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Abstract

Kratom, Mitragyna speciosa Korth., is being widely consumed in the United States for 

pain management and the reduction of opioid withdrawal symptoms. The central nervous 

system (CNS) active alkaloids of kratom, including mitragynine, 7-hydroxymitragynine, 

and numerous additional compounds, are believed to derive their effects through opioid 

receptor activity. There is no literature describing the systemic exposure of many of these 

alkaloids after the consumption of kratom. Therefore, we have developed and validated a 

bioanalytical method for the simultaneous quantitation of 11 kratom alkaloids (mitragynine, 

7-hydroxymitragynine, corynantheidine, speciogynine, speciociliatine, paynantheine, corynoxine, 

corynoxine-B, mitraphylline, ajmalicine, and isospeciofoline) in rat plasma. The validated method 

was used to analyze oral pharmacokinetic study samples of lyophilized kratom tea (LKT) and 

a marketed product, OPMS liquid shot, in rats. Among the 11 alkaloids, only mitragynine, 7-

hydroxymitragynine, speciociliatine, and corynantheidine showed systemic exposure 8 h postdose, 

and the dose-normalized systemic exposure of these four alkaloids was higher (1.6–2.4-fold) 

following the administration of the commercial OPMS liquid. Paynantheine and speciogynine 

levels were quantifiable up to 1 h postdose, whereas none of the other alkaloids were detected. 

In summary, the method was successfully applied to quantify the exposure of individual kratom 

alkaloids after an oral dose of traditional or commercial products. This information will contribute 

to understanding the role of each alkaloid in the overall pharmacology of kratom and elucidating 

the pharmacokinetic differences between traditional and commercial kratom products.

Graphical Abstract
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Kratom (Mitragyna speciosa (Korth.) Havil., Rubiaceae) is a tropical tree native to Southeast 

Asia also known as biak-biak, kakuam, ketum, or krathom.1,2 The leaves of kratom are 

consumed as a self-treatment for the management of pain and opioid addiction in the 

United States.3,4 Natives of Southeast Asia use kratom for cough, diabetes, diarrhea, and 

hypertension, while laborers use it for physical endurance, to increase heat tolerance, and 

to gain energy.5,6 It has been reported that kratom results in stimulant activity at lower 

doses, while at higher doses it produces opioid-like effects.7 Traditionally, kratom leaves 

are consumed by making a decoction of fresh leaves, chewing fresh leaves, or by smoking 

dried leaves.1,8 In the United States (US) due to the unavailability of fresh leaf material, 

kratom is generally consumed as tablets, capsules of dried leaf powder, or concentrated 

extracts obtained from dried leaf material.4,9 There is little information available on the 

effects of long-term kratom use, though potential adverse effects reported among regular 

users include dark lips, dry skin, unhealthy complexions, and lean body mass. The main 

symptoms of acute overdose are vomiting and vertigo.1,8 Recently, the US Food and Drug 

Administration (FDA) issued a warning letter about kratom use due to the possible risk of 

addiction and dependence associated with regular kratom intake.10 Poison control centers 

in the US have reported that kratom overdoses present more similar to stimulant overdose 

symptoms, as opposed to opioid-like symptoms that might be expected on the basis of 

currently established pharmacology.11

Alkaloids are considered to be the main active constituents of kratom; the total alkaloidal 

content varies from 0.5% to 1.5%.1,9 Kratom has been reported to contain more than 

40 different alkaloids.12 Of these, the indole-based alkaloids, mitragynine (MTG), and 

7-hydroxymitragynine (7-HMG), constitute ~66% and ~2%, respectively, of the total 

alkaloidal content and are considered to play an important role in the pharmacological 

activity of kratom.1,6,13 Metabolism studies have revealed that 7-HMG is one of the major 

cytochrome P450 3A4 (CYP3A4) enzyme-mediated metabolites of MTG.14,15 Functionally, 

MTG (EC50 = 307 nM) and 7-HMG (EC50 = 7.6 nM) were found to be partial agonists 

at μ-opioid receptors.16 Additionally, MTG was found to have weak antagonistic effects 

(KB ranging from 1 to 3 μM) at α1-adrenergic receptor subtypes (α1A, -B, and -D) and 

