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Abstract
Mitragynine is a major component isolated fromMitragyna speciosaKorth or kratom, a medicinal plant known for its opiate-like
and euphoric properties. Multiple toxicity and fatal cases involving mitragynine or kratom have been reported but the underlying
causes remain unclear. P-glycoprotein (P-gp) is a multidrug transporter whichmodulates the pharmacokinetics of xenobiotics and
plays a key role in mediating drug-drug interactions. This study investigated the effects of mitragynine on P-gp transport activity,
mRNA, and protein expression in Caco-2 cells using molecular docking, bidirectional assay, RT-qPCR, Western blot analysis,
and immunocytochemistry techniques, respectively. Molecular docking simulation revealed that mitragynine interacts with
important residues at the nucleotide binding domain (NBD) site of the P-gp structure but not with the residues from the substrate
binding site. This was consistent with subsequent experimental work as mitragynine exhibited low permeability across the cell
monolayer but inhibited digoxin transport at 10 μM, similar to quinidine. The reduction of P-gp activity in vitro was further
contributed by the downregulation of mRNA and protein expression of P-gp. In summary, mitragynine is likely a P-gp inhibitor
in vitro but not a substrate. Hence, concurrent administration of mitragynine-containing kratom products with psychoactive drugs
which are P-gp substrates may lead to clinically significant toxicity. Further clinical study to prove this point is needed.
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Introduction

Mitragynine is a primary psychoactive compound isolated from
Mitragyna speciosaKorth (M. speciosa) and it is responsible for
most of the plant’s pharmacological activities. M. speciosa, or
commonly known as kratom, belongs to the Rubiaceae family
and has been traditionally used to manage various ailments such
as cough, diarrhea, chronic pain, and drug withdrawal symptoms

(Chittrakarn et al. 2010; Jamil et al. 2013; Matsumoto et al.
2004). Kratom have opiate- and cocaine-like effects, hence, it
has been frequently utilized as a stimulant or as a substitute for
opiate addiction (Boyer et al. 2008; Grundmann 2017; Kong
et al. 2011; Philipp et al. 2011). The narcotic, stimulant, and other
dose-dependent effects of kratom have been attributed primarily
tomitragynine (Matsumoto et al. 1996a;Matsumoto et al. 1996b;
Thongpradichote et al. 1998).
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Chronic usage of kratom has been associated with opioid
abuse, dependence, and addiction. Despite listed as a regula-
tory controlled substance in Malaysia and Thailand, there is a
rampant misuse of preparations containing kratom among the
locals (Adkins et al. 2011; Hassan et al. 2013; Kapp et al.
2011). A majority of users admitted to daily consumption of
kratom either by drinking in the form of tea, chewing,
smoking, or adding the leaves to food (Ahmad and Aziz
2012; Swogger et al. 2015). There are currently no regulations
to prohibit its use in some states in the United States of
America (USA), United Kingdom (UK), and other countries
(Boyer et al. 2008; Hillebrand et al. 2010; Schmidt et al.
2011). Although the US Drug Enforcement Agency in 2016
has announced plans to place kratom in Schedule 1 of the
Controlled Substances Act, which would have effectively
outlawed use of the product, the plans were shelved after a
public outcry (Henningfield et al. 2018).

Self-treatment using kratom and co-administration of kratom
with another herbal preparation or other drugs resulting in ad-
verse reactions, toxicity, and deaths are often reported (Boyer
et al. 2008; Domingo et al. 2017; Karinen et al. 2014;
Kronstrand et al. 2011; Neerman et al. 2013; Nelsen et al.
2010; Tatum et al. 2018). Although mitragynine was discovered
together with other substances during forensic analysis, the exact
cause of toxicity or death remained largely uncertain. At least 36
deaths have been attributed to kratom so far, which prompted the
Food and Drug Administration (USA) to issue a public health
warning about the substance in November 2017 (White 2018).
Kratom users usually have a previous drug history and often
other psychoactive substances such as cannabis, heroin, and ben-
zodiazepines were used concomitantly. The widespread use of
mitragynine-containing kratom preparation certainly warrants
safety precautions and investigations.

P-glycoprotein (P-gp) is a multidrug transporter and one of
the members of the ATP-binding cassette (ABC) superfamily
encoded by the MDR1/ABCB1gene in human (Hennessy and
Spiers 2007). P-gp is synthesized in the endoplasmic reticu-
lum as a core-glycosylated intermediate with a molecular
weight of 150 kDa before subsequently modified in the
Golgi apparatus prior to export to the surface of the cell
(Grandjean-Forestier et al. 2009). P-gp protects cells from
xenobiotics and toxins by pumping them out and the efflux
of the components helps in preventing them from reaching the
systemic circulation (Vaalburg et al. 2005). Due to its extreme
broad substrate specificity and promiscuity, P-gp can actively
transport a plethora of substrates compounds with varying size
and structure out of the cells (Montanari and Ecker 2015; Pan
et al. 2016). P-gp is mainly expressed along the apical
(luminal) side of the epithelial cells of the intestine
(enterocytes), brain capillary endothelial cells in blood brain
barriers, and renal proximal tubular cells.

Transporters have the potential to impact oral bioavailabil-
ity and modulates the absorption, distribution, and excretion

of a vast array of xenobiotics and serves a key role in drug-
drug interactions (DDI) (Aszalos 2007; Borst and Elferink
2002; Szakacs et al. 2006; Vaalburg et al. 2005). Thus, alter-
ation of enzyme and transporter activities of a substrate drug
may lead to a reduction in drug efficacy or an induction of
drug toxicity. For example, the presence of an inhibitor of P-
gp may alter the bioavailability of a substrate drug in the
intestine and has an impact on the clinical safety of the select-
ed drug (Tachibana et al. 2010). Herb-induced P-gp inhibition
and/or induction on its transport activity are potentially capa-
ble of changing the substrate drug’s pharmacokinetic param-
eters and resulting in severe side effects or treatment failure.

Our previous study has reported that mitragynine is a weak
CYP3A4 inhibitor. Although substrates and/or inhibitors of
CYP3A4 and P-gp tend to overlap with each other, the effects
of mitragynine on P-gp and the possibility of contributing to
drug-herb interaction risks remain unclear and have not been
fully explored. This study aims to determine the interactions
between mitragynine and P-gp via molecular docking simula-
tion and bidirectional assay. The effects of mitragynine on P-
gp expression were also determined.

