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Background: Zhi-Zi-Hou-Po Decoction (ZZHPD), a classic traditional Chinese medicine (TCM) formula, is clinically used to treat insomnia and depression. The analysis strategy based on the concept of co-decoction of TCM is helpful to analyse the effective substances of TCM formula in depth.
Aim of the study: This manuscript intends to take ZZHPD as a model sample to explore the phenomenon of co-decoction of complex formula in the combination of liquid chromatography-mass spectrometry (LC-MS) technology, data analysis, and molecular docking.
Materials and methods: In the current research, an innovative LC-MS method has been established to study the active ingredients in ZZHPD, and to identify the ingredients absorbed into the blood and brain tissues of mice. And molecular docking was used to study the binding pattern and affinities of known compounds of the brain tissue toward insomnia related proteins.
Results: Based on new processing methods and analysis strategies, 106 chemical components were identified in ZZHPD, including 28 blood components and 18 brain components. Then, by comparing the different compounds in the co-decoction and single decoction, it was surprisingly found that 125 new ingredients were produced during the co-decoction, 2 of which were absorbed into the blood and 1 of which was absorbed into brain tissue. Ultimately, molecular docking studies showed that 18 brain components of ZZHPD had favourable binding conformation and affinity with GABA, serotonin and melatonin receptors. The docking results of GABRA1 with naringenin and hesperidin, HCRTR1 with naringenin-7-O-glucoside, poncirenin and genipin 1-gentiobioside, and luteolin with SLC6A4, GLO1, MAOB and MTNR1A may clarify the mechanism of action of ZZHPD in treating insomnia and depression.
Conclusion: Our study may provide new ideas for further exploring the effective substances in ZZHPD.
Keywords: Zhi-Zi-Hou-Po decoction, co-decoction, UPLC-QE-Orbitrap-MS, new compound, molecular docking
INTRODUCTION
Fast-paced city life has aggravated the pressure on people’s lives, causing people to fall into the dilemma of anxiety, insomnia and even depression, and prevalence of the symptoms has severely affected people’s quality of life. Long-term insomnia can induce many complications, and can even cause sudden death (Liu X et al., 2021). Zhi-Zi-Hou-Po Decoction (ZZHPD) is composed of three Chinese medicinal herbs: Gardeniae Fructus (GF), Aurantii Fructus Immaturus (AFI) and Magnoliae Officinalis Cortex (MOC) (Table 1). ZZHPD is a classic herbal formula in traditional Chinese medicine (TCM), derived from “Shang Han Lun”, and has been used for the treatment of anxiety and insomnia for more than a thousand years (Xing et al., 2015). Scientists have revealed that the mechanism of ZZHPD in treating insomnia may be related to restoring the function of the hypothalamus-pituitary-adrenal axis, increasing the expression of hippocampal brain-derived neurotrophic factor and promoting the healing of the hippocampal nerve function (Zhu et al., 2020).
TABLE 1 | Components of ZZHPD.
[image: Table 1]The controversy between the efficacy of TCM formula and single herb has always been the centre of discussion among scholars. Jin Xiaoling et al. found that the protective effect of each single herbs was weaker than that of the whole prescriptions when studying the protective effect of Sheng-Xian decoction on cardiomyocytes (Chen L et al., 2021). Compared with single herbs, Yi-Qi-Jie-Du-Hua-Yu formula plays a more important role in inhibiting the expression of Smad3 mRNA in glomerular mesangial cells and promoting the expression of Smad7 mRNA in mesangial cells (Wang et al., 2019). Similarly, Song Dongmei et al. confirmed that Tong-Xin-Luo formula has a better curative effect on vascular endothelial damage, collateral stasis and collateral dysfunction compared with single herbs (Song et al., 2013). The above studies have shown that the effect of TCM formula is better than that of single herbs. Single herbs are mostly used as prescriptions, and their role is to influence each other’s efficacy on the basis of the efficacy of single herbs, rather than just generating a simple additive effect of the single herbs (Zhou et al., 2017). So, why does the prescription play a more important role than the single herbs? Some scholars believe that the physical and chemical properties of single herbs are changed after compatibility, and that the efficacy will be enhanced to a certain extent (Zhang et al., 2020). Research has verified that the dissolution of the main ingredients in ZZHPD is affected by compatibility, and the anti-anxiety effect of ZZHPD is exerted based on the multi-component coordination (Chu et al., 2017). This effect is the biological performance of the TCM formula after intervention by active components under pathological conditions. According to the hypothesis of TCM, the multiple active phytochemical components in TCM formula can exert their medicinal effects through multiple molecules and multiple pathways, and may achieve better effects than a single herb. Therefore, it is of great significance to study the effective ingredients of TCM formula and explain the mechanism of compatibility (Wang et al., 2013). In the previous research, our research team found that when two kinds of TCM were decocted together, and apply the metabonomic data processing method to analysis the global compounds, and a variety of new formed unknown compounds were detected in co-decoction. Furthermore, a series of formulae of TCM were explored by our research team. Meanwhile, a novel concept of co-decoction reaction of TCM was put forward for the first time (Liu R et al., 2021; Wu et al., 2021; Zhang et al., 2021). In order to further explore the co-decoction phenomenon of the complex TCM formula consists of three or more kinds of herbal medicine, we carried out an exploratory study of Zhi-Zi-Hou-Po Decoction.
TCM has always been an indispensable source of medicine for treating various diseases. However, due to the inherent chemical diversity and complexity of TCM, its’ safety and effectiveness in clinical application are limited. In the past 10 years, LC-MS has always been key tools for medicine research. The combination of LC and MS has made great contributions to the qualitative analysis of TCMs (Yu et al., 2021). The application of LC-MS in TCM mainly focuses on ingredients, metabolites and biologically active ingredients (Chen YH et al., 2021). This study has analysed the chemical components of a single decoction and co-decoction of ZZHPD based on UPLC-QE-Orbitrap-MS technology and MSDIAL software. We have also explored whether there are new compounds in the process of co-decoction, which may provide a unique idea for others. The components of ZZHPD absorbed into the blood and brain tissue were also analysed, to study whether the new compounds entered the body of mice and played a role in treating insomnia and depression. Finally, the binding ability of components absorbed into brain and insomnia-related targets was evaluated by molecular docking, revealing the mechanism of ZZHPD in treating insomnia and depression. The research flowchart is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The research flowchart of the article.
MATERIALS AND METHODS
Chemicals and Reagents
Gardeniae Fructus (GF), Aurantii Fructus Immaturus (AFI) and Magnoliae Officinalis Cortex (MOC) [Beijing Deshoutang Pharmaceutical Co., Ltd. (Beijing, China)], Acetonitrile, formic acid, methanol (LC-MS grade) (Thermo Fisher Scientific (China) Co. Ltd.), Watsons Distilled Water (Beijing, China).
Preparation of Zhi-Zi-Hou-Po Decoction Extraction
The preparation method of all sample according to the original composition and preparation method of ZZHPD recorded in “Shang Han Lun”, with a little modification. The prescription includes GF 9 g, AFI 10 g, and MOC 62.4 g. Seven sample were prepared as follow: the single herb decoctions included three groups (GF/AFI/MOC), and the co-decoction included three groups of two-herb co-decoction (GF-AFI/GF-MOC/AFI-MOC) and a three-herb co-decoction (ZZHPD). The extraction preparation process of the seven sample was operated in parallel in order to reduce the difference as much as possible. Herbs of the seven sample were separately immersed in water (1:10, w/v) for 30 min, and then decocted at 95 ± 5°C for 1 h. Subsequently, the extraction was filtered, and the residue was decocted twice more. The ratios of the total weight of the herbs to the volume of water for the second and third decoction were 1:8 and 1:5, respectively. The three filtrates were combined and diluted to 250 ml to obtain the samples. The samples were centrifuged for 15 min at 12,000 r/min, and 5 µl of supernatant was taken for mass spectrometry analysis. Moreover, the three-herb co-decoction was concentrated to 45 ml by rotary evaporator dried in vacuum conditions, and stored at low temperature (4°C) for animal experiment.
UPLC-QE-Orbitrap-MS
Chromatographic Separation Conditions: Waters HSS T3 UPLC C18 column (1.7 µm, 2.1 × 150 mm, Milford, MA, United States ); Mobile phase: 0.1% formic acid aqueous solution (A) and acetonitrile (B); Elution gradient: 0–2 min: 5% B; 2–17 min: 5–98% B; 17–20 min: 98–98% B; 20–23 min: 98–5% B; 23–25 min: 5% B; Column temperature: 40°C; Injection volume: 5 μl; Flow rate: 0.3 ml/min.
Mass Separation Conditions: Electrospray ionization source (ESI); Positive ions mode (20 V, 40 V, 60 V) and negative ions mode (30 V, 50 V, 70 V); Spray voltage 3800 V (−), 3200 V (+); Sheath gas: 35 arb; Auxiliary gas: 15 arb; Scan mode: the full scan/data-dependent two-stage scan (full scan/ddMS2); Scanning mass range: m/z 100–1,300 Da; Capillary temperature: 350°C.
Animals
12 specific pathogen-free male ICR mice (4 weeks old, 25–30 g) were purchased from the Si pei fu (Beijing, China) Biotechnology Co., Ltd. (license number: SCXK (Jing) 2019-0010). Mice can freely obtain commercial standard chow diet and purified water, and are kept in an environmentally controlled room with a temperature of 25°C, a relative humidity of 60 ± 5%, and a 12 h light/dark cycle. Allow them to acclimate to the environment 7 days before the experiment. Animal experiments were approved by the Animal Care and Use Committee of Beijing University of Chinese Medicine (BUCM-4-20211111004-4067), and in accordance with the “Guidelines for the Care and Use of Laboratory Animals” published by the National Institutes of Health (NIH Publication No. 85-23, revised in 1996). All the mice were randomly divided into two groups (n = 6): a control group and a ZZHPD group. Mice of ZZHPD group were given a ZZHPD condensed liquid (1.81 g/ml) at the dose of three times of clinical dosage for 5 days.
Preparation of Biological Sample
One hour after the last administration, blood samples were taken from the eyes of the mice, placed in an anticoagulation tube and stored in a refrigerator at 4°C. After blood collection, the mice were killed by cervical dislocation. The thoracic cavity was exposed, and the remaining blood in the mice was flushed with cardiac perfusion. Take out the brain tissue and homogenize with 1 ml of ultrapure water. Then the plasma and brain tissue were centrifuged at 4°C and 4,000 rpm for 15 min, and the supernatant was taken for subsequent operations. Three times the plasma volume of acetonitrile was added to the plasma supernatant to precipitate proteins. After acetonitrile was added, the mixture was vortexed for 3 min, and then the mixture was centrifuged at 8,000 rpm for 15 min at 4°C. The separated supernatant was dried with nitrogen, reconstituted with 100 μl of 50% methanol and vortexed for 3 min. The re-dissolved sample was centrifuged at 12,000 rpm for 15 min at 4°C, and the supernatant was taken as the final plasma sample. Perform the same operation on the brain tissue to obtain a brain tissue sample.
Molecular Docking
Molecular docking needs to prepare the 3D structure of the compound and protein for molecular docking. The 3D structure of the brain component is obtained from PubMed (https://pubchem.ncbi.nlm.nih.gov/), and the 3D structure of the protein is obtained from the PDB (Protein Data Bank) database. The Maestro 11.8 software includes roughly four parts, processing ligands, optimizing protein structure, constructing binding pockets, and performing molecular docking. Firstly, The LigPrep panel needs to be used to process small molecules to obtain suitable ligands. Then in order to make these structures suitable for molecular docking, we use the protein preparation tool ProteinPreparation Wizard to pre-process the protein. The protein preparation process mainly includes three main steps: processing, modification and refinement. Fill missing side chains and/or loops, optimize hydrogen bond networks, change the protonation state of residues and ligands, repair possible conflicts that may occur when hydrogen is added or fill missing side chains, and minimize capabilities. Furthermore, the mating pocket is defined according to the binding site of the original ligand in the protein, which means that the centre and size of the original ligand will be used as the centre and size of the interface pocket by the receptor grid generation. Finally, the prepared ligand is docked with the optimized protein in a standard precision mode, so that the result of the docking can refer to the result of the original ligand.
Data Processing and Analysis
The data collected by high-resolution mass spectrometry was processed using Compound Discoverer 3.1.1.12 software and MSDIAL software. Use Compound Discoverer software to perform peak alignment, peak detection, background subtraction and other operations to identify compounds. Due to the blindness of Compound Discoverer matching, it is necessary to combine M/Zcloud, Chemspider, M/Zvalue with literatures to confirm related compounds and ensure the accuracy of results. Furthermore, excimer ion peaks and unique fragment ions in the spectrogram have been used to deduce related structure of compounds, which were not matched in the database and have high response peaks in the spectrogram. Next, use Analysis Base File Converter software to convert the mass spectrum into a format that MSDIAL can recognize, normalize the data, and compare different compounds in the co-decoction process. The Jvenn website (http://jvenn.toulouse.inra.fr/app/example.html) and origin 2021 software were used to analyse and visualize the processed data, and Maestro 11.8 software was used to accomplish molecular docking.
RESULTS
Compound Difference Between Single Decoction and Co-decoction
Although qualitative and quantitative analysis is usually performed on certain components by UPLC-QE-Orbitrap-MS, information about new compounds is rarely considered by most scholars from the perspective of single decoction and co-decoction. We used UPLC-QE-Orbitrap-MS to determine the active components in the single-decoctions and co-decoctions, and drew a base peak intensity chromatogram (BPI) of seven samples (Figure 2). Meanwhile, by comparing standard compound databases and the literature, 106 main compounds in ZZHPD were predicted or identified, including phenolic acids, flavonoids and alkaloids (Additional file 1: Supplementary Table S1).
[image: Figure 2]FIGURE 2 | Typical BPI of GF, AFI, MOC and co-decoction under the positive ion mode (A) and negative ion mode (B).
In this research, the MSDIAL software was used to normalize all the mass spectra data collected in the single decoctions and co-decoctions samples, and compounds were labelled with retention-time and accurate mass. Subsequently, eliminate peaks without secondary fragments in the results, and construct an extracted ion chromatogram in order to further reduce false-positive results. After analysing and processing the mass spectrum data of the ZZHPD co-decoction, it was found that a total of 17,071 peaks were detected in the positive ion mode, and a total of 22,495 peaks were detected in the negative ion mode. Then cross-analyse the data of seven samples in the positive ion mode, compare single decoction and co-decoction, and screen new compounds with a normalized value greater than 10−5. The data in the negative ion mode were processed in the same way as in the positive ion mode process. We will be shocked by the findings that there are 653 compounds from the co-decoction including two-herb and three-herb in the positive mode, and these compounds do not exist in the single decoction. Only 240 compounds showed Ms/Ms assigned after normalization by MSDIAL, including 79 compounds from the co-decoction of GF-AFI, 62 compounds from GF-MOC, 36 compounds from AFI-MOC, and 63 compounds from ZZHPD, which indicates that new compounds appear through certain chemical reactions during co-decoction (Figure 3A.). Similarly, there were 621 compounds from the co-decoction including two-herb and three-herb in the negative mode, with only 248 compounds showing Ms/Ms assigned after normalization, including 76 compounds from GF-AFI, 72 compounds from GF-MOC, 38 compounds from AFI-MOC, and 62 compounds from ZZHPD (Figure 3B.).
[image: Figure 3]FIGURE 3 | Data processing results of MSdial software in the positive mode(A) and in the negative mode(B).
125 new compounds have appeared in ZZHPD, and their mass spectra are shown in Additional file 2 Supplementary Table S2. The source of the new compounds produced by the three herbs co-decoction was then traced. Seven compounds are produced by the interaction of three herbs and the remaining 56 new compounds were derived from the two herbs co-decoctions (10 new compounds belonging to ZZHPD/GF-AFI, 13 new compounds belonging to ZZHPD/GF-MOC, 16 new compounds belonging to ZZHPD/AFI-MOC, eight new compounds belonging to ZZHPD/GF-AFI/GF-MOC, six new compounds belonging to ZZHPD/GF-AFI/AFI-MOC, 2 new compounds belonging to ZZHPD/GF-MOC/AFI-MOC, and 1 new compound belonging to ZZHPD/GF-AFI/GF-MOC/AFI-MOC) in the positive ion mode. It was found that nine new compounds were only derived from the three herb co-decoction, and the remaining 53 new compounds were derived from the two herb co-decoctions (8 new compounds belonging to ZZHPD/GF-AFI, 15 new compounds belonging to ZZHPD/GF-MOC, seven new compounds belonging to ZZHPD/AFI-MOC, 12 new compounds belonging to ZZHPD/GF-AFI/GF-MOC, four new compounds belonging to ZZHPD/GF-AFI/AFI-MOC, five new compounds belonging to ZZHPD/GF-MOC/AFI-MOC, and 2 new compounds belonging to ZZHPD/GF-AFI/GF-MOC/AFI-MOC) in the negative ion mode. The results are shown in Figure 4. Unfortunately, Due to the incomplete structure identification information, there is insufficient evidence to accurately identify new compounds.
[image: Figure 4]FIGURE 4 | Traceability of new compounds under the positive ion mode (A) and negative ion mode (B).
Analysis of the Components of ZZHPD Absorbed Into the Blood and Brain, Based on UPLC-QE-Orbitrap-MS
By comparing literatures, spectres, and results from the MSDIAL, we have initially identified the components of ZZHPD in vitro, and then verified whether the components in vitro were enriched in the blood and brain tissue, and played a pharmacological effect. The BPI diagram of drug-containing plasma and the brain extract samples under the negative ion mode and positive ion mode were shown in Figure 5.
[image: Figure 5]FIGURE 5 | The BPI of blood components of ZZHPD under the positive ion mode (A) and negative ion mode (B); The BPI of brain components of ZZHPD under the positive ion mode (C) and negative ion mode (D).
In total, 30 compounds of ZZHPD were screened in plasma, including 28 known compounds and two new compounds under the positive and negative ion mode. And, 18 known compounds and one new compound were absorbed into brain tissue under the positive and negative ion mode. Origin software was used to draw the chromatographic scatter diagrams of all components of ZZHPD, identified components of ZZHPD, new components, blood components and brain components, as shown in Figure 6. More information was shown in additional files.
[image: Figure 6]FIGURE 6 | Information of the chemical compounds of Zhi-Zi-Hou-Po decoction under the positive ion mode(A) and negative ion mode (B).
The components entering the blood and the brain tissue were far fewer than those outside the body. There are two reasons: the existence of the blood-brain barrier (BBB) and the influence of the intestinal flora. Specifically, the BBB, one of the internal barriers in the body regulating innate immunity, restrict drug delivery during the treatment of central nervous system diseases. TCM contains complex chemical components, and only a few chemical components of TCM, such as polar or lipid soluble small molecules, can exert therapeutic effects on central nervous system diseases through BBB (Jin et al., 2013). Furthermore oral administration of TCM is inevitably interacted with intestinal flora (Yi et al., 2021), and the interaction between the active ingredients of TCM and intestinal flora has become research hotspots in recent years. Some biologically active ingredients can’t pass through the intestine, resulting in low bioavailability. The components of TCM are metabolized or biotransformed by the intestinal microbiota, thereby promoting the production and absorption of new active compounds. Meanwhile, the function of diseased organs/tissues is regulated by the ingredients of TCM by influencing the composition and structure of intestinal flora (Gong et al., 2020). Although there are few new compounds found in brain and blood, they still have certain research value and significance.
Results of Molecular Docking Experiment
According to the key proteins of some cutting-edge drugs in fighting insomnia and depression, 12 proteins including GABA receptor, serotonin, histamine, dopamine and orexins were screened out. Among them, the Dong Ying-Jie team found that Modified Suan-Zao-Ren Decoction can effectively increase the content of 5-HTR1A protein in the hypothalamus of insomnia mice and down-regulate the expression of OX2R, indicating that Modified Suan-Zao-Ren Decoction can effectively improve insomnia (Dong et al., 2021). Combined with the RCSB protein database (PDB), the proteins were finally obtained according to the source and resolution of proteins and the influence of the original ligand on the protein. After analysis and comparison, 12 proteins were obtained as targets related to insomnia and depression (Table 2.). All the components absorbed by the brain are used for docking with proteins. In order to verify the accuracy of the results, it is necessary to evaluate the original ligands in the protein crystal structure with active compounds and draw the results into a heat map (Figure 7.).
TABLE 2 | Molecular docking results of 18 prototype components absorbed into the brain from Zhi-Zi-Hou-Po decoction.
[image: Table 2][image: Figure 7]FIGURE 7 | The heat map of molecular docking results.
According to the results of molecular docking, there are seven proteins have higher binding affinity to the brain components than the original ligand, such as eriodictyol with HCRTR1, MTNR1A, GABRA1, HCRTR1, MAOA, GLO1 and HTR2A; naringenin-7-O-glucoside with HCRTR1, MTNR1A, MAOA, GLO1, HTR2A and HRH1; naringenin with MAOA, HCRTR1, MTNR1A, GABRA1, HCRTR1, GLO1 and HTR2A; as well as lotusine with MTNR1B, HCRTR1, MTNR1A, GABRA1, MAOA and HTR2A. The result shows that ZZHPD may play an important role in treating insomnia. The docking results of components absorbed into brain and related receptors are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Molecular docking of representative compounds and related receptors. The 3D diagram of the docking of HRH1 with Naringenin-7-O-glucoside (A), MTNR1A with Lotusine (B), GLO1 with Eriodictyol (C), MAOA with Suberenol (D), HTR2A with Quercimeritrin (E), MTNR1B with Geniposide (F), HTR2C with Eriodictyol (G).
DISCUSSION
With the improvement of modern science and technology, humans also need continuous progress. Particularly as pharmaceutical analysts, we should make full use of advanced equipment and different methods to settle various problems. People have been discovering new things and expanding their ideas since ancient times, and the emergence of something new often drives the development of things. In this study, whether the new compounds exist in the co-decoction of ZZHPD is analysed based on high-resolution mass spectrometry and MSDIAL software. The MSDIAL software was launched as a universal program for untargeted metabolomics, which has many features, including data-independent MS/MS and spectral deconvolution for both GC/MS, conversion of raw data to analytical data and streamlined criteria for peak identification. The software-assisted data processing method had significantly improved the efficiency of MS data interpretation for complex TCM systems. Overall, 125 unique compounds were found in the co-decoction via spectral comparison. Mass spectrometry information (such as retention time, molecular weight and fragments) facilitated in the identification of the new compounds in plasma and brain tissue.
Insomnia and depression are a very common disease. The continuous medicinal needs of patients with insomnia have focused a lot of attention on the discovery of insomnia drugs (Feizi et al., 2019). Melatonin (melatonin receptor agonist), Benzodiazepine receptor agonists (BZRAs) and histamine antagonists, and orexin receptor antagonists are the most popular drugs in treating insomnia (Dujardin et al., 2020). BZRAs, including benzodiazepine related drugs (BZRDs) and benzodiazepines (BZDs), act on the gamma-aminobutyric acid (GABA) receptor and are the mainstay treatments for insomnia (Huang et al., 2021). Ramelteon, as a sleep-promoting agent, can reduce the arousal promotion signal from the suprachiasmatic nucleus (mainly through the melatonin MT1 receptor), and affect sleep time through the melatonin MT2 receptor. The ability of mirtazapine to antagonize 5HT2C, 5-HTA and 5-HT3 receptors causes the remaining serotonin concentration to interact with free 5-HT1 receptors. The interaction with 5-HT1 receptors (especially 5-HT1A receptors) have antidepressant effects. It also exhibits moderate or weak antagonism to peripheral α1-adrenergic receptors and muscarinic receptors (Jeong and Bahk, 2014). Reserpine, a vesicle reuptake inhibitor, can deplete neurotransmitters such as norepinephrine and serotonin, and cause physiological changes (Becker et al., 2021). Amitriptyline, as a tricyclic antidepressant, has been approved by the FDA in treating adults with depression (Di Pierro and Settembre, 2015; Anderson et al., 2017). Amitriptyline is also used off-label to treat anxiety, chronic pain syndrome and insomnia. Based on the important role of orexin in sleep/wake regulation, orexin receptor antagonists have become the focus of new therapies for the treatment of insomnia (Patel et al., 2015; Ito et al., 2021). Although the western medicine plays an important role in the treatment of insomnia, its side effects such as drug resistance and addiction cannot be ignored at present. (Wang et al., 2020).
