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Uncaria Hook (UH) is a dry stem with hook of Ucaria plant and is contained in Traditional Japanese and Chinese medicine such as yokukansan, yokukansankachimpihange, chotosan, Gouteng-Baitouweng, and Tianma-Gouteng Yin. UH contains active indole and oxindole alkaloids and has the therapeutic effects on ailments of the cardiovascular and central nervous systems. The recent advances of analytical technology led to reports of detailed pharmacokinetics of UH alkaloids. These observations of pharmacokinetics are extremely important for understanding the treatment’s pharmacological activity, efficacy, and safety. This review describes properties, pharmacology, and the recently accumulated pharmacokinetic findings of UH alkaloids, and discusses challenges and future prospects. UH contains major indole and oxindole alkaloids such as corynoxeine, isocorynoxeine, rhynchophylline, isorhynchophylline, hirsuteine, hirsutine, and geissoschizine methyl ether (GM). These alkaloids exert neuroprotective effects against Alzheimer’s disease, Parkinson’s disease, and depression, and the mechanisms of these effects include anti-oxidant, anti-inflammatory, and neuromodulatory activities. Among the UH alkaloids, GM exhibits comparatively potent pharmacological activity (e.g., agonist activity at 5-HT1A receptors). UH alkaloids are absorbed into the blood circulation and rapidly eliminated when orally administered. UH alkaloids are predominantly metabolized by Cytochrome P450 (CYP) and converted into various metabolites, including oxidized and demethylated forms. Regarding GM metabolism by CYPs, a gender-dependent difference is observed in rats but not in humans. Several alkaloids are detected in the brain after passing through the blood–brain barrier in rats upon orally administered. GM is uniformly distributed in the brain and binds to various channels and receptors such as the 5-HT receptor. By reviewing the pharmacokinetics of UH alkaloids, challenges were found, such as differences in pharmacokinetics between pure drug and crude drug products administration, food-influenced absorption, metabolite excretion profile, and intestinal tissue metabolism of UH alkaloids. This review will provide readers with a better understanding of the pharmacokinetics of UH alkaloids and their future challenges, and will be helpful for further research on UH alkaloids and crude drug products containing UH.
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INTRODUCTION
Uncaria Hook (UH) is a dry stem and hook of Uncaria plant in the family Rubiaceae (Ndagijimana et al., 2013; Liang et al., 2020). Many botanical origins have been identified for UH (Zhang et al., 2015), but three origins, namely Uncaria rhynchophylla (Miq.) Miq., Uncaria sinensis (Oliv.) Havil., and Uncaria macrophylla Wall., are listed in the Japanese Pharmacopoeia. UH contains several indole and oxindole alkaloids such as corynoxeine (CX), isocorynoxeine (ICX), rhynchophylline (RP), isorhynchophylline (IRP), hirsuteine (HTE), hirsutine (HTI), and geissoschizine methyl ether (GM) (Figure 1), which have similar pharmacological neuroprotective effects against Alzheimer’s disease, Parkinson’s disease, and depression, and the mechanisms of these effects include anti-oxidant, anti-inflammatory, and neuromodulatory activities (Pengsuparp et al., 2001; Ueda et al., 2011; Ndagijimana et al., 2013; Qi et al., 2014; Yang et al., 2020).
[image: Figure 1]FIGURE 1 | Chemical structure of the main indole and oxindole alkaloids in UH.
UH alkaloids are also the active components of traditional Japanese Kampo medicines such as yokukansan (YKS) (Ikarashi et al., 2018), yokukansankachimpihange (YKSCH) (Takiyama et al., 2019), and chotosan (CTS) (Yuzurihara et al., 2002) containing UH as a crude drug. These Kampo medicines have been approved by the Japanese Ministry of Health, Labour and Welfare (MHLW), and they are indicated for the treatment of neurosis, insomnia, and irritability and night crying in children, in addition to headache and hypertension (Ministry of Health, Labour, and Welfare MHLW, 2016). In China, Yi-Gan San (YGS), which has the same composition as YKS (Gai et al., 2014), Gouteng-Baitouweng consisting of the hook and stem of Uncaria rhynchophylla (Miq.) Miq. (Gouteng in Chinese) and the root of Pulsatilla chinensis (Bunge) Regel (Baitouweng in Chinese) (Tian et al., 2018), and Tianma-Gouteng Yin decoction/granules consisting of 11 herbal materials (Liu et al., 2015; Zhang H. et al., 2019) are known as UH-containing crude drug products. Gouteng-Baitouweng is clinically used for convulsion, a neurological symptom associated with Parkinson’s disease (Ishikawa et al., 2006). Tianma-Gouteng Yin is one of the traditional Chinese medicines prescribed to treat Parkinson’s disease like symptoms such as tremor and paralysis (Chua et al., 2012).
Many studies were carried out to date on the mechanism of pharmacological action of UH alkaloids. It was experimentally shown that CX have inhibitory effects on aortic vascular smooth muscle cells (VSMC) proliferation (Kim et al., 2008) and to promote the clearance of alpha-synuclein (α-syn) by induced-autophagy (Chen et al., 2014), and ICX has vasorelaxantion (Li et al., 2017). In vivo studies demonstrated that RP and/or IRP have anti-depressant and neuroprotective effects (Fu et al., 2014; Sakakibara et al., 1999). Their mechanisms included the enhancement of α-syn clearance by induced-autophagy (Li et al., 2017) and effects through central dopaminergic system (Sakakibara et al., 1999) or the central monoaminergic neurotransmitter system (Xian et al., 2017). HTI and HTE, like other UH alkaloids, were also demonstrated to possess a protective effect against neuronal death (Kanno et al., 2014). Basic in vivo and in vitro studies illustrated that GM alleviates experimental anxiety, aggressiveness, dementia, allodynia, and vasoconstriction (Watanabe et al., 2003; Matsumoto et al., 2013; Mizoguchi and Ikarashi, 2017; Ikarashi et al., 2018). Multiple actions such as serotonergic (Pengsuparp et al., 2001; Nishi et al., 2012: Ueki et al., 2013), dopaminergic (Ueda et al., 2011; Ishida et al., 2016), and adrenergic neurotransmission (Nakagawa et al., 2012), as well as neuroprotection (Kawakami et al., 2011; Kanno et al., 2014; Sun et al., 2016), are considered as the mechanisms underlying the pharmacological effects of GM (Ikarashi and Mizoguchi, 2016; Ikarashi et al., 2018).
Although much pharmacological evidence had been accumulated for UH-containing crude drug products (Egashira et al., 2001; Murakami et al., 2005; Zhao et al., 2005; Ito et al., 2013; Ikarashi and Mizoguchi, 2016; Tabuchi et al., 2017; Jiang et al., 2019), few studies had been performed on their pharmacokinetics until recently. In particular, there was little information on the pharmacokinetics of GM compared to that of essential Uncaria alkaloids such as RP, IRP, CX, ICX, HTE, and HTI (Nakazawa et al., 2006; Wang et al., 2010a; Wang et al., 2010b; Wang et al., 2014a; Wang et al., 2014b; Wang et al., 2017; Zhang et al., 2017; Chen et al., 2020). However, as multiple and potent pharmacological activities of GM have become apparent, with breakthroughs of analytical technologies, pharmacokinetic information has also gradually been accumulated, such as its absorption (Ma et al., 2014; Han et al., 2019), exposure to circulation blood (Kushida et al., 2013; Gai et al., 2014; Kitagawa et al., 2015; Zhang H. et al., 2019), hepatic metabolism (Kushida et al., 2015; Matsumoto et al., 2016; Tian et al., 2018; Kushida et al., 2021), blood–brain barrier (BBB) permeability (Imamura et al., 2011), brain distribution (Mizoguchi et al., 2014; Matsumoto et al., 2020), and urinary excretion (Gai et al., 2014; Matsumoto et al., 2018).
Pharmacokinetic findings such as the absorption, distribution, metabolism, and excretion of active indole and oxindole alkaloids in the body after the oral administration of UH-containing crude drug products are extremely important and essential information for interpreting their pharmacological activity, efficacy, and safety. Therefore, we aimed to review data on the pharmacokinetics of UH alkaloids accumulated in recent decades and to improve the reader’s understanding of them. We also considered the challenges and future prospects of UH alkaloid pharmacokinetic studies.
METHODOLOGY FOR COLLECTING LITERATURE
We first retrieved studies published over the past 21 years (2000–2021) using the search terms “geissoschizine methyl ether,” “corynoxeine,” “isocorynoxeine,” “rhynchophylline,” “isorhynchophylline,” “hirsuteine,” and “hirsutine” in PubMed, PMC, and ScienceDirect. From the identified articles, 55 English articles describing the pharmacokinetics and pharmacology of UH alkaloids were selected for this review.
PROPERTIES OF UH ALKALOIDS
Seven major active indole and oxindole alkaloids are present in UH (Figure 1). GM has a molecular formula of C22H26N2O3, a molecular weight of 366.45 g/mol, acid dissociation constant (pKa) of 8.25, and octanol–water partition coefficient (LogP) of 3.445. CX and ICX are epimers with a molecular formula of C22H26N2O4 (382.45 g/mol), pKa of 8.03, and LogP of 0.989. RP and IRP are also epimers with a molecular formula of C22H26N2O4 (384.47 g/mol), pKa of 8.49, and LogP of 1.633. HTE is a structural isomer of GM with a molecular formula of C22H26N2O3 (366.45 g/mol), pKa of 8.37, and LogP of 2.875. HTI with a molecular formula of C22H28N2O3 (368.47 g/mol), pKa of 8.83, and LogP of 3.703 (https://scifinder-n.cas.org/). To date, no transformation between GM and other UH alkaloids has been reported, although epimerization between RP and IRP and between CX and ICX has been described (Qi et al., 2015; Wang et al., 2017).
