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Corynantheidine, a minor alkaloid found in Mitragyna speciosa (Korth.) Havil, has been shown to bind
to opioid receptors and act as a functional opioid antagonist, but its unique contribution to the over-
all properties of kratom remains relatively unexplored. The first validated bioanalytical method for the
quantification of corynantheidine in rat plasma is described. The method was linear in the dynamic range
from 1-500 ng/mL, requires a small plasma sample volume (25 L), and a simple protein precipitation
method for extraction of the analyte. The separation was achieved with Waters BEH C18 2.1 x 50 mm
column and the 3-minute gradient of 10 mM ammonium acetate buffer (pH=3.5) and acetonitrile as
mobile phase. The method was validated in terms of accuracy, precision, selectivity, sensitivity, recovery,
stability, and dilution integrity. It was applied to the analysis of the male Sprague Dawley rat plasma sam-
ples obtained during pharmacokinetic studies of corynantheidine administered both intravenously (1.V.)
and orally (P.O.) (2.5 mg/kg and 20 mg/kg, respectively). The non-compartmental analysis performed in
Certara Phoenix® yielded the following parameters: clearance 884.1 +32.3 mL/h, apparent volume of
distribution 8.0 £ 1.2 L, exposure up to the last measured time point 640.3 4-24.0 h*ng/mL, and a mean
residence time of 3.0+ 0.2 h with L.V. dose. The maximum observed concentration after a P.O. dose of
213.4+40.4ng/mL was detected at 4.1+ 1.3 h with a mean residence time of 8.8 + 1.8 h. Absolute oral
bioavailability was 49.9 + 16.4 %. Corynantheidine demonstrated adequate oral bioavailability, prolonged
absorption and exposure, and an extensive extravascular distribution. In addition, imaging mass spec-
trometry analysis of the brain tissue was performed to evaluate the distribution of the compound in the
brain. Corynantheidine was detected in the corpus callosum and some regions of the hippocampus.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

treat a variety of conditions such as fatigue, exhaustion, pain, opi-
oid withdrawal, and opioid dependence [1,2]. The emergence of

Mitragyna speciosa (Korth.) Havil, a member of the Rubiaceae
family is commonly known as kratom, ketum, or biak-biak. It
is native to the Southeast Asian countries of Thailand, Malaysia,
Indonesia, Myanmar, and Papua New Guinea. The natives in these
areas have consumed the leaves of M. speciosa for centuries to
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kratom products in the United States, however, has created a con-
troversy amidst an ongoing opioid crisis. Many opioid users turned
to kratom in hopes of alleviating the symptoms of chronic pain, as
well as the dependence caused by the use of opioid medications [3].
In recent years, reports have surfaced describing serious adverse
events and casualties linked to kratom use in the United States and
the Western world [3-9]. Some studies have also described with-
drawal symptoms caused presumably by the cessation of kratom
use, indicating potential dependence to kratom in regular users
[8,10]. As a result, the legal status of kratom in the US has become
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Fig. 1. Chemical structures of corynantheidine (I) and yohimbine (II; internal standard).

a topic of discussion among the federal regulatory agencies such
as the Drug Enforcement Administration (DEA) and the Food and
Drug Administration (FDA) [7,11]. However, placing kratom into
Schedule I will severely limit the researchers’ access to the plant in
order to decipher all potential benefits and liabilities of kratom.

Currently sufficient information is not available in the scien-
tific literature about the contribution of individual alkaloids to
the overall pharmacological properties of kratom. In this regard,
the most abundant and most studied kratom alkaloid, mitragynine
(MG) (which only differs from corynantheidine by the addition of
a 9-methoxy moiety) is reported to act as a partial agonist at p.-
opioid receptors, as well as act at ay-adrenergic receptors [7,12].
A metabolite of mitragynine and a minor alkaloidal constituent of
kratom, 7-hydroxymitragynine (7HMG), is a potent p.-opioid ago-
nist. There are very few studies focusing on other kratom alkaloids,
and the total pharmacology of the plant cannot be explained only
by its most abundant alkaloid. Interactions between the alkaloids
in vivo must be also considered.

