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ABSTRACT

Introduction: Mitragynine is a major psychoactive alkaloid in leaves of
kratom (Mitragyna speciosa Korth.). Kratom is a tropical tree found in southern
Thailand and northern states of the Malay Peninsula. Kratom is commercially available
and primarily used as an alternative to treat opioid withdrawal. Mitragynine is
responsible for most of the pharmacological propertics in kratom leaves. The
pharmacological effects of mitragynine are established but its pharmacokinetic
properties are not fully characterized. The aim of this study was to develop a
physiologically based pharmacokinetic (PBPK) model of mitragynine using systematic
review to collect available pharmacokinetic studies as well as relevant properties of
mitragynine. The primary goal of the developed PBPK model is used to predict
mitragynine concentration levels in plasma, brain, and other tissues in both rats and
humans.

Method: From our systematic review focusing on the available
pharmacokinetic properties of mitragynine, 3 pharmacokinetic studies were retrieved to
develop a PBPK model of mitragynine. Those included 1 study in rats receiving a single
intravenous administration of mitragynine, 1 study in rats receiving a single oral
administration of mitragynine, and 1 study in humans receiving repeated oral dosing of
mitragynine in the form of kratom tea. The developed PBPK model comprised of 6

tissue compartments including lung, brain, fat, slowly perfused tissues, kidney, and



liver. Features of this current PBPK model of mitragynine included 1) involvement of
breast cancer resistant protein (BCRP)-mediated transport in the brain; 2) integrating of
hepatic CYP3A4-mediated metabolism in the liver; and 3) a diffusion-limited transport
in the fat compartment. The PBPK model was developed using Berkeley Madonna
Software (version 8.3.1) for a model simulation tool.

Results and discussion: The simulation results of the developed PBPK model
of mitragynine could propetly predict the kinetic behaviors of mitragynine from the
selected pharmacokinetic studies in rats following a single intravenous administration
and oral administration, and in humans with orally repeated dosage of mitragynine in
the form of kratom tea. This model can describe mitragynine concentration-time courses
in plasma and other tissue compartments particularly in the brain of both in rats and in
humans. For human study, simulated results of 5 individual plasma mitragynine
concentration-time courses were comparable to those of the observed datasets,
subsequently individual mitragynine concentration levels in the brain were predicted.
From simulating resﬁlts in humans, prediction mitragynine concentration lévels in the
brain was about 2-folds higher as compared to those of the simulation results in rats,
indicating by the developed PBPK model of mitragynine was conducted with different
dosing scenatio following a single dose in rats and multiple dosing in humans (kratom
chronic users). The relative sensitivity analysis of input parameter values and model
outputs was performed. The most sensitive parameters is tissue-to-plasma partition
coefficient of mitragynine particularly in the slowly perfused tissues followed by in the
liver. Tn addition, parameters related to protein transporter kinetics; i.e. maximum
velocity (Vmax), had moderate sensitive effect particularly protein-mediated transport
in the brain and hepatic metabolism of mitragynine in the liver.

Conclusion: PBPK models of mitragynine both in rats and in humans were
developed based on published information of pharmacokinetic studies. The developed
PBPK model could successfully describe the datasets from 3 selected pharmacokinetic
studies. This modeling with biologically relevant features of the psychoactive alkaloid
in the body also provided an important basis for further improvement in clinical
applications. All information in this model can help to define the appropriate dosing
regimen of mitragynine and apply to predict the drug disposition in target patients

leading to achieving therapeutic effects.
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CHAPTERI1
INTRODUCTION

Statement of purpose

Mitragyna speciosa Korth. (kratom) is a tropical plant that belongs to
Rubiaceae family. This plant is primarily grown in Southeast Asia particularly in
southern of Thailand and adjoining northern of Malaysia (1-3). In Southeast Asia, the
majority of users consumed kratom leaves by chewing fresh leaves, smoking dried
leaves, and brewing the leaves with hot water then drinking as tea (4). Kratom leaves
showed an opioid-like effect in a dose-dependent fashion (5). Laborers consumed
kratom leaves to promote physical endurance, to increase encrgy, to relieve fatigue, and
to improve their tolerance or longer working under the sun (4, 6). Kratom is classified
as an illicit narcotic plant in some countries such as Thailand, M;ilaysia, Myahmar, and
Australia (4, 7). Recently, kratom is petmitted for medical use and research only in
Thailand (8). However, kratom is not controlled but under surveillance in the United
States, the United Kingdom, and other countries (§). Kratom is commercially available
on the internet as a dictary supplement for chronic pain management (9) and as an
alternative for the treatment of opioid withdrawal (10). Remarkably, adverse effects of
kratom are alarming due to some reported fatalities when used concurrently with other
substances such as propylhexedrine (11), and O-desmethyltramadol (12).

More than 40 alkaloids have been isolated from kratom leaves (13). Among
these, mitragynine is the principle indole alkaloid (66% of total alkaloids) when
extracted by organic solvents (13, 14). Mitragynine possesses antinociceptive effects
(15-17), ileum relaxant (18), reducing gastric acid secretion (19), antidepressant (20),
and anti-inflammatory (21). Interestingly, mitragynine is a partial agonist of u-opioid
receptors and also competitive antagonist at the x-and 3-opioid receptors. Moreover,
mitragynine is G-protein-biased agonist of the p-opioid receptors without recruiting
B-arrestin; therefore, it can cause less respiratory depression while maintaining an

analgesic activity (22).



There have been several reports on physicochemicél properties and
pharmacokinetic studies of mitragynine. Mitragynine is a weak base and is high
lipophilic (23); thus, it can passively transport through the blood-brain bartier into the
brain which is the major site of action (24). The contribution of various drug
metabolizing enzymes in the elimination of mitragynine has indicated that mitragynine
metabolism is mediated by hepatic metabolism. To date, information related to
pharmacokinetic properties of mitragynine have been established both in vitro assay and
in vivo experiments; however, the knowledge of mitragynine pharmacokinetic behaviors
in animals and humans are still limited particularly information on tissue disposition
both in animals and in humans.

Physiologically based pharmacokinetic (PBPK) model is a mathematical
method that provided a mechanistic approach for predicting pharmacokinetic behavior
of drugs or compounds of interest across different species particularly pharmacokinetic
disposition in various tlssues by employing physiological, biochemical, and

" physicochemical parameters. In addition, this approach can also be applied as a guxde
to determine appropriate dosage regimens in early drug development and also be applied
in later stage drug development to predict drug disposition in target patients (25). Based
on the limited information on mitragynine pharmacokinetics and several advantages of
PBPK models, the primary goal of this study was to develop a PBPK model of
mitragynine using published pharmacokinetic data. The developed PBPK model can be
used for predicting mitragynine concentration-time profiles in plasma and other tissues
in both animals and humans. The findings of this study can promote optimal therapeutic

effect and appropriate doses of mitragynine in clinical contexts.

Research aims

1. To systematically review mitragynine pharmacokinetics conducted in vitro,
in vivo and employ such information for physiologically based pharmacokinetic (PBPK)
model development

2. To develop a PBPK model of mitragynine both in rats and in humans

3. To apply the developed PBPK model in predicting concentration-time
courses of mitragynine in organs of interest such as lung, fat, brain, slowly perfused

tissues, kidney, and liver



Research significance

Despite pharmacological effects of mitragynine have been established but
clinical studies on the pharmacokinetics of mitragynine related to its potential uses in
medicine are still under-investigated. In addition, information relevant to tissue
dispositions of mitragynine is still limited. This study aimed to establish PBPK models
of mitragynine for predicting tissue disposition of mitragynine in rats and in humans.
The developed PBPK model is substantially important during the early stage of drug
development and it can ultimately be used to determine appropriate dosing regimens
duting first in human studies leading to a better therapeutic outcome. This model can
also be applied in the later stage of drug development to predict drug disposition in

target patients.

Research scope

This was an in silico experimental study, fundamentally performed on a
computer software.‘The Berkeley Madonna Software (developed by Roberf Macey and
George Oster of the University of California at Berkeley, version 8.3.18) was employed
to develop a PBPK model of mitragynine for prediction of mitragynine disposition in

rats and in humans,



CHAPTERII

LITERATURE REVIEW

Plant description of kratom

Mitragyna speciosa Korth. (Rubiaceac) is a tropical tree commonly found in
southern Thailand and northern states of the Malay Peninsula. In Thailand, this plant is
known variously as kratom, thom, ithang, kakuam, kraton, krathom and as biak-biak,
ketum in Malaysia (2-4). This plant is a large tree which can reach up to 15 meters in
height. Flowers are observed as dark yellow spherical clusters with 120 florets attached
to the leaf axils on long stalks while leaves are dark glossy green color and an oval shape
that grow up over 18 cm in lengths and 10 cm in widths (Figure 1). During the dry

season, leaves fall abundantly then new growth is plentiful during the rainy season (2).

Figure 1 General description of kratom



Legal status of kratom

Kratom is classified as an illicit narcotic plant in some countries including
Thailand, Malaysia, Myanmar, and Australia (7). In Thailand, kratom is classified under
Thai Narcotics Act since 1979 and also banned under Poisons Act since 1952 in
Malaysia (4, 6). Currently, Thai National Legislation Assembly permits kratom as a
medical use only (8). Kratom is not currently an illegal substance in the United State
and the United Kingdom (5, 26, 27) but it is placed into Schedule I of Controlled
Substance Act by the United State Drug Enforcement Administration, and Food and

Drug Administration to ensure a safe use (28, 29).

Preparations and consumptions of kratom

Majority of kratom users consumed fresh leaves by chewing and dried leaves
by smoking or brewing as a tea (4). In addition, kratom fresh leaves can be chewed
either alone or taken with betel nuts (Areca catechu) to remove veins before eating and
mixed together with juice and salts (2). | '

In Southeast Asia, laborers eat its fresh leaves to promote physical endurance,
to increase energy, to relieve fatigue, and to improve their tolerance to the sun (7, 30).
Kratom has been used as a folk remedy to treat some illnesses including coughing,
diarrhea, diabetes, and hypertension (6, 30, 31). Kratom leaves showed opiate-like
effects in a dose-dependent fashion, as shown in Table 1 (5). In addition, it provides
euphoric effects (i.e. improve mood and reduce stress) and enhances sexual performance
(32).

In Malaysia (i.c. Penang and Kedah), kratom leaves are rinsed with water to
remove all traces of dirt and are boiled for a few hours, resulting in a greenish brown
solution but extremely bitter taste. Kratom users consumed an average of three medinm-
sized glasses (approximately 250 mL per glass) of kratom solution which contains
approximately 68-75 mg of mitragynine in daily consumption (1). In addition,
occasional kratom users are not associated with severe pain or sleep problems as opioid
withdrawal symptoms. However, chronic users of kratom were moderately associated

with pain and sleep problems (33).



Kratom is rapidly becoming a substance of abuse in southern Thailand. It is
consumed as homemade ice cocktails called a “4x100 Cocktails” where kratom leaves
are suspended “Coca-Cola” with codeine or diphenhydramine syrup (4, 34). Kratom is
also consumed as an herbal blend called a “Krypton” which is a mixture of kratom
leaves with O-desmethyltramadol and is sold widely on the internet (12, 35, 36). The
regular consumption of kratom leaves can cause some side effects such as anorexia,
dehydration, weight loss, hyperpigmentation (green/dark colored skin), constipation,
and psychosis (1, 30, 31). |

Kratom is not demanded only in Southeast Asia but also in Western countries.
Recently, in Europe and the United States, kratom products (i.e. capsule, powder) are
commercially available over the internet as a dietary supplement for management of
chronic pain (9) and as an alternative for the treatment of opioid withdrawal (26). They
were purchased in cheap price compared to other opioid substances leading to an

increase in the prevalence of use.

Table 1 Dosing ranges of kratom as raw leaves producing different types of effects

and psychological clinical manifestations

Kratom use Dose (raw leaves) Overall Effects Clinical Manifestations

Increased alertness, physical
Low to

-5 grams Mild-stimulant energy, talkativeness, sociable
moderate
behavior
Pain and opioid withdrawal relief,
Moderate to .. .
i 5-15 grams Opioid-like effects  treatment of diarrhea, euphoria
1g . .
(Iess intense than opioid drugs)
Induce stupor, sweating, dizziness,
Very high >15 grams Sedation nausea, dysphoria followed by

calmness and a dreamlike state

Source: Adapted from Prozialeck, et al. (5)



Phytochemistry of kratom

More than 40 alkaloids have been isolated and identified from kratom leaves.
Among these, mitragynine is the most abundant alkaloids which are accounted for
approximately 12% and 66% of total alkaloids in kratom leaves grown in Malaysia and
Thailand, respectively (37). Other constituents in kratom leaves include paynantheine
(9%), speciogynine (7%), 7-hydroxymitragynine (2%), and speciociliatine {1%) (34,
38). The alkaloids contributing pharmacological effects are mitragynine and
7-hydroxymitragynine (37, 39). Mitragynine exerts various pharmacological activity (as
described below) while 7-hydroxymitragynine is the minor constituent but also

demonstrates high potency on an opioid receptor, as an analgesic effect (22).

Pharmacological properties of mitragynine

Mitragynine possesses an antinociceptive effect involving on supraspinal
opioid systems (15). In addition, mitragynine involves in both descending noradrenergic
and serotonergic systems of the supraépinal opioid system in the brain (16) and mediates
its effect via p- and 8-opioid receptors (17).

Action on the gastrointestinal tract has been investigated. Studies have shown
that mitragynine inhibits ileum contraction (18) and reduces gastric acid secretion via
inhibition of 2-deoxy-D-glucose (19). Furthermore, it also possesses a stimulant activity
by inhibiting neurotransmitter release from the nerve endings at the vas deferens via
blocking of the neuronal Ca%" channels (40).

Mitragynine also exerts antidepressant action in animals through the restoration
of monoamine neurotransmitter levels, i.e. serotonin, noradrenaline, and dopamine, and
reducing the corticosterone concentration, as indicated by forced swim test and tail
suspension tests (20). '

Mitragynine exhibits an anti-inflammatory effect by suppressing prostaglandin
E2 production via the inhibition of cyclo-oxygenase 2 mRNA and protein expression
(21). Furthermore, it can promote diabetic treatment by increasing the rate of glucose

uptake through glucose transporter stimulation in muscle cells (41).



Interestingly, the molecular targets of mitragynine are able bind to p-opioid
receptors. The compound acts as a partial agonist at p-opioid receptors but as a
competitive antagonist at k- and 6-opioid receptors. Mitragynine is a G-protein-biased
agonist at p-opioid receptor without recruiting the B-arrestin; thus, causing less

respiratory depression while maintaining analgesia (22), as illustrated in Figure 2.

H,ON, Mitragynine
b CH,
\ .
o T G Protein Slgnaling
Analgesic Effects
/ Stimnlamt aerivity
e o Antidepressant

Anti-inflamnmiation

wman  PeArrestin Signaling
foid % X Side Effects
p-opioid receptor (respiratory deprossion,

constipation)
Figure 2 Mechanism of action of mitragynine
Source: Adapted from Kruegel, et al. (22)

Toxicity of mitragynine

The sub-chronic toxicity of mitragynine was also investigated. Orally
administered ‘mitragynine with a dose of 175 mg/kg in mice did not provide a toxic
effect. However, when the dose of mitragynine was increased to 1,300 mg/kg, seizures
in the tested animals were observed with mortality in less than 1 hr. The lethal dose of
mitragynine was 477 mg/kg (42).

Another study has indicated on the effects of sub-chronic exposure to
mitragynine. Following oral administration of mitragynine (1, 10, 100 mg/kg) in rats for
28 days, no mortality or toxic effects were observed as relatively safe at lower doses.
Whereas mitragynine was orally administered in rats with sub-chronic high dose of 100
mg/kg for 28 days, resulted as histopathological, hematological, and biochemical
alterations (43). For histopathological changes, there exposed on brain, liver, and

kidney. Brain abnormalities were observed such as local vacuolation and necrosis of



neuronal cells. Liver was indicated by hepatocytes hypertrophy, dilation of sinusoids,
and hemorrhage in hepatocytes but no necrosis or inflammatory cells filtration. Kidney
was altered such as swollen glomerulus capsule. Therefore, at highest dose in rats for
28 days, there also induced alteration on neuronal cells, acute hepatoxicity, and mild

nephrotoxicity.

Physicochemical properties of mifragynine

Mitragynine is the principle indole alkaloid in the extracts of kratom leaves
(13, 14). The molecular formula of mitragynine is C23H3oN204 and its molecular weight
is 398.50 g/mole, as illustrated in Figure 3 (44). Mitragynine is a white amorphous
powder with the melting point at approximately 102-106 0C (45). Mitragynine is a weak
base (pKa = 8.1) with lipophilic properties (Log P = 1.70) (23).