The contents of UH alkaloids in five plant origins (Uncaria rhynchophylla (Miq.) Miq., Uncaria sinensis (Oliv.) Havil., Uncaria macrophylla Wall., Uncaria hirsuta Havil, and Uncaria sessilifructus Roxb.) has been measured (Hou et al., 2018). Concerning alkaloids derived from Uncaria rhynchophylla (Miq.) Miq., seven indole and oxindole alkaloids were present (0.0020–0.2096%). In particular, the GM content ranged from 0.0214 to 0.2096%. However, GM was not present in the remaining four plants. No other alkaloids were present in Uncaria sinensis (Oliv.) Havil. and Uncaria hirsuta Havil. The contents of UH alkaloids in crude drug products have also been measured. The GM content in YKS extract is reportedly 0.0054% (54 μg/g) or 0.014% (Nishi et al., 2012; Kushida et al., 2021). The contents of other UH ingredients in the YKS extract comprises of CX, ICX, RP, IRP, HTE, and HTI at 0.026, 0.009, 0.027, 0.005, 0.015, and 0.013%, respectively, which are similar to the GM contents (Nishi et al., 2012).
PHARMACOLOGICAL EFFECTS AND MECHANISMS
The main indole and oxindole alkaloids in UH have been revealed to have neuroprotective effects against Alzheimer’s disease, Parkinson’s disease, and depression, and the mechanisms of these effects include anti-oxidant, anti-inflammatory, and neuromodulatory activities (Pengsuparp et al., 2001; Ueda et al., 2011; Ndagijimana et al., 2013; Yang et al., 2020).
The proliferation of VSMCs induced by damage to the arterial intima is an important etiological factor in vascular proliferative diseases, such as atherosclerosis and restenosis. Kim et al. (2008) reported that CX has inhibitory effects on platelet-derived growth factor (PDGF)-BB–induced rat aortic VSMC proliferation. Pretreatment of VSMCs with CX (5–50 μM) for 24 h resulted in significant decrease in the cell number (25.0–88.0%). CX (5–50 μM) significantly inhibited DNA synthesis in VSMCs induced by 50 ng/ml PDGF-BB (32.8–88.0%). Preincubation of VSMCs with CX significantly inhibited the activation of extracellular signal-regulated kinases 1/2 induced by PDGF-BB. The major component of Lewy bodies in patients with Parkinson’s disease is α-syn, and it is believed that the impairments of the autophagy–lysosomal pathway are related to α-syn accumulation. CX-induced autophagy, which was paralleled by increased expression of the lysosomal enzyme cathepsin D in different neuronal cell lines, including N2a and SHSY-5Y cells. Furthermore, by inducing autophagy, CX promoted the clearance of wild-type and A53T α-syn in inducible Pheochromocytoma (PC12) cells. CX-induced autophagy was mediated by the protein kinase B/mammalian target of rapamycin (Akt/mTOR) pathway (Chen et al., 2014). It has been reported that ICX, the epimer of CX, has vasorelaxant effects (Li et al., 2017). The mechanism of vasorelaxation involves the inhibition of external Ca2+ influx via L-type calcium channels and intracellular Ca2+ release via α1A adrenergic receptors in VSMCs as well as the involvement of K channels.
The major neuropathological features of Alzheimer’s disease include the extracellular accumulation of amyloid-β (Aβ) peptide and intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein. Oral RP treatment at a dose of 50 mg/kg effectively reduced the activity of Ephrin type-A receptor 4 (EphA4) and blocked EphA4-dependent signaling pathways, which negatively regulates synaptic plasticity in the hippocampal neurons, thereby restoring the amyloid precursor protein gene and presenilin 1 gene in transgenic mice (Fu et al., 2014). Furthermore, RP and IRP (1–100 µM) exerted neuroprotective effects against Aβ25-35–induced neuronal toxicity in PC12 cells by inhibiting intracellular calcium overload and tau protein hyperphosphorylation (Xian et al., 2012). It has been reported that IRP promotes the autophagy-induced clearance of α-syn in neuronal cells. IRP (0.3 μM) inhibited 1-methyl-4-phenyl pyridinium+-induced apoptosis in PC12 cells (Li et al., 2017). In another study, IRP (6.25–25 μM) induced autophagy in N2a, SH-SY5Y, and PC12 cell lines as well as in primary cortical neurons, via the mTOR pathway, thereby promoting the clearance of various forms of α-syn in neuronal cells (Lu et al., 2012). UH alkaloids have been reported to exert anti-depressant effects. Sakakibara et al. (1999) reported that CX (30 mg/kg), IRP (100 mg/kg), and GM (100 mg/kg) markedly decreased locomotor activity through the central dopaminergic system. In another study, IRN (10–40 mg/kg) exerted an anti-depressant–like effect in mice in the forced swimming and tail suspension tests by modulating the central monoaminergic neurotransmitter system and inhibiting the activity of monoamine oxidase A (Xian et al., 2017).
HTI and HTE, like other UH alkaloids, have also been demonstrated to possess a protective effect against neuronal death (Kanno et al., 2014). Kanno et al. (2014) evaluated the neuroprotective effects of HTI, HTE, and GM on glutamate-induced cell death with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) staining. Cell survival against control cells exposed to glutamate alone was significantly increased with the addition of GM (3 µM), HTE (10 µM), and HTI (10 µM). These components enhanced gene expressions of system Xc− subunits xCT and 4F2hc, and also ameliorated the glutamate-induced decrease in glutathione (GSH) levels. These results suggest that the cytoprotective effect of HTI, HTE, and GM may be due to the suppression of GSH reduction by enhancing system Xc−.
GM reportedly exerts multiple effects, such as serotonergic, dopaminergic, and adrenergic neurotransmission, as well as neuroprotection. Using Chinese hamster ovary cells artificially expressing the 5-HT1A receptor, the competitive binding assay and (3H)8-hydroxy-2-(di-n-propylamino) tetralin binding assay of seven major alkaloids in UH have been investigated. Among the seven alkaloids, only GM exhibited strong binding to 5-HT1A receptors (IC50: 0.904 µM), acting as a partial agonist (Nishi et al., 2012). The effect of YKS and UH-containing alkaloids on the L-DOPA-derived dopamine production has been investigated using RIN 14B cells that are 5-HT synthesizing cells. YKS and certain alkaloids (CX and GM) inhibited catechol-O-methyltransferase activity (2000 µg/ml YKS: 83.1%, 100 nmol/ml CX: 72.4%, 100 nmol/mL GM: 65.1%) and significantly increased dopamine production (Ishida et al., 2016). Competitive radioligand and (35S) GTPγS binding assays have revealed that YKS and GM had specific binding affinity for and antagonist activity against the α2A-adrenoceptor (IC50: approximately 300 μg/ml and 3 µM, respectively), being approximately 10 times stronger than that of hirusutin and hirustein (Nakagawa et al., 2012). Oral administration of 1 g/kg YKS improved aggressive behavior and restored social behavior in isolated mice, and oral administration of 150 μg/kg GM, equivalent to 1 g/kg YKS, showed similar pharmacological effects (Nishi et al., 2012).
DETECTION AND QUANTIFICATION METHODS
Measuring UH alkaloids levels is essential for elucidating their pharmacokinetics. Pharmacokinetic studies of UH alkaloids have been progressing along with the development of analytical technologies. To date, various analytical methods for detecting, identifying, and quantifying UH alkaloids have been developed and selectively used according to the purpose of the study (Table 1). For example, high–performance liquid chromatography (HPLC) has been used as a fingerprint analysis to support the quality control of several Japanese Kampo medicines containing UH (Tsuji et al., 2014; Nakatani et al., 2017) and as a quantitative analysis of UH alkaloids including GM (Hou et al., 2018). Furthermore, liquid chromatography with tandem mass spectrometry (LC–MS/MS) has been utilized to quantify UH alkaloids concentrations in biological samples, enabling the highly selective and sensitive detection of them. In addition, LC–MS/MS has also been applied to identify and quantify UH alkaloids and their metabolites in plasma, brain, urine, or bile samples from rats and mice after the oral administration of UH-containing crude drug products or pure UH alkaloids (Kushida et al., 2013; Wu et al., 2013; Gai et al., 2014; Zhao et al., 2016b; Tian et al., 2018; Zhang H. et al., 2019; Han et al., 2019; Takiyama et al., 2019; Chen et al., 2020; Matsumoto et al., 2020). In addition, LC–MS/MS has been applied to simultaneously quantify alkaloids in extracts from several Uncaria species for standardization and quality control and to conduct chemical classification of the Uncaria genus (Wang H.-B. et al., 2014). An in vitro autoradiography assay using (3H)GM has been performed to determine GM-specific binding sites on brain sections (Mizoguchi et al., 2014). Mass spectrometry imaging (MSI) using matrix-assisted laser desorption ionization (MALDI) (Giordano et al., 2016; Matsumoto et al., 2017) and desorption electrospray ionization (DESI) (Fernandes et al., 2016), which are powerful tools for visualizing the distributions of biological molecules or metabolites in tissue sections, have been applied to obtain images of the distribution of GM in rat brains (Matsumoto et al., 2020).
TABLE 1 | Lower limit of quantification and calibration range of UH alkaloids in various analytical methods.
[image: Table 1]PHARMACOKINETICS
