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Mitragynine, is a naturally occurring indole alkaloid that can be isolated from the leaves of a psychoactive medicinal plant. Mitragyna speciosa, also known as kratom, is found to possess promising analgesic effects on mediating the opioid receptors such as µ (MOR), δ (DOR), and κ (KOR). This alkaloid has therapeutic potential for pain management as it has limited adverse effect compared to a classical opioid, morphine. Mitragynine is frequently regarded to behave like an opioid but possesses milder withdrawal symptoms. The use of this alkaloid as the source of an analgesic candidate has been proven through comprehensive preclinical and clinical studies. The present data have shown that mitragynine is able to bind to opioid receptors, particularly MOR, to exhibit the analgesic effect. Moreover, the chemical and pharmacological aspects of mitragynine and its diastereomers, speciogynine, speciociliatine, and mitraciliatine, are discussed. It is interesting to know how the difference in stereochemical configuration could lead to the difference in the bioactivity of the respective compounds. Hence, in this review, the updated pharmacological and toxicological properties of mitragynine and its diastereomers are discussed to render a comprehensive understanding of the pharmacological properties of mitragynine and its diastereomers based on their structure–activity relationship study.
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INTRODUCTION
Mitragynine (1) is an interesting natural product in the class of alkaloids that can be primarily isolated from the leaves of a medicinal plant, known as Mitragyna speciosa Korth (Gogineni et al., 2015). M. speciosa (Figure 1) is an indigenous and popularly cultivated plant from the Rubiaceae (coffee) family that grows in Southeast Asia, especially Malaysia and Thailand (Brown et al., 2017). In Malaysia, it is called ketum or biak-biak, while in Thailand, the plant is commonly known as kratom (Papsun et al., 2019; Chakraborty and Majumdar, 2020; Goh et al., 2021). Locals from southern Thailand and northern Malaysian Peninsular traditionally consumed the aqueous decoction for its distinctive medicinal properties to treat a variety of ailments such as diarrhea, muscle pain, and hypertension (Ilmie et al., 2015; Meireles et al., 2019).
[image: Figure 1]FIGURE 1 | M. speciosa leaves.
The mitragynine (1) content in the leaves of M. speciosa varies considerably and is affected by geographical and climate conditions (Boffa et al., 2018). For example, Takayama (2004) found that mitragynine (1) contained about 12% mitragynine content in M. speciosa cultivated in Malaysia; meanwhile, Thailand’s M. speciosa possessed a much higher concentration of 66% mitragynine content. However, a recent finding by Goh et al. (2021) found that the mitragynine content in the Malaysian M. speciosa variant to be between 6.53% and 7.19%. The variation in mitragynine content could be attributed to several factors that may intrinsically affect the main constituent content, such as different chemotypes, climate, environmental pressures, and soil types (Chear et al., 2021).
Apart from mitragynine (1), other interesting alkaloids are also present in considerable amounts in M. speciosa, especially in leaves. To date, about 54 alkaloids have been successfully isolated and identified from this species, which begin from the isolation of indole-alkaloid, mitragynine (1), by Ellen Field in the year 1921 (Flores-Bocanegra et al., 2020). Subsequently, other alkaloids from M. speciosa were discovered. Mitragynine’s (1) diastereomers, speciogynine (2), speciociliatine (3), and mitraciliatine (4) were some of the prominent indole alkaloids that were found in M. speciosa. The biosynthesis of mitragynine (1) and its diastereomers is a complex system that involves various enzymatic steps in forming the respective phytoconstituents. Jumali et al. (2011) and Chear et al. (2021) have proposed putatively possible biosynthetic pathways where these phytoalkaloids were synthesized via a typical indole alkaloid pathway, starting from the shikimic acid pathway together with the methyl-erythritol phosphate pathway (MEP). Corresponding to mitragynine (1), the content of the analogues of mitragynine (1) also varies significantly based on regional varieties and the maturity of the plant (Pearson et al., 2018). For instance, the leaves of matured M. speciosa plant contain the main alkaloid mitragynine (1), its diastereomers speciogynine (2), and speciociliatine (3), as well as paynantheine, while the leaves of the younger plants contain mitragynine (1), speciogynine (2), speciociliatine (3), and some small amounts of the mitragynine’s (1) diastereomer, mitraciliatine (4) (Philipp et al., 2010; Boffa et al., 2018).