7-HMG had antagonistic effects at the κ-opioid receptor (KB =115 nM).16 There are 

numerous additional indole alkaloids in kratom, but sparse information is available for 

these compounds. Given the widespread use of kratom products for multiple indications, 
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it is essential to understand the pharmacology of all kratom alkaloids. Among the other 

kratom alkaloids evaluated for pharmacological effects, corynantheidine (COR, ~1% of total 

alkaloidal content) has shown antagonism of μ-opioid receptors, demonstrated by reversing 

the morphine inhibited twitch contraction of guinea pig ileum.17 The affinity (Ki) of COR 

at μ-opioid receptors is demonstrated to be 118 nM, while at α1D-adrenergic receptors it 

is 41.7 nM, 131-fold higher affinity than that of MTG (Ki = 5480 nM).16 Speciociliatine 

(SPC, ~1% of total alkaloidal content),1 a diastereomer of MTG, more potently stimulates 

the μ-opioid receptor-mediated G protein-coupled signaling in vitro (EC50 = 39.2 nM) 

than MTG. The potency of SPC in vivo, as evidenced by antinociceptive effects in the 

rat hot plate test, is comparable to that of morphine.16 Furthermore, paynantheine (PAY) 

and speciogynine (SPG, another diastereomer of MTG), which, constitute ~9% and ~7% 

of the total alkaloidal content, respectively, were found to inhibit twitch contraction in a 

naloxone-insensitive (i.e., nonopioid receptor mediated) manner.1,18 Taken together, these 

results indicate, that although the relative natural abundance of these alkaloids is lower 

than that of MTG, they could have comparable or more potent pharmacological activity 

than MTG at opioidergic, adrenergic, and/or serotonergic receptors. Thus, it is essential to 

evaluate the systemic exposure of kratom alkaloids to predict their contribution to the overall 

therapeutic effects of kratom. Similar to the pharmacodynamic data, most of the reported 

pharmacokinetic information on kratom has focused on the purified, individual alkaloids. 

The vast majority of these studies only provide information on MTG and 7-HMG.19-23 

Recently, King et al. in 2020 reported the pharmacokinetics of COR in male rats.24 It is 

noteworthy that the data obtained from the analysis of individual alkaloids will not always 

predict the pharmacology of the overall mixture of alkaloids contained in kratom products. 

This is due to the presence of alkaloids at different concentrations, which could influence 

the pharmacokinetics and pharmacodynamics of the other individual alkaloids contained in 

the overall matrix. In a previous report, MTG and COR have shown substantial inhibition of 

cytochrome P450 2D6 (CYP2D6) enzymes with Ki values of 1.1 and 2.8 μM, respectively.25 

This suggests that the CYP2D6-mediated metabolism of some kratom alkaloids could be 

altered by the presence of others.25 Substantial differences in the pharmacokinetic profile 

of MTG were observed when MTG was administered as lyophilized kratom tea (LKT), an 

organic extract ofLKT, or MTG alone (purified MTG as an HCl salt) in rats, suggesting that 

the pharmacokinetics of other kratom alkaloids could also differ when administered alone or 

as a mixture.26

In the present study, we have developed and validated an ultraperformance liquid 

chromatography–tandem mass spectrometry (UPLC–MS/MS) bioanalytical method for 

the simultaneous quantification of 11 kratom alkaloids. These include MTG, 7-HMG, 

COR, SPG, SPC, PAY, corynoxine (COX), corynoxine-B (COX-B), mitraphylline (MTP), 

ajmalicine (AJM), and isospeciofoline (i-SPF) (Figure 1). The bioanalytical method was 

validated for quantification in rat plasma and applied for the quantitative analysis of 

plasma samples obtained from the pharmacokinetic study of different kratom formulations 

to understand the systemic exposure of the individual kratom alkaloids. The previously 

reported method for the simultaneous quantification of 10 kratom alkaloids was mainly 

developed as an analytical method for assaying kratom commercial and plant products. This 

published method was not optimized for the analysis of plasma samples and had a relatively 
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long total run time of 22.5 min. Here, we sought to decrease the run time and increase the 

total number of kratom alkaloids included in the bioassay (i-SPF and AJM).

RESULT AND DISCUSSION

UPLC–MS/MS Method Development and Validation.