Traditional Japanese and Chinese medicines are generally complex products consisting of two or more crude drugs. Therefore, a single crude drug contains several components with different chemical structures. These structures may affect the properties of the coexisting components through physical and chemical interactions. As a result, the properties of the components of crude drug products might differ significantly from those of the pure components. For this reason, pharmacokinetic studies using crude drug products have limitations. However, because crude drug products are often used in clinical practice rather than individual ingredients, pharmacokinetic studies using crude drug products are useful for studying and understanding the pharmacology of the ingredients under conditions that reflect their clinical use. Conversely, pharmacokinetic studies using individual components reveal the properties of the pure components. Ideally, pharmacokinetic studies of components in crude drugs should be performed using both crude drug mixtures and pure components, as this will provide a better understanding of the properties of the components. Therefore, in this section, we have reviewed the pharmacokinetic properties of UH alkaloids, focusing on GMs, separately for pharmacokinetic studies using UH-containing crude drug products and pure UH alkaloids.
Absorption
Recently, the pharmacokinetics and bioavailability of six UH alkaloids were reported in mouse blood (Chen et al., 2020). In particular, the bioavailabilities of CX, ICX, RP, IRP, HTE, and HTI in mice treated at a dose of 5 mg/kg orally or 1 mg/kg intravenously were 27.3, 32.7, 49.4, 29.5, 51.0, and 68.9%, respectively. In another study, the bioavailabilities of HTI and HTE in rats at the same dose were 4.4 and 8.21%, respectively (Han et al., 2019).
The ability of RP to permeate Caco-2 cell monolayers has been investigated (Ma et al., 2014). RP permeated the monolayer with velocities of 2.76 × 10−6–5.57 × 10–6 cm/s from the apical side to the basolateral side and 10.68 × 10−6–15.66 × 10–6 cm/s from the basolateral side to the apical side. The ability of RP to permeate cells was increased by verapamil, a P-glycoprotein (P-gp) inhibitor, and rhodamine 123, a P-gp substrate. Furthermore, RP induced the expression of P-gp in Caco-2 cells. These results indicate that P-gp may be involved in the low permeability and absorption of RP. In another study, Wang et al. (2017) investigated RP and IRP membrane permeability and efflux by P-gp using in situ single-pass intestinal perfusion with and without verapamil. The intestinal perfusion assay illustrated that IRP possessed higher intestinal permeability than RP, and co-perfusion with verapamil could affect the absorption of RP but not IRP. These results suggest that RP, but not IRP, is a substrate of P-gp.
Exposure to Blood
Administration of UH-Containing Crude Drug Products
Most pharmacokinetic studies of GM have been performed after the oral administration of crude drug products (Kushida et al., 2013; Matsumoto et al., 2018; Takiyama, et al., 2019) (Table 2). Although the absolute bioavailability of GM has not been verified, many studies revealed that GM in the intestinal lumen following oral administration is certainly absorbed into portal vein blood and transferred to circulating blood. The pharmacokinetics of circulating plasma GM was first reported in male rats orally administered YKS (0.25, 1, and 4 g/kg) (Kushida et al., 2013); GM was detected in the plasma after YKS administration, and the plasma maximum concentration (Cmax) increased in a dose-dependent manner (0.261–1.980 ng/ml) with a nearly similar time to reach the peak plasma concentration (tmax = 0.42–0.67 h). The apparent half-life (t1/2) in three different YKS dose groups were similar (1.5–2.0 h), indicating that plasma GM was rapidly eliminated. The area under the plasma concentration–time curve (AUC) increased dose-dependently in the range of 0.441–6.79 ng h/mL. In male mice, GM was detected (approximately 2.5 ng/ml) in plasma 1 h after oral YKS administration (1 g/kg), and it had mostly disappeared after 8–24 h (Matsumoto et al., 2018). In addition to YKS, GM has also been detected in the plasma of rats orally administered Tianma-Gouteng Yin granules at doses of 2.5 and 5 g/kg (Zhang H. et al., 2019).
TABLE 2 | Pharmacokinetic studies of UH alkaloids.
[image: Table 2]GM has also been detected in female rat plasma after the oral administration of YKS (Imamura et al., 2011), but its detailed pharmacokinetics has only recently been reported (Takiyama et al., 2019). In that report, similarly as observed in male rats, plasma GM concentrations in female rats rapidly increased (Cmax = 12.3 ng/ml, tmax = 0.508 h) after the oral administration of YKS (1.0 g/kg), and then the compound immediately disappeared (t1/2α = 0.194 h, t1/2β = 31.1 h) over 24 h. AUC was 29.3 ng h/mL. When Cmax and AUC were compared between female (Takiyama et al., 2019) and male rats (Kushida et al., 2013) administered the same dose of YKS (1 g/kg), the plasma GM concentration was much higher in female rats than in male rats. These findings suggested gender differences in plasma GM concentrations in rats. Indeed, we recently demonstrated that a significant gender difference in the rat plasma pharmacokinetics of GM by revealing that Cmax and AUC of plasma GM in female rats were approximately 4-fold higher than those in male rats after oral administration of the same dose of YKS (Kushida et al., 2021). The causes of the gender differences in rat plasma GM pharmacokinetics are discussed in the “Mmetabolism by Cytochrome P450 in the Liver” section.
In humans, a randomized crossover study examined the pharmacokinetics of several active components including GM using 21 healthy Japanese volunteers who orally received YKS (2.5, 5.0, or 7.5 g/day). Cmax of GM increased in a dose-dependent manner over the range of 0.650–1.98 ng/ml with a similar tmax (0.500 h) across the groups. t1/2 was similar among the groups, ranging from 1.72 to 1.95 h. Consequently, AUC increased in a dose-dependent manner, ranging from 1.18 to 4.81 ng h/mL (Kitagawa et al., 2015). The rapid rise and disappearance of plasma GM after oral YKS administration in humans were similar to those in rodents, but unlike rats, no gender differences in GM plasma pharmacokinetics were observed. This result suggests that humans probably have no gender differences in GM metabolism, although more clinical evidence needs to be accumulated in the future.
Similar to the findings for GM, the blood concentrations of other UH alkaloids during the administration of crude drug products have also been investigated. We have studied the pharmacokinetics of UH alkaloids in plasma after oral YKS administration (0.25, 1, and 4 g/kg) in male rats (Kushida et al., 2013). In addition to GM, RP, HTI, and HTE were detected in rat plasma, whereas CX, ICX, and IRP were not detected. RP, HTI, and HTE appeared rapidly in the circulating blood and disappeared rapidly, and the plasma concentration–time curves were similar to those of GM. AUC, Cmax, tmax, and t1/2 were 0.0544–0.656 ng h/ml, 0.0759–0.274 ng/ml, 0.42–1.0 h, and 1.4 h, respectively, for RP; 0.149–1.59 ng h/ml, 0.160–0.381 ng/ml, 0.50–0.83 h, and 3.4 h, respectively, for HTI; and 0.0829–2.08 ng h/ml, 0.125–0.529 ng/ml, 0.50–2.0 h, and 1.9–3.6 h, respectively, for HTE. Gai et al. (2014) measured ICX and RP levels in rat plasma after the oral administration of 9.1 g/kg YGS, which has the same composition as YKS, via targeted analysis using LC-MS/MS and calculated their pharmacokinetic parameters. AUC, Cmax, tmax, t1/2, the mean residence time (MRT), clearance rate/bioavailability (CL/F), and the apparent distribution volume/bioavailability (V/F) were 64.70 ng h/ml, 9.43 ng/ml, 4.76 h, 8.68 h, 7.25 h, 2.72 L h/kg, and 39.79, respectively, for RP and 41.02 ng h/ml, 3.89 ng/ml, 1.79 h, 9.11 h, 7.82 h, 6.65 L h/kg, and 83.73 L/kg, respectively, for ICX. Regarding other UH-containing crude drug products, the pharmacokinetics of CX, ICX, RP, IRP, and GM in systemic and portal vein plasma following the oral administration of Gouteng-Baitouweng (25 g/kg) to rats was reported (Tian et al., 2018). All five UH alkaloids were detected in portal vein plasma, whereas all UH alkaloids except GM were detected in systemic plasma. The AUCs of RP, IRP, CX, ICX, and GM in portal vein plasma were 2083.2, 647.0, 767.3, 2,237.4, and 41.1 ng h/ml, respectively. Furthermore, those of RP, IRP, CX, and ICX in systemic plasma were 349.6, 51.0, 35.1, and 265.8 ng h/ml, respectively. The AUCs were much lower in systemic plasma than in portal vein plasma. These results suggest that UH alkaloids are metabolized in the liver. In addition, GM was not detected in systemic plasma. The GM concentration in portal vein plasma is much lower than that of other alkaloids, suggesting that the GM content in Gouteng-Baitouweng is low. It has been reported that the contents of indole and oxindole alkaloids in UH depend on its botanical origin and hook size (Hou et al., 2018).
Administration of Pure UH Alkaloids
As described previously, the pharmacokinetics of GM following the oral administration of YKS has been well studied, whereas information regarding its pharmacokinetics following the administration of GM alone is limited (Table 2). Matsumoto et al. (2020) reported the plasma concentrations vs. time profile following the intravenous injection of GM and found that the profile well fitted to a one-compartment model, and the pharmacokinetic parameters obtained in their model analysis were as follows: elimination rate constant of 0.4 h–1, t1/2 of 1.8 h, total CL of 1.7 L/h/kg, and V of 4.4 L/kg.