Materials and methods

Materials

Caco-2 cell line (ATCC® HTB-37) was obtained from the
American Type Culture Collection (ATCC), USA. Minimum
essential medium (MEM), fetal bovine serum (FBS), 0.05%
(w/v) trypsin-EDTA, penicillin-streptomycin, and HEPES
[4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid] solu-
tion were all from Gibco, USA. CellTiter 96® AQueous one
solution cell proliferation assay was obtained from Promega,
USA. Modified Hank’s balanced salt solution (HBSS), sodi-
um acetate trihydrate, sodium pyruvate, MEM non-essential
amino acid solution, dimethyl sulfoxide (DMSO), digoxin,
quinidine, and rifampicin were all from Sigma-Aldrich,
USA. QIAshredder™ and RNeasy® plus mini kit were from
Qiagen, USA. Anti-MDR1/ABCB1 (E1Y7B) rabbit mAb,
anti-human β-actin rabbit antibody, anti-rabbit IgH (H+L),
F(ab’) 2 fragment, anti-rabbit IgG HRP-linked antibody were
purchased from Cell Signaling, USA. Ammonium persulfate,
DC™ Protein assay reagent A and B, Precision Protein™
StrepTactin-HRP conjugate, Precision Plus Protein™
WesternC™ standard, and iTaq™ Universal SYBR® green
one-step kit were all from Bio-Rad Laboratories Inc., USA.
Taqman® RNA-to-CT™ 1-step kit and Mem-PER™ Plus
membrane protein extraction kit was obtained from Thermo
Scientific, USA. ECL™Western blotting detection reagent is
from GE Healthcare, UK. Acetonitrile and methanol gradient
grade for liquid chromatography, sodium dodecyl sulfate
(SDS), acrylamide/bis 30% (w/v), and molecular grade
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ethanol were all purchased from Merck, Germany. Primers
and probes were synthesized by Bioneer, Korea.

Isolation and characterization of mitragynine

Mitragynine was isolated from M. speciosa Korth leaves and
characterized as previously described (Lu et al. 2014; Tay
et al. 2016). Briefly, the fresh leaves of the plant were collect-
ed from the state of Perlis, Malaysia, with written permission
from theMinistry of HealthMalaysia and the Narcotics Crime
Investigation Department, Royal Malaysia Police (PDRM).
The authentication work was carried out in Forest Research
Institute Malaysia (FRIM) and specimen voucher code num-
ber IPHARM-49-35-C1 was deposited at the Malaysian
Institute of Pharmaceuticals and Nutraceuticals (IPharm).
Briefly, powdered dried material was extracted with methanol
for 72 h using Soxhlet apparatus to obtain methanol extract.
The extract was subsequently dissolved in 10% (v/v) acetic
acid to yield the acidic filtrate. The filtrate was first washed
with n-hexane and 25% (v/v) ammonia solution before extract-
ed with chloroform and subsequently processed with anhy-
drous sodium sulfate to produce the crude alkaloid extract.
Subsequently, the crude alkaloid was fractionated with n-
hexane and ethyl acetate eluent system and fractions were
subjected to preparative TLC to increase the purity of the
compound. Further recrystallization was carried out with n-
hexane and diethyl ether to produce an approximately 30%
(w/w) of mitragynine. The structure and identity of the com-
pounds were confirmed using 1H-NMR and 13C-NMR anal-
ysis as shown in Supplementary Fig. 1 (Lu et al. 2014).

Molecular docking

The structures of digoxin, quinidine, and mitragynine were
constructed using ACD/ChemSketch Freeware (Advanced
Chemistry Development, INC., Toronto, ON, Canada) and
optimized using PRODRG server (http://davapc1.bioch.
dundee.ac.uk/prodrg/). The three-dimensional structure of P-
gp was downloaded from the RCSB Protein Data Bank as a
protein databank file (PDB Code: 4KSB) (Ward et al. 2013).
Molecular docking simulation was carried out using
AutoDock 4.2.6 software package (Morris et al. 2009), where-
as the docking files were prepared using the AutoDockTools
(ADT) 1.5.6 RC3 package. A grid map of 126 × 126 × 126
points in x, y, z-direction with a spacing of 0.375 Å between
the grid points was set. The Lamarckian genetic algorithm
(LGA) was used for the ligand conformational search and
100 independent docking runs were made. The 100 docked
conformations of the ligands were clustered based on a root
mean square deviation (RMSD) tolerance of 2.0 Å. The mo-
lecular interactions of the ligands with P-gp were analyzed
using Accelryls® Discovery Studio 4.0 (Accelrys, Inc.,
USA). Parameters such as free energy of binding (FEB),

estimated inhibition constant (Ki), and important residues of
macromolecule binding site were compared with digoxin
(substrate) and quinidine (inhibitor) as reference controls.

Cell culture and cell proliferation assay

Caco-2 cell line was maintained in MEM supplemented with
1% (v/v) sodium pyruvate, 1% (v/v) non-essential amino acid,
100 U/mL of penicillin and 100 μg/mL of streptomycin (also
known as complete MEM), and 10% (v/v) FBS at 37 °C in a
humidified incubator supplementedwith 5% (v/v) CO2. For all
the experiments, cells from different passage numbers were
used in each independent experiment carried out on different
days. Briefly, cells were seeded onto two 96-well plates
(Nunc, Denmark) with an optimized number of approximately
6000 cells per well and were allowed to grow for 24 h. After
24 h, cells in T0 plate were subjected to cell proliferation assay
while cells in T1 plate were cultured in a reduced serum me-
dium containing 0.5% (v/v) FBS-complete MEM for 4 h.
Subsequently, medium in T1 plate was replaced with reduced
serum medium containing drug/compound and incubated for
72 h. Control cells were treated with 0.1% (v/v) of DMSO
(vehicle) in 0.5% (v/v) FBS-completeMEM.Cell proliferation
assay was carried out using CellTiter 96® AQueous one solu-
tion cell proliferation assay reagent (Promega, USA) follow-
ing the manufacturer’s protocol. Percentage of growth and
response parameters were calculated as previously described
(Tan et al. 2016).

Bidirectional transport assay

Briefly, for bidirectional transport assay, Caco-2 cells were
seeded onto Transwell® polycarbonate membrane cell culture
insert (6.5 mm; 0.4 μm pore size) (Corning, USA) placed in a
24-well plate with a density of approximately 1 × 105 cells/
cm2 per insert and allowed to grow according to the manufac-
turer’s instructions. On the third day of culture, the medium
was replaced with complete MEM without FBS on the apical
side and 10% (v/v) FBS-complete MEM on the basolateral
side for differentiation of the cells to mimic intestinal condi-
tion (Ferruzza et al. 2012). The medium was changed every
2 days until 21 days of culture prior to bidirectional assay
(Peng et al. 2014). To measure the integrity of the cell mem-
brane, the transepithelial electrical resistance (TEER) values
were monitored in each well using Millicell® ERS-2
Voltohmmeter (Milipore, Germany). The TEER values were
calculated from the resistance readings recorded on 7th, 14th,
and 21st days of the cells cultured in the membrane insert
using the following formula, where TEER value = (resistance
of sample − resistance of blank) × effective membrane area
(Srinivasan et al. 2015). Cell monolayers with TEER values
between 350 and 600 Ωcm2 were used for subsequent assays.
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For P-gp substrate determination, cells were first pre-
incubated with transport buffer [modified HBSS with 10 mM
HEPES (pH 7.4)] on the apical and basolateral side of the
membrane insert, respectively for 20 min at 37 °C.
Subsequently, the buffer was replaced with freshly prepared
compound diluted in complete transport buffer into the apical
side and transport buffer into the basolateral side to measure the
transport of compound from apical to basolateral. To measure
the transport of compound from basolateral to apical side, com-
pound solution was added into the basolateral side instead. The
cells were then incubated at 37 °C and the samples were col-
lected at an optimized time of 210 min, which was the linear
phase in the permeability. For the measurement of the transport
of compound from apical to the basolateral (AP-BL) side, sam-
ple solution was taken from the basolateral chamber while for
the measurement of the transport of compound from basolateral
to apical (BL-AP) side, sample solution was taken from the
apical chamber. The concentrations of the compound in the
chambers were determined using HPLC analysis. The apparent
permeability coefficient (Papp) and net efflux ratio (ER) were
calculated based on the final concentration of the drug at the
receiver chamber (Mikkaichi et al. 2014; Oga et al. 2012). To
confirm the functionality of the bidirectional assay, transport of
digoxin (10 μM) was first evaluated in the absence and pres-
ence of quinidine, a P-gp inhibitor (Wang et al. 2008).

