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Background and Purpose: Mitragynine, the major alkaloid in Mitragyna speciosa

(kratom), is a partial agonist at the μ opioid receptor. CYP3A-dependent oxidation of

mitragynine yields the metabolite 7-OH mitragynine, a more efficacious μ receptor

agonist. While both mitragynine and 7-OH mitragynine can induce anti-nociception

in mice, recent evidence suggests that 7-OH mitragynine formed as a metabolite is

sufficient to explain the anti-nociceptive effects of mitragynine. However, the ability

of 7-OH mitragynine to induce μ receptor-dependent respiratory depression has not

yet been studied.

Experimental Approach: Respiration was measured in awake, freely moving, male

CD-1 mice, using whole body plethysmography. Anti-nociception was measured

using the hot plate assay. Morphine, mitragynine, 7-OH mitragynine and the CYP3A

inhibitor ketoconazole were administered orally.

Key Results: The respiratory depressant effects of mitragynine showed a ceiling

effect, whereby doses higher than 10 mg�kg�1 produced the same level of effect. In

contrast, 7-OH mitragynine induced a dose-dependent effect on mouse respiration.

At equi-depressant doses, both mitragynine and 7-OH mitragynine induced pro-

longed anti-nociception. Inhibition of CYP3A reduced mitragynine-induced respira-

tory depression and anti-nociception without affecting the effects of 7-OH

mitragynine.

Conclusions and Implications: Both the anti-nociceptive effects and the respiratory

depressant effects of mitragynine are partly due to its metabolic conversion to 7-OH

mitragynine. The limiting rate of conversion of mitragynine into its active metabolite

results in a built-in ceiling effect of the mitragynine-induced respiratory depression.

These data suggest that such ‘metabolic saturation’ at high doses may underlie the

improved safety profile of mitragynine as an opioid analgesic.

Abbreviations: MPE, maximum possible effect; MV, minute volume; OST, opioid substitution therapy.
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1 | INTRODUCTION

Mitragyna speciosa, more commonly known as kratom, is a plant pop-

ular in labour-intensive agricultural communities and native to South-

east Asia (Adkins et al., 2011), where it is mostly prepared as a

recreational drink similar to tea. Kratom tea is consumed both for

work-time stimulation, much like caffeinated drinks, and as a relaxa-

tion aid (Singh et al., 2016). Over 40 unique alkaloids have been

identified in the kratom plant, with mitragynine accounting for over

60% by mass of the alkaloid extracts (Basiliere et al., 2020;

Kruegel et al., 2016; Prozialeck et al., 2012; Suhaimi et al., 2016;

Takayama, 2004). Mitragynine and its oxidised metabolite 7-OH

mitragynine have recently been shown to bind and activate opioid

receptors, displaying higher affinity for the μ opioid receptor subtype

(Chakraborty, Uprety, Slocum, et al., 2021; Kruegel et al., 2016;

Matsumoto et al., 2004; Shamima et al., 2012; Todd et al., 2020).

The anti-nociceptive effects of both mitragynine and 7-OH

mitragynine were abolished in μ receptor knockout mice, but not in

mice lacking either the δ or the κ opioid receptors (Kruegel

et al., 2019). The analgesic effects of kratom, together with the low

rates of acute toxicity or overdose following its ingestion (Veltri &

Grundmann, 2019), have attracted considerable attention in the

search for novel, safer opioid-based analgesics amid the current

opioid crisis (Bhowmik et al., 2021; Chakraborty, Diberto, Faouzi,

et al., 2021; Chakraborty, Uprety, Daibani, et al., 2021; Gutridge

et al., 2020).

Kratom also has been utilised as an aid for recovering opioid users

that have previously maintained themselves on abusable opioids,

such as heroin, oxycodone and fentanyl, or have been on opioid

substitution therapy (OST) such as methadone or suboxone

(Grundmann, 2017; Singh et al., 2016; Swogger et al., 2015). The use

of kratom as a recovery aid is not limited to Southeast Asia but is

increasingly being sought and used in Europe and North America

as a preferred recovery aid to existing prescription OST

(Grundmann, 2017; Swogger et al., 2015). Importantly, mitragynine

has been shown to produce less respiratory depression than codeine

and, to our knowledge, no fatal kratom-induced respiratory

depression has been reported, supporting the recent interest in this

compound as a potential route to design safer opioids (Kruegel

et al., 2016, 2019; Matsumoto et al., 1996; Smith et al., 2019; Suhaimi

et al., 2016; Swogger et al., 2015; Varadi et al., 2016; Veltri &

Grundmann, 2019).