For example, corynantheidine binding to p.-opioid receptors has
been reported with activity as an antagonist as evidenced by the
reversal of morphine-induced inhibition of twitch of the Guinea pig
ileum [13]. This could be explained if corynantheidine is a partial
agonist and could therefore serve as an antagonist of the effects of a
higher efficacy agonist. Some in vitro metabolic stability and in vivo
toxicity studies of corynantheidine were performed. Beckett et al.
showed that the major metabolite of corynantheidine in rabbit liver
microsomes is due to O-demethylation [14]. Toxicity studies were
reported by Paris et al. in mice with corynantheidine (extracted
from Pseudocinchona africana) administered subcutaneously, and
the LDs5qg in mice was found to be 0.55 g/kg [15]. The same group
also reported hypotensive effects of corynantheidine adminis-
tered intravenously in rabbits; moreover, the alkaloid almost fully
blocked hypertenisve effects of adrenaline in rabbits, when given
intravenously at doses higher than 10 mg/kg [16]. The extent to
which corynantheidine blocked the effects of adrenaline through
functional (i.e., including actions of corynantheidine at non-
adrenergic receptors) or competitive antagonism (i.e., at adrenergic
receptors) could not be determined from these data. Additionally,
subcutaneous administration of 15—20 mg/kg of corynantheidine
in rabbits caused miosis, and when co-injected with 0.2 mg/kg
adrenaline, prevented adrenaline-induced mydriasis [16]. Obeng
et al. recently performed binding studies with corynantheidine
(manuscript is currently under review) and showed that corynan-
theidine binds to k- and p-opioid receptors (with mean K; + SEM
values of 1910+45.0 and 118 +11.8 nM respectively), as well as
a-1p (K;=41.7 £4.7nM) [17]. Based on the potential dual actions
of corynantheidine at p-opioid and adrenergic receptors, it can be
hypothesized that this alkaloid is important in the pharmacologi-
cal utility of kratom as an aid in opioid withdrawal. Currently FDA

approved medications for opioid use disorder target both these
receptor types.

There are several methods used for the LC-MS analysis of kratom
alkaloids, but these mainly focus on the major components, such as
MG, or its metabolite, 7HMG [18,19]. There is a method designed
for the simultaneous evaluation of the ten key kratom alkaloids in
commercial and plant samples but it was not optimized for use in
plasma or other biological samples due to a 22.5 min long run time,
therefore a new method had to be developed [6]. With the grow-
ing interest in individual alkaloids of kratom, it is important to be
able to accurately quantify the presence of those minor alkaloids
in biological matrices. In addition, qualitative mass spectrometry
imaging experiments were performed to evaluate the distribution
of corynantheidine into the brain following a single intravenous
injection. By elucidating the pharmacological and pharmacokinetic
properties of each alkaloid of interest, it will be possible to bet-
ter understand how each constituent contributes to the effects
of kratom as a whole, including the liabilities versus therapeutic
effects of the components. To the best of our knowledge, this is
the first study focusing on the development of a quantitative bio-
analytical method that was successfully applied in the analysis of
plasma samples from the first reported oral and intravenous phar-
macokinetic studies in male Sprague Dawley rats. Additionally, this
is the first mass spectrometry imaging study demonstrating the
distribution of corynantheidine in the rat brain.

2. Materials and methods
2.1. Chemicals and reagents

Corynantheidine (Fig. 1) was isolated and characterized through
the method described by Sharma et al. [6]. The compound was
shown to be >99 % pure; its structure and purity were confirmed
by 'H, 13C NMR, UPLC-Q-TOF, and UPLC-MS/MS [6].

Yohimbine hydrochloride was purchased from Selleckchem
(Houston, TX, USA). All solvents were of LC-MS grade. Ammonium
acetate, sodium heparin, acetic acid, isopropanol, acetonitrile, and
methanol were purchased from Fisher Scientific (Fair Lawn, NJ,
USA). Water (J.T. Baker) and heparinized blank rat plasma were
purchased from VWR International (Suwanee, GA, USA). Sodium
heparin coated blood collection vials and sterile blood collection
tubing were obtained from BASi (West Lafayette, IN, USA).

2.2. Chromatography and mass spectrometry conditions

A Waters Acquity I-Class Ultra Performance Liquid Chro-
matography (UPLC™) coupled with a Xevo TQS Micro™ triple
quadrupole mass spectrometer (MS/MS) was used for bioanalysis.
The UPLC was equipped with a binary pump, a degasser, a 10 pL
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sample loop, a temperature-controlled sample manager kept at
10°C, and a column oven kept at 50 °C. Separation was achieved on
a Waters Acquity BEH C18 (2.1 x 50 mm, 1.7 wm) column. Mobile
phase consisted of aqueous ammonium acetate buffer (10 mM,
pH 3.5) (A-solvent) and acetonitrile (B-solvent). Gradient elution
began with 80 % A (v/v) until 0.5 min, gradient changed linearly
to 50 % A at 1min and was held constant until 1.8 min. At 2 min
A-solvent returned to 80 % and allowed to re-equilibrate to ini-
tial conditions until 3 min. The flow rate was set at 0.35 mL/min.
The sample injection volume was set to 1 L in partial loop nee-
dle overfill (PLNO) mode. The weak wash consisted of acetonitrile,
methanol, and water (1:1:2, %v/v/v) and was set to 2400 p.L, the
strong wash was made of equal parts of methanol, acetonitrile,
water, and isopropanol (%v/v/v/v) containing 0.1 % formic acid, and
the total strong needle wash volume was set to 800 p.L to prevent
carryover, if any.