A simple and sensitive UPLC–MS/MS bioanalytical method for the simultaneous 

quantification of 11 kratom alkaloids (MTG, 7-HMG, COR, SPG, SPC, PAY, COX, 

COX-B, MTP, AJM, and i-SPF) in rat plasma was successfully developed and validated 

consistent with the FDA guidelines.27 The representative chromatograms are shown in 

Figure 2. Initially, the chromatographic conditions for the simultaneous quantification 

of these alkaloids in rat plasma were adopted from the previously reported method.28 

However, the chromatographic conditions were optimized to markedly reduce the total 

analysis time by one-half (11 min), to minimize the interference from the blank plasma, 

and to improve the retention time and resolution for the 7-HMG peak as the metabolism 

of MTG, SPG, and SPC in pharmacokinetic samples would result in multiple hydroxylated 

metabolite peaks sharing the same ion transition. Also, the simple, inexpensive, and high-

throughput compatible protein precipitation method was employed for sample cleanup and 

the extraction of kratom alkaloids. The developed method was linear in the range 1–200 

ng/mL for each alkaloid, and the observed coefficient of correlation was always >0.99 for all 

alkaloids.

Selectivity, Specificity, Carryover, and Sensitivity.—The selectivity and specificity 

were assessed in at least six individual sources of rat plasma for interference at the retention 

times of the analytes and the internal standard (IS, verapamil); no interference was observed 

for any of the alkaloids. There was no carryover noted for any of the alkaloids in the 

blank samples following high-concentration samples. The method was sensitive for all the 

alkaloids as the signal-to-noise ratio of the lower limit of quantitation (LLOQ, 1 ng/mL) for 

each alkaloid exceeded the recommended 10:1.

Recovery and Matrix Effect.—The recovery was determined by comparing the peak 

area of each analyte in prespike versus postspike samples at different concentrations. 

The mean percentage recovery of the individual alkaloids was consistent across different 

concentrations (n = 6, at each level) and was >90% in rat plasma (Table S1). The matrix 

effect was assessed by comparing the analyte peak area of each analyte in postspike versus 

samples prepared in a water–methanol mixture (1:1) (no matrix). The mean percentage 

recovery of each alkaloid was consistent across different concentrations (n = 6, at each level) 

and was >80% of the response in a water–methanol mixture (1:1) (Table S1), indicating 

minimal ion suppression due to the matrix.

Accuracy and Precision.—The inter- and intraday accuracy (% bias) and precision 

(% RSD) of the method for each alkaloid was determined by analyzing six sets of 

QCs [LLOQ, low-quality control (LQC), medium-quality control (MQC), and high-quality 

control (HQC)] on three different days in rat plasma. Both the accuracy and precision 
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of the method for each alkaloid were within the acceptable limit of 15% of the nominal 

concentration (for LQC, MQC, and HQC) or 20% for the LLOQ (Table 1).

Stability.—The stability of the individual kratom alkaloids was assessed in the various 

conditions most likely to arise during the storage, sample processing, and analysis of 

samples. All the kratom alkaloids were stable in the autosampler up to 24 h (<15% 

deviation, for all alkaloids), on the benchtop up to 2 h (<15% deviation, for all alkaloids), 

for freeze–thaw up to three cycles (<15% deviation, for all alkaloids), and for up to 4 

weeks (<10% deviation, for all alkaloids) at −80 °C at two different concentrations (LQC 

and HQC, n = 5). All data is shown as the mean percentage deviation from the nominal 

concentration (Table 2).

Pharmacokinetic Studies of Kratom Preparations.

The developed bioanalytical method was successfully applied to the simultaneous 

quantification of 11 kratom alkaloids in rat plasma samples obtained from the oral 

pharmacokinetic studies of LKT and a commercial kratom product (OPMS liquid kratom, 

Optimized Plant Mediated Solutions, Choice Organics, Los Angeles, CA). A comprehensive 

pharmacokinetic assessment of all detectable kratom alkaloids is needed because many 

possess an appreciable affinity at central nervous system (CNS) receptors (e.g., opioid 

receptors). Initially, LKT and OPMS liquid kratom preparations were analyzed to quantify 

the content of these 11 kratom alkaloids (Table S2). Mitragynine was the major alkaloid 

in both the preparation, while most of the alkaloids were detected in varying contents 

but the relative content normalized to mitragynine in each preparation was comparable. 