The observations that mitragynine elicited anti-nociception upon

oral or intraperitoneal administration, but not when administered

subcutaneously, suggested the existence of an active metabolite gen-

erated through first-pass metabolism that would be mediating such

effects. Recently, 7-OH mitragynine has been identified as the prod-

uct of mitragynine conversion by cytochrome P450 3A4 (CYP3A)

(Basiliere & Kerrigan, 2020; Chakraborty, Uprety, Slocum,

et al., 2021; Kruegel et al., 2019). 7-OH mitragynine binds to μ recep-

tors, is significantly more efficacious than mitragynine in vitro and

has been detected in brain at concentrations sufficient to explain the

analgesic effects of its precursor compound (Chakraborty, Uprety,

Slocum, et al., 2021; Kruegel et al., 2019). It has also been suggested

that, similar to codeine and morphine, the opioidergic actions of

mitragynine would depend on its metabolic conversion to 7-OH

mitragynine. This metabolically limited production of the more effica-

cious compound may offer an avenue to limit the side effect profile

of these drugs (Kruegel et al., 2019). However, while there is evi-

dence showing that 7-OH mitragynine formed as a metabolite is suf-

ficient to explain the anti-nociceptive effects of mitragynine

(Chakraborty, Uprety, Slocum, et al., 2021; Kruegel et al., 2019), the

respiratory depressant effects of 7-OH mitragynine, relative to

mitragynine, have not yet been studied.

Here, we have characterised the respiratory depressant and

anti-nociceptive effects of mitragynine and 7-OH mitragynine in

mice. Both drugs were administered orally, as this route demon-

strated better bioavailability (Kruegel et al., 2019) and is also the

route of consumption in humans. We show that mitragynine-

induced respiratory depression has a ceiling effect, whereby doses

above 10 mg�kg�1 produce similar responses. In contrast, 7-OH

mitragynine induces respiratory depression in a dose-dependent

manner. Inhibition of CYP3A reduces the respiratory depressant and

anti-nociceptive effects of mitragynine but not those of 7-OH

mitragynine, supporting the hypothesis that the metabolic conver-

sion of mitragynine underlies the built-in ceiling respiratory effect of

this drug.

What is already known

• Mitragynine oxidation results in the generation of 7-OH

mitragynine, a more efficacious μ receptor agonist.

• The anti-nociceptive effects of mitragynine are partly

mediated by 7-OH mitragynine.

What does this study add

• Mitragynine and 7-OH mitragynine induced

respiratory depression, but only mitragynine showed a

ceiling effect.

• The ceiling effect of mitragynine-induced respiratory

depression is due to metabolic saturation of CYP3A

enzyme

What is the clinical significance

• Metabolic regulation of opioidergic effects offers poten-

tial to improve safety profiles of opioid agonists.
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2 | METHODS

2.1 | Animals

All animal care and experimental procedures were performed in accor-

dance with the UK Animals (Scientific Procedures) Act 1986 and the

European Communities Council Directive (2010/63/EU) and were

approved by ethical review board at the University of Nottingham

(project licence P3C7EE0BA). Animal studies are reported in compli-

ance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with

the recommendations made by the British Journal of Pharmacology

(Lilley et al., 2020).

Male CD-1 mice (Charles River, UK) weighing approximately 31

± 1 g were group housed, 3 per cage, in an environment maintained at

22�C, on a reversed 12 h/12 h dark–light cycle with food and water

available ad libitum. Experiments were performed in the dark (active)

phase. The experimenter was blinded to all drug treatments, both dur-

ing the experiment and data analysis. Cages of mice were randomly

designated to drug treatments, such that all mice in one cage received

the same drug treatment in order to minimise social conflict between

different drug effects. A total of 250 mice were used in the study.

2.2 | Mouse respiration

Respiration was measured in freely moving mice using plethysmogra-

phy chambers (EMKA Technologies, Paris, France) supplied with room

air as described previously (Hill et al., 2016, 2018). Mice were habitu-

ated to respiratory chambers for 30 min, on the day prior to experi-

mentation. Respiratory parameters were recorded (IOX software -

EMKA Technologies, Paris, France) and averaged over 5 min periods.

