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Abstract
Rationale Substantial use of the plant kratom for psychoactive effects has driven interest in its abuse liability. Several place
conditioning studies suggest abuse liability of the active ingredient mitragynine, though studies of its self-administration have not
been published.
Methods Binding of mitragynine to rat brain mu, kappa, and delta opioid receptors was compared to that for heroin and
morphine. Self-administration of mitragynine, heroin, methamphetamine, or saline was assessed during single-session substitutions in rats trained to self-administer methamphetamine (0.022 mg/kg/injection, i.v.) during 1-h daily sessions.
Results Mitragynine had > 2- or ~ 16-fold greater affinity for the mu opioid receptor than, respectively, for kappa or delta opioid
receptors. Its affinity for the mu receptor was ~ 200-fold less than that for morphine. In rats trained to self-administer methamphetamine, saline substitutions significantly decreased the number of responses, whereas different doses of methamphetamine
(0.002–0.068 mg/kg/injection) or heroin (0.001–0.03 mg/kg/injection) maintained self-administration with maximal responding
at 0.022 or 0.01 mg/kg/injection, respectively. In contrast, no dose of mitragynine maintained response rates greater than those
obtained with saline. Presession mitragynine treatment (0.1 to 3.0 mg/kg) decreased response rates maintained by heroin but had
little effect on responding maintained by methamphetamine across the same range of doses.
Conclusions These results suggest a limited abuse liability of mitragynine and potential for mitragynine treatment to specifically
reduce opioid abuse. With the current prevalence of opioid abuse and misuse, it appears currently that mitragynine is deserving of
more extensive exploration for its development or that of an analog as a medical treatment for opioid abuse.
Keywords Mitragynine . Kratom . Abuse liability . Self-administration . Methamphetamine . Heroin . Medical treatments .
Opioid abuse . Rats

Significant use of the plant kratom for its psychoactive effects
has prompted interest by the United States Drug Enforcement
Agency (DEA) to temporarily place the active ingredients of
the plant, mitragynine, and 7-hydroxymitragynine, into
Schedule I of the Controlled Substances Act as an abusable
substance (US Drug Enforcement Administration 2016). The
notice of that intent by DEA was met with responses from the
public, commercial, and legislative sectors which included
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testimonials though little scientific evidentiary support for
those various responses (Henningfield et al. 2018).
Kratom is the commonly used term for the leaves of
Mitragyna speciosa, which contain a variety of constituents.
Mitragynine accounts for 66% of total alkaloid content in some
geographical variants of the plant with variations among species
studied and interactions among the various kratom constituents
(Takayama 2004). 7-OH-Mitragynine is also present at lower
levels with a 5- to 10-fold higher affinity for μ-opioid receptors
(Kruegel et al. 2016). As levels in brain tissue after intravenous
injection of mitragynine indicate suitable brain penetration from
plasma (Kong et al. 2017), it is likely that mitragynine is the
main pharmacologically active alkaloid in kratom (Kruegel and
Grundmann 2018), though see the description below of a study
of kratom extracts (Sufka et al. 2014).
Several studies in animal subjects have examined various
behavioral effects including the abuse potential of mitragynine
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(see Hassan et al. 2017; Kruegel and Grundmann 2018 for
reviews). A study of place conditioning (Sufka et al. 2014)
administered different doses of mitragynine or an extract of
Mitragyna speciosa leaves over eight conditioning sessions,
half of which were preceded with mitragynine injection and
half with vehicle. Significant place conditioning was obtained
in rats administered 5 or 30 mg/kg of mitragynine though the
effect eluded statistical significance at 10 mg/kg. Though the
kratom extract increased place conditioning, it was not to a
statistically significant extent. The authors interpreted the diminished effect of the extract as possibly due to lower concentrations of mitragynine in the extract or the presence of
other plant constituents with effects interfering with the effect
of mitragynine. Yusoff et al. (2016), using a similar procedure,
found significant place conditioning in rats administered 10 or
30 mg/kg of mitragynine over ten conditioning sessions. In a
subsequent study (Yusoff et al. 2017), the place conditioning
induced by 10 mg/kg of mitragynine was blocked by the coadministration of naloxone (0.3 or 1.0 mg/kg), indicating that
the place conditioning was mediated by opioid receptors.
However, there are studies suggesting non-opioid effects of
mitragynine (Kruegel and Grundmann 2018), and a recent
report of baclofen blockade of mitragynine-induced place
conditioning suggests potential GABAB receptor involvement
in that effect (Yusoff et al. 2018).
Harun et al. (2015) compared the discriminative stimulus effects of mitragynine (15 mg/kg, i.p.) to those of morphine (5.0 mg/kg) in separate groups of rats each trained
with one of the compounds. Both groups acquired discriminative control, though the morphine group acquired that
control more rapidly. Each training drug produced a doserelated generalization to the training dose and each drug
dose-dependently substituted for the other. Further 7-OHmitragynine substituted for morphine more potently than
did mitragynine. Interestingly, the discriminative effects of
mitragynine were only incompletely antagonized by naloxone (Harun et al. 2015).
In a recent report (Hemby et al. 2018), rats were trained to
reliably self-administer morphine (50 or 100 μg/infusion) under a fixed-ratio 3-response schedule, followed by replacement of drug with saline and extinction of responding.
Following extinction, rats were allowed to self-administer different doses of mitragynine or 7-OH-mitragynine. No dose of
mitragynine (25 to 150 μg/injection) maintained rates of
responding significantly greater than those maintained by
saline. In contrast, 7-OH-mitragynine maintained rates
above those for saline at 2.5 to 20 μg/injection and also
did so in a separate group of subjects without experience
self-administering morphine. Both the μ-opioid receptor
selective antagonist naloxonazine and the δ-opioid receptor antagonist naltrindole decreased self-administration of
7-OH-mitragynine but only naloxonazine decreased morphine self-administration.
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The present study was designed to further assess the abuse
liability of mitragynine using a self-administration procedure
in rats. To confirm opioid activity, the displacement by
mitragynine of opioid radioligands was studied using native
rat tissue and compared to that produced by the standard opioids, morphine, and heroin. These binding affinities helped
select doses tested to ensure that biologically active doses of
mitragynine were studied.