Further, COR was detected at a quantifiable level only in LKT preparation, while i-SPF was 

quantifiable only in OPMS liquid (Table S2). The MTG content in these preparations was 

used to calculate the human equivalent dose (HED). The HED normalized to MTG of LKT 

(5.7 mg/kg MTG corresponding to 366 mg/kg LKT) and OPMS liquid (9.6 mg/kg MTG 

corresponding to 0.8 mL/kg OPMS liquid) and the resultant doses of remaining individual 

alkaloids in these preparations, orally administered to male Sprague–Dawley (SD) rats as 

shown in Table 3.

The rat dose was calculated on the basis of the human dose of these kratom preparations 

using eq 1.

The plasma concentration–time profile and the pharmacokinetic parameters of kratom 

alkaloids following the oral administration of LKT and OPMS liquid are shown in Table 

4 and Figure 3. As the oral doses of MTP, AJM, COX, COX-B, and i-SPF were below 

<0.1 mg/kg (Table 3), these alkaloids were not detected at any time point following the oral 

administration of LKT and OPMS liquid.

Even though the actual dose of 7-HMG was negligible (<0.1 mg/kg), there were measurable 

amounts of 7-HMG as observed in the plasma and maximum plasma concentrations (Cmax) 

of 4.3 ± 0.8 and 4.0 ± 0.6 ng/mL following the administration of LKT and OPMS liquid, 

respectively. These data are consistent with the metabolism of MTG into 7-HMG. The 

metabolic ratio of 7-HMG to MTG was calculated as % AUC0–24h, 7-HMG/AUC0–24h, MTG, 

MTG and was found to be 3.4 ± 0.9% and 3.1 ± 0.5% following the administration of 
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LKT and OPMS liquid in rats, respectively. In female beagle dogs, as previously reported,29 

the oral administration of mitragynine (5 mg/kg) alone resulted in a metabolic ratio of 

12.6 ± 1.6%. SPG (administered at doses of 0.8 and 1.2 mg/kg in LKT and OPMS liquid, 

respectively, Table 3) and PAY (administered at doses of 1.1 and 1.8 mg/kg doses in 

LKT and OPMS liquid, respectively, Table 3) were detected in the systemic circulation 

at the earlier time points in some rats. The Cmax values for SPG were found to be 2.9 

± 0.8 (at a Tmax of 10.0 ± 0.0 min) and 2.9 ng/mL (at a Tmax of 5.0 min, quantifiable 

levels were observed in one rat only) following LKT and OPMS liquid administration, 

respectively. The Cmax values for PAY were observed at 5.3 ± 1.5 ng/mL (at a Tmax of 

10.0 ± 0.0 min) and 2.0 ± 1.7 ng/mL (at a Tmax of 5.0 ± 0.0 min) following LKT and 

OPMS liquid dosing, respectively. The concentrations of both SPG and PAY dropped below 

the limit of quantitation (<1 ng/mL) within 1 h postdose. The plasma concentration–time 

profiles for MTG, 7-HMG, COR, and SPC were captured following LKT and OPMS 

liquid oral administration in rats. The dose-normalized Cmax values for MTG were 11.1 

± 1.1 ng/mL at a Tmax of 1.3 ± 0.3 h and 11.7 ± 1.6 ng/mL at a Tmax of 3.1 ± 1.7 

h following LKT and OPMS liquid oral doses, respectively. Further, the dose-normalized 

area under the curve from 0 to 24 h (AUC0–24h/dose) for MTG was 83.7 ± 6.4 and 136.1 

± 13.1 h·kg·ng/mL/mg following LKT and OPMS liquid oral administration, respectively. 

These results indicate a slower rate of absorption and increased systemic exposure of MTG 

(1.6-fold) following OPMS liquid administration as compared to LKT. However, no change 

in the percentage ratio of AUC0–24h of 7-HMG to AUC0–24h of MTG (3.6% and 3.1% 

in LKT and OPMS liquid studies, respectively) was observed, suggesting that the extent 

of metabolism of MTG to 7-HMG with both the formulations was comparable. Further, 

SPC and COR also showed a similar trend where the Cmax/dose was comparable following 

LKT and OPMS liquid administration while the Tmax was delayed following OPMS liquid 

administration, as shown in Table 4. Also, the AUC0–24h/dose values for SPC (1.9-fold) and 

COR (2.4-fold) were higher after OPMS liquid dosing as compared to LKT, as shown in 

Table 4. Since the elimination phase was not achieved for MTG, 7-HMG, SPC, and COR 

and the percentage of extrapolated area under the curve zero to infinity (% extrapolated 