Data are presented both as minute volume (MV) and as percent-

age change from the pre-drug MV baseline, calculated from data for

each individual mouse before collating and plotting as a mean. Mice

within cohorts may vary in size and this varies their individual MVs,

accordingly; data are presented as a percentage change from each

mouse's pre-drug baseline controls for these inherent variations.

2.3 | Calculation of equi-effective doses

To determine equi-effective doses for each opioid, linear and polyno-

mial regressions were fitted to the peak dose response for each drug.

Linear regressions were found to produce the best fit for each agonist.

Slope equations were used with a set Y-value of 40% (the degree of

respiratory depression) to determine the X-axis dose value predicted

to induce this level of effect.

2.4 | Measurement of anti-nociception

Prior to the day of experimentation, mice were handled onto and off

the inactive hot plate a minimum of 5 times; more aggressive or

anxious mice were habituated up to a maximum of 10 times. On the

day of experimentation, mice were placed on a hot plate at 52.5�C

and the latency to exhibit a pain-like response (defined as paw with-

drawal, jumping, paw licking and fluttering of the hind limbs) was mea-

sured. A maximum cut-off time of 20 s was used to prevent tissue

damage. For the same reason, measurements were taken no more fre-

quently than every 15 min. Anti-nociception was quantified and is

presented as both latency to response in seconds and calculated as

the percentage of maximum possible effect (%MPE), which was calcu-

lated as %MPE = [(test latency � control latency) / (20 � control

latency)] � 100.

2.5 | Experimental design and data analysis

Data from previous experiments (Hill et al., 2016, 2018) where

respiratory depression or anti-nociception was measured following

acute opioid administration in naïve mice were used to guide a

priori power analyses using G*Power (Version 3.1.9). These

calculations indicated that n = 6 (respiration experiments) or n = 10

(anti-nociception experiments) for each individual group would

produce a significant result if an actual effect occurred. GraphPad

Prism 8 was used for all statistical analyses. All data are

displayed as mean ± SEM. All statistical tests are shown in the

figure legends and Table S1. The data and statistical analyses

comply with the recommendations of the British Journal of Pharma-

cology on experimental design and analysis in pharmacology (Curtis

et al., 2015).

2.6 | Materials

Morphine hydrochloride (Macfarlan Smith, Edinburgh, UK— a kind

gift from Graeme Henderson, University of Bristol, UK) - was dis-

solved in distilled water for oral administration. Mitragynine was

extracted from the dried leaves of M. speciosa and 7-OH

mitragynine was chemically synthesised as previously described

(Kruegel et al., 2016). Both drugs were supplied as free base and dis-

solved by the addition of 3 molar equivalents of acetic acid followed

by dilution in de-ionised water before oral administration.

Ketoconazole (Tocris, UK) was dissolved in a 4:16:80 solution of

DMSO:Tween80:distilled water for oral administration. All drugs

were administered in 0.1 ml volumes and made up freshly on the

day of experiment.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org and

are permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro

et al., 2021).
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3 | RESULTS

3.1 | Respiratory depressant and anti-nociceptive
effects of mitragynine and 7-OH mitragynine

The respiratory depressant activity of mitragynine, 7-OH mitragynine

and morphine was assessed using whole body plethysmography in

mice breathing air. All compounds were administered orally at

increasing doses. Both morphine (3–30 mg�kg�1) and 7-OH

mitragynine (3–30 mg�kg�1) dose-dependently depressed mouse MV

for the measured 40 min post-administration (Figure 1 and Table S1).

While a low dose of mitragynine (3 mg�kg�1) did not produce signifi-

cant changes in respiration, a 10 mg�kg�1 dose induced significant and

prolonged respiratory depression that was not further increased at

higher doses (30 and 90 mg�kg�1) (Figure 1 and Table S1). These data

suggest that the ability of mitragynine to induce respiratory depres-

sion is limited by a ceiling effect. Given that 7-OH mitragynine is a

more potent active metabolite of mitragynine that has already been

suggested as the primary mediator of kratom-induced effects (Kruegel

et al., 2019), this ceiling effect may be due to a metabolic bottleneck

(metabolic saturation) limiting mitragynine oxidation and accumulation

of 7-OH mitragynine.