Figure 3 Chemical structure of mitragynine
Source: Adapted from Zacharias, et al. (44)

Pharmacokinetic properties of mitragynine

The information outlined in this section obtained from the systematic review
that was performed in order to collect the published literature on the pharmacokinetics
of mitragynine. The methodology and results from the systematical review were

subsequently demonsirated in Appendix A.
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The information on pharmacokinetic properties of mitragynine was divided
into 6 main parts: 1) Absorption; 2) Distribution; 3) FElimination; 4) Intravenous
administration in rats; 5) Oral administration in rats; and 6) Oral administration in
humans,

Absorption

In vitro experimental: at 37 °C, mitragynine was moderately stable at neutral
pH (~3.5% degl'adation after 3 hr) but approximately 26% degraded in acidic condition
(pH = 1.2) after 1-2 hr, as presented in Table 2 (23, 24). Being a weak base, mitragynine
was highly solubilized at pH 4.0 and moderately solubilized at pH 7.4 in aqueous
solution, as described in Table 2 (46). Thercfore, mitragynine is highly solubilized and
ionized in the acidic condition, while unionized form can diffuse into the cytosol.
Permeability was investigated either a phospholipid bilayer or coherent monolayers of
Caco-2 cell monolayers (emulating the intestinal barrier) or MDCK (model of the blood-
brain bar11e1) cells, which emulate the intestinal or the blood- b1a1n barriers (47). For
Caco-2 cell monolayers, forward fluxes and reverse fluxes were 235 x 10¢ cm/sec and
27 x 10 cm/sec, which were independent concentration and P-glycoprotein (P-gp) is
an extrusion transporter (24). Corresponding mitragynine fluxes across MDCK cell
monolayers were 15 x 10" em/sec and 17 x 10°6 cm/sec, respectively (24). Flux ratio of
mitragynine was approximately 1, as indicated by passive diffusion through membranes.
Likewise, mitragynine flux through the phospholipid bilayer at pH 4 and pH 7.4 were
0.23 x 106 cm/sec and 11 x 10 cm/sec, respectively (46). The higher penctration in
neutral media accords with the absorption of mitragynine as the unchanged molecular
form. Mitragynine Was rated as diffusible using atenolol, propranolol, caffeine,
catbamazepine, furosemide, and metoprolol, as comparators. Those results are
summarized in Table 3. Thercfore, these bi-directional flux capabilities suggest that
permeability of mitragynine through the membrane is passive diffusion. Furthermore,
mitragynine can be classified as a class II of the Biopharmaceutical Classification
System due to its highly permeable across membranes and lower water solubility (48).

In situ experimental: a single pass intestinal permeability technique was
employed to assess the permeability of mitragynine across the gut epithelium (49). Flux
rates of mitragynine was 1.11 x 10" crn/sec in the absorption direction which compared

favorably with permeably propranolol (1.12 x 10" eny/sec) and atenolol (0.41 x 10*
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cm/sec). Flux rates of mitragynine were unchanged in the presence of the inhibitors of
P-gp (azithromycin) and cytochrome P450 3A4 (ciprofloxacin), suggesting that
absorption of mitragynine is passive and rapid. Additionally, flux rate of mitragynine in
rats was used to predict flux rate of human intestinal permeability. The result was
approximately 4.03 x 10 em/sec, indicating that mitragynine is completely absorbed

into the intestinal membrane.

Table 2 Summary of studies investigating the solubility of mitragynine

Author (Year) Compoundsf Results
Assays
Simulated biological fluids
Assays Concentration (M) RD (%)
Manda, et al, SGF (120 min) 80305 26
{2014 24) SIF (180 min) 10,79+ 0.25 , 3.6
Ramanathan, of  SGF (60 min) 3513 0.5 26
al, (2015) (23) SIF (180 min) 17.57+2.01 35
Agueous solubility determination
Compounds Congentration (uM) pH 4 Concentration (uM) pH 7.4
Mitragynine 130.0+ 0.1 82.7+1.9
Kong, et al. DES 24142 19.3+0.5
{2017} (46) Estriol 89.8 +8.17 86.5+3,0
Furosemide 187.8 £ 1.0 197.5+£3.1

Note: SGE = simulated gastric fluid; SIF = simulated intestinal fluid; DES =
Diethylstilbestrol
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Table 3 Summary of studies investigating the permeability of mitragynine

Papp (107 cn/sec)
Author (Year) Model Compound
Absorptive flux  Secretory flux
Mitragynine (5 pM) 242+2.6 26.3+2.7
Mitragynine (10pM) 253+22 20.1£2.0
Caco-2 cells
Atenolol (200puM) 20406 2.1+04
Manda, et al. Propranolol (200pM) 342426 354119
(2014) (24) Mitragynine (5 uM) 153+ 17 172+ 156
Mitragynine (10uM 162+ 1.8 18.1 £ 1.7
MDCK cells &y (10uM)
Atenolol (200pM) 1.1£0.2 12+0.1
Caffeine (100pM) 2324238 243+15
Mitragynine 0,23 + 0.0005 11.14 £ 0.06
Kong, et al. Carbamazepine .21+ 0.005 0,13 40,002
PAMPA
(2017) (46) Furosemide 0.72 £ 0.008 0.75+0.003
Metoprolol 4.55+ 0,002 4,490,007

Note: Caco-2 cells = human epithelial colorectal adenocarcinoma cells; MDCK cells

= madin-darby canine kidney cells; PAMPA = parallel artificial membrane

permeability assay; Papp = apparent permeability.

Distribution

By equilibrium dialysis, about 95% of mitragynine (5-15 pM) bound to plasma

protein after 24 hr at 37 0C in human plasma (24). In addition, approximately 85% of

mitragynine (10 pM) binds to plasma proteins after 1 hr at 37 9C in human plasma,

determined by ultrafiltration (46). Those studies indicated that mitragynine can

preferentially bind to plasma protein.

Elimination

Effect of mitragynine on drug metabolizing enzymes:

Incubation with liver microsomes or liver S9 fraction using nicotinamide

adenine dinucleotide phosphate (NADPH) or uridine 5'-diphospho-glucuronic acid

(UDPGA) as cofactors, mitragynine was extensively metabolized via phase [ and

moderately via phase II metabolism. Approximately 15-55% of mitragynine was
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metabolized depending on incubation time and conditions (30-120 min), as summarized
in Table 4 (24, 46).

On individual cytochrome P450 (CYP) enzymes, mitragynine enhanced
expression of CYP1A2, CYP3A4, and CYP2D6, as shown in Table 4 (50-53).
Mitragynine induced CYP1A2 and weakly induced CYP3A4, as measured by mRNA
and protein expression (50). In order of potency, mitragynine inhibited CYP2D6 and
weakly inhibited some CYP isoenzymes (51). Identification on pregnane X receptor
(PXR), which is the transcription factor of P-gp and some CYPs, the results showed that
PXR was also upregulated. A common enzyme inducer (aryl hydrocarbon receptor) was
affected but mitragynine can induce only CYP1A2 (52). Notably, mitragynine is
predominantly mediated by CYP3A4, as represented by fraction metabolized:
mitragynine of approximately 67% (53). Other drug metabolizing enzymes influenced
by mitragynine includes aminopyrine N-demethylase, glutathione S-transferase (54),
carboxylesterase (55), and uridine 5’-diphospho-glucuronosyltransferase (UGT) (56,
57), as shown in Table 4. /

For phase II drug metabolizing enzymes, mitragynine weakly inhibited UGT,
as evidence by using 4-methylumbelliferone glucuronidation in recombinant UGT
isoforms (56). However, a study using zidovudine glucuronidation in rat liver
microsome showed that mitragynine strongly inhibited UGT (57). |

The activity of mitragynine on efflux transporters, P-gp (24, 52, 58, 59) and
breast cancer resistance protein (BCRP) (60} was also investigated, as summarized in
Table 4. Mitragynine can inhibit P-gp, as evidence by the accumulation of calcein-AM
in intracellular (24), infective on the P-gp ATPase stimulation (58), and down-regulation
of mRNA expression of P-gp in Caco-2 expression system (59). In addition, mitragynine
can induce P-gp as shown by an increase in mRNA expression, leading to an increase
_ in P-gp activity, and resulting in the reduction of the calcein-AM uptake (52). Those
studies concluded that mitragynine can both induce and inhibit P-gp; thus, co-
administration of mitragynine and drugs which are P-gp substrates may possibly lead to
in drug-herbal interaction. In addition, mitragynine is indicated as BCRP-mediated

transport because of potentially exhibited BCRP ATPase stimulation (60).
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Metabolites of mitragynine:

Mitragynine metabolites were identified via urinary excretion by LC-MS/MS.
After oral dosing of 40 mg/kg mitragynine into rats, urine samples were withdrawn after
24 hr (61). The metabolic pathway is indicated by hydrolysis of the methyl ester in
position 16, O-demethylation of the methoxy group at positions 9 and 17, followed
either by intermediate aldehydes, by oxidation to carboxylic acids, or reduction to
alcohols. Mitragynine also undergoes phase Ii metabolism via glucuronidation and
sulfate conjugation, The conjugated metabolites were identified in urines. Seven phases
[ mitragynine metabolites were identified. Five conjugated metabolites, ie. 4
glucuronides and 1 sulphonate were presumed to be phase II metabolites (identified
from urinary excretion of rats), 3 glucuronidates and 3 sulphonates were found from

human urinary excretion, as shown in Table 5.
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Table 5 Summary of phase I and phase 11 mitragynine metabolites

Metabolites of mitragynine Abbreviation
Phase I metabolites
9-O-demethyl mitragynine 9-0-DM-MG, 2

16-carboxy mitragynine

9.0-demethyl-16-carboxy mitragynine
17-O-demethyl-16,17-dilyydro mitragynine
9,17-O-bisdemethyl-16,17-dihyro mitra gynine
17-carboxy-16,17-dihydro mitragynine
9-O-demethyl-17-carboxy-16,17-dihydro mitra gynine

16-COOH-MG, 3
9-0-DM-16-COOH-MG, 4
17-0-DM-DH-MG, 5
9,17-0-BDM-DH-MG, 6
17-COOH-DH-MG, 7
9.0-DM-17-COOH-DH-MG, 8

Phase TI metabolites

9-O-demethyl mitragynine glucuronide

9-O-demethyl mitragynine sulfate

{6-carboxy mitragynine glucuronide
9-O-demethyl-16-carboxy mitragynine glucuronide
9-Q-demethyl-16-carboxy mitragynine sulfate
17-O-demethyl-16,17-dihydro mitragynine glucuronide

9-0-DM-G-MG, 2G »"
9.0-DM-$-MG, 28
16-COOH-G-MG, 3G *®
9-O-DM-16uCO0H-G-MG, 4G*

" 9.0-DM-16-COOH-S-MG, 48 »"

17-0-DM-DH-G-MG, 5G *

9,17-0-BDM-DH-G-MG, 6G *
9,17-0-BDM-DH-S-MG, 68 *

9,17-O-bisdemethyl-16,17-dihyro mitragynine glucuronide
9,17-0-bisdemethyl-16,17-dihyro mitra gynine sulfate

7 Metabolites of mitragynine could be identified in urinary rats.

b Metabolites of mitragynine could be identified in urinary humans.
Source: Adapted from Phillip, et al. (61)

Intravenous administration of mitragynine in rats

Pharmacokinetics of intravenously administered mitragynine (1.5 and 5 mg/kg)
into rats are summarized in Table 6 (62-64). The maximum plasma concentration (Cmax)
was 10 M at time to reach maximal concentration (Timax) of 1 min (63). In contrast, the
study by Parthasarathy, et al. reported the Cmax of 6 WM at Tmax of 70 min, suggesting
the puzzling slow by using a robust cross-over design and tail vein for sampling (62).
Volume of distribution (Va) varied from 0.8 to 8 L/kg; while clearance (CL) rates varied

from 0.3 to 1.3 L/ht/kg (62-64).
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Kong, et al. used sampling plasma and brain by microdialysis with sampling
periods of 30 min (65). The reported Cuax in plasma was 3.8 pM which equated to 38
uM for whole plasma assuming 90% protein binding, V4 was 9.8 L/kg, and half-life
(ti) was 13 hr (longer than other intravenous studies). In the brain, extracellular fluid
Jevels monitored by dialysis (presumably without protein), Cmax waé 2.3 uM; tia was
longer (13 hr); Va was higher (17 L/kg); and AUChai/ AUCplasma was 0.66, indicating
substantial penetration of the blood-brain barrier and tissue loading.

Oral administration of mitragynine in rats

Absorption of mitragynine is classified as the first-order process as indicated
by proportionally increased dose with increasing Cynax varied from 1-1.8 uM (62, 64, 66,
67). The results of each study are summarized in Table 6. Mitragynine is rapidly
absorbed with an approximate Timax of 1.5 hr (64, 66, 67). However, a delay time of 4.5
hr was noticed (62); which is caused by a variety of mitragynine formulations (i.e. 100%
propylene glycol, pH 4.7 of acetate, 20% Tween 20, 1% Cremophor), This impacts an
absorption process especially the dispersing égents. Apparent volume ‘of distribution
(V4/F) varied from 33 to 90 L/kg, indicating extensive redistribution into tissues (62,
64, 66, 67). Apparent clearance (CL/F) of mitragynine was 1.6 L/hr (7.3 L/hi/kg for
approximately 220 g of body weight) (66), and 6.35 to 7 L/hi/kg (62, 64, 67). In addition,
mitragynine has prolonged and incomplete absorption with low absolute bioavailability
(F = 3%) (62). Whereas, a study by Avery, et al. reported oral bioavailability of
mitragynine (F = 17%) (64), as indicated on the variety formulations that likely impact
on absorption process especially the dispersing agents. All of the studies assumed that

absorption of mitragynine exhibited first-order kinetic behavior.
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Oral administration in humans

Pharmacokinetics of mitragynine was assessed in ten healthy male subjects
(kratom users) (68). These subjects were divided into five groups to receive different
dosing regimens of mitragynine (6.25-11.5 mg) in kratom tea (60 mL) for 7 days. Prior
to loading doses, participants were randomly administered a single oral dose of kratom
tea (60 or 120 mL) containing mitragynine (6.25-23 mg) on the 8 day. For experimental
design, dosing regimens of each human subject arc summarized in Table 7. Blood
samples were collected at 15, 30, and 43 minutes, 1, 1.25, 1.5, 1.75,2,2.5,3,4, 6,9, 12,
19, and 24 hr, Urine samples were also collected during the study period. Mitragynine
concentration levels were analyzed using liquid chromatography-tandem mass
spectrometry (LC-MS). Mitragynine exerts two-compartment disposition kinetics, as
evidenced by a biexponential decline in a semilog plot. A linear correlation between
loading dose and Cmex (R? = 0.6773) as well as arca under the curve from time equals
zero to infinity (AUCo=) (R? = 0.4873) was observed in this study, suggesting that
mitragyﬁine exhibits first-order kinetics. In plasma, Cimax vatied ﬁom 0.007 to 0.04 uM,
as dose-dependent. Tmax was reached at 0.8 hr. The terminal half-life was 23.24 £ 16.07
hr, The average apparent of volume distribution and clearance rates were 38,04 4: 24,32
L/kg and 98.1 + 51.34 L/h/kg, respectively. About 0.14% of unchanged form was

detected in urine, suggesting that it is not extensively excreted in the urine.

Table 7 Summary dosing regimens of mitragynine pharmacokinetic in humans

Dosing regimens  Subjects  Daily doses (day 1-7)  Leading dose (day 8) Total doses

H 3 6.25 mg per day 12.5mg 56.25 mg
11 2 6.25 mg per day 6.25mg 50mg
111 1 9.96 mg per day 19.92 mg 89.64 mg
IV 3 9.96 mg per day 9.96 mg 79.68 mg
v 1 11.50 mg per day 23 mg 103.5 mg

Source: Adapted from Trakulsrichai, et al. (68)



23

Physiologically based pharmacokinetic (PBPK) model

Definition of PBPK model

PBPK model is a computational tool that provides a mechanistic approach for
predicting absorption, distribution, metabolism, and excretion of the interested
substance (either synthetic or natural chemical substances) based on physiological,
biochemical, and physicochemical parameters. PBPK models can predict concentration-
time profiles of the interested substance in several tissues of interest. Apart from that,
PBPK models are well-known for extrapolation across species. In addition, PBPK
models can be employed to simulate pharmacokinetic profiles in various physiological
conditions (25, 69).

Applications and limitation of the PBPK model

Classical pharmacokinetic models are used to describe the compound
disposition by dividing the whole body into one or multiple compartments, Generally,
the number of compartments depends on rate of compound distribution into tissues. For

| example, if the compound is rapidly distributed into all.tissues, the pharmacokinetics of
that compound is then characterized with a l-compartment. However, the main

limitation of this pharmacokinetic model is that it cannot be extrapolated across species
because it is not based on physiological properties (70, 71).

Notably, PBPK modeling is widely used in the environmental toxicology and
risk assessment as well as in pharmacology. It also involves in an carly stage of drug
development and clinical study (25). PBPK models differ from one or multiple
compartment models in that it represents physiological, physicochemical, and also
biochemical process in the species of interest (72). Especially, PBPK models correlate
between substance-dependent and physiologically-dependent that are extensively used
to estimate drug kinetics with different species or different routes of administration. The
PBPK models; however, have some limitations in that they require comprehensive
information such as physiological, biochemical and physiochemical data, These data are
sometimes inconsistent among different sources. Occasionally, certain data are not

available, and laboratory work needs to be conducted (73).
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PBPK model development

Model representation and mathematical descriptions

Firstly, components of PBPK model consists of the pre-selected relevant
tissues, generally include the target tissues, the eliminating tissues, as well as compound
storage tissues. These tissues are linked together by the circulation blood system (71,
72).

Secondly, each compartment is described by a unique differential equation.
The mathematical representations are detived from the law of mass action, The principle
equation for the rate change of the substance in tissue compartment versus time (dCr/dt)
is performed. The differential equation of each tissue compartment is assumed as
perfusion-limited or flow-limited model and/or permeability-limited or diffusion-
limited model (73-75).

Flow-limited model is employed with an assumption that distribution of
substance to the tissue compartments is achieved at equilibrium between tissue and
blood and the distribution is limited by the blood flow rate to the tissues (76, 77). The
equation of the flow-limited model is described as following:

%‘ = Qr* (€4 — Cyr) = Qr * (CA a i—:) Equation 1
where dAt/dt is the rate of change of the substance in the tissue; Qr is the blood flow
rate to the tissue; Ca is the substance concentration in arterial blood entering the tissue;
Cvr is the substance concentration in the venous blood leaving the tissue; Cr is the
substance concentration in the tissue; and Pr is the partition coefficient of the compound
in the tissue.