TCM has a long history of treating insomnia and depression with fewer side effects. Many Chinese herbs and prescriptions have good effects on treating anxiety and insomnia (Zhao, 2019). The TCM prescription library for the treatment of insomnia had been built using an auxiliary platform of the inheritance of TCM. Scientists found that the most frequently used medicine was Ziziphi Spinosae Semen(Ziziphus jujuba var. spinosa (Bunge) Hu ex H.F.Chow), followed by Poria(Poria cocos(Schw.)Wolf), Glycyrrhizae Radix Et Rhizoma (Glycyrrhiza uralensis Fisch)and Polygoni Multiflori Caulis(Polygonum multiflorum Thunb.) (Ma et al., 2021). As a classic Chinese prescription, ZZHPD has been proven to have a good effect on depression-like symptoms with few side effects (Sun et al., 2021). However, due to the complex components and multi-target nature of ZZHPD, the mechanism in treating insomnia is still unclear. Studies have shown that the mechanism of ZZHPD in treating insomnia is mainly related to GABA synthase and GABA metabolizing enzymes (Feizi et al., 2019). Naringenin can effectively improve the harm caused by an efavirenz-induced sleep-like disorder in the midbrain of white albino mice (Olufunke et al., 2020). An infusion of flowers of several species of the Citrus genera is used as a sedative to treat insomnia, and hesperidin may participate in the function of adenosine receptors and exert a sedative effect (Guzmán-Gutiérrez and Navarrete, 2009; Adhikari-Devkota et al., 2019). Geniposide ameliorates the depression-like behaviour induced by chronic unpredictable mild stress, through inhibition of ceramide-PP2A signalling via the PI3K/Akt/GSK3β axis (Wang et al., 2021). Furthermore, LC-MS technology was used to identify components absorbed into the brain, and 18 compounds were found, which indicated that these prototype components play a key role in anti-insomnia activities. There are four terpenes, 4 glycosides, 4 flavonoids, 3 alkaloids, 2 coumarins and 1 organic acid, specifically including bergaptol, deacetylasperulosidic acid methyl ester, eriodictyol, genipin, genipin 1-gentiobioside, geniposide, glaucine, hesperidin, lotusine, magnoflorine, naringenin, naringenin-7-O-glucoside, n-Feruloylputrescine, poncirenin, quercimeritrin, scopoletin and suberenol. However, there are only four main ways for pharmaceutical ingredients to penetrate the BBB: 1) small water-soluble molecules directly diffuse through the intercellular space; 2) transmembrane diffusion of fat-soluble molecules; 3) pinocytosis mediated by specific receptors; 4) activation of specific carrier channels and enzyme systems (Jin et al., 2013). TCM contains complex components, and the main substances that can penetrate the BBB are currently polar or fat-soluble small molecules. It is worth noting that, as a macromolecular flavonoid compound, hesperidin can penetrate the BBB, but the penetration mechanism needs further research. Besides, the results of molecular docking indicated that GABRA1 has a strong binding power with naringenin and hesperidin, and HCRTR1 has strong binding power with naringenin-7-O-glucoside, poncirenin, and genipin 1-gentiobioside. The research provides a reference for research in treating insomnia and depression with ZZHPD in vivo and in vitro.
CONCLUSION
In this study, an LC-MS method was developed to detect the ZZHPD components, and 125 new compounds were investigated by analysing the MS information of the co-decocting of ZZHPD for the first time. Although there are few new compounds absorbed into the plasma and brain tissue, their effects could not be denied. Molecular docking also showed that Lotusine, Eriodictyol, Naringenin and Naringenin-7-O-glucoside are active ingredients acting on melatonin receptors, GABA receptors and serotonin-related pathways. The research takes the material changes of the ZZHPD complex reaction system as the breakthrough point to provide new ideas for the development of TCM, which is based on the theory of Chinese medicine co-decoction.
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GHB is an endogenous short-chain organic acid presumably also widely applied as a rape and knock out drug in cases of drug-facilitated crimes or sexual assaults (DFSA). Due to the endogenous nature of GHB and its fast metabolism in vivo, the detection window of exogenous GHB is however narrow, making it challenging to prove use of GHB in DFSA cases. Alternative markers of GHB intake have recently appeared though none has hitherto been validated for forensic use. UHPLC-HRMS based screening of blood samples for drugs of abuse is routinely performed in several forensic laboratories which leaves an enormous amount of unexploited data. Recently we devised a novel metabolomics approach to use archived data from such routine screenings for elucidating both direct metabolites from exogenous compounds, but potentially also regulation of endogenous metabolism and metabolites. In this paper we used UHPLC-HRMS data acquired over a 6-year period from whole blood analysis of 51 drivers driving under the influence of GHB as well as a matched control group. The data were analyzed using a metabolomics approach applying a range of advanced analytical methods such as OPLS-DA, LASSO, random forest, and Pearson correlation to examine the data in depth and demonstrate the feasibility and potential power of the approach. This was done by initially detecting a range of potential biomarkers of GHB consumption, some that previously have been found in controlled GHB studies, as well as several new potential markers not hitherto known. Furthermore, we investigate the impact of GHB intake on human metabolism. In aggregate, we demonstrate the feasibility to extract meaningful information from archived data here exemplified using GHB cases. Hereby we hope to pave the way for more general use of the principle to elucidate human metabolites of e.g. new legal or illegal drugs as well as for applications in more global and large scale metabolomics studies in the future.
Keywords: Gamma-hydroxybutyrate, retrospective study, metabolomics, biomaker discovery, whole blood samples, driving under the influence of drugs (DUID), drug metabolism, UPLC-QTOF analysis
INTRODUCTION
Gamma-hydroxybutyrate (GHB) is an endogenous short-chain organic acid derived from γ-aminobutyric acid (GABA) in the brain and periphery (Struys et al., 2006). GHB is approved as a prescription medication for the treatment of narcolepsy, and in the amelioration of drug and alcohol withdrawal in clinical practice (Carter et al., 2009). Also, GHB, or more recently its lactone prodrug γ-butyrolactone (GBL), is consumed recreationally as a drug of abuse, and is known as a rape drug and knock out drug in cases of drug-facilitated crimes or sexual assaults (DFSA) in forensic toxicology although the frequency apparently is low (Epperson and Ralston, 2016; Francesco et al., 2018). However, the low frequency of detection may be caused by the fast metabolism and thereby narrow detection window of typically up to 6 h in whole blood and 12 h in urine (Busardò and Jones, 2019). Many DFSA cases are likely reported late causing blood or urine samples to be drawn too late for detection of exogenous GHB intake (Kintz et al., 2001; Odujebe et al., 2007; Busardò and Jones, 2019). Therefore, the detection of GHB, discrimination between endogenous and exogenous GHB, and subsequently proving the ingestion of exogenous origin is challenging and likely underreported (Brenneisen et al., 2004; Abanades et al., 2007).
As alternative to direct detection of elevated levels of GHB, reliable and validated biomarkers that reflect prior ingestion of exogenous GHB intake can be useful though such are currently unknown. It is reported that GHB can be metabolized to succinic semialdehyde, followed by oxidation to succinate (Kaufman and Nelson, 1987). GHB can also be further catabolized to acetyl-CoA and glycolate by β-oxidation, and converted to 3-hydroxypropionyl-CoA by α-oxidation (Steuer et al., 2019). In addition, GHB-glucuronide and GHB-sulfate have been reported as Phase II metabolites of GHB (Petersen et al., 2013; Hanisch et al., 2016), but neither are apparently suitable to confirm GHB consumption (Mehling et al., 2017; Piper et al., 2017). Recently, Kraemer et al. (2022), also synthesized fatty acid esters of GHB that also were detected as potentially novel GHB metabolites in blood (Kraemer et al., 2022). GHB-carnitine and GHB-glutamate were tentatively identified for the first time as urinary metabolites of GHB in the study of Steuer et al. (2019), and the structures of GHB-carnitine was later confirmed by an authentic standard in their following study (Steuer et al., 2021). Furthermore, conjugates of GHB with glycine, taurine and pentose were found in urine, and GHB-pentose was reported to be promising for longer detection, while none of these GHB conjugates were found in blood samples (Steuer et al., 2021). 2,4-dihydroxybutyric, 3,4-dihydroxybutyric acid, and glycolic acid have also been reported to be potential GHB biomarkers by a control study with five participants (Jarsiah et al., 2021; Küting et al., 2021). Most of these studies for GHB biomarker discovery were based on a limited number of GHB-users, e.g., to our knowledge up to 20 participants and with a maximum dose of 50 mg/kg reported (Steuer et al., 2021). Furthermore, the time interval from ingestion of GHB to collection of samples is limited with a maximum period of 30 h in a single arm study reporting succinate and glycolate as potential markers based on comparison with pre-intake levels (Palomino-Schätzlein et al., 2017). Novel reliable and importantly validated markers in whole blood is thus still needed for forensic toxicological analyses to confirm exogenous GHB intake.
Untargeted ultra-performance liquid-chromatography-high-resolution mass spectrometry (UHPLC-HRMS) based screening is increasingly used to analyze blood samples for drugs in forensic laboratories (Telving et al., 2016). This technique leaves much unexploited data and in particular if the same quality controlled method has been run over several years, a unique opportunity to mine the existing data for correlations between drug intake and formation of novel metabolites as well as impact on ordinary human metabolism. The feasibility of such a retrospective analysis in metabolomics was initially demonstrated in a seminal paper analyzing data from blood samples from humans exposed to 3,4-methylenedioxymethamphetamine (MDMA) over a 2-year period (Nielsen et al., 2016). The findings provided an initial proof-of-principle that meaningful results can be derived from retrospective data analysis of routine data from toxicological screenings. In contrast to MDMA, GHB is an endogenous compound, and the concept still needs further proof and verification for such more complicated cases. More recently, the principle was also applied by other groups to detect novel direct metabolites of valproate, as well as to examine whether data from post-mortem samples can be used to get insight into mechanism of death (Mollerup et al., 2019; Elmsjö et al., 2020). Still, the method is yet in its infancy and needs further development to, e.g., tackle archived data produced over a longer period, as the shift of retention time (RT) and intensity is much larger in retrospective analysis compared to single or consecutive runs as is custom in the field. Furthermore, a more thorough examination and validation of more advanced data analysis methods is wanted to prepare for future more large-scale studies. Finally, though important insight into direct metabolites of, e.g., MDMA and valproate was demonstrated in previous studies, a validation of the impact of the exogenous compound—here GHB—on endogenous metabolism would ultimately prove that the method merits further attention and use in the future.
Consequently, the aim of this study was to investigate a range of advanced analytical methods to discover those best suited for detecting novel and known biomarkers/direct adducts of GHB consumption in data from routine UHPLC-HRMS screenings. The results examined and potentially validated by comparison to data from controlled studies in the literature. Furthermore, to investigate the impact of GHB intake on human metabolism and also validate this to the literature. For the analysis we used HRMS data from 51 GHB positive and 51 negative driving under the influence of drugs (DUID) blood analysis acquired over a 6 year time period. Towards this aim, data normalization and a range of advanced analytical methods were applied to examine and develop our analytical approach in further depth and demonstrate the power using the GHB data and simultaneously opening up for more large scale metabolomics studies using archived data in the future.
EXPERIMENTAL METHODS
Chemicals
Acetonitrile (LC-MS grade), methanol (LC-MS grade), formic acid and hydrochloric acid were purchased from Merck (Darmstadt, Germany). Purified water was prepared by a Milli-Q IQ 7000. All other chemical standards including GHB, amphetamine-d5, cocaine-d3, diazepam-d5, and phenobarbital-d5 were purchased from Sigma-Aldrich (Schnelldorf, Germany). 4-hydroxybutyryl-carnitine chloride was purchased from Toronto Research Chemicals (Toronto, Canada). GHB-glutamate was synthesized following the procedures in Supplementary Material.
Biological Material
Ante-mortem whole blood samples from drivers suspected of DUID were collected by the Danish police in tubes containing fluoride oxalate mixture and tubes containing a fluoride citrate mixture on different sites in western part of Denmark (4 police districts). The collected samples were subsequently sent to our department by normal mail. All samples were frozen and stored at −18°C immediately after arrival until analysis within a maximum of 7 days.
Sample Extraction
For the ultra-high-performance-liquid-chromatography quadrupole-time-of-flight mass spectrometry (UHPLC-QTOF) analysis, the extraction procedures followed the method in the study of Telving et al. (2016). An aliquot of the whole blood sample was precipitated with a mixture of methanol and acetonitrile and centrifuged. The supernatant was filtered through a 30 kDa filter and evaporated to dryness, reconstituted and transferred to a LC-vial. For quantitative analysis on ultra-high performance-liquid-chromatography triple-quadrupole (UHPLC-QQQ), the extraction procedures referred to the study of Sørensen and Hasselstrøm, (2012). In short an aliquot of the whole blood sample was precipitated with a mixture of methanol and acetonitrile and centrifuged. The supernatant was transferred to a cation exchange column and the eluate was transferred to a LC-vial.
Untargeted Screening Using UHPLC-QTOF
The qualitative analysis of the whole blood sample extracts was performed on an ACQUITY I-Class UHPLC system (Waters Corporation, Milford, MA, United States) coupled to a Bruker maXis Impact QTOF mass spectrometer (Bruker Daltonics, Bremen, Germany). The analysis was performed using an ACQUITY BEH C18 (100 mm × 2.1 mm, 1.7 μm) column with mobile phases A consisting of 0.1% formic acid in water and B of acetonitrile, and the analytical method was carried out using the method by Telving et al., (2016).
An electrospray ionization source was operated in positive mode using m/z calibration range of 50–1000 Da at a rate of 10 Hz, and fragmentation analysis was carried out using broadband Collision Induced Dissociation (bbCID) with collision energy of 25 eV. The exactly same analytical method was applied over the 6 years, though the column, was changed regularly e.g. approximately every 6 months during the period. Auto-MS/MS with collisions carried out at energies from 10 to 35 eV was additionally used for some specific fragmentation of selected features after retrospective data analysis for further verification of structures.
Quantitative Analysis Using UHPLC-QQQ
Quantitative Analysis of GHB was routinely carried out using a validated method with UHPLC-QQQ. The method was described in a previous study (Sørensen and Hasselstrøm, 2012).
Data Collection and Preprocessing
Samples in this study were collected over 6 years from 2015 to 2020 both inclusive. Fifty-one samples with verified GHB concentrations above 10 mg/kg were matched against a control group of 51 samples with endogenous levels of GHB (<10 mg/kg), 10 mg/kg was selected as a threshold to be sure of GHB intake. Besides GHB, various other drugs were also detected providing both group similar “backgrounds” to level out potential confounding effects by other drugs (Supplementary Table S1). The detailed sample information including the GHB concentration and data collection years of both the control and the GHB positive group is shown in Supplementary Table S2.
Mass spectrometry data obtained from the UHPLC−QTOF were transformed to the mzml. file format using Bruker Compass DataAnalysis (Bruker Daltonics, Bremen, Germany) after internal calibration. The mzml. files were processed with XCMS in R (version 4.0). The XCMS parameters were optimized (Supplementary Table S3) and a tabulated data matrix list with aligned RT and m/z values was summarized in .csv format. The ions with null value in the data matrix file were imputed with one third of the lowest value of the given ion in all the samples in order to make log-transformation in the next step. Known adducts or isotopes of GHB, namely [(104.0467 + H+1)+, (104.0467 + Na)+, (104.0467 + Na+1)+, (104.0467-H2O)+, (104.0467-H2O+1)+] were also excluded in the statistics to get more reliable results for other GHB markers.
As alternative to ordinary quality controls samples in our retrospective analysis, we initially corrected the peak intensity using the internal standards (IS) with the NOMIS method (normalization using optimal selection of multiple internal standards). The data were log-transformed (log 10) to fit the assumptions of the NOMIS method and then normalized by four IS (“metabolomics” package), as illustrated in the study of Sysi-Aho et al. (2007). NOMIS uses variability information from multiple IS to find the optimal normalization factor for each feature. We validated our data quality and the accuracy of the “NOMIS” correction in retrospective analysis by comparing the GHB intensity (not corrected/corrected by NOMIS) in all samples obtained from UHPLC-QTOF to GHB levels measured by UHPLC-QQQ using a linear regression analysis.
Statistics and Machine Learning
T-Test, Fold Change, and PCA
The normalized data obtained by the NOMIS method were used for the following statistical analysis. Pairwise univariate T-tests were used to test the difference for each feature between groups (control/positive) using a critical value of 0.05 (Wang et al., 2021). To account for multiple testing, p-values were further adjusted using the false discovery rate (FDR). Also, the fold change (FC) was used to illustrate the ratio of the integrated peak areas between the control and the positive GHB group. Principle component analysis (PCA) by using “ggplot” R package was applied for multivariate analysis.
Pearson Correlation Analysis and Correlation Network
Pearson correlation analysis was used to quantitatively calculate the correlation between each feature’s and GHB’s intensity to find potential GHB metabolites. The correlation coefficients were calculated using the “rcorr” function in the “Hmisc” package in R. On the basis of Pearson correlation, we also constructed a correlation network (CN) using all selected GHB-related metabolites to explore the potential interaction between all these features and make a better understanding of the impact of GHB on metabolism. CN can be interpreted as a system biological data analysis method. Correlations between features were considered significant if FDR-corrected q-value < 0.1 and only significant features were displayed in the network. Each edge represents correlation between features, and each node represents one selected feature. Features were plotted with the R package “qgraph.” Only networks containing a minimum of three molecules were plotted.
Machine Learning Methods
The machine learning methods used for biomarker discovery in this study were selected based on previously reported methods (Nielsen et al., 2016; Liang et al., 2020; Liebal et al., 2020). Orthogonal partial least squares discriminant analysis (OPLS-DA) was applied for feature selection using SIMCA version 16 (Umetrics, Umeå, Sweden). Pareto scaling was applied to the data for the OPLS-DA model. The parameters Q2 and R2X (R2Y) were used to evaluate the performance of the OPLS-DA model. Q2 indicates the prediction quality of the model, whereas R2 explains how well the model fit the data. The accuracy of the OPLS-DA model was validated with 10-fold cross validation, and the dataset was further randomly divided into a training set and a test set containing 50% of the samples for each. Variable importance parameters (VIPs) from OPLS-DA indicate the importance of each feature that contributes to the separation of the two groups (VIP ≤ 0.5: unimportant; VIP > 1: significantly important according to usual interpretation of VIP) (Sinclair et al., 2021). Least absolute shrinkage and selection operator linear regression (LASSO) from the “glmnet” R package was used to predict metabolites associating to exogenous GHB intake. Random forest regression (RFR) and classification (RFC) from the “randomForest” R package were also applied to select the potential metabolites that associated to GHB. RFR calculates the percentage increase of the mean squared error (%IncMSE), which is used to explain the importance of the features corresponding to GHB. %IncMSE indicates the increase in mean squared error (MSE) of predictions (estimated with out-of-bag-CV) as a result of variables being permuted (values randomly shuffled) (27). We also randomized all the samples and applied OPLS-DA model again as an example to see whether we could still identify any markers.
Metabolite Identification
We used the guidelines from the Metabolomics Standard Initiative to annotate features (Sumner et al., 2007). Selected features with high importance in correlation-based and statistic-based approach were searched from our in-house database with endogenous metabolites (ca. 400 metabolites) and/or online databases as METLIN (https://metlin.scripps.edu), the human metabolome database (http://www.hmdb.ca), lipid maps (http://www.lipidmaps.org), and KEGG (http://www.genome.jp/kegg/) using MetFrag (http://msbi.ipb-halle.de/MetFrag) in silico fragmentation for tentative identification. Structures of the selected features were confirmed by matching the m/z-values, fragment pattern, and RT to database or available authentic standards. Annotated metabolites were marked with identification levels. For features identified to level 1, we compared m/z of precursor, retention time and fragmentation spectra to an authentic standard. For level 2 identification, we compared the m/z of precursor, fragmentation spectra to public database.
RESULTS
XCMS & NOMIS Align and Normalize the Data Over 6 Years
The GHB concentration quantified by UHPLC-QQQ in the positive group is in the range from 10 mg/kg to 231 mg/kg whole blood, and the GHB level in 51 negative samples are all below 10 mg/kg. RT deviates with a maximum of 20 s before peak alignment, which indicates the variation between samples. Chromatograms of all studied samples before and after RT correction are shown in Supplementary Figure S1. The peak area variation of the four internal standards in all samples varies up to five times (Supplementary Figure S2). Regarding to the integration accuracy, we compared the integrated peak area of GHB by XCMS to the manually integrated peak area of GHB. As shown in Supplementary Figures S3, in general the peak integration accuracy is acceptable (R2 = 0.85), and only six samples (11.8%) are a bit off from others with their xcms-integrated peak area around half of the true value.
The accuracy and performance of the “NOMIS” normalization method in retrospective analysis is evaluated by plotting the logarithmic peak area of GHB in all the positive samples integrated by XCMS using the routine screening data acquired on UHPLC-QTOF to the GHB concentration obtained by UHPLC-QQQ. As shown in Figure 1, the R2 is 0.48 before log-transformation and data normalization, and it is 0.69 after log-transformation but before normalization. The correlation further increases to 0.844 following NOMIS, which indicates a strong positive correlation across a long time period and which we evaluate as sufficient for the current purpose.
[image: Figure 1]FIGURE 1 | Correlation between the GHB concentration and the GHB peak area integrated by XCMS: (A) correlation between GHB concentration and GHB peak area without log-transformation and data normalization. (B) correlation between GHB concentration and GHB peak area with log-transformation but without any data normalization, (C) correlation between GHB concentration and GHB peak area with log-transformation and NOMIS normalization. The peak area in y-axis is from screening method on UHPLC-QTOF, and concentration of x-axis is measured by UHPLC-QQQ. Only GHB positive samples were used in all the plots.
Statistical Analysis for Selection of Potential GHB-Markers
XCMS pre-processing extracted 3913 features. The FDR adjusted p-values (q-value) resulted in 554 features using a threshold of 0.05 and 110 features using a threshold of 0.01. For FC, 674 features were higher than 1.2, 147 were higher than 1.5, and 34 were higher than 2.0. Finally, 516 features had FC values lower than 0.8, and some of them could be potential down-regulated metabolites induced by GHB. M354T52, M507T82, M250T52 are top three features with highest FC, and their FC are 6.0, 4.0, and 3.8, respectively. The FC of all features can be found in Supplementary Table S4. The identified metabolite GHB-carnitine and the tentatively identified metabolite GABA-2-hydroxyglutarate also have relative high FC with values of 2.6 and 2.3 (The top 20 highest). A volcano plot is shown in Figure 2, and FC with 1.2 and q-value 0.05 were used as cutoff. PCA shows no clear clustering between the two groups, which indicates that GHB metabolites does not vary enough to affect the first two principal components of the PCA (Supplementary Figure S4).
[image: Figure 2]FIGURE 2 | Volcano plot of significant features between the GHB positive group and the control group. y-axis represents the log-transformed adjusted p-values calculated by t-test. x-axis is log2(FC). Cutoffs of 1.2 and 0.05 are used for fold change and adjusted p-values (q-value), respectively. FC of 674 features are higher than 1.2, and 516 features have FC lower than 0.8. Adjusted p-values of 554 features are higher than 0.05.
Correlation and Machine Learning Models to Select Significant Features Correlated to GHB
Pearson correlation, OPLS-DA, RFR, RFC, and LASSO were applied to identify the potential metabolites correlated to GHB. In Pearson correlation, features with correlation coefficients (R) higher than 0.5 are defined as significant resulting in 11 positively correlated features (R > 0.6) and one negatively correlated feature (M165T51) to GHB (R < −0.6). These features with high correlation coefficients also show high VIP scores (VIP > 2.5) in OPLS-DA (Figure 3A) and are the most significant features in the S-plot (Figure 3B) and volcano plot (Figure 2).
[image: Figure 3]FIGURE 3 | OPLS-DA. (A) OPLS-DA plot showing the discrimination between control and the GHB positive group. (B) S-plot highlighting the most discriminating features of GHB intake in the positive samples compared to controls in the OPLS-DA model. The x-axis shows the magnitude of the variables and their importance, and the y-axis indicates the reliability; the closer to ±1, the more reliable. The annotation of each feature with ID refers to Table 1. The unknown features marked with “r” mean they were reported in the literature.