F IGURE 1 Mitragynine and 7-OH mitragynine depress respiration in awake mice. (a–c) Mitragynine (10–90 mg�kg�1) but not 3 mg�kg�1

significantly depressed minute volume (MV) when compared with effects of vehicle alone. There was no significant difference in the degree of
depression induced by mitragynine over a similar dose range (10–90 mg�kg�1). (d–f) 7-OH mitragynine significantly depressed mouse MV at all

doses in a dose-dependent manner. (g–i) Morphine significantly depressed mouse MV at all doses in a dose-dependent manner similar to 7-OH
mitragynine. N = 6 for all groups. All drugs administered by oral gavage dosing. In (c), (f) and (i), * P < 0.05, significantly different; ns, not
significantly different, as indicated; one-way ANOVA (Kruskal–Wallis) with Dunn's multiple comparison. See Table S1 for full test statistics
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The maximum decrease in respiration (peak effect) induced by

each drug and dose was used to estimate a dose for each opioid

such that they would produce approximately the same degree of

respiratory depression (Figure S1; see Section 2). Oral administra-

tion of calculated equi-effective doses for mitragynine

(5.5 mg�kg�1), 7-OH mitragynine (1.9 mg�kg�1) and morphine

(3.8 mg�kg�1) induced significant respiratory depression, and this

was maintained for the entire period of observation (Figure 2a, b

and Table S1). Administration of vehicle resulted in a transient

decrease in mouse respiration (10–35 min post-dose), but it was

not significantly different from baseline following this period.

Although 7-OH mitragynine produced significantly more respiratory

depression than morphine or mitragynine at some individual time

points, AUC analysis of equi-effective doses did not highlight any

significant difference in the overall degree of respiratory depression

induced over the entire observation period (Figure 2c and

Table S1).

The equi-effective doses of mitragynine, 7-OH mitragynine and

morphine in respiratory depression were then tested in hot plate anti-

nociception assays. All three agonists induced significant increases in

mouse hot plate latency at all time points after opioid administration

(90 min) (Figure 2d,e and Table S1). There were no significant differ-

ences at any time points between the three agonists, suggesting simi-

lar degrees of anti-nociception and duration of action. AUC analysis

of these data shows that the overall degree of anti-nociception

induced by each agonist was not significantly different from each

other, but was significantly different from the effects of the vehicle

(Figure 2f and Table S1).

F IGURE 2 Equi-respiratory depressant doses induce similar levels of anti-nociception: (a,b) Orally administered doses of morphine
(3.8 mg�kg�1), mitragynine (5.5 mg�kg�1) and 7-OH mitragynine (1.9 mg�kg�1) all significantly depressed minute volume (MV) when compared
with effects of vehicle alone. (c) There was no significant difference in the degree of respiratory depression induced by morphine, mitragynine
and 7-OH mitragynine. (d, e) The same doses of morphine, mitragynine and 7-OH mitragynine induced significant increases in hot plate latency
when compared with vehicle administered mice. (f) When comparing the overall degree of anti-nociception induced by each drug, measured as
AUC (time � %MPE), all drugs induced a significant and similar overall increase. N = 6 for (a)–(c) and N = 10 for (d)–(f). All drugs administered by
oral gavage dosing. In (a), (b), (d) and (e), * P < 0.05, significantly different; ns, not significantly different, from vehicle; two-way ANOVA with
Dunnett's multiple comparisons. In (c) and (f), # P < 0.05, significantly different, ns, not significantly different, from opioid groups; one-way
ANOVA (Kruskal–Wallis) with Dunn's multiple comparison. See Table S1 for full test statistics
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3.2 | Inhibition of CYP3A reduces mitragynine-
induced respiratory depression

The data above showing the ceiling effect of mitragynine in respira-

tory depression together with previous reports suggesting the need of

metabolic conversion of mitragynine to 7-OH mitragynine by CYP3A

to induce anti-nociception (Kruegel et al., 2019) led us to hypothesise

that such metabolic conversion is also required to mediate the respira-

tory effects of mitragynine and underlies the built-in ceiling for the

effects of this compound. To address this hypothesis, we treated mice

with ketoconazole (50 mg�kg�1, p.o.), a known inhibitor of CYP3A

(Vermeer et al., 2016). Previous research has shown that a 30 min

pre-treatment with ketoconazole (35 mg�kg�1, p.o.) significantly

inhibited the metabolic transformation of atorvastatin via CYP3A

(Chang et al., 2014). Other work has demonstrated that a dose of

50 mg�kg�1 ketoconazole significantly inhibited loperamide metabo-

lism while leaving P-glycoprotein function unaffected (Seneca

et al., 2010). Thus, a 30 min pretreatment with a dose of 50 mg�kg�1

p.o. was selected for these studies.