~ Diffusion-limited model is generally employed when the rate of substance
distribution across membrane is limited by diffusion process. This model can be divided
into two sub-compartments including the vascular and extravascular space (76-78), The

equation of the diffusion-limited model is described as following:

dA C .
2 = Q% (Ca— Cry) + PAr» (ﬂ —Cr v) Equation 2
dt ’ Pr '
dAT,E ’ CT,E i
T8 PAr s (CT,V _ ?T_) Equation 3
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where dArv/dt and dATp/dt represents the rate of change of substance in the vascular
and extravascular tissue; Vry and Vrg are the volumes of the tissue vascular and
extravascular space; Cr,v and Cr.g are the substance concentration in the tissue vascular
and extravascular; and PAris the diffusion permeate constant of the tissue.

Model parameterizations

Components of PBPK. model consist of the tissues which are represented by
specific compartments. In PBPK model, input parameters are required to solve
differential equation; thus, there are divided into three types including the physiological
specific properties (organ volumes or mass, tissue compositions, blood flow rates),
physicochemical specific properties (plasma protein binding, tissue-to-plasma
distribution or partition coefficient) and biochemical properties (membrane transporter,
enzymatic activity, rate of absorption) (25, 69, 71, 73).

1. Physiological parameters

Physiological parameter values arc varied among species and depend on
body weight which is set to standard reference values for the rat (0.25 kg) and human
(70 kg). Physiological parameter values such as tissue volumes (VT), blood flow to
tissues (Qr), and cardiac output (Qc) are obtained from published literature by Brown,
et al. (79).

Tissue mass balances are represented as percentage of average body
weight, as shown in Table 8. These values require mass-to-volume conversion with the
assumption of unity density, which approximately equals to 1 (79). Typically, tissue
volumes are expressed as unit of liter (L) that is readily calculated by multiplying the
body weight with the corresponding fractional \}olume of tissue.

Tissue blood flow rates are represented as percentage of cardiac output, as
shown in Table 9. Cardiac output values in rats and humans are calculated using blood
flow fraction constant (80) and are scaled up with body weight to the power function

exponent of 0.75 (81).



Table 8 Fractional volumes of certain tissues in rats and humans
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Tissue Rats* Humans®
Adipose ~7.0 214
Bone 7.3 14.3
Brain 0.6 2.0
Gastrointestinal tract 2.7 1.7
Heart 0.3 0.5
Kidneys 0.7 0.4
Liver 34 2.6
Lungs 0.5 0.8
Muscle ' 40.4 40.0
Skin 19.0 3.7
Gastrointestinal tract contents ~5.0 1.4
Blood 7.4 7.9
Rest of body ' 57 33
Total 100.0 100.0

* All values are expressed as percentage of average body weight.

Source: Adapted from Brown, et al. (79)
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Table 9 Regional blood flow distribution for rats and humans

Tissue _ Rats* Humans*

Adipose 7.0 5.2
Adrenals 0.3 -
Bone 12,2 4.2
Brain 2.0 11.4
Heart 5.1 4.0
Kidneys | 14.1 175
Liver (Total) 18.3 22.9

Hepatic artery 2.1 -

Portal vein 15.3 18.1
Lung 2.1 -
Muscle | 278 19.1
Skin | 5.8 5.8
Thyroid ; - 1.6

* All values are represented as percentage of cardiac output.
Source: Adapted from Brown, et al, (79)

2. Physicochemical parameters

Tissue disposition varies depending on chemical propetties. The primary
physicochemical parameters refer to tissue-plasma partition coefficients, which
represent the distribution of a substance between tissues and blood at equilibrium (82).
Predicted values of tissue-plasma partition coefficients (Pyp) can be calculated using a
conceptual equation developed by Poulin, et al. (82). The estimation concept developed
by Poulin, et al. is that at steady state condition, the drug is homogeneously distributed
into tissue by a passive diffusion process. In this process, certain input parameters are
required including substance-specific parameters (lipophilicity, fraction unbound of
plasma protein} obtained from in vitro experiment and species-specific parameters
referred to as the fractional composition of the wet tissues obtained from the literature,

as shown in Table 10. Values of fraction unbound (f,) are quantified using specific
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reversible binding to plasma proteins obtained from 7 vitro experimental technique.

Values of Py, for both non-adipose and adipose tissues are described as followed:

Pt:p non—-adipose —

 [Posw X (Ve + 0.3Vpne)] +[1 X (Vo + 0.7Vyne )] y fuy

Poaw X (Vg + 0.3Vonp)] + [1% (Vip + 0.7Vpnp)]  fite

. [Do:w X (ant + O-SVpht)] + [1 X (th + 0-7Vpht)] X fup

P , foore
tpadipose = Tp o Wty + 03V )] + 11X (p + 0.7Vpnp)] 1

Equation 4

Equation 5

where Pow, Dow is the antilog of the log n-octanol;water partition coefficient and

oil:buffer partition coefficient, V is the fractional tissue volume content of neutral lipids

(nl), phospholipids (ph), and water (w), t is the tissue, p is the plasma, fup is the unbound

fraction in the plasma, fuy is the unbound fraction in the tissue that calculated using the

equation; fug= 1/ (1 -+ (((1-fup)/ fup*0.5).

Table 10 Fractional compositions of certain tissues in rats and in humans

Volume fraction of wet tissue weight

Tissue Water (Vw) Neutral Lipids (Vi) Phospholipids (Vpn)
Rats Humans Rats Humans Rats Humans
Adipose 0.12 0.18 0.853 0.79 0.002 0.002
Bone 0.446 0.439 0.0273 0.074 0.0027 0.0011
Brain 0.788 0.77 0,0392 0.051 0.0533 0.0565
Gut 0.749 0.718 0.0292 0.0487 0.0138 0.0163
Heart 0.779 0.758 0.014 0.0115 0.0118 0.0166
Kidney 0.771 0.783 0.0123 0.0207 0.0284 0.0162
Liver 0.705 0.751 0.0138 0.0348 0.0303 0.0252
Lung 0.79 0.811 0.0279 0.003 0.014 0.009
Muscle 0.756 0.76 0.01 0.0238 0.009 0.0072
Skin 0.651 0,718 0.0239 0.0284 0.018 0.0111
Spleen 0.771 0.788 0.0077 0.0201 0.0136 0.0198
Plasima 0.960 0.945 0.00147 0,0035 0.00083 0.00225

Source: Adapted from Poulin, et al. (82)
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3. Biochemical parameters

For biochemical parameter, it consists of absorption rate constants,
metabolic parameters (i.e, first-order or second-order kinetics, Michaelis-Menten
kinetic), and transpotter activity (69, 74). These values are obtained from the published
literature and are optimized from appropriate studies by visually comparing simulations
with the selected dataset. These parameters can be estimated from in vivo studies or can
be used an appropriate in vifro-in vivo exirapolation to scale up from in vitro studies to
in vivo (81).

The metabolism rate is generally described by Michaelis-Menten kinetics.
The reported rate of maximum velocity of metabolism (Vimax) are varied depending on
the experimental system. Data from in vifro experiments are required to be scaled up to
whole tissue with scaling factors such as cither microsomes, hepatocytes, or liver weight
in gram of body weight, depending on species. Michaelis-Menten constant (Km) value
- is used directly with conversion to appropriate units for running the model because it is
| expressed as concentration in venous at equilibrium with liver (83).

Model evaluation

PBPK models are developed using scveral differential equations performed by
programming language (coding). Model evaluation is considered the ability of the
model to predict the pharmacokinetic behaviors of the compounds. The adequacy of
model parameters are evaluated based on comparison the results of model simulation
with experimental data. Evaluating of the PBPK model has involved by visually
inspection of the plots of model simulations compared to experimental values against a
variance analysis. Optimization is offered using computer software leading to estimate
unknown parameters from experimental data.

Regardless, sensitivity analysis is assessed to quantify how input parameters
influence the output or to describe the relative importance of each input parameter that
actual impact of changes in individual parameters on the output of model simulation.
Model validation is defined as the process that assesses the adequacy and consistency

of a model in predicting the kinetic behavior of the chemicals (84).



CHAPTER III

RESEARCH METHODOLOGY

This chapter represents the methodology employed in this study. The PBPK
model development of mitragynine is divided into 6 main parts: 1) Characteristics of
selected pharmacokinetic studies, 2) Conceptual PBPK model structure,
3) Mathematical representations, 4) Model parameterizations, 5) Computer software,

and 6) Sensitivity analysis. The detail on each step is described below.

Characteristics of selected pharmacokinetic studies

In order to develop a PBPK model of mitragynine, a systematic review was
performed to collect pharmacokinetic data of mitragynine from the published literature,
as described in Chapter 2 (literature review). From literature ‘searching, two
pharmacokinetic studies in rats (64, 65) and one pharmacokinetic study in humans (68)
were retrieved. The related studies are described below.

In the study by Kong, et al. (2017), six female Sprague-Dawley rats were
intravenously administrated with a single dose of 10 mg/kg of mitragynine. Serial
concentration levels of mitragynine were determined in plasma and in the brain every
30 min up to 7.5 hr. Mitragynine concentrations were determined using a microdialysis
. technique and an ultra-fast liquid chromatography-mass spectrometry (UFLC-MS) (63).

In another study by Avery, et al. (2019), six male Sprague-Dawley rats were
orally administered with a single dose of 20 mg/kg mitragynine. Subsequently, serial |
blood samples were collected at the following time points: 0.083, 0.167, 0.25, 0.33, 0.5,
1,2,4,6,8,12, and 24 hr. Samples were determined using an ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS) (64).

To date, only one study concerning mitragynine pharmacokinetic in ten human
subjects (kratom users) was identified (68), as shown in Table 7. Through personal
communication, only five concentration-time profiles of mitragynine in plasma were
obtained from the authors. Dosing schedule of five human subjects is summarized in
Table 11, In brief, serial plasma samples were collected at 15, 30, and 45 minutes, 1,

1.25, 1.5, 1.75, 2, 2.5, 3, 4, 6,9, 12, 19, and 24 hr post-kratom tea administration.
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Individual plasma mitragynine concentrations were withdrawn by microdialysis
technique and analyzed the mitragynine concentration levels using liquid

chromatography-tandem mass spectrometry (LC-MS).

Table 11 Summary dosing regimens of mitragynine in five human subjects

Regimen Subject Daily doses (day 1-7)  Loading dose (day 8) Total doses

I 1 9.96 mg per day 9.96 mg 79.68 mg
[ 2 9.96 mg per day 9.96 mg 79.68 mg
| 3 9.96 mg per day 9.96 mg 79.68 mg
|l 4 9,96 mg per day 19.92 mg 89.64 mg
Il 5 11,50 mg per day 23 mg 103.5 mg

Source: Adapted from Trakulsrichai, et al. (68)

Conceptual PBPK model structure of mitragynine

A schematic representation of the conceptual PBPK model structure of
mitragynine is illustrated in Figure 4. The whole-body PBPK model is described as a
set of tissue compartments corresponding to tissues such as lung, fat, brain, slowly
perfused tissues, kidney, and liver, which linked together by the circulatory blood
system. A list of tissue compartments and their assumptions in the current PBPK model
of mitragynine are described below:

1. Lung compartment represented as an interchange of the arterial and venous
blood in the series with all other compartments.

2. Fat compartment represented as a storage tissue.

3. Brain compartment represented as a target tissue.

4. Slowly perfused tissues compartment represented as a slow- rate of
distribution (muscle).

5. Kidney compartment represented as rapidly perfused tissues.

6. Liver compartment function as a metabolizing organ.
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Features of the PBPK model of mitragynine included: 1) protein-mediated
transport in the brain; 2) enzyme-mediated metabolism in the liver; and 3) a diffusion-
limited transport in the fat compartment. In the brain, protein-mediated transport was
characterized by BCRP-mediated efflux transporter, which plays an important role in
the disposition of mitragynine in the brain (60). In the liver, metabolism of mitragynine
was assumed to solely occur in the liver. The hepatic CYP3A4 is an enzyme responsible
for the metabolism of mitragynine which accounted for approximately 67% (51, 53).
Initially, the flow-limited model was assumed for all tissue compartments, However, it
was not adequately captured the plasma concentration-time course of mitragynine.
Subsequently, the disposition of mitragynine in the fat compartment was assumed to be
diffusion-limited model, which was divided into two sub-compartments (vascular and
extravascular). Following this model structure, intravenous adminisiration was
developed first, while an oral administration was employed model structure as same

intravenous model.
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Figure 4 A schematic representation of the physiologically based

pharmacokinetic (PBPK) model structure for mitragynine
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Mathematical representations of the PBPK model for mitragynine
1. Route of administrations
The amount of mitragynine in the circulation system following an

intravenous administration (Inputiv) was described as follow:

Dose + BW

“Timer Equation 6

Input,v =
The amount of mitragynine in the circulation system following an oral

administration (Inputera1} was calculated as follows:
Input,,q = ke * Agy : Equation 7
Agy = Dose x BW x F Equation 8

where Dose is thé mg per kg of body weight; BW is the body weight (kgj; Timeyy is the
duration period of the injection (hr); Acu is the amount of mitragynine in the gut lumen
after oral administration (pg); ka is the absorption rate constant (1/hr); and F is the
bicavailability (%).
2. Venous and arterial blood

~ The rate of change of mitragynine in the venous blood (dAv/dty was

calculated as follows:
dA,

wTa Qr * Cyp + Qpr * Cypr + Qsp * Cysp + Qs * Cyxy + Qi * Cypy — QC + Cy

Equation 9

The rate of change of mitragynine in the arterial blood (dAa/dt) was

calculated as follows:

dA ' ‘
_d_;' = QC * CALU - CA * (QF + QBR + Qsp + QK + Q“) Equatlon 10
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where QC is the cardiac output (L/hr); Cv and Ca are the concentration of mitragynine
in the venous blood (ug/L) and arterial blood (ug/L); Caru is the concentration of
mitragynine in the arterial blood leaving the ung (ug/L); Qr, Qsr, Qsp, Qki, Quiare the
blood flow rate into the fat, brain, slowly perfused tissues, kidney, and liver (L/hr); and
Cyr, Cver, Cvsp, Cvkr, Cyir are the concentration of mitragynine in the venous blood

leaving the fat, brain, slowly perfused tissues, kidney, and liver (ug/L).

3, Lung
The rate of change of mitragynine in the lung (dAru/dt) was calculated as
follows:
dAyy
T\ QC * (Cy — Cav) Equation 11
Cary = &E T

Py Vig* Py

where Aryis the mass of mitragynine in the lung (pg); Cru is the concentration of
mitragynine in the lung (ug/L); Vv is the volume of the lung (L); and Pru is the partition
coefficient of mitragynine in the lung.
4, Fat
The rate of change of mitragynine in the fat (dAg/dt) was calculgted as follows:

Vascular space

dAr Cy )
LY = Qp x (Co— Cry) + PAp + ( = — C V) Equation 12
dt ’ Pp '
Apy
Crw = Ve xVpy

Extravascular space

dAF,E
dt

= P4y = (CF,V - %) Equation 13

e Arr
FE " Vo (1 —Vgy)
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where dArv/dt and dApg/dt are the rates of change of mitragynine in the fat vascular
space and exiravascular space (ug); Cr,v and Cr are the concentration of mitragynine
in the fat vascular space and extravascular space (ng/L); VEyv is the fraction of vascular
space in fat (L); PAr is the fat diffusion permeate constant; and P is the partition
coefficient of mitragynine in the fat compartment.
5. Brain
The rate of change of mifragynine in the brain (dAsr/dt) was calculated as

follows:

dAgp dApcrp

dt = {pg * (CA - CVBR)"' It Equation 14

Conp = Elﬁ = ____ABR
VER ™ Por Vgr* Py

where Apg is the mass of mitragynine in the brain (ﬁg); Cpr is the concentration of
mitragynine in the brain (ug/L); Var is the volume of the brain (L); and Ppr is the
partition coefficient of mitragynine in the brain.

In the brain, involvement of BCRP-mediated transport of mitragynine was

incorporated. A Michaelis-Menten kinetic behavior was described as follow:

dA .
%ﬂ = (V1ax scre * Cver)/ (Km scre + Cvar) Bquation 15

where dApcrp/dt is the rate of change of mitragynine efflux transport; Vmax_pcre is the
maximum velocity of BCRP (umole/hr); and Kn_pcre is the Michaelis-Menten constant of
BCRP (pmole/L).
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6. Slowly perfused tissues
The rate of change of mitragynine in the slowly perfused tissues (dAsp/dt)

was calculated as follows:

+

dt

= Qsp * (Ca— Cysp) Equation 16

C =@’.=_ﬁp_
YSP T Pop T Vsp * Pgp

where Asp is the mass of mitragynine in the slowly perfused tissues (ug); Cse is the
concentration of mitragynine in the slowly perfused tissues (jg/L); Vsp is the volume of
the slowly perfused tissues (L); and Psp is the partition coefficient of mitragynine in the
slowly perfused tissues.
7. Kidney
The change in the mass of mitrégynine over time in the kidney (dAxi/dt)

was calculated as follows:

dt

= Qrr * (Cs — Cyxi) Equation 17

ool Ak
VKU Py Vigr * P

where Axiis the mass of mitragynine in the kidney (ug); Cxr is the concentration of
mitragynine in the kidney (ug/L); Vi is the volume of the kidney (L); and P is the
partition coefficient of mitragynine in the kidney.
8. Liver
The rate of change of mitragynine in the liver (dAr/dt) was calculated as
follows:
dAp;

g = Qu x (G CGyu) — Mety Equation 18

Corr = & _ _Au
YHT Py T Vi Py
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where Arris the mass of mitragynine in the liver (ug); Cu is the concentration of
mitragynine in the liver (g/L); Vi is the volume of the liver (L); and Py is the partition
coefficient of mitragyning in the liver.