Although this plant has been widely consumed due to its medicinal properties such as analgesic effect, mitragynine (1) have been found to be the major alkaloid in this traditional herb despite having opium-like effect at higher doses (Wilson et al., 2020). The local agriculture community commonly consumed it as a stimulant to increase endurance and counteract fatigue while working under the hot sun (Veltri and Grundmann, 2019; Ya et al., 2019). Several studies indicate that mitragynine (1) exhibits similar effects as cocaine (coca-like effects) and opium on the human body (Abdullah and Ismail, 2018; Wilson et al., 2020).
Moreover, mitragynine (1) and its diastereomers were reported to be widely metabolized by phase I and phase II metabolic enzymes into relevant metabolites based on animal and human studies (Kruegel et al., 2019; Chakraborty et al., 2021a). Metabolism of mitragynine (1) was first elucidated by Philipp et al. (2009). Phase I metabolism of mitragynine (1) and its diastereomers involved the hydrolysis of methyl ester of the propenoic acid at C-16 whereas O-demethylation of the methoxy group positioned at C-9 and C-17, respectively followed by oxidation or reduction reactions to form carboxylic acid or alcohol (Hanapi et al., 2021). In the human liver microsomes (HLM) system, 7-hydroxymitragynine and 9-O-demethylmitragynine were discovered as the most prevalent metabolites of mitragynine (1) (Basiliere and Kerrigan, 2020).
CHEMISTRY
Mitragynine (1) is a corynanthe-type monoterpene indole alkaloid. Mitragynine congeners especially its diastereomers were found to be present in the leaves of M. speciosa which are speciogynine (2), speciociliatine (3), and mitraciliatine (4) (Raffa, 2015). Since the diastereomeric phytoconstituents are congeners of mitragynine that have the tetracyclic indole alkaloid core structure, these compounds can be distinguished through the structural configuration at certain important positions (Figure 2) (Ellis et al., 2020). Based on the chemical structure of these compounds, the difference in the configurational positioning at C-3, C-15, and C-20 results in the occurrence of mitragynine (1), speciogynine (2), speciociliatine (3), and mitraciliatine (4), respectively. The summary of absolute configurations (R or S) at the positioning of C-3, C-15, and C-20 of the respective compounds 1–4 are shown in Table 1.
[image: Figure 2]FIGURE 2 | Chemical structures of mitragynine (1) and its diastereomers.
TABLE 1 | The absolute configurations of mitragynine (1) and its diastereomers.
[image: Table 1]Despite the discovery of over 54 alkaloids from the leaves of M. speciosa, most research focused on the major constituent in the plant, which is mitragynine (1) (Flores-Bocanegra et al., 2020). Historically, mitragynine (1) was first isolated by Ellen Field in 1921, and later, the structure was completely characterized and elucidated by Beckett and Zacharias in 1965 (Gogineni et al., 2015). Furthermore, the diastereomers of mitragynine (1), speciogynine (2), speciociliatine (3), and mitraciliatine (4) were also reported to be isolated from the leaves of M. speciosa.