The analyte (corynantheidine) and the internal standard (IS,
yohimbine) were detected by a mass spectrometer in positive
electrospray ionization (ESI*) using multiple reaction monitoring
(MRM) mode. Monitored analyte transitions were m/z 369.2 > 144.0
and m/z 369.2 >226.1 with the collision energies set at 36 and 24V,
respectively. Yohimbine was observed at m/z355.2 >212.1 with the
collision energy set at 22 V. The source capillary voltage was set
to 0.5kV and the cone voltage was 60.0V and 22.0V for corynan-
theidine and yohimbine transitions, respectively. The desolvation
temperature was set to 450 °C. Desolvation and cone gas flow rates
were 900 and 50L/h, respectively.

2.3. Stocks, calibration standards, and quality controls

Primary stock (PS) solutions of corynantheidine (1 mg/mL in
acetonitrile) and IS (yohimbine, 0.5 mg/mL in water and acetoni-
trile, 1:1, %v/v) were prepared by weighing appropriate amounts
of the compounds and dissolving them in respective solvents; the
stocks were later stored at —20°C. The PS were used to generate
working stocks (WS) for the preparation of calibration standards
(CS) and quality control (QC) samples. CS and QC were prepared
daily by spiking blank rat plasma (23 L) with appropriate WS
(2 L) to yield 25 pL plasma samples of the following concen-
trations of corynantheidine: 1, 10, 50, 100, 200, 300, 400, and
500ng/mL. The QC samples were made at the lowest limit of
quantification (LLOQ, 1 ng/mL), low (LQC, 3 ng/mL), medium (MQC,
250 ng/mL), and high (HQC, 450 ng/mL) concentrations of analyte.
All WS were stored at 4°C when not in use for no longer than one
week.

2.4. Sample preparation

Plasma samples were thawed at room temperature and vortex-
mixed using a BenchMixer® (San Francisco, CA, USA) for 10 min
before analysis. A sample aliquot of 25 pL was transferred into
a micro-centrifuge tube and quenched with 200 uL of acetoni-
trile containing 10 ng/mL of IS (quenching solution). The samples
were vortexed for 10 min at 2500rpm and later centrifuged at
15,000 rcf and 4°C for 10 min. After protein precipitation, 180 L
of supernatant were withdrawn, transferred into autosampler vials
and assayed using UPLC-MS/MS system. Plasma samples that were
expected to exceed the linearity range of the bioanalytical method,
were diluted with blank rat plasma that was used to generate CS
and QC up to 10X dilution. The CS, QC, and samples were processed
on the same day and analyzed together.

2.5. Method validation

The method was validated according to the FDA guidelines for
the bioanalytical method validation [20]. Each set consisted of

blank, blank with IS, eight non-zero calibration standards, and QC
samples at four concentrations (N =6, each). The quantitative bio-
analytical method was validated in terms of selectivity, specificity,
carryover, sensitivity, dilution integrity, accuracy, precision, recov-
ery, and stability.

2.5.1. Selectivity, specificity, and carryover

Selectivity and specificity were evaluated by analyzing blank
plasma samples from six different rats. Blank and blank with IS were
processed to assess for the presence and/or interference from any
endogenous substances that could have eluted at the same reten-
tion times as the analyte and IS. The IS interference was evaluated
by comparing the IS response in blank and spiked samples, and
the average response should not have exceeded 5 %. Carryover was
evaluated by running blank samples immediately following highest
concentration samples. If any analyte was detected in those blanks,
the response should not have exceeded 20 % of LLOQ

2.5.2. Sensitivity

The LLOQ has to have signal-to-noise ratio of at least 10-to-1
with accuracy within 20 % of nominal concentration and precision
of 20 % CV.

2.5.3. Accuracy and precision

Accuracy and precision were established at four different lev-
els: LLOQ, LQC, MQC, and HQC with six replicates of each on three
separate days. Accuracy and precision were calculated as %bias and
%R.S.D, respectively. For accuracy and precision calculation, within
and between run variability was assessed within 15 % of acceptance
criteria of nominal value for all the concentration except LLOQ (20
%).