AUC0-inf) were greater than 20%, the plasma half-life and AUC0-inf were not calculated 

following the OPMS liquid dose. The pharmacokinetics of MTG and COR alone in rats has 

been reported previously.20-22,26,26 Avery et al. in 2019 compared the pharmacokinetics of 

MTG administered individually, as an ingredient in LKT or as an organic extract of LKT 

at an oral dose of 20 mg/kg equivalent of MTG to male rats, and showed an improved 

bioavailability of MTG when administered as LKT (1.5 fold) or organic extracts of LKT 

(1.8 fold) than pure MTG.26 The Cmax/dose and AUC/dose values for MTG following LKT 

(20 mg/kg equivalent MTG) oral dose were 46.5 ng/mL and 213.1 h·kg·ng/mL/mg, which 

is 4.2- and 2.5-fold higher than those of the present study (LKT 5.7 mg/kg equivalent 

MTG dose), suggesting that the dose and the alkaloidal composition of LKT influences 

the exposure of MTG. Further, the Cmax/dose value for COR following the pure COR oral 

administration to rats was reported to be 10.7 ng/mL, which is 0.76- and 0.62-fold lower 

following LKT and OPMS liquid oral administration, respectively. The AUC0–24h/dose 

following pure COR oral administration was 138.8 h·kg·ng/mL/mg, which is comparable to 

AUC0–24h/dose following OPMS liquid administration and it is 2.1-fold higher compared to 
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LKT oral administration.24 None of the other kratom alkaloids pharmacokinetics in rats have 

been reported either alone or in combination.

In the present study, OPMS liquid showed an extended exposure of kratom alkaloids as 

compared to LKT. Among the tested alkaloids, only MTG, 7-HMG, COR, and SPC showed 

measurable systemic exposure following an oral dose. Having an understanding of the 

pharmacokinetics of individual kratom alkaloids following the oral administration of kratom 

products in preclinical species will facilitate the design of clinical trials evaluating kratom 

products. Additionally, the developed bioanalytical method can be implemented for the 

analysis of plasma samples obtained from a variety of animal species including humans 

using standardized kratom products. To the best of our knowledge, this is the first report 

that has simultaneously evaluated the systemic exposure of 11 kratom alkaloids following 

the administration of traditional and commercial kratom products. A simple and sensitive 

UPLC–MS/MS method was developed and validated as per FDA guidelines.27 This method 

required a small sample volume (25 μL) and simple sample preparation involving protein 

precipitation. The method has a dynamic range of 1–200 ng/mL and has a short run time 

(11 min) that allows for efficient analysis. The validated method was successfully applied 

for the simultaneous quantitation of kratom alkaloids in plasma samples obtained following 

the pharmacokinetic study of LKT and OPMS liquid in rats. Overall, the OPMS liquid has 

resulted in the delayed and greater systemic exposure of kratom alkaloids (MTG, 7-HMG, 

SPC, and COR) compared to LKT possibly due to the differences in the composition of 

other constituents. This method can be adopted for the analysis of kratom in human samples 

to include alkaloids beyond just MTG or 7-HMG.

EXPERIMENTAL SECTION

Chemicals and Reagents.

Individual kratom alkaloids MTG, COR, SPG, SPC, PAY, COX, COX-B, MTP, AJM, 

and i-SPF were isolated and purified from a kratom alkaloid rich extract as previously 

described. 28,30,31 The 7-HMG was semisynthetically obtained from MTG.28 All the 

alkaloids were >99% pure, with the structure and purity confirmed by proton (1H) nuclear 

magnetic resonance spectroscopy (NMR), carbon (13C) NMR, ultrahigh-performance liquid 

chromatography photodiode array detection (UHPLC-PDA), and liquid chromatography 

high-resolution quadrupole time-of-flight mass spectrometry (LC–Q-TOF) as previously 

described.28 LC–MS grade methanol, acetonitrile, isopropanol, formic acid, acetic acid, 

ammonium acetate, and sodium heparin were procured from Fisher Scientific (Fair Lawn, 

NJ). Verapamil (purity ≥98%, internal standard, IS) was purchased from Sigma-Aldrich 

(St Louis, MO). LC–MS grade water (J.T. Baker, Phillipsburg, NJ) and heparinized 

blank rat plasma were purchased from VWR International (Suwanee, GA). The sterile 

blood collection tubing and heparin-coated blood collection vials were obtained from 

BASi (West Lafayette, IN). Lyophilized kratom tea was prepared in-house from dried 

leaves of Mitragyna speciosa purchased from Pure Land Ethnobotanicals (described in 

the Supporting Information), and OPMS liquid vials (Optimized Plant Mediated Solutions, 

Choice Organics, Los Angeles, CA) were provided as gift samples.
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Method Development and Validation.