Methods
Receptor binding assays Whole rat brain tissue excluding the
cerebellum was thawed on ice, then homogenized in 50 mM
Tris HCl, pH 7.5 using a Brinkman Polytron (setting 6 for
20 s), and centrifuged at 30,000 × g for 10 min at 4 °C. The
supernatant was discarded and the pellet was resuspended in
fresh buffer and spun at 30,000×g for 10 min. The supernatant
was discarded and the pellet was resuspended to give 100 mg/
ml original wet weight. Ligand-binding experiments were
conducted in polypropylene assay tubes containing 0.5 ml
Tris HCl buffer for 60 min at room temperature.
[ 3 H]DADLE (final concentration 1 nM, PolyPeptide
Laboratories, San Diego, CA), [3H]DAMGO (final concentration 1 nM, PolyPeptide Laboratories, San Diego, CA), or
[3H]U-69,593 (final concentration 1 nM, Perkin Elmer Life
Sciences, Waltham, MA) were used to determine binding at
the delta, mu, and kappa opioid receptor sites, respectively.
Unlabeled DAMGO (final concentration, 30 nM) was added
to the delta receptor assay tubes to block the binding of the
radioligand to mu opioid receptors. All assay tubes contained
100 μl homogenate suspension. Non-specific binding was determined using 0.01 mM naloxone for all assays. Incubations
were terminated by rapid filtration through Whatman GF/B
filters, presoaked in 0.1% PEI (polyethyleneimine), using a
Brandel R48 filtering manifold (Brandel Instruments,
Gaithersburg, MA). The filters were washed twice with 5 ml
cold buffer and transferred to scintillation vials. Cytoscint
(MP BioMedicals, Santa Ana, CA) (3.0 ml) was added and
the vials were counted the next day using a Perkin Elmer
TriCarb liquid scintillation counter.
Data were analyzed by using GraphPad Prism software
(San Diego, CA). Inhibition constants (Ki values) were calculated using the Cheng-Prusoff equation (Cheng and Prusoff
1973), with IC50 value of inhibitors used in the assay and the
Kd value of the radioligand previously determined in this
laboratory.
Subjects for behavioral experiments Six male SpragueDawley rats (obtained from the Animal Center of the Tongji
Medical College of Hua Zhong University of Science &
Technology, Wuhan, China) served as subjects and were acclimated to a temperature- and humidity-controlled room for
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at least 1 week before any procedures. Food and water were
available at all times in their home cages. The housing room
was under a 12:12-h light/dark cycle with lights on at 7:00
AM. After acclimation, body weights of subjects were maintained at approximately 320 g. The experimental protocol was
approved by an Institutional Review Committee for the use of
Animal Subjects. All procedures and facilities were operated
in accordance with the Guide for the Care and Use of
Laboratory Animals of Jianghan University.
After the 1-week acclimation to the facility, a chronic intravenous catheter (3.5 cm in length, 0.58 mm inner diameter,
0.91 mm outer diameter, BPU-T30, Instech, Plymouth
Meeting, PA, USA) was surgically implanted in the subject
and secured to the right jugular vein under sodium pentobarbital (50 mg/kg, i.p.) anesthesia, as per Kai et al. (2014).
Catheters exited dorsally in the mid-scapular region through
a back mount that was secured subcutaneously. Following
surgery, rats were housed individually in home cages and
allowed at least 7 days of recovery during which they received
daily intravenous infusions of gentamicin (0.16 mg/kg)
followed by 0.2 ml of a heparinized (1%) sterile saline solution to minimize the likelihood of infection and the formation
of clots or fibroids.