OPLS-DA discriminates the two groups with R2Y = 0.86, R2X = 0.42, and Q2 = 0.36. The returned root-mean-square error of estimation (RMSEE) is 0.19 using 10-fold cross-validation. The high R2 and the low Q2 indicates some overfitting, which is also seen by the low specificity in the validation set. This could be explained by the endogenous nature of GHB. In OPLS-DA, the sensitivity (true positive) and specificity (true control) from test set validation are 92% and 76%. Among all the features, VIP values of 1350 features are higher than 1.0, and 353 features are higher than 1.5. The importance of features are shown in an S-plot (Figure 3B), where the x-axis indicates the magnitude of the variables and their importance, and the y-axis shows the reliability, the closer to ±1, the more reliable. The most discriminating features of GHB positive samples versus the control group are highlighted. M165T51, M507T82, M354T52, M342T52, M297T48 are the top five features with highest VIPs that discriminate the two groups. GHB-carnitine, GABA-2-hydroxyglutarate (tentatively identified) and some other endogenous metabolites or reported unknown features also show significant importance in S plot, which will be discussed further in the following sections. As a control of the approach, we finally randomized the united pool of samples and applied the OPLS-DA model again, the results are shown in Supplementary Table S4. As evident, we could not find any GHB markers among the top 50 features with highest VIP score using the randomized samples, e.g., GHB carnitine (M248T57) got a VIP score of only 0.41.
For the LASSO linear regression, the model is first validated by 10-fold cross-validation. The RMSE is 0.27 and the R2 is 0.96, which is sufficient to make prediction. LASSO selects 14 features as important features, where four of them (M929T287, M495T277_2, M192T140, M410T173) are found to be insignificant in Pearson correlation with correlation coefficients of 0.36, 0.35, and 0.23, and 0.17, respectively.
The RFR and RFC algorithm is another way to provide information on variable importance. The accuracy of RFC using 10-fold CV is 0.89 (mtry = 58). The RMSE of RFR is 0.62, and R2 is 0.80 (mtry = 88). In the results, %IncMSE of 304 features are higher than 1.2, and 76 features are higher than 1.5. The top 11 features are consistent with the top significant features in the Pearson correlation with almost the same order. RFC calculates mean decrease accuracy (MDA) of each feature, which expresses how much accuracy the model losses by excluding each variable. In the results of RFC, MDA of 140 features are higher than 1.2, and 38 features are higher than 1.5. The prioritized features sorted by all the different data analysis methods and how they overlap are shown in Supplementary Table S4. Table 1 shows all the information of selected metabolites that were prioritized and predicted by the different statistics and models. The ID, RT, annotations, T-test, FC, and importance of various models of these features are all shown here, and explanation of the content in this Table 1 will be discussed in the following section.
TABLE 1 | Metabolites found to be associated with GHB intake that predicted by random forest, Pearson correlation, lasso, and OPLS VIP-Scores.
[image: Table 1]Feature Selection for Further Analysis
Three feature selection strategies were used: a statistic-based approach, a correlation-based approach and a machine learning based approach. In the statistic-based approach, T-test and FC were used, and absolute fold-change (1.2) and q-value (0.1) were treated as statistical significance cutoffs. Both correlation and machine learning approaches were based on features with statistical significance. In the correlation-based approach, the top 50 features sorted by Pearson correlation were selected. The top 50 features with highest VIP values in OPLS-DA model were also selected. In addition, all features were matched with our in-house database that includes endogenous metabolites and all the GHB-related metabolites reported in the literatures, and those metabolites showing significance in at least one method (FC > 1.2/FC < 0.8, VIP>1 or q-value<0.1) are also listed in Table 1. In the end, all these features with high importance (statistically or the individual top 50 lists) in different strategies and the endogenous metabolites that match with our in-house database and shows significance were combined, resulting in 89 features (Table 1; Supplementary Table S5).
Metabolites Associated With GHB Levels
A range of features that correlated to GHB levels are identified or tentatively identified, as shown in Table 1, and their fragment patterns that obtained from DDA or DIA mode from UHPLC-QTOF are shown in Supplementary Table S6. In Supplementary Table S6, fragments without abundancy mean that they were fragmented in bbcid mode since not all the precursors got fragmented, otherwise they were fragmented in auto-MS/MS mode. Among the identified features, GHB-carnitine is identified with an authentic standard, which has been reported in previous studies (Steuer et al., 2019, Steuer et al., 2021). GHB-carnitine is found to be a highly significant feature in both OPLS-DA (VIP: 2.11), Pearson correlation (R = 0.43), and FC (2.55). M428T460 is tentatively identified as a C17:0 acylcarnitine with VIP score of 2.69 and FC of 0.43, and M456T478 was tentatively identified as arachidylcarnitine. Nine carnitine conjugates are found to be correlated to GHB intake, the levels of myristorylcarnitine, oleoylcarnitine, C17:0 acylcarnitine, and arachidylcarnitine are negatively correlated to GHB according to their FC and Pearson correlation coefficients, while decanoyl carnitine, lauroylcarnitine, octanoylcarnitine, succinylcarnitine, and acetylcarnitine are upregulated by GHB.
Feature M234T52 has the 10th highest VIP among all detected features (2.92) and also high FC (2.27). This metabolite has the same mass as GHB-glutamate that was reported in the study of Steuer et al. (2021), but has so far only been tentatively identified without an authentic standard as it is not commercially available. We therefore synthesized GHB-glutamate according to the structure they proposed in their paper and tested it against our samples (Steuer et al., 2019). However, the RT of the authentic GHB-glutamate did not fit with the RT of M234T52 detected in GHB samples with delta RT of 0.4 min, which means that M234T52 is not GHB-glutamate, but another compound with high correlation to GHB intake, possibly GABA-2-hydroxyglutarate as discussed below. The chromatogram of a GHB sample spiked with authentic GHB-glutamate is shown in Supplementary Figure S5. The two main fragments produced by M234T52 are m/z 84.05 and m/z 130.05, which are also found in GHB-glutamate but with different abundancy (Supplementary Figure S5). Also, GHB-glutamate gives rise to two additional fragments, m/z 102.06 and m/z 69.03, which is not produced by M234T52. The detailed synthesis procedure and NMR spectra of GHB-glutamate are shown in Supplementary Figures S6–S11, and the proposed structure and possible pathway of GABA-2-hydroxyglutarate is shown in Supplementary Figure S12. Two unknown features M259T82 and M507T82 might belong to the same compound due to same RT and show particularly high significance in various statistics and models, but no matches are found in any database.
There are also several amino acids or conjugates of amino acids that are found to be correlated to GHB levels, namely glutamine, lysine, cyclo (Pro-Thr), cyclo (Pro-Val), Phe-Val, 5-adenosyl-homocysteine, homocysteine, threonine, glutamic acid, proline, and Val-Leu. The structures of these amino acids are all confirmed by authentic standards. Lysine, Val-Leu, cyclo (Pro-Thr), cyclo (Pro-Val), and homocysteine are all downregulated by GHB, while the remaining metabolites are upregulated by GHB intake.
Validation of Different Feature Selection Methods by Comparison to Controlled GHB Studies
To further compare the performance of the different statistics and machine learning models, the identified GHB-related metabolites among the top 50 features sorted by each method are shown in Figure 4. Some of the identified metabolites have been reported previously in controlled GHB studies and can be used to validate our approach and the different analytical methods.
[image: Figure 4]FIGURE 4 | Comparison of the different feature selection methods and identified compounds (as shown in grey area) among the top 50 most important features sorted by each method. FDR q-value, OPLS-DA, and Pearson correlation prioritize most metabolites in their top 50 features compared with control studies.
As GHB-carnitine, succinylcarnitine, and several reported unknowns are not found in LASSO, this method is considered less reliable for biomarker discovery in our case since it penalized these previously described GHB-related metabolites (Liebal et al., 2020). Relatively few GHB-related metabolites are also found in top 50 features sorted by RFR and RFC (Figure 4), with only two GHB-related features (GHB-carnitine and M259T82) consistent with the literature. Both RFR and RFC however prioritize M234T52 (possibly GABA-2-hydroxyglutarate). OPLS-DA is able to model the difference between the GHB positive and control group, and using this machine learning method four reported GHB-related metabolites could be found in top 50 features with high significance (VIP > 1). Pearson correlation provides valuable information to discover metabolites that are highly correlated to GHB intake, and is known as the best method of measuring the association between variables of interest. However, as our study is uncontrolled, Pearson correlation may not be the best method to interpret the results as the Pearson correlation coefficients we obtained from most relevant metabolites are not high enough to take as significant features according to a typical significance cutoff such as 0.5, but still provides additional information for the change of metabolism. FDR q-value gives valuable information for potential biomarkers and four of the top 50 prioritized features have previously been identified as GHB-related metabolites (Steuer et al., 2019). Random forest allows direct biological understanding of the decision and classification (Liebal et al., 2020). In aggregate, for our data, the outputs of RFR and RFC vary much compared to the OPLS-DA and FDR q-value, which provides less conservative results. Thus, we regard OPLS-DA as the machine learning method used for feature selection giving the most comprehensive information, while its combined use with other statistics such as T-test and Pearson correlation further strengthens the prioritization of relevant features/metabolites.
Based on our combined feature selection strategy, 89 features were selected for further correlation network analysis (see next paragraph), and 77 of them show significant correlation with each other after FDR correction. Table 1 only includes the features with the top 20 highest VIPs values and top 20 highest correlation coefficients, also together with all the identified metabolites that match with in-house database and shows significance in at least one method (FC, VIP, and q-value). The remaining unknowns are shown in Supplementary Table S5. Twenty-five features of the features included in Table 1 are plotted in a box plot (Figure 5), to illustrate the difference of abundance between the control and positive group.
[image: Figure 5]FIGURE 5 | Boxplot of selected features showing up and down regulated metabolites in the GHB positive samples compared to the control group. Features marked with “*” means they have reported in controlled studies. The figure shows 25 features selected from Table 1, which includes features reported in controlled studies and interesting metabolites included in correlation network, and also unknowns with high VIP score. N-acetylmeth is N-acetylmethionine, Indole-3-carbo is indole-3-carboxaldehyde, GABA-2-hydroxyglut is GABA-2-hydroxyglutarate, which is tentatively identified.
GHB Impacts on Human Metabolism as Reflected by a Correlation Network
The correlation network (CN) provides insights into the impact of GHB on metabolism and the interaction between the individual metabolites, this even though many features were not identified. Based on our combined feature selection strategy, 89 features were initially selected for further analysis. Of these 77 features are included in Figure 6, as only networks containing a minimum of three molecules were plotted. The CN highlighted the role of important features, and there are three main subnetworks shown in the plot. The highlighted subnetwork on the top shows the main features that correlate to GHB directly, e.g., M354T52 (#26), M250T52 (#34), M342T52 (#42), M259T82 (#37), M507T82 (#47), M234T52 (#22, possibly GABA-2-hydroxyglutarate), M345T50 (#43), M297T348 (#40), are positively correlated to GHB, while M165T51 (#32) is negatively correlated to GHB, M342T52 (#42), and M345T50 (#43). To show the correlation of features to GHB more clearly, we also zoomed in on the subnetwork that includes GHB with a different scaling of edges. We speculate that the features #26, #34, #42 might be direct adducts of GHB as the wider edges show a stronger correlation. The intensity of feature #32 is not high enough to be fragmented in DDA mode, while it is still interesting to notice that this feature is highly downregulated by GHB. GHB-carnitine (#2) is directly correlated to M297T48 (#40) and M345T50 (#43), and subsequently correlated to GHB. A strong correlation is found between feature #47 and #37, which indicates they may belong to the same compound as also noted previously. The subnetwork including GHB is connected to another subnetwork in the middle according to feature M256T52 (#36). Succinylcarnitine is negatively correlated to features including lysine, Indole-3-carboxaldehyde, and a number of unknowns (#27, 29, 46, 52, 57–60), and betaine is also negatively correlated to indole-3-carboxaldehyde, and a range of unknowns (#27, 31, 46, 52, 57–62). Top-left subnetwork contains acetylcarnitine, thioproline, and four amino acids (proline, glutamic acid, threonline, and glutamine), which are correlated to betaine and connected to the middle subnetwork. LysoPC O-16:0/0:0, LysoPC P-18:0/0:0, LysoPC (17:0), myristorylcarnitine, oleoylcarnitine, arachidylcarnitine, C17:0-acylcarnitine, and several knowns are included in the subnetwork bottom-left side, which shows that carnitines and lipids are closely related. It is found that mainly carnitines and lipids are included in this subnetwork, and they are connected to the middle subnetwork according to #48.
[image: Figure 6]FIGURE 6 | Correlation network of features associated with GHB intake. Edges represent correlations between features, edges in green mean positive correlations, edges in red mean negative correlation. Correlations between features were considered significant if FDR-corrected q-value < 0.1, 77 significant features are shown in this network. The subnetwork on the top is enlarged with a different scaling of edges to get more visible relations between these features. Only networks containing a minimum of three molecules are plotted.
DISCUSSION
The main findings of the present study is the demonstration that it is indeed possible to use archived data normalized by NOMIS for identification of metabolites correlated to drug intake—here demonstrated with GHB using a combination of OPLS-DA, Pearson correlation and FDR q-value. In the data processing part, our results prove that the NOMIS normalization using multiple internal standards is a superior normalization method for retrospective analysis. The typical batch correction methods that are widely applied in metabolomics studies need a number of pooled quality control (QC) samples, while our data were efficiently normalized without using QC. Despite the large intensity variation in the raw data, the NOMIS can still take the analytical variation corresponding to sample preparation and ion source variation into account, and makes it possible to get good correlation between actual concentration and corrected peak areas.
As use of archived data for metabolite correlation is still in its infancy, we performed a range of advanced both statistical and machine learning methods to evaluate which performs the best. In general, OPLS-DA, Pearson correlation, and FDR q-values give the most valuable information when evaluating based on the number of prioritized metabolites found, that also have been reported in previous controlled studies (Steuer et al., 2019). These feature selection methods have also been used in previous metabolomics studies (Nielsen et al., 2016; Elmsjö et al., 2020; Jung et al., 2021), where meaningful results also were reported using these methods. Mass spectrometrory metabolome data analysis is complicated, since metabolites interact nonlinearly, and the data structures themselves are complex, especially when the study is retrospective and uncontrolled. Supervised machine learning has great potential in metabolomics research because of the ability to supply quantitative predictions (Jung et al., 2021). In this study, the machine learning model OPLS-DA gives better results than other machine learning models LASSO and random forest, while these models still provide compensatory information for feature selection that we could investigate in the future. Of important relevance is the combination of different feature selection methods to discover the potential biomarkers.
GHB-carnitine was first identified tentatively in urine samples in the study of Steuer et al. (2019), and further verified with standard in their latest study (Jung et al., 2021). Although GHB-carnitine was not detectable in serum in the study of Steuer et al. (2019), we routinely detected it using our analytical setup on the whole blood DUID cases. This is likely due to differences between our extraction or analytical methods or alternatively caused by the uncontrolled and potentially higher recreative consumption of GHB in the DUID cases. GHB-carnitine is the ester between GHB and carnitine. Carnitine is a small and highly polar zwitterionic compound that plays a critical role in energy metabolism and β-oxidation by facilitating transport of conjugated long chain fatty acids or more simple organic acids across the mitochondrial membrane (Bremer, 1983; Mo et al., 2014). Usually the synthesis of acylcarnitines proceed via an acyl SCoA intermediate, where the activated acyl group is then transferred to carnitine in a second step catalyzed by a carnitine acyltransferase. The current findings further suggest that whole blood GHB-carnitine could be a potential marker for exogenous GHB intake.
M259T82 shows particularly high significance in various statistics, and previously has been reported to be correlated to GHB intake even though it is still unknown without fragment pattern being provided (Steuer et al., 2019). The unknown features M507T82 also show very high significance being top 10 in all the models we applied, M259T82 and M507T82 might belong to the same compound due to the strong correlation in Pearson correlation (Figure 6) and also the same RT. A feature with similar mass to feature M234T52 has previously been identified tentatively as GHB-glutamate (Steuer et al., 2021). However, by comparison to a synthesized reference of GHB-glutamate we could not verify the identity in our case. Instead, we tentativly propose the feature as GABA-2-hydroxyglutarate (Supplementary Figure S12), which has the same mass as GHB-glutamate, but different RT and fragmentation pattern. GABA-2-hydroxyglutarate is an ester of GABA and 2-hydroxyglutaric acid, the latter which has been shown to be a prominent metabolite of GHB in mammals (Struys et al., 2006), and it indicates GHB intake with very high correlation. M507T82 or M259T82, and the tentative metabolite GABA-2-hydroxyglutarate could all be used as potential biomarkers for GHB intake, and it is worthwhile to further identify these unknown features.
Various other carnitine metabolites are either found to be up or down regulated by GHB intake, e.g., oleoylcarnitine that has also been reported in a previous GHB study (Steuer et al., 2021). In relation to GHB-carnitine, succinylcarnitine is perhaps the most relevant one as a supportive biomarker to GHB-carnitine. Succinylcarnitine, was also observed to be upregulated in previous controlled studies as a result of GHB administration (Steuer et al., 2019; Jarsiah et al., 2020). Furthermore, succinate is known to be formed from GHB via oxidation to succinic semialdehyde and then to succinate, which then ultimately can enter into the citric acid cycle as an energy metabolite (Zhang et al., 2009). As succinate previously also have been reported to increase on GHB consumption, it seems likely that excess of succinate is diverted into succinyl SCoA and then finally succinylcarnitine following GHB intake. Increased levels of the two metabolites GHB and succinyl carnitine combined accordingly may more strongly support exogenous GHB intake. This together with the regulation of other strongly regulated metabolites we will need to verify in a controlled clinical study, in which the detection window of the relevant component can also be assessed.
In previous studies, several GHB-related acids have been reported in blood plasma and urine, such as glycolic acid, 3,4-DHB, 2,4-dihydroxybutyric acid, GA and some organic acids from the TCA cycle (Küting et al., 2021). None of these metabolites are found in our study as these acidic metabolites are mostly analyzed in negative mode, whereas only positive mode was used in this study. Therefore analysis in negative mode could be carried out in the future. In addition, three other unknowns, namely M127T391, M367T466, M169T102 that previously have been reported to be correlated to GHB intake (Steuer et al., 2019), are also detected in our work (Table 1). All these unknown features show significant effects in at least one of applied methods. These previously reported unknowns also validate our approach although they may not be direct GHB biomarkers.
To make a better understanding of the impact of GHB on human endogenous metabolism, a correlation network (CN) using all selected GHB-related metabolites was also constructed. The CN also reveals potential interaction or co-regulation between non-GHB features potentially revealing larger or more general metabolic impact on groups of related metabolites (Figure 4). From the Figure 4 it is evident that GHB impacts on the metabolism of many carnitines, lipids, amino acids, a range of unknowns as well as clustering of similar or biochemically related compounds further strengthens the evidence and insight. As previously mentioned, acylcarnitines mainly functions as entities for transporting organic acids into the mitochondria for oxidative metabolism (Skulachev, 1998; Alves et al., 2009). Increased levels of these compounds usually reflect increased levels of their immediate precursors, e.g., the increased level of acetyl carnitine reflects an increase or surplus of acetylSCoA following GHB ingestion (Rubaltelli et al., 1987). Why we observe a build-up of acetylcarnitine following GHB ingestion is unknown, particularly as a range of long chain acylcarnitines as well as lysoPC are down-regulated indicating that lipid metabolism more generally is impeded. A high upregulation of lysoPCs and carnitines in the brain of mice following acute GHB ingestion is demonstrated in the Study of Luca et al. (2014), while they did not see the same regulation in the liver of the mice. Significant regulation of these metabolites are found in blood in our study, though the regulation is opposite to what is observed in the cortex of mice, but it may suggest a role for these metabolites following GHB intake that perhaps is not directly involved in energy metabolism (Luca et al., 2014). Based on the CN it however appears that acetylcarnitine is more strongly correlated to several amino acids, e.g., glutamate, glutamine, proline and threonine, and as these can serve as metabolic fuel generating acetylSCoA, the increased acetylcarnitine may simply reflect an increased energy dependence on catabolism of these amino acids perhaps as substitution for the retarded lipid metabolism. In the CN, we could also find that glutamate, proline, glutamine and acetylcarnitine are grouped together on the left, and as they are metabolites of each other and accordingly biochemically connected as reported (Tapiero et al., 2002; Susanna et al., 2010), it further validates the outcome of our method and analysis. It can be mentioned that GHB intake also in previous studies have been correlated to increased levels of some of these amino acids (Steuer et al., 2021), where, e.g., glutamic acid is identified with a relative high VIP score (1.29). Several studies have furthermore shown effects of GHB on glutamate release (Ferraro et al., 2001; Castelli et al., 2003), and these results also suggest that the effects of GHB on glutamate release might be mediated by GHB receptors and GABAB receptors. Proline and lysine have also been reported to be up and down regulated respectively by GHB exposure in rat, which is consistent with our results, and it could also be an additional validation of our method (Seo et al., 2018). Finally, we also found some amino acids not previously reported to be regulated by GHB intake, such as homocysteine, threonine, Phe-Val and cyclo (Pro-Thr). These metabolites provides supplementary information for the GHB metabolism interpretation and used as second targets of methods to elucidate the metabolic impact.
In relation to use of the features as discriminative biomarkers for GHB consumption, it is at the present stage difficult to evaluate whether the obtained biomarkers of GHB intake will be sufficiently strong and also persists long enough in vivo to be useful. We however, note that several of the presumptive direct metabolites of GHB are 2–3 fold upregulated and furthermore are highly significant, so potentially they are. Even more if combined with further known metabolites from other recently published studies. Furthermore, based on our machine learning models we indeed can discriminate presumed GHB users from non-users with more than 80% accuracy, e.g., using the OPLS-DA model, we get more than 80% accuracy in average for classification of groups indicating that discrimination with some certainty already at the present stage is possible. In the future with controlled follow-up studies, we will most likely be able to get even more robust data and accordingly accurate discriminations.
An increasing number of laboratories use UHPLC-HRMS routinely for screening of biological samples for different metabolites or exogenous compounds leading to a huge amount of data of potential high value. As conducting clinical studies is expensive and ethical problems also arise particular when the studies involve new and untested drugs of abuse, a data set from a controlled cohort is not always easily available. Retrospective metabolomics studies, e.g., mining archived data from routine screenings gives a unique opportunity to access such data at almost no cost. This obviously is important within forensic science, where many new illegal drugs constantly are appearing, and little is known about their metabolites as well as their potential impact on human metabolism. Apart from solving this forensic toxicology issue, the use of archived data furthermore allows access to larger samples sizes than usual in controlled studies.
Our study demonstrates the power of this approach by initially detecting a range of potential biomarkers of GHB consumption as well as reveal how GHB intake further regulate endogenous metabolism. Many of the discoveries being validated by comparison to the literature. However, due to the uncontrolled population in this and future similar studies, there are obviously also several potential confounders such as the unknown interval from intake to blood sampling and dose, the varying metabolic rate between individuals, diet, the activity level, and the tolerance to continuous use of GHB (or another drug), Furthermore, the setup we use can also be improved, e.g., by inclusion of further QC samples to improve normalization as well as it is advisable also to perform routine analysis of the samples in the negative mode in future to include metabolite coverage. In the current study, we tried carefully to select a control group that matched the GHB positive group with regard to additional drug intake. This however cannot be perfect and should be kept in mind during data analysis. Despite various challenges corresponding to the cohort in this study, our findings and validation to the literature prove that it is still feasible to utilize UHPLC-HRMS screening data from long term forensic studies.
CONCLUSION
A general workflow is developed to carry out metabolomics studies on archived HRMS data from routine UHPLC-TOF screenings. The principle is demonstrated by using analytical data from a selection of GHB positive and matched control cases and validated by comparison of the results to those observed in controlled GHB studies. Generally, we rediscover a range of previously reported direct GHB metabolites, as well as we observe regulation of endogenous metabolites both some previously known, but also novel findings of potential biochemical relevance. We apply data acquired over a quite extensive time frame (6 years) indicating the robustness of the method. The study gives a further proof-of-principle on use of archived data when ordinary human data are unavailable, and paves the way for both a direct and simple elucidation of metabolites of new legal or illegal drugs as well as open up for large scale metabolomics studies for more general use of archived data in the future. This can be from local databases as in this case or, e.g., more big-data approach to disease prevention and detection using more extensive data sets or blood samples. Obviously, a range of cofounders will always exist in such datasets due to the uncontrolled approach and this needs to be taken into consideration when evaluating the results. The use of archived data however has so many advantages including being significantly cheaper than performing clinical studies, that the approach merits further use and we strongly believe that it in the future will become routine in laboratories applying such screening procedures.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The study was registered at the University and data was handled in accordance with the General Data Protection Regulation (GDPR) and the Danish Data Protection Act. The project did not include handling of biological material from human subjects and was based on already registered data. According to the Danish Consolidation Act on Research Ethics Review of Health Research Projects, Consolidation Act number 1083 of 15 September 2017, section 14 (2) projects based on registers do not need approval from the Committees on Health Research Ethics.