In the liver, hepatic enzyme-mediated metabolism of mitragynine was
assumed by CYP3A4, To describe the hepatic CYP3A4-mediated metabolism process,

a Michaelis-Menten kinetic behavior was employed and described as follow:

dAcypaas _ (

dt Vinax_cvpzas * Cvrr)/ (Km_cypaaa + Cyir) Equation 19

whete Vimax_cvpias is the maximum velocity of CYP3A4 (umole/hr); Km cypsas is the

Michaelis-Menten constant of CYP3A4 (umole/L).

Model parameterizations

All parameters acquired in the developed PBPK model of mitragynine are
shown in Table 12. In this model, fhe body weight for rats and humans were assumed
to be 0.25 kg and 70 kg, respectively. The model parameterization was divided into 3
categories, i.e. physiological, physicochemical, and biochemical parameters.
The physiological parameters including tissue volumes and blood flow rates both in rats
and in humans were determined from the published study report by Brown, et al. (79).
For physicochemical parameters, the partition coefficients of mitragynine in each tissue
were calculated based on computational approach proposed by Poulin, et al. (2002) (41).
This method was based on tissue compositions and specific chemical characteristics of
the chemical. The biochemical parameters describing kinetic behaviors including the
maximum velocity (Vma) and Michaelis-Menten constant (Km) of protein-mediated
transport and hepatic enzyme-mediated metabolism, fat diffusion permeation constant
(PAFC), particularly absorption rate constant (ka), and bioavailability (F) were obtained

using the optimization process in Berkeley Madonna software.



38

Table 12 Parameters used in the developed PBPK model of mitragynine

Parameter (unit) Symibol Rat Human
Reference body weight (kg) BW 0.25 70
Tissue volume (L/kg)
Lung Viu 0.005* 0.08°
Fat Vr 0.07° 0214
Brain ViR 0.006* 0.02°
Slowly perfused tissues Vsp 0.404° 04°
Liver Vu 0.007* 0.004°
Kidney Vi 0.034° 0.026*
Venous blood Vy 0.0544° 0.0514°
Arterial blood Va 0.0272°2 0.0257°
Tissue blood Flow (L/hr)
Cardiac oufput QC 5.30° 363.01°
Fat | Qr 0.07° 0.052°
Brain Qsr 0.02° 0.114°
Slowly perfused tissues Qsp 0.278* 0.191°
Liver Qu 0,141° 0.175*
Kidney Qx1 0.183° 0.227*
Fraction of blood in fat FVBF 0.02° 0.02°
Molecular weight (g/mole) MW 398.50
Tissue partition coefficient
Lung Pru 1.12¢ 0.52°¢
Fat Pr 4.37°¢ 3.64°
Brain Prr 0.86¢ 2°¢
Slowly perfused tissue Psp 0.74°¢ 0.98¢
Liver Py 0.96°¢ 0.98°
Kidney Pxt 0.98°¢ 1.37°¢
Binding affinity (umole/L)
Breast cancer resistance protein K nere [1# 14°¢
CytochromeP450 3A4 Kum_cypas 858 103.3f

Maximum velocity (pmole/hr)

Breast cancer resistance protein Vmax_BCRP [.78 _ *
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Table 12 (cont.)
Parameter (unit) Symbol Rat Human
CytochromeP450 3A4 Vinax_CYPIA4 038 *
Fat diffusion rate constant (L/hr/kg of tissue) PAFC 1.58 *
Absorption rate constant (1/hr) ka 0.58 *
Bioavailability E 0.088 *

? Calculated from Brown, et al, (79)

® Adapted from Tornero-Velez, et al. (85)

¢ Calculated from Poulin, et al. (82}

d Adapted from Yusof, et al. (86)

¢ Adapted from Wagmann, et al, (2018) (60)
f Adapted from Hanapi, et al. (2013) (51)

& Optimized values from Berkeley Madonna software

Note: (*) Individual values of these parameter values are summarized in

Table 13

Table 13 Individual eptimized parameter values in the developed PBPK model

of mitragynine in human subjects

Parameter (unit) Symbol Subject
2 3 4 5

Maximum velocity (pmole/hr)

Breast cancer resistance protein Vumax pere 325 75 149 312 115

CytochromeP450 3A4 Vs cyesas 41 19 37 53 27
Fat diffusion rate constant PAFC 1 1.8 0.5 0.9 1.2
(L/hr/kg of tissue)
Absorption rate constant (1/hr) ka 22 0.7 1.7 2 1.5
Bioavailability F 021 04 012 018 036
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Computer software for model development

The PBPK model was constructed using Berkeley Madonna Software
(developed by Robert Macey and George Oster of the University of California at
Berkeley, version 8,3.18). This software was used to simulate, to analyze the sensitivity
of the input parameters corresponding to the output, and to optimize the parameter
values. The results of model simulation were compared with experimental dataset
obtained from the selected pharmacokinetic studies. Plots of concentration versus time
appeared in each experimental study were extracted using WebPlotDigitizer (version

4.1) which free online website.

Sensitivity analysis

In this model, sensitivity analysis was performed to prioritize the effect of each
input parameter on certain output paramecters (i.e. concentration-time course of
mitragynine in the plasma). The sensitivity coefficient (Sp ) for parameter (p) at time

(t) was calculated using the following formula:

Gy — Cin

Spy = 7 Equation 20

where Ciqy was the output parameter of mitragynine levels in the venous blood, arterial
blood, lung, fat, brain, slowly perfused tissues, kidney, and liver using the initial
parameter value at time (t), Caq) was the output with a 1% increase of the parameter
value at time (t), and A was equal to 0.001*P. The sensitivity coefficient was analyzed
after the starting point. Each parameter was considered with the sensitivity coefficient
of = 10 or < - 10 during the analysis period of simulation and observation data were

deemed as equivalent dose.



CHAPTER 1V

RESULTS

This chapter represents the results of this study. The results were divided into
5 sections as follows: 1) PBPK model development of mitragynine; 2) PBPK model
simulations of mitragynine in rats following a single dose intravenous administration;
3) PBPK model simulations of mitragynine in rats following a single dose oral
administration; 4) PBPK model simulations of mitragynine in humans following orally
repeated dose administration; and 5) Sensitivity analysis of the PBPK model simulation
of mitragynine both in rats and in humans. Thé details for each section are described

below.

Section I: PBPK mode¢l development of mitragynine .

A conceptual PBPK model of mitragynine was illustrated in Figure 4. The
model structure comprised of 6 tissue compartments including lung, fat, brain, slowly
perfused tissues, kidney, and liver. All tissue compartments were described using a
flow-limited assumption, except the fat compartment which was described as a
diffusion-limited assumption. Initially, the fat tissue compartment followed as a flow-
limited assumption like all other model compartments. The simulating results of
mitragynine in fat compartment showed in Figure 5. However, the initial model failed
to describe the available dataset such as plasma and brain, as presented in Figure 6 and
Figure 7. As result, a diffusion-limited behavior of mitragynine transport within the fat
compartment was introduced. The performance of the developed PBPK model under
this newly introduced assumption was significantly improved, as shown in Figure 8.

After the model was modified, the PBPK model of mitragynine features
1) BCRP-mediated transport involved in the brain; 2) hepatic CYP3A4-mediated
metabolism incorporated into our developed model; and 3) a diffusion-limited transport
in the fat compartment. Model parameters acquired from published data as well
as optimized parameter values for both rats and humans are summarized in Table 12 and

Table 13.
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The simulation results obtained from the developed PBPK model of
mitragynine could describe the mitragynine concentration-time courses in plasma and
in the brain of the experimental data acquired from selected pharmacokinetic studies
conducted in rats following a single dose of intravenous administration (65). Then,
PBPK model development of mitragynine could describe mitragynine concentration-
time courses in plasma following a single dose oral administration in rats (64), and
repeated oral dose administration in humans (68). Based on published pharmacokinetics
of mitragynine, tissue disposition is not readily available except plasma and brain
concentration-time courses of mitragynine in rats (65). Subsequently, this model could
predict mitragynine concentration levels in other tissue compartments such as lung, fat,
slowly perfused tissues, kidney, and liver both in rats and in humans but further
experimental design on the tissue disposition of this compound should be conducted to
be able to compare with those simulating results of the developed mitragynine PBPK.

model.
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Section 1I: PBPK model simulation of mitragynine in rats following a single dose
of intravencus administration

This model successfully described the mitragynine concentration-time courses
in plasma and in the brain of rats receiﬁng 10 mg mitragynine per kg body weight
through intravenous administration, as shown in Figure 8 and Figure 9. Model
simulations of mitragynine concentration levels in plasma and in the brain can
satisfactorily describe the experimental data acquired from the study by Kong, et al.
(65). According to these simulating results, predicted Cmax of mitragynine in plasma and
in the brain are 19.67 and 18.41 pg/mL, respectively. While the observed datasets for
assuming 90% protein binding, Cinax of mitragynine in plasma and in the brain are 15.2
and 9.2 pg/mL, respectively (65). In addition, the observed and predicted AUCo.t of
mitragynine in plasma are 34.7 and 35.20 pg.hr/mL, respectively. While, the observed
and predicted AUCq. of mitragjnine in the brain are 22.4 and 27.34 pghr/mL,
respectively.

" The ratio of mitragynine concentration in the' brain and in plasma
(AUCbrain/ AUCplasma) from experimental study and simulating results are 0.65 and 0.77,
respectively. These results suggested that mitrgynine can penetrate across the blood
brain barrier into the brain. The average percentage difference between the observed
data and simulating results of in plasma and in the brain are 1.82 and 8.52 %,
respectively.

The developed PBPXK model was employed to simulate the disposition of
mitragynine in rat tissue compartments such as lungs, fat, slowly perfused tissues,
kidney, and liver, as demonstrated in Figure 10. Those simulating results showed that
concentration levels of mitragynine relatively decreased over time for all of those tissue
compartments. However, mitragynine concentration levels in the fat compartment was
higher with a substantially lowered rate elimination compared to those in other organ

compartments,
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Section ITI: PBPK model simulation of mitragynine in rats following a single dose
of oral administration

Our mode! outputs are compared to the observed plasma concentration-time
courses in rats orally administered single dose 20 mg mitragynine per kg body weight,
which acquired from the reported by Avery, et al. (64). Model simulation and observed
plasma mitragynine concentration levels are presented in Figure 11. The observed and
predicted Cmax of mitragynine in plasma are 0.45 and 0.76 ug/mlL, respectively. While
the observed and predicted Tmex of mitragynine in plasma are 1.5 and 1.62 hr,
respectively. In addition, the observed and predicted AUCo. of mitragynine in plasma
are 2.88 and 4.3 pg.hr/mL, respectively.

From model simulation of mitragynine in the brain of rats, predicted Cmax, Tmax,
and AUCo. are 0.4 ug/mL, 1.63 hr, and 2.22 pghr/mL, respectively (Figure 12).
According to simulating results of mitragynine in the brain and in plasma, ratio
AUChain/ AUCptasma of mitragynine is about 0.5,

In addition, phérmacokinetic parameters of mitragynine are determined such
as Crax, Tmax, and AUCo.; in all tissue compartments, Simulating results of mitragynine
concentration levels in lung, fat, slowly perfused tissues, kidney, and liver with
predicted Cex are 0.85, 2.7, 0.8, 1.04, and 1.15 pg/mL, respectively (Figure 13). The
predicted Tmex in those tissue compartments are 1.62, 4.27, 1.68, 1.62, and 1.5 hr,
respectively. The predicted AUCo. of mitragynine in those tissue compartments are
4,82, 26.12, 4.53, 5.88, and 6.38 pg.hr/mL, respectively. Interestingly, mitragynine
congentration level in the fat compartment are significantly higher and persist longer

may be due to a much higher partition coefficient values of the fat.
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Section IV: PBPK model simulation of mitragynine in humans following orally
repeated dose administration

Model simulations are compared to the observed datasets acquired from the
study by Trakulsrichai, et al. (68). Five human subjects were orally administered 3
different dosing regimens of mitragynine in the form of kratom tea, as summarized in
Table 11. Our model outputs can satisfactorily describe the individual plasma
concentration-time profiles in five human subjects, as presented in Figure 14-18. From
model outputs, predicted Cmax, Tmax, and AUCox (7.3) of mitragynine in plasma and in
the brain are determined to define rate and extent absorption, as presented in Table 14.
For plasma concentration-time course in five human subjects, those simulating results
compared to the individual observed data from the study by Trakulstichai, et al. The
average percentage difference between the observed datasets and simulating results is
in the range of 1.9-54 %.

Providing that the developed model can adequately predict mitragynine
concentration levels in the brain then détermined Cinax, Tmax, and AUCo. p7.8), as
presented in Table 14, These simulating results showed that predicted Cmax and AUCo-
(n7-5)of mitragynine in the brain found to be 2 times higher than in plasma both observed
datasets and model simulations in plasma. In addition, predicted ratio

AUChrain/ AUCplasma, (p7-8) of mitragynine is in the range of 1.6-2.2, respectively,
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Section V: Sensitivity analysis of the PBPK model simulation of mitragynine both
in rats and in humans

Sensitivity analysis was conducted both in rats and in humans. The sensitivity
analysis of the input parameters values on mitragynine plasma concentration levels was
determined at various time points in rats following a single intravenous dose (10 mg/kg),
as shown in Figure 19. Whereas a single oral dose administration (20 mg/kg) is
- illustrated in Figure 20. Effects of the potential input pa1'a1ﬁeters on plasma
concentration levels of mitragynine are presented in Table 15,

In rats administered with a single-dose intravenous administration (10 mg/kg),
at 15 min post-administration, the partition coefficient of mitragynine in the slowly
perfused tissues (Pse) had the strongest effect on the mitragynine plasma concentration
levels, followed by the partition coefficient of mitragynine in the liver (Pur) which had
a moderate effect. At 2 hr post-mitragynine administration, parameters related to protein
kinetics, the maximum velocity of BCRP-mediated transport (Vinax_scre) had a stronger
effect than the maximum Vélocity of hepatic CYP3A4-mediated metabolism |
(Vmax_cye3as). The fat diffusion permeate constant (PAFC) had a moderate effect on the
plasma concentration of mittagynine.

Following a single oral dose of mitragynine (20 mg/kg) in rats, at 1 br post-
administration, Psp had the most prominent effect on mitragynine plasma concentration.
For instance, at 4 hr post-mitragynine administration, Viax_ncre and Vimax_cyeias had
moderate effect, while the PAFC had a minimal effect as compared to those input
parameters, :

In PBPK model of mitragynine in humans, the sensitivity analysis of the certain
input parameter values on mitragynine plasma concentration levels in each human
subject are presented on day 1 and day 8 at various time points followed by the multiple
dosing of mitragynine, as summarized in Table 16. From sensitivity analysis results in
five human subjects, the most sensitive input parameter on the rate of change of
mitragynine plasma concentration levels is Psp, while the partition coefficient of

mitragynine in the brain (Ppr) and P11 had moderate effects.
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CHAPTER Y
DISCUSSION AND CONCLUSION

Discussion

In this study, we conducted a PBPK mode! of mitragynine which is the first
PBPK model of the potent psychoactive alkaloid in kratom leaves. A prominent feature
of this PBPK model included 1) incorporating of the BCRP-mediated transport process
in the brain, 2) involvement of hepatic CYP3A4-mediated metabolism in the liver, and
3) integrating of the diffusion-limited transport in the fat compartment.

The target tissue of the mitragynine phélmacological effect occurred in the
central nervous system, which provided an analgesic effect (15). Our model could
provide an accurate prediction of brain concentration levels; therefore, biologically
relevant process (i.c. BCRP-mediated transport) in the brain was described. According .
to relativity affinity, BCRP-mediated transport is member of ATP binding cassette
transporter and expressed at brain endothelial cells with considering as efflux
transporter, which influence on the permeation of the compound in the brain (60).
Biological relevant in the brain was assumed by incorporating of the BCRP-mediated
transport process to describe the disposition of mitragynine in the brain.

Influence of mitragynine on other drug metabolizing enzymes was reported in
published literature either inducer or inhibitor effect. Mitragynine is extensively
metabolized in the fiver which expressed major drug metabolizing enzymes. From one
published study verified that fraction of mitragynine metabolized by CYP3A4 was
found to be 67%, indicating that CYP3A4 plays a predominant role into the metabolism
of mifragynine (53). Therefore, hepatic CYP3A4-mediated metabolism was
incorporated into this model to describe the metabolism of mitragynine in the liver.

Previously, all tissue compartments were tested using a flow-limited
assumption. The results showed that model simulations of mitragynine plasma
concentration-time courses could not satisfactorily describe the observed data.
Therefore, a diffusion-limited assumption was introduced to describe a different kinetic
behavior of the compound in the fat. The PBPK model of mitragynine in rats was used

as the principle for developing a PBPK model in human.
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The capability of the PBPK model of mitragynine could describe several
datasets from different studies such as 1) a study in rats following a single intravenous
administration of mitragynine with plasma and brain concentration-time courses;
2) a study in rats following a single oral administration of mitragynine; and 3) a study
in human subjects receiving multiple dosing regimens of mitragynine in the form of
kratom tea. In addition, our PBPK model has the capacity to predict tissue kinetic
behaviors of mitragynine relevant to its dispositions both in rats and in humans, which
is not readily achieved by experimental approach.

