been an
alternative approach to predict the dosage regimen to save time and cost in animal
studies (40, 41). The PBPK model is an in-silico study that consists of a series of
differential equations based on in vitro and in vivo pharmacokinetic data, physiology
and anatomy, physicochemical properties, and drug biological properties (42, 43).
Pharmacodynamic parameters (e.g., ICso, ECso, Glso, MIC, and MEC) might reflect
the mechanism of action as well as the biomarker mechanisms. It is essential in
building a mechanism-based PBPK model (44). It is important to note that the PBPK
model can predict the plasma and tissue drug concentration-time profiles. This model
can be used to design a dosage regimen to maintain drug concentrations above the
threshold of efficacy but below the anticipated threshold for adverse effects (44).
Therefore, this study aims to develop a PBPK model of Andro using in vitro and in
vivo data to understand tissue distribution of Andro before scaling it up from animals
to humans. Additionally, the ultimate goal of this study is to predict Andro
concentration in the lung for preliminary determination of the appropriate dosage

regimen for COVID-19 treatment.



Research aims

1. To develop a physiologically based pharmacokinetic (PBPK) model of
Andro in animals using in vitro and in vivo from published data.

2. To evaluate the developed model with the independent dataset and
extrapolate the model from animals to humans.

3. To apply the developed model to predict the appropriate dosage regimen
for COVID-19 treatment and other indications.

Research significance

Although several in vitro and animal studies have shown several promising
pharmacological properties of Andro, the dosage regiment of Andro and clinical
studies on pharmacokinetics in humans are still unknown. Therefore, this study aimed
to create a PBPK model of Andro to predict plasma and tissue concentration-time
courses as well as the pharmacokinetics of Andro in animals and humans.
Additionally, the developed PBPK model is applied to predict appropriate dosages
regimen based on the threshold theory leading to a better therapeutic outcome. Last,
this model can also be applied to preliminary assess the possible herb-drug interaction

caused by Andro.

Research scope

This study was in silico experiment that was performed on a computer.
The PBPK model was developed based on in vitro and in vivo information relating to
pharmacokinetic studies. The ADAPTS5 software (version 5.0.58) was used to develop
a PBPK model of Andro for understanding the pharmacokinetics in animals and
humans. Last, the appropriate dosage regiment of Andro was designed using the
developed PBPK model.

Keywords
Andrographolide; Pharmacokinetics; Physiologically based pharmacokinetic
(PBPK) model; tissue distribution; COVID19; SARs-CoV-2; simulation; metabolism



CHAPTER Il

LITERATURE REVIEWS

Andrographis paniculata (Burm.f.) Wall. Ex.Nees., (Family Acanthaceae)
(Thai name Fa-Tha-lai-Chon; Namlai Pangpon; Sam Sip Di, English name-King of
Bitters, Tamil name-Nalavempu) is an annual herbaceous plant (45). According to the
Thai herbal pharmacopeia 2018, this plant can grow up to 1 high meter, is erect and
its stem is acutely quadrangular. Its leaves are simple, opposite, glabrous, lanceolate,
2 to 12 cm long, 1-3 cm wide, acute, and entirely slightly undulating. The
inflorescence is terminal and axillary in the panicle, 10-30 mm long with small bracts
and short pedicels. The flowers are calyx-5-partile, small, and linear. The corolla
tubes are narrow (about 6 mm long), bilabiate, the limbs are not shorter than the tubes,
the upper lip is oblong and white with a yellowish top, and the lower lip is broadly
cuneate, 3-lobed (trifid), and white with violet markings. Two stamens are inserted in
the throat and are another basally bearded. The ovary is superior, 2-celled, with a far
exerted style. The fruit capsule is erect, linear-oblong, 1-2 cm long, compressed, and
longitudinally furrowed on broad faces with thin glandular hairs. The seeds are very
small (45, 46).



Figure 1 Illustration of A. paniculata (Burm.f.) Nees; (1) flowering and fruiting
plant, (2) difference views of flowers (a-d), (3) fruits in different stages
(e), and dehiscent fruit showing seeds ()

Source: Adapted from Thai herbal pharmacopeia, (46)

World Health Organization (WHO) monographs on selected medicinal plants
have reported, A. paniculata being used as a medicinal plant in many countries. This
plant has responded to many pharmacological activities (6). In addition, A. paniculata
has been used to treat many diseases including the common cold, gastroenteritis,
infectious diseases, and inflammatory lung diseases (i.e., asthma). These have also
been supported by clinical data from WHO monographs on selected medicinal plants
(6, 47) and a review by Shahid Akbar et al. (48). Moreover, two reviews have
reported A.paniculata as a safe and efficacious plant to relieve the symptoms of upper
respiratory tract infection (URTI) (49, 50). The possible mechanisms of action have
been described in previous studies by Shahid Akbar et al. (48) and Kuntal Maiti et al.
(47, 51).

Currently, A. paniculata extract has been used in varying dosage forms in
China as shown in Table 1. According to Indian pharmacopeia, there were 26
Ayurvedic formulations (45). In Thailand, the dried part of A. paniculata powder
(crude drug) has been made into Andrographis capsules. There were four dosages,
including 250, 300, 350, and 500 mg available. Administration of 0.5 to 2 g of

Andrographis capsules four times per day after meals and at bedtime has been used



for antidiarrheal treatment. In addition, administration of 0.75 to 1.5 g four times a

day after the meal and at bedtime has been used for laryngitis treatment (46).

Table 1 Summary of the current dosage forms of A. paniculata in China

Country Name Dosage form Reference

Kan Jang
Chuanxinlian Tablets
Xiaoyan Lidan

China (45)
Chuanxinlian antiphologistic Pills

Yamdepieng
Injection
Chuanxinlian Ruangs

A. paniculata has been shown to contain diterpene, diterpenoid lactone,
flavonoid, alkanes, ketone, and aldehydes. More than 12 flavonoids and 14
diterpenoids have been found in the aerial part (46, 52-54), but only 7 diterpenoids
(free and glycoside forms) were major phytoconstituents (55-57). However, there
have been only four major active diterpenoid lactones, including (1) andrographolide,
(2) 14-deoxy-11, 12-didehydro-andrographolide, (3) neoandrographolide, and (4)
deoxy-andrographolide (31, 58).

Andro was a major diterpenoid lactone that drove a broad range of
pharmacological activities of A. paniculata (59). Powdered crude drugs from the
aerial parts of A.paniculata contained not less than 6% diterpenoid lactones,
calculated as Andro (6, 60). In addition, the leaves of A.paniculata contained 2.5-
3.0% w/w of Andro (61).



Physicochemical properties

Andrographolide is a diterpenoid lactone as shown in Figure 2. It consisted
of three hydrogen bond donors and five hydrogen bond acceptors with molecular
weight (MW) 350.45 g/mole (62). Andro was considered a neutral compound since its
solubility does not change significantly in a pH range (63). Besides, this diterpenoid
was a lipophilic compound since it’s the logarithms of the partition coefficient

between n-octanol and water (log P) equal to 2.51 (64) and low water solubility (32).
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Figure 2 Chemical structure of andrographolide as a diterpenoid lactone

Source: Adapted from Singh et al. (65)

Pharmacology and pharmacodynamic
Andro has been a diterpenoid lactone with various pharmacological effects.
The studies related to the pharmacological activities, mechanism of action, and
pharmacodynamic (PD) parameters of Andro were retrieved from three databases to
design the appropriate dosage regiment. The pharmacological activity detail of Andro
(Standard andrographolide >98%) was described below and summarized in Table 2.
1. Anti-SARs-CoV-2 activity
Currently, coronavirus disease 2019 (COVID-19) has been caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and has been an

urgent crisis of global health. Whilst the effective vaccines against this virus are not



successfully developed (1, 3, 4). COVID-19 has produced severe diseases including
severe acute respiratory syndrome (SARS) and the Middle East respiratory syndrome
(MERS) (2).

Coronaviruses have been a single-stranded positive-sense RNA virus and
can infect terrestrial animals and humans (3, 4). This virus is classified into the
B-coronavirus group and has 80-96% similar genomic of SARS-CoV (1, 4). The main
protease (MP) is the viral protease that plays an important role in the production of
functional polyproteins required for viral replication. Therefore, MP is essential for
the life cycle of SARS-CoV-2. Besides, this protease has been no human homolog of
proteins exists. Hence, MP™ inhibition becomes to be a target-based therapeutics and
an effective treatment for SARs-CoV-2 (1). Although HIV protease inhibitors,
including lopinavir and ritonavir, have been used against SARS-CoV-2, it has limited
efficacy in COVID-19 treatment and caused adverse effects, including gastrointestinal
intolerance, and hepatoxicity (1).

According to Shi et al., Andro suppressed the activities of SARS-CoV and
SARS-CoV-2 with ICs of 5.00 £ 0.67 uM and 15.05 + 1.58 uM, respectively. Whilst
disulfiram (SARS-CoV MP™ inhibitor) had shown the inhibition on SARS-CoV-2
MP® with ICsp of 5.61 UM. These results suggested that it could be beneficial against
COVID-19 (1). Based on a plaque assay, A. paniculata extract, Andro, and remdesivir
significantly inhibited the production of infectious virions with 1Cso of 0.036 pg/mL,
0.034 pM, and 0.086 uM, respectively in SARS-CoV-2 infected the lung epithelial
(Calu-3) cells (20). The ICso and CCso values have been illustrated in Table2.
However, the application of Andro on COVID-19 treatment must further investigate
in the clinical trials (1).

2. Anti-influenza A virus activity

The influenza A virus has been a cause of respiratory disease that
generates high morbidity and mortality rates in either animals or humans. The high
pathogenicity H5N1 influenza A virus could transmit from birds to humans.
At present, the mechanism of action against the influenza virus of the current drugs
has been divided into three major classes such as M2 ion channel inhibitors,
neuraminidase inhibitors, and inosine monophosphate dehydrogenase inhibitors (66).
Currently, the new functions of the sphingolipid signaling/metabolism during virus
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infection have been uncovered. The virus could increase the level of sphingosine
kinase (SK) 1 for progeny virus. The mechanism involves the regulation of NF-xB
signaling pathways. This resulting to the amplification of influenza viral RNA
synthesis and production of viral ribonucleoprotein (RNP) complex. Thus, NF-xB
inhibitor might be an alternative way to design a new drug (67).

Based on a plaque reduction assay, Andro exhibited low effectiveness
against HON2, H5N1, and H1N1 viral activities with ICsg values of 94.30, 121.70, and
110.00 uM, respectively (Table 2). The mechanism of action was not involving with
blocking viral binding to red blood cells but involves inhibition NF-kB activation by
binding to the reduced cysteine 62 of p50, thus, inhibiting the binding of NF-kB to
DNA. However, the new synthesized compound namely 14-a-lipoyl- Andro showed
high potent against HON2, H5N1, and H1N1 viral activities with 1Cso values of 8.40,
15.20, and 7.20 pM, respectively. Whereas a positive control (ribavirin) showed the
effect of anti-HIN2, H5N1, and H1N1 activities with 1Cso values of 30.00, 42.90, and
39.60 pM, respectively. The mechanism of action of 14-a-lipoyl- Andro is
hypothesized that it may act by i) inhibiting NF-«xB activation, and ii) blocking HON1,
H5N2, and H1N1 viral binding to red blood cells with MIC value of 7.10, 16.80, and
5.30 mM, respectively (66).

3. Anti-HIV activity

The human immunodeficiency virus (HIV) has been grouped into the
genus Lentivirus within the family of Retroviridae. The complex protein-protein
interactions have been characterized as the initial steps of infection of a cell. When
the gp120, a surface glycoprotein that plays a role of attachment the virus to the target
cell, binds to the CD4 receptor on the host cell, all CD4-positive cells (e.g., T-helper
cells, macrophages, dendritic cells, and astrocytes) are susceptible to HIV. After
attachment to the CD4 molecule, a conformational change in CD4 and gp120 will
occur, resulting in increasing of the site for gpl20 to enable binding to the co-
receptors on the cell surface. When binding of gp-120 to CD4 completely, the virus
can insert into the plasma membrane of the target cell. If the fusion of cell membranes
and viral envelop, the infection process is completed (68). Base on in vitro study,
Andro inhibited gp120- mediated cell fusion of HL2/3 cells and TZM-bl cells with an
ICso value of 0.59 uM while the 1Csg value of suramin has been 0.04 uM (69). The
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therapeutic index (TI) value 2875 suggested was considered a relatively safe
compound when TI value greater than 10 (16). The ICso, CCsp, and Tlso values has
been shown in Table 2. In a small clinical trial, Andro exhibited the potential increase
of the mean CD4 lymphocyte levels in 13 HIV subjects following oral administration
of 10 mg/kg Andro (17). In such experiments, this compound could be regarded as a
compound to develop new molecules for anti-HIV treatment.
4. Immunomodulatory

T cell-mediated immune responses play a role against tumors. Of several
subsets of T cells, cytotoxic T lymphocytes (CTL) play a critical role in the immune
system and protection from tumors (70). Intraperitoneal administration of 0.2 mg/kg
Andro in mice significantly increased the CTL production in both in vitro and animal
models. The life span (%ILS) of tumor induced EL4 cells mice was increased to
64.2% by Andro when compared to a control group. Besides, the treatment of Andro
with 10 doses also increased %ILS from 35.8% to 77.4%. Based on animal studies,
Andro exhibited the enhancement of cytokines including interleukin-2 and interferon-
y. Hence, Andro may be considered to further develop as an alternative anti-tumor
growth agent (70).

5. Anti-platelet activation

Base on in vitro studies, the 1Cso values ranging from 1 to 100 uM in a
concentration-dependent manner (58, 71, 72) as shown in Table 2. Whilst, the PAF-
antagonists including Ginkgo extract and Aspirin were 2 and 177 uM respectively
(71, 73). Lu et al. reported that Andro has dilated the blood vessels via stimulation of
eNOS expression, nitric oxide (NO) releasing, and vasodilator-stimulated
phosphoprotein (VASP) phosphorylation, respectively. Otherwise, when eNOS was
simulated by Andro, the cyclic GMP will be increased and result in two ways of
inhibiting platelet aggregation. First, the cyclic GMP has inhibited PLCy2 and IP3,
respectively. Next, the dense tubular system (DTS) was inhibited to release calcium
(Ca?") and, finally, inhibited platelet aggregation. Second, the cyclic GMP has
inhibited and PI3 kinase/Akt cascades and p38 MAPK, respectively. Next, the
catalyzing arachidonic acid (AA) and thromboxane A2 (TxA2) were inhibited,
resulting in reducing Ca?* levels and platelet aggregation (58, 71, 72, 74). The
hypothetical mechanism was shown in Figure 3. Further, Andro was not only
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effective in in vitro studies but also in an animal study. Base on animal studies, Andro
reduced the mortality rate in adenosine diphosphate; ADP-induced acute pulmonary
embolism mice from 90% to 60-50% at dose 22-55 pg/kg intravenously (58). Besides,
Andro could protect the cardiovascular by down-regulation of the inducible nitric
oxide synthase (iINOS), which is the cause of reactive oxygen species (ROS)
generation, endothelial dysfunction, and inflammation, expression, and up-regulate of
eNOS expression in hyperlipidemia-rats following oral administration of 25-100
mg/kg Andro for five consecutive days (75).

Collagen
l Andrographolide

VASP
| < 4 Q Inhibition

TxA, > Ca?
\ I * I—) Platelet Activation
[}

Ca* DTS

Figure 3 Hypothetical scheme shows the inhibitory signaling of andrographolide

in platelet activation

Abbreviation: PLCy2 is phospholipase C gamma 2; DAG is
diacylglycerol; PKC is protein kinase C; IP3 is inositol triphosphate; AA is
arachidonic acid; TxA2 is thromboxane A2; sGC soluble guanylate cyclase; VASP
vasodilator-stimulated phosphoprotein (plays a role in negatively regulating secretory
and adhesive events in platelet cells), DTS dense tubular system.