Based on the stereochemical configuration on the structure of mitragynine (1) and its diastereomers at position C-3, mitragynine (1) and speciogynine (2) possesses a flat trans-quinolizidine conformation in the rings of C and D as compared with a cis-quinolizine conformation in speciociliatine (3) (Takayama, 2004). In addition, speciociliatine (3) has a different spatial arrangement in comparison with mitragynine (1), where both structures can be distinguished by a switch in the configuration from R [speciociliatine (3)] to S (mitragynine (1)) of the hydrogen moiety positioned at C-3. This configurational inversion from R to S will induce significant spatial change in the core skeleton (ring C and D) of speciociliatine (3), where it will enhance its molecular volume while the inversion to mitragynine (1) will cause the β-methoxy acrylate moiety in the compound to adopt an axial position (Berthold et al., 2021).
Isolation of Mitragynine (1) and its Diastereomers
The first isolation of mitragynine (1) was reported by Field, a Scottish chemist in 1921 (Kruegel and Grundmann, 2018). Subsequently, Beckett et al. (1965) established the chemical structure of mitragynine (1) while the absolute configuration of the compound was later confirmed by Zacharias et al. (1965) using the X-ray crystallographic method (Gogineni et al., 2015; Flores-Bocanegra et al., 2020). Raffa (2015) reported that decades later, the diastereomers of mitragynine (1), speciogynine (2), and speciociliatine (3) were discovered and isolated by Beckett et al. (1965) and Shellard et al. (1978). Another diastereomer, mitraciliatine (4), was also reported from the leaves of M. speciosa (Flores-Bocanegra et al., 2020). The increased interest in the alkaloids of M. speciosa by natural products and medicinal chemists had led to an increasing amount of research conducted in isolating other phytoconstituents by using various chromatographic techniques. However, there are issues regarding the purity of the alkaloids isolated from M. speciosa due to the difficulty in separating and isolating isomeric alkaloids. Goh et al. (2021) found a fast and rapid method in the isolation of mitragynine (1) with a peak purity of 98%, which was affirmed using HPLC analysis. Meanwhile, Chear et al. (2021) reported on the isolation of speciogynine (2) and speciociliatine (3) with high purity (≥98%) using column chromatographic techniques. These studies provide an understanding in solving the purity issue of the alkaloid drugs. It also prompted researchers to develop a set of guidelines to ensure that the purity (≥95%) is within the required guidelines as it is vital for preclinical and clinical studies.
Characterization of Mitragynine (1) and Its Diastereomers
Complete characterization and elucidation of mitragynine (1) and its diastereomers were reported recently by Flores-Bocanegra et al. (2020) and Chear et al. (2021) using nuclear magnetic resonance (NMR) and mass spectrometry (MS) analyses. Flores-Bocanegra et al. (2020) devised a simple and comprehensive decision tree to distinguish the indole and oxindole alkaloids discovered from M. speciosa through the identification of important chemical shifts such as 1H and 13C NMR signals. Hence, Figure 3 showed the simplified version of the decision tree chart as adapted from Flores-Bocanegra et al. (2020) where the flow of decision for the identification of mitragynine (1) and its diastereomers, speciogynine (2), speciociliatine (3), and mitraciliatine (4), are comprehensively depicted. The references for spectral data of mitragynine (1) and its diastereomers are tabulated in Table 2.
[image: Figure 3]FIGURE 3 | Decision tree on distinguishing mitragynine (1) and its diastereomers by main NMR signals (Flores-Bocanegra et al., 2020).
TABLE 2 | Reference spectral data for mitragynine (1) and its diastereomers.
[image: Table 2]PHARMACOLOGY/STRUCTURE ACTIVITY RELATIONSHIP STUDY (SARS)
The pharmacological activity of the alkaloids from M. speciosa has been extensively researched, focusing on the analgesic potency of the primary indole alkaloid, mitragynine (1). Isomeric indole alkaloids such as mitragynine (1), speciogynine (2), and speciociliatine (3) were assessed through in vivo and in vitro approaches for their pharmacological properties, especially in assessing their analgesic and toxicological properties. Takayama (2004) accumulated evidence implicating the opioid receptor system as the primary mediator of the central nervous system effects displayed by these isomeric phytoalkaloids. To the best of our knowledge, we found very limited pharmacological evidence on mitraciliatine (4). The pharmacological properties of these alkaloids are shown below. Selected pharmacological activities on mitragynine and its diastereomers are summarized in Figure 4.