2.5.4. Extraction recovery

The method was validated for recovery efficiency of the analyte
following protein precipitation. An analytical standard curve (AS)
was prepared in acetonitrile and water (80:20, %v/v), and QC sam-
ples for recovery at four concentrations were prepared in plasma
and processed as described in Section 2.4. The percent recovery was
calculated by quantifying the QC samples prepared in plasma to the
calibration curve made of the AS.

2.5.5. Stability

Analyte stability in plasma was assessed by subjecting LQC and
HQC samples (N =6, each) to conditions likely to arise during sam-
ple storage, processing, and analysis. LQC and HQC samples (N =6,
each) were left at room temperature on the benchtop for 9h for
benchtop stability evaluation. For freeze-thaw stability, samples
were prepared and placed in —20°C freezer chamber. They were
removed the following day, allowed to fully thaw and placed back
in the freezer. The cycle was repeated a total of three times. The
samples were then analyzed with a freshly prepared calibration
curve. Autosampler stability was assessed by leaving the extracted
samples at 10°C in the UPLC sample organizer up to 48 h and later
assayed with a freshly prepared calibration curve.

Stock stability was assessed in PS and WS for 30 days and 7 days
respectively.

2.5.6. Dilution integrity

Blank rat plasma was spiked to yield a final high concentration
plasma of 1000 ng/mL. The high concentration plasma (HCP) was
then diluted with blank rat plasma (BRP) at 5 wL HCP +20 p.L BRP,
2.5 nLHCP+22.5 WL BRP, and 1 wL HCP +24 pL BRP to yield dilution
factors 5%, 10x, and 25x respectively Dilution factor was calculated
as a ratio of aliquot of HCP to the total volume of diluted sample.
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Each dilution integrity level sample was replicated six times and
analyzed with a freshly prepared calibration curve.

2.6. Pharmacokinetic (PK) studies

To evaluate the in vivo PK parameters of corynantheidine, pre-
clinical PK studies were performed. Procedures were conducted in
accordance with the protocol #201810535 approved by the Uni-
versity of Florida Institutional Animal Care and Use Committee
(IACUC). Healthy male Sprague Dawley rats with pre-installed right
jugular vein cannulas, and weights of 2504+25g were obtained
from Envigo (Indianapolis, IN, USA). Animals were housed in single
occupancy ventilated cages at the University of Florida vivarium
with ad libitum access to food and water. For the duration of the PK
studies, animals were contained inside the Culex® automated blood
drawing metabolic cages up to 24 h. Each cage was equipped with
a mesh floor, urine and feces receptacle, a catheter for automated
blood collection, and a refrigerated compartment for the storage of
collected blood samples.

A dose of 2.5 mg/kg of corynantheidine was administered intra-
venously (LV.) to four rats. The formulation was prepared by
weighing an appropriate amount of corynantheidine hydrochlo-
ride and dissolving it in normal saline with 1 % Tween-80 (v/v)
to yield a 2.5 mg/mL solution of equivalent free base. Solution for-
mulation was filtered through a 0.2 wm syringe filter (Millex®). The
blood samples (100 wL) were collected at the following time points:
pre-dose, 0.08, 0.25, 0.5, 0.75, 1, 2, 4, 8, 12, 18, and 24 h post-dose.
For the per os (P.0.) PK study, four fasted (12—14 hours) rats were
administered 20 mg/kg of corynantheidine via oral gavage. The sus-
pension was prepared using the corynantheidine hydrochloride, 1%
(w/v) carboxymethyl cellulose and distilled water to yield a final
concentration of 5.0 mg/mL of corynantheidine. The blood samples
(100 L) were collected via Culex® system at the same time points
as the I.V. study with an additional sample draw at 0.17 h. The blood
samples were centrifuged for 10 min at 2500 rcf, plasma was col-
lected and stored at —80 °C until analysis. Formulations were also
quantified for corynantheidine content, and exact doses were used
in the PK parameters analysis.

2.7. Imaging mass spectrometry

One naive animal (control) and one dosed with 10 mg/kg cory-
nantheidine LV. were euthanized 30 min post-dose. The whole
brains were immediately removed, rinsed with saline, and frozen
in dry ice.