As for P-gp inhibition studies, cells were grown on the
insert as mentioned previously and were allowed to differen-
tiate into polarized endothelial cells for 21 days. On day 18,
cells were first pre-treated with compound for 72 h (Haslam
et al. 2008). On day 21, cells were rinsed and pre-incubated in
transport buffer for 20 min at 37 °C before incubated with
mixture containing 10 μM digoxin and a specific concentra-
tion of drug/compound in transport buffer at the apical side
and transport buffer without digoxin at the basolateral cham-
ber. To measure the transport of digoxin from BL-AP side in
the presence of compound, digoxin in the presence of com-
pound diluted in transport buffer was added into the
basolateral side and transport buffer without digoxin was
added into the apical side. The cells were then incubated and
the sample solutions collected from the receiver chamber were
analyzed as previously mentioned. Rifampicin (10 μM) and
quinidine (10 μM) were used as controls for inducer and in-
hibitor respectively.

HPLC analysis

Both digoxin and mitragynine samples were analyzed using
Waters Breeze™ High Performance Liquid Chromatography
(HPLC) system (Milford, MA, USA) equipped with Waters
1525 binary HPLC pump, Waters 717 Plus autosampler, and
Waters 2487 dual λ absorbance detector. System operation
and data acquisition was controlled using the Breeze™ soft-
ware (Version 3.3). Chromatographic separation for digoxin

was performed using XBridge™ C18 Column with particle
size of 5 μm and a dimension of 150 mm× 3.0 mm as labeled
by the manufacturer (Waters, Milford, MA, USA). For each
injection, 100 μL of sample was injected and peaks were
monitored using ultraviolet detector at the wavelength of
220 nm. Samples were analyzed with isocratic elution system
using HPLC mobile phase consisted of 72% (v/v) ultrapure
water and 28% (v/v) acetonitrile with a flow rate of 0.5 mL/
min and for 15 min (Jedlička et al. 2003; Varma et al. 2004).
On the other hand, chromatographic separation for
mitragynine was carried out using Zorbax StableBond C18
Columnwith particle size of 5μmand dimension of 250mm×
3.0 mm as labeled by the manufacturer (Agilent
Technologies, Santa Clara, CA, USA). For each injection,
20μL of sample was injected and peaks were monitored using
ultraviolet detector at wavelength of 225 nm. Samples were
analyzed using HPLC mobile phase consisted of 30% (v/v)
acetate buffer and 70% (v/v) methanol with a flow rate of
0.8 mL/min and for 15 min (Janchawee et al. 2007; Lim
et al. 2013). Retention time for drug/compound and bio-
analytical method validation comprising selectivity, linearity,
between- and within-day precision, and accuracy were deter-
mined prior to bidirectional assay. The concentration of drug/
compound in sample solutions was calculated by reference to
a standard curve constructed from known concentrations of
the drug/compound.

Reverse transcription-quantitative real-time PCR
(RT-qPCR)

Briefly, cells were first seeded into T25 flasks with an
optimum density and were allowed to grow until 70% con-
fluence. Subsequently, the medium was replaced with
0.5% (v/v) FBS-complete MEM and incubated for 4 h prior
to treatment with drug/compound for the next 72 h. Total
RNA was iso la ted f rom the t rea ted ce l l s us ing
QIAshredder™ and RNeasy® plus mini kit (Qiagen,
Germany) according to manufacturer’s protocol. All
primers and probes were designed using Beacon Designer
7.80 (Premier Biosoft International, USA) (Table 1). To
determine the optimum annealing temperature for each
set of primers, gradient RT-qPCR was carried out using
iTaq™ Universal SYBR® Green One-Step kit (Bio-Rad
Laboratories, USA). To optimize the concentration of the
probes and in subsequent experiments, RT-qPCR was car-
ried out using Taqman® RNA-to-CT™ 1-Step Kit
(Thermo Scientific, USA) in CFX96™ real-time PCR de-
tection system (Bio-Rad Laboratories, USA). The thermal
profile used for amplification was as follows: cycle 1
(cDNA synthesis), consisting of 15 min at 48.0 °C; cycle
2 (reverse transcriptase inactivation), consisting of 10 min
at 95.0 °C; cycle 3 (PCR), consisting of 15 s at 95.0 °C
followed by 1 min at 56.3 °C for 40 cycles; and cycle 4
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(melt curve analysis), consisting of 5 s at 65–95 °C for
60 cycles, increasing by 0.5 °C for each cycle. The RT-
qPCR amplification efficiency for each set of primers
was determined and computed into the Pfaffl mathematical
model for subsequent calculation of relative gene expres-
sion. Data are presented as the fold change in gene expres-
sion normalized to two endogenous reference genes
(GAPDH and β-actin) and relative to the vehicle-treated
control. Caco-2 cells incubated with 0.1% (v/v) DMSO in
0.5% (v/v) FBS-complete MEM for 72 h was used as ve-
hicle control. The final concentration of DMSO in all treat-
ment conditions did not exceed 0.1% (v/v).

