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Abstract 
 
 Mitragynina speciosa, more commonly known as kratom, is a plant native to Southeast 
Asia, the leaves of which have been used traditionally as a stimulant, analgesic, and treatment 
for opioid addiction. Recently, growing use of the plant in the United States and concerns that 
kratom represents an uncontrolled drug with potential abuse liability, have highlighted the need 
for more careful study of its pharmacological activity. The major active alkaloid found in kratom, 
mitragynine, has been reported to have opioid agonist and analgesic activity in vitro and in animal 
models, consistent with the purported effects of kratom leaf in humans. However, preliminary 
research has provided some evidence that mitragynine and related compounds may act as 
atypical opioid agonists, inducing therapeutic effects such as analgesia, while limiting the negative 
side effects typical of classical opioids. Here we report evidence that an active metabolite plays 
an important role in mediating the analgesic effects of mitragynine. We find that mitragynine is 
converted in vitro in both mouse and human liver preparations to the much more potent mu-opioid 
receptor agonist 7-hydroxymitragynine, and that this conversion is mediated by cytochrome P450 
3A isoforms. Further, we show that 7-hydroxymitragynine is formed from mitragynine in mice and 
that brain concentrations of this metabolite are sufficient to explain most or all of the opioid-
receptor-mediated analgesic activity of mitragynine. At the same time, mitragynine is found in the 
brains of mice at very high concentrations relative to its opioid receptor binding affinity, suggesting 
that it does not directly activate opioid receptors. The results presented here provide a 
metabolism-dependent mechanism for the analgesic effects of mitragynine and clarify the 
importance of route of administration for determining the activity of this compound. Further, they 
raise important questions about the interpretation of existing data on mitragynine and highlight 
critical areas for further research in animals and humans. 
 
 
 



Introduction 
 

Mitragyna speciosa, often referred to by the common name kratom, is an evergreen tree 
native to the tropical jungles of Southeast Asia, where it has been used for at least the last century 
as a traditional medicine. In its native regions, leaves of the kratom tree are typically consumed 
as a tea or chewed directly and are purported to induce stimulant and opioid-like analgesic effects 
in the user. These effects have traditionally made kratom popular among agricultural workers, 
who use the plant to aid in long hours of hard labor. Kratom has also been reported to be useful 
in ameliorating withdrawal symptoms following cessation of opioid use and it has achieved some 
popularity for this use in its endemic regions.1–8  

Over the last decade, kratom use has become increasingly popular in the United States 
(US). Many thousands of US users have reported that consumption of kratom leaves is an 
efficacious treatment not only for physical pain, but also for mood and anxiety disorders, 
particularly in cases where other available treatments have either failed or elicited intolerable side 
effects.9–13 A significant portion of users have also reported use of kratom as a tool to stop or 
reduce use of prescription or illicit opioids, a potential application that is presently of high interest 
given the ongoing opioid abuse epidemic in the US. Unfortunately, to date there have been no 
controlled clinical studies examining either these alleged therapeutic effects or quantifying any 
potential risks of kratom use. At the same time, kratom is primarily distributed through unregulated 
internet sales and used outside medical supervision. Considering these factors, as well as the 
reported opioid-like effects and adverse health effects of the plant, the US Drug Enforcement 
Administration (DEA) and the US Food and Drug Administration (FDA) have both raised concerns 
that kratom represents a potential drug of abuse and public health threat.14–16 In September 2016, 
the DEA announced its intent to place the active compounds found in kratom into Schedule I of 
the Controlled Substances Act, but ultimately decided not to proceed with this action following a 
large public outcry from the kratom user community, including over 23,000 comments logged in 
the federal register docket for this issue.13,17–19 Despite this turn of events, kratom at this time 
remains in regulatory limbo, with an uncertain future in the US. Accordingly, our laboratories have 
been working to develop a preclinical profile of kratom’s biological effects, with the hope that such 
knowledge will prove useful for the development of future therapeutics based on kratom, as well 
as guide regulatory decision making on the plant itself.  

Kratom contains a number of indole alkaloids that are believed to be the primary 
contributors to its psychoactive effects. Chief among these is mitragynine (Figure 1), which 
typically constitutes 1-2% of the dry leaf mass and up to ~2/3 of the total alkaloid content.1,5 This 
compound is joined by 7-hydroxymitragynine (7-OH, Figure 1) in much lower concentrations, 
typically <0.05% of the dried leaf mass.1,20 The other predominant alkaloids found in kratom leaf 
are speciogynine, speciociliatine, and paynantheine (each ~0.2-0.5% of dry leaf mass), but at this 
time little is known about their pharmacology.1,5 

We have reported that mitragynine and 7-OH are partial agonists of the human mu-opioid 
receptor (hMOR) in vitro, with 7-OH (EC50 = 34.5 nM; Emax = 47%) being ~10-fold more potent 
than mitragynine (EC50 = 339 nM; Emax = 34%).21 Further, both compounds are known to exhibit 
opioid-receptor-dependent analgesic effects in rodent models, with 7-OH again being significantly 
more potent.6,22–25 At the same time, we have also found that both mitragynine and 7-OH are G 
protein-biased agonists of the mu-opioid receptor (MOR).21,25 We have thus classified the kratom 
alkaloids as “atypical opioids” and have postulated that these compounds may provide a greater 
therapeutic window between analgesia and classical opioid side effects. For example, other MOR 
agonists that activate G protein signaling without recruiting the beta-arrestin pathway exhibit 
attenuated respiratory depression and reduced inhibition of gastrointestinal (GI) transit compared 
to classical opioids.26–30 In fact, an early study on the pharmacology of mitragynine demonstrated 
its superiority compared to the classical opioid codeine in this regard, providing preliminary 
support for this hypothesis.24 Similarly, mitragynine pseudoindoxyl, a chemical rearrangement 



product of 7-OH, has been found 
to be both G protein biased and 
exhibit an improved therapeutic 
window in mice.25 

Both methanolic and 
crude alkaloid extracts of kratom 
have also demonstrated 
analgesic properties in rodents.1 
However, it currently remains 
unsettled which of kratom’s 
alkaloids are the most important 
contributors to the analgesic 
properties of such preparations or 
to those of the raw leaf. Despite its 
higher potency, we have 

previously estimated on the basis of preclinical studies that the quantity of 7-OH contained in 
typical dry kratom leaf preparations is insufficient to induce opioid-like effects directly at typical 
doses consumed by human subjects.1 At the same time, examination of the existing literature on 
the pharmacology of mitragynine revealed a number of unusual observations that complicated 
our understanding at the outset of the present investigations. First, despite low to moderate oral 
bioavailability (20-30% in rats), mitragynine has been found in prior investigations to be 
paradoxically more potent as an analgesic when administered by the oral (p.o.) and 
intraperitoneal (i.p.) routes compared to the subcutaneous (s.c.) route in rats and mice.1,24,31 
These findings suggested to us the involvement of an active metabolite produced via first-pass 
metabolism in mediating the analgesic activity of mitragynine.1 At the same time, our own prior in 
vitro studies at the mouse mu-opioid receptor (mMOR) had shown that mitragynine acts as either 
a competitive antagonist or a partial agonist depending on the assay system used, calling into 
question the ability of this compound to have a direct agonist effect on MOR in rodents and 
consistent with a metabolite-driven analgesic effect.21,25 However, mitragynine has also been 
found to induce analgesic effects when administered intracerebroventricularly (i.c.v), which 
argued conversely against the involvement of an active metabolite (unless metabolism occurs 
directly in the brain).23 Therefore, we set out to further elucidate the pharmacological and 
metabolic mechanism(s) leading to mitragynine’s analgesic effects. 

 
Results 
 
 Known Metabolites Do Not Explain Analgesic Activity. Given our working hypothesis 
that an active metabolite might be involved in mediating the analgesic effects of mitragynine, we 
were interested in identifying metabolites that might exhibit agonist activity at MOR. The 
metabolites of mitragynine in rat and human urine had been previously studied, revealing a large 
number of metabolites modified primarily through demethylation at one or more of mitragynine’s 
three O-methyl groups (Figure 1, Pathway A), followed by either glucuronidation or sulfation of 
the exposed nucleophile, or oxidative or reductive transformations of the acrylate moiety.32 
Considering previously observed structure-activity relationships (SAR) in the mitragynine scaffold, 
it was expected that the demethylated metabolites would exhibit similar or lower potency activity 
at MOR compared to mitragynine.21 This was confirmed by synthesis of these compounds and 
testing using in vitro functional assays at hMOR (see Supporting Information, Table S1). Similarly, 
conjugated metabolites were also expected to be both inactive at MOR and have low penetration 
of the blood-brain barrier (BBB). Accordingly, when we began our investigation, known 
metabolites were insufficient to explain the opioid-mediated analgesic activity of mitragynine. 
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Figure 1. Known (Pathway A) and proposed (Pathway B) 
metabolic transformations of mitragynine. 



Deuteration of Mitragynine Has Little Effect on Metabolism In Vitro. Our above 
supposition was further strengthened by findings with a deuterated analog. Based on the reported 
metabolic pathways of mitragynine, we synthesized an analog of this compound fully deuterated 
at each of its three O-methyl groups, mitragynine-d9 (see Supporting Information, Scheme S1), 
expecting that through kinetic isotope effects, the metabolism of this derivative would be slowed. 
Surprisingly, when we examined the stability of mitragynine-d9 head to head with its undeuterated 
counterpart in human liver microsomes (HLM) and mouse liver microsomes (MLM), stability was 
unchanged (Figure 2A). Therefore, we concluded that demethylation is only a minor pathway of 
hepatic metabolism (demethylated metabolites may accumulate slowly in the urine or be formed 
extrahepatically) and that the previously reported metabolites are unlikely to explain the 
hypothesized role of a hepatically formed metabolite in the analgesic activity of mitragynine. 

Chemistry Suggests a New Site of Metabolism. With known metabolites seemingly 
unable to explain the observations pointing toward an active metabolite, we began exploring 
alternative metabolic pathways that might yield such a compound. For inspiration, we turned to 
known chemical transformations of indole alkaloids, including mitragynine, under oxidative 
conditions. For example, 2,3-disubstituted indoles are known to undergo functionalization under 
oxidation/halogenation conditions to afford the corresponding 3-substituted indolenines.33 
Specifically, mitragynine is known to be oxidized by [bis(trifluoroacetoxy)iodo]benzene (PIFA) to 
give 7-OH (Scheme 1).6 During our ongoing synthetic explorations of the mitragynine scaffold, 
we also found that singlet oxygen1 and potassium peroxymonosulfate (Oxone) were effective 
oxidants for the conversion of mitragynine into 7-OH (Scheme 1). Therefore, we postulated that 
the 2-3 indole double bond attacked by these chemical oxidants might also be a site for oxidation 
by cytochrome P450 enzymes (CYPs) to produce 7-OH as a metabolite (Figure 1, Pathway B). 
Given the much greater potency of 7-OH as an MOR agonist, we hypothesized that even minor 
conversion to this product might contribute significantly to mitragynine’s analgesic activity and 
help to explain the apparent contradictions in the literature. 