AUTHOR CONTRIBUTIONS
TW: Methodology, formal analysis, investigation, visualization, data curation, validation, writing original draft. KN: Methodology, supervision, review and editing. KF: Chemical synthesis, writing, review and editing. JL: Review and editing. CN: Methodology, investigation. CA: Supervision, review and editing. PV: Methodology, supervision, review and editing. MA: Methodology, supervision, review and editing. JH: Study focus, investigation, supervision, review and editing. MJ: Conceptualization, supervision, writing—review and editing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.816376/full#supplementary-material
REFERENCES
 Abanades, S., Farré, M., Segura, M., Pichini, S., Pastor, A., Pacifici, R., et al. (2007). Disposition of Gamma-Hydroxybutyric Acid in Conventional and Nonconventional Biologic Fluids after Single Drug Administration: Issues in Methodology and Drug Monitoring. Ther. Drug Monit. 29, 64–70. doi:10.1097/FTD.0b013e3180307e5e
 Alves, E., Binienda, Z., Carvalho, F., Alves, C. J., Fernandes, E., de Lourdes Bastos, M., et al. (2009). Acetyl-l-carnitine Provides Effective In Vivo Neuroprotection over 3,4-Methylenedioximethamphetamine-Induced Mitochondrial Neurotoxicity in the Adolescent Rat Brain. Neuroscience 158, 514–523. doi:10.1016/j.neuroscience.2008.10.041
 Bremer, J. (1983). Carnitine-Metabolism. Physiol. Rev. 63, 1421–1449. doi:10.1152/physrev.1983.63.4.1420
 Brenneisen, R., ElSohly, M. A., Murphy, T. P., Passarelli, J., Russmann, S., Salamone, S. J., et al. (2004). Pharmacokinetics and Excretion of Gamma-Hydroxybutyrate (GHB) in Healthy Subjects. J. Anal. Toxicol. 28, 625–630. doi:10.1093/jat/28.8.625
 Busardò, F. P., and Jones, A. W. (2019). Interpreting γ-hydroxybutyrate Concentrations for Clinical and Forensic Purposes. Clin. Toxicol. (Phila) 57, 149–163. doi:10.1080/15563650.2018.1519194
 Carter, L. P., Koek, W., and France, C. P. (2009). Behavioral Analyses of GHB: Receptor Mechanisms. Pharmacol. Ther. 121, 100–114. doi:10.1016/j.pharmthera.2008.10.003
 Castelli, M. P., Ferraro, L., Mocci, I., Carta, F., Carai, M. A., Antonelli, T., et al. (2003). Selective Gamma-Hydroxybutyric Acid Receptor Ligands Increase Extracellular Glutamate in the hippocampus, but Fail to Activate G Protein and to Produce the Sedative/hypnotic Effect of Gamma-Hydroxybutyric Acid. J. Neurochem. 87, 722–732. doi:10.1046/j.1471-4159.2003.02037.x
 Elmsjö, A., Vikingsson, S., Söderberg, C., Kugelberg, F. C., and Green, H. (2021). Post-mortem Metabolomics: A Novel Approach in Clinical Biomarker Discovery and a Potential Tool in Death Investigations. Chem. Res. Toxicol. 34, 1496–1502. doi:10.1021/acs.chemrestox.0c00448
 Epperson, D. L., and Ralston, C. A. (2016). Conceptual Model of Risk versus Threat and Risk Management versus Risk Reduction, 397, 415. doi:doi:10.1007/978-1-4939-2416-5_17
 Ferraro, L., Tanganelli, S., O'Connor, W. T., Francesconi, W., Loche, A., Gessa, G. L., et al. (2001). Gamma-Hydroxybutyrate Modulation of Glutamate Levels in the hippocampus: an In Vivo and In Vitro Study. J. Neurochem. 78, 929–939. doi:10.1046/j.1471-4159.2001.00530.x
 Francesco, P. B. M. G., Tini, A., Minutillo, A., Sirignano, A., and Marinelli, E. (2018). Replacing GHB with GBL in Recreational Settings A New Trend in Chemsex. Curr. Drug Metab. 19, 1080–1085.
 Hanisch, S., Stachel, N., and Skopp, G. (2016). A Potential New Metabolite of Gamma-Hydroxybutyrate: Sulfonated Gamma-Hydroxybutyric Acid. Int. J. Leg. Med. 130, 411–414. doi:10.1007/s00414-015-1235-x
 Jarsiah, P., Roehrich, J., Wyczynski, M., and Hess, C. (2020). Phase I Metabolites (Organic Acids) of Gamma-Hydroxybutyric Acid-Validated Quantification Using GC-MS and Description of Endogenous Concentration Ranges. Drug Test. Anal. 12, 1135–1143. doi:10.1002/dta.2820
 Jarsiah, P., Roehrich, J., Kueting, T., Martz, W., and Hess, C. (2021). GHB Related Acids Are Useful in Routine Casework of Suspected GHB Intoxication Cases. Forensic Sci. Int. 324, 110833. doi:10.1016/j.forsciint.2021.110833
 Jung, S., Kim, S., Seo, Y., and Lee, S. (2021). Metabolic Alterations Associated with γ-Hydroxybutyric Acid and the Potential of Metabolites as Biomarkers of its Exposure. Metabolites 11, 101. doi:10.3390/metabo11020101
 Kaufman, E. E., and Nelson, T. (1987). Evidence for the Participation of a Cytosolic NADP+-dependent Oxidoreductase in the Catabolism of Gamma-Hydroxybutyrate In Vivo. J. Neurochem. 48, 1935–1941. doi:10.1111/j.1471-4159.1987.tb05758.x
 Kintz, P., Goullé, J. P., Cirimele, V., and Ludes, B. (2001). Window of Detection of Gamma-Hydroxybutyrate in Blood and Saliva. Clin. Chem. 47, 2033–2034. doi:10.1093/clinchem/47.11.2033
 Kraemer, M., Broecker, S., Kueting, T., Madea, B., and Maas, A. (2022). Fatty Acid Esters as Novel Metabolites of γ-hydroxybutyric Acid: A Preliminary Investigation. Drug Test. Anal. , 1–11. doi:10.1002/dta.3213
 Küting, T., Schneider, B., Heidbreder, A., Krämer, M., Jarsiah, P., Madea, B., et al. (2021). Detection of γ‐hydroxybutyric Acid‐related Acids in Blood Plasma and Urine: Extending the Detection Window of an Exogenous γ‐hydroxybutyric Acid Intake?Drug Test. Anal. 13, 1635–1649. –15. doi:10.1002/dta.3097
 Liang, L., Rasmussen, M. H., Piening, B., Shen, X., Chen, S., Röst, H., et al. (2020). Metabolic Dynamics and Prediction of Gestational Age and Time to Delivery in Pregnant Women. Cell 181, 1680–e15. e15. doi:10.1016/j.cell.2020.05.002
 Liebal, U. W., Phan, A. N. T., Sudhakar, M., Raman, K., and Blank, L. M. (2020). Machine Learning Applications for Mass Spectrometry-Based Metabolomics. Metabolites 10, 1–23. doi:10.3390/metabo10060243
 Luca, G., Vienne, J., Vaucher, A., Jimenez, S., and Tafti, M. (2014). Central and Peripheral Metabolic Changes Induced by Gamma-Hydroxybutyrate. Sleep 38, 305–313. doi:10.5665/sleep.4420
 Mehling, L.-M., Piper, T., Spottke, A., Heidbreder, A., Young, P., Madea, B., et al. (2017). GHB-O-β-glucuronide in Blood and Urine Is Not a Suitable Tool for the Extension of the Detection Window after GHB Intake. Forensic Toxicol. 35, 263–274. doi:10.1007/s11419-016-0352-7
 Mo, J., Lim, L. Y., and Zhang, Z. R. (2014). L-carnitine Ester of Prednisolone: Pharmacokinetic and Pharmacodynamic Evaluation of a Type I Prodrug. Int. J. Pharm. 475, 123–129. doi:10.1016/j.ijpharm.2014.08.049
 Mollerup, C. B., Rasmussen, B. S., Johansen, S. S., Mardal, M., Linnet, K., and Dalsgaard, P. W. (2019). Retrospective Analysis for Valproate Screening Targets with Liquid Chromatography-High Resolution Mass Spectrometry with Positive Electrospray Ionization: An Omics-Based Approach. Drug Test. Anal. 11, 730–738. doi:10.1002/dta.2543
 Nielsen, K. L., Telving, R., Andreasen, M. F., Hasselstrøm, J. B., and Johannsen, M. (2016). A Metabolomics Study of Retrospective Forensic Data from Whole Blood Samples of Humans Exposed to 3,4-Methylenedioxymethamphetamine: A New Approach for Identifying Drug Metabolites and Changes in Metabolism Related to Drug Consumption. J. Proteome Res. 15, 619–627. doi:10.1021/acs.jproteome.5b01023
 Odujebe, O., Landman, A., and Hoffman, R. S. (2007). GHB Urine Concentrations after Single-Dose Administration in Humans. J. Anal. Toxicol. 31, 179–180. doi:10.1093/jat/31.3.179
 Palomino-Schätzlein, M., Wang, Y., Brailsford, A. D., Parella, T., Cowan, D. A., Legido-Quigley, C., et al. (2017). Direct Monitoring of Exogenous γ-Hydroxybutyric Acid in Body Fluids by NMR Spectroscopy. Anal. Chem. 89, 8343–8350. doi:10.1021/acs.analchem.7b01567
 Petersen, I. N., Tortzen, C., Kristensen, J. L., Pedersen, D. S., and Breindahl, T. (2013). Identification of a New Metabolite of Ghb: Gamma-Hydroxybutyric Acid Glucuronide. J. Anal. Toxicol. 37, 291–297. doi:10.1093/jat/bkt027
 Piper, T., Mehling, L. M., Spottke, A., Heidbreder, A., Young, P., Madea, B., et al. (2017). Potential of GHB Phase-II-Metabolites to Complement Current Approaches in GHB post Administration Detection. Forensic Sci. Int. 279, 157–164. doi:10.1016/j.forsciint.2017.08.023
 Rubaltelli, F. F., Orzali, A., Rinaldo, P., Donzelli, F., and Carnielli, V. (1987). Carnitine and the Premature. Biol. Neonate 52 Suppl 1, 65–77. doi:10.1159/000242740
 Scafidi, S., Fiskum, G., Lindauer, S. L., Bamford, P., Shi, D., Hopkins, I., et al. (2010). Metabolism of Acetyl-L-Carnitine for Energy and Neurotransmitter Synthesis in the Immature Rat Brain. J. Neurochem. 114, 820–831. doi:10.1111/j.1471-4159.2010.06807.x
 Seo, C., Na, M., Jang, J., Park, M., Choi, B., Lee, S., et al. (2018). Monitoring of Altered Amino Acid Metabolic Pattern in Rat Urine Following Intraperitoneal Injection with γ-hydroxybutyric Acid. Metabolomics 14, 111–118. doi:10.1007/s11306-018-1409-x
 Sinclair, E., Trivedi, D. K., Sarkar, D., Walton-Doyle, C., Milne, J., Kunath, T., et al. (2021). Metabolomics of Sebum Reveals Lipid Dysregulation in Parkinson's Disease. Nat. Commun. 12, 1592–1599. doi:10.1038/s41467-021-21669-4
 Skulachev, V. P. (1998). Cytochrome C in the Apoptotic and Antioxidant Cascades. FEBS Lett. 423, 275–280. doi:10.1016/S0014-5793(98)00061-1
 Sørensen, L. K., and Hasselstrøm, J. B. (2012). A Hydrophilic Interaction Liquid Chromatography Electrospray Tandem Mass Spectrometry Method for the Simultaneous Determination of γ-hydroxybutyrate and its Precursors in Forensic Whole Blood. Forensic Sci. Int. 222, 352–359. doi:10.1016/j.forsciint.2012.07.017
 Steuer, A. E., Raeber, J., Steuer, C., Boxler, M. I., Dornbierer, D. A., Bosch, O. G., et al. (2019). Identification of New Urinary Gamma-Hydroxybutyric Acid Markers Applying Untargeted Metabolomics Analysis Following Placebo-Controlled Administration to Humans. Drug Test. Anal. 11, 813–823. doi:10.1002/dta.2558
 Steuer, A. E., Raeber, J., Simbuerger, F., Dornbierer, D. A., Bosch, O. G., Quednow, B. B., et al. (2021). Towards Extending the Detection Window of Gamma-Hydroxybutyric Acid-An Untargeted Metabolomics Study in Serum and Urine Following Controlled Administration in Healthy Men. Metabolites 11, 166. doi:10.3390/metabo11030166
 Struys, E. A., Verhoeven, N. M., Jansen, E. E., Ten Brink, H. J., Gupta, M., Burlingame, T. G., et al. (2006). Metabolism of Gamma-Hydroxybutyrate to D-2-Hydroxyglutarate in Mammals: Further Evidence for D-2-Hydroxyglutarate Transhydrogenase. Metabolism 55, 353–358. doi:10.1016/j.metabol.2005.09.009
 Sumner, L. W., Amberg, A., Barrett, D., Beale, M. H., Beger, R., Daykin, C. A., et al. (2007). Proposed Minimum Reporting Standards for Chemical Analysis Chemical Analysis Working Group (CAWG) Metabolomics Standards Initiative (MSI). Metabolomics 3, 211–221. doi:10.1007/s11306-007-0082-2
 Sysi-Aho, M., Katajamaa, M., Yetukuri, L., and Oresic, M. (2007). Normalization Method for Metabolomics Data Using Optimal Selection of Multiple Internal Standards. BMC Bioinformatics 8, 93–17. doi:10.1186/1471-2105-8-93
 Tapiero, H., Mathé, G., Couvreur, P., and Tew, K. D. (2002). II. Glutamine and Glutamate. Biomed. Pharmacother. 56, 446–457. doi:10.1016/s0753-3322(02)00285-8
 Telving, R., Hasselstrøm, J. B., and Andreasen, M. F. (2016). Targeted Toxicological Screening for Acidic, Neutral and Basic Substances in Postmortem and Antemortem Whole Blood Using Simple Protein Precipitation and UPLC-HR-TOF-MS. Forensic Sci. Int. 266, 453–461. doi:10.1016/j.forsciint.2016.07.004
 Wang, T., Duedahl-Olesen, L., and Lauritz Frandsen, H. (2021). Targeted and Non-targeted Unexpected Food Contaminants Analysis by LC/HRMS: Feasibility Study on rice. Food Chem. 338, 127957. doi:10.1016/j.foodchem.2020.127957
 Zhang, G. F., Kombu, R. S., Kasumov, T., Han, Y., Sadhukhan, S., Zhang, J., et al. (2009). Catabolism of 4-hydroxyacids and 4-hydroxynonenal via 4-Hydroxy-4-Phosphoacyl-CoAs. J. Biol. Chem. 284, 33521–33534. doi:10.1074/jbc.M109.055665
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Nielsen, Frisch, Lassen, Nielsen, Andersen, Villesen, Andreasen, Hasselstrøm and Johannsen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 04 March 2022
doi: 10.3389/fphar.2021.811331


[image: image2]
Comprehensive Metabolomics and Network Pharmacology to Explore the Mechanism of 5-Hydroxymethyl Furfural in the Treatment of Blood Deficiency Syndrome
Wensen Zhang1†, Na Cui1†, Fazhi Su1, Yangyang Wang1, Bingyou Yang1, Yanping Sun1, Wei Guan1, Haixue Kuang1* and Qiuhong Wang2*
1Key Laboratory of Basic and Application Research of Beiyao (Heilongjiang University of Chinese Medicine), Ministry of Education, Harbin, China
2School of Traditional Chinese Medicine, Guangdong Pharmaceutical University, Guangdong, China
Edited by:
Ren-ai Xu, First Affiliated Hospital of Wenzhou Medical University, China
Reviewed by:
Shun-bin Luo, Lishui City People’s Hospital, China
Fangbo Xia, University of Macau, China
Meichen Liu, Chengdu University of Traditional Chinese Medicine, China
* Correspondence: Haixue Kuang, hxkuang@hljucm.net; Qiuhong Wang, qhwang668@sina.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Drug Metabolism and Transport, a section of the journal Frontiers in Pharmacology
Received: 08 November 2021
Accepted: 27 December 2021
Published: 04 March 2022
Citation: Zhang W, Cui N, Su F, Wang Y, Yang B, Sun Y, Guan W, Kuang H and Wang Q (2022) Comprehensive Metabolomics and Network Pharmacology to Explore the Mechanism of 5-Hydroxymethyl Furfural in the Treatment of Blood Deficiency Syndrome. Front. Pharmacol. 12:811331. doi: 10.3389/fphar.2021.811331

Radix Rehmanniae (RR, from Radix Rehmanniae (Gaertn.) DC.) is a natural medicine used in traditional Chinese medicine (TCM) since ancient times for the treatment of blood disorders. RR is steamed to get Rehmanniae Radix Praeparata (RP), which has a tonic effect on blood; the content of 5-hydromethylfurfural (5-HMF) increases more than four times after steaming. Studies have shown that 5-HMF has positive pharmacological effects on cardiovascular and hematological disorders. This study aimed to explore and verify the impact of 5-HMF on rats with chemotherapy-induced blood deficiency syndrome (BDS). Rats were given cyclophosphamide (CP) and acetophenhydrazine (APH) to induce BDS, the coefficients of some organs (liver, spleen, and kidney) were measured, and a routine blood test examined the coefficients of several peripheral blood cells. Metabolomics and network pharmacology were combined to find important biomarkers, targets, and pathways. Western blot was used to detect the expression of CYP17A1 and HSD3B1 proteins in the spleen. All these findings suggested that the 5-HMF significantly increased the number of peripheral blood cells and reversed splenomegaly in rats. In addition, 5-HMF upregulated CYP17A1 and HSD3B1 protein expression in splenic tissues. Also, 5-HMF ameliorated chemotherapy-induced BDS in rats, and its therapeutic mechanism might depend on steroid hormone biosynthesis and other pathways. It acts on blood deficiency via multiple targets and pathways, which is unique to Chinese medicine.
Keywords: 5-HMF, blood deficiency, network pharmacology, metabolomics, Radix Rehmanniae
1 INTRODUCTION
According to the theory of traditional Chinese medicine (TCM), blood deficiency is a common disease and a pathological state of blood dysfunction and organ malnutrition (Li et al., 2015). Blood deficiency syndrome (BDS) is mainly related to excessive blood loss (Shi et al., 2014), deficient spleen and stomach function, insufficient hematogenesis, and blood stasis (Yong et al., 2012). The main diagnostic index is the decrease in blood cells or hemoglobin content, similar to anemia (Wang et al., 2013). Modern medicine holds that patients with BDS often have clinical manifestations such as impaired hematopoietic function, decreased visceral function, malnutrition, and bone marrow suppression (Zhang et al., 2014). BDS can cause spleen enlargement (Zhang et al., 2020). After chemotherapy, most patients have a hemoglobin synthesis disorder, which causes BDS and severely interferes with blood system circulation (Jiang et al., 2013). However, anemia is defined only as a decrease in the concentration of hemoglobin in the body, which is usually related to a reduction in red blood cells (Li et al., 2017).During cancer treatment, the standard treatment for BDS is iron and vitamin B12 supplementation to promote the synthesis of erythropoietin, which can accelerate the recovery of the hematopoietic system (Brown 2020). However, the application of these regimens is limited because of their unstable efficacy, high cost, and side effects (Milano and Schneider 2007).
A main component of TCM is 5-HMF, among which the most representative herb is Rehmanniae Radix Praeparata (RP) (Won et al., 2014). Rehmanniae Radix (RR) is steamed to obtain RP, which is a plant of the Scrophulariaceae family. RP has been used to treat BDS for thousands of years. It is a commonly used TCM in Asia (Li et al., 2021). The Compendium of Materia Medica records that RP is used as a blood tonic (Guo et al., 2016), which regulates and fortifies blood and treats BDS (Zee-Cheng 1992). The main components of RR are monosaccharides, oligosaccharides (Kitagawa et al., 1995), iridoids (Xia et al., 2020), and glycosides (Xu et al., 2012). The decomposition products of these compounds constitute RP, of which 5-HMF is the most prominent (Won et al., 2014). During the processing of RR, stachyose is reduced to hexose, and these components finally form 5-HMF, which increases the content of 5-HMF in RP after steaming by more than four times compared with RR (Zhu et al., 2007). Therefore, 5-HMF has become the main active component of RP and is used as a marker compound for quality control (Li et al., 2005; Korean Food and Drug Administration, 2008). This transformation of active ingredients in raw materials and processed products leads to differences in their efficacy. For example, RP is better at supplementing blood (Xia et al., 2020). According to current research results, 5-HMF has positive pharmacological effects on cardiovascular and blood diseases. For example, 5-HMF can increase hemoglobin’s oxygen affinity to support cardiac function during severe hypoxia (Lucas et al., 2019). It also has sound biological effects, such as antioxidant activity (Li et al., 2011) and strengthening the resistance of sickle red blood cells to injury caused by hypoxia (Qiang et al., 2021). Therefore, we speculate that 5-HMF can be used as a potential therapeutic drug for BDS. However, the treatment of BDS by 5-HMF has not been documented, and its therapeutic mechanism is unclear.
Network pharmacology and metabolomics are practical tools for elucidating the underlying mechanisms of TCM (Pan et al., 2020). First, a blood deficiency rat model induced by chemotherapy was used to evaluate the effect of 5-HMF on BDS. Second, a network pharmacology method was established to explore the mechanism of 5-HMF in treating BDS from the perspective of targets and pathways. At the same time, plasma metabolomics revealed the synergistic metabolic mechanism of metabolites and metabolic pathways. Finally, Western blot validated the metabolic pathway. This study was the first to use a combination of network pharmacology and plasma metabolomics to determine the mechanism of 5-HMF in the treatment of BDS. Hopefully, these results will provide a theoretical basis for elucidating the mechanism of 5-HMF in BDS treatment.
2 MATERIALS AND METHODS
2.1 Animals and Ethic Statement
We used 40 healthy male SD rats weighing 220–260 g, batch number SCXK (Liao) 2020–0001, from Liaoning Changsheng Biotechnology Co., Ltd. The animal experiment was approved by the Ethics Committee of Heilongjiang University of Traditional Chinese Medicine (approval number 2019121101). Animals were kept in a room at 25 C and 40–60% humidity. Rats were randomly divided into five groups with 8 rats in each group: control group, model group, 5-HMF-L group, 5-HMF-M group, and 5-HMF-H group.
2.2 Chemicals and Reagents
The 5-HMF was purchased from Aladdin (batch number H2020020, >95% (Gas chromatography), containing 3–5% water as a stabilizer). N-acetophenazine was purchased from Aladdin (batch number L1909182), and cyclophosphamide (CP) was purchased from MACKLIN (batch number C11147187).
2.3 Establishment of the Blood Deficiency Syndrome Model
The establishment of the BDS animal model was consistent with previous studies (Li et al., 2015). APH (20 mg/kg, 10 mg/kg) was injected subcutaneously on the first and fourth days. On the 4th day, 2 h after subcutaneous injection of APH, CP (20 mg/kg) was injected intraperitoneally. CP was injected for 4 consecutive days after that. On the 7th day, the indexes of red blood cells (RBC), white blood cells (WBC), hemoglobin (HGB), and hematocrit (HCT) in peripheral blood were measured. The control group was injected with the same volume of saline in the same way. From the first day, the treatment group was given 5-HMF (5.19 mg/kg, 2.595 mg/kg, 1.2975 mg/kg) by gavage (Duan 2021), respectively, and the control group and model group were given the same volume of saline by gavage for 15 days.
2.4 Routine Blood Test
After the last administration, blood was taken from the abdominal aorta and collected in a sterile vacuum blood collection tube containing ethylenediaminetetraacetic acid (EDTA). The blood was analyzed by the HEMAVET 950 automatic hematology analyzer (Drew Scientific Group, Dallas, Texas, United States) to quantify RBC, WBC, HGB, and HCT.