After developed PBPK model of mitragynine, certain pharmacokinetic
parameters are determined including Cinax, Twmax, and AUCo. In addition, ratio of
AUChi/AUCpiasma is one of indicator to measure the extent of the compound
distribution equilibrium between brain and plasma (87). According to results from
experimental study and model simulations following a single intravenous of
mitragynine in rats showed that ratio AUCkrin/ AUCpisma values are equal to 0 65 and
0.77, respectively. Those results can describe instantaneously of the dlsposmon of
mitragynine into the brain but protein-mediated efflux transport activity at the blood
brain barrier is involved. Following a single oral administration of mitragynine in rat,
predicted ratioc AUCuumin/ AUCpwsms of mitragynine is equal to 0,55 that lower than
intravenous administration, as described by slow dissolution rate of this compound at
higher solvent related to its low bioavailability after oral administration.Fi

From simulating results of mitragynine following a single dose of intravenous
and oral administration in rats, prediction mitragynine concentration-time course in the
fat compartrment found to be higher concentration levels with a much lower rate of
elimination rate from the organ as compared to other tissue compartments (Figure 10
and Figure 13). These results can describe the disposition of mitragynine into fat
compartment might not be instantaneously but still remained in this compattment, as
indicated by its lipophilicity properties and low perfusion rate of the fat compartment
leading to slowly released with involvement of a diffusion-limited transport in the fat
organ compartment. Thus, it might be possible when receiving multiple dosing of
mitragynine until reaching its steady state, the fat compartment functions as a storage

depot of the alkaloid in the body.
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In humans, our developed PBPK model of mitragynine could describe all
concentration-time profiles from the observed data of five human subjects. According
to simulating results in each individual subject, predicted Cmax and AUCo. 7-8) of
mitragynine in the brain found to be 2-times higher than in plasma both observed
datasets and predicted va;lues, as summarized in Table 14, These results obtained from
experimental study and model simulation that performed a study on human subjects
(kratom chronic user). Therefore, this PBPK model of mitragynine in humans predicted
concentration levels of mitragynine in the brain for each individual receiving different
dosage regimens of mitragynine in the form of kratom tea in order to reach at steady
state. These levels may be able to reflect the concentration levels of this compound in
the organ. Notably, prediction concentration levels of mitragynine both in rats and in
humans are inconsistent, as described by model simulation was conducted with different
dosing scenarios between rats and humans. Taken together, the developed PBPK model
of mitragynine can be useful as a quantitative tool for predicting brain concentration
levels of mitragynine both in rats and in humans, |

The sensitivity analysis was performed to evaluate the relative of certain input
parameter values on model output at various time points. After rats receiving with a
single intravenous dose of mitragynine (10 mg/kg) and a single oral dose of mitragynine
(20 mg/kg), the most sensitive input patameter is the partition coefficient of mitragynine
in the slowly perfused tissues (Psp), which had a high influence on the disposition of
mitragynine in the plasma and also other tissue compartments. Then, the partition
coefficient of mitragynine in the liver (Pr1) had a moderate effect on mitragynine plasma
concentration-time profiles. For parameters related to protein kinetics, the maximum
velocity of protein-mediated transport (Vmer_scre) and hepatic enzyme-mediated
metabolism (Vmax_cyp3a4) also had a moderate effect on the mitragynine concentration
levels in plasma, suggesting a significant role of the protein-mediated efflux transporter
process in the brain and hepatic-mediated metabolism of mitragynine in the liver.
Nonetheless, the fat diffusion rate constant (PAFC) showed a minimal effect on the
model outputs, as suggested by integrating of diffusion-limited transport in the fat
compartment. Ini addition, in the developed PBPK model in humans, Psp also had the
strongest effect on plasma mitragynine concentration levels, whereas Pyi and Ppr have

a moderate effect. The results indicated that the sensitivity of the input model parameters
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on model outputs might help to select the input parameters which require additional
experiments in the future.

An optimization process in the Berkeley Madonna Software was conducted to
determine individual oral bicavailability (F) values among five human subjects who are
kratom chronic users. The optimized F values are in the range of 0.12-0.4, which is in
agreement with those in animal studies. Those results both in rats and in human showed that
optimized F values obtained low values, indicating that related to its physicochemical
properties and then the extreme either first-pass metabolized or remains in the gut lumen
unchanged. Therefore, to enhance oral bioavailability, specific formulation with an
appropriate carrier should be used to avoid degradation in the stomach.

To our knowledge, the capability of the developed PBPK model primarily
predict concentration-time profiles of the main psychoactive alkaloid in kratom leaves
in plasma, in the brain, and other tissue dispositions, which mitragynine exerts its
pharmacological and toxicological actions. This study’s finding convenient as a
quantitative tool on the estimation of mih‘aéynine dosage regimens and can help

minimize overdose problems of mitragynine,

Study limitations and future research directions |

Some limitations of this study are noted. First, the PBPK model of miiragynine
was conducted based on few available datasets both in rats and in humans.
In particularly, tissue dispositions of mitragynine in some organs (i.e. fat, liver, kidney,
slowly perfused tissues) are not readily available. Based on the systematical review,
more pharmacokinetic studies of mitragynine with better design should be conducted
particularly disposition of this compound in the other tissues. When additional
information and data are available, the developed PBPK model of mitragynine could be
modified and potentially be more predictive.

Second, biological relevance has an influence on the disposition of mitragynine
leading to altered on pharmacokinetic behaviors of this compound. In this model, we can
describe the involvement of the BCRP-meditated transport in the brain, Subsequently,
mitragynine also exhibited as induction and inhibition of P-gp but it is still unclear whether

or not mitragynine is a substrate of P-gp. Thus, additional experimental designs are required
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to characterize biological properties of mitragynine particularly an involvement of the
transporter activity not only in the brain but in other tissues.

Third, a PBPK model of mitragynine in humans was conducted with multiple
dosing regimens on kratom chronic users based on only one published data in humans.
Therefore, pharmacokinetics of mitragynine in humans should be investigated with
better study designs following a single dose administration of this compound and/or
various route of administration. In addition, kinetic behaviors of mitragynine with
clearly quantify amount in other kratom formulations should be investigated.

Last, this study was conducted based on available published pharmacokinetic
d.ata,'which performed by systematical review on electronic databases. This model can
describe the kinetic behaviors of mitragynine, which is a major psychoactive alkaloid in
the kratom leaves, related to its potential using and provided the therapeutic effect.
Understanding concentration levels in both plasma and brain will enable identification
with an appropriate dose metric of mitragynine and/or kratom; thus, the PBPK model
incorporating with pharmacodynamiés (PBPK/PD) should be conducted. Furthermore,
this warrants further researches to investigate the minor alkaloid with more potent

psychoactive alkaloid namely 7-hydroxymitragynine.

Conclusion

In conclusion, all available information relevant pharmacokinetic properties of
mitragynine were described through a systemic review. Using the available published
pharmacokinetic datasets, a PBPK model of mitragynine was successfully developed
with various routes of administration following a single dose of intravenous and oral
administration in rats, and repeated dosing of oral administration in humans. This model
can be used to predict mitragynine concentration-time profiles in plasma and other tissue
compartments related to its disposition, particularly mitragynine concentration levels in
the brain both in rats and in humans. Model simulations can be informative for applying
as a guide to define safer dosing regimen leading to achieving therapeutic effects. In
addition, this modeling incorporating with biologically relevant features of the
psychoactive alkaloid in the body also provided an important basis for further
improvement in clinical applications including efficacy and safety assessment as

necessitates additional studies.
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APPENDIX A A SYSTEMATIC REVIEW OF PHARMACOKINETIC
PROPERTIES OF MITRAGYNINE

In this part, systematic search was performed through 3 databases: PubMed,
Scopus, and Web of Science from their inception to January 2019. The search terms
were used as follows: kratom OR ketum OR “biak-biak” OR kakuam OR ithang OR
thom OR krathom OR kraton OR mitragynine OR "Mitragyna speciosa". The inclusion
and exclusion criteria were described in Table 17. The results of the study selection were
shown in the PRISMA flow diagram in Figure 21, as well as the characteristic of the

studies were detailed in Table 18.

'Table 17 Tnclusion and exclusion criteria for this systematic review

Inclusion criteria Exclusion criteria

e Studies investigating pharmacokinetics of & Not written in English

mitragynine through in vitro, in situ, in vivo e Not related to pharmacokinetics of

either animals or humans mitragynine as follows: review
e Studies providing sufficient information on articles, surveys, case reports,
the pharmacokinetics of mitragynine (i.c. policies, pharmacological effects and
methodology, routes of administration) toxicities, pharmacokinetics of other

alkaloids in the kratom leaves




Records identified through
database searching (n=8,000)

][ Identification ]

Y

Records after duplicates
removed (u=6,179)

Y

Screening

Records excluded with non-relevant
{n=5,698)

84

Records screened
(u=6,179)
N
—
. h 4
£ . -
= Full-text articles assessed for eligibility
'?b {n=431)
=
fad
|
oy
F
T
'g Studies included in qualitative
= synthesls (n=23)
A
-

Full-text articles excluded, with reasons: case
reports, survey and review articles (n = 155),
pharmacological effect or toxicities (n =123},
chemical identification or detection {(n =121),
policy making or regulatory affairs (o = 68),
pharmacokinetic studies of other non-

mitragynine (n = 14)

Figure 21 PRISMA flow diagram for systematic review of pharmacokinetics of

mitragynine
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ABSTRACT

Kewords
MEFGEN ifceiize
Krelom
Mitragyring
Phodaogkinedic
Systemnativ review

Backgroend ond objective: Kratom (Blitrapma speckosa) Ls 4 Lropleal tree found In southers Thailand snd zonthem
56168 of:thé Malay Feninsida, Kratom {s commeérclally avallablé and used as an allernative o trear oplod
withdrawal, Mitmgmnine is the major indole slkslofd found fn fratom Jeaves. This rvicis elmed 0 summarizo
avaflsble pharmacokinetie faformatlon sbout mitragynine.

Methods PabMed, Scopus, and Web of Scirnee were systematically serched from their Inceptians to June 2018,
All types of phamtacokinetic studles of mitragynice were Included For fusthér systextatic teview,

Readis: Seventcen articles were reviewed. Mitmgynloe Is a lipophillé weak hase passively traasporied across the
{ntestinzl well and Blood brain bamalen 85-95% 1s bourxl to phasma protein snd extensively metabolized by
phast: E azd parthealarly phate I cnaymes. Actions on CYP énrymés afe snlikely ta Impact drag mefabolism at
concentrations Jikely to exist In ator-consuming humans. n rats 3od humaag, mih‘ax)u.ne 1 rapldly absorbed
sfter oeptly adiministration {Toey L5, G, 0.3~ 18 11‘-51 Va'was 379017k ty 2 3588 -9, hs mostly étereted
s mesabolites b urine: Bloavaitability was estimated os 214 I ulso rapldly peneirated and redlstributed 1n
braln, A quality assessmient ool tailored for Pbarmaookmedc studies wais also created which tated some studtes
of lower valve.

Conelusion: Rudimentary phannacoldnetics of mitragynine was deseribed ‘In thls systematie review, However,
1hE discovered studies provided seant tnformation oa the role of metabollsm and redisaituios knid tissues nor
the rate of excretion,

1. Introduction

rémedy to tréat some illnesses Including coughlng, diarrhea, diabetes,
ond hypertension (Assanangkornchal er al, 2007). Xratom leaves
showed oploid-tike effect fn dose- dcpcméent (szz%‘lrck o al, 2002).

Miragyna speciasa (Rublaceze) is ¢ tropjeal ree common in
southem Thailand and the adjoining northern Malaysia. tn Thaifand, it
15 vadously known as kratem, thom, libing, kakuam, keiton, krathom,
and as biak.biak, ketum Ia Malaysia (Hassan ef £h, 2043 Tanguay,
2011 Watrcr et nl, 2016), Tradldonally, kratom Is consumed by
chewing the fn:sh leaves, smoking deied leaves, or as tea from defed
leaves (Tenguay, 2011) In Southeast Asta, laborers eat its fresh leaves
1o promote physical endutance, 16 increase encrgy, to relicf fatigue, nd
to Improve thefr hest folerance. Kratem also has appeared In folk

Kraton: has ntany adverse effects including snorexla, dehydeatioa,
welght Yoss, hyperpligmentation (green/dark colored skin), constipa-
tlon, gnd psychosls (Salngans et'al, 20173 Vickrasingam €1 al, 2080).
Hawever, kratom Is rapidly becoming a substance of sbuse In southern

“Fhatiand; it Is consumed a5 homemade fee-cocksalls called a “4-% 100

Cocktall® where kratom leaves are suspended “Coca-Cola® with codeine
or diphenhydraimine syrup (Tanguay, 2013; White, 2018), Kratom Is
also cansumed as a hecha) blend calied *Erypton” which is a mixture of

Abbreiiasions: Caco-2, human tolonic adenocarcinema; MPR-MDCK, Multldrug Reslstance Protein in Madin- Dvrby Canine Kidiiey; CVP, cytochrume P450, P-gp, Pr
glFcopritein; Cra., TRAXImUS serum/plasTa concentration; Ty time (o reach maximum conennration by BalfJife; AUG, ores undar the curve; F, oral bloa

vajlabillny; Y, volume Sstribution; CL, clearance
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kratom leoves with O-desmethyltzamadol and sold widely on the in-
temmet (Amdi ot al, 201¥). Regarding to uncertainty on safety and ef-
ficacy, kratom Is monitored as controlled substance In some countries.
Xratem {5 classified as & narcotic and illegal in somé countres including
Molaysia, Myonumar, and Ausiralia (Singh &t ok, 2016) but cutrently
‘Thai National Legislation Assémbly pemmits kratom for medical use
mly {Nurcotics Act Ne7 BLF. (562) (2T193), Gurrently, it & not coms
iralfed but under surveillanee in the UK and Germany and the US where
stocks are confiscated by the US Food and Drug Administration (Flassan
ot al, 2013; Prozlaleck ot &, 2012 Schmidt o al, 2011). It 4§ com-

merelalty available as a dletary supplement for chronie pala (Eoyer’

e ab, 207), end a8 an alemative trestment for oplald withdrawal
(ﬁu;,d of al, 2008} Mthnugh kratom Is considered as not an Hiegal
substance in most states in the US. Howéver, an increasingly trend of
Yratom use as well as its adverse eveats was observed (Galbis-Reig,
2016). Kratony toxicity and the potentfat associated fatalities have been
reported when kratom s used consarrently with other substances, Lo,
propylhexedrne  (Holler et al,  2071), O-desmethyftramadol
(Eronstrand ¢t uf., 2011). Kratom also has a psychoactive effcct as
opinid substanee lead to physically dependent or addicdon. Thus,
fratom 15 Increasiogly emerged 25 an abuse polential fn the western
countrles (Singh ot ol 201 4), Nonetheless, with {ts effecis to the central
nervous system, mitragynine can have edditive effects. Therefore, Its
s of Lhis psychoactive alkaloid sheuld be controtled.

Afare than 40 alkaloids have been isolated front kratem {Adking
¢Lal, 2011), Among these, mliragynine s the principle indole alkaloid
in Thal kratom (66% of total alkalolds) when extracted by organle
sobvenis (Agkins ef al, 2011} Parghis et al., 1934), Mitragynine shares
many kratom effects Jndudjng fts bploid acton (Frozialeck et al, 2012
Warnerz of al., 2016). In addition, mitragynine has anunmceplhe/am
algeste, éal relaxing and gastrc relaxing effects (Suhain ot al., 2046),
1t atso eppears 10 be an antldepressand (Idayu ot al, 2011}, and an anth-
infammatory (E1ar of g}, 2011}, The molecular targets of mitragyning
are p opicld Teceptors acting as & partiel agonist white befng & com-
petitive antagonist at k'and § opiold receptors, Full agonists such s
morphine, tecrult B-arrestin of the i receptor which mediates much of
the opiete toxicity, partiularly respiratory deprossion. |3 armestin ako
inhibits the G-proredn signaling which is normally responsible for an-
élgesla but Jends fo oplaté tolerance (Camiller, 2318). In contrast,
mitrdgyalne is a G-proeln-blesed agonlst 2t p oplodd recepiors but
without récruitng f-arcestin, thus catdsing less respledtory depression
while raintaining analgesia (Knegel o 51, 2016}, Thue s Increasing
interest [n partial agonist of jt oplofd teceptors including wltragynine &
alternatives to oplates. In addition, mitragynine alse bind to alpha-2
adrenergie receptor, adendiing, dopamline D2 receptors and serotonin
récaptors bt the affinlly belween mitragynine and these roceplors has
ot well-deseribed,

In some countries, over-prescribing of vplate analgesic can lead fo
addiction. Kratom has beén used as an altérative for oplaie addicion
{Boyer et &1, 2009). This, the legelization of keetom in Thalland paves
the way 10 the developiment of safer analgesic medications, A necessary
prelude ta this Is having the ability to predict mimegynine dispositien
on overall efficacy. Mitrgynine lias the potentiat as a replacement for
opiatc analgesics but jts therapeutic window or controlted clinfeal (rals
b0 the safety and efficacy needs better defining which needs ¢lear in-
derstanding its pharmmacokinetics. To this end, we aimed to systen-
atlcally veview the pharmacokineties snd relevant properties aof ml
tregynine from the available sefenific mcmum.

2. Methods
2.1, Dot sources and search strulegy
Studies related to pharmecokinetics of mitragynine weie systein-

atlcally searched from three databases: PubMed, Scopus, and Web af
Sclence from thelr inpeption to June 2018, The search terms weré

K
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Lratom OR ketum OR “bizk-blek” OR kakudm OR {thang GR thom OR
krathiom OR kraton OR mitragynine OR *Mbtragyna speclosa™.