Figure 2. Decomposition of mitragynine and formation of 7-hydroxymitragynine (7-OH) in liver 
microsomes was quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). (A) 
Mitragynine was unstable in both mouse liver microsomes (MLM) and human liver microsomes (HLM), 
while deuteration of all three methyl groups, as in mitragynine-d9, had little effect on microsomal stability. 
(B) Loss of mitragynine in microsomal preparations was accompanied by formation of 7-OH as a 
metabolite and this conversion was more efficient in HLM. There was a strong main effect of species 
on 7-OH concentration. Two-way ANOVA: F1,30 = 51.66, p < 0.0001. ****p < 0.0001 relative to MLM, **p 
< 0.01 relative to MLM, *p < 0.05 relative to MLM, ns = p > 0.05 relative to MLM. All data points represent 
the means of two independent experiments with two incubations per experiment, with error bars 
representing ±SEM. 



7-OH is a Mitragynine 
Metabolite In Vitro. To test our 
hypothesis, we monitored formation 
of 7-OH by liquid chromatography-
tandem mass spectrometry (LC-
MS/MS) during incubation of 
mitragynine with both HLM and 
MLM. In both microsome 
preparations, 7-OH was produced 
concomitant with disappearance of 
mitragynine (Figure 2B). Further, 7-
OH appeared to be the major 
metabolite in each case, as the 
approximate decreases in molar 
mitragynine concentration from the 
starting level (2 µM) were 

accompanied by similar increases in 7-OH concentration. The metabolic conversion was more 
efficient in HLM, suggesting that an appreciation of interspecies differences is likely to be 
important for understanding the pharmacology of mitragynine. However, it should be noted that 
our findings conflict with an earlier report, which found that mitragynine was stable in 
microsomes.34 The reason for this discrepancy remains unclear at this time, but may relate to 
variable metabolic activity of microsome preparations from different sources. Further, we have 
confirmed the low stability of mitragynine in HLM and concomitant formation of 7-OH in an 
independent laboratory (Biotranex, LLC, data not shown). 
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Chemical Oxidants 

Figure 3. CYP3A4 mediates conversion of mitragynine to 7-OH. (A) Mitragynine was incubated in vitro 
with recombinant preparations of the 5 major human CYP isoforms alongside a reference substrate of 
each isoform as positive control. The relative percent remaining of mitragyine or reference substrate in 
each incubation was quantified by LC-MS/MS. Disappearance of mitragynine was most rapid in the 
presence of CYP3A4, whereas incubations with the other isoforms resulted in little or no decomposition. 
The activity of each preparation was confirmed by the nearly complete disappearance of the 
corresponding reference substrates. (B) Formation of 7-OH was monitored by LC-MS/MS during 
incubation of mitragynine with each of the recombinant CYP preparations. CYP3A4 resulted in the most 
robust conversion to 7-OH. All data points represent the means of two independent experiments with 
two incubations per experiment, with error bars representing ±SEM. 



Mitragynine and 7-OH are Stable in 
Plasma. Before proceeding further, we also 
tested the stability of mitragynine and 7-OH in 
blood plasma. Both mitragynine and 7-OH 
were highly stable in mouse plasma (Figure 
S1), indicating that plasma hydrolysis or other 
plasma metabolism does not contribute 
significantly to the biotransformation of these 
compounds. 

Conversion of Mitragynine to 7-OH is 
Mediated by CYP3A Isoforms In Vitro. We 
next set out to determine which CYP isoform is 
responsible for conversion of mitragynine to 7-
OH. Mitragynine was incubated in vitro with 
purified recombinant preparations of the 5 
major human CYP isoforms (CYP3A4, 2C19, 
2C9, 1A2, 2D6) alongside a reference 
substrate of each isoform as positive control. 
Decomposition of mitragynine was nearly 
complete in the presence of CYP3A4 (2% 
remaining at 60 min). In contrast, there was 
little or no decomposition in the incubations 
with CYP2C19, 2C9, 1A2, and 2D6 (77%, 99%, 
96%, and 82% remaining at 60 min, 
respectively). The activity of each enzyme 
preparation was confirmed by nearly complete 
disappearance of the reference substrates 
(Figure 3A). During these incubations, the 
formation of 7-OH was also monitored by LC-
MS/MS, revealing that formation of 7-OH was 
most robust in the presence of CYP3A4, 
whereas little conversion to 7-OH was 
observed in the incubations with other CYPs 
(Figure 3B). 

Having identified CYP3A4 as the 
predominant metabolic pathway responsible 
for hepatic metabolism of mitragynine and 
concurrent formation of 7-OH using purified 
enzyme preparations, we next sought to 
confirm these results in liver microsomes, a 
more complex system with endogenous 
expression of relevant enzymes. To that end, 
mitragynine was incubated with HLM alone and 
in the presence of the CYP3A inhibitor 
ketoconazole (1 or 10 µM), the CYP2C19 

inhibitor ticlopidine (20 µM), or a combination of the two. Ketoconazole robustly inhibited both 
decomposition of mitragynine (Figure 4A) and formation of 7-OH (Figure 4B), whereas ticlopidine 
had little effect. Analogous results were found in MLM (Figure S2). In sum, our findings 
demonstrate that mitragynine is converted to 7-OH in both mouse and human liver preparations 
and that this conversion is mediated by CYP3A isoforms (including CYP3A4 in humans). 

Figure 4. The CYP3A-dependence of 7-OH 
formation was confirmed in HLM. (A) In HLM, the 
CYP3A isoform inhibitor ketoconazole (Ket) dose-
dependently attenuated metabolic decomposition 
of mitragynine. In contrast, the CYP2C19 inhibitor 
ticlopidine (Tic) had little effect. (B) During 
incubation of mitragynine with HLM, ketoconazole 
(and to a small degree, ticlopidine) also inhibited 
formation of 7-OH. All data points represent the 
means of two independent experiments with two 
incubations per experiment, with error bars 
representing ±SEM. 



Mitragynine is Analgesic in Mice Through an MOR-Dependent Mechanism. To build 
on the preceding results, we hoped to examine whether 7-OH is in fact formed as a metabolite of 
mitragynine in vivo. Further, we sought to test whether 7-OH, as a metabolite, could be a key 
mediator of the analgesic effects of mitragynine. However, before proceeding with these 
experiments, we first set out to confirm the analgesic activity of mitragynine in our own hands and 
to determine whether these effects are dependent on MOR. 

For this purpose, we used the 129 mouse strain, which we found to be sensitive to 
mitragynine-induced analgesia, consistent with the documented high sensitivity of this strain to 
opioid agonists.35,36 Further, genetic knockouts of opioid receptors are available on this genetic 
background. Dose response curves were generated for mitragynine administered by both oral 
(p.o.) and subcutaneous (s.c.) routes using the tail-flick test, a classic rodent model for analgesic 
activity (Figure 5A). We found that mitragynine was much more potent when administered p.o. 
(ED50 = 2.1 mg/kg) than when administered s.c. (ED50 = 106 mg/kg), consistent with earlier 
literature reports. To establish the opioid receptor dependence of these effects, an efficacious 
analgesic dose of mitragynine (10 mg/kg, p.o.) was administered to MOR knockout (KO), kappa-
opioid receptor (KOR) KO, and delta-opioid receptor (DOR) KO mice, and to wild-type (WT) mice 

Figure 5. Analgesic activity of mitragynine in 129 mice. (A) Dose-responses of mitragynine and 7-OH 
in the tail-flick assay at time of maximal analgesic effect (15 minutes). Mice (n = 5-17 per dose, per 
treatment; 129S1 strain) were treated with ascending doses of mitragynine or 7-OH by the indicated 
route of administration in a cumulative dosing procedure, and tail-flick latency was recorded for each 
animal at 15 minutes post drug administration (peak analgesic effect). ED50s (95% CI) were as follows: 
mitragynine, s.c. = 106 (57.4 - 195) mg/kg; mitragynine, p.o. = 2.05 (1.24 - 3.38); 7-OH, s.c. = 0.57 (0.19 
– 1.7). The means of each point were calculated as percentage maximal possible effect (%MPE) 
[(observed latency − baseline latency)/(maximal latency − baseline latency)] x 100. Error bars represent 
±SEM. (B) The analgesic effect of mitragynine (10 mg/kg, p.o.) in the tail-flick assay was evaluated 15 
minutes post drug administration in wild-type (WT), mu-opioid receptor (MOR-1) knockout (KO), kappa-
opioid receptor (KOR-1) KO, and delta-opioid receptor (DOR-1) KO mice, and WT mice following pre-
treatment with naloxone (1 mg/kg, s.c.), in two independent experiments (n = 5 per group per 
experiment, n = 10 total per group; 129S6 strain). The analgesic effect of mitragynine was attenuated 
by naloxone pre-treatment and in MOR-1 KO, while the effect was found intact in KOR-1 KO and DOR-
1 KO mice. Two-way ANOVA followed by Bonferroni post hoc comparisons test, *p < 0.05 relative to 
WT. All values are expressed as the mean ± SEM. (C) The analgesic effect of 7-OH (1 mg/kg, s.c.) in 
the tail-flick assay was evaluated 15 minutes post drug administration in wild-type (WT), MOR-1 KO, 
KOR-1 KO, and DOR-1 KO mice, and WT mice following pre-treatment with naloxone (1 mg/kg, s.c.), 
in two independent experiments (n = 5 per group per experiment, n = 10 total per group; 129S6 strain). 
The analgesic effect of mitragynine was attenuated by naloxone pre-treatment and in MOR-1 KO, while 
the effect was found intact in KOR-1 KO and DOR-1 KO mice. Two-way ANOVA followed by Bonferroni 
post hoc comparisons test, *p < 0.05 relative to WT. All values are expressed as the mean ± SEM. 



following pretreatment with the opioid receptor antagonist naloxone (1 mg/kg, s.c.). Both MOR 
KO and naloxone pretreatment significantly attenuated the analgesic effect of mitragynine, 
whereas KOR KO and DOR KO had no effect (Figure 5B). Therefore, the analgesic activity of 
mitragynine was found to be MOR dependent, consistent with prior literature demonstrating 
pharmacological blockade of analgesia with the opioid receptor antagonist naloxone.6,23 
 7-OH is a Potent Analgesic in Mice Acting Through an MOR-Dependent Mechanism. 
Before further exploring our hypothesis that 7-OH is a key active metabolite of mitragynine, we 
also wanted to confirm the potent analgesic activity reported for this compound. A dose-response 
curve was generated for 7-OH in 129 mice using the tail-flick assay (Figure 5A). Consistent with 
previous reports,22,25 it was found that 7-OH was a highly potent analgesic (ED50 = 0.6 mg/kg, 
s.c.), ~5-fold more potent than p.o. mitragynine. This high potency was consistent with our 
hypothesis that 7-OH formed as a metabolite, even in small quantities, could be responsible for 
mediating much of mitragynine’s analgesic activity. Both MOR KO and naloxone pretreatment 
significantly attenuated the analgesic effects of 7-OH, whereas KOR KO and DOR KO had no 
effect (Figure 5C). Therefore, the analgesic activity induced by 7-OH was also MOR dependent. 