Western blot analysis

Caco-2 cells were seeded into T75 flask with an optimum
density and were treated with drug/compound as men-
tioned previously. Total membrane protein was isolated
using Mem-PER™ Plus membrane protein extraction kit
(Thermo Scientific, USA). The proteins were then sepa-
rated by SDS-PAGE and electrophoretically transferred to
the PVDF membrane using Mini Trans-Blot® electropho-
retic transfer cell (Bio-Rad Laboratories, USA) according
to the manufacturer’s protocol. After blocking with 3%
(w/v) skim milk in PBS-T, the membranes were probed
with an optimized dilution of primary antibodies over-
night (1:1000 for both anti-MDR1/ABCB1 (E1Y7B) rab-
bit mAb and anti-human β-actin rabbit antibody) and fi-
nally incubated with IgG HRP-linked secondary antibody
(Cell Signaling Technology, USA) (1:1000) for 2.5 h. The
signal was detected using ECL™ Western blotting detec-
tion reagents (Amersham Biosciences, UK) and imaged
on ChemiDoc™ XRS imaging system (Bio-Rad
Laboratories, USA). Densitometric quantification of the
bands was performed using the Image Lab™ analysis

software (Bio-Rad Laboratories, USA). Protein expression
was normalized against β-actin, which served as internal
control of protein loading. Relative protein expression
was then calculated by dividing the normalized intensity
of treated sample by vehicle control.

Immunocytochemistry

Briefly, the Caco-2 cells were seeded onto 12-well plates
with Transwell® polycarbonate membrane inserts
(Corning, USA) with an approximate density of 1 ×
105 cells/cm2. The cells were allowed to grow and after
3 days, the complete medium was changed to medium
without FBS on the apical side and 10% (v/v) FBS-
complete medium on the basolateral side (Ferruzza et al.
2012). The next day, the previous medium was replaced
with drug/compound diluted in complete medium without
FBS in the apical side and 10% (v/v) FBS-complete me-
dium in the basolateral chamber. The monolayer cell was
further incubated for 72 h before fixation and staining for
confocal microscopy. Monolayer cells were fixed with 4%
(v/v) paraformaldehyde and incubated for 30 min at room
temperature followed by permeabilization using 0.1% (v/
v) Triton X-100 for 15 min and blocking with 3% (v/v)
bovine serum albumin for 1 h. The cells were then incu-
bated with an optimized dilution of anti-MDR1/ABCB1
(E1Y7B) rabbit mAb (Cell Signaling, USA) (1:800) in
3% (v /v) BSA and incubated at 4 °C overnight.
Subsequently, cells were rinsed with PBS-T and incubated
with anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa
Fluor® 488 conjugate, Cell Signaling, USA) at optimized
dilution (1:1000) in 3% (v/v) BSA for 1 h. Finally, the
polycarbonate membrane was detached from the insert
and carefully placed onto a glass slide and mounted with
Fluoroshield™ with DAPI mounting medium (Sigma,
USA) and flipped it with the cells facing downwards be-
fore viewing under 63× objective magnification using
Nikon C2 confocal microscope (Nikon, USA). The
excitation/emission wavelengths for Alexa-488 and
DAPI were 490/525 nm and 358/461 nm, respectively.
The settings for laser imaging including laser power, gain
and amplification factor were set similarly for all slides.
For each independent experiment, ten spots (image at 63×
objective magnification) with approximately 100 cells per
spot were randomly selected for each slide. The integrated
density of the green fluorescence (Alexa Fluor® 488) of
the confocal images was measured using the ImageJ soft-
ware (http://imagej.nih.gov/ij/). From the ImageJ analysis,
the relative protein expression was calculated by dividing
the density values of treated cells relative to the control
cells (0.1% (v/v) DMSO). In addition to the densitometry
analysis, the percentage numbers of cells expressing the
protein were also selected and quantified.

Table 1 Oligonucleotide primer and probe sets used for the PCR
analysis

Gene Sequences

MDR/ABCB1/P-gp

Forward 5′ – TGCCTATTATTACAGTGGAA – 3′

Reverse 5′ – TCTCCTGTCGCATTATAG – 3′

Probe FAM-TGCTGGTTGCTGCTTACATTCA-EBQ

β-actin

Forward 5′ – ATCACCATTGGCAATGAG – 3′

Reverse 5′ – GATGGAGTTGAAGGTAGTT – 3′

Probe Cy5-CACTCTTCCAGCCTTCCTTCC-BHQ 2

GAPDH

Forward 5′ – ATTCCACCCATGGCAAATTC – 3′

Reverse 5′ – GATGGGATTTCCATTGATGACA – 3′

Probe HEX-CCGTTCTCAGCCTTGACGGTGC-BHQ1
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Data analysis

The permeability coefficient (Papp) and ER of the compounds
were calculated using the following equations:

Papp ¼ 1

C0A
dQ
dt

where dQ/dt is the steady-state appearance rate of the substrate
on the receiver side (dpm/s), C0 is concentration of the test
compound on the donor side (dpm/μL), and A is the surface
area of the monolayer (0.33 cm2) (Mikkaichi et al. 2014).

ER ¼ Papp BL−AP

Papp AP−BL

Papp BL-AP is the Papp value from the basal to apical direc-
tion and Papp AP-BL is the Papp value from the apical to basal
direction. Statistical comparisons were performed using un-
paired Student’s t test and results were expressed as means ±
SD of three independent experiments (GraphPad Prism® soft-
ware, version 5.0). Results are considered statistically signif-
icant if p value < 0.05.

Results

Molecular docking of mitragynine within the P-gp
substrate and NBD-binding site

To investigate the interactions between compounds and the
drug binding sites of P-gp, parameters such as free energy of
binding (FEB), estimated inhibition constant (Ki) and interac-
tions with important residues within P-gp were evaluated.
Based on the docking simulation of mitragynine and digoxin
within the substrate binding site of P-gp, mitragynine was
demonstrated to have a higher calculated FEB (− 6.69 kcal/
mol) and Ki (12.53 μM) values as compared with digoxin (−
7.77 kcal/mol; 2.01 μM) (Table 2). As a known substrate,
digoxin forms a single hydrogen bond with Tyr303 residue
and hydrophobic interactions with some of the important sub-
strate binding site residues of P-gp (Fig. 1a). Themethyl group
of digoxin forms π-sigma interaction with the pi-orbitals of
the benzene ring of the aromatic residue of Tyr306 whereas
the alkyl group forms π-alkyl interactions with π-orbitals of
the benzene ring of the aromatic residues of Tyr303, Phe339,
Phe724, Tyr949, and Phe974. Digoxin also forms alkyl to
alkyl hydrophobic interactions with P-gp residues such as

Table 2 Molecular interaction of mitragynine within the substrate binding site and the nucleotide binding domain (NBD) of P-gp

Compound Substrate binding site of P-gp Free
energy
bindin-
g, FEB
(kcal/-
mol)

Estimated
inhibi-
tion
consta-
nt, Ki

(μM)

Hydrogen binding Hydrophobic interactions

Important
resi-
dues

Others Important residues Others

Known
sub-
strate

Digoxin Tyr303
(√)

Tyr303 (2 π-alkyl), Tyr306
(π-sigma), Phe339 (2 π-alkyl),
Phe724 (π-alkyl), Tyr949
(π-alkyl), Phe974 (π-alkyl),
Ile977 (alkyl-alkyl), Val978 (3
alkyl-alkyl)

Ile302 (3 alkyl-alkyl), Ala981
(alkyl-alkyl)