2.2, Sudy selection

Two seviewers (KY and WE) Independently appraised titles and
abstracts fetrieved from the scarches. Any disputes wore resalved by 2
third Teviewer (ML), Studics were included if they met all of the fal-
lowing criters: {1} #udies invesdgating pharmacokinedes of mi-
tragynifie ‘or' pharmacokinetic-relatéd propertics of mitagynine (Le.
solubflity, permeabllity} through 1 viwro, 1 shw, In vive elther with
expertmental anfmats or human pantfelpants; and (2) studies providing
sufficient Information on the pharmaeokineties of mitragynine fn-
cluding methodology and foutes of administration. The exclusion cri-
teria were the following? (1) not written in English; (2) teview aniicles,
surveys, case reports, policles; [3) pharmacological effects end toxi-
vitles; and (4) phamlan:ukhmrn: studies pn mon-miteagynine alkalniﬂs.
B'b]lngrapbhs of the included articles were examined to identify ad-
dittonad studics. IF sufficient detalls were provided, abstracts and non-
Journel publications were inchaded, All procedures of the study selec-
tlon were paformed using tha PRESMA statement (Mohet et al, 2009),

2.3, Deta extraction

Datz extraction from all the selected artides were performed by two
reviewers (KY and WT) dnd distrepancies were resolved through dis:
cusston with a third reviewer (ML), The following data were exteacted
from studies: (1) physicochemical’ propecties, sotubility, end perme-
abillty; (2) plaimz profein binding; (3} metabollim and membrane
transport; and (4} phamacokineti parameters in anlrals and humans.

2.4, Quality essesenent

An esseritizl part of 2 FRISMA systematic review Is a quality as-
gessment of extracted studies kit pfien confined to clinical studies fo-
cuising on rlsk of bias fools. Increasingly, lools refiecting GONSORT and
ARRIVE are being used to provide mare comprehendve quality as-
sessment In acimal and ¢iinlcal stidles (Gaguier et ab., 2006; KiBenny
1 &1, 2010}, The CONSORT ltonisolidated standards of reporting trinls)
statemeént for endomized controlied ctinteal triats ks applled to controt
for bias in ¢linlcal Intervention including kerbal products (Gagnicr
£t 2l., 2008). The ARRIVE (animals in rescarch: reporting Tn whvo ox-
periments) §s a guldeline that help fo Improve 1eporting of reseasch
using anlmals (Rilkenny et al, 2010), Therefore, we adapted CONSORT
and ARRIVE checklist ltenis fito ‘2 quality assessment tool equally ap:
pllcable for animat and human phixzmacoldiictc studies {iebie 4), The
guidance notes for ustrs is given fn supplement S1, Only 6 phatmace-
kineite siudies underwent this assessment (de Moraes ef al., 200%
Jonchiwew el al, 2007 Keag ot &b, 2007b; Parthatarathy of al., 2010
Traludsiichal er al., 2008 Yisppala et al, 261 1)

3. Results
3.1, Study selection

Of the 7348 articles Identified from the databases, title-and bstract
sereening left 419 studies thar fisted the eligibfity critera, Exclusion

criterfa removed 402 of these leaving 17 studlcs for this systematical

review as shown In the PRISMA flow dlageam {¥ig. 1.
3.2 Suudy chameterisik

Awang these 17 selected artlcles, 9 studles were performed ia vitro
to test mitregynine solubllily, peimeability to lipid bildyers or cqll
monolayers, plasma proteln Binding, mitabolic stability, and dispost-
tion of mitragynine {metabalisns and/or transport) (Antwar ef 3l 2012;
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Fig. 1, PRISMA flow diagrem of this study 21.

Happd ét al, 2013 Hason and Bniatl, 2005 Kong e ul, 20170 1ok
eLal, 2013; Handd ot ab, 2014, 2017; Meyer cLul., 2015; Ramaiathas
e al, 2015), One stady used Injestlne i sl 16 measure mitragynine
permeability to the Iatact Intestinal wall {Jazabstin e1 4l., 2018), There
swere 6 i vivo studies; 1 study identified mitragyoiog metabolites fn rats
and in humans uslie; 5 studies adminlstered mitragynine Intraveriously
ot orally to zats and bidod sampled for pharmacokinetlc studics fde
Moraes of al, 2009 Jawthuwee wt al, 2007 Keny o al, 2017l;
Pacthasaraihy ot al, 2010; Fhilipp o al., 2009 Vuppala el o, 20113,
One study determined mitrdgynlne phirmacokinetics in husmans
{Trabulsri¢hal et al, 2015)

3.3. Physicochemical propertics of mitragynine

Mitragynite Is en Indole sikalold {Fig. 2) comprising 66% of total.
alkalolds Th extracts of Miragyna speciosa Jeaves (Adking ¢t nl, 2014
Pangliy et al,, 1994} Mitragynine Is a weak base (pKa = 8.1) 2nd I
pophilfe (Log P = 1.73) (Rumanathia ct &), 30E5). In an aqueous
mediz at pH 4 wd 7, mitragynine would be dissobved with cone
centration levels of 130 uM and 83 M, respectively (Xoag oL &1,
2017a). This compound at 37 'C- was moderately stable at neural pH
("3,5% degradation after 3h) but degraded at pH 1.2 {by 26% de-
gradation after 1-2 hr) (Manda et al, 20314; Ramasathan et 3l., 2015),
Table t{a).

3.4, PhormacokindIis of mitragynine

3.4.1. Absorption

Absception e vitw: mitzgynine fuxes through the phespholipld
bilayer at pH 4 and 7.4 were 0.23 % 107° and 11 % 107° cmys, re-
spectively (Kong of al., 201 7a); these values suggested tlat mitragynine
permealed as the unfenized foim. In eoherent Caco-2 cell monolayers

5

Fig. 2. Chemleal structure of mitragynine 21.

(imitaiing the dotestinal barrier), forward and roverse ficies were
25 x IO gnd 27 X 107% amys, which were independent of con-
centeation (Manda et L, 20£4), Flux ratlos of mltragynine were ap-
proximately equated 1, bs tadicated passively diffusion through mem.

branes. Those results suggested that mitragynine is not s gubstrete for P-,

glycoprotein (P-gp). Intctestingly, mitraphylline, a minor kratom con-
stitueny, was strongly extruded by Pogp, Likewise, mitrogynine fuxes
across MDR-MDCK cell monlayers {model of the bloed braln barrier)
were gymetrical 15 % 10°% and 17 X 107% emys, respectively (Manda
& al,; 2084). Mitragynine was tated a5 diffusible using atenold), pro-
pranulol, caffeine, carbamazcplne, furosemide, snd metoprolol as
comparalors, s sumnarized in Tuhle 5(b).

Absorptlon. across the gt epithelim: anothet stud_y measured b
tragynine pemicability to intact intestine i dhras 111 % 107 en/s in
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Table {
In yizro eaperiment responsible on solubllity and permeadiiity of mitragynine.
{4k solabifity delerminations )
Kecha (fegubackys P Solubiziny (UM)1% Referance
pericd) RDY
SEF (12D ma) 12 03 3 05 {265) (Randa e, 2014)
SIF {480 min} 68 107% + 025 {3.6%}) _
EGF (60 mind 12 3513 2 0.5 (2650} {Rasirghan et oty
ST (180 min) . 68 1757 £ 201 (2.5%) His)
Water 4 130 & 00t {Flosg w €L, 26170}
7 L7+ 19"

(B appérent permeabilley (Pop, = 107 ° 60/} tirough cell layeis Ges-2 colonit epthellal, braln vescvlar epdathclfal oell, and anlficlsl membraced

Woadel tompound {teded coreentrathm} P 11075 i} Peferecce
Alsorpiive fin $eerotery flax
Gut sl Caco-2 cell rmonolagers Milragyning {5 1M} 242 2 26 %3 127 {ilaseds et ol 2014)
Miragyatre (L0pM) 750 4 2% w1+ 20
Abeolol {20088) 202 06 21 % 04
Propranok! (20044} 342 1 25 954 + 1.9
Brain erdothefs] MUR-MDOKC eells monolayer Miragynize (5 100 153 217 1722 16
Liragyrice (10:M) 162 4 18 1 217
Abenolod (2004Mp 11 = 02 12 £ 01
Caffeitn 100RM) 212+ 28 249 £15
PAMPA Mitragyains’ $.23 1 00005 114 £ 006 g <t ok, 2017}
Carbamariging - 024 4 0005 013 + 0602
Forosemice 072 & 000 075 £ 0003
‘Megoproled 455 1 0.002 443 1 0007

AbbreslationsSGF = stmulated gasirie ffold; SIF = gimulated fntestlnal f1dd; RD = relative deviation; DES = diethylstilbestrol; Caco-2 cells = homan colbnie
adenocardnoma cells MBR-MDCK = multt drug fesistance in Madln, Darby Canlne Kidoey; PAMPA = pacallel artificial tembrate permeabliity tssay; Pap =

apparent prrmeability,

DES (24,1 + 42 ), estriol {89.8 £ £.17 jM}, and furosemide (187.8 & 1.0-4M), respectively,
DES {19.3 % 0.5 jaP, estriol (6.5 = 3.0 pM), end furpsemide (197,5 % 3.1M), sespoctively.
*Af pH 4, this valuz was compared to low, medium, and high solsbility references as followed.
AL pH 7, this valoe was comparisd 10 kow, medivm, and high:solublity references 3 followed.

the absorption dirgetion (Jagabatan of 2}, 2018), which compared fa.
vourrably mth permeant propranolal {112 % 10~* cm/s) and atenctol
{041 % 107" ci/s). The inhibitors of Pgp (2eithrcmyting or CYP2A4
(cIrprofloxacin} had s¢ infiuence on mitragynlne Nuzes (1,13 x 10~ *
an/s and 117 x 1077 cm/sy, again suggesting that mitragyning ab-
sorption is passive and ropid.

3.4.2. Binding to plasnia protein

By cquillbriom dlalysis, about 95% of mitcagynine at tesied con-
centration range of 5-15 M bound to plasra protein after 24 h21 37 °C
fn human plasma (danda el al, 2013), About 85% of miteagynine at a
tested contentration of 10 pM binds to plasma protelas after 1 hat 87 °C
in human pfasms, determined by ultrafiltration {Ruay €1 #L, 26174),

3.4.3. Méuboliznt and excretlon

For metabalism of mitragynine, most of Tis metabollsm occurs 4 the
Ylver. Both phase land phase I metabolism involved In the metabolism
of this psychoacilve alkalold. There were several studles Iovestigating
roles of phasé T and phase il u:lng 4 gystern with Hyer microsomes or
liver 59 frateitons (Kong et b, 20170; Mands et al., 2004}, as sumi-
marized In Teble 2(a). Taterestingly, Philipp et al. £200%) measured
urinary metabefites by LC-4S/MS affer oral dosing of 401ng/kg mi-
tragyilne to rals and urine samples were colleeted Bftcr 24h. Seven
phase 1 mluag}mlrx metabolites were identified s a further 5 cons
jugates as one sulphenate and 4 glucuronides presumed to be phasé 1
metabaolites. In human urne, 3 sulphibnates and 4 glecuronldates were
found (Fhitipp et ot., 2009). Mitragynine metabolites were sammarized
In Fable 2(b). Numerous osher metabolites vere found o wring samples
teferred for foxitology asscidment bul had no’ accompangiag Gistory,
samples slso contained 10-30 $h milragyning {our esiitnate frem pub-
lished chromatograms} (Philipp ef al., 201 £}, Teabulmichal et al. (2036)
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measired urlnary mitragypine and reported levels “as Jow as §.143% of
mitragyalne in an unchanged form” (Feakulsrichal et ol, 2013), lee
et al. {2012) incasured milagyniat in vrine stmples provided by the
Judiciary without any derior history (presumed to be kralom ovirdose
victims) and found urinary mitragyning to vary between 0.004- 150 M

angl small amounts of Z-hydroxymitragymine, Two phase | metabolites-

were also detected in snrail and vaeiable amounts These rtudies show
that imftragynine Is extonsively metabulized and ani untcertain amount of
mitragynine Is diretily excreted {Le et ok, 2012,

For elfect of miungynine on melabollc enzymes, :rdua,gyninc ens
hanced expresslon of CYPIAZ, CYP3A4, GYP2D6, and CYP2CY (Hanapi
et ab, 2013; Llm et ol, 2013; hMonda ef ol 2017), Table 2(e). Mi-
tragynine nduced CYP1A2 and weakly Induced CYPIA4, s measured
protetn and mRNA ‘expression (Lim ef g1, 2013}, Substantially, fdenti-
fieation on pregusne X receptor, shich the transcription factor for P-gp
and some CYPs, was also upreguiated, However, a common (zyine
inditcer {aryt hydrocarbon reseptor) was uhaffected but mitrdgynine
can induced GYPIAZ only (Mands €f =1, 2037) For Instasice; mi-
tragynine can inhibited CYP2D6 and wealdy Inhibited some ather QYP
enzymies (Hanapl o2 ol 2013}, Howevey, the tested eoneentration em-
ployed unilkeljr to arlse In plasma at doses used by human (see belo“)
Other drug metabolizing enzymes, aminopyrine N-demethylase- and’
ghutathloné S-ransfermse {Anwar et at, 2012), and urding S-dlpha-
spho-glucuronosyhtiansferase (Haran 2nd lsmatl, 2015) showed weak
cffects and needed high concentrations Toble 2(c). Regarding, the ac-
tvity of mitragynine ca P-gp was investigated by three studies (Manda
et al, 2014, 20173 Keyer el &1, 2018}, Teble 2} Those studles con-
uludcd that mitragynine can induced tnd inhibited P-gp} thiis, co-nd.
pitninstraiton of mitrgyning with dnigs vehich are P-gp substrated may
passibly ead to occur drugherbal Interaction, Notably, when proteln
binding Is consldered, free milragynine concentration and by extension
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Table 2
#a vitry melabolism and excretlon of mitmgyrdne.

A Jounmal of Pychlowty 47 (2019) 7382

(2% metabofic stabiling of mitregyulng In rat o human ey mboreromet- o liver 59 frection

Moded Compund Matabolis stabdity Rertls Refeence
HIM Blliragynine B, trat gholinsd 20 % {3terds el 2l 2014)
Liver §% fraction 554
M Mitrsgyobne. 4 mysialned 815 = 18% {Keog et al. (k743
Propranolal” 214 2 16%
Vempantl 6.0 2 1.6%
(o} psse 1 and phase T smesbodires of srlyagymize, sdspted fiuem (PR e oL, 3039)
Matatabtes of mitmgymnine Abboevialion
Fhutse | metabadites
96 demeihyl mitregynize $ODMMG, 2
16-carbony milimgyine 160000134, 3
3-Q-derathyt-16carbany mitrdgwlng SONMIGCOCH MG, 4
170 demethyd-16,17-Sikydig antgywind 17-0-3 DHMG, 5
9,170 bisdesmethyl-15,17-dihyro mitmgyrdac 9.17-3-BDM- DHJAG 6
17carbny 16,1 F-diipta miteguine 17-CO0H-IHMG, 7
2 O-demedhil 1 7-arbo vy 16,12 diby dro mileagyning 90.DM.17.CO0H DHMG, 8
Fhase U.metabolitcs
90 demaihy| ijiragiming gluetenide 9.ODMOMG, 265
5-Or-deaettrypl anftragynise suifate SHDM-SMG, 25}
L6-cartoxy mitragynioe ghearorid 15-00091G aw, gt
S-0-demethy| 16 catbuey mibrugyrine ghowrontde HHBMABCOTHGMG, 4G "
9Odemathyll&-carbosy mitrrsynine selfate SOHHIGCOOLEMNT, 45+ ¢
17-0-denntihyl-16,17-dihgdro mitragynine ghacoronide 17-O-bMIII6-HA, 5T v
417-0-bubemdiy b 1@17-611\}1\‘: itaginise ghepronide 9,17-0-EDAY BHGMG, 60 °
9,17-0-blsdementy16,17<dhyro mlirgaie ivifae 9,17-G-HDM-DI LEMG, 65 ¢
{6} effect ef mitragyning an metabolic eyt
Fnzyme Teriad concyatraion of Pesulty Reftrence
mtlragynboe
Cytochmme $450- medizted metabolizn of mum-rfﬁe
CYPIA2 25uM Induction Qe el e, 21N
CYPiDs Ha Bxduetida *
CYE3M Wreak induction
CYPaD5 6.02 - 209 pM Poteat jahibitory {norcompedtive} fhampd od 2, 2013
, 0= 0.4 © 03 M (K; = 129p8)
CYP3AL Modezate ishiblory {eompetinve}
=413 £ 67 M = 7R2EM)
CYF259 Moderste inhibliony {renciapetitive)
10y = 0.7 = A8 M (K = 1558305
CrP1A2 1 - 10 Inducdon (Mamiy ot 1. 017)
CYPRA H {aduciton
Effoct of nifegiinine an the ohier drug minteboliring tanymd .
Hedemethytase 0.25 - 230 pM induction Chrwar chat. 2072}
ghtaikione S4raasferme Inkfibm (10 = 11.524.4 M)
UGT Hedn {oa 4 methilmbelliferans gh dadon lo RIM, M, DQTLA and (Haen rpd bl
VGTEE? (I > 1080M) PAES)
Pmlein medizeed efihor ranspatens of mivragynine
P-greopiowin 5 - 1050 i Inhibhioa landy gt o, 24}
5pM Tnkbitln My of af, Lél )
110 g\t Indastion” (Mansta 4 el B0E7)

Abbriviations: HIM = human Jiver rtcrostr ok RLM = rat fiver microsomes; CYP450 = cyiochrome P450; UGT = urldine 5*diphospho-glucuronosylimansferase;

1Cap = half maxling) [nhibitory eaceatration; ECy;' = hall maximal effective tunceitration; Ky =

5tandard refecence comipounds of low and high metabolfe stabliity,
*Merabalites of mitregynine could identified o wrinery mis
*Mesabolites of mitragynine coutd identfied In urinary huwnans,

the ekiracellular lexels fall below the micromelar ranges and cleirdy
weli below thosa in Table 2{c). Thus, these sctlons on drug metabollsm
are mostly irrelevant to therapeutic or even toxic doses of mitragynine.