Conversion of Mitragynine to 7-OH also Occurs In Vivo. Having profiled the analgesic 
effects of mitragynine and 7-OH in mice, we next set out to confirm that the metabolic conversion 
that we had previously observed in vitro also occurred in living animals. Mice (129S1) were treated 
with mitragynine (10 mg/kg, s.c.) and plasma and brain samples were collected at 15 and 60 
minutes and analyzed by LC-MS/MS for mitragynine and 7-OH. Both mitragynine (Figure 6A) 
and 7-OH (Figure 6B) were detected at both time points in both plasma and brain, confirming 
that 7-OH is indeed formed as a metabolite of mitragynine in vivo and that it enters the brain. 
These results also permitted a preliminary assessment of the blood-brain barrier (BBB) 
penetration of the two alkaloids by comparison of plasma to whole brain concentrations. By this 
metric, mitragynine brain penetration was very high (~1:1 brain:plasma), whereas 7-OH brain 
penetration was more modest (~1:5 brain:plasma). However, it should be noted that this 
estimation does not account for tissue binding and thus, does not necessarily reflect free 
concentrations of drug. 

It is interesting to note the differences between our findings in vitro in microsome 
preparations and those in vivo. In microsomes, we found that 7-OH was a major hepatic 

Figure 6. Conversion of mitragynine to 7-OH was confirmed in vivo in 129S1 mice using liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). (A) Mitragynine was detected in both the 
plasma and brains of mice treated with mitragynine (10 mg/kg, s.c.). n = 4 per time point for plasma; n 
= 8-9 per time point for brain. (B) At the same time, 7-OH was also detected in the plasma and brains 
of the same animals, but at lower concentrations. 



metabolite. In contrast, in mice, 7-OH was found to be only a minor metabolite in terms of relative 
concentrations, with a mitragynine:7-OH ratio in plasma of ~15:1 or more (dependent on time 
point). This suggests both inherent differences between the metabolic activity of in vitro and in 
vivo systems, as well as potential hepatic or extrahepatic routes of mitragynine and/or 7-OH 
metabolism not well accounted for by in vitro preparations. 

7-OH Contributes to the Analgesic Activity of Mitragynine as a Metabolite. Having 
shown that 7-OH was indeed a metabolite of mitragynine in mice, we last examined whether the 
concentration of this metabolite formed in vivo might be sufficient to contribute to mitragynine’s 
opioid-mediated analgesic effects. To demonstrate this, we planned an experiment in which the 
brain concentration of 7-OH observed as a metabolite following administration of an analgesic 
dose of mitragynine would be compared to the brain concentration of 7-OH observed following 
direct administration of an equianalgesic dose of 7-OH. Under these conditions, we hypothesized 
that 7-OH concentrations would be similar if this metabolite was in fact playing a significant role 
in mediating the analgesic effects of mitragynine. 

To test this hypothesis, equianalgesic doses of mitragynine (140 mg/kg, s.c.) and 7-OH 
(0.7 mg/kg, s.c.) were selected based on the previously obtained dose-response curves (~1.3-
fold ED50, Figure 5A). Mice (129S1) were treated with the selected doses and analgesic activity 
was confirmed at 15 minutes in the tail-flick assay. As expected, there was no significant 
difference in tail-flick latency between the two groups (Figure 7A). Immediately after 
determination of tail-flick latency, mice were sacrificed and brain samples were collected for 
analysis. There was no significant difference in the mean brain concentration of 7-OH found in 
the mitragynine group (formed as metabolite) compared to that found in the 7-OH group (from 
direct administration) (Figure 7B), consistent with 7-OH being the primary mediator of central 
analgesic activity in both cases. At the same time, very brain high concentrations (16.6 ± 2.7 µM; 
mean ± SEM) of mitragynine were observed in the mitragynine-treated animals, while minimal 
concentrations (0.097 ± 0.012 µM; mean ± SEM) were observed in the 7-OH-treated animals 
(Figure 7C). This 170-fold difference in mitragynine brain concentration between the two groups 

Figure 7. 7-OH formed as a metabolite is sufficient to explain mitragynine’s analgesic effect in 129S1 
mice. (A) Selected doses of mitragynine (140 mg/kg, s.c.) and 7-OH (0.7 mg/kg, s.c.) were 
equianalgesic at 15 minutes in the tail-flick assay and induced ~50% MPE. n = 10 per treatment. Two-
tailed t-test, t(18) = 0.66, p = 0.52. ns = p > 0.05. (B) 7-OH was detected in the brains of the same 
animals at 15 minutes (sacrifice and sample collection immediately after tail-flick) and there was no 
difference in mean brain concentration between the two treatments. n = 9 for mitragynine, n = 10 for 7-
OH. Two-tailed t-test, t(17) = 1.19, p = 0.25. ns = p > 0.05. (C) Mitragynine was detected in the brains 
of the same animals at 15 minutes and there was a strongly significant difference between the two 
treatments, with a 170-fold higher brain concentration of mitragynine in the animals directly treated with 
this drug compared to those treated with 7-OH. n = 10 for mitragynine, n = 6 for 7-OH (4 values below 
the lower limit of quantitation, 5 ng/g, were excluded from analysis). Two-tailed t-test, t(13) = 4.88, p = 
0.0003. ***p < 0.001. All bars represent mean ±SEM. 



had no significant effect on analgesia (Figure 7A), despite the fact that the mitragynine brain 
concentration in the mitragynine-treated group was ~50-fold higher than the compound’s binding 
affinity for mMOR (0.23 µM21). Accordingly, we conclude that 7-OH formed as a metabolite is 
sufficient to explain the opioid-mediated analgesic activity of mitragynine and that the parent does 
not make a significant contribution to its own analgesic activity in mice. 

Although it does not appear to play an important role in mediating analgesia, the above 
observation of small quantities of mitragynine formed as a metabolite of 7-OH in vivo was 
surprising to us. We did not expect to observe this reductive metabolic process, which is 
effectively the reverse of the observed oxidative metabolism of mitragynine to 7-OH. However, 
prior literature had indeed reported the partial conversion of 7-OH to mitragynine in vitro in liver 
microsomes and simulated gastric fluid.34 The mechanism of this transformation remains unclear 
at this time. 
 
Discussion 

 
In the present report, we provide evidence that hepatic formation of 7-OH as a metabolite 

is important in mediating the analgesic activity (and presumably other MOR-mediated effects) of 
mitragynine, the major active alkaloid of the kratom plant. The analgesic effects of mitragynine 
and 7-OH each depended on activation of MORs. Further, the analgesia induced by mitragynine 
appears to depend largely on formation of 7-OH as a metabolite and not on the parent compound. 
Accordingly, the pharmacological profile of mitragynine may mirror that of 7-OH under certain 
circumstances, assuming appropriate dose corrections are made to account for the efficiency of 
conversion to this active metabolite in the system under study. It should be mentioned that during 
the preparation of this manuscript, another group reported the formation of 7-OH as a metabolite 
of mitragynine in rats, but the mechanistic significance of this finding was not discussed.37 
Accordingly, with our report, formation of 7-OH has now been observed in vivo in two species. 

Our results highlight the critical need to consider metabolic pathways and interspecies 
differences when interpreting preclinical data on kratom or attempting translation of such to man. 
For example, greater or lesser conversion (relative to mice) of mitragynine to 7-OH in a given 
species would be expected to increase or decrease, respectively, the potency of mitragynine’s 
opioid activity in that species. At the same time, if similar metabolic conversion is required for the 
expression of opioid agonist activity in humans, there exists the possibility that metabolic 
saturation at high doses might provide a built-in ceiling to the opioid effects of kratom, improving 
the inherent safety of this material. In fact, preliminary evidence of such metabolic saturation can 
be inferred from the present results, where the 7-OH brain concentration (0.157 µM) at 15 minutes 
after a high dose (140 mg/kg, s.c.) of mitragynine was only ~6-fold higher than that (0.027 µM) 
formed from a 14-fold lower dose (10 mg/kg, s.c.). However, full PK profiles at multiple doses will 
be needed to confirm the existence of such a phenomenon. Likewise, metabolic differences 
between individuals will need to be considered and some individuals may be more sensitive to 
the opioid agonist effects of kratom by virtue of more efficient CYP3A metabolism. 

Indeed, here we demonstrated that 7-OH is formed from mitragynine in HLM and that this 
conversion appears more efficient compared to that in MLM. Accordingly, we expect that 7-OH 
will also be observed as a metabolite in humans. This hypothesis is supported by a post-mortem 
toxicological report from a kratom-associated fatality, where mitragynine and 7-OH were 
quantified in the blood and urine of the decedent.38 Interestingly, the mitragynine:7-OH ratios 
found in blood and urine were ~7:1 and ~1.5:1, respectively. It is our opinion that such high relative 
concentrations of 7-OH compared to mitragynine would be impossible to achieve in the circulation 
through direct absorption of the minimal quantities of 7-OH found in kratom leaf preparations and 
commercial extracts, where the mitragynine:7-OH ratio is typically >50:1. Instead, assuming no 
adulteration of the ingested material, the high concentrations of 7-OH observed in this case 
support the hypothesis that 7-OH is also formed as an important metabolite in humans. 



Pharmacokinetic studies will ultimately be required to elucidate the importance of 7-OH as a 
mitragynine metabolite in man. 

It is interesting to note the apparent parallel of mitragynine to codeine, a classical opioid 
that depends on metabolic conversion to the active metabolite morphine by CYP2D6 for 
inducement of opioid effects.39 Accordingly, individuals with genetic mutations leading to 
abnormally high or low activity of CYP2D6 are more or less sensitive to codeine, respectively.39 
However, life-threatening respiratory depression with codeine is rare even in cases of intentional 
overdose, potentially due to metabolic saturation.40 Considering that preclinical studies have 
found mitragynine to induce less respiratory depression than codeine,24 which is itself relatively 
safe compared to other classical opioids, we hypothesize that severe respiratory depression or 
death induced through an opioid mechanism following oral mitragynine (or kratom) consumption 
is likely to be rare. Consistent with this hypothesis, mitragynine has been found to have low toxicity 
in mice when administered orally (LD50 > 400 mg/kg).31,41 Further, the active metabolite 7-OH has 
itself been found to be a partial, G protein-biased agonist at MOR, signaling properties that are 
hypothesized to lead to improved respiratory safety among MOR agonists.21,25 Overall, these 
considerations are consistent with the limited reports of kratom overdose deaths (44 in total for 
all time as of 2017, despite millions of worldwide users)14 in comparison to all opioid overdose 
deaths (~50,000 in 2017 alone)42. However, such hypotheses must be confirmed in humans 
before definitive conclusions are reached regarding the respiratory safety of mitragynine or 
kratom. 