The bioanalytical method was developed and validated according to the US FDA 

guidelines for selectivity, specificity, carryover, sensitivity, accuracy, precision, recovery, 

and stability.27

Instrumentation and Analytical Conditions.—A Waters Acquity I Class UPLC 

system coupled with a Waters Xevo TQ-S Micro triple quadrupole mass spectrometer 

(Milford, MA) was used for the simultaneous quantitative analysis of the kratom alkaloids. 

The chromatographic separation of kratom alkaloids sharing protonated monoisotopic 

masses (M + H+, m/z) was achieved on a Waters Acquity BEH C18 column (1.7 μm, 3.1 mm 

× 100 mm) with a shallow gradient using a mobile phase consisting of aqueous ammonium 

acetate buffer (2.5 mM, pH 3.5, (A)) and acetonitrile (B). The flow rate of the mobile phase 

was held at 0.35 mL/min, and a gradient was started with pumps A and B supplying a 90:10 

composition of the mobile phase components up to 1 min. The composition of component 

B in the mobile phase was initially increased to 25% reaching 3.5 min and then to 40% 

reaching 10 min. Finally, the composition of component B in the mobile phase was sharply 

increased to 70% reaching 10.2 min and then decreased to 10% reaching 10.5 min and 

was maintained at 10% until 11 min. The sample injection volume was set to 2 μL. The 

strong needle wash consisted of acetonitrile, water, and isopropyl alcohol (7:1:2 proportion). 

The weak needle wash comprised acetonitrile, water, and methanol (1:1:1 proportion). The 

column oven and autosampler temperatures were maintained at 50 and 10 °C, respectively. 

The multiple reaction monitoring (MRM) method with electrospray ionization (ESI) in 

positive mode was used for the detection of kratom alkaloids. The compound parameters 

(MRM ion transitions, cone voltage, and collision energy) of the kratom alkaloids and the IS 

are shown in Table S3. The capillary voltage, source temperature, desolvation temperature, 

and desolvation gas and cone gas flow rates were held at 0.5 kV, 150 °C, 450 °C, 900 

L/h, and 50 L/h, respectively. The dwell time was set to ensure that at least 12 data 

points per peak were recorded by the detector. Nitrogen and argon were used as the source 

and collision gases, respectively. The data acquisition of the UPLC–MS/MS system was 

controlled by MassLynx software version 4.1.

Preparation of Calibration and Quality Control Standards.—The primary stock 

solution of each kratom alkaloid (MTG, 7-HMG, COR, SPG, SPC, PAY, COX, COX-B, 

MTP, AJM, and i-SPF) was prepared by separately dissolving an accurately weighed 

quantity of each alkaloid standard in an appropriate volume of methanol to achieve a 

concentration of 1 mg/mL. The primary stock solutions of kratom alkaloids were mixed (20 

μL, each) and diluted with methanol (up to 2 mL) to obtain a combined stock of 10 μg/mL 

of each alkaloid. The combined stock of kratom alkaloids was further diluted with methanol 

to prepare combined working stocks containing 12.5, 25, 125, 312.5, 625, 1250, 2250, and 

2500 ng/mL of each analyte. The quality control (QC) standards of 12.5, 31.25, 1125, and 

2000 ng/mL were prepared as described for calibration standards, except the primary stocks 

were prepared from separately weighed kratom alkaloids. The calibration standards (CS) 

were prepared by mixing 2 μL of each working stock with 23 μL of blank rat plasma to 

obtain a final concentration of 1, 2, 10, 25, 50, 10, 160, and 200 ng/mL. The QC standards 

were set at four concentrations: 1 (LLOQ), 2.5 (LQC), 90 (MQC), and 160 ng/mL (HQC) of 
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each analyte. The QCs were prepared similarly as described for CS. All stock solutions were 

stored at −20 °C. The stock solutions were allowed to reach room temperature and vortex 

mixed for 5 min before use.