While ketoconazole pretreatment seemed to produce a decrease in

baseline respiration, this was not significantly different to the vehicle/

control group (Figure S2). Pretreatment with ketoconazole significantly

reduced mitragynine (5.5 mg�kg�1)-induced respiratory depression

(Figure 3a,b and Table S1). AUC analysis of these data shows that in

mice pretreated with vehicle, mitragynine induced a significant degree

of overall respiratory depression compared with the acute vehicle that

was significantly reduced by ketoconazole pretreatment (Figures 3e

and S3 and Table S1). This supports the hypothesis that the effects of

mitragynine are likely to be mediated by its active metabolite.

However, as ketoconazole is known to affect other metabolic

pathways other than CYP3A in rodents (Eagling et al., 1998), its effect

on 7-OH mitragynine was also investigated as a control. Mice admin-

istered 7-OH mitragynine (1.9 mg�kg�1) showed significant respiratory

depression at all time points following administration in both vehicle

and ketoconazole-pretreated mice (Figure 3c,d and Table S1), though

when these data were analysed as percentage of baseline respiration,

neither group produced significant respiratory depression at the final

time point (40 min) compared with vehicle control (Figure 3d and

Table S1). Further analysis by AUC demonstrated that not only did

7-OH mitragynine depress respiration in both vehicle and ketocona-

zole pretreated mice but also that the degree of respiratory depres-

sion induced by 7-OH mitragynine was not significantly different

between pretreatments (Figures 3f and S3B and Table S1).

We obtained similar results when we assessed the effects of keto-

conazole pretreatment on mitragynine and 7-OH mitragynine-induced

anti-nociception. Both mitragynine and 7-OH mitragynine induced sig-

nificant increases in hot plate latency compared with vehicle (at all time

points) for mice that received vehicle pretreatment (Figure 4a,b and

Table S1). In ketoconazole-pretreated mice, 7-OH mitragynine, but not

mitragynine, induced a significant and prolonged increase in hot plate

latency at any time point over the observation period (Figure 4b and

Table S1). AUC analysis of these data further demonstrated that in

mice pretreated with vehicle or ketoconazole, 7-OH mitragynine

induced a significant degree of anti-nociception compared with the

acute vehicle (Figure 4d and Table S1), whereas in ketoconazole

pretreated mice, mitragynine failed to induce significant anti-

nociception compared with acute vehicle (Figure 4c and Table S1).

4 | DISCUSSION

In this study, we report the respiratory depressant effects of the

kratom alkaloid mitragynine and its oxidised derivative 7-OH

mitragynine. We also showed that the respiratory depressant effects

of mitragynine were partly due to its metabolic conversion to 7-OH

mitragynine by CYP3A. These results are in line with previous reports

suggesting that mitragynine-induced anti-nociception can be medi-

ated by its active metabolite (Kruegel et al., 2019).

Available evidence suggests that mitragynine, when administered

orally, has an improved side-effect profile, compared with typical opi-

oids such as morphine or codeine, with reports showing reduced respi-

ratory depression (Macko et al., 1972) and GI transit inhibition,

although some signs of withdrawal have been reported (Hassan

et al., 2021; Yusoff et al., 2016). Altogether, these data suggest that

mitragynine may exhibit a greater safety margin for overdose com-

pared with other opioids. Mitragynine has been associated with both

low toxicity in mice (LD50 > 400 mg�kg�1) (Sabetghadam et al., 2013;

Smith et al., 2019) and an extremely low toxicity compared with other

opioids in humans (44 total vs. �50,000 all opioid deaths 2017)

(NIDA, 2018; Veltri & Grundmann, 2019). The prevalence of kratom as

an increasingly sought-after alternative to traditional opioid antago-

nist/agonist combinations such as suboxone or the replacement opioid

methadone has suggested a perceived benefit in terms of intoxication,

overdose protection or withdrawal management, either individually or

in combination (Grundmann, 2017; Veltri & Grundmann, 2019).