Metabolic processes are also likely to be an important determinant of the abuse liability of 
kratom and its alkaloids. It has recently been found in two independent studies that mitragynine 
does not support self-administration (SA) in rats, while 7-OH is self-administered.43,44 We suspect 
that this apparent contradiction may be explained, at least in part, by the metabolic effects 
reported here. Mitragynine has been shown to be more potent (in terms of analgesic effects) in 
rats by the p.o. route,24 versus the intravenous (i.v.) route used in the reported self-administration 
studies, thus complicating appropriate dose selection and challenging the relevance of i.v. SA 
studies for assessing the abuse liability of p.o. mitragynine (or kratom). Further, the likely 
necessity of metabolic conversion of mitragynine to 7-OH for the induction of opioid agonist effects 
might result in a temporal dissociation between drug administration and experience of rewarding 
effects, further complicating the interpretation of SA studies. Lastly, certain individuals with 
enhanced or deficient CYP3A4 activity may experience greater or lesser reinforcing effects 
following mitragynine (or kratom) consumption depending on the extent of conversion to 7-OH. 
Again, a comparison to codeine is warranted, as the abuse liability of this compound has been 
found to depend on formation of active metabolites and vary depending on interindividual 
differences in CYP metabolic efficiency.45 There also remains the possibility that mitragynine 
exerts a buffering effect on the opioid agonist activity of its 7-OH metabolite, either through direct 
competitive antagonism at MOR, or through other as-yet-unknown pharmacological mechanisms. 
Ultimately, only controlled clinical trials will be able to definitively resolve these issues for 
mitragynine. 

In addition to interspecies metabolic differences, the in vitro pharmacology of mitragynine 
at the opioid receptors is also species dependent and complicates the translation of the present 
results to humans. For example, we have previously shown in an in vitro assay that mitragynine 
acts as a competitive antagonist at the mMOR, but a weak partial agonist at the hMOR.21 
Accordingly, in humans, mitragynine itself might contribute to its own analgesic effects directly via 
the parent compound, in contrast to the present mouse study, where most of the analgesic effects 
appeared to be induced through the 7-OH metabolite. The interplay between mitragynine and 7-
OH in mediating kratom’s purported analgesic effects will thus require further exploration in 
humans. 

Lastly, it is important to mention that extracts of the kratom plant have been found to both 
inhibit and induce various CYP enzymes.46,47 Accordingly, it remains a possibility that the mixture 



of compounds contained in the plant or its extracts may present a distinct opioid pharmacology 
compared to isolated mitragynine, by virtue of interference of other chemical species with the 
hepatic conversion of mitragynine to 7-OH. Thus, additional study of metabolic drug-drug 
interactions among kratom compounds will also be necessary. 
 
Conclusion 
 

We have found that the opioid pharmacology of mitragynine is complicated by the 
important role of an active metabolite, 7-OH, in mediating its activity. This apparent requirement 
for metabolic activation is consistent with the higher analgesic potency of mitragynine 
administered orally versus parenterally in animals. Further, it suggests a possible explanation for 
the seemingly improved safety profile of mitragynine compared to classical opioid agonists. 
However, the critical involvement of hepatic metabolism also complicates our understanding of 
mitragynine’s pharmacology and introduces the possibility of interindividual variability in the 
compound’s potential therapeutic effects and side effects. We believe mitragynine and related 
compounds have great potential as future therapeutics, but metabolic processes must be carefully 
considered as the field continues to advance. 
 
Acknowledgements 
 
 This work was generously supported by the National Institute on Drug Abuse 
(R01DA046487 and R21DA045884) and the American Kratom Association. We also thank Dr. 
Brandon Fowler (Department of Chemistry, Columbia University) for HRMS analysis.  
 
References 
 
(1)  Kruegel, A. C.; Grundmann, O. The Medicinal Chemistry and Neuropharmacology of 

Kratom: A Preliminary Discussion of a Promising Medicinal Plant and Analysis of Its 
Potential for Abuse. Neuropharmacology 2018, 134 (Pt A), 108–120 DOI: 
10.1016/j.neuropharm.2017.08.026. 

(2)  Adkins, J. E.; Boyer, E. W.; McCurdy, C. R. Mitragyna Speciosa, a Psychoactive Tree 
from Southeast Asia with Opioid Activity. Curr. Top. Med. Chem. 2011, 11 (9), 1165–
1175. 

(3)  Prozialeck, W. C.; Jivan, J. K.; Andurkar, S. V. Pharmacology of Kratom: An Emerging 
Botanical Agent with Stimulant, Analgesic and Opioid-like Effects. J. Am. Osteopath. 
Assoc. 2012, 112 (12), 792–799. 

(4)  Singh, D.; Narayanan, S.; Vicknasingam, B. Traditional and Non-Traditional Uses of 
Mitragynine (Kratom): A Survey of the Literature. Brain Res. Bull. 2016, 126 (Pt 1), 41–46 
DOI: 10.1016/j.brainresbull.2016.05.004. 

(5)  Takayama, H. Chemistry and Pharmacology of Analgesic Indole Alkaloids from the 
Rubiaceous Plant, Mitragyna Speciosa. Chem. Pharm. Bull. (Tokyo). 2004, 52 (8), 916–
928 DOI: 10.1248/cpb.52.916. 

(6)  Takayama, H.; Ishikawa, H.; Kurihara, M.; Kitajima, M.; Aimi, N.; Ponglux, D.; Koyama, 
F.; Matsumoto, K.; Moriyama, T.; Yamamoto, L. T.; Watanabe, K.; Murayama, T.; Horie, 
S. Studies on the Synthesis and Opioid Agonistic Activities of Mitragynine-Related Indole 
Alkaloids:  Discovery of Opioid Agonists Structurally Different from Other Opioid Ligands. 
J. Med. Chem. 2002, 45 (9), 1949–1956 DOI: 10.1021/jm010576e. 

(7)  Raffa, R. B.; Beckett, J. R.; Brahmbhatt, V. N.; Ebinger, T. M.; Fabian, C. A.; Nixon, J. R.; 
Orlando, S. T.; Rana, C. A.; Tejani, A. H.; Tomazic, R. J. Orally Active Opioid 
Compounds from a Non-Poppy Source. J. Med. Chem. 2013, 56 (12), 4840–4848 DOI: 
10.1021/jm400143z. 



(8)  Suhaimi, F. W.; Yusoff, N. H. M.; Hassan, R.; Mansor, S. M.; Navaratnam, V.; Müller, C. 
P.; Hassan, Z. Neurobiology of Kratom and Its Main Alkaloid Mitragynine. Brain Research 
Bulletin. September 2016, pp 29–40. 

(9)  Grundmann, O. Patterns of Kratom Use and Health Impact in the US—Results from an 
Online Survey. Drug Alcohol Depend. 2017, 176, 63–70 DOI: 
10.1016/j.drugalcdep.2017.03.007. 

(10)  Swogger, M. T.; Hart, E.; Erowid, F.; Erowid, E.; Trabold, N.; Yee, K.; Parkhurst, K. A.; 
Priddy, B. M.; Walsh, Z. Experiences of Kratom Users: A Qualitative Analysis. J. 
Psychoactive Drugs 2015, 47 (5), 360–367 DOI: 10.1080/02791072.2015.1096434. 

(11)  Pain News Network. KRATOM SURVEY — Pain News Network 
https://www.painnewsnetwork.org/kratom-survey/ (accessed Dec 19, 2018). 

(12)  Smith, K. E.; Lawson, T. Prevalence and Motivations for Kratom Use in a Sample of 
Substance Users Enrolled in a Residential Treatment Program. Drug Alcohol Depend. 
2017, 180, 340–348 DOI: 10.1016/j.drugalcdep.2017.08.034. 

(13)  Regulations.gov - Docket Folder Summary https://www.regulations.gov/docket?D=DEA-
2016-0015 (accessed Dec 19, 2018). 

(14)  Commissioner, O. of the. Press Announcements - Statement from FDA Commissioner 
Scott Gottlieb, M.D., on the Agency’s Scientific Evidence on the Presence of Opioid 
Compounds in Kratom, Underscoring Its Potential for Abuse. 

(15)  Drug Enforcement Administration. Kratom https://www.dea.gov/factsheets/kratom 
(accessed Dec 19, 2018). 

(16)  Ike Swetlitz. HHS recommended that the DEA ban kratom, documents show - STAT 
https://www.statnews.com/2018/11/09/hhs-recommended-dea-ban-kratom-documents-
show/ (accessed Dec 19, 2018). 

(17)  Regulations.gov - Proposed Rule Document 
https://www.regulations.gov/document?D=DEA-2016-0015-0003 (accessed Dec 19, 
2018). 

(18)  Regulations.gov - Proposed Rule Document 
https://www.regulations.gov/document?D=DEA-2016-0015-0006 (accessed Dec 19, 
2018). 

(19)  DEA opts against ban on herbal supplement kratom 
https://www.statnews.com/2016/10/12/kratom-dea-ban-opioids/ (accessed Dec 19, 2018). 

(20)  Ponglux, D.; Wongseripipatana, S.; Takayama, H.; Kikuchi, M.; Kurihara, M.; Kitajima, M.; 
Aimi, N.; Sakai, S. A New Indole Alkaloid, 7α-Hydroxy-7H-Mitragynine, from Mitragyna 
Speciosa in Thailand. Planta Med. 1994, 60 (6), 580–581 DOI: 10.1055/s-2006-959578. 

(21)  Kruegel, A. C.; Gassaway, M. M.; Kapoor, A.; Váradi, A.; Majumdar, S.; Filizola, M.; 
Javitch, J. A.; Sames, D. Synthetic and Receptor Signaling Explorations of the Mitragyna 
Alkaloids: Mitragynine as an Atypical Molecular Framework for Opioid Receptor 
Modulators. J. Am. Chem. Soc. 2016, 138 (21), 6754–6764 DOI: 10.1021/jacs.6b00360. 

(22)  Matsumoto, K.; Horie, S.; Ishikawa, H.; Takayama, H.; Aimi, N.; Ponglux, D.; Watanabe, 
K. Antinociceptive Effect of 7-Hydroxymitragynine in Mice: Discovery of an Orally Active 
Opioid Analgesic from the Thai Medicinal Herb Mitragyna Speciosa. Life Sci. 2004, 74 
(17), 2143–2155 DOI: 10.1016/j.lfs.2003.09.054. 

(23)  Matsumoto, K.; Mizowaki, M.; Suchitra, T.; Takayama, H.; Sakai, S.; Aimi, N.; Watanabe, 
H. Antinociceptive Action of Mitragynine in Mice: Evidence for the Involvement of 
Supraspinal Opioid Receptors. Life Sci. 1996, 59 (14), 1149–1155. 

(24)  Macko, E.; Weisbach, J. A.; Douglas, B. Some Observations on the Pharmacology of 
Mitragynine. Arch. Int. Pharmacodyn. thérapie 1972, 198 (1), 145–161. 

(25)  Váradi, A.; Marrone, G. F.; Palmer, T. C.; Narayan, A.; Szabó, M. R.; Le Rouzic, V.; 
Grinnell, S. G.; Subrath, J. J.; Warner, E.; Kalra, S.; Hunkele, A.; Pagirsky, J.; Eans, S. 
O.; Medina, J. M.; Xu, J.; Pan, Y.-X.; Borics, A.; Pasternak, G. W.; McLaughlin, J. P.; 



Majumdar, S. Mitragynine/Corynantheidine Pseudoindoxyls As Opioid Analgesics with 
Mu Agonism and Delta Antagonism, Which Do Not Recruit β-Arrestin-2. J. Med. Chem. 
2016, 59 (18), 8381–8397 DOI: 10.1021/acs.jmedchem.6b00748. 