Sample Preparation.—The freshly prepared CS and QC plasma samples were vortex 

mixed using a BenchMixer (Benchmark, San Francisco, CA) for 5 min. To each of the 25 

μL of standard samples, 100 μL of methanol containing 0.05% formic acid and 25 ng/mL IS 

(quenching solution) was added and again vortex mixed for 5 min. The quenched samples 

were then filtered through a multiscreen Solvinert (Millipore, St. Louis, MO) 96-well 0.45 

μm filter plate under centrifugation at a speed of 2000g for 5 min maintained at 4 °C. 

The filtrate (2 μL) was subjected to UPLC–MS/MS analysis. The test plasma samples from 

the pharmacokinetic study stored at −80 °C were initially thawed at room temperature and 

vortex mixed for 5 min. An aliquot of 25 μL of each test sample was taken and then 

processed as described above. The CS, QC, and test samples were prepared on the same day 

and analyzed together.

Selectivity; Specificity; Carryover, and Sensitivity.—The selectivity and specificity 

were evaluated by analyzing blank plasma samples obtained from six different rats. 

The blank with the IS and the blank plasma samples were processed to assess for any 

interference peaks from endogenous substances that could have eluted at any of the same 

retention times for each kratom alkaloid or the IS. The interference for IS was evaluated by 

comparing the response in blank and IS spiked samples, and the average response should be 

within 5%. The carryover was evaluated by analyzing blank samples immediately following 

the highest concentration samples, and the response of any analyte peak detected in blank 

samples should be less than 20% of LLOQ. The sensitivity of the method was analyzed by 

evaluating the signal-to-noise ratio of at least 10:1 with the accuracy and precision of 20% of 

nominal concentration and standard deviation, respectively, for the LLOQ standard.

Recovery and Matrix Effect.—The recovery of each kratom alkaloid was assessed using 

four different QC standards (LLOQ, LQC, MQC, and HQC, n = 6) by comparing the 

analyte peak area in prespiked (before protein precipitation) and postspike (after protein 

precipitation) plasma samples. Similarly, the matrix effect for each kratom alkaloid was 

determined by comparing the analyte peak area of postspiked plasma QC standards with 

the QC standards prepared in water–methanol mixture (1:1) (aqueous QC standards). The 

recovery or matrix effect was calculated as the percentage ratio of the analyte peak area 

in prespike to postspike samples or the percentage ratio of the analyte peak area of the 

postspike plasma samples to the aqueous QC standards, respectively.

Accuracy and Precision.—The accuracy and precision of the method for each analyte 

were assessed by replicate analysis (n = 6) of four different QCs: LLOQ, LQC, MQC, 

and HQC against the calibration standards on three separate days. The accuracy (intra- and 

interday) was calculated as %bias, and the acceptance criteria were ≤20% at LLOQ and 

≤15% for all other QC standards.
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Similarly, the precision (intra- and interday) was calculated as percentage relative standard 

deviation (%RSD) for each QC standard, and the acceptance criteria were the same as 

described for accuracy.

Stability.—The stability of each alkaloid in plasma was assessed for the conditions most 

likely to arise during storage, sample preparation, and analysis. The LQC and HQC samples 

(n = 6) were analyzed for benchtop (2 h), autosampler (24 h), freeze–thaw (three cycles), 

and long-term (4 weeks) stability. For benchtop stability, the QC plasma samples were left 

at room temperature on the benchtop for 2 h. The autosampler stability was assessed by 

analyzing the extracted samples at 10 °C in the UPLC sample organizer left for 24 h and 

analyzed again. For freeze–thaw stability, samples were prepared and placed in a −80 °C 

freezer. Then, the following day, the samples were allowed to fully thaw and were stored 

back in the freezer. This cycle was repeated three times. For the long-term stability, the QC 

samples were stored at −80 °C for 4 weeks. All the QC samples for the stability studies were 

analyzed against a freshly prepared calibration curve.

Pharmacokinetic Studies of Kratom Preparations.

To evaluate the systemic exposure of individual kratom alkaloids following the 

administration of different kratom preparations, preclinical pharmacokinetic studies were 

performed. All the procedures were performed in accordance with a preapproved University 

of Florida Institutional Animal Care and Use Committee (IACUC) protocol. Right jugular 

vein cannulated healthy male Sprague–Dawley rats (225 ± 25 g) were obtained from Envigo 

(Indianapolis, IN). The rats were housed in single-occupancy ventilated cages with ad 
libitum access to food and water. For the pharmacokinetic study, the rats were housed in the 

BASi Culex (West Lafayette, IN) automated blood drawing metabolic cages.