2.5 Network Analysis
2.5.1 Target Prediction
The targets of 5-HMF were predicted in the following ways: Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (Ru et al., 2014), Swiss Target Prediction (Gfeller et al., 2014), Targetnet (Yao et al., 2016), PharmMapper (Wang et al., 2017). We used GeneCards (Stelzer et al., 2016), Online Mendelian Inheritance in Man (OMIM) (Amberger et al., 2015), Drugbank (Wishart et al., 2018) to identify targets related to BDS. In the OMIM database, we opened the Gene Map and entered “blood deficiency syndrome” to obtain 532 essential genes. We entered “blood deficiency syndrome” in the GeneCard database, selected genes with a relevance score >20, and obtained a total of 1,542 critical genes. We entered “anemia” in the Drugbank database and got a total of 11 essential genes and then removed the duplicated genes.
2.5.2 Kyoto Encyclopedia of Genes and Genomes and Gene Ontology Enrichment Analysis
In analyzing the common targets of the 5-HMF action target and BDS-related targets, the server Metascape (Zhou et al., 2019) was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment analysis.
2.5.3 Network Construction
Two visualization networks were constructed: 1) Target point network, a network composed of 5-HMF, BDS, and common targets; 2) Targetpath network, in which the targets and their pathways were used to generate spatiotemporal networks. All networks were constructed by Cytoscape 3.8.0 (Liu et al., 2020).
2.6 LC-MS Metabolomics Analysis
2.6.1 Sample Preparation
After the final administration, the blood of rats was collected from the abdominal aorta, left to stand for 30 min at 4 C, centrifuged at 3,500 rpm/min for 15 min. Then the plasma supernatant sample was mixed 1:3 with acetonitrile, vortexed for 30 s, and left to stand for 30 min at −20°C. The blood was centrifuged at 13,500 rpm/min for 15 min at 4 C, 300 μL of supernatant was evaporated, and 150 μL of 50% acetonitrile was added to redissolve the sample. After centrifugation, the sample was injected into the injection cup for testing (Gong et al., 2019).
2.6.2 UPLC-QTOF/MS Analysis
The G2-Si (Waters Q-TOF SYNAPT from Manchester Waters Company) has a continuous mode and is equipped with an electrospray ion source. The plasma samples were chromatographed on an Acquity UPLC HSS T3 column with a gradient elution program at the flow rate of 0.2 μL/min. The mobile phase was comprised of water and 0.1% formic acid (phase A) and acetonitrile and 0.1% formic acid (phase B). The elution gradient of phase B was as follows: 2% (0–0.5 min), 2% up to 40% (0.5–9 min), 40% up to 98% (9–16 min), then maintained at 98% for 1 min. Optimized parameters for the mass spectrometer were as follows: ion spray voltage, 5 or −4 kV (for positive and negative mode, respectively); declustering potential, 60 V; curtain gas, 25 psi; nebulizer gas of 40 psi; interface heater temperature, 650 C; scan range (m/z), 50–1,200. The stability of the analysis was continuously monitored by analyzing QC samples at intervals of every 10 samples.
2.6.3 Multivariate Data Analysis
The advanced Progressive QI platform (Waters, United States) was used to obtain potential and critical annotations from the original centroid data file obtained by SYNAPT G2-Si. Metabolic data completed by principal component analysis and dimensionality reduction had the most significant impact on health and disease. The potential differences in metabolites were identified from the orthogonal partial least squares discriminant analysis (OPLS-DA). The components that significantly impacted the grouping were screened out through objective numerical values. The t-test value was lower than 0.05.
2.6.4 Biomarker Identification and Metabolic Pathway Analysis
LC-MS/MS data were imported into Ezinfo software (Waters Progressional QI) for principal component analysis and OPLS-DA data analysis. The variable projection importance value obtained by OPLS-DA was used to evaluate the impact of each metabolite difference on the discrimination and interpretation ability of each sample. The greater the VIP value, the more significant the contribution of metabolites to sample differentiation. It is generally believed that there are significant differences between variables with VIP >1. The potential biomarkers were the S-plot constructed by Ezinfo, and the V-plot was labeled.
2.7 Statistical Analysis
All data were expressed in terms of mean ± standard deviation. The two-tailed unpaired t-test was performed using SPSS 21.0 software (from SPSS Corporation, United States). A value of p < 0.05 was considered to show a significant difference. A value of p < 0.01 was considered to indicate a highly significant difference. The histogram was drawn by GraphPad Prism 7 software (GraphPad Software, United States).
2.7.1 Pathway Analysis
The targets from network pharmacology and the metabolites from plasma metabolomics were jointly analyzed by MetaboAnalyst to select crucial metabolism pathways.
2.8 Western Blot Was Applied to Verify the Expression of Common Key Proteins in Metabolomics and Network Pharmacology
The bincinchoninic acid (BCA) method was used to determine the total protein of conventionally extracted splenocytes. The extract was separated by 10% SDS polyacrylamide gel electrophoresis and transferred to the PVDF membrane. It was blocked with 5% skim milk at room temperature for 1 h, and antibodies of CYP17A1, HSD3B1 (all 1:1,000), and GAPDH (all 1:2,000) were added. These were incubated overnight at 4 C and rinsed with tris buffered saline with Tween 20 (TBST) three times for 10 min each. The membrane was immersed in the horseradish peroxidase-labeled secondary antibody (1:1,000), diluted in 2% skimmed milk, incubated at room temperature for 1 h, and rinsed with TBST 3 times, each for 10 min. Image Quant LAS 500 imaging equipment acquired the signal using the ECL chemiluminescence method.
3 RESULTS
3.1 Behavioral Analysis of Rats
Changes in the general behavior of rats could reflect the occurrence of and recovery from BDS in rats. After BDS induction, rats in the model group developed fatigue and lethargy, accompanied by weight loss, thinning hair, pale ears and tails, and loss of appetite. These symptoms were consistent with the description of BDS in Chinese medicine. In contrast, the control and BDS-induced rats treated with 5-HMF were relatively robust, showing thick and shiny hair, pink and moist nose and lips, round and pink tails, and stable body weight along with increased appetite.
3.2 Routine Blood Testing
After 15 days of administration of normal saline and 5-HMF, the RBC, WBC, HGB, and HCT levels in the peripheral blood of the rats were measured (Figure 1). Compared with the control group, the RBC, WBC, HGB, and HCT levels in the model group were significantly reduced (p < 0.01), indicating that the blood deficiency model was successfully established. The levels of WBC, RBC, HGB, and HCT in the Model group were significantly increased after 5-HMF treatment (p < 0.05 or p < 0.01).
[image: Figure 1]FIGURE 1 | The blood parameters of rats in the control and model groups treated with saline and different doses of 5-HMF. (A) The level of WBC. (B) The level of RBC. (C) The level of HGB. (D) The level of HCT. Each value represents the mean SD (n = 8); #p < 0.05 and ##p < 0.01, compared with the control group; *p < 0.05 and **p < 0.01, compared with the model group.
3.3 Organ Index
The results of the organ index are shown in Figure 2 Compared with the control group, the liver and kidney function in the model group were relatively unchanged, but the spleen was abnormally enlarged. Except for the spleen coefficient, the experimental group (model group, 5-HMF-H group, 5-HMF-M group, and 5-HMF-L group) and the control group had no significant differences in other organ coefficients. Compared with the control group, the spleen coefficient in the model group increased significantly (p < 0.01). Compared with the model group, the spleen coefficient in the 5-HMF-L group was significantly reduced (p < 0.01), the spleen coefficient in the 5-HMF-M group was decreased significantly (p < 0.05), and the spleen coefficient in the 5-HMF-H group was not very different. The results showed that 5-HMF had a dose-dependent reversal effect on spleen enlargement.
[image: Figure 2]FIGURE 2 | Organ index of mice in the control group and model group treated with saline (model) and different doses of 5-HMF. (A) Liver index. (B) Kidney index. (C) Spleen index. Each value represents the mean SD (n = 8); ##p < 0.01, compared with the control group; *p < 0.05 and **p < 0.01, compared with the model group.
3.4 Results of Network Pharmacology Analysis
3.4.1 5-Hydromethylfurfural and Blood Deficiency Syndrome Common Target Interaction
In this study, four online websites were used to predict 5-HMF targets, and three were used to predict BDS disease targets. Finally, it was determined that 5-HMF had 494 targets, BDS had a total of 1887 targets, and a total of 84 common targets. To further explore the mechanism of 5-HMF treatment of BDS, KEGG enrichment analysis was performed on 84 common targets, and 14 metabolic pathways were obtained (Figure 3), and the common targets and pathways are illustrated in a network diagram (Figure 4). The results show that the 5-HMF treatment of BDS has the characteristics of multiple pathways and multiple targets.
[image: Figure 3]FIGURE 3 | The blue triangle node represents the common pathway of 5-HMF and BDS, while the red quadrilateral node represents the common target of 5-HMF and BDS.
[image: Figure 4]FIGURE 4 | (A) 5-HMF and BDS common target KEGG enrichment analysis; (B) 5-HMF and BDS common target KEGG enrichment analysis bubble chart; (C) 5-HMF and BDS common target GO enrichment analysis of dots; (D) Bubble chart of GO enrichment analysis of the common target of 5-HMF and BDS.
3.5 Results of Metabolomics Analysis
3.5.1 Multivariate Data Analysis
The samples were analyzed with the UPLC/Q-TOF metabolic spectrum. No abnormalities were found in the total ion chromatogram, and the retention time of chromatographic peaks and their ionic strength were observed (Figure 5) Masslynx and Progenesis QI software were used to analyze many raw files from G2-Si total quantification for data preprocessing, such as peak picking, denoising, and normalization, to generate a bioinformatics matrix. Then we exported the data set to Simca 14.1 software for chemometric analysis. The principal component analysis score chart showed that the model group was separated from the control group (Figure 6A). A significant separation between the model group and the control group was observed in the OPLS-DA chart (Figure 6B). The S-plot of OPLS-DA showed multiple metabolites (Figure 6C). The V-plot diagram of OPLS-DA showed a remarkable diversity of various metabolites (Figure 6D). The replacement test was used to verify the OPLS-DA mode (Figure 6E). Figure 6F shows that all experimental groups were separate in the liquid chromatography-mass spectrometry metabolic map. Among them, the metabolic profiles of the 5-HMF-H group, 5-HMF-M group, and 5-HMF-L group were closer to the control group than the model group, suggesting that the model’s metabolic disorder that was induced was reversed after drug treatment, and the 5-HMF-L group had a better separation effect. The four points in the QC group were in clustered, which proved that the machine was stable.
[image: Figure 5]FIGURE 5 | UPLC-MS/MS TIC diagram: (A) Control group, (B) Model group (C) 5-HMF-H group, (D) 5-HMF-M group, (E) 5-HMF- L group.
[image: Figure 6]FIGURE 6 | Multivariate data of UPLC-MS/MS: (A) Principal Component Analysis Score Chart, (B) OPLS-DA Analysis Score Chart (C) OPLS-DA S-plot Chart, (D) OPLS-DA V-plot Chart (E) Partial Least Squares-Data Analysis Model Validation Diagram, (F) PLS-DA Analysis Score Diagram. Plasma samples were collected from the different groups.
3.5.2 Identification of Endogenous Metabolites
The difference metabolites between the control group and the model group were screened according to the VIP value (VIP >1.0) and t-test (p < 0.05). As a result, a total of 65 different metabolites were screened (Table 1). Compared with the control group, 35 different metabolites (epitestosterone, etc.) were significantly increased, and 30 different metabolites (17a-hydroxypregnenolone, etc.) significantly reduced. The 5-HMF-H group could regulate 48 metabolites (p-xanthine, etc.). The 5-HMF-M group could regulate 50 kinds of metabolites (5-KETE, etc.). The 5-HMF-L group could regulate 57 metabolites (5-KETE, etc.). The 5-HMF-L group had significantly more metabolic differences than the other two groups.
TABLE 1 | Detection of BDS-related Metabolites in Plasma by LC-MS. Trend 1 is Control group compared with Model group; Trend 2 is Model group compared with 5-HML-L group.
[image: Table 1]There were 9 metabolites involved in metabolism in the control group, model group, and 5-HMF-L group (Figure 7). To further clarify the distribution of 9 different metabolites in different groups, unsupervised clustering was performed by using a hierarchical clustering analysis heat map. As shown in Figure 8, there were significant differences between the model group and the control group. These metabolites could be significantly regulated, and metabolic disorders in rats after 5-HMF treatment were improved.
[image: Figure 7]FIGURE 7 | Comparison of the relative content of different metabolites in plasma of the different administration groups. All data are expressed as mean ± standard deviation (n = 8). #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the control group; *p < 0.05, ***p < 0.001 compared with the model group.
[image: Figure 8]FIGURE 8 | Cluster analysis heatmap of different metabolites in BDS rat plasma. Brown and blue represent higher and lower than average levels of different metabolites, respectively. The rows represent different metabolites, and the columns represent rat plasma samples (n = 8).
3.5.3 Analysis of Metabolic Pathways
The metabolites of the 5-HMF-L group were input into MetaboAnalyst to explore the metabolic pathways of 5-HMF in the treatment of BDS. The results showed that the 5-HMF-L group may play a role through metabolism of cysteine, methionine, glycerophospholipid, sphingolipid, caffeine, vitamin B6, glycerol, and tyrosine and steroid hormone biosynthesis (Figure 9).
[image: Figure 9]FIGURE 9 | Pathway analysis of plasma samples from BDS rats.
3.5.4 Pathway Analysis of Targets and Metabolites
To explore the crucial metabolic pathways, joint pathway analysis by MetaboAnalyst was conducted with the 57 differential metabolites and 84 targets. The results showed that only steroid hormone biosynthesis was simultaneously enriched with the targets from network pharmacology and the differential metabolites from metabolomics. According to the number of targets from the network pharmacology in the pathway, steroid hormones biosynthesis was selected as the most crucial metabolic pathway (Figure 10).
[image: Figure 10]FIGURE 10 | Pathway analysis of plasma samples in 5-HMF-L group.
3.6 Effects of 5-Hydromethylfurfural on the Expression of Key Proteins in the Spleen of Blood Deficiency Rats
Compared with the control group, the expression of CYP17A1 and HSD3B1 protein in the spleen of the model group was decreased (p < 0.05). Compared with the model group, the 5-HMF-H group had increased expression of CYP17A1 protein (p < 0.05), and the 5-HMF-M and 5-HMF-L groups had significantly increased expression of CYP17A1 protein (p < 0.01). Compared with the model group, the 5-HMF-L group had increased expression of HSD3B1 protein (p < 0.05) (Figure 11).
[image: Figure 11]FIGURE 11 | Effect of each group on protein expression. (A) Control group, (B) Model group, (C) 5-HMF-H group, (D) 5-HMF-M group, (E) 5-HMF-L group. #p < 0.05, compared with the control group; *p < 0.05 and **p < 0.01, compared with the model group.
4 DISCUSSION
According to the theory of TCM, the pathogenesis of BDS might be qi-blood discord, the imbalance between yin and yang, blood stasis, and visceral dysfunction. Therefore, Chinese herbal medicines that could nourish yin and blood, fill the essence, and nourish the marrow were often used clinically to treat BDS and anemia (Bailly et al., 1978). Another medicine, RP, has been used for more than 1,000 years to nourish yin and blood, but the possible mechanism of the effect of “tonifying blood” is still unclear. The appearance of rats in the model group changed significantly, including hair loss, slow movement, and weight loss. From the behavior of BDS rats, 5-HMF was effective in treating BDS. Peripheral RBC, WBC, HGB, and HCT were significantly reduced, a typical clinical manifestation of BDS and anemia (Safeukui et al., 2015). At the same time, the 5-HMF-H group did not have increases in WBC, RBC, and HGB, but the 5-HMF-M group and the 5-HMF-L group had more obvious therapeutic effects. Another indication of anemia is splenomegaly, which is one of the most common and earliest pathological manifestations in different types of anemia (Altamura et al., 2019). It was generally believed that hematopoietic dysfunction was related to the discharge of bone marrow cells from bone marrow through blood, resulting in accumulation in the spleen (Koldkjaer et al., 2013). The collection of RBCs in the enlarged spleen could exacerbate anemia. Therefore, the reduction of RBCs in circulation and anemia are related to the degree of spleen enlargement (Gilep et al., 2011). According to Figure 2, the spleen mass in the model group was significantly greater than that in the control group. At the same time, compared with the model group, the spleen of the rats treated with 5-HMF was not enlarged. This showed that 5-HMF could reduce the side effects of chemotherapy on the spleen.
First, using the network pharmacology method, the therapeutic effect of 5-HMF on BDS was analyzed from the two perspectives of target and pathway. From the results of network pharmacology, the regulation of metabolic pathways might be one of the main mechanisms in 5-HMF treatment of BDS. Second, from the perspective of metabolomics, 5-HMF did have a curative effect on BDS, and the curative effect in the 5-HMF-L group was greater than that in the other two groups. Therefore, it showed the efficacy of 5-HMF in BDS treatment, and the most effective dose was in the 5-HMF-L group. Combined with network pharmacology and metabolomics analysis, the steroid hormone biosynthesis may be the key pathway of 5-HMF in the treatment of BDS.
Steroids are commonly used drugs to treat autoimmune hemolytic anemia, but long-term use of steroids can lead to drug resistance (Schiffer et al., 2019). Steroid hormones play a vital role in regulating water and salt balance, metabolism and stress response, and initiating and maintaining sexual differentiation and reproduction (Porcu et al., 2016). The production of new steroids produces steroid hormones in the adrenal cortex, gonads, and placenta. In addition, a series of neurosteroids are produced in the brain (Christakoudi et al., 2018; Sackett et al., 2018). They can promote the body’s hematopoietic function, increase HGB, accelerate the circulation of oxygen and CO2, and enhance physical strength (Wu et al., 2016).
The metabolic pathway of steroid hormone biosynthesis was entered into the KEGG database and compared with the critical metabolic pathway genes predicted by network pharmacology. We found that CYP17A1 and HSD3B1 are essential proteins for steroid synthesis (Almassi et al., 2018). Western blot verified that in the 5-HMF-L group, the expression of CYP17A1 and HSD3B1 proteins was significantly up-regulated, which was consistent with the changing trends of metabolic results, verifying v the reliability of the metabolomics and network pharmacology prediction. Therefore, we have reason to believe that the steroid hormone biosynthesis pathway may be related to BDS and may be the potential mechanism of 5-HMF in the treatment of BDS. Our results suggest that 5-HMF provides a new therapeutic target by regulating related signaling pathways.
5 CONCLUSION
Our data showed that 5-HMF could ameliorate blood deficiency in rats induced by chemotherapy. Its mechanism might be regulating the expression of CYP17A1 and HSD3B1 in the steroid hormone biosynthesis pathway. These findings suggest that 5-HMF may be an effective alternative drug for BDS treatment.
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Objective: Several population pharmacokinetic (popPK) models have been developed to determine the sources of methotrexate (MTX) PK variability. It remains unknown if these published models are precise enough for use or if a new model needs to be built. The aims of this study were to 1) assess the predictability of published models and 2) analyze the potential risk factors for delayed MTX elimination.
Methods: A total of 1458 MTX plasma concentrations, including 377 courses (1–17 per patient), were collected from 77 patients who were receiving high-dose MTX for the treatment of primary central nervous system lymphoma in Huashan Hospital. PopPK analysis was performed using the NONMEM® software package. Previously published popPK models were selected and rebuilt. A new popPK model was then constructed to screen potential covariates using a stepwise approach. The covariates were included based on the combination of theoretical mechanisms and data properties. Goodness-of-fit plots, bootstrap, and prediction- and simulation-based diagnostics were used to determine the stability and predictive performance of both the published and newly built models. Monte Carlo simulations were conducted to qualify the influence of risk factors on the incidence of delayed elimination.
Results: Among the eight evaluated published models, none presented acceptable values of bias or inaccuracy. A two-compartment model was employed in the newly built model to describe the PK of MTX. The estimated mean clearance (CL/F) was 4.91 L h−1 (relative standard error: 3.7%). Creatinine clearance, albumin, and age were identified as covariates of MTX CL/F. The median and median absolute prediction errors of the final model were -10.2 and 36.4%, respectively. Results of goodness-of-fit plots, bootstrap, and prediction-corrected visual predictive checks indicated the high predictability of the final model.
Conclusions: Current published models are not sufficiently reliable for cross-center use. The elderly patients and those with renal dysfunction, hypoalbuminemia are at higher risk of delayed elimination.
Keywords: methotrexate, population pharmacokinetics, external evaluation, delayed elimination, Monte carlo simulations
1 INTRODUCTION
High-dose methotrexate (HD-MTX, ≥ 1 g m−2) is the base therapy for the treatment of various lymphoid malignancies, such as acute lymphoblastic leukemia (Sakura et al., 2018) and non-Hodgkin’s lymphoma (Reiter et al., 1999), especially for treating primary or secondary central nervous system lymphoma (Plotkin et al., 2004; Zhu et al., 2009). As an antifolate inhibitor of dihydrofolate reductase, MTX may cause the depletion of purines and thymidylate, which inhibits DNA synthesis, leading to cell death (Baram et al., 1987).
Following intravenous infusion, approximately 60% of MTX binds to plasma protein (Maia et al., 1996). As a small polar molecule, MTX elimination is highly correlated with renal function. Approximately only 10% of MTX is excreted as unchanged drug in the bile, whereas the majority is eliminated as unchanged drug through the kidneys within 24 h (Csordas et al., 2013).
Both the pharmacokinetic (PK) of MTX, which exhibit wide inter-individual variability (IIV), and its exposure are directly related to efficacy and toxicity (Evans et al., 1986; Evans et al., 1998). Patients experiencing delayed MTX elimination have been reported to be at an elevated risk of toxicity, such as nephrotoxicity, myelotoxicity, mucositis, neurological complications, and other adverse effects, which may lead to significant morbidity and delays in treatment (Howard et al., 2016). To prevent this systemic toxicity, supportive care, such as fluid hydration, urine alkalinization, and leucovorin rescue, is conducted as HD-MTX is administered (Widemann and Adamson, 2006). Post-dose therapeutic drug monitoring is routinely performed to maintain MTX plasma concentrations within the cytotoxic range for leukemic cells and, below those associated with toxicity (Wall et al., 2000; Paci et al., 2014).
Delayed MTX elimination is defined as plasma MTX concentrations above 50 μmol L−1 at 24 h, above 5 μmol L−1 at 48 h, or above 0.2 μmol L−1 at 72 h (Hospira, 2017). As MTX-induced nephrotoxicity correlates with clearance (CL), delayed elimination is closely related to acute kidney injury (Huang et al., 2020). Thus, if patients with delayed MTX CL can be identified, allowing for the implementation of a personalized dosage regimen before chemotherapy, concentration-related toxicity may be avoided (Ramsey et al., 2018). Although some oncology guidelines recommend MTX dosage based on the patient’s body size (i.e., body surface area or actual body weight) (Gurney and Shaw, 2007; Griggs et al., 2012), this strategy is not always suitable for clinical practice, particularly for obese patients (Gallais et al., 2020; Pai et al., 2020). Therefore, determining the risk factors for delayed MTX elimination is essential.
Compared to conventional PK analysis, population pharmacokinetics (popPK) is a superior approach in facilitating the understanding and quantification of PK variability (Ette and Williams, 2004). PopPK models combined with maximum posterior Bayesian estimation can be used to guide dosing regimen individualization.
A few popPK models have been constructed to assess the sources of MTX PK variability. However, whether these popPK models can be extrapolated to other clinical centers remains unknown. In addition, inconsistencies and differences in study design, research purpose, and population properties have been noted in some of the published popPK models with regard to model structure, parameter estimates, selected covariates, and their functional forms on PK parameters (Mao et al., 2018; Cheng et al., 2020). As the published models were developed based on specific populations, selecting an appropriate model to guide precision dosing in clinical practice is challenging.
Whether the published models are sufficiently precise for use in patients with primary central nervous system lymphoma, or whether a new popPK model based on our center is needed, remains unknown. Therefore, we summarized and assessed the predictability of published HD-MTX popPK models in adult patients with lymphoid malignancies. In addition, a new popPK model was constructed to investigate the effects of physic-pathological parameters on the distribution and elimination of MTX. The predictability of this model was also compared with previously published models. Finally, the most suitable model was applied to identify the population with delayed elimination.
2 MATERIALS AND METHODS
2.1 Patient Data Collection
Data from 77 adults (49 men and 28 women) who were diagnosed with primary central nervous system lymphoma and received HD-MTX (>1 g m−2) for treatment between June 2011 and November 2016 were retrospectively collected.