[image: Figure 4]FIGURE 4 | Selected pharmacological activities on mitragynine (1) and its diastereomers.
Macko et al. (1972) first reported the pharmacological studies of mitragynine (1). The analgesic potency of mitragynine (1) has been studied mostly through tail-flick and hot plate tests. It was found to induce antinociception in the brain. It was also reported that the antinociceptive action of mitragynine in mice was at least partly involved in the supraspinal opioid systems (Matsumoto et al., 1996). Currently, detailed pharmacology studies are being conducted on mitragynine (1) and its diastereomers to understand their mechanism of action and their structure–activity relationship in pain management.
A preliminary study conducted by Takayama et al. (2002) on the biological activities of M. speciosa crude leave extract with several bioactive alkaloids showed promising results. The first noteworthy result was shown through the ability of mitragynine (1) in inhibiting the twitch contraction of guinea pig ileum, which is induced by electrical stimulation. It was reported that the opioid agonistic activities of mitragynine (1) and speciociliatine (3) were evaluated based on their ability to inhibit contraction that stimulates the guinea pig ileum, which is reversed by a classical antagonist, naloxone. Mitragynine (1), as portrayed in Figure 5 below, possesses a unique flat trans-quinolizidine conformation in the C/D ring junction, while speciociliatine (3), a C-3 diastereomer of mitragynine (1), assumes a folded cis-quinolizidine conformation.
[image: Figure 5]FIGURE 5 | Stereochemical conformation of mitragynine (1), speciogynine (2), and speciociliatine (3).
Based on the opioid agonistic activities of mitragynine (1) and speciociliatine (3) in electrically stimulated guinea-pig ileum (Table 3), the potency of speciociliatine (3) toward the mu opioid receptor (MOR) was shown to be 13 times weaker than mitragynine (1). The pD2, also known as pEC50, is the negative logarithm to base 10 of the EC50 of an agonist. The pD2 value indicates the potency of an agonist but not its efficacy. Based on the pD2 value observed in Table 3, the performance of mitragynine (pD2 = 6.95 ± 0.12) as an opioid agonist was weaker compared to morphine (pD2 = 7.17 ± 0.05). This implies that the flat trans-quinolizine conformation form in mitragynine (1) was a more efficient conformation to exhibit the opioid activity than folded cis-quinolizidine.
TABLE 3 | Opioid Agonistic Activity of Mitragynine (1), Speciociliatine (3), and Morphine in Electrically Stimulated Guinea-Pig Ileum Preparation.
[image: Table 3]Based on the in vitro studies conducted by Takayama et al. (2002), mitragynine (1) was reported to have a significant binding affinity on the opioid receptor. This study was conducted on the guinea pig brain homogenates. There is a total of three ligand subtypes that were used to assess the binding affinities of the compound mitragynine (1) and on the opioid receptor subtypes. They were MOR-selective ligand DAMGO ([D-Ala2, N-MePhe4, Gly-ol]-enkephalin), the DOR-selective ligand DPDPE (D-Pen2-D-Pen5-enkephalin), and the KOR-selective ligand U-69,593 (N-methyl-2-phenyl-N-[(5R,7S,8S)-7-(pyrrolidin-1-yl)-1-oxaspiro [4.5] dec-8-yl] acetamide). From this study, it was shown that the affinity of mitragynine (1) at MOR, DOR, and KOR is 7.2, 60, and >1,000 nM, respectively. It also displayed a nearly 10-fold selectivity for MOR over DOR sites and greater than 1,000-fold selectivity for MOR over KOR.