3.5, Pharmacokinetic studies of mitragming in eninals ard himons

Front our systemati¢ reviewlng process, five phannacokinetic slu-
dies on mitragyning In rats weris tetdeved (de Moracs ¢t ab, 200%
Janchmwee ef ol 2007 Kong of al., 2037D; Parihasamathy e al., 2338
Vuppala ¢f ab, 2011), Amang thesp studies, ene rot study used a two

= Inhibitory constank,

compartwient pharmacokinetic model {Kong et ol., 20§70} while the
others sssumed a singk compartment {de Mouraes ot oh, 2009‘
Janchatwee e al, 20075 Barthasarathy <t al, 2090; Vuppala et 2

2011}, Fushermore, ote study determined aboul pharmacokinetics of .

inifzagynine in buman subjects Chakularivhal of &1, 2015).

3.5.1 Inravensus administration of mitrigyaine fv rais

Two studics repoited on pharmacokinetics of Entravencusly ad-
ministered mitmgynine (1.5 givd 5 mg/kg) into rats, presumably as &
bolus (Parthasarathy et al, 200K Vuppata ¢ al, 2031), Tahle 3. The
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Table 4
Quality assessment of pharmncokingtic studies of mitragynine.
No.  Min domatn ~Stib-comuains {lonchnwwer o al., (e Mpex (Prrtthisarathy @ al, Qupnabneral,  (Warget st {Trabaoicha ol
pe.lliry ¥ ot.al, 200} 010 01 20176} 2015}

1 Thlcand.abmtract Tiltr identiBed the compound, specie, nd kipk) PoHe. mw Y N YN A3 Y
Abxtruct Inclodes ol key informution of domuing 2-12 imd key
sumerichl datn N

2 Rauglyprsund, Sclentifle hackgranmd anct explimiion of the e, elear abj e Y- YN Y ¥ Y

bl eeti hemath 1
YT

Mcthods

3 wibiscs prarop melection cxiterly, smmple sive, md recriliment. Y Y R 704 v Y ¥

A Approvitla Pall complied with ethicnl and anfery strmdnr i snd nppeovnis, TN YN N Ym R70] Y/N

3 Dedgh and protocols  Adequurely spaced mmpling of Slood, and Includes ietne and frend /N R7e N Y ¥ N
samtiples. Approprlste design, Appropontes dose.

6 procedures Subject depositions and sampllng methods, linough detafi to pezmit N ¥ Y Y Y hT:
study roptication.

7 Chemicnl mwmys Sultahle Ly el jom comiroty diny, splking, Y Y Y Y T Y

blliry, and selectivi

Resuls

a Flow Flow cxperh 1 by ench i il ® N x N w X

* Dota il d flabllry of mw data N N N N N N

10 Baveline d.nh Timeline < k Himmisht tnth L i NA. NA NA Xa NA R i

11 Analyws Dolx oned analysn | keyphy b Y %y N b4 Y. YN
and statistic where appropeinte. Described data pooling.

Disawssion md conclnsioms

12 Interpretmion Relating the key blological factars to k wd prodictabls YN YN N Y/N b7 /N

) clinfcal ovicomes, G!.‘lmﬂuhl]uyof rasults, Velldation on concluston,
Mean grexall soore, W 55 8% A5 U T $-20.Y

Abbreviation: NA = Not

inte, Scoring: ol

“N" score «= O

|0 Y™ score = 1: some mining formulation was*Y/N” score 0.5; miskiny information prevented the reader from drawing condusion was given

BN

ZB-££ (6102} £ KETFpAse Jo pumer Loy
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maximal plasma eoncentration (€.} was 10 pM at fime to reach
muxdmuem concentration (Trw) of Lmin (Vuppala e al, Z5331) but
Farthusarathy et al (2010} efther missed Ts, by late sampllng ot it wis
very delayed (Cran6 30 81 Tenss 70 min) (Parthisirathy et al, 2080),
Parthasaralliy et al, {2110} used a robust éross-over design but mes
surements may have been compromised by using the fall veln for
sampling,

Kong ct al,, (2017} used the same injection protoco) but sampled by
dialysts tubing froni blood &nd brain but temporal resolufon was slow
because of 30 min sampling periods (Runz ct al, 20170}, The Cpy in
blood was 3.8 M which equates to “38 ubt for whole plasma assunifng
9056 pratein binding. Volume distribution (V) was 9,8 L/kg and half.
life {1,213 1Y was much Tonges than the other intravenous studies, For
brain, Cra., was Iower (2.3 pM) and Vg was higher (17 L/kg) than blood.
AUCh 15/ AUC g Was 0.06, Indicating substantial pencization of the
blood-brain barries and sissue boading.

2.5.2. Orol administraiion of mitragyrilse to rats

‘rhree stinkles 1eported on pharmacokineiics of erally administered
mitragynine (20-50 mg/Kg} In rats (de Morazs et al,, 2009 Janchawde
o ab, 2007 Pesthasarathy et al, 2050 (Table 2). The pharmjacokinetie
studles seciatly sampled with ime from each animal, except de Maorass
et al., (2009) who used 8 anfmals, a protocol suited to Hesue collection.
Here, there wab less variationt than betwéen intravenous studies and
Cray (1-1.8pht} appiared Bnearly rolated to dose. Mitragynine was
rapldly absorbed with Twaw 1.5 b although Patthisarathy ef al, (20107
bad no characteristic well-defined pazk in the reported pooled data.
The oral bicaveilabllity of mitragynine wos cafcolated” by
(Parthasnrathy #i al., 210), indicating as low oral bloaveilabllity
(F"3%). However, 1he area under the curve (AUC) valués and in
travénous dosing froim the study (Vuppals ot 2l., 2011) and oral doslng
fram the study (e Momes ¢t al,, 245) both wha hed reliable sampling
Blood methods, sampling times, and assay procedures that allowed us fo
calculate F as 21%.
3.5.9, Orol administration to humdns

Miteagynine pharmacokdnctics were studled fo ten men having 8
histery of kralom abuse (Teakuisrichat et ol 2015), They were ran-
domiy divided into fivée unequal groups and given daily conditlonlng
doses of krator tea eontaining 6.25-11.5mg of mitragynine for 7 days.
On day 8, partleipants were given a single oral dose of kratom tea
standardized for mitragynine contents (6.25-23mg), then blood and
urine sampled over 24 h. For plasma mitragynine, Cry, &and AUG values
(Table 3) suggested dose dependency but Lhe data were foo scattered
and undérpawered for a definitive conclusian, The declines were mostly
I-exponeotial si'a two-compartment pharmacokinetic mioded was ‘as-
sumed, The pverpge apparent Vg was 380 = 24.3 L/kg and clearance
(€LY was 98,1 * 5L3LAu/kg, Time-plots were shown for each parti-
cipant and for 6 records, the kaseline plssma mitragysine concentra
tions were simftar to those sfter 24 h. Graph crowding made it difficult
distinguish other records. Two participants displayed a maintained
plateaued pissma concentraton. Reader ks not informed of the test and
conditioning doses used for each partcipant,

3.6. Quality assessment of pharmacokinetle sidies

Six phormacokinelic studies were assessed for their quality
{Table 4). The protocels were ﬁmdmcnlally stmilar fut withoal ade-
quate reporting the causes of differenccs In pharmacokinetié variables
wéee unclear,

For intravenous sdministration, only Vuppala ¢f al, (2011} began
sampling guickly wfter Infection (Lmfn) while other studies of
Padbasarathy of al. (2610) sawpled 100 late to caplice Couy Kong,
Molamed, o al; {2017) were restricied to 30 min perieds of slow
sampling of dialysate. Pasticulacly, crucial demils about drug admin-
istration and specially sampling were scant except 1a study of Vuppala
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€1 al. (2071] which stznds out a5 the most reliable study by Injecting
and samphing from a Jarge venous vannula that a method suited for
small mlmal pharmacakinetic studics with many sampling times.

Foi oral sdministrailon, anlmals deprved of food and dosed with a
variety of miragyniné forizulations (104 propylene glycol; pH 4.7
seetate; 20% Tween, BOY that are likely 1o impact on absorption espe-
ally the dispersing agents. Anfimals were anacsthetized or freespanging
oy unrepsrted. Different activity levels and particular high Woed finy to
aclivé lsiles probably promotes redistdbution «é Musees of &
12009} santpled blood by’ decapitation thus tdeally zbié to folluiy tissae
levels of mliragymine also having ample blood to measure ar least key
metabolites by 1C/M$ but did not do se. Only frabulsrichal o ub
(20153 provided data for each parﬁclpant but could be refated to dose
(sc¢ above) and no study provided raw data, Raw data shows’ the
sourees of yarability and allows verification of data-analysis. Raw data
for the Parthasarathy et al, (2009) study may have explained the ap-
pan_nliy flat concentention lime curve aftr:r oral aAdministration aml far
1he delayed G, with buth routes of mitrogynine administration. Had
urinary pit and creatinine beén measired by Le ¢t al, (2001) and
Trakulsrivhal o1 ab. {2018 disparate urlnary mitrsgynine concentra:
tlens might have besn explained. Ondy study by Trakulsrichal kt all
(2015) focused on pharmacokinelles while other studies used phar-
macokineticsas 2n adfunct to describing axsay methods which in some
tases oocupled nearly all abstfacts, a common steategy in herbat med-
jeinal chemistry, Notwithstanding the above, most deficiencles arose
feom adhering to laxed feporiing standards prevailing at the Hme of
exeautien.

In vitro studfes were not systematically sereened for quality but the
contentrations tseid exceeded high coneéntratlon levels of mitragynine
up to 200 |, = problem that Is rife in herbal medicine reseprch. Thus,
although many drug metabollsm enzymes wete modified by mbk
tragyrdne only a few cﬁ‘etls ere translatable to its therapewde appli-
cation.

4, Discussion

A substantial amount of data relevant to the phamacokinelics of
mitragynine has been published Being o weak base, mitragynine ab-
sorption [s modeiately rapid at physiofoglcal pH In the distal small
Intestine and apgiears to be passive. Like most weak bases, It dIffusés as
1he unlonized form into the cytosol. The drug thea becomes lon-trapped
by the lower cytesolle pH, lcating typically to 2 6.fok] concentraden
compared to the extracelular fevels (Brown and Garthwaite, 1979),
‘The uncharged form can alsa partitien inte far stores but tendency it
reduced in the mdre acldit cytosel surrotnding mast Hpid deposits. This
explains the high ¥, of weakly basic drigs including mitsagynine, Thus,
filting 1his Targe sink can account for much of the initial dectine, This
Justifies at feast o two-compartment pharmacckinetic model. The B5-95
% plasiia proteln binding introdices two complications: i) the effee-
tive mitragynire coneentratlon in éxtraéellular space {8 approximately
10% of the measured plasma concentration lowering activation of
membrane receptors and concentration dependent diffusion; and (I}
the caleulated Vg value can be Jowered.

Mitragyning nictabollsm also Influences Y, predominantly by
conjugatfon but also phaze I modifications that contribuled to excreted
mitregynine, No discovered spidy could delineate contrbutions of
metabatlnn, excredon, snd redistribtudion to t, making it difficull to
predict dnsg elearance for any particular proson. An Jmportant variable
is urinary pH, that normalty varfes between 4.6 and 8.0, could account
foruep to a 10¢-fald rarige of mitragynlsie excreton £5 & weak base, Thus
imeasuting urine volurge, pH, creatinine provides ull the data to assess
drug excretion but no study parfarmed these, To date, contribution of
phase 1 and phase U drug metabolizing cnzjme on mitsagyine has been
estabbished. Conscquently, when' co-administered mitrgynine with
other drugs, which extensively metabolized by these enymzes as de-
seribéd above, inteeaction herbal-drug might be possible.
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No study assessed tissue levels of mitragynine over time as n gulde
1o redlistribution. While perfusion rates are faldly constant for bruln,
Kidney, liver, other tissues {gut and muscle) have Bighly varlable pers
fuston rates: hence, the rate and size of the redistribution pool may be
highly variable and impact on t) . Therefore, tha pharmatckinetics are
complex and the studies so far have provided Incomplete dsla. The
pharmacakinetic studies in rat were similar to those in the human saidy
exeept for Iower Gy, In humans (eange 45-200 nM, of 1500 nhf i rats).
The fast Tias, of 0.8h in buman compared with *1.5h in rat siggests
that simple’ disselation In the aquebus miedia fod to humarns withoul
dispersing agents is enough for fast absorption. The different Guy Te.
flects higher oral doeses (20-50 mg/kg) glven to rats (body welghts
.22 - 0.32kg). ‘These equate 1o 220-550 mg in human (70Xg) using
atlometeic scallng from rats (Sharma and MoXelll, 20069), doses 1
garded as toaie in humans. This studies on haman ectl lines éa vitre or
hunzai protetns shonkd alm for nctions evoked at submicromolar con-
centrations,

Pharmacokinetic parameters of mitmgynine in rats shaw some
varlability berween studics. For Intravenous delivery, only Yuppala
¢t ul. 12011 begun carly coough to dbtain & near true Ciy, while Kong,
Mohamed et af. (2017} started sampling 2t 30mn and Parthasarathy
ot a1, {2000) started af 20min. The lauer authors using tall vely also
ablained a detayed G, .. suggesting either slow drug nfusion or poor
mixing, Their votume distribution was atyplcally low for & &iffusable
weak base and far lower than the twi other intravenous studies These
questions gbout the Parlasagathy, er al. (2030) data and thelr Jow 3%
bisavallability determination [s also worrlsome. Drue to fts lpophilicity
and poor water solubility et ghysislogleal pH, milragynine tan be
classified as Class B Drug sccording to the Blopharmaceutical Classifi-
catlén System (BCS) (Sachan ef vl 2009). Dissobarlan is one of the
mafor factors {nflugnelng mitragynine orat bloavaitability, A'slow dls-
solutlon rate may play an {mportant role in its low Dloavalfability
(Basthe et al, ¥999), Therefore, a development of an appropriate salt
form of mitragynine may be able to increase its bloavaitability ofal. Our
determination of 2196 using data Geerned as the most rellable accords
with other diffusible weak basts incliding codeing which has a simifar
slngle pa e mliragynine, undergoss exieasive metabolism, additional
polar (—OH} group, high V., and high bloavallabllity of > 503%. The
remiainlng 8035 of ingested mitragynine is elther first-pass metabollzed,
rémains in the gut unchianged, or degraded by the microbiota which &
comumeon with herbal medidnes, Feees deternsinarfon could help resolve
this question. This §s Impertant because heteragenedty of the human
microbicta can jnfluence potency enornously.

We alsn designed a gquality assessment which arose from 2 carefidl
iri-deépth analysls of the discovered papers which lead (o the guidance
notes listed In supplement $1, Such detalled asesment lools should be
mendatory for all systematle reviews if thelr conclusibns are du be e
ligble. The PRISMA statement should be updated to account for this
imcreased aséessment riger and exténded 1o animat studics.

These studles Teave many questons unanswered, Onr quality’ as.
sessment toof found some studles had poor deslgn, execution, and Taxed
reporting creates confuston, Production of metabolites that are 4lso
Dologically active or toxie were oot consdered. Nevertheless, one well:
designed robust animals and human study could provide ail thé missing
dila, except concentration time coutses of miteagynine In organ tasues
(i.e. brain, fat, muscle, kidneys, liver} would seed an anfmal srudy s
well a8 studies invalving rales of protein transpoter in minag}mm
dispositlon. These new fesults from the studies are possibly cxplain
more about pharmacokinetic behavlors of mitragynine.