Source: Adapted from Lu et al. (58)
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6. Anti-hyperglycemia activity
Type 2 diabetes mellitus is a chronic metabolic disorder characterized by
high blood sugar, insulin resistance, and a relative lack of insulin (76). Based on in
vitro studies, Andro can be an alternative candidate for the management of type 2
diabetes mellitus. The a-glucosidase and a-amylase are inhibited by Andro with ICso
values of 31.39 mM and 2.24 mM, respectively (Table 2). Whilst the acarbose, which
IS a current anti-diabetic drug, has been inhibiting the a-glucosidase and a-amylase
with 1Csg values of 9.60 and 23.08 mM (77). The possible mechanism of action in the
anti-hyperglycaemic activity of Andro has consisted of four pathways including
decreasing glucose absorption (77, 78), increasing insulin secretion (79), increasing
glucose uptake into the muscle (80), and prevention of insulin resistance (79, 81).
7. Anti-malaria activity
Malaria is a disease caused by Plasmodium parasites that are transmitted
to humans and other animals by bites from the female Anopheles mosquitoes (82).
Based on in vitro and animal studies, Andro has shown good anti-malaria activity (11,
83, 84). Andro has been against the erythrocytic stages of Plasmodium falciparum
with an 1Cso value of 9.1 uM while the artesunate, which is a medication used to treat
malaria, has an 1Cso value of 0.05 uM (11). Besides, Andro has been found anti-
malaria activity as blood schizontocial activity and gametocytocidal with 1Csp values
of 34.70 and 10.30 uM respectively (84). Their values were shown in Table 2. In
malaria mice infected by Plasmodium berghei, alone Andro administration via
intraperitoneal daily, the parasitemia level is detected as 46% and 33% for artesunate
administration. Whilst, all the mice died after attaining the parasitemia level 80% in
the control group (11). In addition, orally dosing of 5 mg/kg Andro in mice also
produced significant (p<0.05) inhibition as ~72.7%. Whilst, chloroguine produced
100% inhibition at the dose of 10 mg/kg (83). Based on the analysis of the docking
study, Andro may be a protease inhibitor against malaria parasites (85).
8. Anti-inflammatory activity
Nitric oxide (NO) has been a pro-inflammatory mediator that plays a role
in the pathogenesis of inflammation. Over-production of NO in abnormal situations
had induced inflammation. The high concentration of NO caused by the inducible

nitric oxide synthase (iINOS) could generate the pathogenesis of inflammatory
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disorders of the joints, gut, and lung. Selective NO biosynthesis inhibitors which
inhibit the iINOS have been considered as an alternative to inflammatory therapy (86).
Based on in vitro, Andro has inhibited NO synthesis by reducing the expression of the
INOS protein with 1Cso value of 7.9 uM in a concentration-dependent manner (87,
88). Whilst the ICsg value of diclofenac sodium, a reference drug, has been 0.02 uM
(89). In those studies, the hypothetical mechanisms of action were prevention of the
de novo protein synthesis and decreasing the protein stability via a post-transcriptional
mechanism. Besides, Andro inhibited tumor necrosis factor-o (TNF-o) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) which are the non-
specific and allergic inflammatory cytokines with ICsg value of 0.6 uM and 3.3 uM
respectively in a concentration-dependent manner (90). In animal studies, Andro
significantly (p<0.05) inhibited the elevation of bronchoalveolar fluid (BAF) levels of
TNF-a and GM-CSF in asthmatic mice following intraperitoneal injection 3-30
mg/kg/day (90). Further, Andro attenuated ovalbumin-induced lung tissue
eosinophilia and airway mucus production, mRNA expression of E-selectin,
chitinases, Mucbac, and INOS in lung tissues, and airway hyperresponsiveness to
methacholine at dose 0.1-1 mg/kg intraperitoneally (91). Table 2 has been a summary
of anti-inflammation efficacy parameters. In such evidence, Andro may use as an
important therapeutic advance in the management of inflammatory disorders.
9. Anti-microbial activity

Globally, over 50% of all deaths in hospitals were caused by infectious
diseases (92) and multiple drug resistance among the human pathogenic
microorganisms had increased due to widespread and indiscriminate use of common
antimicrobial drugs against infectious diseases, results in limited therapeutic options
(93). Staphylococcus aureus (S. aureus) has causes a mostly intravascular catheter-
related bacteremia and endocarditis that represents a challenging situation for clinical
management (94). Based on in vitro study, Andro exhibited the potential against six-
gram positives and three-gram negative microbial activities. The minimal inhibition
concentration (MIC) of Andro has shown in Table 2. Among those, Staphylococcus
aureus (S. aureus) was found to be most sensitive with a minimal inhibitory
concentration value of 0.10 uM which was identified as bacteriostatic (95). Whilst,

the 1Cso values of amoxycillin, ampicillin, cefatazime, and gentamicin have been 32,
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32, 8, and 8 uM, respectively (96). Besides, specific inhibition of intracellular DNA
biosynthesis and the biofilm formation of S. aureus were decreased by Andro in a
concentration-dependent manner (95). Andro might be considered as a promising lead
for new antibacterial drug development (95).
10. Anti-pyretic and analgesic

In Asian countries, A.paniculata has been widely used for its antipyretic
and analgesic effect (59). Based on an animal study, intraperitoneal administration of
4 mg/kg Andro in Baker’s yeast-induced fever rats did not significantly produce
antipyretic activity. Whilst intraperitoneal administration of 4 mg/kg Andro in mice
significantly produces the analgesic effect and reduces paw volume which represents
an anti-inflammatory effect (97). Those results were in line with a published by Lin et
al. (98). In the writing test (analgesic effect), the male mice were fed Andro at 25, 50,
100 mg/kg before intraperitoneal injection of 0.8% acetic acid solution to induce the
pain. Next, the mice were kept in individual cages to observe and record the number
of writhing and stretching movements. The results showed that oral dosing of 25, 50,
and 100 mg/kg Andro in mice significantly reduced the number of writes in a dose-
dependent manner. Whereas morphine, which is commonly used as a positive control,
at 5 mg/kg demonstrated a high analgesic effect. In order to investigate the anti-edema
effect, the rats were included edema using carrageenan injection. The rats were
intraperitoneally injected with Andro at 50, 75, 100 mg/kg while another group was
received 10 mg/kg of indomethacin which is a commercial anti-inflammatory drug.
The results showed that the prevention of paw edema of Andro was observed at a high
dose (100 mg/kg) while 10 mg/kg indomethacin could prevent rats from edema (98).

11. Anti-fertility

In ancient Indian literature, several plants have been reported to have
fertility-regulating properties and tested the ant-fertility activity in laboratory animals
(66). Oral administration of 25-50 mg/kg/day Andro in rats for 48 days reduced
spermatogenesis, degenerative changes in the seminiferous tubules, regression of
Leydig cells, and regressive and/or degenerative changes in the epididymis. This

study also confirms that Andro might be used for male contraception (13).
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12. Anti-cancer activity

Despite the discovery of numerous drugs of natural origin, searching for
new anticancer agents has been necessary to provide a drug that is less toxic as well as
more effective (66). Base on in vitro studies, various cancer cells such as breast MCF-
7/ADR cells, Colon SW 620 cells, Lung H22, Ovarian SK OV3, Prostate DU145, and
Renal A498 were inhibited by Andro (99) as summarized in Table 2. Besides, cell
proliferation and migration, as well as cell cycle arrest at G2/M phase of HepG2
human hepatoma cells, were inhibited by Andro with an 1Cso value of 40.2 uM after
48 h treatment (100). In that published, Andro also induced apoptosis through a
capase-independent pathway (100). Using human endothelial cells, the E-selectin,
which plays an important role in cancer cell adhesion to endothelial cells, activity was
significantly reduced and inhibited the E-selectin mRNA expression. These results
leading to the suppression of the adhesion of gastric cancer cells (101). Base on
animal study, seven cell lines were moderately inhibited activity by Andro at 50
mg/kg and good activity at 100 mg/kg dose (99).

13. Hepatoprotective

Liver diseases are still a serious health problem and a major cause of
mortality. Herbs and plants play a vital role in managing several liver disorders while
reliable hepatoprotective drugs in modern medicine have absented. In Ayuravate
medicine, A.paniculata has long been used as a hepatoprotective agent (59). A recent
study showed that Andro, which is a major bioactive in A.paniculata, attenuated
concanavalin A (Con-A)-induced liver injury and inhibited hepatocyte apoptosis in
mice at intraperitoneal dose 30-500 mg/kg in a dose-dependent manner (102, 103).
Oxidative stress has generated several chronic human diseases such as cardiovascular
disease, cancer, neurodegenerative diseases as well as liver diseases. When the
balance between antioxidation and oxidation was disrupted, oxidative stress will be
generated. Under this condition, the reactive oxygen species (ROS) were over-
generated, resulting in the oxidation of cellular macromolecules and damage to
cellular functions (9). There has been 4 inherent antioxidant defense system including
vitamin E, glutathione (GSH), vitamin C, and antioxidant enzymes (9). Based on
animal study, oral dosing of 30-50 mg/kg/day Andro for 5 consecutive days up-

regulated several antioxidant enzymes including superoxide dismutase (SOD)-1,
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heme oxygenase (HO)-1, and glutathione (GSH) S-transferase (GST) in liver, heart,
and kidney. The activity of SOD, GST, and GSH reductase enzymes was also
increased in rats (9). Besides, pre-treatment of 30-50 mg/kg Andro suppressed carbon
tetrachloride (CCls)-induced plasma aminotransferase activity and hepatic lipid
peroxidation. Those results suggested that Andro protects chemical-induced oxidative
damage by up-regulating the activity of antioxidant enzymes in various tissues (9).
14. Anti-hyperlipidemia

A high level of low-density lipoproteins (LDL) can cause plaque to grow
over time and develop obstructions in blood flow. If obstruction occurred in the
coronary arteries and the brain could result in a heart attack and a stroke respectively
(59, 104). Andro has reduced the triglyceride, total cholesterol, and LDL level while
high-density-lipoproteins (HDL) were increased in hyperlipidemia-mice following
oral dosing of 25-100 mg/kg (75, 105). These findings imply the promising use of

Andro as an alternative to anti-hyperlipidemia.
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Toxicity

In a previous study, Andro did not produce cytotoxic effects on human
platelets. In this lactate dehydrogenase (LDH) study concentrations of Andro between
35 and 150 uM did not produce any toxicity or cytolysis in human platelets (58).
In addition, the cytotoxicity profiles of Andro were evaluated by MTT assay using six
human cell lines. The 50% cytotoxic concentration (CCso) values of Andro on liver
cells (HepG2), kidney cells (HK-2), intestine cells (Caco-2), lung cells (Calu-3), and
brain cells (SH-SY5Y) were 81.52, 34.11, 52.30, 58.03, and 13.19 puM, respectively.
The selectivity index (SI), which was a ratio that measures the window between
cytotoxicity, was calculated from CCsp values divided by 1Cso value. The higher Sl
values suggested a higher anti-viral effect with low cytotoxicity. Considering the anti-
SAR-CoV-2 effect with the 1Cso of 0.034 uM Andro, this diterpene lactone showed
the considerably low-to-no cytotoxic effect on HepG2, HK-2, Caco-2, Calu-3, and
SH-SY5Y cells with Sl values of 2398, 1003, 1538, 1707, and 388 respectively (20).

Andro is practically non-toxic even at high doses. In an acute toxicity test in
male and female mice by Bothiraja et al. oral doses greater than 5 g/kg oral dose did
not produce death or hazardous signs. This LDso level of Andro by oral treatment was
greater than 5 g/kg body weight in mice (109). According to the Hodge and Sterner
toxicity scale, a chemical substance with an LDsp value greater than 5 g/kg is
considered practically non-toxic (110).

In sub-acute tests in Wistar rats, 250 and 500 mg/kg (LDs and LDsio) of
Andro did not result in significant changes in body weight gain, food intake, behavior,
mortality, hematological, biochemical, vital organ weight, and histopathology.
Therefore, Andro was recommended for clinical testing as a pharmaceutical agent
(109). A summary of Andro toxicity is shown in Table 3.
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Table 3 Summary of toxicity of Andro

Dosage/duration/route Experimental models  Toxic effects References

25-75 uM Human platelets No cytotoxicity (58)

10 mg/kg for 3 weeks Human No (111)

5 g/kg single oral dose Mice No

250-500 mg/kg orally for 21 (109)
Rats No

days

Pharmacokinetics

The in vitro, in situ, and in vivo information related to the pharmacokinetic
properties of Andro (Standard andrographolide >98%) was collected and summarized
from several international sources. In this section, the pharmacokinetics of Andro was
divided into four main parts including Absorption, Distribution, Elimination, and
Interaction & drug-metabolizing enzymes.

1. Absorption

Andro was relatively quickly absorbed into the systemic circulation after a

single oral administration of A. paniculata extract and Andro at Tmax less than 140 min
in animals and humans as shown in Table 4. Based on an in situ study, the highest
absorption site of Andro was the duodenum jejunum followed by the ileum and colon
(26). These results were in line with previous studies by Ye et al (25) and Yen et al.
(112, 113). Andro might be passively transported thorough the gastrointestinal tract
because the saturation of absorption was not observed in a parallel artificial
membrane permeability (PAMPA) assay. In accordance with Daodee et al. (30),
Andro exhibited passive transportation across the artificial membrane at pH 2 and 7.
The time course of Andro transport across the artificial membrane (Figure 4)
exhibited the cumulative amount of Andro increased with time in a zero-order
fashion. Also, when the initial concentrations of Andro were increased, the transport

rate of Andro increased almost in a parallel fashion. Whereas, the transport rate
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constant of Andro was constant among pH 7 and 2 of medium (Table 5) because
Andro was an unchanged neutral compound (30). Besides, Andro also retained a
neutral charge in a pH range lower than 10 (114). Although a study conducted by
Yang et al. reported the temperature could affect the transportation of Andro using
Caco-2 cells and suggested transport of Andro was mediated by the carrier and energy
need to be consumed (26), the study regarding to the uptake transporters of Andro is
still lack.

pH7 pH2
2507 @ 253.0 ug/mL 1507 @ 128.0 pg/mL
W 154.7 yg/mL W 66.67 pg/mL
2004 A 68.00 pg/mL Bl A 33.33 pgimL }
£ ¥ 16.00 pg/mL [ £ 1004 v 13.33 pg/mL }
2 150 e 2
® n . i
e H ¢ 3
= 100 s
© . ©
=1 S 50+ n
E i1 4 E L a t
3 50 'y 5 n "
(5} -1 o !
. “ i A AA &
A
vy vV vY Vv l Yy v vvY v
0 * Y 'l T 1 0 . ’l T 1
0 50 100 150 0 50 100 150
Time (min) Time (min)
(a) (b)

Figure 4 Transport profile of andrographolide from the simulated; (a) intestinal
fluid which pH7 and (b) gastric fluid which pH2 across an artificial

membrane. Each value represents the mean £SD (n=3)

Source: Adapted from Daodee et al. (30)
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Table 5 The transport rate constant of andrographolide at varying pH and initial

concentrations

Transport rate (ug/min) Initial concentration(pug/mL)
Intestinal fluid 0.094 £ 0.0017 16.0
(PHT) 1.757 £ 0.0058 253.0
Gastric fluid 0.077 £ 0.0018 13.3
(pH 2) 1.053+0.1134 128.0

Source: Adapted from Daodee et al. (30)

Despite Andro was rapidly absorbed in the intestine (26), the absolute oral
bioavailability (Foral) in animals is very low (12) (9, 25). Based on pharmacokinetics
studies, the Fora values were 9.27% and 0.03, 1.19, and 2.67% in mice and rats
respectively (9, 12, 25, 112). Whilst the Forar Value in humans has been unknown.
Four factors might contribute to low Forar 0f Andro including (i) low solubility, (ii)

intestinal chemical instability, (iii) efflux transport, and (iv) high first-pass

metabolism.

The parameters of permeability and solubility have been allowed by the
biopharmaceutical classification system (BCS) to predict intestinal drug absorption
(121). Andro has been high permeability (25, 26, 29). The flux of Andro from the
apical side (AP) to the basolateral side (BL) in a Caco-2 cell monolayer had high.
Based on Caco2-cell experiments, the appearance permeability (Papp) values were less
than 8 x 10° cm/s (25, 26, 29). This result was suggested completely intestinal
absorption when the Papp value larger the 1.0 x 10 cm/s (70%-100% absorbed) (27,
28). The summary of Papp for Andro from AP to BL and from BL to AP was shown in
Table 6. Andro has demonstrated low solubility because dose solubility volumes
(DSV) of Andro are greater than 250 mL (DSV = dose in mg/solubility in mg/mL at
37 °C) (28). Meili Chen et al. reported that the water solubility of Andro was 1.86 x
10"t mmol/L (0.065 mg/mL) at 35 °C and pH 7 (32). According to USP and BP

solubility criteria, Andro has also been demonstrated as sparingly soluble, as
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solubility has ranged from 30 to 100 parts of solvent required/part of solute (121).In
addition, a dissolution test of Andro from A. paniculata capsule in three
physiologically relevant media revealed that Andro dissolved most at pH 6.8 (86.92%
at 100 minutes and 65.40% at 30 minutes) and lowest at pH 4.5 (75.31% at 100
minutes and 61.70% at 30 minutes) (31). In addition, the dissolution test of Andro
standard exhibited a maximum of 30% release in four hours (122). Although Andro
has been high permeability (25, 26, 29), it also low solubility (31, 32), thus, it might
be classified as BCS class Il. Hence, the low Forai of Andro might be limited by its

solvation rate.

Table 6 Summary of the permeability (Papp) of Andro from the apical side (AP)
to the basolateral side (BL) and from BL to AP

Papp (CM/S) Efflux Ratio

In vitro model Reference
AP = BL BL > AP Papp,sL>AP/Papp.ap > BL

Caco2-cell 1.14 x 10 4.94 x 10° 4.33

MDR1-MDCKI| (25)
5.93 x 10 23.8x 10 4.01

cell

Caco2-cell 7.99 x 106 455 x 10 5.70

Caco2-cell (26)
16.9 x 10 18.2 x 10 1.07

(Andro + VER)

Caco2-cell 1.69 x 106 - - (29)

The MDR1-MDCKII cells were Madin—Darby canine kidney Il cells
overexpressing human P-gp; VER was Verapamil (P-gp inhibitor)

Chemical instability in low pH media might be one cause of very low Foral
values in animals. Zhao et al. reported that Andro remained neutral when the pH was
lower than 9. The recovery of Andro was satisfactory (>85%) over the pH range of
5.0 to 8.0. Thus, when pH was above 9, Andro was recovered less due to hydrolysis

of the lactone ring under basic conditions. In addition, Andro was recovered
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minimally in pH less than 4 due to the dehydration of allyl alcohol (114). These
results were in line with a degradation study conducted by Chanchal et al. (123).

Andro was effluxed via P-glycoprotein (P-gp). In a Caco-2 cell model, the
Papp Value of Andro from BL to AP was higher than the Papp value from AP to BL by
about 4.0 to 5.7-fold (25, 26) as shown in Table 6. These results indicated efflux
transporters were involved when the efflux ratio was larger than 1.5 (124). Besides,
when the verapamil (P-gp inhibitor) and indomethacin (MRP2 inhibitors)
concentration were increased, the Papp Values of Andro also increased. These results
suggested that P-gp and MRP2 might be participating in the mediated secretary efflux
transport of Andro (26). However, there was empirical evidence that supported that
MRP2 did not participate in the mediated secretary efflux transport. Based on in situ
studies, a P-gp inhibitor (cyclosporine) and MRP2 inhibitor (probenecid) did not
significantly suppress the efflux transport of Andro in the proximal intestine, which
was a high expression of the MRP2 region. Whilst alone cyclosporine significantly
suppressed the efflux transport of Andro in the distal intestine, which was a high
expression of P-gp region. These results indicated that MRP2 did not affect the efflux
transport of Andro (30). Furthermore, an in situ study conducted by Ye et al. (25)
ongoing revealed that MRP2 and the breast cancer resistance protein (BCRP) did not
affect the efflux transport of these diterpenoid lactones.

Andro has shown high first-pass metabolism. Furthermore, the rapid
metabolism of Andro in the duodenum did not involve CYP450 and bacterium in the
duodenum. Yang et al. boiled blank duodenal Kreps-Ringer perfusate for 30 min to
inactivate the activity of CYP450 and bacteria. These results showed that Andro was
still metabolized (26). Based on in situ study, approximately 70.0 - 86.4% of Andro
was rapidly metabolized into 14-deoxy-12-sulfo-Andro in a duodenum segment
within 60-120 min. An approximately 15% and 10% of 14-deoxy-12-sulfo-Andro
were observed in the jejunum and ileum respectively (25, 26). The rapid metabolism
of Andro did not occur from the biological instability of lactones because the sulfate
metabolite was still found in the blank duodenum and jejunum perfusate. Ye et al.
hypothesized that blank perfusate may have contained enzymes sloughed off from
epidermal cells (25). A bio-distribution study revealed that 14-deoxy-12-sulfo-Andro

was mainly present in blood, liver, and kidneys (25).
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Currently, no studies have been published to imply whether the kinetics
behavior of Andro is non-linear or linear pharmacokinetics. However, Panossian et al.
found that Andro almost totally (Fora~90%) absorbed into the blood circulation after
oral administration of 20 mg/kg A. paniculata extract. When increasing the dose by
10 times (200 mg/Kkg), the Foral Value decreased from 90% to 20%, and the AUC value
increased just 2-fold. Whilst other pharmacokinetic parameters were almost the same.
Those results suggested that Andro might not saturate in the absorption process (36).