Kruegel et al. (2016) studied the activity of mitragynine (1) and its other analogues speciogynine (2) and speciociliatine (3). The study was conducted on HEK cell lines expressing the human opioid receptor. The results indicate that mitragynine (1) acts as a partial agonist at MOR; meanwhile, speciogynine (2) and speciociliatine (3) were both weak antagonists at MOR. Additionally, it was also found that mitragynine (1) and its diastereomers bind significantly at MOR than KOR and DOR (Kruegel et al., 2016; Zhou et al., 2021). A deeper view on the binding affinities of mitragynine (1) and its diastereomer showed that mitragynine (1) has the highest binding affinities, followed by speciociliatine (3) and speciogynine (2) (Obeng et al., 2021). Even though mitragynine (1) and its diastereomer bind actively at MOR, its activity at the receptor is not identical, as shown in Table 4.
TABLE 4 | Binding Affinities of Mitragynine (1) and its Diastereomers at Human Opioid Receptor (Obeng et al., 2021).
[image: Table 4]Based on Table 5 above, mitragynine (1) act as a partial agonist at MOR with a maximal efficacy of 34%. However, at KOR and DOR, the functional activity of mitragynine (1) alkaloid converts from partial agonist to antagonist at lower potency. Additionally, the diastereomers of mitragynine (1), speciogynine (2), and speciociliatine (3) showed null measurable agonist activity at all the opioid receptors and only revealed a weak antagonist effect. By comparing mitragynine (1) and speciogynine (2), the ethyl group at position 20 on ring D shows a crucial point as the epimerization of this group is able to switch the agonistic activity to antagonist activity at MOR. The modification of the configuration of the ethyl group also reduced the binding affinity.
TABLE 5 | The Functional Activity of M. speciosa Alkaloids at Human Opioid Receptors in G protein BRET Assays (Kruegel et al., 2016).
[image: Table 5]Obeng et al. (2020) carried out a pharmacological investigation on mitragynine (1) and speciociliatine (3) to evaluate its opioid binding affinities (Table 6). According to the results obtained in Table 7, the binding affinities of speciociliatine (3) (Ki (MOR): 116 ± 36 nM, Ki (KOR): 54.5 ± 4.4 nM) at both opioid receptors are higher than mitragynine (1) (Ki (MOR): 198 ± 30 nM, Ki (KOR): 161 ± 10 nM). Berthold et al. (2021) also found that the binding affinity of speciociliatine (3) at MOR and KOR was 3.0- and 1.7-fold higher than that of mitragynine (1). Based on the two studies, it is suggested that the conversion of the configuration at position 3 from S [mitragynine (1)] to R [speciociliatine (3)] causes a significant change in terms of the binding affinities. This switch in conformation speciociliatine (3) will cause the molecular volume of speciociliatine (3) to have a larger space to bind and interact with the active sites of the opioid receptor and increase its binding affinities compared to mitragynine (1). Based on molecular docking studies, the acrylate moiety will affect the interaction with the key residue, which plays an important role in binding to the opioid receptors. However, these results were contrary to what was reported by Kruegel et al. (2016), who found that speciociliatine (3) had no significant agonist activity at all the human opioid receptors and acted as a weak antagonist. The difference might be due to different assay types used to evaluate speciociliatine (3). This result was confirmed by a study by Nickolls et al. (2011) that different types of assays used to evaluate the targeted compound will show different agonistic effects.
TABLE 6 | Screening of mitragynine (1) and speciociliatine (3) at opioid receptor (Obeng et al., 2020).
[image: Table 6]TABLE 7 | Binding affinities of mitragynine (1) and speciociliatine (3) to opioid receptor and subtype selectivity (Obeng et al., 2020).
[image: Table 7]The ethyl group in ring D is extremely crucial in predicting the binding affinities at the opioid receptor. The ethyl group will act as a hydrophobic group that interacts with the receptor. For the binding affinities of the structure without the ethyl group, the binding affinities are diminished drastically as compared to mitragynine (1). All in all, the number of different stereochemical configurations in the diastereomers can retain to bind at MOR. Meanwhile, absolute stereochemistry is found to be crucial in agonistic activity in the opioid receptor.