Behavioral procedures All self-administration experiments
were conducted in operant-conditioning chambers (29 ×
26 × 29 cm) enclosed in sound-attenuating and light-proof cubicles which were equipped with fans that provided ventilation (Anilab Software & Instruments Co., Ltd., China) (Zhang
2006). Two nose-poke operanda (ENV-114M; Med
Associates, Fairfax, VT) were located 9 cm above the floor
on the front panels of the chambers. A red stimulus light was
mounted within each nose-poke hole and a white house light
was mounted near the ceiling on the opposite wall. A syringe
driver (model 22; Harvard Apparatus, Holliston, MA) containing a 10-ml syringe delivered injections. The syringe
was connected by tubing to a fluid swivel (375 Series Single
Channel Swivels, Instech Laboratories, Inc., Plymouth
Meeting, PA) mounted on a balance arm above the chamber.
Tubing, protected by a metal surrounding spring, connected
the swivel to the subject’s catheter.
Subjects were placed in chambers during daily 1-h experimental sessions in which subjects were initially trained with
responses producing methamphetamine injections under a FR
5-response schedule (each fifth response produced a
0.022 mg/kg/injection of methamphetamine). During these
sessions, the white house light was illuminated when methamphetamine injections were available. A single nose poke in
the left hole turned on the red stimulus light within that hole
for 0.5 s. Completion of each FR 5 requirement turned off the
house light, delivered the methamphetamine injection, and
was followed by a 20-s timeout (TO) period during which
all lights were off and responses were recorded but had no
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scheduled consequences. After the TO, the house light was
illuminated and the FR schedule was again in effect. When
response rates were sufficiently high to produce 25 injections
per session and were reliable from one session to the next,
training sessions with methamphetamine (M) and saline (S)
injections were conducted in a double-alternation sequence
(e.g., ...MMSSMMSS..., where M—methamphetamine and
S—saline).
When the response rates were reliably higher during methamphetamine sessions than during saline sessions, tests (T) of
substitutions with saline or various doses of methamphetamine, heroin, or mitragynine were assessed by inserting those
tests between repeats of the double-alternation sequence [e.g.,
...MSTSMTMST...]. Each dose was tested once in each of the
six subjects. Subsequently, the effects of mitragynine on heroin or methamphetamine self-administration were assessed by
administering various mitragynine doses [saline, 0.03, 0.1,
0.3, 1 and 3 mg/kg, i.p.] 5 min before test sessions as described above in which different doses of either heroin or
methamphetamine were available for self-administration.
The sequence of mitragynine dose testing was balanced
among rats using a Latin square design.
Numbers of responses were tabulated for each subject and
analyzed with one-way analyses of variance (ANOVA) with
drug dose as a factor. Post hoc analyses were conducted to
assess contributions to significant effects using Holm-Sidak
Multiple Comparisons versus saline. The levels of inactive
responses were separately analyzed using one-way ANOVAs.
Drugs Mitragynine was obtained in Btechnical grade^ from
Carbosynth Limited (Compton, Berkshire, UK) and was dissolved in Tween 20 and DMSO, then diluted to the necessary
concentration with 0.9% NaCl. Heroin HCl and methamphetamine HCl were obtained from the Hubei Public Security
Bureau and were dissolved in 0.9% NaCl.