− 7.77 2.01

Natural
com-
pound

Mitragynine Gly826 (√),
Phe833 (√)

Ala714 (π-alkyl), Phe766 (π-π
T-shaped), Phe773 (π-π
stacked), Leu829 (amide-π
stacked, π-alkyl), Ala830
(amide-π stacked, 2 π-alkyl)

− 6.69 12.53

Compound Nucleotide binding domain (NBD) of P-gp Free
energy
bindin-
g, FEB
(kcal/-
mol)

Estimated
inhibi-
tion
consta-
nt, Ki

(μM)

Hydrogen bonding Hydrophobic interactions

Arg258 Others Pro803 Others

Known
inhibi-
tor

Quinidine √ Phe800 (√√) alkyl-alkyl Arg258 (2 π-alkyl), Leu810
(alkyl-alkyl)

− 7.57 2.83

Natural
com-
pound

Mitragynine √√√ Asp801(√),
Asp802 (√),
Pro803 (√),
Asn805 (√),
Gln1077
(√√)

2 π-alkyl Tyr1040 (π-alkyl) − 7.05 7.76
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Ile302, Ile977, Val978, and Ala981 (Fig. 1a). However,
mitragynine did not have any form of interactions with the
above residues. Mitragynine forms two hydrogen bonds with
residues such as Gly826 and Phe833 (Fig. 1b). It also forms
π-π interactions (π-π stacked and π-π T-shaped) with the pi-
orbitals of the benzene ring of the aromatic residues of Phe773
and Phe766 and π-alkyl interactions with residues such as
Ala830, Ala714, and Leu829. In addition, Leu829 and
Ala830 also form amide-π stacked interactions with
mitragynine. Based on this molecular docking simulation,
mitragynine did not form any interactions with important res-
idues of the substrate binding site of P-gp (Tyr303, Tyr306,
Phe339, Phe724, Tyr949, Phe974, Ile977, Val978). These
findings suggest that mitragynine may be a poor or non-P-gp
substrate.

For prediction of P-gp inhibitor, based on the compound-P-
gp complex interactions, mitragynine (− 7.05 kcal/mol)

appeared to be a slightly weaker inhibitor as compared with
quinidine (− 7.57 kcal/mol) (Table 2). In addition, the Ki value
of mitragynine (7.76 μM) was also higher as compared with
quinidine (2.83 μM). From the docking simulation, both quin-
idine and mitragynine form hydrogen bonds with Arg258 res-
idue of the P-gp (single hydrogen bond with quinidine, mul-
tiple hydrogen bonds with mitragynine). Quinidine forms ad-
ditional two hydrogen bonds with Phe800 residue, whereas
mitragynine has additional two hydrogen bonds with Gln1077
and single hydrogen bonds with Asp801, Asp802, Pro803,
and Asn805 residues respectively (Fig. 1c, d). As for hydro-
phobic interactions, the alkyl group of quinidine form an alkyl
to alkyl hydrophobic interactions, whereas the pi-orbitals
group of mitragynine forms two π-alkyl interactions with
Pro803 residues of P-gp. In quinidine, two additional π-
alkyl interactions were seen between the pi-orbitals of quini-
dine and the alkyl groups of Arg258. Another alkyl to alkyl

Fig. 1 Detailed molecular interaction between compound and substrate
binding site and nucleotide binding domain (NBD) of P-gp. a Digoxin
and substrate binding site. b Mitragynine and substrate binding site. c
Quinidine and NBD. d Mitragynine and NBD. The conformations of
ligands are shown in ball and stick representation. Atoms were colored

as gray for carbon, blue for nitrogen, red for oxygen, and white for
hydrogen. The hydrophobic interactions and hydrogen bonds are
depicted by purple and black lines meanwhile P-gp residues which
interact with compound by either hydrophobic interactions or hydrogen
bond are represented by yellow or green structures respectively
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hydrophobic interaction was also observed between the alkyl
groups of quinidine with the alkyl group of Leu810 residue.
On the other hand, the alkyl group of mitragynine forms ad-
ditional hydrophobic interaction with the pi-orbitals of
Tyr1040. Surprisingly, based on these molecular docking sim-
ulation, mitragynine and quinidine formed both hydrogen
bonds and hydrophobic interactions with the same residues
of P-gp (Arg258 and Pro803). Thus, there is a possibility that
mitragynine may act as an inhibitor of P-gp, similarly to
quinidine.

The concentration testing range for mitragynine
and optimization of the bidirectional transport assay

The possible cytotoxicity effects of mitragynine on Caco-2
cell line were determined at 72 h. The IC50 (50% growth
inhibition), TGI (total growth inhibition), and LC50 (50% le-
thal concentration) values were calculated from a nonlinear
regression model (curvefit) of sigmoidal dose-response curve
using GraphPad Prism 5 (GraphPad Software, Inc., USA).
Based on the interpolated values, the IC50, TGI, and LC50

values of mitragynine were determined as 20.0, 56.20, and
112.20 μM respectively, which were all higher as compared
with the control drug (Supplementary Fig. 2a). Thus,
mitragynine concentration range (0.001–10 μM) not exceed-
ing IC50 value was used in subsequent experiments.
Concentrations above 10 μM may inhibit the growth and af-
fect the P-gp transport activity of the Caco-2 cells.

Chromatographic retention time for compounds and HPLC
method validation comprising selectivity, linearity, within-
and between-day precision, and accuracy were first deter-
mined prior to bidirectional assay. The min retention time of
mitragynine and digoxin was determined at 6.2 min and
5.9 min, respectively (Supplementary Fig. 2b, c). As for
HPLC method validation, there was no interfering peak from
the blank mixture during the retention time determination for
both compounds indicating the selectivity of the chromato-
graphic separation procedures. Both mitragynine and digoxin
also produce a linear response over the tested concentration
range and the coefficients of determination (R2) of both com-
pounds were calculated as 1.000 as evidence of acceptable fit
of the data to the regression line (Supplementary Fig. 2d, e).
The within-day and between-day precision (% RSD) and ac-
curacy (% RE) data for digoxin and mitragynine were all
within the acceptance criteria of 20%.

The bidirectional transport assay was first validated using
digoxin, with and without the presence of P-gp inhibitor
(10 μMof quinidine). In this assay, digoxin, a well characterized
P-gp probe showed vectorial transport (Papp AP-BL < Papp BL-AP),
with an approximately 10-fold of Papp BL-AP value of (51.83 ±
0.07) × 10−6 cm/s as compared with Papp AP-BL value of (5.40 ±
0.00) × 10−6 cm/s, indicating significant expression of P-gp at the
apical side of Caco-2 monolayer cell (Supplementary Fig. 2f).