To protect against MTX-induced renal dysfunction, hydration and alkalization (urine pH > 7) were achieved 12 h prior to initiating MTX therapy (Hospira, 2017). Serial plasma MTX levels were measured at 24, 48, and 72 h until the plasma concentration was ≤0.2 μmol L−1 (Dupuis et al., 2008). The leucovorin rescue was initiated and repeated every 6 h after 24 h from the MTX infusion until the MTX concentration was lower than ≤0.2 μmol L−1.
MTX concentrations in plasma were determined using a well-validated enzyme-multiplied immunoassay (EMIT) using the SYVA Viva-Emit 2000 Kit (Siemens Healthcare Diagnostics, Newark, DE, United States). The limit of detection was 0.3 μmol L−1, and the calibration concentrations ranged from 0.3 μmol L−1–2,600 μmol L−1.
Demographic covariates, including age, sex, weight, body surface area (BSA), and concomitant medication with benzimidazoles and corticoids, were included in the database. Clinical covariates, such as serum creatinine (SCr) levels, were recorded before each MTX infusion and in tandem with MTX plasma samples. According to the standard of ‘drug interaction score’ (Benz-de Bretagne et al., 2014), benzimidazoles and corticoids were assigned scores of 2 and 1, respectively.
The Ethics Committee of Huashan Hospital approved the study protocols. Written informed consent was obtained from all volunteers.
2.2 Population Pharmacokinetic Models
Our study consisted of the following steps:
Step 1: PopPK models of HD-MTX in adult patients with lymphoid malignancies were selected and reviewed.
Step 2: A new popPK model was constructed based on our dataset.
Step 3: The predictability of published popPK models and that of the newly built model was evaluated.
Step 4: The most suitable model was applied to identify the population with delayed elimination.
2.2.1 Review of Published popPK Studies on HD-MTX
A systematic review of popPK studies on HD-MTX published in English before 31 December 2020 was performed using PubMed, Web of Science, and Embase. According to the Preferred Reporting Items for Systematic Reviews and Meta-analyses statement, the relevant identification, screening, and assessment were conducted (Moher et al., 2015).
The inclusion criteria for published studies were as follows: 1) studied population: adult patients with lymphoid malignancies; 2) treatment: HD-MTX; 3) PK analysis using NONMEM® software package; and 4) language: English. Studies were excluded if they 1) lacked the required details for external evaluation and re-estimate or 2) overlapped with other data or cohorts. Reference lists of the identified reports were also screened.
The demographic characteristics and following popPK parameters were collected from each identified study: apparent clearance (CL/F), apparent volume of distribution (V/F), and corresponding between-subject variability and residual variability.
2.2.2 Development of a Model Based on Our Dataset
NONMEM® software package (version 7.4; ICON Development Solutions, Ellicott City, MD, United States) with Pirana® 2.9 as an interface for Perl Speaks NONMEM (PsN; version 4.9.0) was used for popPK analysis (Keizer et al., 2013). R software (version 3.5.0, http://www.r-project.org/) was used to construct the visualizations for output and model evaluations.
Based on a literature review and visual data inspection, the concentration-time profile of MTX was described by two-compartment models. Model variability and random effects were classified as one of three types of errors: between-subject variability (BSV), inter-occasion variability (IOV), and residual unexplained variability (RUV). BSV was assumed to be log-normally distributed and an estimate for all parameters. IOV was assumed to be the same for all occasions (Karlsson and Sheiner, 1993). RUV was described by testing proportional and combined proportional as well as additive structures. The first-order conditional estimation method including η-ε interaction (FOCE-I) was used for the model (Beal et al., 1989).
The evaluated covariates included demographic and pathophysiological data, as well as concomitant medications (Table 1). Age, body size, hematocrit (HCT), albumin (ALB), creatinine clearance (CrCL), and concomitant medications were evaluated as possible covariates of MTX PK. CrCL was estimated using the Cockcroft-Gault equation (Cockcroft and Gault, 1976). As the most frequently identified covariate, the effect of CrCL on MTX PK CL/F was tested first. The other covariates were screened according to a previous study and their clinical relevance (Mao et al., 2018). Each co-administered drug was assigned a “drug interaction score (DIS)” list (Supplementary Table S1), as presented previously (Benz-de Bretagne et al., 2014), and was considered individually by testing its effect on PK parameters as categorical variable.
TABLE 1 | Patient characteristics used to develop and evaluate population model.
[image: Table 1]The influence of continuous covariates was explored using the linear, exponential, and power function models, whereas that of categorical variables was described using a shift model. After considering the most frequently identified covariates in the model, the remaining covariates were screened using a stepwise approach primarily based on objective function value (OFV) (Beal et al., 1989), and parameter precision. Error estimates were also considered.
The likelihood ratio tests at a significance level of p < 0.05 (ΔOFV >3.84) and p < 0.001 (ΔOFV >10.83) were performed in forward inclusion and backward elimination procedures, respectively. Moreover, the clinical meaning of parameters with a significant reduction of model variability in covariate selection was also considered. In the modeling process, the condition numbers were calculated to avoid over-parameterization, accepting no more than 1,000 as the criterion (Owen and Fiedler-Kelly, 2014).
2.2.3 Implementation of Published Models
Published models were rebuilt and fixed parameters were reported in each study. Prediction- and simulation-based diagnostics were then used to evaluate the predictive performance of the published models (Zhao et al., 2016; Mao et al., 2018). If specific continuous covariates were missing, the median of the dataset or the model population was imputed. The data were assumed to be in the negative category (e.g., not receiving concomitant omeprazole) if categorical covariates were not available.
2.3 Model Evaluation
The predictability of published popPK models and the newly built model was evaluated by prediction- and simulation-based diagnostics. To compare the accuracy and precision of model predictive performance, prediction-based prediction error (PE, Eq. 1), median prediction error (MDPE), and median absolute prediction error (MAPE) were calculated and estimated (Sheiner and Beal, 1981).
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The percentages of PE within 20% (F20) and 30% (F30) were used as the combination index of both the accuracy and precision.
The goodness-of-fit plots were examined for model evaluation. The model stability and precision of parameter estimates were assessed using the bootstrap method (Ette et al., 2003). By random sampling with replacement in Perl modules, 2000 bootstrap datasets were generated (Ette, 1997). The final popPK model was compared with each of the bootstrap datasets to obtain 95% confidence intervals (CI) for all model parameters.
The predictability of the candidate model was evaluated using prediction-corrected visual predictive checks (pcVPCs) with 2000 simulations (Bergstrand et al., 2011). The 95% CI for the median, and the 5th and 95th percentiles of the simulations were calculated and compared with the observations, binning automatically.
2.4 Model Application
Using parameter estimates from the most suitable model, Monte Carlo simulations were performed. The objective of this study was to determine the influence of covariates on the incidence of delayed MTX elimination. The proportion of patients with MTX concentrations ≤0.2 μmol L−1 at 72 h was analyzed, as 3 g m−2 was administered for standard patients (with BSA 1.6 m2) with different covariate levels (2.5th percentile, median, and 97.5th percentile). After simulating 1,000 hypothetical individuals, the time-concentration profiles were obtained in each scenario.
3 RESULTS
3.1 Patients and Data Collection
Patient demographic and physical characteristics are presented in Table 1. Data from 77 patients, covering 377 courses (1–17 per patient), and 1458 MTX plasma concentrations were available for analysis. The doses administered to patients ranged from 2 to 15.8 g. MTX dosage was transformed into molar equivalents by dividing them by the molecular weight (MTX: 222 g mol−1, http://chem.nlm.nih.gov/chemidplus/). For 92.3% of the treatment cycles, patients had short infusions, ranging from 1 to 4 h, whereas the remaining patients had long infusions, ranging up to 28.25 h.
In total, 567 concentrations were below the limit of quantification (LOQ), among which 236 were the second samples below the LOQ in the same treatment cycle. The M6 method was used to handle samples below the LOQ of 0.3 μmol L−1 as Gallais et al. done previously (Beal, 2001; Gallais et al., 2020). For concentrations under the lower LOQ (LLOQ), the first measurement in each continuous series was set to LLOQ/2, with the following measurements being treated as missing values. More complex approaches such as the M3/M4 method (likelihood estimation) did not improve model predictability, and thus were not evaluated further. The description of the sampling points and samples below the LOQ is provided in Supplementary Table S2.
3.2 Population Pharmacokinetic Models
3.2.1 Review of Published popPK Studies on HD-MTX
Eight eligible popPK studies (Faltaos et al., 2006; Min et al., 2009; Simon et al., 2013; Benz-de Bretagne et al., 2014; Nader et al., 2017; Mei et al., 2018; Gallais et al., 2020; Yang et al., 2020) were identified during the literature review for further analysis. The screening process is presented in Text S1. The details of each study are summarized in Table 2. Among them, seven were single-center studies, whereas one was conducted at two centers (Benz-de Bretagne et al., 2014). Additionally, four studies were primarily conducted in France (Faltaos et al., 2006; Simon et al., 2013; Benz-de Bretagne et al., 2014; Gallais et al., 2020), three in China (Min et al., 2009; Mei et al., 2018; Yang et al., 2020), and one in Qatar (Nader et al., 2017). Furthermore, seven studies in the analysis had a small sample size of less than 1,000 concentrations (Faltaos et al., 2006; Min et al., 2009; Simon et al., 2013; Benz-de Bretagne et al., 2014; Nader et al., 2017; Mei et al., 2018; Yang et al., 2020). Four bioassay methods, HPLC, EMIT, TDx, and HEI, were used in seven studies (Table 2). Bioassay information was not provided in one study (Nader et al., 2017).
TABLE 2 | Summary of published population pharmacokinetic studies of HD-MTX in adult patients with lymphoid malignancy.
[image: Table 2]The covariates of the published final CL/F models included age, SCr, CrCL, HCT, BSA, change in basal urinary coproporphyrin I/coproporphyrin I + III ratio value at the time of hospital discharge (MTX pre-administration [DP3]), co-administration with at least one drug of score 2 (SCO2), and ABCB2 genotype. SCr, CrCL, and age were the most frequently identified covariates in the final models and were reported in three, two, and two studies, respectively (Supplementary Table S3 and Supplementary Table S4). Body size was screened in all studies, and three included it in the volume of distribution, whereas one included it in CL/F and Q/F. Moreover, ABCC2 polymorphisms were screened in two studies, and it was included in the final model in one study (Simon et al., 2013).
3.2.2 Population Pharmacokinetic Model Development
Data was described using a two-compartment PK structural model (ADVAN3, TRANS4 subroutine) with linear elimination. The exponential model provided the best result for the residual variability from the results of the OFVs and the distribution of residuals in the diagnostic plots. The parameter estimates and associated precisions of the base model are presented in Table 3.
TABLE 3 | Parameter estimates for the base model, final model and bootstrap procedure.
[image: Table 3]Mechanistic plausibility was mainly considered as a potential covariate incorporated into the base model. As MTX is primarily eliminated unchanged by renal excretion, the effect of CrCL on MTX PK CL/F was tested first. The OFV substantially declined when CrCL was included exponentially (ΔOFV -97.6, p < 0.001), indicating a significant improvement in the model. A decrease (18.0%) in CL/F was observed as the CrCL decreased from 90 ml min−1 to 60 ml min−1.
The pathophysiological factors influencing MTX protein binding were then investigated empirically. ALB and HCT were included in the model to assess which was more suitable for describing the change in protein binding in the MTX PK process (ΔOFV -59.9 vs. -14.8, p < 0.001), and ALB was included in the final model. As 24.6% of patients were above 60 years old, age was also investigated by separating patients into two groups (i.e., older, or younger than 60 years). The CL/F of elderly patients (age >60) was 11.0% lower than that of the younger patients (ΔOFV -13.3, p < 0.001).
Moreover, the influence of morphological characteristics, such as body weight, BSA, and body mass index (BMI), on PK disposition parameters was tested based on allometric scaling theory (West et al., 1997; Anderson and Holford, 2009). However, no significant differences were observed. The presence of DIS ≥2 was added to the CL/F to test the influence of drug-drug interaction factors on the MTX PK process. However, the drop in the OFV was 3.6 and no significant differences were observed. The step-by-step covariate screening procedure is shown in Supplementary Table S5 and the correlation between BSVs is presented in Supplementary Figure S1.
The additional estimation of the IOV for CL, which was estimated to be 24.7%, significantly improved model predictions (ΔOFV -679.9, p < 0.001), which suggests that elimination parameters vary across MTX courses.
The parameters of the final model are listed in Table 3. The final model with CL/F covariates was described as follows.
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In the final model, all retained covariates caused a significant increase in OFV upon removal. The condition number of the final model was 83.6. Shrinkage analysis for CL showed a mean η-CL shrinkage of 25.5% and ε-shrinkage of 24.9%.
3.3 Model Evaluation
The predictive performance of published models was evaluated in the evaluation population dataset using the prediction- and simulation-based diagnostics described above. Supplementary Figure S2 shows the goodness-of-fit plots for all published models. The values of bias and inaccuracies of the published models are presented in Table 4. All models presented an underestimation of concentrations with large inaccuracies. The predictive performance of the predicted HD-MTX concentration-time profiles, as revealed by the pcVPC of the published models, was highly variable (Supplementary Figure S3). None of the models presented acceptable bias or inaccuracy values.
TABLE 4 | Results of the prediction-based metrics.
[image: Table 4]The goodness-of-fit plots for the newly built model are presented in Figure 1 showing no structural bias. The pcVPCs of the final model are depicted in Figure 2. The data below the LOQ were included in the model evaluation to assess the capability of the final model to describe these points. The simulated data corresponded well with the observed data, except for data below the LOQ around 24 h and more than 100 h after the dose. However, as only 18 samples and 10 samples below the LOQ in these periods were included in our study, there were no significant model misspecifications. Model stability was also confirmed with consistent bootstrapped parameter estimates differing by no more than 15% from its corresponding estimate in the final model (Table 3). The MDPE and MAPE were -10.2% and 36.4%, respectively. The relatively low values of MDPE and MAPE further confirmed the high prediction accuracy of the final model.
[image: Figure 1]FIGURE 1 | Diagnostic goodness-of-fit plots for the final model. (A) Observations versus population predictions; (B) observations versus individual predictions; (C) conditional weighted residuals (CWRES) versus population predictions; (D) CWRES versus time after dose. (A–D) The locally weighted regression line (red dashed lines). (A,B) the line of unity (black solid lines), and (C,D) y = 0 (solid lines) are shown.
[image: Figure 2]FIGURE 2 | Visual predictive checks (VPCs) for the final model, based on 2000 simulations. (A) The red solid line connects median observed values per bin, the red dashed lines connect the 5th and 95th percentiles of the observations. The blue areas represent the 95% confidence interval of the 5th and 95th percentiles. The green area indicates the confidence interval of the median. The Y-axis is shown in a logarithmic scale. (B) Open circles represent the observed fraction of censored data, and the shaded area represents the 95% confidence interval of the simulated fraction of censored data.
3.4 Model Application
The characteristics of the involved covariates in the simulation are listed in Supplementary Table S6. The results of the Monte Carlo simulation are presented in Supplementary Table S7. The predicted time course of MTX concentration in the scenarios with median covariate levels is presented in Figure 3. Based on the simulation, elderly patients with renal dysfunction and hypoalbuminemia have a higher incidence of delayed MTX elimination. The percentage decreased from 64.7% to 27.6% when the CrCL decreased from 98 ml min−1 to 46.3 ml min−1, and the percentage decreased from 64.7% to 54.8% when ALB decreased from 39 g L−1 to 29 g L−1.
[image: Figure 3]FIGURE 3 | Simulated time-concentration profiles of MTX under conditions involving different covariate levels. (A,B) For patients ≤60 years old; (C,D) for patients >60 years old.
4 DISCUSSION
To the best of our knowledge, this is the first comprehensive analysis of the predictability of published HD-MTX popPK models. Prediction-based metrics and simulation-based diagnostics were applied to assess the accuracy and precision of the published models. According to our results, the published models were insufficient for cross-center use. Thus, constructing a new popPK model based on an independent dataset is a priority.
Whether the assumed description of the popPK model is in agreement with the population it is intended to treat, depends on two aspects: a well-developed model with reliable a priori PK parameter distribution (mixed and random) and center-related factors that may result in unexplained inter-study variability (Laporte-Simitsidis et al., 2000). The center-related factors, such as study design, ethnic differences, assay methods, and modeling strategies, may influence model predictability (Mao et al., 2018; Mao et al., 2020). In this study, the inclusion of older patients with primary central nervous system lymphoma, as well as inconsistencies in the assay methods, may be the primary causes of the poor cross-center predictability observed.
Although the published models were inadequate for cross-center use, the information included in these models can be utilized to guide the building of new models. In previous studies, we found that theory-based modeling is helpful to improve model predictability (Mao et al., 2020; Mao et al., 2021). Unlike empirical stepwise covariate selection, theory-based covariate selection allows the incorporation of relationships linking parameters and covariates based on a fundamental understanding of PK processes rather than only on the available data, and may improve model predictability (Danhof et al., 2008). Therefore, we conducted modeling based on the combination of theoretical mechanisms and data properties in this study.
According to published studies, CrCL was the most frequently identified covariate. This was consistent with the PK characteristics of MTX. MTX and its major metabolite, 7-OH-MTX, are mainly eliminated by glomerular filtration and active secretion (Shitara et al., 2006). After analyzing HD-MTX serum samples and urine samples, it was revealed that MTX renal clearance is 83% of the total clearance and CrCL, as an index of glomerular filtration rate, has a great effect on renal clearance but not on non-renal clearance (Fukuhara et al., 2008). In the present study, as no urine samples were included, the influence of CrCL was added to the total clearance. As the CrCL doubling decreased from 120 ml min−1 to 60 ml min−1, the CL/F decreased by 28.8%, which is consistent with the results obtained using published models (17.1%–50%), and in patients with CrCL increase from 120 ml min−1–180 ml min−1, the CL/F increased by 22.0%, which is close to the results obtained using published models (11.6%–19.6%) (Simon et al., 2013; Benz-de Bretagne et al., 2014; Yang et al., 2020).
Alterations in HCT or hemoglobin may affect MTX binding and thus influence the PK process. Hypoalbuminemia is reportedly associated with a significantly increased time for MTX clearance (Reiss et al., 2016). Therefore, the reduction of ALB is a risk factor for delayed MTX elimination in HD-MTX monotherapy (Kataoka et al., 2021). In the final model, a reduction in ALB from 50.0 g L−1 to 24.0 g L−1 may result in a 22.7% decrease in MTX CL/F. The change in MTX CL/F may have clinical effects on MTX exposure and treatment response. Moreover, malignant cachexia or liver metastases induced by hypoalbuminemia may increase the half-life of MTX PK, which may be associated with unanticipated toxicity (Li and Gwilt, 2002).
The CL/F was decreased by 11.0% in elderly patients, which may also be a risk factor for delayed elimination. The incidence of delayed clearance of MTX is higher in older patients and during the first cycle of treatment (Bacci et al., 2003). After comparing the PK of total and free MTX in rheumatoid arthritis patients, it has been shown that elderly patients have a longer elimination half-life of free and total MTX (Bressolle et al., 1997). For elderly patients, altered metabolic functions are a result of the complex processes of aging-related physiological changes in the functional reserve of multiple systems and organs. Furthermore, renal excretion is reduced (up to 50%) in approximately two-thirds of elderly patients, which can potentially cause the delayed elimination of MTX (Klotz, 2009).
The estimated PK parameters in our final model were consistent with those in previous reports, except that the CL/F was lower than that in published studies. This phenomenon may be owing to the influence of drug-drug interactions. In our study, the proportion of samples with DIS ≥2 was more than 85.4%. Co-administration, such as that of non-steroidal anti-inflammatory drugs, β-lactamins, and proton pump inhibitors, has been reported to be an important factor that influences MTX elimination (Iven and Brasch, 1990; Suzuki et al., 2009; Kawase et al., 2016), and may inhibit the excretion of MTX. A reduction in CL/F, by 0.929, as at least one score 2 drug was used (Benz-de Bretagne et al., 2014).
Previous studies have demonstrated that variability exists between MTX therapy cycles (Fukuhara et al., 2008; Min et al., 2009; Kim et al., 2012; Mei et al., 2018). In this study, we estimated course-to-course variability with the inclusion of IOV terms in the random effects model. IOV may arise from variable renal function owing to repeated chemotherapy, drug-drug interactions, or other environmental factors (Breedveld et al., 2004; El-Sheikh et al., 2007; Leveque et al., 2011).
No gene information was available for analysis in this study. The influence of polymorphisms in genes encoding transporters or enzymes during the MTX PK process was inconsistent between different studies, which may partly be accounted for by the different types of patients. The sample size did not have sufficient power to detect a significant association between the target single nucleotide polymorphisms (SNPs) and the MTX PK properties, and the different frequencies of SNPs owing to racial differences (Simon et al., 2013; Lui et al., 2018; Yang et al., 2020). We will consider this point in a future study.
In relative terms, body size and composition were less influential in the model of MTX CL (Pai et al., 2020). A statistically significant reduction in the IIV of CL in only 15% of anticancer drugs is associated with BSA. Moreover, the relative reduction in the variability of CL is between 15% and 35% (Baker et al., 2002). Among the eight published models, only one model included the influence of body size on CL. It is also worth mentioning that body size does not take into account abnormal body habitus such as cachexia or morbid obesity (Gurney and Shaw, 2007; Gallais et al., 2020). In our study, only two patients had a BMI ≥30. Therefore, body size was not a risk factor identified in this study.
Certain limitations were noted in our study. First, this study relied on routine MTX monitoring data that was retrospectively collected and did not include information regarding aspects of supportive care, such as fluid hydration and urine pH, which may have impacted MTX CL and influenced model predictability. Second, MTX concentrations were measured using multiple analytical methods between studies. No conversion of immunoassays may introduce uncertainty into the external evaluation results. Third, no information on MTX metabolites was available for this study. The inclusion of MTX metabolite information in the popPK model could provide more insights into MTX disposal. Therefore, this should be the focus of future studies.
Identifying ways to obviate MTX delays could facilitate toxicity prediction, rational dose adjustments, and theoretically improve treatment outcomes (Crews et al., 2004). According to our results, the currently published models are not sufficiently reliable for cross-center use; the newly built model provides better predictability. The elderly patients and those with renal dysfunction, hypoalbuminemia are at higher risk of delayed elimination.
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Doxazosin (DOX) is prescribed as a racemic drug for the clinical treatment of benign prostatic hyperplasia and hypertension. Recent studies found that the two enantiomers of DOX exhibit differences in blood concentration and pharmacological effects. However, the stereoselective metabolic characteristics and mechanisms for DOX are not yet clear. Herein, we identified 34 metabolites of DOX in rats based on our comprehensive and effective strategy. The relationship among the metabolites and the most discriminative metabolites between (−)-DOX and (+)-DOX administration was analyzed according to the kinetic parameters using state-of-the-art multivariate statistical methods. To elucidate the enantioselective metabolic profile in vivo and in vitro, we carefully investigated the metabolic characteristics of metabolites after optically pure isomers administration in rat plasma, rat liver microsomes (RLMs) or human liver microsomes (HLMs), and recombinant human cytochrome P450 (CYP) enzymes. As a result, the differences of these metabolites were found based on their exposure and elimination rate, and the metabolic profile of (±)-DOX was more similar to that of (+)-DOX. Though the metabolites identified in RLMs and HLMs were the same, the metabolic profiles of the metabolites from (−)-DOX and (+)-DOX were greatly different. Furthermore, four human CYP enzymes could catalyze DOX to produce metabolites, but their preferences seemed different. For example, CYP3A4 highly specifically and selectively catalyzed the formation of the specific metabolite (M22) from (−)-DOX. In conclusion, we established a comprehensive metabolic system using pure optical isomers from in vivo to in vitro, and the complicated enantioselectivity of the metabolites of DOX was clearly shown. More importantly, the comprehensive metabolic system is also suitable to investigate other chiral drugs.