Results
Receptor binding assays The Ki value for the displacement of
[3H]DAMGO from the μ-opioid receptor by mitragynine was
502 nM, which indicated greater affinity for that receptor than
that for κ- and δ-opioid receptors (Table 1). The Ki values for
the displacement of [3H]U-69,593 and [3H]DADLE from κand δ-opioid receptors, respectively, were significantly greater
than that for displacement of [3H]DAMGO. The affinity of
mitragynine for the μ-opioid receptor was substantially lower
than that for either heroin or morphine (Table 1). Values for
heroin are likely due entirely to the affinity of its metabolite 6acetylmorphine (Inturrisi et al. 1983).
Drug self-administration The dose-effect curves for heroin
and methamphetamine were biphasic for active responses
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Table 1 Ki values (nM) calculated from displacement of the indicated radioligands for mitragynine compared to that for reference compounds (heroin,
morphine) at mu, kappa, and delta opioid receptors. Values are means (± SEM) from at least three independent replications
Binding site

Mitragynine

Heroin

Morphine

Mu opioid receptor [3H]DAMGO
Kappa opioid receptor [3H]U-69,593
Delta opioid receptor [3H]DADLE

502 ± 19.4
1200 ± 79.7
7910 ± 1140

18.6 ± 2.78
263 ± 24.3
281 ± 28.0

2.33 ± 0.261
82.4 ± 3.92
105 ± 11.5

(Fig. 1, center and right panels, filled symbols), with maximal
effects at 0.01 and 0.022 mg/kg/injection, respectively. The
ANOVA indicated that the differences in the mean values
among heroin doses were greater than would be expected by
chance (F4,20 = 8.32, P < 0.001). A similar result for dose was
obtained with the ANOVA for methamphetamine (F4,20 =
76.2, P < 0.001). In contrast, no dose of mitragynine increased
responding to levels greater than those obtained with saline
(Fig. 1, left panel, filled symbols). However, the ANOVA
indicated that the differences in the mean values among
mitragynine doses were greater than would be expected by
chance (F5,25 = 3.05, P = 0.028). Post hoc analysis indicated
that the significance in the overall ANOVA was a result of the
decreases in responding that were observed at the 3.0 mg/kg/
injection dose (Holm-Sidak Multiple Comparisons versus saline (t = 3.49, P = 0.009). The levels of inactive responses
(Fig. 1, open symbols) were uniformly low and were not different from saline with increases in dose per injection for any
of the compounds.
Treatment with mitragynine before sessions at 3.0 mg/kg
decreased the maximal levels of active responses maintained
by heroin (Fig. 2, left panel). Lower doses (0.1 to 1.0 mg/kg)
of mitragynine generally had little effect. The ANOVA indicated significant differences in the mean values for the different doses of heroin (F3,32 = 13.7, P < 0.001) and mitragynine
(F4,32 = 16.7, P < 0.001). Mitragynine had no significant effect on inactive responses (data not shown).

Fig. 1 Substitution of saline or a range of doses of mitragynine, heroin, or
methamphetamine in rats trained to self-administer methamphetamine
(0.022 mg/kg per i.v. injection) under an FR 5-response schedule of
reinforcement. Ordinates: responses per session; abscissae: unit dose of
substituted drug (mg/kg per i.v. injection), log scale. Filled points show

In contrast to the effects on heroin self-administration,
mitragynine did not significantly affect responding maintained by methamphetamine injection. The ANOVA indicated
that the effect of mitragynine dose (F3,15 = 1.69, P = 0.213)
was not larger than random sampling variability. The right
panel of Fig. 2 shows the lack of effect on the maximal rates
of responding maintained by 0.022 mg/kg/injection of methamphetamine (triangles) across the range of doses of
mitragynine from those having no effect to those decreasing
rates of responding maintained by heroin (circles).