(26)  Schmid, C. L.; Kennedy, N. M.; Ross, N. C.; Lovell, K. M.; Yue, Z.; Morgenweck, J.; 
Cameron, M. D.; Bannister, T. D.; Bohn, L. M. Bias Factor and Therapeutic Window 
Correlate to Predict Safer Opioid Analgesics. Cell 2017, 171 (5), 1165–1175.e13 DOI: 
10.1016/j.cell.2017.10.035. 

(27)  Soergel, D. G.; Subach, R. A.; Burnham, N.; Lark, M. W.; James, I. E.; Sadler, B. M.; 
Skobieranda, F.; Violin, J. D.; Webster, L. R. Biased Agonism of the μ-Opioid Receptor 
by TRV130 Increases Analgesia and Reduces on-Target Adverse Effects versus 
Morphine: A Randomized, Double-Blind, Placebo-Controlled, Crossover Study in Healthy 
Volunteers. Pain 2014, 155 (9), 1829–1835 DOI: 10.1016/j.pain.2014.06.011. 

(28)  Raehal, K. M.; Schmid, C. L.; Groer, C. E.; Bohn, L. M. Functional Selectivity at the μ-
Opioid Receptor: Implications for Understanding Opioid Analgesia and Tolerance. 
Pharmacol. Rev. 2011, 63 (4), 1001–1019 DOI: 10.1124/pr.111.004598. 

(29)  Kelly, E. Efficacy and Ligand Bias at the μ-Opioid Receptor. Br. J. Pharmacol. 2013, 169 
(7), 1430–1446 DOI: 10.1111/bph.12222. 

(30)  Majumdar, S.; Devi, L. A. Strategy for Making Safer Opioids Bolstered. Nature 2018, 553 
(7688), 286–288 DOI: 10.1038/d41586-018-00045-1. 

(31)  Sabetghadam, A.; Navaratnam, V.; Mansor, S. M. Dose-Response Relationship, Acute 
Toxicity, and Therapeutic Index between the Alkaloid Extract of Mitragyna Speciosa and 
Its Main Active Compound Mitragynine in Mice. Drug Dev. Res. 2013, 74 (1), 23–30 DOI: 
10.1002/ddr.21052. 

(32)  Philipp, A. A.; Wissenbach, D. K.; Zoerntlein, S. W.; Klein, O. N.; Kanogsunthornrat, J.; 
Maurer, H. H. Studies on the Metabolism of Mitragynine, the Main Alkaloid of the Herbal 
Drug Kratom, in Rat and Human Urine Using Liquid Chromatography-Linear Ion Trap 
Mass Spectrometry. J. Mass Spectrom. 2009, 44 (8), 1249–1261 DOI: 10.1002/jms.1607. 

(33)  Finch, N.; Gemenden, C. W.; Hsu, I. H. C.; Kerr, A.; Sim, G. A.; Taylor, W. I. Oxidative 
Transformations of Indole Alkaloids. III. Pseudoindoxyls from Yohimbinoid Alkaloids and 
Their Conversion to “Invert” Alkaloids1,2. J. Am. Chem. Soc. 1965, 87 (10), 2229–2235 
DOI: 10.1021/ja01088a024. 

(34)  Manda, V.; Avula, B.; Ali, Z.; Khan, I.; Walker, L.; Khan, S. Evaluation of In Vitro 
Absorption, Distribution, Metabolism, and Excretion (ADME) Properties of Mitragynine, 7-
Hydroxymitragynine, and Mitraphylline. Planta Med. 2014, 80 (07), 568–576 DOI: 
10.1055/s-0034-1368444. 

(35)  Semenova, S.; Kuzmin, A.; Zvartau, E. Strain Differences in the Analgesic and 
Reinforcing Action of Morphine in Mice. Pharmacol. Biochem. Behav. 1995, 50 (1), 17–
21. 

(36)  Mogil, J. S. Opioid Analgesia, Strain Differences. In Encyclopedia of Pain; Springer Berlin 
Heidelberg: Berlin, Heidelberg, 2007; pp 1528–1531. 

(37)  Yusof, S. R.; Mohd Uzid, M.; Teh, E.-H.; Hanapi, N. A.; Mohideen, M.; Mohamad Arshad, 
A. S.; Mordi, M. N.; Loryan, I.; Hammarlund-Udenaes, M. Rate and Extent of Mitragynine 
and 7-Hydroxymitragynine Blood-Brain Barrier Transport and Their Intra-Brain 
Distribution: The Missing Link in Pharmacodynamic Studies. Addict. Biol. 2018 DOI: 
10.1111/adb.12661. 

(38)  Karinen, R.; Fosen, J. T.; Rogde, S.; Vindenes, V. An Accidental Poisoning with 
Mitragynine. Forensic Sci. Int. 2014, 245, e29–e32 DOI: 10.1016/j.forsciint.2014.10.025. 

(39)  Dean, L. Codeine Therapy and CYP2D6 Genotype; National Center for Biotechnology 
Information (US), 2012. 

(40)  Heppell, S. P. E.; Isbister, G. K. Lack of Respiratory Depression in Paracetamol-Codeine 
Combination Overdoses. Br. J. Clin. Pharmacol. 2017, 83 (6), 1273–1278 DOI: 



10.1111/bcp.13224. 
(41)  Smith, L. C.; Lin, L.; Hwang, C. S.; Zhou, B.; Kubitz, D. M.; Wang, H.; Janda, K. D. 

Lateral Flow Assessment and Unanticipated Toxicity of Kratom. Chem. Res. Toxicol. 
2018, acs.chemrestox.8b00218 DOI: 10.1021/acs.chemrestox.8b00218. 

(42)  National Institute on Drug Abuse. Overdose Death Rates | National Institute on Drug 
Abuse (NIDA) https://www.drugabuse.gov/related-topics/trends-statistics/overdose-death-
rates (accessed Dec 26, 2018). 

(43)  Hemby, S. E.; McIntosh, S.; Leon, F.; Cutler, S. J.; McCurdy, C. R. Abuse Liability and 
Therapeutic Potential of the Mitragyna Speciosa (Kratom) Alkaloids Mitragynine and 7-
Hydroxymitragynine. Addict. Biol. 2018 DOI: 10.1111/adb.12639. 

(44)  Yue, K.; Kopajtic, T. A.; Katz, J. L. Abuse Liability of Mitragynine Assessed with a Self-
Administration Procedure in Rats. Psychopharmacology (Berl). 2018, 235 (10), 2823–
2829 DOI: 10.1007/s00213-018-4974-9. 

(45)  Kathiramalainathan, K.; Kaplan, H. L.; Romach, M. K.; Busto, U. E.; Li, N. Y.; Säwe, J.; 
Tyndale, R. F.; Sellers, E. M. Inhibition of Cytochrome P450 2D6 Modifies Codeine 
Abuse Liability. J. Clin. Psychopharmacol. 2000, 20 (4), 435–444. 

(46)  Kong, W. M.; Chik, Z.; Ramachandra, M.; Subramaniam, U.; Aziddin, R. E. R.; Mohamed, 
Z. Evaluation of the Effects of Mitragyna Speciosa Alkaloid Extract on Cytochrome P450 
Enzymes Using a High Throughput Assay. Molecules 2011, 16 (12), 7344–7356 DOI: 
10.3390/molecules16097344. 

(47)  Manda, V. K.; Avula, B.; Dale, O. R.; Ali, Z.; Khan, I. A.; Walker, L. A.; Khan, S. I. PXR 
Mediated Induction of CYP3A4, CYP1A2, and P-Gp by Mitragyna Speciosa and Its 
Alkaloids. Phyther. Res. 2017, 31 (12), 1935–1945 DOI: 10.1002/ptr.5942. 

 



download fileview on ChemRxivmitragynine metabolism paper_2.7.19.pdf (1.22 MiB)

https://chemrxiv.org/ndownloader/files/14304335
https://chemrxiv.org/articles/7-Hydroxymitragynine_is_an_Active_Metabolite_of_Mitragynine_and_a_Key_Mediator_of_its_Analgesic_Effects/7692710/1?file=14304335


1 
 

7-Hydroxymitragynine is an Active Metabolite of Mitragynine and 
a Key Mediator of its Analgesic Effects 

 
Andrew C. Kruegel#, Rajendra Uprety#, Steven G. Grinnell, Cory Langreck, Elizabeth A. 

Pekarskaya, Valerie Le Rouzic, Michael Ansonoff, Madalee M. Gassaway, John E. Pintar, 
Gavril W. Pasternak, Jonathan A. Javitch*, Susruta Majumdar*, Dalibor Sames* 

 
Supporting Information 

 
Contents 
 
Page 2: Table S1, Opioid Functional Activity of Potential Desmethylmitragynine Metabolites 
 
Page 2-3: Figure S1, Plasma Stability of Mitragynine and 7-Hydroxymitragynine 
 
Page 3: Figure S2, Formation of 7-Hydroxymitragynine in Mouse Liver Microsomes 
 
Page 4: Scheme S1, Synthesis of Deuterated Mitragynine Analogs 
 
Page 4-7: Synthetic Procedures 
 
Page 7-11: Biological Procedures 
 
Page 11-12: References 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2 
 

Opioid Functional Activity of Potential Desmethylmitragynine 
Metabolites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Opioid Functional Activity of Desmethylmitraygnine Metabolites. The functional 
activity of the three possible desmethylmitragynine metabolites, compounds 1, 2, and 3, at the 
human mu-opioid receptor (hMOR) was assessed using a bioluminescence resonance energy 
transfer (BRET) functional assay measuring G protein activation. Compound 1 had previously 
been reported by us to be less potent and less efficacious than mitragynine for activation of 
hMOR.1 For the present work, we also evaluated the activity of desmethyl compounds 2 and 3. 
Compound 2 was found to be more efficacious than mitragynine for activation of hMOR but ~3-
fold less potent, while compound 3 was found to be completely inactive as an agonist at 
concentrations up to 100 µM. Accordingly, none of the three possible desmethylmitragynine 
metabolites are likely to account for the MOR-dependent analgesic activity of mitragynine. 
 
Plasma Stability of Mitragynine and 7-Hydroxymitragynine 
 

 

Table S1. Functional Activity of Potential 
Desmethylmitragynine Metabolites at hMOR. 

Agonist activity at human MOR (hMOR) indicated by 
EC50 values, maximal efficacy (Emax) relative to [D-
Ala2, N-Me-Phe4, Gly-ol5]-enkephalin (DAMGO); X = 
no agonist activity up to 100 µM; All data points 
represent mean ± SEM (μM) of n ≥ 2. 

Compound EC50 ± SEM (Emax) (µM) 

mitragynine 0.339 ± 0.178 (34%)1 

1 0.681 ± 0.379 (29%)1 

2 0.995 ± 0.344 (80%) 

3 X 
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Figure S1. Relative percent remaining of mitragynine and 7-OH was quantified by LC-MS/MS 
during incubation of the compounds in mouse plasma. Both mitragynine and 7-OH were highly 
stable under the tested conditions. All data points represent the means of two independent 
experiments with two incubations per experiment, with error bars representing ±SEM. 
 