The mechanism underlying the improved safety profile for

mitragynine has been suggested to be ‘metabolic saturation’, namely,

when the generation of the active metabolite of the drug is limited by

the rate of conversion of the enzyme(s) responsible for its metabolism.

As such, the extent of induction of opioidergic effects by mitragynine

will be determined by its conversion to 7-OH mitragynine by CYP3A

(Kruegel et al., 2019). This would explain the built-in ceiling effect

observed in this study, where doses of mitragynine above 10 mg�kg�1

produce the same respiratory depressant effects. This hypothesis is

also supported by the experiments using the CYP3A inhibitor ketoco-

nazole at a dose that has been shown to modulate CYP3A opioid

metabolism (Chakraborty, Uprety, Slocum, et al., 2021; Seneca

et al., 2010), which inhibited the effects of mitragynine but not those

of 7-OH mitragynine. Importantly, the effects observed in respiratory

depression measurements are mirrored in anti-nociceptive measure-

ments. However, the possibility that ketoconazole affects differently

the absorption rates of mitragynine and 7-OH mitragynine and the

pharmacodynamic profile of ketoconazole as it relates to opioid

receptors remains to be further investigated.

In the context of metabolic conversion, mitragynine could be

compared with codeine whose conversion into morphine (and
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induction of opioidergic effects) depends on the enzyme CYP2D6. It

could be anticipated that, as with codeine, individuals with genetic

mutations leading to alterations in the levels of activity of its meta-

bolising enzyme would have different sensitivities to the effects of

kratom. From a drug discovery standpoint, however, this metabolic

regulation of opioidergic effects offers significant potential to improve

safety profiles of opioid agonists.

The interaction between opioids and their metabolic enzymes is

also likely to be altered in polydrug exposure either with prescription

or illicit drugs (Darke, 2003). In particular, the combination of

F IGURE 3 Effect of CYP3A inhibition on mitragynine and 7-OH mitragynine induced respiratory depression: (a,b) Mitragynine (5.5 mg�kg�1)
induced significant respiratory depression in mice pretreated with vehicle (veh) but not in mice pretreated with ketoconazole (keto) (50 mg�kg�1,
30 min), (c, d) 7-OH mitragynine (1.9 mg�kg�1) induced significant respiratory depression in vehicle and ketoconazole (50 mg�kg�1) pretreated
mice. Ketoconazole pretreatment significantly reduced overall respiratory depression induced by mitragynine (e) but not that induced by 7-OH
mitragynine (f). N = 6 for all groups. All drugs administered by oral gavage dosing. In (a) - (d), * P < 0.05, significantly different from vehicle control
or as indicated; two-way ANOVA with Dunnett's multiple comparisons. In (e) and (f), * P < 0.05, significantly different; ns, not significantly
different, as indicated; 2 � 2 factorial by two-way ANOVA with Bonferroni's multiple comparisons. See Table S1 for full test statistics
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benzodiazepines and opioids is known to be extremely dangerous, not

only through the combined respiratory depressant effects of both

drugs but also because benzodiazepines can act as substrates for

cytochrome P450 enzymes (Gudin, 2012; Smith, 2009). This has been

postulated to be responsible for altering the pharmacodynamics of

oxycodone and enhancing its potential lethality (Ji et al., 2021).

Similarly, barbiturates (e.g., phenobarbital and pentabarbital) and anti-

biotics, such as rifampicin, are strong inducers of CYP3A enzymes and

thus, when used in combination, would be expected to increase the

effects of mitragynine. Therefore, as with other opioids, the safety

profile of mitragynine and its metabolites must also be considered in a

polydrug context in guiding dosage adjustment in potential cases of

poly therapy.

Taking into consideration that mitragynine itself has been

shown to bind and activate μ receptors (Kruegel et al., 2016), albeit

with lower efficacy than 7-OH mitragynine, it is possible that some

of its actions might be directly mediated by mitragynine. It would

then follow that the overall effect of mitragynine is likely to result

from the activation of μ receptors in the presence of two ligands

with different efficacies, whereby binding of a lower efficacy ligand

such as mitragynine will decrease the response of a higher efficacy

agonist such as 7-OH mitragynine. This could function alongside

metabolic saturation as a mechanism that limits the effects of

mitragynine.