Transverse sections of rat brain were collected at 10 pwm using
a Leica CM 3050S Cryostat (Leica Biosystems, Wetzlar, Germany)
with the chamber set to -24°C and the object set to —22°C. Sec-
tions were then thaw mounted onto indium tin oxide (ITO)-coated
slides (Delta Technologies, Loveland, CO, USA). Corynantheidine
standards were prepared by mixing 1:1 a solution of 40 mg/mL 2,5-
dihydroxybenzoic acid (DHB, Sigma-Aldrich, St. Louis, MO, USA)
in 30/70/0.1 acetonitrile/water/trifluoroacetic acid with a solution
of 5 WM corynantheidine in 50/50 acetonitrile/water. MALDI spots
were then prepared by manually depositing 1 L of this mixture
onto a tissue section (i.e., the dried-droplet method). For imaging
experiments, a DHB matrix layer was applied to the slides using a
custom-built sublimation apparatus (110°C, 12.5 min, <70 mTorr,
resulting in ~3.5 mg DHB added to the slide) [21].

All experiments were performed on a 7T solariX FT-ICR mass
spectrometer equipped with an Apollo Il dual MALDI/ESI source and
adynamically harmonized ParaCell (Bruker Daltonics, Billerica, MA,
USA). The MALDI source consists of a Smartbeam Il Nd:YAG laser
system (2 kHz, 355 nm). Images were acquired at a pixel spacing
of 200 pwm in both the x and y dimensions using a ~75-pwm laser
beam and a 200-pwm Smart Walk (2000 laser shots). Continuous

accumulation of selected ions (CASI) was employed to improve the
sensitivity of the [M+H]* corynantheidine ion by setting the Q1
mass to m/z 369.6 and the mass window to 20 m/z. Data were col-
lected from m/z 200 to 1000 using a 0.2447s time-domain transient
length, resulting in a resolving power of ~34,000 at m/z 369.216.

2.8. Data processing

2.8.1. Bioanalytical method

The calibration standards, QC, and test samples were processed
using TargetLynx®, an application of MassLynx 4.1. The QC and test
samples were quantified against the CS. The peak area of the analyte
at various concentrations was divided by the peak area of the IS;
and the resulting ratio plotted against nominal concentrations of
the samples. The 1/x weighing was used to achieve best fit of CS.
The equation of the line was used to quantify study samples. The
linearity was assessed for the range of 1-500 ng/mL.

2.8.2. PK study samples

Following the quantification of the samples in TargetLynx, a
plasma concentration vs. time curve was constructed in SigmaPlot®
12.0. The data were further subjected to a non-compartmental
analysis using linear trapezoidal method in Phoenix®. The key PK
parameters were calculated.

2.8.3. Brain imaging

Data analysis was performed using Compass DataAnalysis 5.0
(Bruker Daltonics, Billerica, MA) and ion images were visual-
ized using FlexImaging 5.0 (Bruker Daltonics, Billerica, MA). lon
images are displayed without normalization and with interpo-
lation. Following image acquisition, tissue sections were stained
using hematoxylin and eosin (H&E) and scanned using Aperio
Scanscope CS (Leica Biosystems, Buffalo Grove, IL) bright field
whole slide scanner. The images were visualized with ImageScope.

3. Results and discussion
3.1. UPLC-MS/MS optimization

The conditions for the separation of the compounds and detec-
tion using the triple quadrupole mass spectrometer were carefully
selected. The autotune option of the IntelliStart™ was used to
select the best ion transitions with the highest stability and inten-
sity. Both negative and positive modes were evaluated, but ESI*
mode showed better response. The representative chromatograms
are shown in Fig. 2.

During the analysis of the study plasma samples, a second peak
was detected having the same precursor > production transitions as
those of the IS, yohimbine, but eluting at a retention time distinctly
different from yohimbine and corynantheidine (Fig. 11, J). Having
a very selective and sensitive method with reproducible retention
times allowed us to accurately quantify the in vivo plasma sam-
ples by identifying the yohimbine peak based on its retention time.
The chromatographic conditions were able to achieve full baseline
separation of the isotopic compounds. The identity of the putative
metabolite currently cannot be confirmed, but likely it is a product
ofloss of a methylene group, based on the mass difference (—14 Da).

The chromatographic conditions, with modified solvent compo-
sition in wash conditions, were adopted from the method of Sharma
et al. [6]. Initially, carryover was detected in blanks following high
concentration samples, but was eliminated through increasing col-
umn re-equilibration time up to 1 min. Strong wash consisted of
equal parts acetonitrile, water, methanol, and isopropanol with 0.1
% formic acid, % v/v; weak wash was adjusted by increasing aqueous
proportion 1:1:2 acetonitrile : methanol : water, %v/v [6].