The ER (Papp BL-AP/Papp AP-BL) value of digoxin was calculated
to be 9.60 ± 0.01. Unsurprisingly, in the presence of quinidine at
both AP and BL sides, the Papp BL-AP was reduced to (23.50 ±
0.30) × 10−6 cm/s, while Papp AP-BL remained unchanged [(5.40
± 0.00) × 10−6 cm/s]. Although the values for Papp AP-BL in the
presence of inhibitor are expected to be different from the values
without the inhibitor, the differences were not detected, probably
due to the moderate to low sensitivity of the HPLC system. A
clear reduction in the ER was observed for digoxin from 9.60 ±
0.01 (without quinidine) to 4.35 ± 0.04 (with quinidine) indicat-
ing inhibition of the transport activity and the functionality of the
monolayer cells in the bidirectional assay.

Mitragynine has minimal permeability but inhibits
the transport of digoxin across the cell membrane

Permeability of mitragynine across P-gp-over expression Caco-2
cells was monitored as mentioned previously. Figure 2a shows
Papp and ER values of mitragynine across Caco-2monolayer cell
with digoxin as control substrate. Interestingly, the Papp BL-AP

value of mitragynine [(17.70 ± 0.00) × 10−6 cm/s] was rather
similar compared with the Papp AP-BL [(18.83 ± 0.87) ×
10−6 cm/s], indicating passive transport. This was in contrary to
digoxin, where Papp BL-AP was much higher as compared with
thePapp AP-BL and the ER value was near 10-fold. In the presence
of quinidine, the Papp BL-AP of digoxin was significantly reduced
but not for mitragynine (Fig. 2a). Mitragynine exhibited minimal
permeability and appeared to be a poor P-gp substrate with ER
value of 0.94 ± 0.04 (< 2).

The effects of mitragynine on the P-gp transport activity of
digoxin was carried out subsequently. As shown in Fig. 2b, c,
the mean ER values of digoxin in the presence of 0.1 μM,
1 μM, and 10 μM of mitragynine were 21.41 ± 0.62, 18.26 ±
1.67, and 12.48 ± 0.42 respectively, indicating the transport of
digoxin in the BL-AP direction was reduced with increasing
concentration of mitragynine and suggesting a reduction in P-
gp transport activity. However, only higher concentration of
mitragynine (10 μM) produced a significant inhibition on the
Papp BL-AP [(37.23 ± 2.48) × 10−6 cm/s] and reduction of ER
value of digoxin (30%) as compared with the control experi-
ment. Surprisingly, at the lowest concentration, there was a
slight but significant induction of Papp BL-AP and ER values
as compared with baseline. As expected, 10 μM of quinidine
showed a significant reduction in the digoxin transport with
Papp BL-AP of (32.42 ± 1.19) × 10−6 cm/s and ER value of
10.62 ± 1.17 (40% reduction) while rifampicin produced a
significant induction with an ER value of 19.65 ± 0.90.

Mitragynine downregulates the mRNA and protein
expression of P-gp

To determine the effects of mitragynine on the gene expres-
sion of P-gp in Caco-2 cell line, RT-qPCR were carried out.
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Figure 3a shows that mitragynine downregulated the mRNA
expression of P-gp in a concentration-dependent manner,
where a significant reduction was observed at 1 and 10 μM
(35.2% reduction; 1.54-fold at 10 μM). Concentrations at
0.1 μM and less did not produce any significant effects on
the mRNA expression of P-gp. The mRNA results were in
agreement with the protein expression pattern as the P-gp
protein expression were also reduced in a concentration-
dependent manner (Fig. 4a). For Western analysis, two bands
were seen between 150 and 250 kDa and densitometry anal-
ysis of the upper band was determined as it was assumed to be
the glycosylated membrane protein. The highest and signifi-
cant inhibition occurred at 10 μM with 39.4% (1.65-fold)
inhibition, whereas 1 μM of mitragynine showed 26.3%
(1.36-fold) inhibition. The significant down-regulation of both
P-gp mRNA and protein expression were consistent with the
decrease in the net digoxin efflux ratio.

As a control inhibitor of digoxin transport, quinidine showed
a concentration-dependent mRNA inhibition with the highest
fold inhibition at 10 μM [76.8%; 4.35-fold)] (Fig. 3b).
Although concentrations lower than 10 μMgenerally produced
more than 2-fold reduction in mRNA expression, the reduction
was statistically insignificant (p > 0.05). On the other hand, sta-
tistically significant protein downregulation was only observed

in cells treated with 1 μM of quinidine (Fig. 4b). Interestingly,
no clear pattern can be seen with increasing concentration of
rifampicin as shown in Fig. 3c. The highest mRNA induction
was seen at 10 μM with 32.2% induction (1.32-fold) but none
of these changes were statistically significant. On the other
hand, P-gp protein expression was found to be increased in
concentration-dependent manner where 10 μM of rifampicin
showed 99.8% (2.00-fold) induction while other lower concen-
trations showed 60.2% (1.60-fold), 42.0% (1.42-fold), 36.3%
(1.36-fold), and 19.4% (1.19-fold) induction respectively (Fig.
4c). As a P-gp inducer, rifampicin significantly induced the
protein expression of P-gp at all concentrations tested.

Mitragynine reduces the localization of P-gp
on the cell membrane

To identify the effects of mitragynine on the protein expression
of P-gp on the surface of the cells, immunocytochemistry was
carried out. From the cross-sectional view of Caco-2 cells, P-gp
was found to be localized on the apical side of the cells.
Generally, green fluorescence dots were seen on the membrane
of the Caco-2 cells, while none was found on the cytoplasm.
The fluorescence intensity of mitragynine-treated cells was the
lowest when the concentration usedwas the highest (Figs. 5 and

Fig. 2 a Permeability of mitragynine across Caco-2 monolayer cells with
digoxin as control. b Papp values of digoxin in the presence and absence
of mitragynine and control drugs. c ER values of digoxin in the presence

and absence ofmitragynine and control drugs. Data are presented asmean
value ± SD of three independent experiments (n = 3, *p < 0.05 compared
with control)
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6). As for controls, greater intensity of the green fluorescence
was observed in cells treated with rifampicin while the lowest
intensity was seen in quinidine-treated cells. Mitragynine
inhibited the P-gp protein expression significantly in a
concentration-dependent manner with more than 2-fold reduc-
tions for concentrations of 1 μM (53.8%; 2.16-fold) and 10 μM
(64.8%; 2.84-fold) (Fig. 5a). Mitragynine was also found to
significantly reduce the percentage number of cells expressing
P-gp with 17.5% (0.1 μM), 10.0% (1 μM), and 5.8% (10 μM)
reduction respectively (Fig. 5b). Similar to densitometry analy-
sis, rifampicin increased the percentage of cells expressing P-gp
(41.7%), meanwhile quinidine significantly reduced the per-
centage of cells expressing P-gp (4.2%) in the apical surface
of Caco-2 cells respectively. Figure 6 shows the representative
images for the view of the z stack section of cells treated with
0.1–10 μM of mitragynine and control drugs.