 Plasma Stability. To confirm that plasma metabolism does not play a role in mediating 
mitragynine’s pharmacokinetics or analgesic activity, the stability of mitragynine and active 
metabolite 7-hydroxymitragynine was tested in mouse plasma. Both compounds were highly 
stable under the tested conditions. 
 
Formation of 7-Hydroxymitragynine in Mouse Liver Microsomes 
 

 
 
Figure S2. The CYP3A-dependence of 7-OH formation was confirmed in mouse liver microsomes 
(MLM). (A) In MLM, the CYP3A isoform inhibitor ketoconazole (Ket) attenuated metabolic 
decomposition of mitragynine. (B) During incubation of mitragynine with MLM, ketoconazole also 
inhibited formation of 7-OH. All data points represent the means of two independent experiments 
with two incubations per experiment, with error bars representing ±SEM. 
 
 Conversion of Mitragynine to 7-OH is Mediated by CYP3A in Mouse Liver 
Microsomes. We sought to confirm that 7-OH was also formed from mitragynine in mouse liver 
microsomes (MLM) and that this conversion was mediated by CYP3A. To that end, mitragynine 
was incubated with MLM alone and in the presence of the CYP3A inhibitor ketoconazole (1 or 10 
µM). Ketoconazole robustly inhibited both decomposition of mitragynine (Figure S2A) and 
formation of 7-OH (Figure S2B). 
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Synthesis of Deuterated Mitragynine Analogs 
 

Scheme S1. Synthesis of Deuterated Mitragynine Analogs 
 

 
 

 Synthesis of Deuterated Mitragynine Analogs. Mitragynine was demethylated as 
previously reported1 to provide compound 1 (9-hydroxycorynantheidine), which served as the 
starting material for synthesis of deuterated analogs (Scheme S1). Phenol 1 was methylated with 
iodomethane-d3 to give compound 2. This material was then treated with methanol-d4 under basic 
conditions to exchange the 2 methyl groups of the acrylate moiety with their fully deuterated 
counterparts. This procedure yielded a mixture of the desired compound S2 and the 
corresponding dimethyl acetal, which both reduced yield and was difficult to separate. 
Accordingly, before purification, the crude mixture was treated with potassium tert-butoxide to 
induce elimination of the acetal byproduct and enrich the mixture in compound S2. Finally, S2 
was oxidized with Oxone monopersulfate to provide S3. 
 
Synthetic Procedures 
 
 General Considerations. Reagents and solvents were obtained from commercial 
sources and were used without further purification unless otherwise stated (including anhydrous 
solvents). All reactions were performed in flame-dried glassware under an argon atmosphere 
unless otherwise stated, and monitored by TLC using solvent mixtures appropriate to each 
reaction. All column chromatography was performed on silica gel (40-63µm). Preparative TLC 
was conducted on glass plates coated with a 1 mm silica layer. For compounds containing a basic 
nitrogen, Et3N was often used in the mobile phase in order to provide better resolution. In these 
cases, TLC plates were pre-soaked in the Et3N-containing solvent and then allowed to dry briefly 
before use in analysis (or separation in the case of preparative TLC), such that an accurate 
representation of Rf was obtained. Nuclear magnetic resonance spectra were recorded on 400 or 
500 MHz instruments as indicated. Chemical shifts are reported as δ values in ppm referenced to 
CDCl3 (1H NMR = 7.26 and 13C NMR = 77.16) or CD3OD (1H NMR = 3.31 and 13C NMR = 49.00). 
Multiplicity is indicated as follows: s (singlet); d (doublet); t (triplet); q (quartet); dd (doublet of 
doublets); dt (doublet of triplets); td (triplet of doublets); m (multiplet); br (broad). All carbon peaks 
are rounded to one decimal place unless such rounding would cause two close peaks to become 
identical. In these cases, two decimal places are retained. Low-resolution mass spectra (LRMS) 
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were recorded on a quadrupole mass spectrometer (ionization mode: APCI+). High-resolution 
mass spectra (HRMS) were recorded on a quadrupole-time-of-flight mass spectrometer 
(ionization mode: ESI+). The mass change due to loss of an electron is accounted for in calculated 
ion masses. 
 

Mitragynine. Mitragynine free base was obtained by extraction from powdered Mitragyna 
speciosa leaves as previously described.1 Spectral and physical properties of the material thus 
obtained were in agreement with those previously reported.1 

 
7-Hydroxymitragynine (7-OH): PIFA Oxidation and Photooxidation. The procedures 

for [bis(trifluoroacetoxy)iodo]benzene (PIFA)-mediated and light-mediated oxidations of 
mitragynine to give 7-hydroxymitragynine have been previously reported.1 

 
7-Hydroxymitragynine: Oxone Oxidation. To a solution of mitragynine (199 mg, 0.500 

mmol) in acetone (15 mL), was added saturated aqueous NaHCO3 (10 mL), and the mixture was 
cooled to 0 °C. A solution of Oxone monopersulfate (2KHSO5 · KHSO4 · K2SO4, MW = 615.5; 308 
mg, 0.500 mmol) in water (5 mL) was then added dropwise over 25 minutes and the mixture left 
to stir at 0 °C for an additional 15 minutes. At this time, the reaction was diluted with water (60 
mL) and extracted with EtOAc (3 x 30 mL). The combined organics were washed with brine (30 
mL), dried over Na2SO4, and concentrated in vacuo to give the crude product as a pale-orange 
foam (170 mg). This material was purified by column chromatography (6:4 hexanes:EtOAc + 2% 
Et3N) to provide pure 7-hydroxymitragynine as an amorphous, pale-yellow solid (115 mg, 55%). 
Spectral and physical properties were in agreement with those previously reported.1 

 
Methyl (E)-2-((2S,3S,12bS)-3-ethyl-8-hydroxy-1,2,3,4,6,7,12,12b-

octahydroindolo[2,3-a]quinolizin-2-yl)-3-methoxyacrylate (1 = 9-
hydroxycorynantheindine). Compound 1 was prepared by demethylation of mitragynine 
according to previously described procedures.1 Spectral and physical properties of the material 
thus obtained were in agreement with those previously reported.1 

 
Methyl 2-((2S,3S,12bS)-3-ethyl-8-methoxy-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-

a]quinolizin-2-yl)-3-hydroxyacrylate (2). Compound 2 was prepared by total synthesis 
according to previously described procedures.1 Spectral and physical properties of the material 
thus obtained were in agreement with those previously reported.1 Note: Compound 2 occurs as 
a complex mixture of the aldehyde tautomer and the E and Z enol tautomers. 

 
(E)-2-((2S,3S,12bS)-3-Ethyl-8-methoxy-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-

a]quinolizin-2-yl)-3-methoxyacrylic acid (3). To a solution of mitragynine (59.8 mg, 0.150 
mmol) in MeOH (1.5 mL) was added water (1.5 mL) and K3PO4 (63.7 mg, 0.300 mmol) and the 
mixture was heated to 100 °C in a sealed vial for 23 h. At this time, the mixture was diluted with 
water (5 mL), extracted with Et2O (3 x 5 mL), and the combined organics were washed with water 
(5 mL), dried over Na2SO4, and concentrated in vacuo to give a pale-yellow foam (43.4 mg). 
LRMS indicated that this crude material consisted of a mixture of the desired product, residual 
mitragynine, and mitragynine dimethylacetal. This material was purified by preparative TLC (9:1 
acetone:MeOH, 20 x 20 cm plate) to give compound 3 as an amorphous, pale-tan solid (17.1 mg, 
30%). 1H NMR (500 MHz, CD3OD) δ 7.43 (s, 1H), 6.99 (t, J = 7.9 Hz, 1H), 6.93 (d, J = 7.9 Hz, 
1H), 6.45 (d, J = 7.6 Hz, 1H), 3.84 (s, 3H), 3.79 (d, J = 11.8 Hz, 1H), 3.72 (s, 3H), 3.37 – 3.20 (m, 
4H), 3.14 – 3.04 (m, 1H), 2.96 – 2.87 (m, 1H), 2.84 (dd, J = 12.3, 4.2 Hz, 1H), 2.56 – 2.45 (m, 
1H), 2.39 – 2.28 (m, 1H), 1.94 – 1.84 (m, 1H), 1.68 – 1.55 (m, 1H), 1.50 – 1.38 (m, 1H), 0.91 (t, J 
= 7.4 Hz, 3H); 13C NMR (126 MHz, CD3OD) δ 174.5, 160.8, 155.7, 139.6, 130.66, 123.6, 117.9, 
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114.2, 106.9, 105.8, 100.3, 62.7, 61.6, 57.6, 55.5, 54.5, 40.5, 39.1, 29.9, 23.0, 20.5, 12.9; HRMS 
(ESI+) calcd. for C22H29N2O4

+ [M+H]+ 385.2122, found 385.2123. 
 
Methyl (E)-2-((2S,3S,12bS)-3-ethyl-8-(methoxy-d3)-1,2,3,4,6,7,12,12b-

octahydroindolo[2,3-a]quinolizin-2-yl)-3-methoxyacrylate (S1 = mitragynine-d3). To a 
solution of 1 (1.54 g, 4.00 mmol) in benzene (145 mL) at room temperature was added 15% m/m 
aqueous NaOH (3.20 g of solution, 12.00 mmol), tetrabutylammonium hydrogensulfate (407 mg, 
1.20 mmol), and iodomethane-d3 (305 µL, 696 mg, 4.80 mmol) and the mixture was stirred for 2 
h. Additional iodomethane-d3 (76 µL, 174 mg, 1.20 mmol) was then added and stirring was 
continued for another 2 h. The mixture was then diluted with CH2Cl2 (150 mL), washed with water 
(2 x 100 mL) and brine (50 mL), dried over Na2SO4, and concentrated to give a foamy solid (1.71 
g). This material was purified by column chromatography (7:3 hexanes:EtOAc + 2% Et3N, 4 
column volumes → 1:1 hexanes:EtOAc + 2% Et3N, 4 column volumes) to provide both 
unconverted starting material (610 mg) and the pure product S1 (mitragynine-d3) as a tan foam 
(629 mg, 39%). 1H NMR (500 MHz, CDCl3) δ 7.66 (br s, 1H), 7.43 (s, 1H), 6.99 (t, J = 7.9 Hz, 1H), 
6.90 (dd, J = 8.1, 0.7 Hz, 1H), 6.45 (dd, J = 7.7, 0.7 Hz, 1H), 3.73 (s, 3H), 3.71 (s, 3H), 3.19 – 
3.08 (m, 2H), 3.07 – 2.99 (m, 2H), 2.99 – 2.94 (m, 1H), 2.94 – 2.89 (m, 1H), 2.57 – 2.48 (m, 2H), 
2.45 (ddd, J = 11.5, 3.4, 1.3 Hz, 1H), 1.84 – 1.73 (m, 2H), 1.65 – 1.59 (m, 1H), 1.25 – 1.15 (m, 
1H), 0.87 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 169.4, 160.7, 154.6, 137.4, 133.8, 
121.8, 117.7, 111.6, 107.8, 104.3, 99.7, 61.6, 61.4, 57.8, 54.6 (h, JCD = 21 Hz), 53.9, 51.5, 40.8, 
40.1, 30.0, 24.1, 19.2, 13.0; HRMS (ESI+) calcd. for C23H28D3N2O4

+ [M+H]+ 402.2467, found 
402.2468. 