Keywords: pure optical isomers, enantioselectivity, doxazosin, liver microsomes, cytochrome P450 enzymes, comprehensive metabolic system
INTRODUCTION
Doxazosin (DOX), a long-acting and highly selective α1 receptor blocker, is commonly used in treating benign prostatic hyperplasia (BEH) as the first-line therapy. It can relax the smooth muscle of the prostate and relieve the lower urinary tract symptoms related to BEH by targeting the α1-receptor in the prostate tissue, especially near the bladder neck (Cao et al., 2016; Fusco et al., 2016). DOX is also an additive drug for clinical antihypertensive treatment (Williams et al., 2015), especially suitable for elderly patients with BEH accompanied by hypertension. Recently, it has been described that DOX have anti-tumor effects by inhibiting cell proliferation, arresting cell cycle, and inducing apoptosis (Ramírez-Expósito and Martínez-Martos, 2019; Wade et al., 2019; Suzuki K. et al., 2020; Karaca et al., 2021). Nowadays, the prescribed drug of DOX is a racemic drug [(±)-DOX] composed of equal mixtures of (−)-DOX and (+)-DOX. However, differences in pharmacological effects between (−)-DOX and (+)-DOX have been reported; that is, the blocking effect of (−)-DOX on α1D receptors in a rat vascular smooth muscle is weaker than that of (+)-DOX. They produce opposite inotropic effects in the rat atria, and the chiral carbon atom in the molecular structure of doxazosin does not affect its activity at the therapeutic target of α1A receptors in the rabbit prostate (Zhao et al., 2012). Undoubtedly, the enantioselective pharmacodynamics is related to the difference of enantiomers in pharmacokinetics. Therefore, elucidating the pharmacokinetics of (−)-DOX, (+)-DOX, and (±)-DOX has become an important issue for DOX clinical application.
Actually, we have reported the differences in pharmacokinetics between (−)-DOX and (+)-DOX (Liu et al., 2010; Zhen et al., 2013; Li et al., 2015; Kapri et al., 2019). The plasma concentration ratio of (+)-DOX to (−)-DOX (C(+)-DOX/(-)DOX) is increased from 1.7 at 10 min to 17.1 at 360 min after a single injection of (±)-DOX into rat tail vein (Li et al., 2015). Moreover, the elimination of (+)-DOX was slower than that of (−)-DOX in rat liver microsomal system during incubation with (±)-DOX (Kong et al., 2015). The stereoselectivity of enzymes participating in drug metabolism is a well-known knowledge. For example, L-nebivolol was reported to be highly metabolized by CYP2D6, but CYP2C19 was the primary enzyme responsible for D-nebivolol (Lefebvre et al., 2007; Kelley et al., 2019). CYP2D6 preferentially metabolizes (−)-tramadol to (−)-O-desmethyltramadol rather than (+)-tramadol to (+)-O-desmethyltramadol (Suzuki S. et al., 2020). Though we found that CYP3A might be involved in the chiral metabolism of DOX in rats (Kong et al., 2015), a deeper understanding of the stereoselective metabolism is still poor due to the lack of knowledge regarding the metabolites of DOX and its metabolic pathways.
In recent years, liquid chromatography coupled with mass spectrometry (LC-MS) has emerged as one of the most powerful analytical tools for the screening and identifying drug metabolites with low-nanomolar sensitivity and high specificity (Pang et al., 2019; Higashi and Ogawa, 2020). Moreover, the Orbitrap mass detector with up to six orders of linear dynamic range in a high-resolution acquisition mode is beneficial to improving the simultaneous quantification of doxazosin and its metabolites. In our preliminary experiments, we found 98 potential metabolites identified from the rat plasma after intravenous administration of (±)-DOX. Herein, we further plan to confirm the metabolites with chemical structures for DOX and elucidate the stereoselective metabolic characteristics and mechanisms by analyzing the kinetic properties of metabolites after optically pure isomers administration in rat plasma, rat liver microsomes (RLMs) or human liver microsomes (HLMs), and seven recombinant human cytochrome P450 (CYP) enzymes.
MATERIALS AND METHOD
Chemicals and Biological Reagents
(±)-Doxazosin mesylate [(±)-DOX], (+)-doxazosin mesylate [(+)-DOX], and (−)-doxazosin mesylate [(−)-DOX] standards (>99.9% purity) were provided by the New Drug Research and Development Center of the North China Pharmaceutical Group Corporation (Shijiazhuang, China). β-Nicotinamide adenine dinucleotide phosphate hydrate (NADP), glucose-6-phosphate dehydrogenase from Baker’s yeast (S. cerevisiae), glucose-6-phosphate, prazosin (internal standard, IS), phenacetin, tolbutamide, and human CYP enzymes (CYP3A4, CYP2D6, CYP2C19, CYP2C8, CYP1A2, CYP2E1, and CYP2C9) were purchased from Sigma-Aldrich (St Louis, USA). Dextromethorphan hydrobromide, paclitaxel, and testosterone were provided by TCI Shanghai (Shanghai, China). Chlorzoxazone and omeprazole were purchased from J&K Chemical (Beijing, China). Heparin sodium injection was provided by the Jiangsu Wanbang Biochemical Pharmaceutical Group Co., Ltd. (Xuzhou, China). Human and rat liver microsomes were purchased from BD Gentest (Franklin, USA). Tris base and MgCl2 were purchased from Tianjin Yongda Chemical Reagent Co., Ltd. (Tianjin, China). Ultrapure water was prepared by Thermo Scientific Nanopure Water Purifier (Waltham, USA). HPLC-grade methanol and acetonitrile were purchased from Thermo Fisher Scientific (Ottawa, ON, Canada). All the other chemicals were of analytical grade.
Animals
Specific pathogen-free healthy male SD rats (180–200 g) were purchased from the Vital River Laboratory Animal Company (Beijing, China; certificate no. SCXK 2016-0006). All rats were fed with standard guidelines and housed in well-ventilated cages at room temperature (23 ± 2°C) with a regular 12 h light-dark cycle. The rats were allowed free access to commercial aseptic food and pure water before the experiment. This study was approved by the Animal Ethics Committee of Hebei Medical University, complying with the National Research Council’s Guide for the Care and Use of Laboratory Animals (Approval no. IACUC-Hebmu-2021017).
Quantitation of the Content of (+)-DOX, (−)-DOX, or (±)-DOX in Pure Form
To keep the same dosages for (+)-DOX, (−)-DOX, or (±)-DOX administration, (+)-DOX, (−)-DOX, or (±)-DOX were analyzed on the achiral C18 column by an Agilent 1260 HPLC system coupled with fluorescence detector according to our previous report (Zhen et al., 2013). Isocratic elution was conducted using a mobile phase of phosphate buffer-acetonitrile (85: 15, v/v) at a flow rate of 0.8 ml/min. The fluorescence detection was set at λEx = 255 nm and λEm = 385 nm. The ratio of the peak areas of (+)-DOX, (−)-DOX, and (±)-DOX is 1.02: 1.22: 1. Furthermore, the following administrations for (+)-DOX, (−)-DOX, and (±)-DOX were adjusted according to the ratio.
Administration and Sample Collection
The dosing and sampling procedures were similar to our former publication (Li et al., 2015). Briefly, 18 male rats were randomly divided into three groups (n = 6). The rats in each group received a single intravenous bolus injection of 6 mg/kg dose of (+)-DOX, (−)-DOX, or (±)-DOX without anesthesia, respectively. The blank blood samples were collected before administration, and blood samples were collected at 10, 30, 60, 90, 120, 240, 360, 480, and 600 min after drug administration. Samples were placed in heparinized centrifuge tubes and centrifuged at 2000 g for 10 min. The supernatants were collected and stored at −40°C until analysis.
Incubation of Doxazosin With Liver Microsomes/Cytochrome P450s
For the metabolic study in vitro, rat liver microsomes, human liver microsomes, and seven recombinant human CYP enzymes (CYP3A4, CYPAD6, CYP2C19, CYP2C8, CYP1A2, CYP2E1, and CYP2C9) were used as metabolized enzymes. The concentration of the microsomal protein or each recombinant CYP enzyme in the incubation system was applied according to earlier studies (Kong et al., 2015; Kim et al., 2016). Briefly, the incubation system (400 µL) contained a microsomal protein (0.5 g/L) or CYP enzyme (40 nmol/L) and Tris-HCl buffer (100 mmol/L, pH 7.4) with MgCl2 (25 mmol/L). (−)-DOX, (+)-DOX, or (±)-DOX were the substrates with a concentration of 160 mg/ml. After 5 min of preincubation in the water bath at 37°C, reactions were initiated by adding 160 µL of NADPH-generating system (5.0 mM glucose-6-phosphate, 0.5 mM NADP+, 1 unit/ml glucose-6-phosphate dehydrogenase, and 5 mM MgCl2). The reactions were terminated after incubation for 0, 5, 10, 20, 30, 45, 60, and 80 min by adding three times the volume of ice-cold methanol containing prazosin (IS). Incubation without the addition of NADPH or DOX was used as a negative or positive control, respectively. Control experiments using boiled microsomes were also carried out. In the control samples, Tris-HCl buffer was added instead of the protein, NADPH or drug solution to ensure that the incubation volumes and compositions remained the same. All tests were performed in triplicate. The samples were prepared with the same method as the following “Sample preparation” procedures.
Measurement of Recombinant Human CYP Enzymes Activity
The activity of each recombinant human CYP enzyme was evaluated by its CYP enzyme-specific substrate. The probe substrate for CYP3A4, CYP2D6, CYP2C19, CYP2C8, CYP1A2, CYP2E1, and CYP2C9 is testosterone, dextromethorphan, omeprazole, paclitaxel, phenacetin, chlorzoxazone, and tolbutamide, respectively. The final concentration of each substrate in the incubation system was 5 μmol/L. Other incubation conditions were the same as mentioned above, and the incubation duration was 30 min. 6β-Hydroxy testosterone metabolized by CYP3A4, dextrorphan by CYP2D6, 5-hydroxy omeprazole by CYP2C19, 6α-paclitaxel by CYP2C8, acetaminophen by CYP1A2, 6-hydroxy chlorzoxazone by CYP2E1, and 4′-hydroxytoluene butazone by CYP2C9 were determined using the UHPLC-HRMS system (Thermo Fisher Scientific, Waltham, MA, United States).
Sample Preparation
Before analysis, samples were thawed and equilibrated at room temperature. Then, 100 µL of each plasma sample was transferred into a new centrifuge tube and spiked with three times the volume of methanol containing prazosin (IS). Each sample was vortexed to mix for 3 min and prepared by centrifugation at 12,000 g for 5 min at 4°C. The supernatant was removed to a new centrifugation tube and evaporated to dryness with a gentle stream of nitrogen in a 40°C water bath. The dry residue was dissolved with 100 µL of an acetonitrile-water mixture (1:1, v/v), vortexed for 3 min, and then centrifugated at 12,000 g for another 5 min. A five-microliter supernatant was injected into the UHPLC-HRMS system for analysis.
UHPLC-HRMS Conditions
Thermo UltiMate 3000 UHPLC system coupled with Thermo Orbitrap Fusion high-resolution mass spectrometry (HRMS) detector with an H-ESI operating in a positive ion mode was used for all analyses. The chromatographic separations were performed on a Waters Xbridge C18 column (100 × 3 mm, 3.5 µm, Milford, MA, United States). The column temperature was maintained at 35°C. The mobile phases consisted of 0.2% ammonia solution (A) and acetonitrile (B) at a total flow rate of 0.5 ml/min. The total analysis time was 25 min, and a linear gradient condition was used as follows: 0–5 min, 10% B; 5–8 min, 10%–30% B; 8–17 min, 30%–70% B; 17–20 min, 70%–95% B; and 20–25 min, 95% B. Mass spectrometry conditions are as follows: sheath gas 40 Arb, aux gas 12 Arb, sweep gas 1 Arb, ion transfer tube temperature 330°C, and vaporizer temperature 317°C. MS1 and MS2 data were collected by Xcalibur software (Thermo Fisher Scientific, Waltham, MA, United States), acquiring as many MS2 data as possible within 0.6 s. A full scan was acquired in the range of 150–1,000 m/z at a resolution of 120,000 for the MS1 method, and the automatic gain control (AGC) was set at 2.0e5, RF-lens of 60%, and maximum injection time of 100 ms. The AGC was set at 5.0e4, and maximum ion injection times were 45 ms for MS2 scan. The activation type was high-energy collisional dissociation (HCD), and its energy was performed with 20%–40%. The dynamic exclusion duration time was set at 8 s.
Screening of the metabolites of DOX is shown by Gao et al. (2015), Vrobel et al. (2017), Bujak et al. (2020), and Izzo et al. (2020). In the analysis, data were processed with the Compound Discoverer (CD) 3.1 software and Mass Frontier 7.0 software (Thermo Fisher Scientific, Waltham, MA, United States). Raw files were imported into CD software to identify metabolites of DOX. The processing workflow “Find Expected metabolites with Fish Scoring and Background” was selected with the settings of mass tolerance, 5 ppm; intensity tolerance, 30%; minimum peak intensity, 100,000; ions (M + H)+, (M + K)+, and (M + Na)+; and RT tolerance, 0.3 min. The blank samples were used for the subtraction of the background compounds. The following filters were used: peak area >10,000; fish coverage >0; and no matches found in blank and solution samples. Considering the potential element compositions and the occurrence of possible reactions, the types and numbers of the predicted atoms were set as follows: C (0–35), H (0–50), O (0–25), S (0–2), N (0–7), and ring double bond (RDB) equivalent value (0–15). The maximum mass errors between the measured and the calculated values were fixed within 5 ppm. The detection of metabolites was accomplished via data processing with mass defect filtering (MDF) and control sample comparison. We also evaluated possible metabolites from isotopic ratios, peak shape, and fragments. The ClogP (Chemdraw Ultra 14.0, Cambridge Soft Corp., Cambridge, MA) was used to distinguish the structure of diastereoisomers containing two or more chiral centers because a diastereoisomer with a larger ClogP value had a longer retention time in reversed-phase liquid chromatography systems (Zhang et al., 2018). The possible structure of the metabolites was analyzed based on the MS2 data. Then, Mass Frontier 7.0 software (Thermo Fisher Scientific, Waltham, MA, United States) was used for further structure verification, which predicted the structures of a fragment based on the HighChem Fragmentation Library™ (Thermo Fisher Scientific, Waltham, MA, United States). The identified metabolites were added to our Local Compound Database for the following analysis to increase the chances of identifying the metabolites and reduce data processing time in a number of biological samples.
Calculating the Kinetic Parameters for Metabolites
Chromatographic peaks were integrated by the TraceFinder software (Thermo Fisher Scientific, Waltham, MA, United States). The concentrations of DOX in plasma or incubation systems were determined using a calibration curve generated with the known concentrations. A comparison of the same metabolite among different samples was achieved by calculating the peak area ratio of the metabolite versus the internal standard at the MS1 level.
Pharmacokinetic parameters of (+)-DOX, (−)-DOX, and (±)-DOX and each metabolite were calculated based on concentration-time profiles of individual rat plasma samples using WinNonlin software (V.5.1, Pharsight, Mountain View, CA) by a noncompartmental analysis model. The maximum plasma concentration (Cmax) and the time to reach Cmax (tmax) were determined directly from the plot. The terminal phase rate constant (λ) was estimated as the absolute value of the slope of a linear regression during the apparent terminal phase of the natural logarithm transformed concentration-time profile. The area under the concentration-time curve (AUC) from time zero to the last quantifiable concentration (AUC0-t) was calculated using the linear trapezoidal method.
The kinetic parameters AUC0-t for each metabolite in incubation experiments were also calculated using the linear trapezoidal method by WinNonlin software.
Multivariate Statistical Analysis for the Metabolites Originating From (+)-DOX, (−)-DOX, and (±)-DOX
Multivariate data analysis was a powerful tool in the biological understanding and exploration of complex, multiparametric metabolic systems (Macherius et al., 2014; Commisso et al., 2017; Kim et al., 2018). Multivariate analyses were performed using the resulting matrix of lg(AUC) or lg(λ) of the observed metabolites in each sample. In this study, hierarchical cluster analysis (HCA), principal component analysis (PCA), and Pearson correlation analysis were employed to analyze the matrix by the RStudio platform (Version 1.0.143) installed R (Version 3.5.1) with packages such as ggplot2, procomp, corrgram, and heatmap.
Other Statistical Analysis
All data were represented as mean ± standard deviation (mean ± SD). Logarithmic transformation was performed on AUC0-t and Cmax values before the statistical analysis. One-way ANOVA followed by Tukey’s HSD test by GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA) was used to analyze the difference in AUC0-t or Cmax among (−)-DOX, (+)-DOX, and (±)-DOX and that among the same metabolites of (−)-DOX, (+)-DOX, and (±)-DOX. p-value < 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Identification and Structural Elucidation of Metabolites of Doxazosin
Up to now, no more than 10 known metabolites of DOX have been reported (Kaye et al., 1986). Therefore, a detailed study on the metabolites of DOX is necessary. For the identification of metabolites, (±)-DOX was administered to the rats through the caudal vein, and the blood was collected at different time points after administration and then analyzed by UHPLC-HRMS. To discover more metabolites of DOX, we used the method in vivo in the beginning rather than in vitro (such as microsomes or recombinant CYP enzymes) because there are many kinds of metabolic enzymes in the body, including carboxylases, dehydrogenases, lipoxygenases, oxidoreductases, kinases, lyases, and transferases (Alexander et al., 2011; Argikar et al., 2016)
In this study, we established a comprehensive and effective strategy (Figure 1A) to discover and identify the metabolites. Thirty-six metabolites were identified based on our strategy, and their possible chemical structures were inferred (Figure 1B and Table 1).
[image: Figure 1]FIGURE 1 | Analytical strategy for the detection and identification of DOX metabolites (A), and the total ion chromatograms of blank and plasma samples after intravenous administration of DOX, indicating the 36 metabolites (B).
TABLE 1 | Summary of 36 doxazosin metabolites with possible chemical structures.
[image: Table 1]Firstly, the fragmentation patterns of DOX in ESI-HCD-MS were illustrated, which can provide useful information to deduce the structures of related metabolites. DOX showed a protonated (M + H)+ ion at m/z 452.1925 with a retention time of 7.4 min. It produced the base peak ion at m/z 344 [M + H–C6H4O2]+ in the ESI-HCD-MS2 spectrum. Because of the MS3 experiment, it is easy to know that the peak ion at m/z 290 was yielded from the ion at m/z 344 by losing C3H2O, and the other major characteristic ions at m/z 247 and 221 were yielded from the ion at m/z 290 by losing C2H5N and C3H5N2 (Supplementary Figure S1). Taking metabolite M17 as an example, it was eluted at 2.92 min and 2 Da (2H) less than DOX but had a similar characteristic fragment of m/z 221. Besides, the ions at m/z 245, m/z 288, and m/z 342 were also found by successively losing 2 Da of m/z 247, m/z 290, and m/z 344. Therefore, we inferred that the elimination reaction occurred at the sites of the piperazine ring, and the structure of M17 can be inferred easily (Figure 2A).
[image: Figure 2]FIGURE 2 | Elucidation of the chemical structure and mass fragmentation pattern of the metabolite taking M17 as an example (A), and the proposed possible metabolic pathway for DOX (B).
M1 (m/z 290.1628, C10H12N4O2) and M4 (m/z 290,1628, C10H12N4O2) were detected at 2.62 and 3.43 min, respectively. Because m/z 221.1040 and 290.1628 were the typical fragment ions of DOX and the fragment ions of M4 were m/z 247.1197 and 221.1038, we inferred M1 to be formed by quinazoline amino group cleavage and M4 to be formed by cleavage of a piperazine ring and a carbonyl linkage (Table 1 and Supplementary Figure S2). M2 with a protonated [M + H]+ ion at m/z 276.146 was eluted at 3.03 min, and its fragments of m/z 247.1197 and m/z 221.1038 were found in the mass spectrum of MS2 with no other characteristic ions observed. The molecular weight of M2 was 14 Da less than M4, showing a CH2 group loss. Therefore, it can be inferred that M2 is an O-demethyl metabolite of M4 (Table 1 and Supplementary Figure S2).
M19, M20, M21, M22, and M23 showed the same theoretical [M + H]+ ion at m/z 468,1899, which was 16 Da higher than that of DOX. Furthermore, they were eluted at 2.86, 3.1, 4.30, 5.41, and 6.59 min, respectively. It has been reported that DOX has monohydroxy metabolites (Kaye et al., 1986). Five monohydroxy metabolites were detected in our study (Table 1 and Supplementary Figure S2).
Elucidations for other metabolites are shown in detail in Supplementary Files (Supplementary Appendix S1, Table 1, and Supplementary Figure S2). The metabolites of DOX were grouped into phase I metabolites and phase II metabolites. Phase I metabolites included M1∼M11 and M13∼M28, and phase II metabolites included M12 and M29∼M36. According to the analysis of the structure of the metabolites, the possible metabolic pathways (Figure 2B) of DOX were proposed.
Plasma Concentration-Time Profiles of the Metabolites of (−)-DOX, (+)-DOX, and (±)-DOX
The analysis methodology for DOX quantitation in plasma using LC-MS has been reported by our lab (Du et al., 2016). Owing to a lack of standard substances of DOX metabolites, M1∼M36 were semi-quantitatively analyzed by calculating peak area ratios of metabolites versus internal standard in extracted ion chromatograms. The method’s stability was evaluated using DOX, and the intra-day and inter-day coefficients of variation for the assay were less than 3.4% for DOX. The two enantiomers were stable during the entire course of the study, including the sample preparation, centrifugation, and the LC-MS assay.
Figure 3 and Supplementary Figure S3 show the mean plasma concentration-time curves for DOX and its metabolites obtained from six rats after intravenous injection of (−)-DOX, (+)-DOX, or (±)-DOX, respectively. The major pharmacokinetic parameters, including AUC0-t, Cmax, and λ, are summarized in Table 2, and the pharmacokinetic behaviors of (−)-DOX, (+)-DOX, and (±)-DOX were consistent with our previous report (Li et al., 2015).
[image: Figure 3]FIGURE 3 | Plasma concentration-time curves for DOX and its representative metabolites obtained from six rats after (−)-DOX, (+)-DOX, or (±)-DOX administration.
TABLE 2 | The pharmacokinetic parameters for doxazosin and its metabolites in six rats after (−)-DOX, (+)-DOX, or (±)-DOX administration (mean ± SD).
[image: Table 2]Thirty-six metabolites (M1∼M36) mentioned above were all detected in rat plasma after intravenous administration of (−)-DOX, (+)-DOX, or (±)-DOX. Because the concentration-time curves for M23 and M30 did not show a tendency, making it difficult to calculate their AUC values, other 34 metabolites were used as the available metabolites in the following data analysis.
The plasma exposure level of drug metabolites depends on the rank order of their ratio of formation to elimination kinetics (Brill et al., 2012). In the three parent agents, the plasma exposure of (+)-DOX was significantly higher, and that of (−)-DOX was lower than that of (±)-DOX, respectively (Figure 3). However, plasma exposure trends for M6, M7, M9, M11, M13, M20, and M27 were obviously different from their parent drugs. For example, the plasma exposure of M11 originating from (+)-DOX was much lower, and that from (−)-DOX was higher than that from (±)-DOX, respectively (Figure 3). Because the plasma exposure for other metabolites was very complicated and difficult to explain, it is necessary to employ a new statistical and data presentation method to reveal the secrets behind the data.
The Complicated Relationship Among Metabolites
Based on the AUC0-t values of each metabolite, we evaluated the strength of the relationship among metabolites by the Pearson correlation analysis test. Figure 4 represents the correlations for all pairs of variables, indicating clear relationships among the metabolites of (−)-DOX, (+)-DOX, and (±)-DOX. Particularly, we found M2 positively associated with M9, M12, M22, M24, M28, and M31; M5 positively associated with M12, M22, M24, M26, M28, and M31; and M12 positively associated with M22, M24, M28, and M31 in all metabolites obtained from (−)-DOX, (+)-DOX, and (±)-DOX. Positive associations between M8 and M9, M15 and M33, and M17 and M19 were also revealed. This abundant information showed the possible upstream or downstream relationships of the metabolites, which further confirmed the possibility of the above metabolic pathways of DOX (Figure 2B).
[image: Figure 4]FIGURE 4 | The correlation degree among metabolites after intravenous administration of (−)-DOX (A), (+)-DOX (B), or (±)-DOX (C). Horizontal and vertical axes represent correlation coefficients and 34 metabolites, respectively. Positive or negative correlations are displayed in blue or red, and color intensity is proportional to the correlation coefficient; that is, a darker color yields a stronger correlation (closer to −1 or 1). The insignificant correlations (p > 0.05) are blank.