In a recent report by Chakraborty et al. (2021b) on the opioid receptor function of mitraciliatine (4), pharmacological evidence was reported on this phytoalkaloid. In this study, mitraciliatine (4) (Ki (MOR): 135.1 ± 7.7 nM) portrayed partial opioid agonism and identified it as structurally unique natural products with safer, MOR-dependent antinociception. Mitragynine (1) [Ki (KOR): 231 ± 21 nM] was reported to have weak KOR antagonism in contrast with mitraciliatine (4) (Ki (KOR): 101.2 ± 2.3 nM, Ki (MOR): 6.52 ± 0.06 nM), which showed KOR full agonism and MOR partial agonism at both human and mouse receptors. Mitraciliatine (4) (Emax (KOR): 104%) showed robust β arrestin-2 recruitment at KOR, while it does not recruit β arrestin-2 at MOR. Based on this, it appears that mitraciliatine (4) (Ki (KOR): 73 nM)/(Ki (MOR): 304 nM) has a higher receptor selectivity for opioids over adrenergic receptors with fewer off-target interactions. The activity portrayed might be due to its stereochemical configuration at C-3 [S in mitragynine (1) and R for mitraciliatine (4)] and C-20 [S in mitragynine (1) and R for mitraciliatine (4)], which plays a vital role in the SAR of the respective phytoalkaloids. Chakraborty et al. (2021c) also performed an investigation on mitragynine (1) and its synthesized analogues, focusing on the C-9 position in the scaffold of mitragynine (1). The three synthesized analogues, 9-3′-furanyl mitragynine, 9-phenyl mitragynine, and 9-methyl mitragynine, demonstrated partial agonism toward G-protein and arresting signals mediated by MORs. The synthesized analogues exhibit moderate activity and potency (EC50 > 50 nM) in cAMP assays and poor β-arrestin2 recruitment (Emax < 20%) at MOR. The semisynthetic modifications of mitragynine (1) at C-9 position using moieties such as 3′-furanyl, phenyl, and methyl do not enhance the potency toward the tested activities.
A previous study conducted by Matsumoto et al. (1997) had affirmed that mitragynine (1) displayed a suppressive effect on the central serotonin neurotransmission system. In mice, the suppression of 5-HT2A agonist (5-methoxy-N, N-dimethyltryptamine)-induced head twitch response was observed due to the effect from the pre-treatment with mitragynine (1), which showed that the principal kratom alkaloid acts as a competitive antagonist in blocking the stimulation of the 5-HT2A receptor (Hanapi et al., 2021). León et al. (2021) investigated the in vitro and in vivo activity of kratom alkaloids, especially mitragynine (1), speciogynine (2), and speciociliatine (3) at serotonin receptors (5-HTRs). Surprisingly, speciogynine (2) portrayed a high affinity toward 5-HT1ARs and 5-HT2BRs, in contrast with its major diastereomer, mitragynine (1). Speciogynine (2) exhibited antinociceptive properties in rats via an opioid receptor-independent mechanism. Since mitragynine (1) (20S) and speciogynine (2) (20R) are diastereomers that differ in C-20 position, the structural difference of the β-methoxyacrylate group in both diastereomers might cause the difference in the potency toward the tested activity (León et al., 2021).