 
Methyl-d3 (E)-2-((2S,3S,12bS)-3-ethyl-8-(methoxy-d3)-1,2,3,4,6,7,12,12b-

octahydroindolo[2,3-a]quinolizin-2-yl)-3-(methoxy-d3)acrylate (S2 = mitragynine-d9). 
Compound S1 (402 mg, 1.00 mmol) and K3PO4 (425 mg, 2.00 mmol) were combined in methanol-
d4 (8.0 mL) and the mixture was heated to 100 °C in a sealed vial and stirred for 25 h (NMR 
confirmed exchange of methyl groups for deuterated methyl groups). The reaction mixture was 
then diluted with CH2Cl2 (80 mL), washed with saturated aqueous NaHCO3 (40 mL) and water 
(40 mL), dried over Na2SO4, and concentrated to provide the crude, deuterated acetal 
intermediate as a tan foam (299 mg). This material was combined with potassium tert-butoxide 
(302 mg, 2.69 mmol, ~4 equivalents), anhydrous DMF (42 mL) was added, and the mixture was 
left to stir at room temperature for 19 h (Note: conversion of acetal to product may be monitored 
by NMR, but conversion is incomplete). The reaction was then poured into water (250 mL) and 
extracted with Et2O (200 mL, 2 x 100 mL, 50 mL). The combined organics were washed with 
water (2 x 50 mL) and brine (50 mL), dried over Na2SO4, and concentrated to give a pale-orange 
foam (159 mg). This material was split in two and each half purified by repeated preparative TLC 
(7:3 hexanes:EtOAc + 2% Et3N, 20 x 20 cm plates, for each plate solvent was run up 2x to provide 
additional resolution) to provide the pure product S2 as a pale-yellow foam (44.6 mg, 11% over 2 
steps). 1H NMR (500 MHz, CDCl3) δ 7.77 (br s, 1H), 7.43 (s, 1H), 6.99 (t, J = 7.9 Hz, 1H), 6.90 
(d, J = 8.0 Hz, 1H), 6.45 (d, J = 7.7 Hz, 1H), 3.19 – 3.08 (m, 2H), 3.07 – 3.00 (m, 2H), 3.00 – 2.95 
(m, 1H), 2.92 (dd, J = 11.3, 5.7 Hz, 1H), 2.58 – 2.48 (m, 2H), 2.48 – 2.43 (m, 1H), 1.86 – 1.74 (m, 
2H), 1.67 – 1.60 (m, 1H), 1.26 – 1.15 (m, 1H), 0.87 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) 
δ 169.4, 160.6, 154.7, 137.4, 133.9, 121.9, 117.8, 111.7, 108.0, 104.3, 99.9, 61.4, 60.8 (h, JCD = 
23 Hz), 57.9, 54.6 (h, JCD = 23 Hz), 53.9, 50.7 (h, JCD = 21 Hz), 40.9, 40.1, 30.1, 24.1, 19.3, 13.0; 
HRMS (ESI+) calcd. for C23H22D9N2O4

+ [M+H]+ 408.2843, found 408.2842. 
 

Methyl-d3 (E)-2-((2S,3S,7aS,12bS)-3-ethyl-7a-hydroxy-8-(methoxy-d3)-
1,2,3,4,6,7,7a,12b-octahydroindolo[2,3-a]quinolizin-2-yl)-3-(methoxy-d3)acrylate (S3 = 7-
hydroxymitragynine-d9). To a solution of compound S2 (53.0 mg, 0.130 mmol) in acetone (3.9 
mL) was added saturated aqueous NaHCO3 (2.6 mL) and the cloudy mixture was cooled to 0 °C. 
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A solution of Oxone monopersulfate (2KHSO5 · KHSO4 · K2SO4, MW = 615.5; 80.0 mg, 0.130 
mmol) in water (1.3 mL) was then added dropwise over 15 min. and the reaction was stirred for 
an additional 30 min. at 0 °C. The mixture was then diluted with water (20 mL) and extracted with 
EtOAc (3 x 10 mL). The combined organics were washed with brine (5 mL), dried over Na2SO4, 
and concentrated to give a pale-yellow foam (40.7 mg). This material was purified by preparative 
TLC (1:1 hexanes:EtOAc + 2% Et3N, 20 x 20 cm plate) to give the pure product S3 as a pale-
yellow foam (28.2 mg, 51%). 1H NMR (500 MHz, CDCl3) δ 7.43 (s, 1H), 7.27 (t, J = 7.9 Hz, 1H), 
7.19 (d, J = 7.6 Hz, 1H), 6.70 (d, J = 8.2 Hz, 1H), 3.12 (dd, J = 11.1, 2.5 Hz, 1H), 3.07 – 2.96 (m, 
2H), 2.85 – 2.74 (m, 2H), 2.68 – 2.59 (m, 2H), 2.52 – 2.45 (m, 2H), 1.87 (dt, J = 13.6, 3.1 Hz, 1H), 
1.77 – 1.55 (m, 3H), 1.30 – 1.18 (m, 1H), 0.82 (t, J = 7.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 
184.4, 169.4, 160.8, 156.0, 155.2, 130.8, 126.7, 114.3, 111.4, 109.0, 81.1, 61.6, 61.0 (h, JCD = 21 
Hz), 58.3, 54.8 (h, JCD = 23 Hz), 50.5 (h, JCD = 23 Hz), 50.2, 40.7, 39.4, 35.9, 26.2, 19.1, 13.0; 
HRMS (ESI+) calcd. for C23H22D9N2O5

+ [M+H]+ 424.2792, found 424.2791. 
 

Biological Procedures 
 
BRET Functional Assays 
 
 Materials. HEK-293T cells were obtained from the American Type Culture Collection 
(Rockville, MD) and were cultured in a 5% CO2 atmosphere at 37oC in Dulbecco’s Modified Eagle 
Medium (high glucose #11965; Life Technologies Corp.; Grand Island, NY) supplemented with 
10% FBS (Premium Select, Atlanta Biologicals; Atlanta, GA), 100 U/mL penicillin, and 100 µg/mL 
streptomycin (#15140, Life Technologies). 
  

DNA Constructs. The human MOR (hMOR) was obtained from the Missouri S&T 
Resource Center. The human G protein constructs used here have been previously described 
and were provided by C. Galés or were obtained from the Missouri S&T Resource Center unless 
otherwise noted.2,3 The G proteins used included untagged GαoB with Renilla luciferase 8 (RLuc8) 
inserted at position 91 (GαoB-RLuc8); Gβ1 (β1); Gγ2 which we fused to the full-length mVenus at 
its N-terminus via the amino acid linker GSAGT (mVenus-γ2). All constructs were sequence-
confirmed prior to use in experiments. 
  

Transfection. The following cDNA amounts were transfected into HEK-293T cells (5 x 
106 cells/plate) in 10-cm dishes using polyethylenimine (PEI) in a 1:1 ratio (diluted in Opti-MEM, 
Life Technologies): 2.5 μg hMOR, 0.125 μg GαoB-RLuc8, 6.25 μg β1, 6.25 μg mVenus-γ2. Cells 
were maintained in the HEK-293T media described above. After 24 hours the media was 
changed, and the experiment was performed 24 hours later (48 hours after transfection). 
  

BRET. Transfected cells were dissociated and re-suspended in phosphate-buffered saline 
(PBS). Approximately 200,000 cells/well were added to a black-framed, white-well, 96-well plate 
(#60050; Perkin Elmer; Waltham, MA). The microplate was centrifuged and the cells were re-
suspended in PBS. After 5 minutes, 5 μM of the luciferase substrate coelenterazine H was added 
to each well. After 5 minutes, ligands were added and the BRET signal was measured 5 minutes 
later on a PHERAstar FS plate reader. The BRET signal was quantified by calculating the ratio of 
the light emitted by the energy acceptor, mVenus (510-540 nm), over the light emitted by the 
energy donor, RLuc8 (485 nm). This drug-induced BRET signal was normalized using the Emax of 
[D-Ala2, N-Me-Phe4, Gly-ol5]-enkephalin (DAMGO) as the maximal response at hMOR. Dose 
response curves were fit using a three-parameter logistic equation in GraphPad Prism 6. 
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In Vitro Metabolism Studies 
 
 Microsomes. Human microsomes were from pooled donors (XenoTech H0630, Lot 
N1210097 or Bioreclamation IVT #X008069, Lot HPH). Mouse liver microsomes were isolated 
from pooled (50), perfused livers of BALB/c male mice according to the standard protocol.4 
 

Microsomal Stability. Stability studies in liver microsomes were performed by Bienta, 
Kiev, Ukraine. Microsomal incubations (human or mouse) were carried out in 96-well plates in 5 
aliquots of 40 μL each (one for each time point). Liver microsomal incubation medium consisted 
of PBS (100 mM, pH 7.4), MgCl2 (3.3 mM), NADPН (3 mM), glucose-6-phosphate (5.3 mM), and 
glucose-6-phosphate dehydrogenase (0.67 units/mL), with 0.42 mg of liver microsomal protein 
per mL. Control incubations were performed by replacing the NADPH-cofactor system with PBS. 
Test compounds (2 μM, final solvent concentration 1.6 %) were incubated with microsomes at 37 
°C, shaking at 100 rpm. Five time points over 40 minutes were analyzed. The reactions were 
stopped by adding 12 volumes of 90% acetonitrile-water to incubation aliquots, followed by protein 
sedimentation by centrifugation at 5500 rpm for 3 minutes. Supernatants were analyzed for parent 
compound remaining and metabolites as indicated using a fit-for-purpose liquid chromatography-
tandem mass spectrometry (LC-MS/MS) method, with authentic samples of each analyte used 
for calibration and identification. Two independent experiments were performed with each 
incubation performed in duplicate for each time point. Control incubations with imipramine and 
propranolol were performed in each experiment to confirm microsome activity. 

 
Plasma Stability. Stability studies in plasma were performed by Bienta, Kiev, Ukraine. 

Mouse plasma (with Na-EDTA, Lampire Biological Labs, USA, #7304309 or Li heparin, 
Bienta/Enamine Ltd.) incubations were carried out in 5 aliquots of 70 μL each (one for each time 
point). Test compounds (1 μM, final DMSO concentration 1%) were incubated at 37 °C with 
shaking at 100 rpm. Five time points over 120 minutes were analyzed. The reactions were 
stopped by adding 420 μL of acetonitrile-water mixture (90:10) with subsequent plasma protein 
sedimentation by centrifugation at 5500 rpm for 5 minutes. Supernatants were analyzed for parent 
compound remaining using a fit-for-purpose liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) method, with authentic samples of the analytes used for calibration and 
identification. Two independent experiments were performed with each incubation performed in 
duplicate for each time point. Control incubations with propantheline and verapamil were 
performed in each experiment to confirm plasma metabolic activity. 