5. Conclusion

This systematic review found several phanmpacokinetic stadies on
imitragynine which vaded in reporting, reliabilify, and complelcness,
wWhile crude changes in blood levels after oral mitragynine can be
niodelled. The data on metsbolism and exceetion cannot be applled to

Bl
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humans, Future sradles on mittagynine and cther medidng should fully
1eport wethods, data, adhere to ethics, and maxdmise data tollection.
This includes a full 48 h blood time ecurse including major metobolites,
urinalysls of the agent and metabolites, fecal samples and & biodvall-
ability determination. Nonetheless, the available information regarding
the pharmacokinetics of mitragynine is not complete. For example,
metabolism of the compuund, Boavailability problem, disposition of
this compound in the other tissies, mode of profeln transporer into the

brain, and poléntlal Intesactions with other dsugs or chemicals. There'

gaps of knowiedge heed further rescaech.
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APPENDIX C COMPUTER CODE OF THE PBPK MODEL FOR
MITRAGYNINE IN RATS (INTRAVENOUS DOSING)

METHOD RK4
STARTTIME =0
STOPTIME =75
DT =0.0005
Dose =2.5
Duration =0.16

{Rat physiological parameter}

BW =0.25
Qcc =15
VLUC ~ 0.005
VEC =007
VBRC = 0.006
VSPC — 0.404
VKIC = 0.007
VLIC =0.034
VvC ~0.0544
VAC =0.0272
QC = QCC*BWA0.75
QFC =007
QBRC =0.02
QSPC ~0.278
QKIC =0.141

QLIC =0.183

; hr

; hr

; Reference body weight (kg)
; Blood flow fraction (L/hr)

: Vol fraction of lung (I/’kg)
: Vol fraction of fat

; Vol fraction of brain

: Vol fraction of slowly perfused
; Vol fraction of kidney

; Vol fraction of liver

: Vol fraction of vein

; Vol fraction of artery

; Blood flow (L/hr)

: BF fraction of fat

; BF fraction of brain

" ; BF fraction of slowly perfused

; BF fraction of kidney

: BF fraction of liver
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{Chemical specific parameter for HCN}

MW =398.50 ; Molecular weight (g/mole)

PCLU =1.12 : Partition coefficient of lung/blood
PCF =437 ; Partition coefficient of fat/blood
PCBR =().86 : Partition coefficient of brain/blood
PCSP =0.74 : Partition coefficient of slowly perfused/blood
PCKI =0.96 : Partition coefficient of kidney/plasma
PCLI = =098 ; Partition coefficient of liver/blood
Vmax BR =17 ; memole/hr (BCRP)

Km BR =11 ; memolar

Vmax LI =03 : memole/hr (CYP3A4)

Km LI =85 ; memolar

FVBF = (.02 : Blood volume fraction of fat (%)

PAFC =1.5 + Fat tissue permeability (L/u/kg tissue)

{Calculated parameters}

VLU = VLUC*BW ;L

VE = VFC*BW

VBR = VBRC*BW

VSP = VSPC*BW

VKI = VKIC*BW

VLI = VLIC*BW

vV = VVC*BW

VA = VAC*BW

PAF =PAFC*VF : Fat:blood permeability (L/hr)
VFb = FVBF*VF ~; Fat compartment blood volume

VFt - =VF-VFb ; Fat compartment tissue volume



{Blood flow of organs}

QF = QFC*QC ; L/hr
QBR = QBRC*QC

QSP =QSPC*QC

QKI = QKIC*QC

QLI = QLIC*QC

{Mass balance in Vein}
Rate_in = Dose*(1000/MW)/Duration*(1-step(1, duration))

AV' = (QF*CVE+QBR*CVBR+QSP*CVSP+QKI*CVKI+QLI*CVLI)
-(QC*CV)+BR_ET+Rate_in

INIT AV =0.0 ; mcmole

CvV =AV/VV ; memole/L

CV_mcg =CV*MW ; meg/L

{Mass balance in Artery}

AA' = (QC*CLUA)-CA*(QF+QBR+QSP+QKI+QLD-BR_ET

INIT AA =0.0 ; memole

CA =AA/VA s memole/L

CA mecg =CA*MW ; meg/L

{Mass balance in Lung}

ALU = QC*(CV-CLUA)

INIT ALU =0.0 ; memole
CLU = ALU/VLU ; memole
CLUA = ALU/AVLU*PCLU) ; memole/L

CLU meg = CLU*MW ; meg/L
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{Mass balance in Fat}

AFb' = QF*(CA-CVEF)+PAF*(CFt/PCF-CVF)
INIT AFb =0.0 ; memole

CVE = AFb/VIEb ; memole/L
AFt' = PAF*(CVF-CFt/PCF)

INIT AFt =0.0 ; memole

CFt = AFt/VFt ; memole/L
AFtotal = AFb-+AFt ; memole

CF = AFtotal/VF ; memole/L
CF _mcg=CF*MW ; meg/L

{Mass balance in Brain}

ABR' = QBR*(CA-CVBR)-BR_ET

INIT ABR =0.0 ; memole
CBR = ABR/VBR ; memole/L
CVBR = ABR/(VBR*PCBR) ; memole/L
CBR_mcg = CBR*MW ; meg/L

BR_ET = (Vmax_BR*CVBR)/(Km_BR+CVBR)
ABR_ET' =BR_ET
INIT ABR.ET=0.0

{Mass balance in Slowly perfused tissues}

ASP' = QSP*(CA-CVSP) .
INIT ASP =0.0 ; memole
CSP = ASP/VSP : memole/L
CVSP = ASP/(VSP*PCSP) ; memole/L

CSP_mcg = CSP*MW ; meg/L
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{Mass balance in Kidney}

AKT = QKI*(CA-CVKI)

INIT AKI =0.0 ; memole
CKI = AKI/VKI ; memole/L
CVKI = AKI/(VKI*PCKI) ; memole/L
CKI mcg =CKI*MW ; meg/L

{Mass balance in Liver}

ALl = QLI*(CA-CVLI)-LI_Met

INIT ALI =0.0 ; memole
CLI = ALVVLI ; memole/L
CVLI = ALI/(VLI*PCLI) ; memole/L
CLI mcg =CLI*MW - meg/L

LI Met = (Vinax_LI*CVLI/(Km _LHCVLI)
ALI Met' =LI Met
INIT ALL Met= 0.0

{Total mass}

MB = AV+AA+ALU+ABR+AFTotal+ASP+AKI+ALI+ABR_ET+ALI Met
; memole
MB_mg = MB*MW/1000 ; mg

display PCLU, PCBR, PCF, PCSP, PCKI, PCLI, Dose, Duration, Vmax_LI, Km_ LI,
Vmax_BR, Km_BR, PAFC, FVBF

display MB_mg, CV_mcg, CA_meg, CLU_mcg, CF_mcg, CBR_mcg, CSP_mcg,
CKI_meg, CLI mcg



APPENDIX D COMPUTER CODE OF THE PBPK MODEL FOR
MITRAGYNINE IN RATS (ORAL DOSING)

METHOD RK4

STARTTIME = ; hr
STOPTIME =24 ; hr

DT = (0.0005 ; hr

Dose =5 ;mg
Oral_in =Ka*AGU

AGU' = -Oral_in

INIT AGU = Dose*(1000/MW)*F

{Rat physiological parameter}

BW’ =0.25 | : Reference body weight (kg)
QCC =15 : Blood flow fraction (L/hr)
VLUC =0.005 : Vol fraction of lung (L/kg)
VEC = (.07 ; Vol fraction of fat

VBRC =0.006 ; Vol fraction of brain

VSPC = 0.404 ; Vol fraction of slowly perfused
VKIC =0.007 ; Vol fraction of kidney

VLIC = (0,034 ; Vol fraction of liver

VvvC =0.0544 ; Vol fraction of vein

VAC =0.0272 ; Vol fraction of artery

QC = QCC*BW"0.75 ; Blood flow (L/hr)

QrcC = (.07 _ ; BF fraction of fat

QBRC =0.02 : BF fraction of brain

QSPC =(.278 : BF fraction of slowly perfused
QKIC =0.141 ; BF fraction of kidney

QLIC =0.183 ; BY fraction of liver



{Chemical specific parameter for HCN}

MW =1398.50 ; Molecular weight (g/mole)

PCLU =112 : Partition coefficient of lung/blood
PCF = 4,37 ; Partition coefficient of fat/blood
PCBR =(.86 : Partition coefficient of brain/blood
PCSP =0.74 : Partition coefficient of slowly petfused/blood
PCKI =0.96 - Partition coefficient of kidney/plasma
PCLI =(.98 : Partition coefficient of liver/blood
Vmax BR =1.7 ; memole/hr (BCRP)

Km BR=11 ; memolar

Vmax LI =0.3 ; memole/hr (CYP3A4)

Km LI =85 ; memolar

FVBF =0.02 : Blood volume fraction of fat (%)
PAFC =15 : Fat tissue permeability (L/hr/kg tissue)
Ka =0.5 | 3 Absorption rate constant (1/hr)

F =0.08 ; Bioavailability

{Calculated parameters}

VLU = VLUC*BW ; L

VF = VFC*BW

VBR = VBRC*BW

VSP = VSPC*BW

VKI = VKIC*BW

VLI = VLIC*BW

‘A" =VVC*BW

VA = VAC*BW

PAF = PAFC*VF ; Fat:blood permeability (I/hr)
VFb = FVBF*VF ; Fat compartment blood volume

VTt = VE-VFb ; Fat compartment tissue volume
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{Blood flow of organs}

QF = QFC*QC ; Lihr
QBR = QBRC*QC

QSP = QSPC*QC

QKI = QKIC*QC

QLI = QLIC*QC

{Mass balance in Vein}

AV =(QF*CVF+QBR*CVBR+QSP*CVSP+QKI*CVKI+QLI*CVLI)
-(QC*CV)+BR_ET

INIT AV - =0.0 ; memole

(Y = AV/VV ; memole/L

CV mcg =CV*MW ' ; meg/L

{Mass balance in Artery}

AA' = (QC*CLUA)-CA*(QF+QBR+QSP+QKI+QLI)-BR_ET

INIT AA =00 ; memole

CA =AA/VA ; memole/L

CA mecg =CA*MW ; meg/L

{Mass balance in Lung}

ALU = QC*(CV-CLUA)
INIT ALU =0.0 ; mcmole
CLU = ALU/VLU ~; mcmole

CLUA  =ALU/VLU*PCLU) ; memole/L
CLU mcg = CLU*MW ; meg/L
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{Mass balance in Fat}

AFb = QF*(CA-CVF)+PAF*(CFt/PCF-CVF)
INIT AFb =0.0

CVF = AFb/VFb

AFt = PAF*(CVE-CFt/PCF)

INIT AFt =0.0

CFt = AFt/VFt

AFtotal = AFb+AFt : memole

CF = AFtotal/VF ; memole/L
CF_mcg= CF*MW ; meg/L

{Mass balance in Brain}

ABR' = QBR’?(CA—CVBR')-BR_ET

INIT ABR =0.0 ; memole
CBR = ABR/VBR ; memole/L
CVBR = ABR/(VBR*PCBR) ; mcmole/L
CBR_mcg = CBR*MW ; meg/L

BR_ET = (Vmax_BR*CVBR)/(Km_BR+CVBR)
ABR_ET' =BR_ET
INIT ABR_ET= 0.0

{Mass balance in Slowly perfused tissues}

ASP' = QSP*(CA-CVSP)

INIT ASP =0.0 s memole
CSP = ASP/VSP : memole/L
CVSP = ASP/(VSP*PCSP) ; memole/L

CSP_mcg = CSP*MW ; meg/L
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{Mass balance in Kidney}

AKT = QKI*(CA-CVKI)

INIT AKI =0.0 : memole
CKI = AKI/VKI ; memole/L
CVKI = AKI/(VKI*PCKI) ; memole/L
CKI meg =CKI*MW ; meg/L

{Mass balance in Liver}

ALl = QLI*(CA-CVLI)-LI_Met+Oral_in
INIT ALTI =0.0 : memole
CLI = ALVVLI ; memole/L
CVLI = ALI/(VLI*PCLI) ; memole/L
CLI mcg =CLI*MW ; meg/L

LI Met =(Vmax_LI*CVLD/(Km_LI+CVLI)
ALL Met = LI Met
INIT ALI Met= 0.0

{Total mass}

 MB= AV+AA+ALU+ABR+AFTotal+ASP+AKI+ALI+ABR _ET+ALI_Met+AGU

; memole

MB_mg = (MB*MW)/(F*1000)  ; mg

display PCLU, PCBR, PCF, PCSP, PCKI, PCLI, Dose, Vmax_LI, Km_LI, Vmax_BR,
Km_BR, PAFC, FVBF, F, Ka

display MB_mg, CV_mcg, CA_mcg, CLU_mcg, CF_mcg, CBR_mcg, CSP_mcg,
CKI mecg, CLI_mcg



APPENDIX E COMPUTER CODE OF THE PBPK MODEL FOR
MITRAGYNINE IN HUMANS (REPEATED DOSING)

METHOD RK4
STARTTIME = s hr
STOPTIME =192 ; hr
DT =0.0005 ; hr
Dosel =9.96 ; mg
Dose2 =9.96 ; mg
Dose3 =096 ; mg
Dose4 =9.96 ;mg
Dose5 =9.96 ; mg
Dose6 =9.96 , mg
Dose7 =9.96 ;mg
Dose8 | =9.96 ;mg |
Dosing 1 = if time <= 24 then | else 0
Input_1 = pulse (Dosel,0,24)*Dosing_1
Dosing 2 = if time >= 24 AND time <= 48 then 1 else 0
Input 2 = pulse (Dose2,24,48)*Dosing_2
Dosing 3 = if time >= 48 AND time <= 72 then 1 else 0
Input_3 = pulse (Dose3,48,72)*Dosing_3
Dosing_4 = if time >= 72 AND time <= 96 then 1 elsc 0
Input 4 = pulse (Dose4,72,96)*Dosing_4
Dosing_5 = if time >= 96 AND time <= 120 then 1 else 0
. Input 5 = pulse (Dose5,96,120)*Dosing_3
Dosing_6 = if time >= 120 AND time <= 144 then 1 else 0
Input_6 = pulse (Dose6,120,144)*Dosing_6
Dosing 7 - =iftime >= 144 AND time <= 168 then 1 else 0
Input_7 = pulse (Dose7,144,168)*Dosing_7
Dosing_8 = if time >= 168 AND time <= 192 then 1 else 0

Input_8 = pulse (Dose8,168,192)*Dosing_8



107

Oral_in =Ka*AGU

AGU' = -Oral_in+(input_1+input_2+input_3+input_4+input_5+input_6
+input_7+input_8y*F*(1000/MW)

INIT AGU =0.0

{ITuman physiological parameter}

BW =70 : Reference body weight (kg)
QCC =15 : Blood flow fraction (L/hr)
VLUC = (.008 ; Vol fraction of lung (L/kg)
VEC =(.214 ; Vol fraction of fat

VBRC =0.02 ; Vol fraction of brain

VSPC =04 : Vol fraction of slowly petfused
VKIC =(1.004 ; Vol fraction of kidney

VLIC =0.026 : Vol fraction of liver

VVC =0.0514 ~; Vol fraction of vein

VAC =(.0257 ; Vol fraction of artery

QC = QCC*BW”0.75 ; Blood flow (I./hr)

QFC =0.052 : BF fraction of fat

QBRC =0.114 : BF fraction of brain

QSPC =(.191 : BF fraction of slowly perfused
QKIC =0.175 ; BF fraction of kidney

QLIC =0.227 ; BF fraction of liver

{Chemical specific parameter for HCN}

MW =398.50 ; Molecular weight (g/mole)

PCLU =10.52 : Partition coefficient of lung/blood

PCF =3.64 : Partition coefficient of fat/blood

PCBR =72 « Partition coefficient of brain/blood

PCSP =0.98 : Partition coefficient of slowly perfused/blood
PCKI =0.98 : Partition coefficient of kidney/plasma

PCLI = 1.37 : Partition coefficient of liver/blood

Vmax BR =325 ; memole/L (BCRP)
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Km BR=14 ; memole

Vmax_LI =41 ; memole/hr (CYP3A4)

Km LI  =103.3 ;mcmolar

FVBF =0.02 ;Blood volume fraction of fat (%)
PAFC =1 - Fat tissue permeability (L/hr/kg tissue)
Ka =22 . Absorption rate constant (1/hr)

F =0.21 ;Bioavailability

{Calculated parameters}

VLU = VLUC*BW ~
VF = VEC*BW
VBR = VBRC*BW
VSP = VSPC*BW
VKI = VKIC*BW
VLI — VLIC*BW
\'AY = VVC*BW
VA = VAC*BW
PAF = PAFC*VF : Fat:blood permeability (L/hr)
VFb = FVBF*VF ; Fat compartment blood volume
VFt = VF-VFb : Fat compartment tissue volume
{Blood flow of organs}
QF = QFC*QC , L/r
QBR = QBRC*QC
QSP = QSPC*QC
QKI = QKIC*QC

QLI = QLIC*QC
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{Mass balance in Vein}

AV = (QF*CVF+QBR*CVBR+QSP*CVSP+QKI*CVKI+QLI*CVLI)
(QC*CV)+BR_ET |

INITAV =00 ; memole

CvV = AV/IVV ; memole/L

CV_meg =CV*MW ; mcg/L

{Mass balance in Artery}

AA' = (QC*CLUA)-CA*(QF+QBR+QSP+QKI+QLI)-BR_ET
INIT AA =0.0 ; mcmole

CA = AA/VA ; memole/L

CA_mcg =CA*MW ;s meg/L

{Mass balance in Lung}

ALU' = QC*CV-CLUA)
INIT ALU =0.0 ; memole
CLU = ALU/NVILU ; memole

- CLUA = ALU/(VLU*PCLU) ; mcmole/L
CLU mcg = CLU*MW ; meg/L
{Mass balance in Fat}
ALDb' = QF*(CA-CVF)+PAF*(CFt/PCF-CVF)
INIT AFb =0.0
CVF = AFb/VFb
AFt' = PAF*(CVF-CFt/PCF)
INIT AFt =0.0
CFt = AFt/VFEt
AFtotal = AFb+AFt : memole
CF = AFfotal/VF : memole

CF_mcg= CF*MW ; meg/L



{Mass balance in Brain}

ABR' = QBR*(CA-CVBR)-BR_ET

INIT ABR =0.0 : memole
CBR = ABR/VBR ; memole/L
CVBR = ABR/(VBR*PCBR) ; memole/L
CBR mcg = CBR*MW ; meg/L

BR_ET =(Vmax BR*CVBR)/(Km_BR+CVBR)
ABR_ET' =BR_ET
INIT ABR_ET=0.0

{Mass balance in Slowly perfused}

ASP' = QSP*(CA-CVSP)

INIT ASP =0.0 ; memole
CSp | = ASP/VSP ' : memole/L
CVSP - =ASP/(VSP*PCSP) ; memole/L
CSP _mecg =CSP*MW ; meg/L

{Mass balance in Kidney}

AKT = QKI*(CA-CVKI)

INIT AKI =0.0 ; mcmole
CKI = AKI/VKI ; memole/L
CVKI = AKV/(VKI*PCKI} ; memole/L
CKI meg =CKI*MW ; meg/L

{Mass balance in Liver}

ALl = QLI*(CA-CVLI)-LI_Met+Oral_in
INIT ALI =0.0 ; memole

CLI =ALI/VLI ; memole/L
CVLI = ALI/(VLI*PCL}) ; memole/L

CLI mcg = CLI*MW ; meg/LL
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LI Met = (Vmax_LI*CVLD/Km_LI+CVLI)
ALI Met' =LI Met
INIT ALI Met=0.0

{Total mass}
MB = AV+AA+ALU+ABR+AFtotal+ASP+AKI+ALI+ALL Met+ABR_ET+AGU

; incmole
MB_mg = (MB*MW)/(F*1000) .3 mg

display PCLU, PCBR, PCF, PCSP, PCKI, PCLI, Vmax_BR, Km_BR, Vmax_LI,
Km_ LI FVBF, PAFC, F, Ka

display MB_mg, CV_mcg, CA_mcg, CLU_mcg, CF_mcg, CBR _mcg, CSP_mcg,
CKI mecg, CLI mcg '
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