Toxicity of Mitragynine (1) and Its Diastereomers
In vitro Toxicity
Several cytotoxic studies of mitragynine (1) and its diastereomers were conducted toward selected cancerous and non-cancerous cell lines. Lu et al. (2014) provided the first scientific evidence on cardiotoxicity of mitragynine (1) and its diastereomers. Based on the report, mitragynine (1) administered at 10 µM showed significant cardiotoxicity by inhibiting the human ether-à-go-go-related gene (hERG) current. Meanwhile, mitragynine (1) (10 µM) also prolongs action potential duration (APD) and induces arrhythmia. Moreover, mitragynine (1), speciogynine (2), and speciociliatine (3) were dosage-dependently (0.1, 100 µM) suppressed IKr in hiPSC-CMs at 67%∼84% with IC50 ranging from 0.91 to 2.47 µM. The inhibition of hERG has been associated with favorable binding of drugs to open and inactivated states of hERG channels. The inward potassium currents are primarily active during phase 1 of the cardiac AP, while calcium channels are primarily active during phase 3. QT prolongation is primarily an issue arising after depolarizations.
In 2015, Saidin et al. (2015) reported on the cytotoxicity of mitragynine (1) tested against SH-SY5Y and MCL-5 cell lines, respectively. Mitragynine (1) exhibited a moderate cytotoxic effect against these reported cell lines with IC50 values of 75 and 80 μM, respectively. Oliveira et al. (2016) also reported on moderate cytotoxicity of mitragynine (1) evaluated against Caco-2 (42.5 μg/ml) and SH-SY5Y (42.6 μg/ml) cell lines. The moderate activity of mitragynine could be attributed to the absence of OH moiety in its tetracyclic monoterpenoid indole alkaloid nucleus (Rosales et al., 2020).
Kamble et al. (2020) reported on the inhibition of CYP 450 isoforms in human liver microsomes by M. speciosa alkaloids, mainly mitragynine (1), and its diastereomers. Cytochrome P450 (CYP450) is a group of enzymes that play a predominant role in drug metabolism; therefore, an alteration in CYP450-mediated metabolism could result in drug interactions that include fatality. The findings demonstrated that mitragynine (1) (IC50: 2.2 µM) was a potent and relatively selective inhibitor toward CYP2D6, while it possessed moderate inhibition with IC50 11.4 µM toward CYP3A4/5 (an isoform of CYP450). Additionally, speciogynine (2) (IC50: 19.5 µM) and speciociliatine (3) (IC50: 8 µM) displayed moderate inhibition toward CYP2C19. However, there was no activity shown on mitragynine (1), speciogynine (2), and speciociliatine (3) toward the other tested CYP450 isoforms. Mitragynine (1) and its diastereomers have a more planar three-dimensional structure where the indoloquinazoline moiety of these compounds was completely overlapped. The planar structure of these three compounds might reflect in the strong inhibition of CYP2D6 and CYP3A4/5.
Another in vitro toxicity study on mitragynine (1) and its diastereomers was reported. Mitragynine (1), speciogynine (2), and speciociliatine (3) possessed weak-to-moderate inhibition against nasopharyngeal carcinomas NPC/HK-1 and C666-1 cell lines. In the study, mitragynine (1) exhibited the highest inhibition against the growth of NPC/HK-1 cells, followed by speciociliatine (3). The overall SARs study revealed that the R and S orientations at positions C-3 and C-20, respectively, are the key features that determine the cytotoxicity of mitragynine (1) and its diastereomers. Besides, speciociliatine (3) was shown to possess weaker cytotoxicity than mitragynine (1) due to the inversion of orientation from R to S at the C-3 position. However, the cytotoxicity of speciogynine (2) was shown to be abolished due to the R orientation at the C-20 position of the respective compound (Domnic et al., 2021).
Additionally, Goh et al. (2021) found that mitragynine (1) possessed higher IC50 values against two cell lines, HEK-293 kidney cell (IC50: 112.30 ± 17.59 µM) and HeLa Chang liver cell (IC50: 210.04 ± 0.80 µM), being compared to all of the tested ASE M. speciosa extracts. Mitragynine (1) showed moderate toxicity toward these cell lines, which suggested that mitragynine (1) could have selectively exhibited a cytotoxicity effect on both cancerous and non-cancerous cell lines.