Conversely, several pharmacokinetic studies using pure UH alkaloids (excluding GM) have been reported (Han et al., 2019; Chen et al., 2020). Chen et al. (2020) determined the pharmacokinetic parameters of six indole and oxindole alkaloids after oral and intravenous administrations at doses of 5 and 1 mg/kg, respectively, in mice. In the case of oral administration, MRTs of CX, ICX, RP, IRP, HTI, and HTE were 0.9, 1.6, 1.7, 1.2, 1.8, and 1.6 h; respectively, the t1/2 times were 0.7, 1.6, 4.4, 2.5, 2.0, and 2.4 h, respectively; the CL/F values were 20.2, 18.2, 11.6, 24.7, 5.6, and 9.8 L/h/kg, respectively; and the V/F values were 19.3, 45.7, 60.1, 84.5, 16.8, and 36.1 L/kg, respectively. The pharmacokinetic parameters of HTI and HTE in rats following oral and intravenous administrations were calculated by Han et al. (2019). MRT (3.6 and 4.4 h) and t1/2 (1.8 and 3.5 h) of HTI and HTE in rats after oral administration were not significantly different from those in mice, but CL/F (73.2 and 74.0 L/h/kg) and V/F (189.4 and 359.0 L/kg) were approximately 10-fold larger. CL and V of HTI and HTE in rats after intravenous administration were almost the same as those in mice; specifically, the CL values of HTI and HTE were 4.4 and 5.2 L/h/kg, respectively, in mice and 3.1 and 5.7 L/h/kg, respectively, in rats. Similarly, the V values of HTI and HTE were 8.3 and 15.9 L/kg, respectively, in mice and 11.9 and 34.9 L/kg, respectively, in rats.
Metabolism
Liver First-Pass Effect
When an herbal medicine or crude drug product is orally administered, its constituents are first absorbed into the portal vein blood via intestinal absorption and subjected to a first-pass effect in the liver. Subsequently, the compounds enter systemic blood, which carries them to the target tissue.
Table 3 showed detailed information of the metabolism studies of UH alkaloids. Tian et al. (2018) performed the simultaneous determination of five Uncaria alkaloids [an indole alkaloid GM and four oxindole alkaloids (RP, IRP, CX, and ICX)] in portal vein plasma, liver, systemic plasma, and brain samples after the oral administration of Gouteng-Baitouweng in male rats. All five alkaloids were detected in portal vein plasma and the liver. However, GM was not detected in systemic plasma. Although the four other alkaloids were detected in systemic plasma, their AUCs were significantly lower than those in portal vein plasma, i.e., plasma before hepatic metabolism. These results suggest that the liver first-pass effect plays a critical role in the pharmacokinetics of Uncaria alkaloids including GM.
TABLE 3 | Metabolism studies of UH alkaloids.
[image: Table 3]Zhang H. et al. (2019) identified the absorbed Uncaria alkaloids and their metabolites in the suborbital vein plasma and bile of male rats orally administered Tianma-Gouteng granules. Indole alkaloids (GM, HTE, and HTI) and oxindole alkaloids (RP, IRP, CX, and ICX) were detected in plasma along with their acidic or reduced/demethylated metabolites. Concerning the oxindole alkaloids, their glucuronidated metabolites were additionally detected in plasma and bile, suggesting that oxindole alkaloids, but not indole alkaloids, are excreted in bile as glucuronidated metabolites. However, the possibility of the biliary excretion of indole alkaloids cannot be dismissed by this study alone because the content of indole alkaloids might be low in Tianma-Gouteng granules. In addition to this finding, Nakazawa et al. (2006) detected 11-hydroxyhirsuteine-11-O-β-D-glucuronide or 11-hydroxyhirsutine-11-O-β-D- glucuronide was detected in the bile and urine of rats orally administered a high dose (50 mg/kg) of the GM-like indole alkaloid HTE or HTI, respectively. The study suggested that the glucuronides were predominantly excreted into bile rather than urine (Nakazawa et al., 2006). Therefore, the biliary excretion of GM should be examined in more detail in the future.
In Vitro Metabolites
GM metabolites were identified or estimated from fragment ion patterns obtained by LC–MS/MS analysis after incubating GM with rat and human liver microsomes, and their molecular structures were proposed based on the characteristics of their precursor and product ions, as well as their chromatographic retention times (Kushida et al., 2015). At least 13 GM metabolites were found in the incubation sample compared to the blank sample. The 13 confirmed metabolites were 2 demethylation (M1-1 and M1-2), 1 dehydrogenation (M2-1), 3 oxidation/dehydrogenation (M3-1, M3-2, and M3-3), 3 oxidation (M4-1, M4-2, and M4-3), 2 water adduction (M5-1 and M5-2), 1 di-demethylation (M6-1), and 1 water adduction/oxidation metabolites (M7-1). No difference could be observed between rat and human liver microsome-produced versions of these metabolites.
In addition to GM, the metabolites of RP and IRP have also been investigated via in vitro metabolism studies using liver microsomes (Wang J. et al., 2016; Wang et al., 2018). After rat liver microsomes were incubated with RP or IRP, five RP metabolites and three IRP metabolites were found to react with the A- and C-rings. Among metabolic pathways including oxidation, hydroxylation, N-oxidation, and dehydrogenation, hydroxylation at the A-ring was the major metabolic pathway for RP, whereas oxidation at the C-ring was the major metabolic pathway for IRP (Wang et al., 2018). Furthermore, Wang J. et al. (2016) also found that after incubation of rat liver microsomes with IRP, 25 metabolites were produced through six metabolic pathways: oxidation, hydrolysis, reduction, demethylation, hydroxylation, and dehydrogenation. Of these, hydrolysis, hydroxylation, and oxidation are the main metabolic pathways of IRP.
In Vivo Metabolites
To date, several GM metabolites have been identified via in vivo studies. When Tianma-Gouteng Yin granules were administered orally to rats at doses of 2.5 and 5 g/kg, demethylated GM was identified in plasma and bile (Zhang H. et al., 2019). Furthermore, 18-hydroxy-GM was detected in 8-h urine samples from mice orally administered with YGS (Gai et al., 2014). This GM metabolite is potentially predicted to be M4-3. The hydroxylated GM metabolites were also detected by DESI–MSI in the brain tissue from intravenously GM-injected rats (Matsumoto et al., 2020). Furthermore, studies using the RAF method suggested that the production of hydroxylated GM metabolites in humans was the main reaction (Matsumoto et al., 2016). From these results, the main GM metabolite form is potentially inferred to be hydroxylated. As described in the “Liver first-pass effect” section, hydroxylated GM metabolites are thought to be subsequently excreted in the urine as glucuronide conjugates. However, few GM metabolite-related studies have been performed so far in biological samples, such as plasma, urine, and bile. In order to fully understand the pharmacological activity and safety of GM, it would be indispensable to identify its metabolites.
Contrarily, several studies investigated the metabolites of other UH alkaloids. Corynoxeinic acid, isocorynoxeinic acid, rhynchophyllinic acid, isorhynchophyllinic acid, and hirsuteinic acid (demethylated metabolites), as well as their 22-O-β-glucuronides, have been detected in plasma and bile after the oral administration of Tianma-Gouteng Yin granules (2.5 and 5 g/kg) to rats (Zhang H. et al., 2019).
10- and 11-Hydroxy CX have been isolated from urine and faces, and 10-hydroxy CX 10-O-β-D-glucuronide and 11-hydroxy CX 11-O-β-D-glucuronide were isolated from the bile of rats orally administered pure CX (Wang W. et al., 2014). Concerning ICX, the epimer of CX, 10- and 11-hydroxy ICX and their 10- and 11-β-O-glucuronides have been isolated from the excreta and bile of rats who were administered pure ICX, similarly as observed for CX (Chen et al., 2014). In another study, 11-hydroxy ICX, 5-oxoisocorynoxeinic acid-22-O-β-D-glucuronide, 10-hydroxy ICX, 17-O-demethyl-16,17-dihydro-5-oxo ICX, 5-oxoisocorynoxeinic acid, 21-hydroxy-5-oxo ICX, oxireno[18, 19]-5-oxo ICX, 18,19-dehydrocorynoxinic acid, 18,19-dehydrocorynoxinic acid B, CX, ICX-N-oxide, and CX-N-oxide were detected in rat urine following oral ICX administration (Qi et al., 2015). After oral ICX administration, 18, 33, and 18 metabolites produced by hydrolysis, oxidation, isomerization, demethylation, epoxidation, reduction, glucuronidation, hydroxylation, and N-oxidation were detected in plasma, urine, and bile, respectively (Zhao et al., 2016a), and 18,19-dehydrocorynoxinic acid, 18,19-dehydrocorynoxinic acid B, 5-oxoisocorynoxeinic acid-22-O-glucuronide, 17-O-demethyl-16,17-dihydro-5-oxo ICX, 5-oxoisocorynoxeinic acid, and 5-oxoisorhynchophyllic acid were the main metabolites of ICX in plasma (Zhao et al., 2016b).
As 10- and 11-Hydroxy RP and IRP have been isolated from urine and feces, and their 10- and 11-β-O-glucuronides were isolated from bile in in vivo studies using rats administered pure RP or IRP (Wang et al., 2010a; Wang et al., 2010b). In another study, 47, 21, and 18 metabolites were identified in rat urine, plasma, and liver, respectively, after the oral administration of pure IRP. Seven metabolic pathways, namely dehydrogenation, oxidation, hydrolysis, reduction, demethylation, hydroxylation, and glucuronidation were involved in the metabolism. Among them, dehydrogenation, hydrolysis, hydroxylation, and oxidation were considered the main metabolic pathways according to the in vivo and in vitro metabolic profiles (Wang J. et al., 2016).
Nakazawa et al. (2006) isolated 11-hydroxy HTE-11-O-β-D-glucuronide, 11-hydroxy HTE, 11-hydroxy HTI-11-O-β-D-glucuronide, and 11-hydroxy HTI from the bile and urine of rats treated with HTE and HTI. In addition, Wang et al. (2016b) found that after oral administration to rats, HTI was converted to 67 metabolites by hydroxylation, dehydrogenation, oxidation, N-oxidation, hydrolysis, reduction, and glucuronide conjugation.
Metabolism by CYPs in the Liver
As mentioned in the previous section, GM is metabolized into at least 13 metabolites including hydroxylated, dehydrogenated, hydroxylated/dehydrogenated, demethylated, and hydrated forms, as described by an in vitro study using rat and human liver microsomes. A subsequent study identified CYP isoforms predominantly involved in GM metabolism in human liver microsomes. The relative contribution ratio of each CYP isoform was estimated using the relative activity factor method, revealing that the majority of GM (61.3%) is dehydrogenated and/or hydroxylated by CYP3A4, 23.5% is demethylated or hydrated by CYP2C19, and the remaining 15.2% is demethylated or hydroxylated by CYP2D6 (Matsumoto et al., 2016).