Discussion
In the present study, the self-administration of mitragynine
was assessed and compared to that of heroin in rats trained
to self-administer methamphetamine. In contrast to heroin,
mitragynine did not maintain response rates greater than those
obtained with saline injection. In addition, the effects of
presession injections of mitragynine were assessed on
responding maintained by heroin and methamphetamine.
Mitragynine dose-dependently decreased rates of responding
maintained by heroin but had little effect on responding maintained by methamphetamine across the same range of
mitragynine doses. These results suggest a limited liability
for abuse of mitragynine, perhaps due to its activity as a biased
agonist (Kruegel et al. 2016; Váradi et al. 2016) and the

active responses (left nose-poke hole); whereas, open points show inactive responses (right nose-poke hole). Each point represents the mean (±
SEM) of six subjects. Note that both heroin and methamphetamine, but
not mitragynine, maintained rates of response greater than those obtained
with saline
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Fig. 2 Effects of presession treatments with mitragynine on selfadministration of heroin under an FR 5-response schedule of reinforcement. a The effects of mitragynine pretreatment on the heroin selfadministration dose-effect curve. Ordinates: number of active responses
per session; abscissae: heroin unit dose (mg/kg per i.v. injection), log
scale. Each point represents the mean (±SEM) of six subjects. Note that
data points are displaced horizontally a minimal amount in order to better
distinguish error bars. Mitragynine pretreatment decreased selfadministration of heroin at a dose of 3.0 mg/kg. b A comparison of the
effects of pretreatments with mitragynine on the maximal rates of

responses maintained by heroin (0.01 mg/kg/inj) or methamphetamine
(0.022 mg/kg/inj). Ordinates: number of active responses (left nosepoke hole) per session as a percentage of that obtained after saline pretreatment; abscissae: mitragynine dose (mg/kg), log scale. The control
rates of responding maintained were 2.42 and 1.49 responses per minute
during the 1-h session for methamphetamine and heroin, respectively.
Note that the dose of mitragynine (3.0 mg/kg) that decreased selfadministration of heroin had little effect on responses maintained by
methamphetamine injection

possible specific reduction of opioid abuse by mitragynine
treatment.
Hemby et al. (2018) also investigated mitragynine selfadministration in rats. In that study, subjects trained to selfadminister morphine did not self-administer mitragynine at
doses approximating 0.07 to 0.43 mg/kg/injection (assuming
350-g rats). Those doses were at most 5.7-fold greater on a
molar basis than the 50 μg/injection dose of morphine that
maintained maximal response rates. The present study found
an approximate 200-fold lower affinity of mitragynine than
morphine at μ-opioid receptors in rat native tissue. Thus, the
present study examined higher doses of mitragynine.
The comparison of mitragynine to heroin in the present
study is complicated by the fact that heroin is a prodrug for
morphine and 6-acetylmorphine (Inturrisi et al. 1983; Way et
al. 1965) and is inactive in binding the μ-opioid receptor. The
binding affinity obtained for heroin is likely entirely due to the
affinity of the metabolite 6-acetylmorphine which can be detected in the binding assay tubes (Inturrisi et al. 1983).
However, likely due to its lipophilicity (Way et al. 1960;
Oldendorf et al. 1972), heroin is approximately 10-fold more
potent than morphine (on a mg of the salt form basis) in a rat
self-administration procedure (e.g., Hiranita et al. 2014). This
potency difference renders the minimally effective dose of
heroin the equivalent of morphine at 0.03 mg/kg/injection
(or 0.04 μmol/kg/injection). The highest presently studied
dose of mitragynine (3.0 mg or 7.53 μmol /kg/injection) approximates that necessary to ensure that a sufficient molar