T.I. King, A. Sharma, S.H. Kamble et al. / Journal of Pharmaceutical and Biomedical Analysis 180 (2020) 113019 5
150 369.207 > 144.054 355.163 > 212.126
A 1007 152 454264002 100 1.057e+003
Conynantheidine quantifier
143
25504
5 Conmanthekine quanifer. ]
25504
1,80 203209 040
039 N 247 0.13 N\ 048 22434 242
031 059 078 og7 1.05 7" 260
N 277
Ol . R A min 0 R A AT AASS : min
147 369.207 > 144.054 Yohimbine IS_ 355.163 > 212.126
100 6.44204002 1004 118 3.464e+004
. b 4154360
C Corynantheidine quantifier | 150
142 4
43690
%- %]
228 237
154
T T ¥ T T T T T T T T T T T min T T T T T T * T T T T T T T T T T T T T T T min
Corynantheidine quantifier_ 369.207 > 144.054 Yohimbine 1S_ 355.163 > 212.126
100 148 7 6.209e+003 1004 119 4.492e+004
E 230.7600 6741200
% %
1.84
T T T 15 T T T T T T T T T T u T T T T T mi o T T T T T T T \‘ T T T T T T T T T ¥ T T T T min
Corynantheidine quantifier_ 369.207 > 144.054 Yohimbine IS, 355.163 > 212,126
190 Corynantheidine quantifier 553964002 100 e 306704004
G 11.4332 149 H 659.9510
11.4332
Corynantheidine quantifier
1.49
11.4332
% %
0,01 22
L 165 184 199 i
N it \[ _203
0 X + v ¥ v T T T v v v 1 T L 1 ¥ 4 T min 0 u T T T T T T ‘v T T T T T T T T T T T T T T min
c theid tif 360.207 > 144.054 134 355.163 > 212.126
1004 ormantheldine quanifer_ gl 100 ]
. 1685.0149 Yohimbine IS
5403540
N

min

o T LAAaa A A aaaat LML aaaat L s Mt s M LLAaht baads s inas) min

Fig. 2. Representative chromatograms of corynantheidine (left panel) and IS (right panel): Blank without IS (A, B); blank with IS (C, D); LLOQ (1 ng/mL) (E, F); pre-dose sample

of rat dosed 2.5 mg/kg L.V. (G, H); 2 h sample post-dose in a rat dosed L.V.

3.2. Sample preparation and calibration range

The described bioanalytical method requires a low plasma vol-
ume (25 pL), which allows for more frequent serial sampling in rats
to achieve the most informative concentration-time profile. A sim-
ple protein precipitation sample preparation reduces the number of
steps, and therefore errors, associated with carrying out multi-step
extraction procedures.

A benefit of this method is also a long linearity range of
1-500 ng/mL of corynantheidine. The coefficient of determination,
RZ, was always above 0.99 for all runs and 1/x weighing was applied
in TargetLynx® to achieve best fit.

3.3. Method validation

The bioanalytical method was successfully validated in accor-
dance with the FDA guidelines [20].

3.3.1. Selectivity, specificity, and carryover

Selectivity and specificity were assessed in at least six different
plasma sources, in spiked and blank samples. Blank samples did
not show any interfering compounds, metabolites, or endogenous
substances that could be assumed to be the analyte. Likewise, in
spiked samples, the method was able to accurately quantify the

concentrations within 20 % of LLOQ and 15 % in LQC, MQC, and
HQC. There was no carryover noted in the blank samples following
high concentration samples.

3.3.2. Sensitivity, accuracy, precision

The LLOQ of this method was 1 ng/mL with the signal-to-noise
ratio well exceeding the recommended 10:1. Accuracy and preci-
sion were evaluated on three different days, and the results are
summarized in Table 1 for inter- and intra-day variability. The
matrix effects accounted for 8.0 % CV in post-extraction spiked
samples, which is not considered as a significant matrix effect [22].

3.3.3. Stability

The analyte proved to be stable in conditions likely to be present
during sample collection, storage, and processing (Table S1). All
data is shown as mean % of nominal value + S.D. Working stocks
were stable in the fridge at 4 °C for up to 7 days (93 % + 9 %). Plasma
samples can be safely stored at room temperature on a benchtop
up to 9h (88 % + 6 %). Extracted plasma samples may remain in a
refrigerated autosampler at 10°C up to 48 h (96 % + 9 %). Freeze-
thaw stability studies showed the analyte stable up to two freeze-
thaw cycles (96 % £+ 5 %), but not as reproducible after 3 freeze-thaw
cycles (98 % + 25 %). It is therefore advised to not re-freeze the
plasma samples for more than two cycles.