 
CYP Reaction Phenotyping. Cytochrome P450 (CYP) reaction phenotyping was 

performed by Bienta, Kiev, Ukraine. Mitragynine was incubated with recombinant human CYP 
enzymes and disappearance of the parent and formation of the metabolite 7-hydroxymitragynine 
(7-OH) were monitored. The following Corning Supersomes™ preparations were used: Human 
CYP3A4 + Oxidoreductase + b5 (#456202), Human CYP2D6*1 (Val374) + Oxidoreductase 
(Corning, #456217), Human CYP2C9*1 (Arg144) + Oxidoreductase (Corning, #456218), Human 
CYP1A2 + Oxidoreductase (Corning, #456203), Human CYP2C19 + Oxidoreductase (Corning, 
#456219). 

Incubations with individual human CYPs (1A2, 3A4, 2C9, 2C19, 2D6) were carried out in 
96-well plates in 4 aliquots of 40 μL each (one for each time point). The incubation medium 
consisted of PBS (100 mM, pH 7.4), MgCl2 (3.3 mM), NADPН (3 mM), glucose-6-phosphate (5.3 
mM), and glucose-6-phosphate dehydrogenase (0.67 units/mL) with 30 pmol of each enzyme per 
mL. Control incubations were performed by replacing the NADPH-cofactor system with PBS. 
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Mitragynine or reference specific substrates (2 μM, final solvent concentration 1.6 %; 1A2 – 
phenacetin, 3A4 – testosterone, 2C9 – diclofenac, 2C19 – omeprazole, 2D6 – dextromethorphan) 
were incubated with each cytochrome at 37°C, shaking at 100 rpm. Four time points over 60 
minutes were analyzed. The reactions were stopped by adding 3 volumes of acetonitrile to the 
incubation aliquots, followed by protein sedimentation by centrifugation at 5500 rpm for 3 minutes. 
Supernatants were analyzed for mitragynine remaining and 7-OH formed using a fit-for-purpose 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) method, with authentic samples 
of the analytes used for calibration and identification. Two independent experiments were 
performed with each incubation performed in duplicate for each time point. 

 
CYP Reaction Phenotyping in Microsomes. CYP phenotyping was confirmed in human 

and mouse liver microsomes using selective CYP inhibitors. Human microsomes were from 
pooled donors (XenoTech H0630, Lot N1210097 or 1610016). Mouse liver microsomes were 
isolated from pooled (50), perfused livers of BALB/c male mice according to the standard protocol 
(Hill, J.R. in Current Protocols in Pharmacology 7.8.1-7.8.11, Wiley Interscience, 2003). 

Microsomal incubations (human or mouse) were carried out in 96-well plates in 5 aliquots 
of 40 μL each (one for each time point). Liver microsomal incubation medium consisted of PBS 
(100 mM, pH 7.4), MgCl2 (3.3 mM), NADPН (3 mM), glucose-6-phosphate (5.3 mM), and glucose-
6-phosphate dehydrogenase (0.67 units/mL), with 0.42 mg of liver microsomal protein per mL. 
Control incubations were performed by replacing the NADPH-cofactor system with PBS. 
Mitragynine alone (2 μM, final solvent concentration 1.6 %) or in the presence of selective CYP 
inhibitors (Human: ketoconazole – 1, 10 µM, ticlopidine – 20 µM, ketoconazole + ticlopidine – 1 
+ 20 µM; Mouse: ketoconazole – 1, 10 µM) was incubated with microsomes at 37 °C, shaking at 
100 rpm. Five time points over 60 minutes were analyzed. The reactions were stopped by adding 
3 volumes of acetonitrile (human) or 6 volumes of 90% acetonitrile-water (mouse) to the 
incubation aliquots, followed by protein sedimentation by centrifugation at 5500 rpm for 3 minutes. 
Supernatants were analyzed for mitragynine remaining and 7-OH formed using a fit-for-purpose 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) method, with authentic samples 
of the analytes used for calibration and identification. Two independent experiments were 
performed with each incubation performed in duplicate for each time point. 
 
Analgesia and Pharmacokinetic (PK) Studies 
 

Note on Mouse Strains. 129S mice of two different sub-strains were used – for analgesic 
dose-response studies and in vivo metabolic studies, we used 129S1 mice; for analgesic studies 
in knockout animals, 129S6 mice were used as the wild-type to exactly match the genetic 
background of the knockout animals. 
 

Animals. For analgesic dose-response experiments and PK studies, male 129S1 mice, 7 
weeks of age, were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were 
housed in groups of five and allowed to acclimate for 1 week prior to testing. Mice had ad libitum 
access to food and water and were maintained on a 12-hour light/dark cycle. All testing was done 
in the light cycle. 

For analgesic testing in knockout animals, wild-type, male 129S6 mice (24−38 g) were 
purchased from the Jackson Laboratory (Bar Harbor, ME). Exon-1/Exon-11 MOR-1 KO mice5 
were bred in the Pasternak laboratory at Memorial Sloan Kettering, while DOR-1 and KOR-1 KO 
mice on a 129 background were bred in the Pintar laboratory at Rutgers University. All mice used 
were opioid naïve. All mice were maintained on a 12-hour light/dark cycle with food and water 
available ad libitum, and housed in groups of five until testing. All testing was done in the light 
cycle. 
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All study protocols were approved by the Institutional Animal Care and Use Committees 
of Columbia University and the New York State Psychiatric Institution, Memorial Sloan Kettering 
Cancer Center, or Rutgers University, and were conducted in accordance with the NIH Guide for 
the Care and Use of Laboratory Animals. Care was taken to minimize the number and suffering 
of animals. 

 
Drugs. Mitraygnine, mitragynine-d3, 7-hydroxymitragynine (7-OH), and 7-

hydroxymitragynine-d9 were obtained as described above. Selective opioid antagonists were 
purchased from Tocris Bioscience. Mitragynine and 7-OH were dissolved in ddH2O, 2 molar 
equivalents of glacial acetic acid, and 1.25% N-methyl-2-pyrrolidone as a vehicle. Mitraygnine 
and 7-OH were administered at the indicated doses subcutaneously (s.c.) or by oral gavage (p.o.) 
at a volume of 10 mL/kg body weight. In tail-flick dose-response experiments, mitragynine and 7-
OH were administered by the indicated route and in an ascending, cumulative dose fashion, with 
1 hour between injections for both compounds. 

 
Tail-Flick (Dose-Response). Analgesic activity was assessed in the tail-flick test 15 

minutes (peak effect) after each dose of drug, followed by a 1-hour break before administration 
of the next higher dose. In this test, aversive heat is focused on the tail of a lightly restrained 
animal using a Tail-Flick Analgesia Meter (IITC Life Science Inc., Woodland Hills, CA). A cutoff 
time of 10 seconds was used to prevent tissue damage. Flicks were measured automatically at 
the time of tail withdrawal and heat intensity was set such that basal tail flicks were produced at 
1.5-3 seconds. Baseline tail flicks were collected 1 hour before injection time. Data were analyzed 
as percent maximal effect, %MPE, which was calculated according to the formula: % MPE 
[(observed latency − baseline latency)/(maximal latency − baseline latency)] x 100. Dose–
response curves were fit with a nonlinear regression (GraphPad Prism, La Jolla, CA), then 
compared using an extra-sum-of-squares F test to find the ED50. 

 
Tail-Flick (KO Animals and Naloxone Inhibition). Analgesia was tested in wild-type and 

KO animals by the radiant heat tail-flick technique using an Ugo Basile model 37360 instrument, 
as previously described.6,7 The intensity was set to achieve a baseline between 2 and 3 seconds. 
Baseline latencies were determined before experimental treatments for all mice. Tail-flick 
analgesia was assessed quantally as a doubling or greater of the baseline latency, with a maximal 
10 second latency to minimize tissue damage to the tail. Data were analyzed as percent maximal 
effect, %MPE, which was calculated according to the formula: % MPE [(observed latency − 
baseline latency)/(maximal latency − baseline latency)] x 100. Compounds were administered 
subcutaneously (s.c.) or by oral gavage (p.o.), as indicated in the figures, and analgesia was 
assessed at the peak effect (15 minutes). For the antagonism studies, naloxone (1 mg/kg, s.c.) 
was administered 15 minutes prior to test drug administration. 

 
Tail-Flick (PK Experiment). Equianalgesic doses (~1.3-fold ED50) of mitragynine (140 

mg/kg, s.c.) and 7-OH (0.7 mg/kg, s.c.) in 129S1 mice were selected base on the previously 
determined dose-response of each compound. On the day of PK sample collection, the selected 
doses were administered to independent groups of mice and equianalgesic activity was confirmed 
in the tail-flick test 15 minutes after drug administration. In this test, aversive heat is focused on 
the tail of a lightly restrained animal using a Tail-Flick Analgesia Meter (IITC Life Science Inc., 
Woodland Hills, CA). A cutoff time of 10 seconds was used to prevent tissue damage. Flicks were 
measured automatically at the time of tail withdrawal and heat intensity was set such that basal 
tail flicks were produced at 1.5-3 seconds. Baseline tail flicks were collected 1 hour before 
injection time. 

  



11 
 

 PK Sample Collection. Animals were euthanized using cervical dislocation at 15 minutes 
or 60 minutes after drug administration, or immediately after recording the tail-flick response of 
each animal (15 minutes post drug administration), as indicated in the figures. Immediately after 
sacrifice, trunk blood was collected (~100 µl) into EDTA tubes (Greiner Bio-One, Monroe, NC) 
and whole brains were dissected out and stored at -80 °C for later analysis. 
 
 PK Sample Preparation. Mouse brain tissue was weighed and homogenized in LC-MS 
grade water. Samples (25 uL) of plasma or brain homogenate were spiked with internal standards 
(mitragynine-d3 and 7-hydroxymitragynine-d9) and the protein was precipitated by mixing with 
acetonitrile: methanol (3:1) followed by centrifugation at 13,500 x g for 8 minutes. The supernatant 
was used for LC-MS analysis. 
 

LC-MS/MS. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of 
samples was conducted using an Agilent 6410 triple quadrupole mass spectrometer connected 
to an Agilent 1290 Infinity UHPLC (Agilent Technologies, Santa Clara, CA). Data acquisition and 
peak integration was performed using MassHunter software v 3.1. Five microliters of each sample 
were injected onto an Agilent Poroshell C18 column (50x2.1mm, 2.7u, 100A) maintained at 40 °C 
and a flow rate of 0.5 mL/min. Initial gradient conditions were 90% mobile phase A (0.1% formic 
acid in water) and 10% mobile phase B (0.1% formic acid in acetonitrile). Solvent B was increased 
linearly to 50% by 4.75 minutes and to 95% by 5 minutes, held for 1 minute and brought back to 
initial conditions by 6.25 minutes, with a total run time of 7.50 minutes.  MS/MS analysis was 
performed using positive electrospray ionization under MRM mode with the following optimized 
parameters: capillary voltage 2 kV, gas temperature 350 °C; gas flow 13 L/min; nebulizer 60 psi. 
MRM transitions were as follows: mitragynine: 399.2>235.1; 7-OH: 415.2>190.1. Concentrations 
were quantitated by comparing integrated peak areas of each species against those of known 
amounts of purified standards. Lower limit of quantitation (LLOQ) in plasma was 0.5 ng/mL for 
both mitragynine and 7-OH. LLOQ in brain was 5 ng/g for mitragynine and 1 ng/g for 7-OH. 
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