A recent study has also demonstrated that 7-OH mitragynine can

be metabolised further to mitragynine pseudoindoxyl in a manner that

is specific to human plasma when compared with primates, rodents

and dogs (Kamble et al., 2020). Although the exact metabolic pathway

responsible for this conversion is yet to be elucidated, mitragynine

pseudoindoxyl has been reported to have greater efficacy at μ recep-

tors than 7-OH mitragynine, as well as being a δ receptor antagonist

(Varadi et al., 2016). Thus, it is likely that following human consump-

tion of mitragynine (kratom), the overall physiological response will be

induced by multiple mitragynine alkaloids with the metabolic rate con-

version playing a key role in the observed response (Chakraborty,

Uprety, Slocum, et al., 2021). Further studies should aim to establish

the relative intrinsic efficacy of these atypical opioids to assess

whether their effects, in vivo, reflect such efficacies.

F IGURE 4 Inhibition of CYP3A by ketoconazole pretreatment prevents mitragynine but not 7-OH mitragynine-induced anti-nociception: (a,
b) 7-OH mitragynine (1.9 mg�kg�1) and mitragynine (5.5 mg�kg�1) induced significant anti-nociception in vehicle-pretreated mice; however, only
7-OH induced significant anti-nociception in ketoconazole-pretreated mice. (c, d) 7-OH mitragynine induced the same degree of anti-nociception
in both vehicle- and ketoconazole-pretreated mice whereas mitragynine was significantly reduced by ketoconazole treatment as well as not being
significant from vehicle. N = 10 for all groups. All drugs administered by oral gavage dosing. In (b), * P < 0.05, significantly different as indicated;
two-way ANOVA with Dunnett's multiple comparisons. In (c) and (d), * P < 0.05, significantly different, ns not significantly different, as indicated;
2 � 2 factorial by two-way ANOVA with Bonferroni's multiple comparisons. See Table S1 for full test statistics
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Two interesting comparisons can be made between the actions of

mitragynine and codeine and oxycodone. Codeine is a relatively safe

opioid in the management of moderate pain with reduced respiratory

liability, though it still presents a significant risk in terms of depen-

dence and addiction (Nielsen et al., 2018). In contrast, management of

moderate to severe pain using oxycodone has been associated with

significant numbers of overdose deaths over the last 10–15 years

(Kibaly et al., 2021). Interestingly, both agonists are metabolised by

cytochrome P450 enzymes with codeine primarily metabolised by

CYP2D6 (Crews et al., 2021) and oxycodone metabolised by both

CYP2D6 and CYP3A (Umukoro et al., 2021). Codeine may become

less safe following the induction of CYP2D6 activity, because of the

formation of morphine as an active metabolite (Crews et al., 2021;

Haertter, 2013). Conversely, inhibition of CYP3A metabolism may

cause a delay in the clearance of oxycodone, exacerbating its

opioidergic side effects (Rytkönen et al., 2020; Umukoro et al., 2021).

In the case of mitragynine, the results presented here suggest that

induction of the CYP3A metabolic pathway may increase the chance

of toxicity being achieved with kratom, due to enhanced formation of

7-OH mitragynine.

Of note, the experiments presented here assessed respiratory

depression in mice breathing air to facilitate comparisons with previ-

ous studies of novel opioid agonists. While opioids do directly

inhibit neurons responsible for respiratory rhythmogenesis (Saunders

& Levitt, 2020), they are also responsible for inhibiting the hyper-

capnic reflex to stimulate breathing (Palkovic et al., 2020) and thus

further exacerbate respiratory distress and increase the likelihood of

a fatal overdose. Previous research has shown that the potency of

an opioid to depress respiration is enhanced under hypercapnic con-

ditions (Czapla & Zadina, 2005), suggesting that a progressively

worsening feedback loop may occur during overdose. The effects of

hypercapnic challenges on mitragynine-induced respiratory depres-

sion will be an important future step in defining its full safety

profile, particularly with regard to escalating concentrations of CO2

that aim to mimic the progressively deteriorating respiratory pathol-

ogy of an overdose.

In summary, our results suggest that the respiratory depressant

effects of mitragynine are likely to be mediated by the generation of

the active metabolite 7-OH mitragynine. The metabolic saturation of

the enzymatic oxidation of mitragynine provides a built-in ceiling for

respiratory depression that, together with the very weak partial

agonist activity displayed by mitragynine when bound to μ receptors

(acting to reduce the effects of 7-OH mitragynine), may underlie its

improved safety profile as an analgesic.
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