In the “Exposure to Blood” section, we described gender differences of GM pharmacokinetics in rats but not in humans. Generally, pharmacological and pharmacokinetic studies of drugs in rodents are performed to predict efficacy and safety in humans. To date, humans are known to differ from model animals in terms of the composition, expression, and catalytic activity of drug-metabolizing enzymes and CYP isoforms. Particularly, CYP1A, CYP2C, CYP2D, and CYP3A subfamilies have exhibited considerable interspecies differences with respect to catalytic activity (Martignoni et al., 2016). Furthermore, gender differences in CYP2C (2C7, 2C11, 2C12, 2C13) and CYP3A isoforms (3A2, 3A9, 3A18) have been reported in rats (Martignoni et al., 2016). The question was whether these CYP isoforms are involved in GM metabolism.
More recently, we investigated the CYP isoforms involved in GM liver metabolism in males and females to elucidate the cause of gender differences of rat plasma GM pharmacokinetics (Kushida et al., 2021). When GM was reacted with the rat liver S9 fraction, the reduction of GM was more striking in the male S9 fraction (69.3%) than in the female S9 fraction (10.0%). Screening tests using recombinant rat CYP isoforms illustrated that CYP1A1, CYP2C6, CYP2C11, CYP2D1, and CYP3A2 were involved in GM metabolism. Of these CYP isoforms, male-dependent CYP2C11 and CYP3A2 were found to be predominantly involved in liver microsomal GM metabolism in experiments using anti-rat CYP antibodies. Although the GM metabolic pathway is the same in humans and rats (Kushida et al., 2015), the CYP isoforms involved in their metabolic pathways differ (Figure 2). In humans, GM was dehydrogenated and/or hydroxylated by CYP3A4, demethylated or hydrated by CYP2C19, and demethylated or hydroxylated by CYP2D6. These CYP isoforms reportedly exhibit no gender differences (Martignoni et al., 2016). Of these CYP isoforms, CYP3A4-mediated hydroxylation is the major GM metabolic pathway (Matsumoto et al., 2016). However, in rats, CYP1A1, CYP2C6, CYP2C11, CYP2D1, or CYP3A2 are involved in GM metabolism. Of these CYP isoforms, CYP1A1, CYP2C6, and CYP2D1 are gender-independently expressed in the liver, whereas CYP2C11 and CYP3A2 are male-specific (Martignoni et al., 2016). The demethylation reaction for producing the GM metabolites M1-1/2 was more active in male rats than in females, mainly controlled by CYP2C11 in males and CYP2D1 in females. Similarly, the M2-1–producing dehydrogenation response mainly by CYP3A2 (males) and CYP1A1 (females), the M3-1/3-producing oxidation/dehydrogenation response by CYP3A2 (males) and CYP1A1 (females), and the M5-1/2-producing water addiction reaction by CYP2C11 (males) and CYP2D1 (females) were more dominant in male rats than in female rats. Regarding the M3-2-producing oxidation/dehydrogenation and M4-1/2/3-producing oxidation reactions, CYP1A1 is involved in both sexes, and no gender-related difference could be observed in the case of these reactions. These results suggest that the cause of gender differences in plasma GM pharmacokinetics in rats is most likely because of male-dependent CYP2C11 and CYP3A2 activity. The findings should be useful for interpreting the pharmacological and toxicological effects of GM in the future.
[image: Figure 2]FIGURE 2 | In vitro metabolic pathways of GM in rat and human microsomes. The metabolic pathway of GM is the same in humans and rats (Kushida et al., 2015). However, the CYP isoforms involved in each metabolic pathway differ between humans and rats (Matsumoto et al., 2016; Kushida et al., 2021). In humans, GM was dehydrogenated and/or hydroxylated by CYP3A4, demethylated or hydrated by CYP2C19, and demethylated or hydroxylated by CYP2D6. Of these CYP isoforms, CYP3A4-mediated hydroxylation is the major pathway of GM metabolism (Matsumoto et al., 2016). In rats, GM was dehydrogenated and/or hydroxylated by CYP3A2, demethylated and dehydrogenated and/or hydroxylated by CYP1A1, demethylated, hydroxylated, and hydrated by CYP2C11, and demethylated and hydrated by CYP2D1 (Kushida et al., 2021).
CYP isoforms involved in the metabolism of ICX, RP, IRP, HTE, and HTI have been investigated (Nakazawa et al., 2006; Wang et al., 2010a; Wang et al., 2010b; Zhao et al., 2016b). Zhao et al. (2016b) estimated CYP isoforms involved in the production of the major metabolites of ICX, namely 18,19-dehydrocorynoxinic acid and 5-oxo ICX, using recombinant human CYP isoforms. They found that CYP2C19 and CYP2D6 were involved in the production of 18,19-dehydrocorynoxinic acid, and CYP3A4 was involved in the production of 5-oxo ICX. CYP isoforms involved in the 10- and 11-hydroxylation of RP and IRP have also been inferred from studies using specific inhibitors in rat liver microsomes (Wang et al., 2010a; Wang et al., 2010b). The 10- and 11-hydroxylation of RP and IRP were inhibited by the addition of the specific inhibitors α-naphthoflavone (1A1/2), cimetidine (CYP2C), and quinine (CYP2D), but not by erythromycin (CYP3A). These results suggest that CYP1A1/2, CYP2C, and CYP2D, but not CYP3A, are involved in the 10- and 11-hydroxylation of RP and IRP. Similar inhibition studies using rat liver microsomes also suggested that CYP2C is involved in the 10- and 11-hydroxylation of HTI and HTE (Nakazawa et al., 2006).
Distribution
Exposure to Brain
In addition to plasma, GM has also been detected in the brains of rats orally administered YKS (Imamura et al., 2011; Kushida et al., 2013). Only GM was detected in the brains of male rats orally administered 4 g/kg of YKS. Cmax and tmax of GM were 1.18 ng/g and 0.5 h, respectively (Kushida et al., 2013). The GM concentrations in the brains of female rats 1 h after the oral administration of 1 and 4 g/kg of YKS were 1.6 and 5.9 ng/g, respectively (Imamura et al., 2011). Concerning other crude drug products, only RP (Cmax, 9.6 ng/g; tmax, 2 h) has been detected in the brains of rats orally administered a high dose (25 g/kg) of Gouteng-Baitouweng (Tian et al., 2018).
It has been confirmed that some UH alkaloids can be transferred into the brain when pure drugs are administered (Wang et al., 2010b; Wang et al., 2016b; Wang et al., 2016 W; Zhang C. et al., 2019). CX was detected at a concentration of 11.8 ng/g (3.08 × 10–11 mol/g) in the brains of rats after oral administration at a dose of 40 mg/kg (0.105 mol/kg) (Wang W. et al., 2016). RP and IRP have also been detected in the brains of rats with Cmax values of 16.96 and 7.35 ng/g, respectively, after oral administration at a dose of 20 mg/kg (Zhang C. et al., 2019). Wang et al. (2010a) and Wang et al. (2010b) detected RP (0.650 ng/g) in the brains of rats orally administered RP (37.5 mg/kg). HTI was also identified in the rat brain after oral administration at a dose of 20 mg/kg (Wang et al., 2016b).
BBB Permeability
Furthermore, an in vitro BBB assay using a co-culture of primary rat brain endothelial cells, pericytes, and astrocytes (Nakagawa et al., 2007; Nakagawa et al., 2009) illustrated that the BBB permeability (27.3%) of GM was approximately half that (52.0%) of the antiepileptic drug carbamazepine but higher than those (2.8–16.0%) of six Uncaria alkaloids, namely HTE, HTI, RP, IRP, CX, and ICX (Imamura et al., 2011). The BBB permeability of these six alkaloids has also been described in the MDCK-pHaMDR cell monolayer model (Zhang et al., 2017). These six alkaloids also permeabilized the BBB, as reported by Imamura et al. (2011). Furthermore, an examination of BBB permeability using verapamil, a classical P-gp inhibitor, suggested that ICX, IRP, HTE, and HTI could cross the BBB, mainly by passive diffusion, whereas CX and RP cross the BBB via facilitated diffusion mediated by the excretion of P-gp.
These in vivo and in vitro findings suggest that plasma GM, along with other alkaloids, reaches the brain after passing through the BBB. However, the in vitro competitive binding assay of seven UH-derived alkaloids to 5-HT1A receptors showed that the IC50 value of GM for [3H]8-OH-DPAT was 0.904 µM, whereas the other alkaloids either had no competitive binding activity or exhibited IC50 values beyond 100 µM (Nishi et al., 2012). Since the in vitro GM concentration was far from that in the brain (approximately 100-fold higher), the results of pharmacokinetic studies might not fully explain the pharmacological effects of GM. However, YKS or GM reportedly exhibit the pharmacological effects of improving aggressive behavior and restoring social behavior in mice treated with 1 g/kg of YKS or 150 μg/kg of GM, equivalent to 1 g/kg of YKS extract, respectively (Nishi et al., 2012).
Brain Distribution