2. Distribution

Andro has high human plasma protein binding. Based on equilibrium
dialysis assay, approximately 55% of Andro bound with human blood plasma protein
(HBPP) at 4 h. The researcher ongoing revealed that Andro is mainly bound with
albumin in human blood. In addition, approximately 20% and 60% of Andro bound to
bovine serum albumin (BSA) at 4 h and 24 h respectively after incubation. There had
no substantial difference in protein binding was found after 24 h (36). Additionally,
there was a relatively low accumulation of Andro in red blood cells because the blood
plasma ratio (Rop) was found to be 0.93 (35).

Andro has a high volume of distribution and is widely distributed in many
tissues after intravenous and oral administration. Following the published
pharmacokinetic studies, The Vg values for Andro in animals were relatively high
when the Vg value was greater than the total body water in rodents (~74.0% — 74.7%
in mice and rats) (125). As the Vq value of Andro is equal to 28.17 mL/g in mice (12)
and 24.13 — 62.66 mL/g in rats (26, 126). Based on animal studies, the amount of
Andro was mainly distributed in the kidney (AUCo.int = 189.47 nmol min/mL), liver
(AUCo.inf = 90.31 nmol min/mL), lungs (AUCo.inf = 0.43 nmol min/mL), spleen
(AUCo.int = 0.43 nmol min/mL), and heart (AUCo.int = 0.37 nmol min/mL) in mice
following intravenous injection of 500 mg/kg (34). Furthermore, Andro was found in
kidneys, liver, lung, spleen, heart, as well as brain in rats following repeated dosing
orally for 28 days (35).



38

3. Elimination

The urinary and biliary excretion might not be the major way to eliminate
Andro. In accordance with Panossain et al., only 8.75% of unchanged Andro was
eliminated by urinary excretion in rats after an oral administered dose of A. paniculata
extract. Thus, more than 90% of Andro might be eliminated via other ways (36).
Besides, Ye et al. ongoing reported that approximately 5% of Andro was excreted in
bile (25). The bile flow was little increased in rats following oral administration (127).
Following UPLC/MS/MS and FTICR-MS analysis results, the possible metabolic
pathway of Andro in rats, dogs, and human liver microsomes (RLMs, DLMs, and
HLMs) was revealed as shown in Figure 5 (128). Besides, there were eight and eleven
metabolites found in RLM and HLM, respectively. The summary of in vitro
metabolism of Andro was shown in Table 7. Based on animal studies, nine
metabolites were found in rat faces and urine after oral administration of Andro (129-
131). Also, 15 metabolites were found in rat and human faces and urine after
consuming Andro orally (132-135). The summary of metabolites found in rats and
humans was gathered in Table 8.

Andro has been rapidly metabolized using RLMs. Approximately 95% of
Andro was rapidly metabolized via dehydration, hydrogenation, and deoxidation
reaction with the intrinsic clearance (CLint) value of 94.4 pL/min/mg proteins. This
value was 15-fold higher than the in vitro intrinsic clearance acquired from HLMs
(128). The sulfonates were the major metabolite, namely 14-deoxy-12(R)-sulfo-
Andro, in rats following oral administration (129-131). This metabolite was produced
in the small intestine in rats because it did not detect in the bile product (131).

The major metabolite in humans was glucuronide and some sulfate. The
metabolite namely 19-O-4-D-glucuronide-Andro was accounted for over 80% of total
metabolites in human urine (37, 132-135). In accordance with Tian et al., this
metabolite was produced by UDP-glucuronosyltransferase 2B7 (UGT2B7) and was
produced in liver microsomes from pigs, dogs, monkeys, mice, and humans except for
rats (37). Based on a Kinetic characterization test, the UGT2B7 had the highest
affinity for Andro. The in vitro Michaelis-Menten constant (Km) values for UGT2B7
and UGT1A2 were 1.46 pM, and 1,020 puM, respectively. Whilst the Ky, value for
UGT2B4 was not detected. These results suggested the UGT2B7 might be a major
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metabolizing enzyme for Andro (37). Despite the saturation of metabolism of Andro
did not publish, the saturation of metabolism of this diterpenoid is likely to occur after

oral administration of A. paniculata tablets at the high dose in healthy volunteers (38).

18]
HO: o
|
i
HO H0 Mi-A
OH Oxidation;
Dahydration;
M1-3 HLM
Oxidation;
RLM
Dehydration; Glucuronidation;
HLM, DLM, RLM HLM, DLM, RLM
HO
13=0H Reduction:
) LM, DLM, RLM
Andrographolide M2-1, 24 2.5
Reduction;
0 HLM 0
\A=0 HO OH
Reduction:
i HLM, DLM, RLM !
HO HO
CH 3
HO OH
M1-8 | OH M1-5
Glucuronidation; ! Dahydration;
HLM HLM, DLM, RLM
HO
0
M1-6
+gluA
HO
OH

M1-7

Figure 5 The possible metabolism pathway of andrographolide in rat, dog, and

human liver microsomes

Source: Adapted from Zhao et al. (128)
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Table 7 Summary of metabolites of Andro using rat and human liver microsome

Metabolite No. Possible Metabolite name

Phase |

M1-1 6,7-dehydro-andrographolide @

M1-2 14-deoxy- andrographolide @

M1-3 3-dehydro-andrographolide or 19-dehydro-andrographolide®
M1-4 14-dehydro-andrographolide °

M1-5 12-hydrogenated-andrographolide

M1-6 9- hydrogenated-andrographolide & °

M1-7 14-dehydro-12-hydrogenated-andrographolide  ©
M1-8 12,13-dehydro,14-deoxy-andrographolide ®
Phase 11

M2-1 3-glucuronide-andrographolide ®

M2-2 glucuronide-M1-8 ®

M2-3 glucuronide-M1-8 ®

M2-4 14-glucuronide-andrographolide *°

M2-5 19-glucuronide-andrographolide *°

2 Metabolites od Andro could be identified in rat liver microsome

b Metabolites od Andro could be identified in human liver microsome

Source: Adapted from Zhao et al. (128)
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Table 8 Summary of metabolites detected in rats and human faces as well as

urine after oral administration of Andro

Metabolite Possible Metabolite name Reference
No.
Phase |
M1-9 Isoandrographolide 2

. (130)
M1-10 14-deoxy-andrographolide @
Phase I1
M2-6 Andrographolide-3-O-sulfate °
M2-7 Isoandrographolide-3-O-sulfonate ® (132)
M2-8 14-deoxyandrographolide-3-O-sulfate °
M2-9 14-deoxy-12-(cysteine-S-yl)-andrographolide-3-O-sulfate
M2-5 Andrographolide-19-O-p-D-glucuronide ° (133)
M2-10 Isoandrographolide-19-O-B-D-glucuronide °
M2-11 Andrographolide-19-O- [6’-methyl-B-D-glucuronide] ° (134)
Phase | and phase 11
M3-1 14-deoxy-12(R)-sulfo-andrographolide 2
M3-2 14-deoxy-12(S)-sulfo-andrographolide 2 _ (129, 131)
M3-3 14-deoxy-12(R)-sulfo-9(S)-andrographolide 2
M3-4 14-sulfo-isoandrographolide 2
M3-5 14-deoxy-12(R)-sulfo-andrographolide 3-sulfate 2
M3-6 14-deoxy-12(S)-sulfo-andrographolide 3-sulfate 2 (130)
M3-7 14-deoxy-11,12-didehydroandrographolide @
M3-8 14-deoxy-12-hydroxy-andrographolide-19-O-B-D-glucuronide ®
M3-9 14-deoxy-12(13)-en-andrographolide-19-O-B-D-glucuronide P (133)
M3-10 14-deoxyandrographolide-19-O-p-D-glucuronide °
M3-11 3-oxoandrographolide-19-O-p-D-glucuronide °
M3-12 14-deoxy-12-carbamido-andrographolide °
M3-13 14-deoxy-12-carbamido-andrographolide-19-O-sulfate (134)
M3-14 14-deoxy-12(R/S)-carbamido-andrographolide-19-O-B-D-glucuronide ®
M3-15 14-deoxy-12(S/R)-carbamido-andrographolide-19-O-B-D-glucuronide ®

& Metabolites od Andro could be identified in rat liver microsome

b Metabolites od Andro could be identified in human liver microsome
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Interaction and drug-metabolizing enzyme

Several in vitro studies revealed that Andro induced and inhibited many
CYP450 isoforms and UGT2B7 as shown in Table 9. In addition, in vivo studies have
resulted in the drug interaction between Andro and CYP1A2, 3A2, 2C9 substrates
being published and shown in Table 10. Thus, co-administration of Andro and such
medicine might be the cause of herb-drug interaction, therapeutic failure or increase
toxicity of conventional drug therapy.

Furthermore, Andro has been a weak P-gp inhibitor. According to Li et al.,
Andro could inhibit digoxin transportation by 25.35% from BL to AP in multidrug
resistance protein 1-Madin-Darby canine kidney cells. Similarly, MDR1-MDCKII
cells demonstrated an inhibition effect by verapamil of 90.75%. These results were in
line with a caco-2 cell model where the inhibitory effect of Andro on digoxin

transport was 35.80% while verapamil was 77.75% (136).
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Determination of the dosage regiment
In order to determine the dosage regimen, there were many approaches: 1) a
dose-by-factor (based on no observed adverse effect levels; NOAELs); 2) a
pharmacokinetically-guided approach; 3) a minimal anticipated biological effect
levels (MABEL) approach; 4) a pharmacokinetic/pharmacodynamics (PK/PD) model;
5) similar drug approach, and 6) microdosing (39). The details of each of these
approaches are shown below.
1. Dose-by-factor
The dose-by-factor method is frequently used to determine dosage. This
method focuses on the NOAEL of the drug from the dose-response curve of a well-
designed animal toxicological study. The NOAEL (assessed in animals) adjusted with
allometric factors is used to estimate the maximum recommended starting dose
(MRSD) for clinical investigation in healthy human subjects. The MRSD is
determined by assuming that there is a 1:1 relation between species when the body
surface area is normalized. Information such as preclinical data, pharmacologically
active doses (PADs), toxicological profiles, and pharmacokinetics is considered when
using this method. In order to determine the MRSD, the following five steps must be
considered: (1) determine NOAEL, which is the highest dose level that does not cause
a significant adverse effect. The NOAEL values should be identified using three or
more animal species and one of which should be nonrodent, (2) conversion of the
NOAEL to human equivalent dose (HED) that based on the body surface area using
scaling factors, (3) selection of species based on the similar of the ADME processes
between animal and human, (4) applying a safety factor to conduct the safe dose in
first clinical dose, and (5) consideration of PAD, which is the minimum dose tested in
an animal species with the expected pharmacological activity, by comparing to the
MRSD, which obtained from step four. The PAD value can be used to estimate the
HED also. The estimated HED can be used to compare to the MRSD. If the HED is
lesser than the MRSD, it is recommended to reduce the clinic dose for scientific

reasons. The started dose is recommended lower than the MRSD (39).



46

The advantage of this approach is that it is easy to use. However, it is not
appropriate when; 1) drug administration is via intramuscular, subcutaneous, and
intranasal routes; 2) vaccines and drugs are applied to endogenous hormones used at
physiological concentrations; 3) drugs are limited in non-linear pharmacokinetics
(39).

2. Pharmacokinetically-guided approach

This approach is based on pharmacokinetic properties. The starting dose is
calculated following equation: the starting dose in mg = AUCanima (Mg.h/mL) X
CLhuman (L/h) where AUCanimal IS the area under the curve in animals obtained from a
NOAEL study, and CLhuman is the scaled-up human clearance using animal data. In
most instances, a safety factor value is applied to further calculate the starting dose
following equation: the starting dose (mg)/the safety factor value which is ranged
from 1 to 10.

This approach is generated based on two assumptions: 1) only the parent
compound is active; 2) the drug shows identical pharmacological activity or toxicity
in human and animal species at equal plasma concentrations. Thus, it is become to be
the first limitation. In addition, the neglection of interspecies differences becomes to
be the second limitation of this approach (39).

3. Minimal anticipated biological effect levels

This approach is based on pharmacological facts and is expected to
produce a biological effect in a clinical trial. This is an improved approach to dose
selection through a pharmacological threshold that begins with the lowest active dose
and ends with the highest safe dose. A factor of safety is applied to reduce toxicity in
humans. The factor influencing risk has been the information related to the mode of
action, the type of the target, and/or the applicability of animal models. The minimal
anticipated biological approach could be used when the factors influencing risk are
identified. However, this approach has been useful for both bio-therapeutics and small
drug molecules but requires extensive mechanistic data (39).

4. Pharmacokinetic-pharmacodynamics modeling using animal data

This is a mathematical approach that simulates a human dose exposure
relationship using data from animal species. A human PK-PD profile is predicted

using the data from animal species. In brief, a human dose is estimated via four steps:
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1) establishing the concentration-effect relationships to determine PD parameters (e.g.
ECso, ICs0) then develop PD model in animals; 2) identifying the interspecies
variations in the concentration-response profiles, for both anticipated and adverse
effects; 3) establishing the PK model and predicting human pharmacokinetic
parameters and plasma concentration-time profiles; 4) integrating human PK and PD
models to estimate human dose-response relationships. The dosage regimen is
designed to maintain plasma drug concentrations over the threshold of efficacy but
below the threshold of adverse effects. The major limitation of this approach is that it
requires a lot of effort to establish PK—PD models and also needs data from different
sources for model validation (39).
5. Similar drug approach

This approach can be used when the human PK-PD data is available for
another drug under a similar pharmacological category such as the mechanism of
action, physiologic effect, and chemical structure. The starting dose will be estimated
if the information related to the NOAELSs of a new drug, a similar drug, and the dose
of a similar drug is available. Generally, a safety factor is also applied to calculate the
estimated dose to avoid toxicity (39). The equation for determination of the starting
dose of a new drug is described following (the starting dose of a similar drug/NOAEL
to a similar drug) / (starting dose of new drug/NOAEL to new drug). Followed this,
the safety factor is applied to calculate a starting dose of a similar drug (39). For
instance, the NOAEL value of a new drug in mice is 3 mg/kg/day while the similar
drug the NOAEL value is 10 mg/kg/day, and the starting dose of a similar drug is 5
mg/kg/day. Therefore, the starting dose of a new drug is 1.5 mg/kg/day (=5/10 x 3). If
a human weighing is 60 kg, the calculated dose will be 90 mg. Then, a safety factor of
10 is applied, thus, the starting dose in humans will be 9 mg (=9/10). The main
limitation of this approach is that (1) using a cross-species dosing ratio for one drug to
another drug, and (2) assumption that the difference of PK and PD between animals

and humans are the same for both drugs (39).
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6. Microdosing

This approach determines a starting dose using 1/100"" of the dose
determined for a pharmacological effect on mg/m? basis, however, the specific dose
cannot be 1/1,000" of the minimum toxic effect dose as assessed from toxicology
studies using a single dose. This approach is appropriate for drugs with the main
pharmacological effect that cannot be shown in animal species (39).

According to limitations on the pharmacokinetic properties of Andro and
the lack of the necessary data from in vivo studies (e.g., NOEAL, PAD),
determination of the FIH dose of Andro could not be performed via such approaches,
and in vivo studies require a lot of the budget and time. To save cost and time in this
process, the physiologically based pharmacokinetic model provided a more
appropriate approach.

Physiologically based pharmacokinetic (PBPK) model

PBPK is a mathematical approach that can predict the concentration-time
profile in plasma and many organs. This model is constructed using a series of
differential equations based-on pharmacokinetics, physiological parameters, necessary
physicochemical properties, and drug biological properties. Therefore, this model
allows us to better predict concentration-time profiles in plasma and many organs
across different species when compared to classical pharmacokinetic models (43).

The PBPK model can precisely predict the pharmacokinetic parameters and
provides a mechanistic framework to understand the kinetics behavior of the target
drug in animals and humans. Also, this model estimates the dosage across species,
population, and disease states. These advantages allow the PBPK model to be widely
used in the early stage of drug development and the clinical stage. At a 2014 meeting
on the PBPK model hosted by the US Food and Drug Administration, the PBPK
model for FIH dose predictions was reported as being mainly useful for drug
developers to estimate the appropriate starting dose for humans. Notably, there are
many publications from industry groups confirming the predicted FIH dosages using
the PBPK model. Also, this model is used in environmental toxicology and risk

assessment (40, 41).
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However, the limitation of this model is that it requires massive amounts of
information related to physiological, biochemical, physicochemical, and
pharmacokinetics. To obtain those data, the modelers must gather the data from
different sources. Furthermore, some of those data might be not available and some
laboratory experiments must be performed to improve the model (150).

Initially, the model should be structured minimally but retain the essential
elements within the system and was still reflect real physiology. Besides, the model
should be consistent with the current state of knowledge. In order to construct a
minimalistic model, tissues exhibiting closer blood flow rates are lumped together
such as either rapidly or slowly perfused tissue (151). However, the model complexity
and capability should be consistent with the intended purpose or assumption and
underlying data (152, 153). Therefore, this model should consist of many
compartments representing each tissue which are linked by blood flow. In addition,
the blood flow and volume of each tissue depended on the body weight (154).
Typically, each tissue was described by the degree of either limitation in perfusion
rate or permeability rate (43) as shown in Figure 6

(©)

Vascular space Vascular space Vascular space
PAL(Copen ™o p) PA* (Cren™fy
(‘ﬁP-, rewfor e Ju,
Extravascular space K,
Extravascular space Extravascular space Deep in tissue

Figure 6 Model structures that describe the perfused-limited model (a),

permeability-limited model (b), and permeability-limited with
binding deep in tissue (c)

As the perfusion rate-limited Kinetics, this kind of kinetics is used for small
lipophilic molecules where the blood flow to the tissue is the limiting process. This
type of model is termed “perfusion-limited model” or “blood flow-limited model”. It
assumes a steady state and that the total drug concentration in the tissue is in
equilibrium with the total drug concentration in the systemic circulation. The tissue

drug concentration (Cr) is described by the partition coefficient of tissue to plasma
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(P1); (Ct = C+/Pt) where Cr is the drug concentration in the tissues. Thus, two
compartments are used to write the mass balance equation (43, 155). Equation 1
describes the perfusion-limited model, which provide the change in the amount of
drug over time after drug administration, where Qt was blood flow of tissues; Cp is
the concentration of the drug in plasma; Ct is the concentration of the drug in tissues;
Pt is the tissue to plasma partition coefficient; and At is the amount of the drug in the

tissue.