In vivo Toxicity
Initial studies on the in vivo toxicity of mitragynine (1) on rats and dogs were documented in the year 1972. A single dosing of mitragynine (1) (806 mg/kg) produced no toxicity in rats, and multiple oral 50 mg/kg/day also showed no observable side effects. Subsequently, the daily dosage of 16 mg/kg and two additional days of oral 32 mg/kg in dogs also showed no side effects. However, at higher doses and longer exposures, primarily, blood dyscrasias were also observed (Macko et al., 1972).
Sabetghadam et al. (2013) reported a relatively safe consumption of lower to sub-chronic amounts of mitragynine (1) in rats (1–10 mg/kg) but detected signs of toxicity at higher doses (100 mg/kg) when histopathological, hematological, and biochemical effects of the liver, kidney, and brain were observed. The authors suggested that the use of mitragynine (1) in the dose range studied is generally safe as there have been no deaths reported and no significant differences in overall behavior.
Additionally, Damodaran et al. (2021) reported on the toxicity assessment of two diastereomeric alkaloids, mitragynine (1) and speciociliatine (3), on the zebrafish embryo model. This study aimed to assess the possible toxicity effects exhibited by the two alkaloids on the zebrafish embryo model with different toxicity parameters, namely, mortality, hatching rate, heart rate, and morphological malformations. It showed that acute embryonic exposure to mitragynine (1) and speciociliatine (3) affected the survival, hatching, and body morphology of zebrafish embryos in a concentration- and time-dependent manner, which indicates that higher compound concentrations and longer exposure times affect the development of zebrafish embryo. In the mortality assessment of zebrafish embryos, the LC50 value of mitragynine (1) was 32.01 μg/ml at 96 hpf, while the estimated LC50 value of speciociliatine (3) was slightly higher at 79.86 μg/ml, indicating that speciociliatine (3) is relatively safer than mitragynine (1). The data obtained on the hatching parameter showed that mitragynine (1) and speciociliatine (3) at concentrations of 25 and 50 μg/ml appeared to be associated with the delayed hatching process, whereas for the morphological malformation parameter, spinal curvature (scoliosis) was observed in mitragynine (1) (50 μg/ml)- and speciociliatine (3) (25 and 50 μg/ml)-exposed groups. It was concluded that mitragynine (1) and speciociliatine (3) (≥50 μg/ml) possessed certain undesirable effects on embryonic development by affecting the survival, hatching, and body morphology of zebrafish embryos, which relays to the potential risk of kratom intake during pregnancy on the development of the fetus. This is because the early embryo developmental process of zebrafish is similar to humans.
CONCLUSION
In conclusion, the mitragynine (1) template and its structural information could render medicinal chemists an opportunity to develop a new analgesic that can be beneficial toward pain management and treatment. It is vital for chemists and pharmacologists to determine its maximum analgesic potency as well as alter the opioid-induced side effects through detailed preclinical and clinical studies. The alkaloidal chemistry, especially focusing on the functional activity of mitragynine (1) and its diastereomers toward opioid receptors such as MOR, needs to be investigated in detail. The pharmacokinetic properties of the phytoalkaloids in terms of absorptivity, distribution, and metabolism as well as its polypharmacological properties need to be studied extensively. The information obtained from the studies conducted on the chemistry of mitragynine (1) and its diastereomers could lead toward an efficient botanical extract development of M. speciosa where it can be used as an alternative botanical drug in treating pain. Based on this review, the previous preclinical and clinical studies conducted on the mitragynine (1) and its diastereomers could support and provide an in-depth insight on the medicinal benefits of this plant, which could lead to drug development in treating pain and addiction. Therefore, it serves as an important research point to prompt medicinal chemists and pharmacologists to conduct extensive studies on the chemistry and synergism activity of mitragynine (1) and its diastereomers to understand the opioid-like mechanistic activity relating to the medicinal benefits of this plant.
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