In the previous sections, we suggested that oral GM definitely enters blood and reaches the brain via the BBB. In addition to this evidence, an in vitro autoradiography assay using [3H]GM revealed that GM specifically bound to various regions in normal brain slices; i.e., [3H]GM bound to dopamine D2, adrenergic α2A, and μ-opioid receptors; L-type Ca2+ channels; and 5-HT1A, 5-HT2A, 5-HT2B, 5-HT2C, and 5-HT7 receptors (Mizoguchi et al., 2014). Unfortunately, direct in vivo evidence of the distribution of GM in the brain remains to be produced. However, we recently demonstrated the brain distributions of GM and its hydroxylated metabolite (HM) in rats intravenously administered GM using DESI–MSI (Matsumoto et al., 2020), a powerful tool for visualizing the distributions of biomolecules in tissue sections (Fernandes et al., 2016). The ion images of GM in the brain sections demonstrated that GM was diffusely distributed throughout the brain parenchyma, including the cerebral cortex, hippocampus, striatum, thalamus, amygdala, and cerebellum. The combined results of DESI–MSI (Matsumoto et al., 2020) and autoradiography (Mizoguchi et al., 2014) suggest that GM is evenly distributed in brain regions and that it exerts pharmacological effects by binding to various channels and receptors. Furthermore, GM signals were detected in the cerebral ventricle even after the parenchymal signals had already disappeared. Contrarily, HM, the main metabolite of GM (Kushida et al., 2015; Matsumoto et al., 2016), was detected only in the ventricle after GM injection and not found in the brain parenchyma, suggesting that plasma HM may have entered cerebrospinal fluid (CSF) directly via the blood–CSF barrier (Strazielle and Ghersi-Egea, 2013) and not through the BBB (Laksitorini et al., 2014). CSF is produced in the choroid plexus, and it circulates in the cerebral ventricles. In addition, CSF is absorbed into the venous blood via arachnoid granulation, and it protrudes into the dural venous sinuses (Grzybowski et al., 2006). Therefore, it is assumed that GM and HM in CSF are also eventually excreted into venous blood through this system. The in vivo evidence of the distribution of GM in the brain (Matsumoto et al., 2020) strongly supports the hypothesis (Ikarashi and Mizoguchi, 2016; Ikarashi et al., 2018) that GM in plasma after the oral administration of YKS enters the brain via the BBB and distributes in various brain regions involved in behavioral and psychological symptoms.
As mentioned above, the distribution of GM in the brain, which is the target organ of GM, has been studied, but the transfer and distribution of GM and its metabolites to other organs have not been studied yet. It is necessary to investigate the organ migration and distribution of GM and its metabolites in order to better understand the safety and efficacy of GM. Therefore, it is expected that organ distribution studies of GM will be conducted in the future.
Exposure in Other Organs
Exposure to some UH alkaloids, including GM, in tissues other than brain has been investigated (Wang W. et al., 2016; Tian et al., 2018). The pharmacokinetic parameters of CX, ICX, RP, IRP, and GM in liver tissue following oral Gouteng-Baitouweng administration to rats at dose of 25 g/kg were calculated as follows: AUC, 7,149.8, 248.6, 205.8, 4,295.8, and 210.6 ng h/g, respectively, Cmax, 1,479.8, 16.1, 52.8, 764.9, and 29.1 ng/g, respectively; and tmax, 1.0, 1.0, 1.0, 1.0, and 1.0 h, respectively (Tian et al., 2018). In another study using pure CX, CX concentrations in the liver, heart, and kidneys 3 h after oral administration (0.105 mol/kg) in rats were 6.38, 8.37, and 12.3 × 10–11 mol/g, respectively (Wang W. et al., 2016). Studying the exposure and time course of UH alkaloids in various organs will provide information on the accumulation of these components and contribute to clarification of the safety of UH alkaloid-containing crude drug products.
Excretion
Urinary Excretion
Table 4 showed the excretion of UH alkaloids in urine and bile. UH alkaloids Two papers on the urinary excretion of GM have been reported. Gai et al. (2014) detected GM and its metabolite 18-hydroxy-GM in 8 h urine samples from mice orally administered YGS (9.1 g/kg). Matsumoto et al. (2018) detected GM in urine samples collected during 24 h from mice orally administered YKS (1 g/kg) in a basic study of drug–drug interactions between memantine and YKS. Furthermore, Gai et al. (2014) confirmed the urinary excretion of CX, ICX, RP, IRP, HTE, 11-hydroxy HTE, and 19-carbonyl HTI in addition to GM in mice orally treated with YGS.
TABLE 4 | Excretion studies of UH alkaloids.
[image: Table 4]As mentioned in the “Metabolism” sections, many metabolites of UH alkaloids are excreted in the urine and bile of rats and mice. Qi et al. (2015) identified 11-hydroxy ICX, 5-oxoisocorynoxeinic acid-22-O-β-D-glucuronide, 10-hydroxy ICX, 17-O-demethyl-16,17-dihydro-5-oxo ICX, 5-oxoisocorynoxeinic acid, 21-hydroxy-5-oxo ICX, oxireno[18, 19]-5-oxo ICX, 18,19-dehydrocorynoxinic acid, 18,19-dehydrocorynoxinic acid B, CX, ICX-N-oxide, and CX-N-oxide in rat urine following oral ICX administration. In another study, 33 metabolites produced by hydrolysis, oxidation, isomerization, demethylation, epoxidation, reduction, glucuronidation, hydroxylation, and N-oxidation were detected in the urine of rats orally treated with ICX (Zhao et al., 2016a). The 10- and 11-hydroxylated metabolites of RP and IPR have been detected in the urine of orally treated rats (Wang et al., 2010a; Wang et al., 2010b), and in other research, 47 metabolites of IRP were identified in the urine of rats (Wang J. et al., 2016). HTI and HTE were also excreted in rat urine as 10- and 11-hydroxylated metabolites and 10- and 11-O-β-D-glucuronide conjugates (Nakazawa et al., 2006).
Biliary Excretion
Zhan et al. (2018) studied UH alkaloids excreted in the bile of rats orally treated with 2.5 and 5 g/kg Tianma-Gouteng Yin granules. The major absorbed components were GM, CX, ICX, RP, IRP, HTE, and HTI in bile.
Similar UH alkaloid metabolites have been identified in urine and bile. Characteristically, the glucuronide conjugates of hydroxylated UH alkaloid metabolites are excreted in bile. For example, CX and ICX are excreted as 10-hydroxylated/10-O-β-D-glucuronide conjugates and 11-hydroxylated/11-O-β-D-glucuronide conjugates in the bile of orally treated rats (Wang W. et al., 2014; Chen et al., 2014). Similar glucuronide metabolites have been identified and isolated from rat bile following the oral administration of RP, IRP, HTI, and HTE (Nakazawa et al., 2006; Wang et al., 2010a; Wang et al., 2010b). Although the biliary metabolites of GM have not been investigated, GM is metabolized to 10- and 11-hydroxylated metabolites, similarly as observed for other UH alkaloids (Kushida et al., 2015). Therefore, it is suggested that GM is also converted to 10- and 11-hydroxylated metabolites and then excreted as 10- and 11-O-β-D-glucuronide conjugates.
DISCUSSION AND PERSPECTIVES
The content of UH alkaloids in crude drug is not very high, and is even lower in the extracts of crude drug product (Nishi et al., 2012; Hou et al., 2018; Kushida et al., 2021). In addition, due to the unique properties of crude drug products, such as the pharmacokinetics of multicomponent and the low bioavailability of components, the unchanged components that appear in the circulating blood may be very low. Recent improvements in analytical techniques, especially in the sensitivity of mass spectrometers, have made it possible to quantify extremely low amounts of UH components in blood.
The LC–MS/MS methods for UH alkaloids are more sensitive than HPLC, with a wide linear range for the quantification of UH alkaloids (Table 1). For example, as discussed in the “Exposure to Blood” section, GM plasma concentration levels after oral administration of UH-containing crude drug products have been on the order of ng/ml. As the lower limit of quantification for GM using HPLC is approximately 0.5 μg/ml, this method is not suitable for GM pharmacokinetic studies. The HPLC method seems to be suitable for the analysis of extracts with high content compounds, such as UH-containing herbs or crude drug products. However, the LC–MS/MS lower limit of quantification in the plasma is 0.025–0.2 ng/ml, which is optimal for GM pharmacokinetic studies. However, mass spectrometry sensitivity is known to be affected by the matrix of the sample; in the GM LC–MS/MS analytical method, the rat plasma matrix had little effect on its analytical sensitivity (Kushida et al., 2013; Tian et al., 2018), although the rat brain matrix exhibited a signal suppression of 53.0–55.5% to the GM analysis (Kushida et al., 2013). When analyzing GM in the brain tissue or that of other organs, an appropriate pretreatment method (e.g., solid-phase extraction) should be used to avoid the matrix effect. The MSI method using MALDI and DESI are very useful tools for visualizing the tissue distribution of components in herbs or crude drug products. MALDI–MSI and DESI–MSI ionize target compounds by applying laser and charged solvent spray, respectively. Therefore, the sensitivity of GM detection by MALDI–MSI and DESI–MSI is lower than that of LC–MS/MS, and a large overdose compared to the normal dose is required to detect GM in the tissues. Most recently, an analytical technology has been developed with higher sensitivity than that of the conventional MALDI, which irradiates a second laser (Post-ionization laser). Such further breakthroughs in analytical techniques are essential to study the tissue distribution of GM at healthy doses.