% =Qr X (Cp; — f)—: equation 1

As the permeability rate-limiting kinetic, this kind of kinetics is used for
large polar molecules where the permeability across the cell membrane is the limiting
process. This type of model is termed a “permeability-limited model” or “diffusion-
limited model”. In this model, the tissue is separated into two sub-compartments,
including the vascular space of the tissue within the capillary membrane and the
extravascular tissue space outside the capillary membrane. It is described by the
permeability surface area coefficient of a tissue (PAr). The only free drug could cross
in and out of the tissue. The free drug in the vascular space is calculated by Cr vas
multiplied by fu, where Ct vas is the drug concentration in vascular space and fup was
the fraction of drug that is unbound in plasma. The free drug in extravascular space is
calculated by Cr, exv divided by Pt where Cr, exv iS extravascular space (43, 155). The
mass balance inside tissue vascular space and extravascular space are described in

equations 2 and 3.

% = QT X (Cpl - CT,vas) - PAT X ((CT,vas * fup) - (CT,exv X fuT))equation 2

dA(Ti',texV = PAT X ((fup X CT.'U(IS) - (CT,exv X fuT)) equatlon 3
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The following abbreviations are used in differential equations 2 and 3: A, vas
is the amount of drug in the vascular space of the tissue; A, exv is the amount of drug
in the extravascular space of the tissue; PAT is the permeability surface area
coefficient of the tissues; fur is the fraction unbound in tissues.

Last, the permeability-limited with deep binding in the tissues model also is
described by PAT value but the drug accumulation is described by the association
(ka ) and dissociation (kq,t) rate constants (155). This model is separated into three
sub-compartments including the tissue vascular space, the tissue extravascular space,
and the deep tissue compartment. The mass balance of the deep tissue compartment is

described by equations 4 to 6.

% = QT X (Cpl O\ CT,vas) - PAT X ((CT.vas X fup) - (CT,exv X fuT)) equation 4

dAr.exv
dt

= PAT X (( CT,vas X fup) = (CT,exv X fuT)) \ (ka,T X (CT,exv X fuT) X VT,exv) + (kd,T X AT,D) equation 5

dA .
dZID = (ka,T X (CT,exv X fuT) X VT,exv) — (ka1 X Arp) equation 6

The following abbreviations are used in differential equations 4 to 6: At p is
the amount of Andro in the deep in tissue; Vr exv Was the volume of tissue
extravascular space; K, 7 is the association rate constant; kq, 7 is the dissociation rate
constant.

1. Model Parameterization

The PBPK model consisted of many specific tissue compartments and
require numerous input parameters to solve a series of differential equations. Their
input parameters are divided into three main parameter groups; 1) physiological
specific properties such as blood flow rate and tissue volume; 2) physicochemical
specific properties such as drug fraction binding plasma protein and tissue to plasma
partitioning; 3) biochemical properties such as membrane transporter, enzymatic

activity, and rate of absorption.
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1.1 Physiological parameters

Physiological parameters including the tissue mass balance, the
volume fraction of blood in tissue, blood flow to tissue (Qt), and cardiac output (Qco)
are obtained from Brown et al. (156).

Tissue mass balance or the fraction volume of tissues (Vrc) and the
volume fraction of blood in tissue (Vrc, vas) are used to converse into volume of tissue
(V1) and vascular space volume of tissue (VT, vas) based on mass-to-volume
conversion with assumption of unity density (volume = mass/density of tissue that
was assumed equal to 1). These values represent as fraction or percentage of average
body weight as presented in Table 11-12. The V1 or VT, vas Values are calculated using
following equation; V1 or V1,vas = V1c Or Vc,vas * BW (body weight in kilograms).

Blood cardiac output (Qco) values in mice, rats, dogs, and humans are
calculated based on allometric relationship, as follows: Qco, mice (L/h) = 16.5%(BW)
075 (body weight in kilogram); Qco, ras (L/h) = 14.1*(BW) %™ (body weight in
kilogram); Qco, dogs (L/h) = 0.063*(BW) %" (body weight in gram); Qco, humans (L/h)
= 15*(BW) %™ (body weight in kilogram). The tissue blood flow rates (Qr) presented
as percentage of the Qco value as shown in Table 13. The perfusion of tissue can be
used to determine the rapidly and slowly tissues using following equation; perfusion
of tissue = Q1/Vr (156).
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Table 11 A summary of the mean of tissue mass balance of each species for

conversion into a percentage of tissue volume values for use in the

PBPK model

Tissue Mice Rats Dogs Humans
Adipose ~7.0 ~7.0 ~15.0 21.4
Bone 10.7 7.3 8.1 14.3
Brain 1.7 0.6 0.8 2.0
Gastrointestinal Tract 4.2 2.7 3.7 1.7
Heart 0.5 0.3 0.8 0.5
Kidney 1.7 0.7 0.5 0.4
Liver 55 3.4 3.3 2.6
Lungs 0.7 0.5 0.8 0.8
Muscle 38.4 40.4 45.7 40.0
Skin 16.5 19.0 9.1 3.7
Gastrointestinal Tract Contents 5.7 ~5.0 4.3 1.4
Blood 4.9 7.4 8.2 79
Rest of body 25 B, 0 3.3

Source: Adapted from Brown et al. (156)
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Table 13 Summary of regional blood flow distribution mean percentage cardiac

output of animals and humans

Tissue Mice Rats Dogs Humans
Adipose 92 7.0 - 5.2
Adrenals - 0.3 0.2 -
Bone - 12.2 - 4.2
Brain 3.3 2.0 2.0 114
Heart 6.6 51 4.6 4.0
Kidney 9.1 14.1 17.3 175
Liver (Total) 16.1 18.3 29.7 22.7
Hepatics Artery 2.0 2.1 4.6 -
Portal Vein 141 15.3 25.1 18.1
Lung 0.5 2.1 8.8 -
Muscle 159 27.8 21.7 19.1
Skin 5.8 5.8 6.0 5.8
Thyroid - - - 16

4Data from Lyons et al. (157)

Source: Adapted from Brown et al. (156)

1.2 Physiochemical parameters

Tissues to plasma partition coefficients or Pt are necessary

parameters to develop the PBPK model. The Pt value is the ratio of tissue drug

concentration to the concentration of the drug in plasma. This value is obtained from

in vitro and in vivo approaches. For example, the in vivo Pt of each tissue was

calculated using the following equation (158):

_ AUCtissue,O—t

T AUCplasma,O—t

equation 7

where AUCtissue, o-times 1S the area under the concentration-time curve

in tissue from zero to a given time, and AUCpiasma, o-times IS the area under the

concentration-time curve in plasma from zero to a given time.
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Where in vivo data is not available, the Pt value was calculated from
in vitro data. For instance, when the drug is distributed homogeneously mainly by
passive diffusion into the tissues, equations 8 and 9 were used to predict the tissue to
plasma coefficient (159, 160).

p o _ Pow (Far+03fpir) +(fur+0.7fpir) | fup
T'nonadipose ™ poy (f,1p+03fp1p)+(fuwp+0.7fpip) ~ fur

equation 8

_ Dow (frur+03fpir) +fwr+0.7fpir) _ fup .
Pradivose = bow (urt03f o)t Gure07f ) 1 equation 9

1

(1+(1;1’: :”)*0.5

equation 10

fur =

The fractional volume contents of neutral lipid, phospholipids, and
water in plasma or in tissue are represented by fn, fo, and fw respectively. Neutral
phospholipids are assumed to be a mixture of 30 % neutral lipids and 70% water
(161). The fraction unbound in tissues (fur) is calculated via equation 10 (160). The
fractional composition of certain tissues in animals and humans presents in Table 14.

However, sometimes the calculated Pt value showed low accuracy,
possibly because of unexpected distribution and clearance processes under in vivo
conditions. This limitation can be overcome for estimation using PBPK models by
assuming a homogeneous distribution of the drug into each tissue by a process of
passive diffusion and/or the metabolic clearance mainly present in the liver (160).

1.3 Biochemical parameters

Biochemical parameters such as the absorption rate constants,
metabolic parameter (i.e., first-order or second-order, Michaelis-Menten kinetic), and
transporter activity were obtained from published experimental studies or estimations.
These parameter values can be either scaled up from in vitro studies to in vivo values
or estimate from in vivo studies (162, 163). The metabolism rate can be described by
either Michaelis-Menten kinetic or hepatic intrinsic clearance (CLint). The maximum
velocity of metabolism (Vmax) and CLint values are varied depending on the

experiment system. These in vitro values require scaling up before running the model.
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The in vitro-in vivo extrapolation method is used to scale it up from in vitro data to
whole tissue with scaling factors (i.e., microsomes, hepatocytes, or liver weight in a
gram of body weight) which is species-dependent (163). Whereas the Michaelis-
Menten constant (Km) value, which is expressed as a concentration in venous at
equilibrium with the liver, is used directly with conversion to correctly units for

running the model (164).
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2. Model Estimation and Selection

Estimation is a process that attempts to find a set of parameters to explain
a given set of data (166). The estimated parameters are shown as the percentage
coefficient of variation (%CV), when this value is not over 30%, indicating high
precision and reasonably estimated parameters (158). Whereas simulation is a process
that looks forward in time. In brief, given a model and a set of parameters, what
happens if the input is varied (166).

During the PBPK model development processes, there are many generated
PBPK models. To determine the “better” model, it is necessary to compare it with
another alternatively developed model. The word “better” is employed because it
denotes semi-quantitative words that one intuitively has a feeling (not real) as being
defined. Therefore, prior assessment of the model is by visual inspection or graphical
analysis (166).

Model selection should be based on biology, physiology, and plausibility.
In addition, the Akaike information criteria (AIC) provides a tool that can be used for
data analysis and model selection. The model with the smallest AIC value reflects the
lowest degree of lost information between the true model and the approximating
model. Also, there are a few other factors such as residual plots, goodness of fit plots,
precision and plausibility of parameters, reasonable and valid model assumptions, and
proper judgment (166).

3. Model Evaluation

The model evaluation has been performed to establish confidence in the
model and the quality of the input parameters. In addition, this process could express
the ability of the model whether how well the model simulations correspond to the
experimental data. This can be judged through several methods such as visual
inspection, discrepancy tests, and statistical methods which included linear regression
analysis, residual plot, and mean absolute percentage error calculation. The qualitative
method termed “visual inspective” refers to examine how well the model simulation
replicates the observed pharmacokinetic profile (167, 168). According to World
Health Organization (WHO) guidelines, the n-fold metric system has been used as the
model evaluation criteria also. This method could judge the reasonable of the model.
Typically, the model is considered reasonable and validated when the proportion of
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the predicted pharmacokinetic parameters such as AUC and Cmax is within 2-fold of
observed values (167). However, 3-fold predicted error could be acceptable for drugs
with high variability (169).

The model evaluation could perform in many ways. First, the model is
evaluated by comparing the result of model simulation to an independent dataset
which is a different dataset in a different study from other laboratories with similar
study design (i.e., same or similar animal species, dose level, exposure route,
measurement methodology, etc.) (167, 168). Usually, the PBPK model evaluation
with an independent dataset is required to develop a validated and reliable. Second,
the model should evaluate by comparing the model simulated to the different datasets
which used different study designs such as in different animal species (interspecies
extrapolation), at different dosage (dose extrapolation), via different exposure routes
(route-to-route extrapolation), and for different exposure duration (duration
extrapolation) (168).

Sensitivity analysis is a tool for quantitative evaluation of how input
parameters influence the model output. Also, it is used to describe the relative
importance of each input parameter that impact of change in individual parameters on
the model output. A sensitivity ratio of 1 is defined that a 1% change in the input
parameter value led to a change by 1% in model output (i.e., AUC, Cmax, and Cplasma).
This indicates the output is sensitive to that input parameter under the conditions
evaluated (167).

4. Monte Carlo Simulation

Monte Carlo (MC) analysis is a developed analysis method that uses to
obtain a probabilistic approximation to the solution of a mathematical equation or
model using statistical sampling techniques. However, in this context, MC simulation
is the process of approximating the model output through repetitive random
application of a mathematical model (170).

Uncertainty refers to lack of knowledge about specific parameters (i.e.,
measurement errors, sampling errors, systematic errors), models (i.e., uncertainty due
to necessary simplification of real-world processes, misspecification of the model
structure, use of inappropriate surrogate variables), or scenario (i.e., descriptive errors,

aggregation errors, errors in professional judgment, incomplete analysis) (170). The
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MC method also is a form of uncertainty analysis (168, 171). The variance in the
model output is estimated through the random sampling of input parameters (168).

Typically, the MC simulation randomly samples model parameters from
defined either normal or log-normal distribution. The fraction tissue blood flow and
volumes are assumed to have normal distribution while the partition coefficients and
kinetic parameters are assumed to have a log-normal distribution. The body weight,
cardiac output, and ventilation rate have been represented by both normal and log-
normal distribution. A uniform distribution may be used if they are more appropriate
for a parameter in which any value would be as equally likely as another (168).

Determination of the means, standard deviation (SD), and bounds for
distributions are important for MC simulation. These values may be found from
various available published sources (168). The means for distribution should be either
based upon the population to be simulated or the population represented by the
current model parameters. When we talk about the mean values, we should think of
the SD values. The variation in the parameter often presents as a coefficient of
variation (CV) (168, 172). If the SD and CV values cannot be found, a value for a
similar tissue may be used or a CV representing moderate variation (i.e., CV of 20-
30%) may be used (172). These values could be calculated using the equation follows:
SD = Mean/CV. In order to avoid biologically implausible or extreme outlier values,
certain distributions should be undertaken. Generally, the distribution may be
truncated at 2-fold, 2.5-fold, or 3-fold of SD values to represent 95%, 97%, or 99% of
the population, respectively (168).



CHAPTER Il

RESEARCH METHODOLOGY

This section presents the methodology employed in this study. To create the
PBPK model, a narrative review of Andro pharmacokinetics was undertaken. This
information is provided in the literature review section. Following this, the PBPK
model was developed based on available pharmacokinetic datasets identified from

previously published studies.

Data Source Collection

Studies related to Andro tissue distribution were researched from three
databases, PubMed, Scopus, and the Web of Science, from their inception to January
2021. The following search terms were used ‘“andrographolide” AND
“pharmacokinetics OR tissue distribution OR plasma concentration”. Published
studies were included for model development and evaluation if 1) studies reported
plasma or tissue concentrations versus time of the Andro; 2) studies using healthy
animals and humans; 3) studies providing sufficient information on sampling time,
sample sites, analytical method, routes of administration, and dosage regimen.
The exclusion criteria were: 1) studies not written in the English language; 2) review
articles, surveys, and case reports; 3) assay was not selective to andrographolide;
4) modified release dosage form was used.

Of the 1,682 articles identified from the three databases, title and abstract
screening left, 53 studies fitted the eligibility criteria. Exclusion criteria removed 26
of these leaving 27 studies for this electronic search as shown in the flow diagram in
Figure 18. Among these 27 collected articles, one and one reported Andro plasma and
tissue concentration-time profiles following intravenous injection in mice (34) and
repeated oral administration in rats (35), respectively. In mice, one study reported the
%PFora Value (9.27%) and plasma concentration over time following intravenous and
oral administration of Andro solution (33). Twenty studies reported plasma

concentration over time of Andro in rats. Of these twenty studies, five used
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intravenous administration and fifteen used oral administration (9, 25, 26, 29, 35, 62,
112, 113, 115-120, 173-177). In addition, of twenty studies, only one study reported
plasma concentration over time after intravenous and oral administration (25).
The %Fora values in rats were reported as 1.19%, 2.67%, and 3.00% (9, 25, 112).
In addition, among the 27 collected studies, two studies reported plasma
concentration-time profiles following oral administration in rabbits and one study in
beagle dogs (174, 178, 179). Also, two studies reported plasma concentration-time

profiles in humans, however, the Forai Value was not reported (180, 181).

The Selected Studies

The detail of the studies used for model development, evaluation and
extrapolation were summarized in Table 15. Except for the raw data reported in a
table (34), the mean concentration-time profiles of each study were captured from
figures by computer digitization (Digitizelt® version 2.3.3) (182). The studies without
the reported animal’s weight were excluded from this study because the actual dosage
regimen could be not calculated. According to the literature review, there have no the
metabolism parameters such as CLint, Vmax, and Km of rabbit is reported, thus, the
pharmacokinetics studies of Andro in rabbit did not include in this study. Although
there are two pharmacokinetics studies of Andro that were conducted in humans and
report the plasma concentration-time profiles, one study was excluded due to some of
Andro levels in plasma on the terminal elimination phase were below a lower limit of
quantification (LLOQ). Therefore, only 24 studies were enrolled. Two studies
reported tissue distribution of Andro, and other studies reported only plasma
concentration-time profiles.

1. Tissue Distribution Data

A tissue distribution study following intravenous injection of 500 mg/kg

Andro in mice was used for the development of a PBPK model that described the
disposition of Andro (34). The other study that described tissue distribution following
oral administration of Andro in rats could represent all exposure scenarios and species
that the model intends to predict (168). Thus, a study conducted by Bera et al. was a
major study that was used for model evaluation after the extrapolation of the
developed model to a rat PBPK model (35).
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2. Plasma Concentration-Time Data

In mice, only one study reported plasma concentration-time profiles of the
Andro (12). It was used for model evaluation after intravenous and oral
administration. In rats, only four studies reported plasma concentration-time profiles
after intravenous administration (25, 126, 183, 184), whereas no plasma
concentration-time profile after intravenous administration was reported in dogs and
humans. For oral administration, fifteen, one and one studies reported the profiles in
rats, dogs, and humans, respectively (9, 12, 25, 26, 29, 51, 112, 113, 115, 116, 118,
119, 180, 185-187). The plasma concentration-time profiles in rats, dogs, and humans

were used to evaluate the extrapolated PBPK models.
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PBPK Model Development

In this study, the PBPK model construction processes consisted of two
stages, including 1) the single-organ model construction which followed a PBPK
model study conducted by Kagan et al. (155), and 2) whole-body PBPK model
development.

The single organ model construction stage was carried out to assess drug
distribution in each organ before this was applied to create the PBPK models. The
Andro plasma concentration-time profile was described by a bi-exponential equation,
while the other compartments were investigated by three different structure models
described in Figure 6. The mathematical presented in the single organ model has been
shown in the Appendix B section. As the result, a perfusion-limited model structure
could perfectly describe the shape of plots and the estimated parameters in kidneys,
heart, lungs, and spleen compartments. The liver concentration-time profile could be
described by a perfusion-limited model, permeability-limited model, and
permeability-limited with deep in tissue (please see in Appendix B section Figure 17
and Table 20).