The LKT (prepared in-house) or OPMS liquid, a commercial kratom preparation, was 

administered to rats (n = 4) orally by oral gavage at a human equivalent dose (HED) 

normalized for MTG content. The HED for rats was calculated using the FDA recommended 

body-weight-based formula:33

animal dose in mg
kg =

human equivalent dose in mg
kg

(animal weight in kg ∕ human weight in kg)0.33
(1)

The human dose for LKT was previously reported,32 and the OPMS liquid human dose 

was assumed to be 8 mL (one 8 mL vial consumed per dose). The rats (n = 4) were fasted 

overnight (12–16 h) before the study and provided water ad libitum. A standard rodent diet 

was provided to rats at 2 h postdose. The formulation was prepared by mixing an appropriate 

amount of LKT powder or OPMS liquid with water to yield 4 mL/kg dosing strength, and 

the appropriate volume was administered orally to rats. The blood samples (100 μL) were 

collected at the following time points: predose and 0.083, 0.167, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 

6, 8, 12, and 24 h postdose. The blood samples were centrifuged for 10 min at 2000g, and 

the separated plasma was collected and stored at −80 °C until analysis.
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Data Analysis.

Following the acquisition of the CS, QCs, and test samples, the data was processed using 

TargetLynx (an application of MassLynx 4.1). The peak area ratio of individual alkaloids 

and IS from CS was plotted against the nominal concentration of alkaloids to obtain a 

calibration curve. The 1/x2 weighing was used to accommodate lower concentration samples 

for all the alkaloids. The equation of the line was used to quantify study samples. Following 

the quantification of the test samples, a plasma concentration of each quantified alkaloid 

vs time curve was constructed in Phoenix 6.4 (Certara, Princeton, NJ) and time (Tmax) to 

reach a maximum plasma concentration (Cmax) that was visualized from the concentration–

time data. Further, the concentration versus time data was subjected to noncompartmental 

analysis Phoenix 6.4. The total systemic exposure of individual alkaloids was evaluated by 

measuring the area under the curve (AUC0–24h) using the linear-up log-down trapezoidal 

method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of kratom alkaloids.
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Figure 2. 
Representative chromatograms of 11 kratom alkaloids at LLOQ (1 ng/mL) and verapamil 

(internal standard, IS) in rat plasma.
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Figure 3. 
Pharmacokinetic profiles of kratom alkaloids following an oral administration of 366 mg/kg 

(containing 5.7 mg/kg MTG, human dose equivalent) LKT (left) and 0.8 mL/kg (containing 

9.6 mg/kg MTG, human dose equivalent) OPMS liquid (right) in male SD rats. The data 

represent the mean plasma concentration–time profiles, and the error bar represents the SEM 

(n = 4).
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Table 2.

Stability of Kratom Alkaloids under Different Storage Conditions (n = 5, each concentration)

% deviation

alkaloids

nominal
concentration

(ng/mL)
benchtop

(2 h)
autosampler

(24 h)

freeze–
thaw (3
cycles)

long-
term (4
weeks)

MTG 2.5 4.0 −0.8 −8.0 4.0

160 9.8 14.8 9.0 −0.3

7-HMG 2.5 6.0 1.6 6.4 −9.6

160 13.3 6.6 9.1 −6.8

COR 2.5 3.3 6.4 −0.8 5.6

160 11.4 14.2 9.5 −4.6

SPG 2.5 4.0 6.4 −5.6 0.8

160 14.4 14.2 10.3 −1.4

SPC 2.5 1.3 3.2 −2.4 0.0

160 14.7 13.6 11.5 −1.5

PAY 2.5 6.7 12.0 −2.4 2.4

160 13.8 14.0 10.6 −2.3

COX 2.5 2.7 2.4 3.2 9.6

160 14.6 8.1 9.2 −2.2

COX-B 2.5 4.0 2.4 1.6 0.8

160 12.7 11.3 10.2 −1.1

AJM 2.5 2.0 1.6 −4.8 −5.6

160 13.9 12.2 12.2 −3.2

MTP 2.5 0.7 0.8 3.2 0.0

160 14.7 7.1 11.0 −4.6

i-SPF 2.5 0.7 12.0 12.8 1.6

160 14.6 10.1 13.2 −4.2
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