Discussion

Kratom preparations have been used as a folk remedy among
rural population ofMalaysia and Thailand (Adkins et al. 2011;
Hassan et al. 2013). Due to its stimulant and euphoric effects,
kratom is often being misused. In addition to causing symp-
toms of addiction, kratom is also reported to have effects on
the health, psychological, and cognitive behavior of users
(Saingam et al. 2013). A cross-sectional survey in the com-
munity across three northern peninsular states of Malaysia
revealed that regular users of kratom are often afflicted with
drug dependence, development of withdrawal symptoms, and
inability to control craving (Singh et al. 2014). A number of

Fig. 4 The effects of a mitragynine, b quinidine, and c rifampicin on the
protein expression of P-gp after 72 h of treatment. Densitometric data of
upper bands are presented as mean ± SD of three independent
experiments (n = 3, *p ≤ 0.05)

Fig. 3 The effects of (a) mitragynine (b) quinidine (c) rifampicin on the
mRNA expression of P-gp after 72 h of treatment. Data are presented as
mean ± SD of three independent experiments (n = 3, * p < 0.05 compared
with control)
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clinical cases on kratom use related to the development of
severe toxicity leading to seizure, coma, and even death have
been reported. Most of these cases involved co-administration
of at least one additional psychoactive drug, namely,
zopiclone, citalopram, lamotrigine, modafinil, benzodiaze-
pine, and quetiapine (Boyer et al. 2008; Hughes 2018;
Karinen et al. 2014; Neerman et al. 2013; Tatum et al.
2018). Other than prescription drugs, co-administration of
kratom with herb such as Datura stramonium, which caused
a series of seizure and coma was also reported (Nelsen et al.
2010). Since mitragynine was detected concurrently with oth-
er drugs during forensic analysis, these clinical cases have
raised serious concern regarding the safety of kratom prepara-
tion and the possibility for this major psychoactive component
causing serious drug interactions.

In a recent work, mitragynine was found to induce mRNA
and protein expression of CYP1A2 but appeared to be a weak
CYP3A4 inducer at the transcriptional level and a weak
CYP3A4 enzyme inhibitor (Lim et al. 2013). However, in
another study, methanolic extract of kratom leaves and sev-
eral of its alkaloids were found to activate PXR and to induce
the mRNA expression of PXR target genes such as CYP3A4,
CYP1A2, and P-gp in HepG2 cells, suggesting possible clin-
ically significant drug-herb interactions when used concomi-
tantly with substrate drugs (Manda et al. 2017). The variabil-
ity of the results may be due to the different methods used;
hence, more studies should be carried out to verify this.

Among all transporters, P-gp plays a critical role in drug
interactions due to its broad substrate specificity and potential
to impact oral bioavailability of substrate drugs. The emerg-
ing of many new P-gp substrates and/or inhibitors among
active compounds derived from medicinal plant suggests that
drug-herb interactions related to P-gp may occur frequently
and screening of these phytochemicals against drug interac-
tions risks mediated by P-gp is important (Kivistö et al. 2004;
König et al. 2013; Li et al. 2015; Yang et al. 2013).
Mitragynine, a bioactive alkaloid of kratom extract is respon-
sible for most of the plant’s pharmacological activities.
Despite its popularity among illicit drug users, most of the
pharmacological studies and scientific evidences only focus
on its medicinal potential such as anti-nociceptive, anti-in-
flammatory, and gastrointestinal effects but its drug-herb in-
teractions risks remain largely uncertain (Hassan et al. 2013;
Utar et al. 2011).

In this study, an in silico prediction was first explored to
evaluate if mitragynine behaves like a substrate and/or inhib-
itor of P-glycoprotein. Molecular docking is one of the most
frequently used methods because of its ability to predict, with
a substantial degree of accuracy, the conformation of small
molecule ligands within the appropriate target binding site of
macromolecule (Ferreira et al. 2015). The crystal structure of
mouse P-gp (PDB: 4KSB) used in this study has 87% simi-
larity on the overall sequence identity and nearly 100% iden-
tity within the binding cavity between mouse and human P-gp
(Dolghih et al. 2011). In P-gp, the binding sites for
transporting substrates (drug binding sites) are formed by in-
teraction of several transmembrane helices, making a pore for
the substrate to pass through before being transported to the
extracellular space upon ATP hydrolysis (Wise 2012). Thus,
for the evaluation of mitragynine as a P-gp substrate, the grid
parameter for docking simulation was set to include the sub-
strate binding site. Based on the FEB and Ki values computed
using the docking software, mitragynine was postulated to be
either a much weaker P-gp substrate or a non-substrate as
compared with digoxin. Both FEB and Ki values for
mitragynine were consistently higher than digoxin. None of
the hydrogen and hydrophobic interactions between
mitragynine and P-gp residues was similar to digoxin. By
contrast, digoxin was shown to form hydrogen bond with
Tyr303, one of the important substrate binding sites of P-gp.
Tyr303 residue is also known to interact with verapamil, an-
other known P-gp substrate (Yang et al. 2013). These in silico
observations on mitragynine were further supported with the
bidirectional assay results. Mitragynine has poor permeability
and produced an ER value of less than 2; thus, it is unlikely a
P-gp substrate. This observation was also similar to the work
carried out by Manda and co-workers (Manda et al. 2014).
Both mitragynine and 7-hydroxymitragynine were found to
have moderate permeability across Caco-2 and MDR-
MDCK monolayers with no significant efflux.

Fig. 5 a The integrated density of the fluorescence signal relative to
control or fold changes of P-gp expression in the absence and presence
of test compounds. b The mean percentage of cells expressing green
fluorescence per spot of an approximate 100 cells. Data are presented as
mean ± SD of three independent experiments (n = 3, *p ≤ 0.05)
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Compounds that interfere with nucleotide binding to P-gp
or that disrupt the nucleotide binding sites may inhibit ATP
binding or hydrolysis, and hence, in this study, the grid pa-
rameter was also set to include the nucleotide binding domain
(NBD) of P-gp (Brewer et al. 2014). In this study, although the
FEB and Ki values for mitragynine were slightly lower than
quinidine, both compounds exhibited similar interactions with
important residues. For example, mitragynine forms three hy-
drogen bonds with Arg258, an important residue of the P-gp
nucleotide binding site as compared with quinidine, which
forms a single hydrogen bond with the same residue. In addi-
tion, mitragynine interacts with alkyl group of the Pro803
residue via both hydrogen bond and hydrophobic interactions,
whereas quinidine interacts with the alkyl group of Pro803 via
hydrophobic interactions, suggesting that mitragynine is like-
ly to bind onto the same nucleotide binding site like quinidine.
Most of the interactions form by both mitragynine and quin-
idine were with the important residues in the NBD of P-gp
namely Arg258, Phe800, Asp801, Asn805, Tyr1040, and
Gln1077 (Brewer et al. 2014). Binding of any xenobiotic into
the NBD of P-gp or other ATPase transporters are known to

inhibit ATPase activity and thus preventing the transportation
of the substrate (Badhan and Penny 2006). Based on the in
silico prediction, mitragynine is likely a P-gp inhibitor and this
was further supported by the experimental results and was in
agreement with another published study (Manda et al. 2014).