In the PBPK model development stage, initially, all organ structure was
assumed to fit into a perfusion-limited model before the liver model structure was
modified to improve the model fitting profiles (please see in Appendix C section
Figure 18 and Table 21). In this stage, numerous PBPK models were generated. Thus,
the best fit model was selected based on visual inspection of the model fitting profiles
and the AIC values. The reasonability of estimated parameters was assessed by
the %CV of individual parameter estimates (158).

The final PBPK model consists of five different physiological organ
compartments in the body: (1) lungs, (2) fat, (3) liver, (4) slowly perfused tissues, and
(5) rapidly perfused tissues which were connected by blood circulation as
demonstrated in Figure 7. Those tissues in this model were included because of their
important role in the pharmacokinetics of Andro. Lungs were selected because they
are an important target of action of Andro for COVID-19 treatment. Due to the
lipophilicity properties of Andro (the partition coefficient between n-octanol and
water (log P) = 2.51) (64), the accumulation of Andro in fat was expected. Therefore,
the fat compartment was added to the model. Although, no concentration of Andro in
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fat was available, adding the fat compartment into the model improved the goodness
of fit by reducing AIC from 283 to 262 and still provide relatively good reliability of
parameter estimation. The slowly perfused organ lumped together were from skin,
bone, and muscles, whereas the rapidly perfused tissues lumped together were from
the brain, gut, heart, kidneys, spleen, and the rest of the body. The liver is selected
because Andro is mainly metabolized by the phase Il enzyme in the liver. A
perfusion-limited model was used to describe Andro distribution into each tissue.
Next, the model with first-order oral absorption was developed by using the same
disposition parameters as in the disposition PBPK model. However, the gut
compartment was not included in the model because adding the gut compartment into
the model increases the uncertain parameters over the data generating process.
Additionally, the predicted concentration-time profile in the gut may be inaccurate

because the concentration of Andro in the gut was unavailable.
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Figure 7 A physiologically based pharmacokinetic (PBPK) model for
andrographolide
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Abbreviations: Q, C, and P are tissue blood flow rate, andrographolide
concentration, and partition coefficient for tissue to blood, respectively. The
subscriptive including CO, Lu, Li, Rp, Sp, F, A, and V are cardiac output, lung, liver,
rapidly perfused organ, slowly perfused organ, fat, arterial blood, and venous blood,
respectively. Doseiv and Doseorar IS a dose of andrographolide after iv and oral
administration, respectively; Fpp is Fraction dose reaching the hepatic portal vein; ki is
first-order absorption rate constant; Metanaro IS the mass of andrographolide
metabolized via liver.

1. Mathematical Representations of the PBPK model of andrographolide

The plasma and tissue concentration-time courses of Andro in the model
were described by differential equations and first-order kinetic equations. The blood
flow that connected different compartments and volume were calculated from Brown
et al. (156). The following equations were used to describe the PBPK model structure
for Andro after intravenous and oral administration.

1.1 Venous compartment for intravenous administration

dA CLi C o c .
v = (Qu X P—:) + (QRP X P"TZ) + (Qsp X %) + (QF X i) — (Qco % Cy) equation 11
Venous blood concentrations (Cy): Cy = (;ﬂ equation 12
\%4
Venous plasma concentrations (Cv,p): Cy,, = (%) /Rb:p equation 13
|4

Where Qui, Qrp, Qsp and Qr are blood flow rate to the liver, rapidly
perfused tissues, slowly perfused tissues, and fat, respectively; Qco is cardiac output;
Cui, Crp, Csp, and Cr, are the andrographolide concentrations in liver, rapidly perfused
tissues, slowly perfused tissues, and fat, respectively; Pii, Prp, Psp, and Pr are
liver/blood partition coefficient, rapidly perfused tissues/blood partition coefficient,
slowly perfused tissues/blood partition coefficient, fat/blood partition coefficient,
respectively; Ay is the amount of andrographolide in venous blood; Vv is a volume of

venous blood; R is the blood to plasma ratio.
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1.2 Arterial compartment

dA Cru .
= (Qoo X 52) = (Qui+ Qrp + Qp + Q) X ) equation 14
Cy = (';—;‘ equation 15

Where Cy and Ca are the andrographolide concentration in the lungs
and arterial blood; Aa is the amount of andrographolide in arterial blood; Va is a
volume of arterial blood; Py is lung/blood partition coefficient.
1.3 Liver compartment for oral administration
In mice, dogs, and humans, Andro metabolism was described by the

Michaelis-Menten equation.

Cri
. . VimaxX\p X f .

Ay _ (Qu X (Cy — &)) — M + (Fpp X kq X DoS€yrq;) equation 16
dat Pri Km+<P—i‘l_><fup)

out — _x D tion 17
~2 = — kg X D0S€ory equation

C = (AL equation 18
=G q

Where Avi is the amount of andrographolide in the liver; Vi is a
volume of the liver; Vmax is the maximum velocity of the metabolic reaction of
andrographolide; K is the binding affinity of andrographolide; fyp is fraction unbound
in plasma; Fpp is a fraction of dose reaching the portal vein; ka is first-order
absorption rate constant; Doseoral is oral dose.

Because of no reported values of Vmax and Km of Andro in rats, Vmax
and Km were replaced by the hepatic intrinsic clearance of Andro (CLin) under
conditions of first-order elimination. Therefore, equation 16 was rewriting as equation
19 for the rat PBPK model.
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% = (Qu X (Cy — i_ii ) - <CLint X (i—z X fup)> equation 19
Non-elimination organs i.e., fat, slowly perfused tissues, and rapidly perfused

tissues:

% - (QT x (C4 — lf_: ) equation 20

Cr = (3—; equation 21

Where Qt is blood flow rate to tissues; Ct is the andrographolide
concentration in tissues; At is the amount of andrographolide in tissues; V1 is a
volume of tissues; P is tissue/blood partition coefficient.

1.4 Lung compartment

dAry Cru i
di = (QCO X (Cy — —Piu ) equation 22
ALy H
Cry = (—VLu equation 23

2. Model Parameterization
The physiological parameters of body weight, volume, and blood flow
fraction of each organ compartment were calculated using a study by Brown et al as
presented in Table 16 (156). The body weight of mice, rats, dogs, and humans were
assumed to be 0.02, 0.225, 10, and 70 kg, respectively.
2.1 Species-Specific Physiological Parameters
The physiological parameters of cardiac output, volume, and blood
flow fraction of each organ compartment were listed in Table 16 (188, 189). Note
that, the fraction of volume of slowly perfused organ (Vspc) was the sum of volume of
muscle, bone, and skin, whereas the fraction of volume of rapidly perfused organ

(Vrpc) was equal to 1- Vspc. The fraction of blood flow of slowly perfused organ
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(Qspc) was the sum of blood flow of muscle, bone, and skin, whereas the fraction of
blood flow of rapidly perfused organ (Qrpc) Was equal to 1- Qspc. Blood cardiac
output (Qco) values in mice, rats, dogs, and humans are calculated based on
allometric relationship, as follows: Qco, mice (L/h) = 16.5*(BW(kg))®"®; Qco, rats (L/h) =
14.1%(BW(K@))*"®; Qco, dogs (L/h) = 0.063*(BW(9))>™®; Qco, humans (L/N) =
15*%(BW(kg))® ™. For interspecies scaling, the tissue blood flow (Qt) and the tissue
volume (V) for each species was calculated by mass-to-volume conversion using

equation 24 and 25, respectively (188).

Qr(L/h) = Qrc X Qco equation 24

Vr(L) = Vpe X BW (kg) equation 25

Table 16 Species-specific physiological used in the development of the PBPK

model of andrographolide in mice, rats, dogs, and humans

Description of

Symbol  Mice Rats Dogs Humans Authors
parameters
Cardiac output (L/h) Qco 0.878 4.606 63.000 347.908 Brownetal.
Fraction blood flow
Rapidly perfused Qrpc 0.410 0.289 0.226 0.430
Slowly perfused Qspc 0.339 0.458 0.407 0.291
Fat Qrc 0.090 0.070 0.070 0.052 Brown etal.
Liver Quic 0.161 0.183 0.297 0.227
Fraction volume
Lung Vi 0.007 0.005 0.008 0.008
Rapidly perfused Vrpc 0.163 0.150 0.098 0.093
Slowly perfused Vspc 0.656 0.667 0.629 0.580
Fat Vec 0.070 0.070 0.150 0.214 Brown et al.
Liver Viic 0.055 0.034 0.033 0.026
Venous Vvc 0.037 0.0555 0.062 0.059

Arterial Vac 0.012 0.0185 0.021 0.020
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2.2 Chemical Specific Parameters

All chemical-specific parameters used in the PBPK model were
summarized in Table 17.

2.2.1 Partition Coefficient

The fup value, which was obtained from Panossian et al., (36)

was reported as 0.45 and used to calculate the initial Pt values of lungs, fat, liver,
slowly perfused organ, and rapidly perfused organ in mice based on equations 8-10.
Next, these values were estimated using the plasma and tissue concentration-time
profiles reported by Tu et al. (34). For interspecies scaling, the estimated Pt values
from the mice PBPK model were used across species.

2.2.2 Metabolism Parameters

In this study, in vivo Ky values for mice, dogs and humans

were assumed to be equal to in vitro Km those were reported for the corresponding
species by Tian et al. (190). The Vmax for mice was estimated from the intravenous
data in the model development process. For the estimation, an initial value of Vmax
was extrapolated from the mice liver microsome (MLM) by using equation 26. Due to
the limitation of tissue distribution data of other species after intravenous
administration, the metabolism parameters were not estimated. The CLin of rat and
Vmax values of dog and human used in the PBPK model were extrapolated from the
previously reported corresponding values from rat liver microsome (RLM), dog liver
microsome (DLM), and human liver microsome (HLM) by using equation 26-27
(128, 190).

protein

Vinax = Vinax,in vitro X MPPGL (mg Tliver) X Liver mass (g per kg BW) X BW (kg)

equation 26

CLint = CLing in viero X MPPGL (mgpmg%mliver) X Liver mass (g per kg BW) x BW (kg)

equation 27
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The rat microsomal intrinsic clearance (CLint, rat) Was reported as
0.0944 mL/min/mg protein (128). The microsomal Vmax Values were reported as 1.56,
0.77, and 0.21 nmol/min/mg protein for mice, dogs, and humans, respectively (190).
The microsomal protein content per gram of liver (MPPGL) values of mice, rats,
dogs, and humans was reported as 45, 45, 45, and 39.46 mg protein/g liver,
respectively (191-193). The liver weight for mice, rats, dogs, and humans were 87,
36, 30, and 18 g/kg, respectively (188, 193).

2.2.3 Absorption Parameters

According to the result of the sensitivity analysis in the Results
section, both fraction of an orally administered dose that reaches the hepatic portal
vein (Fpp) and ka had a high impact on the predictive performance to predict AUC of
Andro (Table 19 in the Results section). Additionally, ka had a high impact on the
simulated Cmax. However, the values of ka and Fpp were unknown in most of the
studies and were affected by formulations in each study. In the case of Fora, there
were reported only in mice and rats, but the reported values were in the range of
0.0119-0.0927 (9, 12, 25, 184). It was a 9-fold difference and implied the high
variation of the value among the studies. Therefore, the values of ka and Fpp of each
study were estimated while the values of the disposition parameters were fixed as the
values demonstrated in Table 17.

Subsequently, the Fora Of each study in Table 17 was calculated
using the following equation: Foral = Fop*Fr Where Fy was the fraction of the dose that
escaped hepatic first-pass metabolism. The Fy value was calculated as one minus the
hepatic extraction ratio (En), which was obtained using the following equation: Ex =
(fup*CLint)/(Quitfup*CLint) Where fyp is the fraction unbound in plasma.

Parameter Estimation

For the iv PBPK model, the disposition parameters were estimated in mice as
described in the model parameterization section. Initially, the biochemical parameter
of Vmax was scaled up from in vitro value to in vivo value using equation 26. Next, it
was estimated, while the binding affinity of Andro (Km) was fixed as 68.70 pmol/L
(37).
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For the oral PBPK model, the estimated disposition values from the iv PBPK
model in mice were used across species. The metabolism parameters for rats, dogs,
and humans were mentioned previously. The ka value was unknown and was affected
by the formulation. The Forar Were reported only in mice (0.0927) and rats (0.0267-
0.0300), whereas dogs and humans have no report. In addition, it was a 9-fold
difference and implied the high variation of the value among the studies. Therefore,
the absorption parameters of each study were estimated by fixing the values of
disposition and metabolism parameters.

The blood, plasma, and tissue concentration-time data were fitted
simultaneously using maximum likelihood in ADAPT5 with the additive and

proportional variance model as shown in equation 28.

Var(t) = (c1+o2*Y(t))? equation 28

Where Var(t) is the variance associated with the model output, 1 and o> are
the additive and proportional variance parameters. The goodness of fit was assessed
by visual inspection and on the AIC. The reliability of parameter estimation was

assessed by the asymptotic coefficients of variation of individual parameter estimates.

Model Evaluation

In this study, the predictive performance of the PBPK model was evaluated
based on the visual inspection and factor of two. The predicted Andro levels in
plasma and/or tissues should be around the center of the observed dataset and should
be within the standard deviation of the observed dataset, but not excess 1.96-fold of
the observed dataset (95% confidence intervals). The proportion of the predicted
pharmacokinetic parameters (e.g., area under the curve (AUC), and maximum
concentrations (Cmax)) should be within 2-fold of the observed values (194-196). The
performance of the PBPK model in mice was evaluated using the independent

experimental intravenous and oral dataset which was available in mice (Table 15).
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Interspecies extrapolation has been another way to perform the model
evaluation. Thus, the extrapolated PBPK models to rat, dog, and human were
evaluated using the reported data set from each species as shown in Table 15. Note
that the PBPK model for oral administration was semi-external evaluated which the

absorption parameters were estimated as mentioned in the previous section.

Sensitivity Analysis

In this PBPK model, the local sensitivity analysis (SA) was used to assess
parameter uncertainty and to identify sensitive model parameters that had an impact
on two model outputs including area under the curve and maximum concentration in
blood or plasma and lung (170, 197). Each parameter was increased by 0.1% and
those model outputs were computed. A normalized sensitivity analysis (NSC) was

calculated using equation 29 (198).

a
[s+)

NSC = equation 29

(o
O

|

Where A is the simulated model output resulting from a 1% increase in
parameter value, B is the model output resulting from the original parameter value, C
is the parameter value increased by 1% and D is the original parameter value.

If the absolute value of NSC (JNSC| is greater than 1, it suggests
amplification of parameter error (198). The relative influence of each parameter on
the model output was categorized as [NSC| >0.5 was high impact, INSC| = 0.2-0.5 was

moderate impact and |[NSC| < 0.2 was low impact (199).

In silico GastroPlus® Simulation

A commercial PBPK model, the ACAT (advanced compartmental absorption
and transit) with perfusion-limited PBPK model in GastroPlus® version 9.8 was used
to compare the simulated plasma concentration-time profile with an observed profile
from the evaluation study in humans (Table 15). The parameterization and parameter
values used in the GastroPlus® simulation has been described in Table S3.
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The simulation was conducted assuming immediate release formulation. The
dissolution rates of the formulation were predicted using a modification of the Nernst-
Bruner dissolution equation which is the default in GastroPlus® (200). The default log
D model in GastroPlus® was used to model the passive absorption rate of dissolved
substance from the gut lumen to enterocytes. The Log D calculation has been
described in the Appendix section. The in vivo intestinal effective permeability in
humans (Pefthuman) Was extrapolated from the rat permeability (Petrat) USINg equation
30 (161). The Pef,rat Was obtained from the study of Gao et al (201).

Petf human = 3.6%Peff rat + 0.03x10* equation 30

According to the simulation, the fraction of dose absorbed that enters the
enterocytes (Fa), the fraction of dose escaping gut metabolism (Fg), Fop, F1 and Fora

were predicted. Note that Fpp is equal to Fa*Fec.

Herb-drug interaction assessment

In order to preliminary assess the possible herb-drug interaction caused by
Andro, the maximum concentration of free Andro in human liver at a steady state
(Cmax_Li_u, ss) after multiple oral administration of 20 mg/kg q 8 h were predicted. This
dosage was selected because it is 2 times higher than the effective dosage regimen for
HIV treatment during a small clinical trial (17). The Cmax_Li_u, ss to the inhibition rate
constant (Ki) proportional was used to judge the possible interaction follows the
criterion by the European Medicines Agency (EMA) guideline and the United States
Food and Drug Administration (US FDA) (202).

Based on the EMA guideline, the possible interaction occurred when a
certain cut-off value (x) was > 1. This was calculated by the following equation is
fulfilled: (Cmax_Li_u, ss /K1) 2 x. Whilst the US FDA provided the R value as the criteria.
If the R value was larger than 1.1, the herb-drug interaction was likely to appear. This

value was calculated by the following equation is fulfilled: (Cmax_Li_u, ss /Ki)+1 (202).
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Monte Carlo Simulation

MC simulation is a useful method for exploring the simulated
pharmacokinetics and subsequence response due to inter-subject variation (170, 172).
The use of MC simulation with the extrapolated PBPK model of Andro in humans
was conducted to preliminary evaluate whether the proposed dosages of Andro in
patients with COVID-19 can achieve the efficacy threshold of the free Andro in the
lungs and will not reach toxicity thresholds in lung and liver. The proposed dosage
regimens were including 60 mg g 8 h which was recommended by the department of
Thai traditional and alternative medicine (22, 203), and 200 mg q 8 h. The efficacy
thresholds were assumed to be the reported ICso values of Andro in the lung cell line
for the production of the SAR-CoV-2 virus (0.034 uM) (204). The toxicity thresholds
were assumed to be the reported value of half-maximal cytotoxicity concentration
(CCso) of Andro in the lung (58.3 uM) and liver cell line (44.55 uM) (204).

Influenza A virus is the cause of high morbidity and mortality rate in
humans. The current therapeutics drugs have been limited by side effects and resistant
viral strains (66). The alveolar epithelial cell, the epithelial covering of the bronchi,
and bronchioles have been the targets of influenza infection (205). Based on an in
vitro, Andro could inhibit the HON2, H5N1, and HIN1 with ICso values of 94.3,
121.7, and 110.0 uM, respectively (66). Although this demonstrated a low degree of
inhibition effect when compared to ribavirin, the inhibition effect toward NF-«B of
Andro might be beneficial. Since the mechanism of action of Andro involves
decreasing NF-«xB thorough the covalent modification of reducing cys62 of p50 with
an ICso value of 15 uM. Therefore, the predicted Andro levels in lungs should be over
than the efficacy thresholds which was assumed to be the reported ICso value of
Andro inhibited NF-xB activation (15 uM) (206).