dose was studied. In addition, the highest tested dose per injection of mitragynine suppressed responding below levels
obtained with saline, indicating that the range of mitragynine
doses presently studied included those with biological activity.
There are several reasons to exercise caution in generalizing from the absence of mitragynine self-administration. First,
the robust self-administration of several drugs of abuse occurs
under some conditions but not others. Possibly the most pronounced example is nicotine for which there are numerous
positive and negative outcomes (e.g., Caggiula et al. 2002;
Kohut and Bergman 2016). Further, certain behavioral or
pharmacological histories may predispose or mitigate robust
self-administration (Young and Woods 1981; Hiranita et al.
2014). The use of an opioid rather than methamphetamine
for training subjects may have facilitated mitragynine self-administration. However, a previous finding showed that several
opioid agonists maintained responding comparably in subjects
trained with methamphetamine or heroin (Hiranita et al.
2014). Nonetheless, it remains possible that circumstances
may yet be found under which mitragynine is reliably selfadministered. In addition, and as described above, there are
several studies indicating place conditioning with mitragynine
injections. Thus, while the present findings with a selfadministration procedure suggest a relatively low abuse liability of mitragynine, further studies would add assurance to that
conclusion.
In the present study, pretreatment with mitragynine dosedependently decreased heroin self-administration, and those
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decreases were more profound than those for the selfadministration of methamphetamine. As methamphetamine
has psychomotor stimulant effects, accumulation over the
course of the session may have mitigated the response rate
decreasing effects of mitragynine that were obtained with heroin self-administration. The total intake of methamphetamine
within a session from the present study averaged about
0.054 mg/kg, distributed across a 1-h session. A single bolus
dose of 0.1 mg/kg (i.p.) of methamphetamine has reliable
direct behavioral effects on rats responding under ratio-type
schedules (e.g., Mechner and Latranyi 1963), suggesting that
accumulated methamphetamine did not offset the effects of
mitragynine on response rates. Nonetheless, a comparison of
effects of mitragynine on heroin self-administration with those
on food-reinforced responding would add clarification to the
selectivity of mitragynine.
Mitragynine at an active dose decreased the maximal selfadministration of heroin rather than shifting the dose-effect
curve rightward as is typically obtained by treatment with
opioid antagonists (Bertalmio and Woods 1989; Harrigan
and Downs 1978). The contrast among these effects along
with the documented opioid-agonist effects of mitragynine
indicates that the mechanism of mitragynine-induced decreases in heroin self-administration is not due to an antagonism of heroin effects. Previous studies of opioid pretreatments have produced similar decreases in maximal selfadministration of opioid agonists (e.g., Hiranita et al. 2014;
Winger et al. 1992). Noting the similarity of these downward
shifts to the effects of food prefeeding on responding maintained by food reinforcement, Hiranita et al. (2014) suggested
this outcome could reflect a satiating effect of the drug pretreatment on opioid self-administration (see also Zanettini et
al. 2018). Satiation was suggested previously as explanation
for the clinical efficacy of methadone in treating opioid abuse
(Dole and Nyswander 1965).
Several reports have provided information that human selfadministration of mitragynine is maintained by alleviation of
opioid withdrawal symptoms (e.g., Grundmann 2017; Smith
and Lawson 2017; Swogger and Walsh 2018). For example,
Vicknasingam et al. (2010) reported that treatment of opioid
withdrawal was self-reported by 62.5% and 46.9%, respectively, of short- and long-term kratom users in Malaysia. In
addition, Cheaha et al. (2017) reported that an extract of
Mitragyna speciosa suppressed naloxone-precipitated fecal
excretions; however, it did not suppress naloxoneprecipitated jumping in mice. Those results suggest some direct effects of mitragynine on opioid withdrawal, which has
been historically used as evidence of its own potential to produce dependence (Himmelsbach 1941). However, the differences between the effects of mitragynine on the two different
withdrawal signs in the Cheaha et al. (2017) study suggest
some reservations regarding too extensive a conclusion.
Further studies should examine the effects of the various pure
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alkaloids of the plant, both on precipitated withdrawal and that
unfolding after cessation of agonist treatment. Studies over a
range of doses, and with a wider variety of withdrawal signs
and time frames would add substantially to consideration of
kratom physiological dependence liability.
The present study suggests that mitragynine has limited
abuse liability from the perspective of self-administration procedures. Those results should prompt other studies to further
examine mitragynine self-administration across a broader
range of conditions to assess the generality of the findings.
Further mitragynine produced a decrease in selfadministration of heroin at doses that did not affect selfadministration of methamphetamine. These outcomes suggest
potential for use of mitragynine in treating opioid abuse
though it should be noted that mitragynine has a variety of
other behavioral effects that may limit that potential (Hassan et
al. 2017). Nonetheless, the current prevalence of opioid abuse
and its consequent and multiple impacts on public health, it
appears at present that mitragynine is deserving of more extensive exploration for the development of a therapeutic used
for treating opioid abuse.
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