One approach to investigating the absorption of a drug is to calculate its bioavailability by comparing the pharmacokinetic parameters between oral and intravenous administration. Chen et al. (2020) determined the bioavailability of six UH alkaloids, excluding GM, in mice. In another study, the bioavailability of HTI and HTE in rats was obtained (Han et al., 2019). The bioavailabilities of HTI and HTE (4.4 and 8.21%) in mice were extremely different from those (51.0%, and 68.9%) in rats, which displayed relatively low levels. This means that some UH alkaloids undergo different pharmacokinetic changes in different species. As discussed in the “Metabolism by CYPs in the Liver” section, male-specific CYP isoforms are involved in the metabolism of UH alkaloids in rats, and the plasma concentration of these agents are lower in males than in females (Kushida et al., 2021). In addition, gender-specific CYP isoforms are also expressed in the intestinal tract of rats, but they have not been identified in mice (Martignoni et al., 2016). Furthermore, the absorption and excretion of drugs may involve transporter proteins that are expressed in various organs such as the intestine, liver, and brain. For example, PEPT1 and OATP2B1 as influx transporter and P-gp and BCRP as efflux transporter were expressed in intestinal epithelial cells, and OATP1B1 and 1B3 as influx transporter and MRP2 as efflux transporter were expressed in hepatocytes, respectively (Nakanishi and Tamai, 2015). It is also possible that the ability of transporters involved in the absorption and excretion of UH alkaloids may differ between rats and mice. These results suggest that the low bioavailability of UH alkaloids in rats are probably attributable to intestinal metabolic and absorption process. GM has not been investigated for bioavailability to date. The identification of metabolic enzymes and drug transporters would be useful for predicting drug–drug interactions. As discussed in the “Metabolism by CYPs in the Liver” section, the metabolic enzymes of UH alkaloids including GM have been identified, whereas their transporters have not been elucidated. It is difficult to predict whether transporters are involved in UH alkaloid uptake and excretion from the currently available data. Future strategies are needed to investigate the absorption of UH alkaloids, including their intestinal membrane permeability and efflux, and the involvement of transporters.
Because crude drug products are complex products consisting of two or more crude drugs, a single crude drug product may contain multiple components with different structures. These structures can affect the properties of the coexisting components through physical and chemical interactions. Hence, the results of pharmacokinetic studies using crude drug products may differ significantly from those using pure drugs. In a pharmacokinetic study of rats administered YGS, MRT, CL/F, and V/F were 7.25 h, 2.72 L h/kg, and 39.79 L/kg, respectively, for RP and 7.82 h, 6.65 L h/kg, and 83.73 L/kg, respectively, for ICX (Gai et al., 2014). Comparing these results with those of a pharmacokinetic study using pure drug-administered mice (Chen et al., 2020), MRTs of RP and ICX in YGS were approximately 5-fold longer than those of the pure drug (1.7 and 1.6 h, respectively), and CL/F and V/F (11.6 and 8.2 L h/kg; 60.1 and 45.7 L/kg) were approximately 3–4-fold smaller. Furthermore, considering the approximately 10-fold greater bioavailability in mice than in rats, CL/F and V/F of YGS were 30–40-fold smaller. These results support the pharmacokinetic differences between crude and pure drug formulations. However, there is a lack of evidence to confirm this phenomenon. It is expected that further research will be conducted to determine the cause of the differences in pharmacokinetics between crude drug products and pure drugs.
Traditional Japanese Kampo medicines are clinically administered between meals. This might explain why research on the impact of food on the efficacy of Kampo medicines, including crude UH-containing drug products such as YKS and YKSCH, and the absorption of their ingredients is scarce. Because GM is an alkaloid with a LogP of 3.445 and pKa of 8.25, it is expectedly absorbed in the weakly alkaline small intestine but not in the strongly acidic stomach. In fact, the GM absorption time was relatively short, displaying a tmax of 1–2 h. Meals could affect pH changes in the stomach and the subsequent elimination of GM. Therefore, the absorption of GM is potentially influenced by meals. Other UH alkaloids may also be influenced by meals due to their similar physical properties.
Previous metabolic studies of GM have been conducted only in the liver, suggesting that CYP1A, CYP2C, CYP2D, and CYP3A isoforms are involved in the metabolism of GM. CYP3A isoforms are also known to be present in the intestinal tract. As GM is administered orally, the intestinal tract may be the first-pass organ. Therefore, CYP3A expressed in the intestinal tract might be responsible for the observed gender-related GM plasma concentration differences in rats. CYP3A is only involved in dehydrogenation and dehydrogenation/hydroxylation in rats. Assuming that the main metabolic pathway in rats is hydroxylation as in humans, which is probably highly likely, the contribution of CYP3A to the gender-related differences might not be that high, since CYP1A1 is responsible for hydroxylation in rats. However, GM intestinal metabolism has not yet been investigated. Detailed studies on GM metabolism in the intestine, including the identification of CYPs involved in metabolism, contribution ratio to metabolism, and metabolic stability, would probably clarify the gender-related differences and major organs involved in GM metabolism in rats.
As mentioned in the “Metabolism” sections, UH alkaloids are converted into various metabolites such as hydroxylated and demethylated metabolites. Among the metabolic pathways of these metabolites, the main metabolic pathways are probably 10- and 11-hydroxylation followed by 10- and 11-O-β-D-glucuronide conjugation, as metabolites produced by these reactions were isolated from the urine, feces, and bile of rats administered UH alkaloids. CYP1A1/2, CYP2C, and CYP2D are involved in this hydroxylation in rats, and CYP3A4 and CYP2D6 participate in this process in humans. In addition, CYP2C11 and CYP3A2 have been revealed to participate in demethylation and dehydrogenation based on the results of identification studies of rat CYP isoforms related to GM metabolism. These rat CYP isoforms are expressed in a male-specific manner, which results in gender differences in circulating GM concentrations in rats. Although no gender differences in the rat blood concentrations of UH alkaloids other than GM have been reported till date, gender differences in the blood concentrations of UH alkaloids are expected to occur in rats. Information on the metabolites of UH alkaloids and the enzymes involved in their metabolism will be useful for further pharmacological studies of UH-containing crude drug products and the prediction of drug–drug interactions in clinical use.
When the clinical doses of YKS were orally administered to rats, RP, HTI, HTE, and GM were detected in circulating plasma, and only GM was detected in the brain (Kushida et al., 2013). In in vivo studies using pure alkaloids such as CX, RP, IRP and HTI, these were also detected in the brain (Wang et al., 2010b; Wang et al., 2016b; Wang et al., 2016 W; Zhang C. et al., 2019). However, these doses are 20–40 mg/kg, which is 200–1000-fold higher than the content in YKS (Nishi et al., 2012). Thus, UH alkaloids, excluding GM, can be detected in the brain when administered at doses 200–1000-fold higher than the clinical dose, but they are undetectable when the dose of the crude drug products is close to the clinical dose. In addition, YKS or GM reportedly exhibit the pharmacological effects of improving aggressive behavior and restoring social behavior in mice treated with 1 g/kg of YKS or 150 μg/kg of GM, equivalent to 1 g/kg of YKS extract, respectively (Nishi et al., 2012). These results suggest that GM is probably the main pharmacological component of UH-containing crude drug products at clinical doses. However, since the effective concentration of GM in in vitro studies was far from GM concentration in the brain (approximately 100-fold higher) (Nakagawa et al., 2012; Nishi et al., 2012; Kanno et al., 2014; Ishida et al., 2016), the results of pharmacokinetic studies might not fully explain the pharmacological effects of GM. GM was shown to be converted to metabolites, such as oxidized and demethylated metabolites. Hydroxylated metabolites have been identified as GM metabolites in the brain (Matsumoto et al., 2020), although other metabolites in the brain have not been investigated yet. Furthermore, whether GM metabolites exhibit a pharmacological activity has not yet been investigated. However, details regarding the brain exposure and distribution of UH alkaloid metabolites and their pharmacological activities have not yet been investigated, and these activities may be responsible for the pharmacological effects. Therefore, relevant studies are needed in the future. Future identification of UH alkaloids metabolites in the brain and their pharmacological studies would help to resolve the discrepancy between pharmacological and brain concentrations.
CONCLUSION
In recent years, the development of analytical techniques has permitted pharmacokinetic studies of UH-containing alkaloids. Among the UH-containing alkaloids, GM is an alkaloid with strong pharmacological activity. GM appears rapidly in the blood after oral administration and passes through the BBB to the target organ, the brain. GM is metabolized by hepatic CYP isoforms to metabolites such as demethylated, dehydrogenated, and hydroxylated forms. Other UH alkaloids follow the same in vivo fate as GM. Observation of the pharmacokinetics of UH alkaloids is extremely important for understanding the pharmacological activity, efficacy, and safety of UH-containing drug treatments. However, although pharmacokinetic studies of UH alkaloids have progressed, they are inadequate, and further studies are needed to clarify certain issues, such as the effects of food on UH alkaloid absorption, the excretion profile of the metabolites of the alkaloids, their metabolism in intestinal tissues, and differences in pharmacokinetics between crude drug products and pure drugs. These aspects would potentially provide a better understanding of UH-containing crude drug product efficacy and safety.
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intravenous, mice