The inflammatory in the lung could be the cause of airways swelling and
mucus-producing. This makes it more likely to develop asthma. Nitric oxide (NO) has
been playing a role in the pathogenesis of inflammation. The excessive amount of NO
caused by the inducible nitric oxide synthase (iINOS) could generate inflammatory
disorders of the joints, gut, especially, lungs (86). The granulocyte-macrophage

colony-stimulating factor (GM-CSF) and tumor necrosis factor-a (TNF-a) have been
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two of many cytokines which are both the non-specific inflammation and the allergic
inflammation. GM-CSF has been played an important role in the recruitment of
eosinophils to produce the asthmatic lung. Whereas TNF-a also induced the general
inflammatory response in the asthmatic airways (90). Andro has demonstrated
relatively good anti-inflammatory in the lung when compared to the reference drug.
This diterpenoid might be used for asthma therapeutic. Based on in vitro, Andro could
inhibit NO synthesis by reducing the expression of the INOS protein with an I1Cso
value of 7.90 uM (87, 88). In addition, Andro showed the inhibition potential of GM-
CSF and TNF-a with ICs values of 3.30 uM and 0.60 uM (90). Therefore, the Andro
levels in the lungs should be over than the efficacy thresholds which was assumed to
be the reported ICsp values of Andro inhibition GM-CSF and TNF-a activities.

Andro has been demonstrated a relatively high anti-platelet aggregation
activity when compared to Ginkgo extract and Aspirin (71, 73). According to Lu et
al., the platelet aggregation mechanism has been described as the pathway follows:
the collagen binds to its receptors and then activates both the phospholipase C gamma
2-protein kinase C (PLC2y¥2-PKC) and inositol triphosphate kinase (IP3K) /Akt-
MAPKSs cascades. Next, the p38 MAPK activated cPLA2 which catalyzes the
production of arachidonic acid (AA). The catalyzed AA further produced the
thromboxane A2 (TxA:) formation and more released calcium (Ca2"). This results in
platelet activation and aggregation. The diterpenoid namely Andro could inhibit the
platelet aggregation via the endothelial nitric oxide synthase (eNOS) pathway. In
brief, when the eNOS was simulated by Andro, the amount of cyclic GMP will more
be generated. The increase of cyclic GMP resulted in inhibition of both IP3K and
TxA: production, thus, the Ca2" releasing was inhibited, and, finally, the platelet
activity was inactivated (58). Based on the above information, it was assumed that the
main mechanism of Andro play role in the plasma compartment. Therefore, the
predicted Andro levels in lungs should be over than the efficacy thresholds which was
assumed to be the ICsp value of Andro inhibited platelet aggregation (35 uM) (58).

Andro has shown relatively good anti-malaria activity when compared to
artesunate. Using in vitro model, this diterpenoid is effective against Plasmodium
falciparum erythrocytic stages with I1Cso 0of 9.1 pM (11). Also, the blood schizontocial
activity was inhibited by Andro with the ICso of 34.70 puM, and the gametocyte was
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killed by this diterpenoid with the ICso of 10.30 uM (84). Therefore, we decided to
simulate the Andro levels in plasma in order to predict the appropriate dosage for
malaria treatment.

The MC method that involved random sampling was used to generate 1000
simulated concentration-time profiles of free Andro in the human plasma and lung for
each dosage regimen (172). All parameters distribute randomly around their mean
values were in Tables 16 and 17. Note that all parameters in our developed PBPK
model were used in the MC simulation for the same dose (200 mg) using in the model
evaluation in humans. The CV of each PBPK parameter was assigned to specify inter-
subject variation as shown in Table S4. The CV of all physiological parameters,
except BW, were used accordingly to the values suggested by Price et al (207). In
order to avoid being underweight and overweight, the CV of BW was set to 10%.
Based on the default values of previously published PBPK models, the CV values of
partition coefficient were 20% and the CV of other chemical specific parameters was
30% (168). Fraction blood flow and fraction volume were randomly assigned values
from normal distributions. Body weight, partition coefficient, and other chemical
specific parameters were randomly assigned values from log-normal distributions.
To avoid physiological implausible value, the distributions of the parameters were

truncated at 3 standard deviations to represent 99% of the population (172).

Computer software

The observed Andro plasma and tissue concentration from each
pharmacokinetic study were extracted using Digitizer software (version 2.3.3). The
PBPK model development was performed using ADAPT5 (version 5.0.58). The SA
and MC were conducted by using Berkeley Madonna version 8.3.18 (Berkeley
Madonna Inc.). GastroPlus® software was used to compare the simulated plasma

concentration-time profile with an observed profile in humans.



CHAPTER IV

RESULTS

This section represents the results of this study. The results were divided into
three main sections as follows: 1) Development of mice PBPK model; 2) Model
Evaluation; 3) Simulation of Dosage Regiment Design in Humans. The detail on each
step is described below.

Development of mouse PBPK model

After the liver model structure was modified, a perfusion-limited model
which is the simplest model was the best assumption to describe the drug distribution
because modifying the liver model structure did not improve goodness of fit and did
not provide relatively good reliability of the estimated parameter (please see in Table
S2). The comparison model fitting plots have been shown in Figure 20.

The final PBPK model, which is developed based on an intravenous dataset
in mice, consists of the lung, fat, liver, rapidly, and slowly perfused organ as shown in
Figure 7. The estimated metabolism and disposition parameters showed relatively
good precision. The scaled-up maximum velocity of Andro (Vmax) from the mice
microsomal study (37) was 7.33 umol/h while the estimated Vmax from iv PBPK
model for mice was 12.96 pmol/h with %CV equal to 2.7%. The proportion of
predicted and observed was 1.77. In addition, the Pt values of the lung, fat, liver, and
slowly perfused organ with relatively good precision except for Pt value of the
rapidly perfused organ as demonstrated in Table 17. Also, using the data by Tu et al.,
the in vivo partition coefficient (AUCitissuessAUCpiasma) for lung and liver were 0.357
and 1.163, respectively (34). Whilst the estimated partition coefficient for lung and
liver were 0.346 and 1.460, respectively. The proportion of the predicted and
observed for Py and Py are 0.97 and 1.26, respectively. A goodness of fit of the

predicted Andro levels in plasma, lung, and liver over time is illustrated in Figure 8.
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Model Evaluation

The performance of the PBPK model was evaluated by comparing model
simulations with experimental plasma (independent dataset) and interspecies
extrapolation.

1. Model Evaluation in mice

Using the evaluation dataset in mice, the PBPK model was reasonably

described as the observed data, but the simulated lines showed some deviation as
illustrated in Figure 9a. Additionally, the model was applied to predict Andro
concentration-time profile in plasma mice after oral intakes at 50 mg/kg. The
estimated metabolism and disposition parameters from the iv PBPK model were
fixed, whereas the absorption parameters were estimated. The model predicted was in
good agreement with the observed data from hour zero to sixth (Figure 9b).
The predicted AUC and predicted Cmax Of the evaluation dataset in mice were within
2-fold of the observed values as illustrated in Table 18.

2. Extrapolation of the model to rats following intravenous injection

According to the studies in Table 17, the intravenous datasets in rats from

four studies were used for externally model evaluation. The CLix value for rats was
obtained from Zhao et al. (128) and it was scaled up using equation 27, whereas the
disposition parameters were obtained from the iv PBPK model. The mode simulated
was satisfactorily described the observed data acquired from Yen et al., and Ye et al.,
whereas the simulated lines showed some deviation in the terminal phase of the
observed data acquired from Jiang et al., Yang et al. (25, 112, 126, 173, 208). The
comparison model simulated Andro plasma concentration-time courses in rats after
single oral administration were illustrated in Figure 10. The proportional of predicted
to observed AUC values were within 2-fold (Table 18). However, the proportional of
predicted to observed Co value was more than 5-fold. These results might be
explained by the variance between studies which may be caused by some errors
during the experiment, thus, a 100-fold difference of Co value from the studies by
Yang et al., and Yen et al. was observed after intravenous injection of Andro at 5

mg/kg.
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3. Extrapolation of the model to rats, dogs, and humans following oral
dosing

A study in rats conducted by Bera et al. was a major study that represent
all exposure scenarios and species as described in Method section 2.1. The predicted
plasma concentration-time course from the extrapolated PBPK model was in good
agreement with the observed values from rats after single oral administration of
Andro at 30 mg/kg. The predicted and observed proportional of the Cmax, Tmax, and
AUCo.inf were within 2-fold. Using the tissue distribution data in rats, the predicted
Andro levels in plasma, lungs, and liver of the extrapolated PBPK model were in
good agreement with the observed data following repeated oral dosing of Andro at
100 mg/kg/day. The observed and predicted Cmax Of Andro in plasma were 0.82 and
0.73 pumol/L, respectively. Additionally, the observed AUC in plasma, lungs, and liver
were 3.42, 0.73, and 1.12 umol/L.h, respectively whereas the predicted AUC plasma,
lungs, and liver were 2.40, 0.83, and 2.22 umol/L.h, respectively. These predicted
values were within 2-fold of the observed data. The comparison model predicted was
illustrated in Figure 11. The results of other studies in rats (Table 17) are
demonstrated in the Appendix section (Figure 20-23).

In addition, the PBPK model was further extrapolated using the
experimental dataset in beagle dogs by Zhang et al. (187). The ability of model
prediction was satisfactorily described the observed data in dogs following single oral
dosing of 15 mg/kg Andro as illustrated in Figure 12. The predicted and observed
proportional of the Cmax, and AUC was 0.44, and 1.03, respectively. Despite no
studies that reported the %Fora vValue for dogs has been undertaken, the extrapolated
PBPK model predicted such a value of 9.70%.

In humans, the model predicted Andro levels in human plasma overtime
after single oral administration at 2.83 mg/kg was satisfactorily described when
compared to the experimentally observed dataset acquired from Xu et al. (209). The
model fitting of plots was presented in Figure 12. The predicted Cmax and AUC of the
extrapolated dataset were within 2-fold of the observed values. Additionally, the
percentage difference of Cmax and AUC were calculated as 42.86% and 8.28%,
respectively. To our knowledge, there is no report of the %Foma value in humans,

however, our developed model could predict the %Fora value of 6.30%.
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4. Evaluation of Foral of the PBPK model

To evaluate the ability of the model for estimation of Fora using oral data
in mice and rats, the studies by Banerjee et al., Chen et al., Ye et al., and Yen et al
were used. However, the ability of the model for Foai estimation could not be
evaluated in the dog and human because there are no studies that reported Fora Values.
The reported %Fora Value of the pharmacokinetic study by Banerjee et al., Chen et al.,
Ye et al.,, and Yen et al., were 9.27%, 1.19%, 2.67%, and 3.00%, respectively (9, 25,
184, 210). Whereas, the predicted %Fora vValue of such studies were 2.60%, 2.20%,
0.90%, and 1.20%, respectively. Although the estimated Fora Was within 3-fold of the
observed values, the proportional of predicted and observed AUC were within 2-fold.
The model predicted Andro levels in mouse and rat plasma were satisfactorily
described when compared to the experimental dataset as illustrated in Figures 9b and
13a-c.

5. GastroPlus® Simulation

Following single dose of 200 mg Andro, Figure 12b demonstrated that the
plasma concentration-time curve simulating by the developed PBPK model was
comparable to the curve simulating by GastroPlus®. The predicted Fora, Fop and Fn
values by GastroPlus® were very close to those values predicted by the developed
PBPK model (Table S4, S6). Only 55.2% of the 200 mg dose was predicted by
GastroPlus® to be dissolved in intestinal lumen fluid, subsequently, the fraction of
dose absorbed (Fa) was 0.552 (Figure 23). Based on the GastroPlus® simulation,
about 75% of the Fa of Andro was absorbed into enterocytes in duodenum and
jejunum, and the rested was absorbed in ileum. Figure 14 illustrated that Fora, Fa and
Fpp but not Fe and Fy decreased with the increasing of doses in the range of 20 mg to
1000 mg.
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6. Sensitivity Analysis

The SA was conducted both in mouse and human. The NSC values for the
mouse and the human PBPK model regarding AUC and Cmax Were calculated as
shown in Table 19. After intravenous administration of Andro in the mouse, dose
dependent of NSC regarding AUC was observed. After intravenous injection of 5
mg/kg in mouse, the body weight, fyp, fraction of blood flow rate for fat, liver, slowly
perfused organ and rapidly perfused organ had a relatively high impact on the
simulated blood AUC when the absolute NSC more than 0.5. Additionally, the
fraction volume for fat had been demonstrated a moderately impact on the blood AUC
while the other fraction volume did not show any else impaction on the model output.
After the higher dose (500 mg/kg), the blood AUC was dependent on the same
parameters. However, the fraction volume for fat demonstrated relatively high with
the absolute NSC value of 5.2 while the fraction volume for liver, rapidly perfused
organ, venous blood, and arterial blood had additionally moderately impacted on the
model output.

After single oral administration of 2.86 mg/kg of Andro in humans, the
physiological parameters including the fraction volume for fat, the fraction blood flow
rate for liver, fat, slowly perfused organ, and rapidly perfused organ demonstrated
relatively high impact (absolute NSC >0.5) on plasma AUC while other fraction
volumes did not show any impaction on plasma AUC. These values also
demonstrated the impaction on the maximum Andro concentration in plasma (Cmax,
plasma) and 1ung (Cmax, Lu_u) With the same manner to impact on AUC. The results came
out the way it should, that the blood flow rate for each tissue should have a moderate
to high impact on the model. Since our developed PBPK model was constructed based
on the perfused-limited assumption.

In addition, the SA results in humans, the biochemical parameters
including Fpp, and fup had a relatively high impact on both plasma AUC and Cmax, plasma
whereas fup had a moderate impact on Cmax, Lu u. The Km had a moderate impact on
both plasma AUC, Cmax, plasma, and Cmax, Lu_u. Although a parameter that represents the
absorption process of Andro such as ka value had a slight impact on plasma AUC, it
demonstrated a relatively high impact on Cmax, plasma, and Cmax, Lu_u. Additionally, the
partition coefficient for each tissue had a low impact on all model output. Therefore,
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the uncertainty of the model output after single oral administration in a human was
heavily dependent on the values of Fpp and ka. Due to no report of the values of both
parameters, thus, the estimation of both parameters was needed as previously
mentioned in Method section 3.2.2.3.

Herb-drug interaction assessment

Based on the preliminary herb-drug interaction assessment of Andro,
multiple oral administration of Andro at 60-1400 mg g 8 h did not produce the
possible interaction followed the EMA guideline and the US FDA criteria. Since the x
value of Andro at 1400 mg was 0.09 while the R value was 1.09. Although increasing
the dosage might seem to be unlikely the possible interaction followed the EMA
guideline, the herb-drug interaction caused by Andro might appear when using the US
FDA criterion. Therefore, the maximum therapeutic dosage regimen should be within
1400 mg g 8 h.

Simulation of Dosage Regiment Design in Humans

Figure 15a demonstrated the prediction of free Andro concentrations in lungs
after the oral administration of Andro at 60 mg g 8 h and 200 mg q 8 h. It indicates
that only a small fraction of simulated healthy humans who orally administer 60 mg q
8 h of Andro achieved the efficacy threshold (ICso equal to 0.034 uM). Whereas oral
administration of 200 mg q 8 h of Andro provided enough concentrations of free
Andro for the majority of the healthy humans to achieve the efficacy threshold in
lungs but lower than the toxicity threshold in lungs (CCso equal to 58.3 uM). The
simulated Cmax, ss and Cmin, ss Of free Andro in the liver after oral administration of 200
mg g 8 h were 0.085 = 0.042 uM and 0.035 £ 0.044 uM, respectively. The Cmax, ss Was
lower than the toxicity threshold in the liver (CCso equal to 44.6 puM). Therefore, this
dose might be the appropriate dosage regimen in COVID-19 patients who have mild
to severe symptoms with or without lung infection.

Unfortunately, even though Andro has several pharmacological activities
such as anti-influenza virus, anti-platelet aggregation, anti-malaria activity, and anti-
inflammatory in lungs, the predicted Cmin, ss of free Andro in human plasma and lungs

after multiple oral administration of Andro at 1400 mg g 8 h for 5 days were 0.312
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and 0.291 uM. The model predicted were lower than the efficacy threshold which was
assumed to be the reported 1Cso values of Andro against influenza virus thorough NF-
kB inhibition pathway (15.0 uM), anti-platelet aggregation (35.0 uM), anti-malaria
activity (9.10 pM), and anti-inflammatory in lungs thorough TNF-a inhibition
pathway which is beneficial for asthma treatment (0.60 puM).
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CHAPTER V

DISCUSSION AND CONCLUSION

Discussion

In this study, we had collected the plasma and tissue concentration-time
profiles of Andro in animals and humans using an electronic search in order to
optimize the search and screen quality of the studies that were included for model
development. Thus, our model was developed and evaluated based on available
published data of the study using Andro, to avoid the possibility of either
pharmacokinetic or pharmacodynamic interaction of Andro with other compounds in
A. paniculata extract. Based on this PBPK model, the passive transport process
mainly governs the distribution of Andro into each organ. Although, no study has
investigated the degree of accumulation of Andro in fat, adding the fat compartment
into the model is biologically plausible for the high lipophilic substance. The
estimated partition coefficient of Andro for fat to blood is relatively high, thus it
suggested that Andro might be extensively accumulated in fat.

To our knowledge, despite there were reported that 8.75% of Andro was
renal excreted after oral consumption of A. paniculata extract, the percentage of renal
excretion of Andro after the administration of Andro has not been assessed. In this
reason, the addition of kidneys compartment to the model should be cautious.
However, during the model development process, we tried to include a kidneys organ
into the model, and we found that adding renal excretion into the model slightly
increased goodness of fit but decreased precision of parameter estimation. It might be
explained by a lack of available data on excreted Andro in urine after the
administration of a Andro. Therefore, the renal excretion of Andro was not included
in the developed model.