In this study, bidirectional transport assay utilizing Caco-2
cell line was used to evaluate if mitragynine is a P-gp substrate
and/or inhibitor. The bidirectional transport assay was first
validated by monitoring the transport activity of digoxin
through the monolayer cells with and without the present of
quinidine, a known P-gp inhibitor. Drug with net efflux ratio
more or equal to 2.0 and where its net efflux ratio is influenced
by any known P-gp inhibitors is most probably a P-gp sub-
strate (FDA 2012). A high efflux ratio of Papp BL-AP to Papp AP-

BL of digoxin indicates a potentially significant role for P-gp in
transporting digoxin across the monolayer cells (Meyer et al.
2015). Low Papp AP-BL also reflects an involvement of P-gp in
limiting the absorption of the drugs as P-gp was localized on
the apical surface of the Caco-2 cells (Artursson et al. 2012).
In the presence of quinidine, a reduction in the Papp BL-AP

resulted in the reduction of the net efflux ratio, indicating an

Fig. 6 Confocal microscope images from representative slides of Caco-2
cells treated with a 0.1 μM mitragynine, b 1 μM mitragynine, c 10 μM
mitragynine, d 0.1% (v/v) DMSO, e 10 μM quinidine, and f 10 μM

rifampicin (magnification, 63× objective). Green fluorescence represents
P-gp distribution and expression in Caco-2 cells while blue fluorescence
indicates the nucleus
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inhibition on the P-gp transport activity of digoxin and func-
tionality of the bidirectional assay. For evaluation of
mitragynine as P-gp inhibitor, the transport of digoxin across
the monolayer cell with and without mitragynine and control
drug was determined. In this study, the transport of digoxin
decreased with increasing concentration of mitragynine and
concentration at 10 μM produced a significant reduction of
ER (30%) and Papp BL-AP values, suggesting that mitragynine
is a P-gp inhibitor, rather similar to quinidine (40% reduction
at 10 μM). In this study, the actual IC50 value of mitragynine
was not determined, as concentrations above 10 μM may be
detrimental to the growth of Caco-2 cells. However, we hy-
pothesized that the IC50 value for mitragynine would be above
10 μM and that the [I]2/IC50 value for mitragynine would be
more than 25 if [I]2 value (inhibitor gut concentration) for
mitragynine is approximated at 25 mg in 250 mL (Fenner
et al. 2009; Vicknasingam et al. 2010). [I]2/IC50 < 10 is pre-
dictive of negative clinical digoxin DDIs (Fenner et al. 2009);
hence, further clinical study is recommended for mitragynine.

Meyer and co-workers evaluated the effects of various psy-
choactive substances on P-gp and ATPase activity by moni-
toring transport across cell monolayers and ATP consumption.
They found that although mitragynine has demonstrated low
ATP consumption, it was capable of inhibiting the P-gp activ-
ity in a significant manner, an observation which was similar
to our findings (Meyer et al. 2015). In this study, mitragynine
was also found to inhibit the mRNA and protein expression of
P-gp which further provides information on the possible in-
volvement of this transporter in intestinal absorption and ex-
cretion of kratom. A pre- and post-transcriptional reduction of
the P-gp expression and binding onto the NBD site may ex-
plain the synergistic reduction of P-gp transport activity by
mitragynine. However, it is also noteworthy that the reduction
of P-gp expression in this case may be also due to other factors
such as the cytotoxicity effects of the compound or when the
cells were manipulated under reduced serum concentrations.
Interestingly, in some cancer cells, a decreased P-gp turnover
(increased stability) is closely associated with the G1/G0
phase of the cell cycle and when the cells are placed under
some physiological stress such as serum starvation, amino
acid deficiency, or radiation treatment (Zhang and Ling
2000). Apparently, under serum-starved conditions, there is
an enhanced degradation of total cytoplasmic and membrane
proteins and that the steady-state level of P-gp in a cell is
dependent on its synthesis rate and turnover rate (Zhang and
Ling 2000). Interestingly, in another study, treatment with
Mitragyna extract and its constituent such as mitragynine re-
sulted in increased in both PXR and P-gp expression. This was
followed by a decreased in the uptake of Calcein-AM in
HepG2 cells, suggesting an increased P-gp activity (Manda
et al. 2017). This discrepancy may be due to the different cell
lines, assay conditions and substrates used in the experiments.
In addition, there is also a limitation with the current method

using HPLC system, namely, sensitivity issue, which can be
improved with UPLC or LC/MS-MS system.

Interestingly, from the immunocytochemistry results,
mitragynine significantly inhibited the surface expression of
P-gp in Caco-2 cells at lower concentrations of 0.1 μM and
onwards. P-gp is first synthesized in the endoplasmic reticu-
lum (ER) as a core-glycosylated intermediate with a molecular
mass of about 150 kDa before subsequently modified in the
Golgi apparatus and transported to the cell membrane
(Grandjean-Forestier et al. 2009). Thus, a reduction in surface
expression suggests that mitragynine may possibly affect the
transportation and trafficking of P-gp from the endoplasmic
reticulum (ER) to the apical surface of the Caco-2 cells.
However, further work would be required to prove this point.

Other than mitragynine, rifampicin and quinidine were also
evaluated in both bidirectional assay and molecular studies. As
expected, the transport activity of P-gp was significantly induced
by rifampicin and this was in agreement with its total protein
expression and surface localization, and the findings were similar
with a published study (Haslam et al. 2008). Meanwhile, quini-
dine was found to significantly inhibit the P-gp transport activity
as well as the expression of P-gp at both transcriptional and
translational level. In addition, quinidine also showed a signifi-
cant inhibition on P-gp surface expression at 10 μM and further
suggests that the overall transport inhibition activity does not
solely rely on direct compound binding alone and these findings
were unreported previously. Quinidine and digoxin are both sub-
strates for P-glycoprotein and quinidine is a potent inhibitor of
digoxin transport in vitro (Fromm et al. 1999). Quinidine is a
weak inhibitor of CYP3A but a strong inhibitor of P-gp (Bui
et al. 2016). Interestingly, mitragynine is known to be a weak
CYP3A4 inhibitor and also proved to be a significant P-gp in-
hibitor comparable to quinidine.

In conclusion, mitragynine inhibits the P-gp transport ac-
tivity in vitro probably via binding onto the NBD site of P-gp
molecule and by inhibiting the mRNA and protein expression
P-gp in the Caco-2 cells. However, its effects on the P-gp
trafficking pathway to the Caco-2 membrane require further
investigation. Concurrent administration of kratom products
with psychoactive drugs which are P-gp substrates may prob-
ably lead to clinically significant toxicity. Further clinical
study to prove this point is needed.
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