6 T.I. King, A. Sharma, S.H. Kamble et al. / Journal of Pharmaceutical and Biomedical Analysis 180 (2020) 113019

Table 1

Accuracy, precision, and extraction recovery for corynantheidine in rat plasma (N =6 at each concentration).

Concentration Accuracy (% bias)

Precision (% R.S.D.) Recovery (% Mean +S.D)

(ng/mL) inter-day intra-day inter-day intra-day
1 —6.7 -74 12.8 111 81.1+18.9
3 8.5 5.7 35 5.0 90.74+9.3
250 -4.5 -2.8 7.3 35 84.3+15.7
450 -0.3 2.7 6.9 8.6 85.1+15.8
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Fig. 3. Mean plasma concentration-time profile of corynantheidine after 2.5 mg/kg L.V. (left) and 20 mg/kg P.O. (right) dose.
Table 2

Pharmacokinetic parameters of corynantheidine in male Sprague Dawley rats®.

Parameters LV. (2.5 mg/kg) P.0. (20 mg/kg)
Crnax (ng/mL) - 213.4+40.4
Tmax (h) - 41+13
K(1/h) 0.1+0.0 -

Tyjz (h) 6.9+0.0 -

AUC;,¢ (h*ng/mL) 652.9+23.3 -

AUC,5 (h*ng/mL) 640.3 +£24.0 2776.1+910.6
CL (mL/h) 884.1+£32.3 1105.7 £613.3
Vg (L) 8.0+1.2 9.2+5.1

MRT (h) 3.0+£0.2 8.8+1.8

Foral (%) - 499+16.4

K - elimination rate constant; Ty, - half-life; AUCj;r - total exposure extrapo-
lated; AUC,, — total exposure up to the last measured time point; CL - clearance;
Vq4 - apparent volume of distribution; MRT - mean residence time; Cpax — maxi-
mum observed plasma concentration at time (Tp,x) observed; Fo, — absolute oral
bioavailability.

2 Values of pharmacokinetic parameters are mean + S.E.M. (N=4).

3.3.4. Dilution integrity

High concentration samples showed reliable and reproducible
results with 5x (86.6 %+6.6), 10x (105.9 %+13.3), and 25x
(107.4% +13.4) dilutions (average % nominal value + R.S.D.)

3.4. Preclinical PK

The developed bioanalytical method was successfully applied
to quantification of corynantheidine in rat plasma samples col-
lected during PK studies. A low volume of plasma (25 L) was
needed for the analysis which allowed for a reduction in the blood
collection volume of the animals without compromising the relia-
bility of the concentrations of corynantheidine in plasma as shown
in Section 3.3. Following the LV. administration of corynanthei-
dine, plasma concentration-time profile (Fig. 3) demonstrated a
bi-exponential decay. The P.O. concentration-time profile showed
a graph consistent with the phenomenon of flip-flop kinetics, when
the absorption rate is much slower than the elimination rate (Fig. 3).

Pharmacokinetic parameters were calculated for both routes
of administration in all animals (Table 2) using Phoenix 7.1. In

bothL.V.and P.O. routes of administration, corynantheidine content
was quantifiable up to 24 h. It would be recommended to extend
the PK study in the future to capture the elimination phase more
accurately. Due to flip-flop kinetics patterns observed after P.O.
administration, properly calculating elimination half-life for this
route of administration was difficult; therefore the results for P.O.
administration are reported in terms of mean residence time. In
addition, for the calculation of the absolute oral bioavailability, the
area under the curve up to the last point was used for both I.V. and
P.O. dosing routes.

Itis evident from the results of the non-compartmental analysis
of the 1.V. data that corynantheidine exhibits a very large appar-
ent volume of distribution indicating extravascular permeation.
The clearance value also slightly exceeds that of rat hepatic blood
flow (828 mL/h), indicative of additional extrahepatic clearance
pathways, but whose contribution is likely not very substantial
[23]. Relatively long mean residence time (MRT) in both routes of
administration has been noted: 3.0+0.2h LV. and 8.8 +1.8h P.O.
In comparison, in a previously published PK study done in male
rats, the MRT after L.V. administration of 4 mg/kg of 7HMG was
70.9 + 10 min [24]. In addition, MG MRT was shown to be 137 +£18
min (mean & R.S.D.) after L.V. dosing of MG of 5 mg/kg [19].