Enterohepatic recirculation is a feedback mechanism resulting from the
combined role of the liver and intestine. This begins with drug absorption across the
intestinal into the portal circulation before entering the liver. After that, the drug will

be metabolized, followed by excretion through the bile duct and return to the
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intestine, where the drug can be reabsorbed into the circulation (212). In accordance
with Ye et al., only 5% of Andro was excreted thorough the bile duct after oral
administration of Andro in rats [22]. Although the slight excretion thorough the bile
duct was observed in an in situ study, the double peak of plasma concentration-time
profiles after oral administration of Andro in rats was not observed. It was not only in
rats, the double peak of plasma concentration-time profiles after oral administration of
Andro in mice and humans were not observed also. Additionally, there have been no
studies regarding the biliary excretion of Andro in either mice or humans. Therefore,
we decided to develop the PBPK model without the biliary excretion in order to create
the simplest model but essential elements characterizing a system. However, the
biliary excretion of Andro in beagle dogs might be significant in the elimination
process because the double peak of plasma concentration-time profile was observed
after 12 h administered Andro (Figure 12a). In order to improve the fitting of the plot
in the beagle dog, adding the biliary excretion into the model seemed to be
reasonable.

The metabolism of Andro in the liver was well described by the developed
PBPK model with the Michaelis-Menten equation. It is important to note that when
using the first-order elimination equation instead of the Michaelis-Menten equation,
the observed plasma concentrations of the validation of intravenous data in mice did
not fit the model. However, the intravenous dose in the study using model
development was 100 times higher than the intravenous dose in the study using model
validation which shows in Table 15 (12, 34). This allowed us to note the significant
differences in the clearance between both dosages using in the studies. Therefore, the
Michaelis-Menten equation was tested and used to describe the metabolism of Andro
in the model for mice, dogs, and humans. The estimated Vmax from the iv PBPK
model for mice (12.96 umol/h) was in good agreement with the extrapolated Vmax (7.3
umol/h) from the mouse microsomal study (190). Based on our model, the saturation
of the metabolism of Andro in humans would be observed at a very high dose (12 g q
8 h) which is unlikely to be used for therapeutic purposes. Whereas a study conducted
by Wangboonskul et al. had previously mentioned the possibility of Andro having the
saturation of metabolism processes after oral administration of high doses of A.

paniculata tablets which are equivalent to 88.65 mg of Andro (213). However, there
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is still no pharmacokinetic study of Andro in humans to confirm the saturation of
metabolism of Andro.

The developed iv PBPK model had been applied to predict the plasma and
tissue concentration-time profiles in either animals or humans following oral
administration. Although the oral PBPK model assumed the simplest first-order
absorption, the model predicted satisfactorily described the observed dataset (Figure
8-13). The predicted %Fora values for mice and rats were not within 2-fold of the
observed values but were within 3-fold of the observed values as mentioned in the
result section. Although a 2-fold prediction error was acceptable for most drugs, 2.5-
fold and 3-fold may be acceptable for drugs with high variability (194, 214).

However, even though the predicted %Fora Values from most of the studies
that had only oral data were less than 10, the estimated %Fora Values of some studies
in rats (Table S5) were higher than 50 which is abnormally high and reflects the
unrealistic. These might be explained by the very high variation of the reported
pharmacokinetic profiles among the oral studies in rats. The oral clearance (CL/F) of
many studies was reanalyzed by using the non-compartmental method. The results
(Table S5) showed that CL/F values had very high variation. Since the CL/F values
were in the range of 0.04-79.35 L/h and the mean CL/F value was 17.23 L/h with the
%CV of 141.50%. When the same values of disposition parameters were used in the
oral PBPK model across all studies, the predicted %Fora value of the studies, which
had very low values of CL/F, were higher than others. Therefore, it was impossible
for any model to fit all the data of those that had different pharmacokinetic profiles. A
possible explanation of the very high variation of CL/F values among the studies in
rats was the use of anesthesia during the studies. We found that most experiments that
reported the use of anesthesia during experiments (Table S5) had lower CL/F values
and had abnormally higher values of the estimated Fora. The use of anesthesia was
found to increase or decrease blood flow including liver blood flow (188). Based on
our study, the pharmacokinetics of Andro was well described by the perfusion-limited
PBPK model. Thus, blood flow was a rate-limiting step for the distribution of Andro
into organs. According to the rat PBPK model, Andro had a moderate extraction ratio
(En = 0.524), and thus the change of blood flow could affect both first-pass

metabolism and hepatic metabolism.
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One limitation of this study was that the oral PBPK model could not explain
whether Andro is saturated in the absorption process. However, there has been a
report of saturation of the absorption of Andro in the A. paniculata extract following
the oral administration of 200 mg/kg in rats (36) while the saturation of Andro after
oral intake of Andro has not been published. The saturation of absorption of Andro
caused by the saturation of the uptake transporter is unlikely. Since Andro is high
lipophilicity, the passive diffusion should be mainly responsible for the permeability
of Andro into enterocytes. Additionally, the dissolution of Andro may become to
hinder the precise prediction of Andro levels in plasma after oral administration since
the dissolution profiles of Andro is low (a maximum of 17-30% release in different
pH media) and the complete absorption model did not apply in our model (122, 201).
According to Gao et al., in June 2021, a physiologically based absorption model
(PBAM) with a classical three-compartment model has been published to describe the
pharmacokinetics of Andro after oral administration in rats. The model modified the
Nernst-Brunner dissolution rate equation into the absorption model. Therefore, the
model was successfully used to simulate plasma concentration-time profiles after the
oral administration of Andro and other modified cyclodextrin formulations in rats
(201). In addition, the model is helpful for assessing the critical problem during in
vitro formulations development. Due to the integration of the dissolution rate
equation, it should be able to predict the saturation of absorption of Andro caused by
the limit of solubility. The disadvantage of the model is that the first pass loss was not
included in the model and was not able to predict the concentration of Andro in target
organs. Therefore, integration of developed PBPK model by using the PBAM model
instead of the first-order absorption should be further explored to improve the
predictive performance of the model for oral formulations. This further modified
model would be useful for prediction of the Andro concentrations in human target
organ for newly developed oral formulation from the results of in vitro studies.

However, even though our developed PBPK model assumed the simplest
first-order absorption, the model was able to predict Fora Within 3-fold of the observed
value reported in mice and rat studies using different doses. In humans, there are no
studies that reported the Forar Value, thus, it is reasonable to predict such value. The
predicted Foral, Fop, and Fw values after multiple oral administration of 200 mg Andro
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were 0.063, 0.137, and 0.462, respectively. In order to confirm the precision of the
developed model output, a mechanistically based simulation software namely
GastroPlus® was used to predict such parameters. The predicted results were
satisfactory because it was in good agreement with the Fora (0.058), Fpp (0.128), and
Fu (0.455) values. In addition, based on simulated results from GastroPlus®, the
saturation of the absorption of Andro occurred during the absorption of Andro from
the gastrointestinal lumen to enterocytes. The Fora and Fa values decreased when the
dosage was increased as illustrated in Figure 14. Additionally, the low value of the
predicted Fa by GastroPlus® at high dose suggested that decreasing Fa depends on the
dose and limiting the dissolution of Andro in the gastrointestinal fluid.

According to the content described above, it is important to note that our
PBPK model was developed using differential equations to describe the
physiology/anatomy of different biological systems. Several in vitro and in vivo
available data could be incorporated into the model to not only estimate
pharmacokinetic parameters and plasma or drug levels in plasma and tissues but also
to gain mechanistic insight into compound properties. Therefore, our model provided
a mechanistic framework to understand and extrapolate pharmacokinetics and dose
across in vitro and in vivo systems. Notably, our model also extrapolated dose across
different species and populations.

Recently, the possibility of using Andro for COVID-19 treatment was widely
discussed in Thailand. However, there is a limited amount of available published data
on pharmacokinetics, pharmacodynamics, and clinical outcome in humans. Our study
is the first to provide insight into pharmacokinetic information of Andro in human
organs, especially in the lungs where is the important target for COVID-19 treatment.
Using our developed PBPK model in mice and scale up to humans, the concentrations
of Andro in the lungs were predictable. According to the reported ICso (0.34 nmol/ml)
against SAR-CoV-2 (204), the model predicted that the trough concentrations of free
Andro at steady state (Cmin, ss) Of both plasma and the lungs following the oral Andro
administration of 200 mg g 8 h were higher than the 1Cso value in the majority of
simulated humans as shown in Fig. 14a. Therefore, using the dosage regimen in
humans, the efficacy of Andro in patients whose lungs were infected with SAR-CoV-
2 might be expected. The dosages of Andro that are recommended in Thailand (60 mg
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g 8 h) might be enough only in a minority of the simulated subjects (Figure 14a).
Additionally, at 100 mg g 8 h might be enough in patients who have mild symptoms
(The data did not show). However, as our model was developed and validated based
on healthy subjects, severe COVID-19 patients with serious respiratory complications
might lead to a change of Andro distribution into the lungs. Additionally, the
appropriate dosage of Andro in obese patients should be further evaluated due to an
estimated partition coefficient for fat to blood is relatively high. Therefore, the
evaluation of the model in COVID-19 patients and obesity patients would be needed.

Based on the reported value of CCso (204), the dosage regimens should not
be equal or higher than 12 g g 8 h. The predicted concentrations in the liver of high
dosage patients might induce hepatotoxicity. The selectivity index of Andro in vitro
study over 380 indicates the safety of the compound (204), and its use for longer than
3 weeks should be done with caution. According to a small clinical trial with HIV
positive patients, 4 of 13 patients who were administered Andro 5 mg/kg/day for 3
weeks and escalated to 10 mg/kg/day for 3 weeks had an Alanine Aminotransferase
(ALT) level >100% above baseline at weeks 3 and 5" and had an elevated value at
week 6. The mean ALT level of the patients at weeks 3 and 6™ were significantly
higher than the mean baseline (17).

Herb-drug interaction can appear when herb and a given chemical drug are
concomitantly consumed by either induction or inhibition of specific enzymes (138).
Several in vitro studies using human liver microsome reported that the Andro has a
weak inhibition to many CYP450 isoforms such as 1A2, 2B6, 2C9, 2E1, and 3A4
when ICso values were >50 pM (215, 216). Additionally, Andro has been
demonstrated moderate to strong inhibition on a phase Il metabolism namely
UGT2B7 when ICso values were <10 uM (142, 143, 169, 216). In order to
preliminary assess the possible interaction, the European Medicines Agency (EMA)
guideline was applied to achieve the purpose. The herb-drug interaction is likely when
a certain cut-off value (x) was > 1. This is described by a basic model following
condition is fulfilled: ([1]/Ki) > x. The abbreviations have the following meanings: [1]
is the unbound mean Cmax in the liver, and Ki is the unbound inhibition contract (202).
Based on the PBPK model simulated result, the unbound Cmax, ss in the human liver

after oral administration of Andro at up to 20 mg g 8 h was 0.65 uM. The reported
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unbound Ki value obtained by Uchaipichat et al. was 7.10 uM (142). Therefore, the
calculated x value should be 0.09. This suggested that the herb-drug interaction is
unlikely to appear. In order to confirm the possible interaction, a criterion that is
recommended by the United States Food and Drug Administration (US FDA) was
carried out. It has slight difference from the EMA guideline but both US FDA and
EMA use a similar equation. The possible interaction is indicated when the R value
was > 1.1. This is described by a basic model following condition is fulfilled:
R = 1+([I}/Ki) (202). When the equation was fulfilled by the same parameter values,
a calculated R value was 1.09. Thus, the possible interaction is still unlikely to appear.

The mechanism-based PBPK model also was applied to predict the
appropriate dosage regimen for influenza virus infection treatment, anti-platelet
aggregation, anti-malaria activity, and asthma treatment. Unfortunately, the predicted
Cmin, ss of free Andro in plasma and lungs in humans following repeated oral
administration of 1400 mg Andro did not arrive at the efficacy threshold which was
assumed to be the reported 1Cso values of Andro. This might be overcome by co-
administration of Andro and piperine which is a bioactive compound found in black
pepper, long pepper, and other pepper. Since piperine could enhance the plasma
concentration of Andro through P-gp inhibition potential (217). In addition, several
studies reported that the Andro levels in plasma were a 3-fold increase in rats after
single oral administration of the developed Andro formulation i.e., solid lipid
nanoparticle, nanocrystals form, and nano-D-alpha-tocopherol polyethylene glycol
1000 succinate (29, 115, 118).

In order to solve the doubt whether oral administration of A. paniculata
extract and Andro is different in term of the Andro level in human plasma, the
developed PBPK model was applied. During model simulation, the distribution,
metabolism parameters, as well as absorption rate constant, were not altered while the
fraction Andro reaching the hepatic portal vein or Fpp value was increased by 4.32-
fold. Since a pharmacokinetic study by Chen et al. reported that the %Fora value of
Andro in rats after oral ingestion of Andro was 1.19% while the value in rats after oral
intake of A. paniculata extract was 5.15% (9). The simulated Andro plasma
concentration-time profile in humans following oral administration of 1400 mg A.

paniculata extract (equivalent to 32.64 mg of Andro) was illustrated in Figure 14b.
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The model simulated results turned out to be satisfactory, however, the model
simulated showed some deviation in the terminal phase of the observed dataset
acquired from Pholphana et al. (211), Suriyo et al. (179). According to Royal Thai
Government Gazette (22), the dosage regimen of either A. paniculata powder or the
crude extract should be dependent on the amount of Andro. The recommended dosage
regimen of Andro has been 180 mg daily or 60 mg g 8 h. Therefore, our developed
model was further applied to preliminary predict the Andro levels in human lungs
after multiple oral dosing of 60 mg q 8 h. The simulated free Andro levels in human
lungs after multiple oral administrations of A. paniculata extract which contains 60
mg of Andro was impressive because the predicted mean Cmax, ss, and Cmin, ss had
achieved the efficacy threshold but were lower than the toxicity threshold in lungs.
Based on these results, it might suggest that consuming A. paniculata extract can
provide higher Andro levels in human lungs than oral intake of Andro at the
equivalent dose. However, the model simulated was not precise well because of two
hypothesized factors. First, A. paniculata extract contains a large number of natural
compounds, thus, the pharmacokinetics interaction between Andro and others is likely
to appear. Second, the lack of actual Michaelis-Menten parameters for A. paniculata
extract can misshape the fitting of plots also. This regard needs to be done in the

future to improve the model simulation.

Conclusion

The perfusion limited PBPK model of Andro with a first-order absorption
process was developed in mice and extrapolated to rats, dogs, and humans using all
available information regarding the pharmacokinetics properties of Andro. Our model
was successfully developed with various routes of administration following a single
dose of intravenous, single oral administration, and multiple oral administration.
The extrapolation PBPK model could be used to provide insight into the distribution
of Andro in humans. Based on the simulation in humans, 200 mg q 8 h of Andro
would provide concentration over ICso value against SARS-CoV-2 activity in the
lungs in the majority of healthy subjects. However, severe COVID-19 patients with
respiratory defects might lead to the change of Andro distribution into the lungs, thus

the prediction should be used with caution. The extensive accumulation of Andro in
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fat was predicted, the appropriate dose of Andro for obese patients should be further
explored. Unfortunately, although repeated oral intake of Andro at up to 1400 mg, the
predicted Cmin, ss Of free Andro in plasma and lungs did not over the efficacy threshold
for anti-influenza virus activity, anti-platelet aggregation, anti-malaria activity, and
anti-inflammatory in lungs. Additionally, the saturation of metabolism was observed
after oral receiving of Andro at 12 g q 8 h whereas the saturation of absorption was
still unclear. Notably, the possible herb-drug interaction of Andro is unlikely to
appear after multiple oral administrations of 1400 mg Andro.
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APPENDIX B SINGLE ORGAN MODEL CONSTRUCTION STAGE

Single organ model Parameterization
The species-specific physiological parameters were mentioned previously.
The permeability surface area of tissue (PAr; cm®/s) was calculated via the following

equation:

PAr = Pypp X SA X organ weight (g) Eq.1

where Papp is apparent permeability (cm/s); SA is the surface area of the organ
(cm?/g) (186). The Papp value of mice kidneys cell line was reported as 7 x 10 cm/s
(2). The kidney's surface area was 0.26 cm?/g (189). The calculated permeability
surface area of kidneys was applied to be an initial value for all permeability-limited
models. The partition coefficient of tissues to plasma and the fraction unbound in
tissues were calculated using Poulin’s equations (156).

According to Panossian et al. (36), only 10 % of unchanged Andro was found
in rat urine after oral administration of A. paniculata extract. Therefore, the renal
elimination might be described by the following equation:

CLtotal X fT' Eq- 2

where CLita Was the total clearance, and the fraction renal elimination (fr)
was 0.10. The CLta Was computed from PK solver software using the mode of non-
compartment analysis based on the dataset from Tu et al. (34). This value was 0.023
L/h.

Model Estimation
In this stage, the disposition parameters including the P+, fur, PAT, Ka T, and

ka7 values were estimated, whereas the metabolism parameters were fixed.
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Mathematical presented in the Single organ model.
The bi-exponential equation (Eq. 3) was used to described Andro plasma

concentration-time profile.
Cpp=A-e“+B-eFt Eq. 3

where Cpi is a concentration of Andro in plasma (umol/L) while A, a, B, and 3
are constant values obtained from PK solver software using the mode of two-

compartment analysis based on the dataset from Tu et al. (34).

Non-elimination organs
Based on a tissue distribution study by Tu et al. (34), the non-elimination
organs consisted of lungs, heart, and spleen.

Perfusion-limited model:
The change in the amount of Andro versus time in tissues (ddi:) after

intravenous administration was calculated as followed:

dA C
L= Qrx (G =) Eq. 4

dt
where At is the amount of Andro in the tissues (umol), Qt is the blood flow of
the tissues (L/h), P is the partition coefficient of tissues to plasma.
The concentration of Andro in the tissues (Ct) was calculated as followed:
Cr

Cr=-L Eq.5

Vr

where V7 is the volume of the tissues (L).
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Permeability-limited model:
The change in the amount of Andro versus time in extravascular space of

T exv

tissues ( ) after intravenous administration was calculated as followed:

dATvas =Qr X ( - CT,vas) — PAr X ((CT,vas x fup) o (CT'BXV X f”T)) Eq. 6

dAZl",texU — PAT X ((CT,vas X fup) - (CT,exv X fuT)) Eq 7

where Cr, vas IS a concentration of Andro in vascular space of the tissues, Cr,exv
is a concentration of Andro in extravascular space of the tissues, A, vas is the amount
of Andro in vascular space of the tissues, Ar, exv IS the amount of Andro in
extravascular space of the tissues; fyr is fraction unbound in tissues, VT, vas IS @ volume
of vascular space of the tissues, VT, exv IS @ volume of extravascular space of the
tissues, fup is fraction unbound in plasma, and PAT is permeability surface area of
tissues.
The concentration of Andro in the extravascular space of the tissues (Cr, exv)

was calculated as followed:

A exv
CT,exv = _Lew Eq. 8

VT,ex v

where VT exv is @ volume of extravascular space of the tissues (L).
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Permeability-limited with binding tissue model:

The change in the amount of Andro versus time in extravascular space of the

T exv

tissues ( ) after intravenous administration was calculated as followed:

dATvas =Qr X ( - CT,vas) — PAr X ((CT,vas x fup) o (CT'BXV X f”T)) Eq. 9

dA;ll",:xv — PAT X (( CT,vas X fup) - (CT,exv X fuT)) - (Ka,T X (CT,exv X fuT) X

VT,exv) - (Kd,T X AT,D) Eg. 10

dAT D

= (KaT X (CT exv X fuT) X Vr exv) (Kd,T X AT,D) Eq. 11

where At p is the amount of Andro in the deep in tissue; VT, exv Was the
volume of tissue extravascular space; ka, 7 is the association rate constant; kg, T is the
dissociation rate constant. The concentration of Andro in the extravascular space of

the tissues was described in Eqg. 8.