HTI, and HTE, (5 mg/kg), oral, rats

HTI, and HTE, (1 mg/kg), intravenous, rats

Outcome

AUCo.00r Crnes tmas @01 2 i plasma of 0.0544-0.656 ng /ml, 0.0759-0.274 ng/
ml, 0.42-1.0 h, and 1.4 h, respectively, for RP; 0.149-1.59 ng hvml,
0.160-0.381 ng/ml, 0.50-0.83 h, and 3.4 h, respectively, for HT]; 0.0829-2.08 ng
h/m, 0.125-0.529 ng/ml, 0.50-2.0 h, and 1.9-3.6 h, respectively, for HTE; and
0.441-6.79 ng h/ml, 0.261-1.98 ng/ml, 0.42-0.67 h, and 1.5-2.0 h, respectively,
for GM.

AUCO.c0r Crnas tmaxs @nd 72 in brain of 2.90 ng h/g, 1.18 ng/g, 0.50 h, and 3.4 h
(4 g/kg), respectively

GM concentration of about 2.5 ng/mi at 1 h

GM concentrations in plasma of 2.1 and 9.0 ng/mi, respectively

‘GM concentrations in brain of 1.6 and 5.9 ng/ml, respectively

Crnaxs tmaxs t1/20s tis2p, and AUCof 12.3 ng/ml, 0.508 h, 0.194 h, 31.1 h,and 29.3 ng
h/ml, respectively

Cinas tmas t1/2: Koy and AUCo,., 0f 8.46 ng/ml, 1.7 h, 2.14 h, 0.33 h™", and 33.7 ng
h/ml, respectively

Cinaxs AUCq.1ast, t1/2, 8N tmax 0f 0.650-1.98 ng/ml, 1.18-4.81 nghvml, 1.72-1.95h,
and 0.500 h, respectively, for GM and of 0.138-0.450 ng/ml, 0.277-1.50 ng h/ml,
2.47-3.03 h, and 0.975-1.00 h, respectively, for HTE.

AUC, Crnax: tmaxs t1/2, MRT, CL/F, and V/F were 64.70 ng h/ml, 9.43 ng/ml, 4.76 h,
868, 7.25 h, 2.72 L kg, and 39.79, respectively, for RP and 41.02 ng Wi,
3.89 ng/ml, 1.79 h, 9.1 h, 7.82 h, 6.65 L hvkg, and 83.73 Lkg, respectively,
for ICX.

AUCs of RP, IRP, CX, ICX, and GM n portal vein plasma were 2083.2, 647.0, 767.3,
2,237.4, and 41.1 ng h/ml, respectively.

AUCs of RP, IRP, CX, and ICX in systemic plasma were 349.6, 51.0, 35.1, and
265.8 ng hviml, respectively

One-compartment model with k, of 0.4 ™, aty; of 1.8 h, a Clica of 1.7 Likg,
and Vd of 4.4 Ukg

AUGs of CX, ICX, RP, IRP, HTI, and HTE were 260.9, 293.1, 416.7, 209.2, 899.7,
and 511.3 ng Vi, respectively, Coax Were 374.8, 373.2, 508.0, 305.3, 524.5, and
360.8 ng/ml, respectively, MRT were 0.9, 1.6, 1.7, 1.2, 1.8, and 1.6 h; respectively,
t1/2were 0.7, 1.6, 4.4, 2.5, 2.0, and 2.4 h, respectively; CUF were 20.2, 18.2, 11.6,
24.7, 5.6, and 9.8 Uhvkg, respectively; and V/F were 193, 45.7, 60.1, 84.5, 16.8,
and 36.1 Lkg, respectively

AUGs of CX, ICX, RP, IRP, HTI, and HTE were 191.4, 179.2, 1686, 142.0, 261.3,
and 200.7 ng /i, respectively, G Were 230.7, 221.2, 199.3, 184.6, 222.6, and
188.4 ng/mi, respectively, MRT were 0.2, 0.3, 0.5, 0.2, 0.9, and 0.9 h; respectively,
t1/2 were 0.5, 3.2, 2.2, 0.6, 1.1, and 2.2 h, respectively; CL were 6.2, 6.1, 6.2, 7.4,
4.4, and 5.2 Uhvkg, respectively; and V were 4.4, 28.7, 20.0, 6.8, 8.3, and

15.9 kg, respectively

AUC of HTI and HTE were 70.8 and 70.3, respectively, Cmax were 21.9 and
17.8 ng/mi, MRT were 3.6 and 4.4 h, respectively, t1/2 were 1.8 and 35 h,
respectively, CL/F were 73.2 and 74.0 L/h/kg, respectively, and V/F were 189.4 and
359.0 L/kg, respectively

AUC of HTI and HTE were 322.9 and 173.3, respectively, Crna. were 97.9 and
72.5 ng/ml, MRT were 5.0 and 3.1 h, respectively, t1/2 were 2.6 and 4.1 h,
respectively, CL were 3.1 and 5.7 L/hvkg, respectively, and V were 11.9 and
34.9 kg, respectively
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