The exact cause of the flip-flop kinetics phenomenon is unclear,
but it is possible that the formulation itself (suspension) had
caused slower release and absorption of the compound. The pro-
longed absorption could also be explained by the compound cycling
between liver and the plasma as it is usually shown with entero-
hepatic circulation; however, the absence of secondary peaks in
the L.V. profile makes this possibility less plausible. To further eval-
uate the reasons behind this, a different oral formulation should be
tried (e.g. solution to simplify absorption) with lower compound
concentration due to solubility concerns.

3.5. Distribution of corynantheidine in the brain

Corynantheidine was readily detected in the dosed rat brain tis-
sue (Fig. 4C). The high-resolution accurate mass capabilities of the
FT-ICR MS platform allow for the identification of m/z 369.2176
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Fig. 4. Distribution of corynantheidine in the rat brain.

A - control untreated brain section; B - control brain section spiked with standard corynantheidine; C - brain section, 10 mg/kg L.V., 30 min post dose; D, left - H&E stained
dosed and control tissues; D, right - heat map of corynantheidine distribution in dosed and control sections respectively. Displayed mass spectra are the result of 10 spectral
averages. Scale bar is 2 mm.

as protonated corynantheidine (0.84 ppm). The absence of m/z of corynantheidine in the dosed rat brain. Using the correspond-
369.2176 from control tissue (Fig. 4A) and detection of corynan- ing H&E stained tissue sections, the rat brain atlas [25] was used
theidine standard from tissue (Fig. 4B) confirm this identification. to identify these regions as the corpus callosum and parts of the
Imaging mass spectrometry analysis revealed distinct distribution hippocampus, such as the hippocampal commissure and the fim-
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bria (Fig. 4D). As expected, corynantheidine was not detected in
the control rat brain. This information demonstrates that corynan-
theidine readily crosses the blood-brain barrier. In addition, the
localization of corynantheidine in areas of the hippocampus sug-
gests the possibility of it interacting with the receptors located in
this area, such as .- and 8- opioid receptors [26], adrenergic (both
aand ) [27,28], and serotonin 5HT,, receptors [29]. Furthermore,
substance P receptors have been observed in both hippocampus
and corpus callosum [30,31], and corynantheidine was detected
in those areas. It is unclear which receptors are unquestionably
interacting with corynantheidine aside from opioid and adrener-
gic receptors, but this information provides clues to what other
avenues should be explored. Furthermore, there could be indirect
effects on other receptors in this region. Regardless, this data cer-
tainly provides the grounds for further research.

4. Conclusions

A fast, simple, and sensitive UPLC-MS/MS method was devel-
oped and validated in accordance with the FDA guidelines for the
quantification of corynantheidine, a minor kratom alkaloid, with
potential actions at opioid and adrenergic receptors. This method
covers the dynamic range from 1-500ng/mL, with a quick run-
time of only 3min, and a small sample volume of 25 uL. The
sample preparation is done through protein precipitation with-
out compromising the sensitivity of the method. The validated
method was utilized in our laboratory for the quantification of the
plasma samples obtained during a preclinical PK study of cory-
nantheidine in male Sprague Dawley rats. CL was determined to
be 884.1+32.3mL/h, V4 of 8.0+1.2L in L.V. dosed animals, indi-
cating an extensive tissue distribution and minor contribution
of extrahepatic clearance. The calculated oral bioavailability was
49.9 £+ 16.4%. The plasma concentration-time profile in orally dosed
animals showed flip-flop kinetics with absorption rate slower than
the elimination rate. Corynantheidine was detected in both stud-
ies up to 24 h post-dose. It is recommended to extend monitoring
studies in the future past that time in order to properly capture the
elimination phase, especially in the P.O. dosing route. It is possi-
ble that the flip-flop kinetics were the result of a formulation used
for the study (a suspension); therefore, additional studies must
be done to understand the influence of the formulation on the
absorption profile of corynantheidine. A long MRT was detected
exceeding those of MG and HMG. It could be speculated that the
prolonged presence of corynantheidine in the systemic circulation
could be facilitating opioid withdrawal due to antagonistic activity
of corynantheidine at p-opioid receptor [32]. However, the alka-
loid content of corynantheidine in kratom is less than 1 %, and
its potency is not known. Therefore, whether the pharmacologi-
cally active concentrations of corynantheidine could be achieved
or not with the consumption of kratom and its products is unclear.
It was shown that corynantheidine crosses the blood-brain barrier
and enters the corpus callosum and parts of hippocampal regions
in the rat brain, as was shown with imaging mass spectrometry
experiments.

This study was the first evaluating preclinical PK in plasma as
well as the distribution and accumulation of the compound in the
brain. The information obtained from these studies will facilitate
the future research into uncovering the properties of corynanthei-
dine and its contribution to the pharmacology of kratom.
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