Liver organ

Perfusion-limited model:
The change in amount of Andro versus time in liver ( ) after intravenous

administration was calculated as followed:

Cri
% =L * (Cpl - i) B (VmaxX(P%inup)> Eq. 12

‘L
K, +(—l><f )
MI\PLTIUP

where A is the amount of Andro in the liver (umol), Qi is the blood flow of
the liver (L/h), Py is the partition coefficient liver to plasma, Vmax is the maximum
velocity of Andro, and Ky, is the binding affinity of Andro which obtained from Tian
et al. (Tian, 2015 #192).

The concentration of Andro in the liver (Cvi) was calculated as followed:
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Cu= 2 Eq. 13
Li
where V. is the volume of the liver (L).
Permeability-limited model:
The change in the amount of Andro versus time in extravascular space of
liver (%) after intravenous administration was calculated as followed:

dAl;li.tvas = Qui X (Cpl 7 CLi,vas) — PAp; X ((CLi,vas X fup) - (CLi,exv X fuLi)) -

(Vmax>< (CLi,evafuLi)) Eq 14

Km+(CLi,exvxfuLi)

dAZi;:exU = PALl X ((CLi,vas X fup) N (CLi,exv X fuLl)) Eq. 15

where Cj, vas IS a concentration of Andro in vascular space of the liver, Cy,
exv 1S @ concentration of Andro in extravascular space of the liver, Adi, vas IS the
amount of Andro in vascular space of the liver, AL, exv IS the amount of Andro in
extravascular space of the liver; fu is fraction unbound in the liver, Vi vas IS a
volume of vascular space of the liver, Vi exv is @ volume of extravascular space of the
liver, fyp is fraction unbound in plasma, and PAL; is permeability surface area of the
liver.

The concentration of Andro in the extravascular space of the liver (Cii, exv)

was calculated as followed:

ALiexv
CLi,exv = _thew Eqg. 16

VLi,exv

where Vi exv is @ volume of extravascular space of the liver (L).
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Permeability-limited with binding tissue model:

The change in the amount of Andro versus time in the extravascular space of

L1 exv

the liver ( ) after intravenous administration was calculated as followed:

% = QLi X (Cpl - CLi,vas) - PALi X ((CLi,vas X fup) - (CLi,exv X fuLi)) Eq- 17

dAI:iL:xv = PAy; X (( CLi,WlS X fup) - (CLi,exv X fuLi)) - (Ka,Li X (CLi,exv X fuLi) X

VinaxX(CLiexv*fuLi
VLi,exv) - (Kd,Li X ALi,D) - 7 ( (£ - )) Eq. 18

Km"’(cLi,exvxfuLi)

dAy;
—LP = (Ka Li X (CLl exv X fuLL) X VLLexv) (Kd,Li X ALi,D) Eqg. 19

where A, p is the amount of Andro in the deep in the liver; Vi exv Was the
volume of liver extravascular space; Ka, Li is the association rate constant; Kg, Li is the
dissociation rate constant. The concentration of Andro in the extravascular space of

the liver was described in Eq. 16.

Kidneys organ
Perfusion-limited model:

The change in the amount of Andro versus time in kidneys (‘L?i—‘t‘d) after

intravenous administration was calculated as followed:

dAkq

5 = Quea* (Gt = 522) = ((CLeorar X 1) X F2 % ) Eq. 20

where Akqd is the amount of Andro in the kidneys (umol), Qkq is the blood
flow of the kidneys (L/h), Pkaq is the partition coefficient of kidneys to plasma, CL otal
is the total clearance, and fr is the fraction renal elimination.

The concentration of Andro in the kidneys (Ckq) was calculated as followed:
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Cpq = Xd Eq. 21

where Vg is the volume of the kidneys (L).

Permeability-limited model:

The change in the amount of Andro versus time in extravascular space of

Kd exv

kidneys ( ) after intravenous administration was calculated as followed:

% = QKd X (Cpl - CKd,vas) - PAKd X ((CKd,vas X fup) - (CKd,exv X qud)) -

((CLtotal X fT‘) X (CKd,exv X qud)) EQ- 22

dAIZ;:exV = PAKd X ((CKd,vas X fup) = (CKd,exv X fuLi)) Eq 23

where Ckd, vas IS @ concentration of Andro in vascular space of the kidneys,
Ckad, exv IS @ concentration of Andro in extravascular space of the kidneys, Akd, vas iS
the amount of Andro in vascular space of the kidneys, Akd, exv is the amount of Andro
in extravascular space of the kidneys; fukq is fraction unbound in kidneys, Vkd, vas IS a
volume of vascular space of the kidneys, Vkg, exv IS @ volume of extravascular space of
the Kidneys, fyp is fraction unbound in plasma, and PAkq is permeability surface area
of kidneys.

The concentration of Andro in the extravascular space of the kidneys (Cka,
exv) Was calculated as followed:

Ckaexv = Ixdexy Eqg. 24

Vk d,exv

where Vkg, exv IS @ volume of extravascular space of the kidneys (L).

Permeability-limited with binding tissue model:

The change in the amount of Andro versus time in extravascular space of the

Kd exv

kidneys ( ) after intravenous administration was calculated as followed:
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dAI;tivaS = QKd X (Cpl - CKd,vas) - PAKd X ((CKd,vas X fup) - (CKd,exv X qud))
Eq. 25

dew _ PAgq X ( Cka,vas X fup) - (CKd,exv X qud) - (Ka.Kd X (CKd,exv X
dt

qud) X VKd,exv) - (Kd,l(d X AKd,D) - (((CLtotal X fT‘) X (CKd,exv X qud)))

Eq. 26

dAgd,D

dt = (Ka,Kd X (CKd,exv X qud) X VKd,exv) - (Kd,Kd X AKd,D) Eq. 27

where Akq, p is the amount of Andro in the deep in kidneys; Vkd, exv Was the
volume of kidneys extravascular space; Ka, kd is the association rate constant; Kq, kd IS
the dissociation rate constant. The concentration of Andro in the extravascular space

of the kidneys was described in Eq. 24.



144

Liver Kidneys
1000 - 10000 5
* ;)'Dg:rl‘ :ﬂ . o Observed
_ M" d”] iy Madel A
<eeecees Made
1000 g - w4 T~ = oo Model B

= Mudel C

o Mndel €

Andrographolide concentrativn (3T

Andrographolide cancentration (M)

100 w0 4 - [
i 1 b _#—\:;_1_7“-_-
L 1
o 2 4 6 " 2 4 5
Time (h) Timne (h)
Lung Spleen
= 10000 & 10000 5
z *«  Obsend % +  Obscrved
H Moddl & H Model A
F om0y ModdBF 0N T Madel B
i e Moded € § e Model €
g B
H H
3 " £
= =
§ Bl £
£
z H
- -
L . 1
0 2 4 I3 ] 1 4 3
Time (h) e (b}
Heart Plasma
E =
7 10000 ¢ Obwvd 5§ 1000 —
= Madel A =
g 1 0 H
£ 1000 1000
z -
g
g
i 1o 160 E
B
El
g E 1
‘bE-I g & 0
E =
= i
! 1
0 2 4 L 0 2 4 3
Time (W) Time (h)

Figure 17 Comparison of single organ model predicted andrographolide levels
in liver, kidneys, heart, lung, and spleen over time in mice following intravenous
injection at 500 mg/kg. andrographolide levels in plasma are described by a bi-
exponential equation. « - observed data, error bar - standard deviation of the
observed data. Model A represents perfusion-limited model, Model B represents
permeability-limited model, and Model C represents permeability-limited with

binding tissues model
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Table 20 Estimated disposition parameters used in Single organ model

Parameter  Estimated values AlC

Assumption ]
(unit) (%CV) values
Liver
Perfusion-limited Pui 1.990 (8.65%) -10.69
L PALi (L/h) 0.142 (18.19%)
Permeability-limited -13.93
fuLi 0.046 (16.96%)
PAL (L/h)  0.317 (7.45%)
e e A fuLi 0.093 (6.49%)
Permeability-limited with binding tissues -37.01
KaLi (h™) 166.98 (8.05%)
Ka,i (™) 4.748 (10.35%)
Kidneys
Perfusion-limited Pkd 0.712 (5.35%) -4.67
1B\ PAxd (L/h)  0.295 (212.0%)
Permeability-limited 21.37
fu, ka 0.991 (188.6%)
PAkqd (L/h)  0.021 (>1000%)
1 W)= AN A fu kd 9.052 (303.6%)
Permeability-limited with binding tissues 26.14
Kaxa (1) 0.120 (>1000%)
Kg, ka (1) 50.04 (>1000%)
Lungs
Perfusion-limited PLu 0.036 (5.20%) -23.65
o PALs (L/n)  0.010 (24.3%)
Permeability-limited -20.07
fu, Lu 1.925 (6.20%)
PAL, (L/h)  854.8 (NAN)
o e fu, Lu 22.15 (NAN)
Permeability-limited with binding tissues -3.20
Ka, Lo (h) 2459.0 (NAN)
Ka,u (W) 169000 (NAN)
Spleen
Perfusion-limited Psi 0.021 (12.24%) -16.20
o PAg (L/h) 157.7 (>1000%)
Permeability-limited -17.04
fu si 25.87 (9.30%)
L S PAs (L/h)  277.0 (NAN)
Permeability-limited with binding tissues -13.18

fu,si 25.35 (NAN)
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Parameter  Estimated values AlIC

Assumption ]
(unit) (%CV) values
Ka, st (h™) 7669.0 (NAN)
K, st (h™) 2975.0 (NAN)
Heart
Perfusion-limited Phr 0.017 (8.85%) -16.73
e e PAgr (L/h)  0.060 (441.3%)
Permeability-limited -16.13
fu, hr 40.96 (16.6%)
PAw: (L/h)  0.001 (NAN)
e e .. fu hr 0.0003 (NAN)
Permeability-limited with binding tissues 7.29

Ka, 1r (hh) 0.0005 (NAN)
K, 1r (™) 0.834 (NAN)

NAN is Not a number; P is partition coefficient tissue/plasma; PA is permeability

surface area; fy is the fraction unbound in tissues; ks and kq are a rate of constant.
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Compartment Absorption
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Figure 23 A generated bar graph by GastroPlus® software represents the
amount of andrographolide that is absorbed in each human intestinal segment

after single oral administration 200 mg of andrographolide
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Table 21 Estimated disposition and metabolism parameters used in PBPK model

development

Modified liver . .
Parameter (unit) Estimated values (9%6CV) AIC values
structure model
PLu 0.346 (5.0%)
Prp 1.326 (595.0%)
Psp 0.424 (382.6%)
Perfusion-limited model 250.72
F 27.040 (8.3%)
PLi 1.460 (10.1%)
Vmax (umol/h) 12.96 (2.7%)
PLu 0.316 (16.12%)
Prp 3.244 (397.9%)
A Psp 0.526 (603.9%)
Permeability-limited
Pr 21.11 (14.50%) 266.50
model
fuLi 0.872 (14.58%)
PALi (L/h) 1.000 (381.2%)
Vmax (umol/h) 7.493 (5.42%)
PLu 0.765 (25.38%)
Prp 2.285 (64.20%)
Psp 1.285 (24.10%)
Permeability-limited Pr 73.30 (22.83%)
with binding tissue fu,Li 0.285 (15.25%) 258.92
model PALi (L/h) 2.923 (1701.0%)
Ka,Li (h%) 54.50 (36.52%)
ka,Li (h?) 3.052 (17.41%)
Vmax (umol/h) 5.117 (6.82%)

P is partition coefficient tissue/plasma; fy, 7 is fraction unbound in tissue; PA
is permeability surface area; ka and kq are constant values; Vmax is the maximum
velocity. The subscription following Lu, Li, Rp, Sp, and F are lung, liver, rapidly
perfused organ, slowly perfused organ, and fat, respectively.



154

Table 22 Species chemical parameters used in model simulation in humans

using GastroPlus® software

Description of parameters Symbol Humans Method/Reference
Biochemical
Log of partition coefficient between n-octanol log P - This value was acquired from
and water Megantara et al. (2016)
This value was calculated based
Log of partition of a chemical compound between ) )
log D 1.452 on an equation by Poulin et al.
the lipid and aqueous phases
(2001)
This value was neglected because
o andrographolide has been
Log of basic dissociation constant pKb - .
considered as a neutral compound
(Gao et al., 2021)
Partition coefficient tissue: blood
Lung PLu 6.32
Fat Pe 18.22
Liver Pui 7.31
Muscle Pmus 2.98
Spleen Psi 5.33
Heart Phir 3.89 These values were predicted based
Brain Par 1.34 on equations from Lukacova et al.
Kidneys Pkd 7.95 using GastroPlus® software
Skin Psk 2.45
ReproOrg PRre 7.95
Red marrow Prm 1.39
Yellow marrow Pym 0.69
Rest of body Pros 5.33
Protein binding
Fraction unbound in plasma fup 0.45 This va-lue was acquired from
Panossian et al. (2000)
) This value was acquired from
Blood to plasma ratio Rop 0.93
Bera et al. (2014)
Metabolism parameters
This value was calculated based
Intrinsic clearance (L/h) CLint 204.7¢ on Vmax/Km which is obtained
from Tian et al. (2015)
Systemic clearance (L/h) CLsys 41.95 Predicted by GastroPlus® software
Absorption parameters
Permeability in duodenum segment (cm/s) Pett, duo 4.60*10* These values were scaled up
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Description of parameters Symbol  Humans Method/Reference
Permeability in jejunuml segment (cm/s) Pett, je1 2.08*10* based on Gao et al. (2021) using
Permeability in jejunum2 segment (cm/s) Peff, je2 2.08*10* equation follows; Petf, human =
Permeability in ileum1 segment (cm/s) Pet, i1 0.70*10* 3.6*Peff, rat + 0.03*10
Permeability in ileum2 segment (cm/s) Pett, il2 0.70*10*

Permeability in ileum3 segment (cm/s) Pett, il3 0.96*10*

Permeability in caecum segment (cm/s) Peff, cae 0.96*10*

Permeability in colon segment (cm/s) Pett, col 0.18*10*

2js the log D value that is calculated using equation follows; log D = 1.115*log P-1.35
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Table 23 Values and distributions of parameters used in Monte Carlo analysis

Parameter SYM Distribution Mean SD Cv 10" 99.0t
Body weight (kg) Lognormal 70.0 7.00 0.10 50.00 90.00
Fraction blood flow
Rapidly perfused Qrpc  Normal 0.430* 0.073 0.17¢ 0.211 0.649
Slowly perfused Qspc  Normal 0.291* 0.172 059 0.024 0.806
Fat Qrc  Normal 0.052¢ 0.012 0.24® 0.015 0.089
Liver Quic Normal 0.2272 0.050 0.22¢ 0.077 0.377
Fraction volume
Lung Ve  Normal 0.008* 0.001 0.13¢ 0.005 0.011
Rapidly perfused Vrpc  Normal 0.093¢ 0.012 0.13¢ 0.057 0.129
Slowly perfused Vspc  Normal 0.580* 0.099 0.17¢ 0.284 0.876
Fat Vec  Normal 0.214% 0.064 0.30° 0.021 0.407
Liver Viic  Normal 0.0262 0.004 0.16° 0.014 0.038
Venous Vve  Normal 0.059¢ 0.006 0.11® 0.040 0.078
Arterial Vac  Normal 0.020@ 0.002 0.11¢ 0.013 0.027
Partition coefficient tissue: plasma
Lung PLu Lognormal ~ 0.346° 0.069 0.20F 0.190 0.502
Rapidly perfused Prp Lognormal 1.326> 0.265 0.20°1 0.729 1.923
Slowly perfused Psp Lognormal 0.424> 0.085 0.20° 0.233 0.615
Fat Pr Lognormal 27.04° 5408 0.207 14.87 39.21
Liver PLi Lognormal 1.460° 0.292 0.20F 0.584 2.117
Protein binding
Fraction unbound in plasma fup Lognormal 0.450 0.135 0.30" 0.045 0.855
Blood to plasma ratio Ruop Lognormal 0.930 0279 0.30° 0.874 0.986
Metabolism parameters
Maximum velocity (umol/h) Vmax  Lognormal 6265 187.9 0.30F 62.65 11904
Binding affinity (umol/L) Km Lognormal 3.06 0.918 0.30° 0.306 5.814
Absorption parameters
Absorption rate constant (h%) Ka Lognormal ~ 0.245° 0.074 0.30F 0.025 0.466
Fraction dose reaching the hepatic portal Fop Lognormal 0.170° 0.051 0.30° 0.017 0.323
vein Fop Lognormal  0.137¢ 0.041 0.307 0.014 0.260
2is the mean values of physiological parameters obtained by Brown et al., 1997

bjs the values obtained the developed PBPK model

¢ is the value obtained by the GastroPlus® software at the dose of 60 mg

dis the value obtained by the developed PBPK model at the dose of 200 mg

¢is the CV of all physiological parameter values were suggested by Price et al., 2003

fis the CV of partition coefficient and other chemical specific parameter values were

suggested by Li et al., 2017
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Table 25 Comparison of the predicted fraction of dose absorbed (Fa), the
fraction of dose reaching the portal vein (Fpp), the fraction of dose
escaping hepatic first-pass metabolism (Fn), and oral bioavailability
(Fora) values at different dosages of andrographolide using

GastroPlus® software

Dose (mg) Fu Fop Fa Foral
Predicted by the GastroPlus® software

20 0.455 0.185 0.783 0.084
60 0.455 0.170 0.722 0.077
100 0.455 0.156 0.666 0.071
200 0.455 0.128 0.552 0.058
300 0.455 0.109 0.466 0.050
1000 0.455 0.054 0.231 0.024
10000 0.455 0.008 0.036 0.004
Predicted by the developed PBPK model

200 0.462 0.137 NA 0.063

Fn value is calculated by Fora/Fop
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