Revealing the Chiral Metabolism of DOX Using Multivariate Statistical Methods
PCA is an unsupervised technique where knowledge of prior groups is not required. Thus, it is useful to explore the potential grouping of samples in an experiment. To better understand the enantioselectively metabolic profiles of DOX, we tried to interpret the complicated plasma exposure of 34 metabolites obtained from (−)-DOX, (+)-DOX, and (±)-DOX using PCA. As shown in Supplementary Figure S4, PC1 represents the most variant components (50.3%) among all the variant components, and PC2 occupies the other 18.1%. The PCA score plot (Figure 5A) for the two main principal components (PC1 and PC2) revealed a clear difference in the metabolism in rats among (−)-DOX, (+)-DOX, and (±)-DOX. The metabolites in the (−)-DOX group were significantly separated from those in the (+)-DOX and (±)-DOX groups in the PC1 direction (horizontal axis), but the metabolites in the (+)-DOX group and (±)-DOX group were overlapped partly. Therefore, the (−)-DOX metabolism in the rat was definitely different from (+)-DOX, and the (±)-DOX metabolism was more similar to (+)-DOX. As indicated in the 2D PCA loading plot (Supplementary Figure S5), M22, M28, and M31 had a powerful impact on PC1, and they were the main contributors to the significant separation of metabolism between (−)-DOX and (+)-DOX. Furthermore, M21, M15, and M32 were positively correlated with their parent drugs because these vectors were arranged very close to each other. However, M4, M7, and M20 were negatively correlated with their parent drug because of these vectors directing oppositely with parent drug (Supplementary Figure S5).
[image: Figure 5]FIGURE 5 | Principal component analysis (A) and hierarchical cluster analysis (B) of AUCs of the metabolites in rat plasma after intravenous administration of (−)-DOX, (+)-DOX, or (±)-DOX. For heatmap, samples are shown as columns and metabolites arrayed in rows; branch length indicates the degree of variance; and color represents the normalized exposure level of the metabolites.
Based on the HCA analysis (Figure 5B), the samples in (−)-DOX, (+)-DOX, and (±)-DOX groups were clustered together, and the three groups were clearly separated. Moreover, the (+)-DOX and (±)-DOX groups had much more similarity, consistent with the PCA results. In the left dendrogram of Figure 5B, the horizontal direction represents the distance or dissimilarity between metabolites or clusters. It was easy to find that M27, M15, M10, M16, M2, M8, M9, M6, M7, M13, and M35 were arranged closely in one block part in the tree diagram, and these metabolites showed similar metabolic profiles in the (+)-DOX and (±)-DOX groups. Therefore, we could judge that the metabolism of DOX was obviously and complicatedly affected by stereospecificity.
Chiral Characteristics of Metabolites Containing Chiral Center and Their Relationship With Phases I/II of Metabolism
A volcano plot was designed based on the exposure level (AUC) or elimination rate constant (λ) ratio value of each metabolite [metabolite [(−)-DOX]/metabolite [(+)-DOX]], in order to reveal metabolic characteristics of the metabolites containing chiral center or not. As shown in the left panel of Figure 6A, the AUC values of 14 metabolites with chiral center metabolized from (−)-DOX, including M21, M29, M32, and M33, were significantly smaller than those from (+)-DOX, and half of them metabolized from (−)-DOX had significantly larger λ values than those from (+)-DOX (Figure 6B, right panel).
[image: Figure 6]FIGURE 6 | Volcano plots to reveal the exposure level (AUC, A) and elimination rate constant (λ, B) of the plasma metabolites after intravenous administration of (−)-DOX or (+)-DOX in the rat. The fold change was calculated by dividing the AUC or λ of metabolite derived from (−)-DOX by the AUC or λ of the same metabolite derived from (+)-DOX. The metabolites located in the upper right area or upper left area were separated by two dotted lines (horizontal dotted line: p < 0.05; and vertical dotted line: |fold change| > 1.2).
In addition, AUC values of the other 12 metabolites from (−)-DOX, including M11, M20, and M27, were significantly higher than those from (+)-DOX (Figure 6A, right panel), and seven of them were achiral compounds. Moreover, the metabolites with statistical significance present in the right panel of Figure 6A and the left panel of Figure 6B were all phase I metabolites. We previously reported that the exposure of (−)-DOX was significantly less than that of (+)-DOX in rat plasma (Li et al., 2015; Liu et al., 2010), and no chiral conversion was observed between (−)-DOX and (+)-DOX at the chiral carbon center (Zhen et al., 2013). Therefore, we speculated that their metabolites with the chiral carbon could not undergo chiral conversion either. Taking these results together, the following explanations should be considered. Firstly, most of the metabolites were definitely produced by chirally metabolic processes in rats. Secondly, among the 34 metabolites from (−)-DOX, 12 metabolites were involved in phase I drug metabolism with much higher plasma concentrations than those derived from (+)-DOX, suggesting that the lower plasma concentration of (−)-DOX in rats was due to its more effective oxidative metabolism. Lastly, with respect to all the seven metabolites with significantly higher elimination rate (λ) involved in the (−)-DOX metabolism, six of them belonged to phase II drug metabolism (conjugation reactions), which could be promoted to the faster conversion of (−)-DOX into the easily excreted metabolites.
Chiral Metabolism by Human or Rat Liver Microsomal Enzymes
The mammalian liver, the major site of drug metabolism, contains liver microsomes, especially CYPs, and they are involved mainly in phase I metabolic enzymes. In the present study, we investigated the chiral metabolism of DOX using rat and human liver microsomal enzymes in vitro and found 12 metabolites in either RLMs or HLMs (Figure 7A). However, 14 phase I metabolites found in the rat plasma, including M1, M2, M3, M5, M6, M7, M8, M9, M10, M11, M13, M19, M26, and M28, were not found in the liver microsomal system, indicating that other organs, tissues, and non-liver microsomal system of rats were certainly responsible for the 14 phase I metabolites of DOX. Moreover, an in-depth reanalysis of the metabolites of (−)-DOX and (+)-DOX in RLM showed that chiral metabolic characteristics, defined as the differences between the amount of the metabolite metabolized from (−)-isomer and the amount of the same metabolite metabolized from (+)-isomer, of most metabolites (M4, M14, M16, M17, M18, M21, M22, M24, and M25) in RLMs could not represent those in the rat plasma (Table 2 and Table 3). Moreover, chiral metabolic characteristics of M15∼M18, M21, M22, M24, and M25 in RLM were significantly different from those in HLMs (Figure 7B and Supplementary Figure S6), especially for metabolites M17, M18, M21, and M25. Their AUC values were completely opposite between RLMs and HLMs (Figure 7B).
[image: Figure 7]FIGURE 7 | Metabolism of doxazosin by rat and human liver microsomal enzymes. A Venn diagram (A) illustrated the comparison among the metabolites found in HLM, RLM, and rat plasma. The chiral metabolic characteristics were opposite for some metabolites (e.g., M17, M18, M21, and M25) between RLM and HLM incubation systems (B). Also, see Supplementary Figure S6.
TABLE 3 | The formation of metabolites (AUC values) for DOX in HLMs and RLMs.
[image: Table 3]It seems reasonable to replace HLMs with RLMs to investigate achiral drug metabolism, and both the microsomal systems could partly illustrate the biotransformation of achiral drug metabolism in vivo. For example, the same 12 metabolites of DOX existed in HLMs and RLMs, and they were also present in rat plasma. However, once our research involved the concept of chiral metabolism [(−)-DOX and (+)-DOX], the huge difference between HLMs and RLMs in drug metabolism was found. After the application of chiral drugs (−)-DOX and (+)-DOX in the HLMs and RLMs, only 4 of the 12 metabolites were in a similar metabolic pattern. Additionally, most metabolites (8/12) of (−)-DOX and (+)-DOX in the RLMs were considerably different in their metabolic patterns when compared with those in rat plasma, indicating that RLMs could not represent chiral phase I metabolism of DOX in rats.
Chiral Metabolism by Human CYP Enzymes
The activities of the seven important human CYP enzymes (CYP2E1, CYP2D6, CYP3A4, CYP2C19, CYP1A2, CYP2C8, and CYP2C9) were evaluated by their CYP enzyme-specific substrates (Supplementary Table S1), and their catalytic activities were retained and met the requirements in the following incubation experiments.
Even though 34 metabolites of DOX identified in rat plasma were not found in the CYP2E1, CYP2D6, or CYP1A2 incubation system, two or three metabolites were identified in the CYP3A4, CYP2C19, CYP2C8, or CYP2C9 incubation system (Figure 8A), indicating a crucial role of the four CYPs in the oxidative metabolism of DOX. As shown in Figure 8A, it is easy to find that more than one enzyme participates in the same metabolic reactions, probably due to the poor substrate specificity of CYPs (Guengerich, 2018). Metabolites M4, M13, M15, M16, M17, M20, M24, and M25 found in HLM did not exist in the CYP systems (Figure 8B), suggesting other drug metabolic enzymes in charge of the generation of the eight metabolites in HLM.
[image: Figure 8]FIGURE 8 | The biotransformation of DOX by CYP enzymes. Four metabolites of DOX were found in CYP3A4, CYP2C8, and CYP2C19 incubation systems. (A) A Venn diagram. (B) The comparison of metabolites identified between HLM and human CYP enzymes. (C) Line charts of metabolites generated from (−)-DOX and (+)-DOX by different human CYP enzymes. (D) Summarized AUC values for each metabolite.
As shown in Figure 8C, all the four CYP enzymes stereoselectively catalyzed the formation of corresponding metabolites from DOX (Figure 8C). Among them, CYP3A4 preferentially catalyzed the formation of M18, M21, and M22 from (−)-DOX, while CYP2C19 preferentially catalyzed the formation of M18 and M22 from (+)-DOX (Figure 8C and Figure 8D). In addition, when analyzing the production of metabolites from a relatively quantitative perspective, we found that CYP3A4 (the most abundant drug-metabolizing enzyme in the liver) contributed the most to the oxidative metabolism of DOX. Particularly, the M22 production from (−)-DOX was more than four times that from (+)-DOX. In humans and rats, following oral administration of (±)-DOX, the plasma concentration of the (−)-DOX is lower than that of the (+)-DOX (Liu et al., 2010; Li et al., 2015). When (±)-DOX is incubated with rat liver microsomes, (−)-DOX is depleted much faster than (+)-DOX because of a prominent and stereoselective inhibition of (−)-DOX over (+)-DOX at the CYP3A enzyme (Kong et al., 2015). In this study, we furtherly revealed that the action of CYP3A4 catalyzed the conversion of (−)-DOX to M18, M21, and M22 much stronger than that of (+)-DOX, especially for the conversion of (−)-DOX to M22. Therefore, the hydroxylation of (−)-DOX to M22 catalyzed by CYP3A4 was highly specific and selective.
Unlike 3A4 and 2C19, CYP2C8 preferentially catalyzed (+)-DOX to produce M22 and catalyzed (−)-DOX to produce M18 (Figure 8D). The chiral catalysis of CYP2C9 was just opposite to that of CYP2C8 (Figure 8D). We speculated that the formation of M22 was a hydroxylation reaction, and the formation of M18 was a dehydration reaction after the hydroxylation reaction. Particularly, we considered that it is difficult for the same catalytic center of the same enzyme to have the opposite affinity for (−)-DOX and (+)-DOX. Therefore, we proposed that CYP2C8 or CYP2C9 should contain two active catalytic centers responsible for the formation of M18 and M22, respectively.
Moreover, in comparison with the results obtained from in vitro experiments, plasma concentrations of the sum of various (phases I and II) metabolites would reflect the stereoselectivity of DOX and DOX-enantiomers more correctly.
In summary, we identified 34 metabolites that showed trends over time in rat plasma. After optically pure (−)-DOX, (+)-DOX, and (±)-DOX administration, respectively, we used the multivariate statistical methods to discover the differences of these metabolites based on their exposure and elimination rate and found that the metabolic profile of (±)-DOX was more similar to that of (+)-DOX. The relationship among the metabolites and the most discriminative metabolites between (−)-DOX and (+)-DOX administration were also analyzed. The number of metabolites found in rat plasma was far more than that found in the RLM and HLM systems, indicating that the best way to comprehensively overview the metabolites is in vivo rather than in vitro. Though the metabolites identified in RLM and HLM were the same, the metabolic profiles of the metabolites from (−)-DOX and (+)-DOX were greatly different, which could be explained by the differences in amount and composition of the metabolic enzymes between RLM and HLM. Furthermore, four CYP enzymes could catalyze DOX to produce metabolites, but their preferences seemed to be different. For example, CYP3A4 highly specifically and selectively catalyzed the formation of M22 from (−)-DOX. The complicated enantioselectivity of the metabolism of DOX in vivo and in vitro systems, taking the exposure of the metabolites as an example, is summarized and shown in Figure 9.
[image: Figure 9]FIGURE 9 | The exposure (AUC0-t) of 34 metabolites indicating the complicated enantioselectivity of the metabolism of DOX in vivo and in vitro systems after (−)-DOX and (+)-DOX administration.
As a limitation, the present study was not only to find new metabolites but also to see whether there was a chiral metabolic difference in the same metabolite derived from (−)-DOX, (+)-DOX, or (±)-DOX. Therefore, the AUC value of metabolites became the key factor in selecting available metabolites, which inevitably led to missing information on drug metabolites and metabolic pathways. A more detailed analysis of drug metabolites and metabolic pathways needs further investigation. Additionally, we performed a separation using an achiral C18 column in the present study. The enantiomers could not be separated but eluted together to form a single peak. Although optically pure enantiomers were administrated, enantioselective analysis of DOX metabolism in the present study was limited to the chiral center of doxazosin. Enantioselectivity of the metabolites with a new chiral center was unknown, which needs to be studied further. Lastly, as two or three metabolites were identified when doxazosin was incubated with CYP3A4, CYP2C8, CYP2C9, or CYP2C19, it was difficult to simply study the Michaelis–Menten kinetics using recombinant human cytochrome P450 enzymes. We needed to carry out the specifically designed experiments in the near future.
CONCLUSION
We established a comprehensive metabolic system using pure optical isomers from in vivo to in vitro, and the complicated enantioselectivity of the metabolites of DOX was clearly shown either between rats and RLMs/HLMs, between RLMs and HLMs, or between CYP enzymes. Another interesting finding that should be mentioned is that CYP3A4 was a unique enzyme with very high selectivity and activity for (−)-DOX metabolism. More importantly, the comprehensive metabolic system is also suitable to investigate other chiral drugs.
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Pharmacokinetic characterization plays a vital role in drug discovery and development. Although involving numerous laboratory animals with error-prone, labor-intensive, and time-consuming procedures, pharmacokinetic profiling is still irreplaceable in preclinical studies. With physiologically based pharmacokinetic (PBPK) modeling, the in vivo profiles of drug absorption, distribution, metabolism, and excretion can be predicted. To evaluate the application of such an approach in preclinical investigations, the plasma pharmacokinetic profiles of seven commonly used probe substrates of microsomal enzymes, including phenacetin, tolbutamide, omeprazole, metoprolol, chlorzoxazone, nifedipine, and baicalein, were predicted in rats using bottom-up PBPK models built with in vitro data alone. The prediction’s reliability was assessed by comparison with in vivo pharmacokinetic data reported in the literature. The overall predicted accuracy of PBPK models was good with most fold errors within 2, and the coefficient of determination (R2) between the predicted concentration data and the observed ones was more than 0.8. Moreover, most of the observation dots were within the prediction span of the sensitivity analysis. We conclude that PBPK modeling with acceptable accuracy may be incorporated into preclinical studies to refine in vivo investigations, and PBPK modeling is a feasible strategy to practice the principles of 3Rs.
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1 INTRODUCTION
The pharmacokinetics study, including examining absorption, distribution, metabolism, and excretion (ADME) profiles of therapeutic agents, plays a vital role in drug discovery and development (Prentis et al., 1988). Because of poor extrapolation from in vitro to in vivo efficacy, pharmacokinetics profiling processes are routinely implemented in the pharmaceutical industry for early preclinical optimization (Lin and Lu, 1997). However, such processes commonly involve error-prone, labor-intensive, and time-consuming procedures. Not to mention ethics and the welfare of laboratory animals. It was estimated that more than 100 million laboratory animals were sacrificed for biomedical research annually (Taylor and Alvarez, 2019). Therefore, William Russel and Rex Burch proposed the 3Rs principle (replacement, reduction, and refinement) in 1959 (Vitale et al., 2009; Wachsmuth et al., 2021), attempting to reduce animal use. The 2010 EU Directive states that animals have intrinsic values that need to be respected and that animal experiments should be carefully evaluated in biomedical research, with animal welfare considerations a top priority. Currently, the 3Rs have evolved into basic requirements for researchers to comply with based on animal welfare legislation. Several non-animal testings, including in vitro and in silico approaches describing the ADME properties, have also been developed to achieve high-throughput screening in drug development. However, unlike understanding the all-inclusive fate of compounds in the body through animal experiments, these conventional in vitro methods generally only cover a single-ADME process (Pelkonen and Turpeinen, 2007; Cascone et al., 2016). For example, the commonly used in vitro methods for studying drug absorption (Irvine et al., 1999; Verhoeckx et al., 2015; Dargó et al., 2019) or metabolism (Raunio et al., 2004; Hariparsad et al., 2006; Pelkonen and Turpeinen, 2007; van de Kerkhof et al., 2007), such as artificial biofilm models, cell models, and microsomal experiments. Similarly, in silico approaches, including the quantitative structure–activity relationship construction model (QSAR), were generally applied to predict the individual biological activity of candidate compounds such as apparent permeability (Papp), plasma protein binding rate, and apparent volume of distribution (Vdss) in the early drug discovery process (Ekins et al., 2000; Yamashita and Hashida, 2004; Lombardo et al., 2017). Despite the abundant data sources, a key challenge remains in correlating the in vitro results of ADME features to establish in vivo models to reflect the overall disposal.
PBPK modeling was raised back in 1937 and initially applied in predicting the distribution of environmental compounds in mammalian tissues (Lindstrom et al., 1974), and further gradually used for drug exposure prediction, dose extrapolation, and safety assessment (Andersen et al., 1987; Haddad et al., 2001; Meek et al., 2013; Li et al., 2021). PBPK modeling is a mathematical method following the material balance principle to predict the time course of xenobiotic levels in plasma and tissues based on the physiochemical and pharmacokinetic parameters of compounds (Nestorov, 2003). Tremendous progress has been made in PBPK modeling during the past decade. In addition to the rapidly gained industrial recognition (Rowland et al., 2011; Miller et al., 2019), PBPK analysis has also become a routine for the regulatory authorities, especially the United States Food and Drug Administration (FDA), upon new drug applications since 2016 (Zhang et al., 2020).
Currently, the PBPK model has been widely used in various stages of drug development (Chen et al., 2012; Huang et al., 2013), such as evaluating interspecies differences, drug–drug interactions (Jin et al., 2022), targeted tissue exposure, and disease effect (Rostami-Hodjegan and Tucker, 2007; Clewell and Clewell, 2008; Hans and Ursula, 2009; Rietjens et al., 2010; Mielke et al., 2011; Ball et al., 2014). In addition to the top–down modeling, many PBPK models have adopted in vitro PK parameters for bottom–up modeling or experimental in vivo parameters for “middle-out” approaches as preliminary verification and model optimization (Rostami-Hodjegan and Tucker, 2007; Rietjens et al., 2010; Kostewicz et al., 2014; Templeton et al., 2018; Chang et al., 2019; Umehara et al., 2019). Moreover, given some mechanistic reasons (such as paracellular absorption, active absorption, and targeted transport), many bottom–up PBPK models still require animal data (Wagner, 1981; Clewell and Clewell, 2008). For example, the distribution parameters used in many PBPK models are tissue partition coefficients or steady state distribution parameters from in vivo experiments (Harrison and Gibaldi, 1977; Igari et al., 1983; S et al., 2007; T’jollyn et al., 2018). A few PBPK modelings are wholly constructed from in vitro parameters without in vivo parameters to be fitted and optimized, lacking universal application (Cheng and Ng, 2017). Therefore, constructing a universal PBPK model entirely only with in vitro data and the issue of estimating the predicted accuracy in the absence of in vivo PK data have caused widespread concern recently (Ellison, 2018; Paini et al., 2019).
To evaluate the feasibility of using PBPK modeling as an alternative for animal experiments, we developed bottom–up PBPK models solely with in vitro data using Simcyp® (Sheffield, United Kingdom) to predict the systemic disposition of seven commonly used liver microsomal enzyme probe substrates in rats. The reliability of each prediction was examined with sensitivity analysis. As a practice of 3Rs, this proof-of-concept study will shed light on the refinement of current drug development procedures and may reduce animal usage in drug development.
2 MATERIALS AND METHODS
2.1 Model Inputs Collection
Typical probe substrates of cytochrome P450 (CYP) 1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4/5, and UDP-glucuronosyltransferase (UGT), namely, phenacetin, tolbutamide, omeprazole, metoprolol, chlorzoxazone, nifedipine, and baicalein were used as model drugs. The in vitro parameters were divided into three categories. Physical chemistry and blood binding-related parameters include molecular weight (MW), neutral species octanol: water partition coefficient (logPo:w), compound type (base/acid/mono/diprotic/ampholyte), negative decadic logarithm of the ionization constant of an acid (pKa), blood to plasma partition ratio (B/P), and fraction unbound in plasma (fu). Distribution is affected by the free fraction and the lipid solubility of the drug, which is related to the physiological characteristics mentioned, such as logPo:w, pKa, and fu. Parameters about absorption include apparent permeability coefficients (Papp), polar surface area (PSA), and hydrogen bond donors (HBD). In vivo elimination can be extrapolated via a well-stirred liver model together with the parallel tube model (Pang and Rowland, 1977) and the dispersion model (Iwatsubo et al., 1997) using in vitro metabolic data, including Michaelis–Menten constant for metabolism (Km), maximum velocity for metabolism (Vmax), and intrinsic clearance (CLint). Various in vitro data of model drugs collected from different literature and databases (DrugBank, PubChem, HSDB, TOXNET, etc.) were compiled in Supplementary Table S1, and the units of each parameter were uniformly converted.
2.2 Physiologically Based Pharmacokinetic Modeling
PBPK models were constructed with in vitro data alone using Simcyp® (Simcyp Rat Version 16, Certara, Sheffield, United Kingdom). The in vitro parameters used in the PBPK model are described in Table 1. The first-order one-compartment model was selected, and the gut was considered as a single compartment in this model. The permeability-limited basolateral membrane is assumed to mediate the absorption of drugs from enterocyte to the intestinal interstitial fluid, and effective permeability in rat (Peff) was calculated based on its relationship with Peff in human (Cao et al., 2006), which can be extrapolated from Papp, obtained from in vitro experiments (Sun et al., 2002; Tchaparian et al., 2008) or predicted using the PSA and HBD models (Winiwarter et al., 1998). Initially, our absorption model adopted the PSA and HBD models. A minimal PBPK model was selected to predict the volume of distribution at steady state (Vss) with in vitro parameters of logPo:w, compound type, and pKa using mechanistic model 2 (Poulin and Theil, 2002; Berezhkovskiy, 2004; Rodgers et al., 2005; Rodgers and Rowland, 2007), which is a preset model in Simcyp. The tissue distribution was predicted using Kp scalar (tissue: plasma partition coefficient) based on a perfusion-limited model. The Kp scalar was selected as 1 by default in our model. The whole organ metabolic clearance pane was selected in the elimination screen. The liver or intestinal clearance was extrapolated via in vitro metabolic data.
TABLE 1 | In vitro parameters used in each module of the PBPK model.
[image: Table 1]The drug plasma concentration–time profile and PK parameters {areas under the concentration–time curve to last time point [AUC(0–t)], peak plasma concentration (Cmax), and time to reach Cmax (Tmax)} after orally administered single-dose of model drugs were predicted. Meanwhile, the PK process of some model drugs administrated with various doses was simulated.
2.2.1 Physiologically Based Pharmacokinetic Model for Phenacetin
The in vitro properties of phenacetin collected from various literatures and databases are listed in Supplementary Table S1. The reported fu values ranged from 0.145 to 0.5. The metabolism of phenacetin by CYP1A2 is biphasic in microsome experiments (Kahn et al., 1987). Since the hepatic CLint collected from reported microsome experiments varied widely (0.086–100 μl/min/mg protein), we selected the median value of fu (0.3225) and hepatic CLint (27 μl/min/106 cells, 20.7–78 μl/min/106 cells) from hepatocyte experiments as input values in our model. The in vitro data parameterized in phenacetin PBPK model are tabulated in Table 2. The simulated results of phenacetin after oral administration of 20, 10, and 5 mg/kg in rats were evaluated.
TABLE 2 | Input parameters in the PBPK models.
[image: Table 2]2.2.2 Physiologically Based Pharmacokinetic Model for Tolbutamide
Tolbutamide is mainly eliminated by CYP2C9 in human liver, and by CYP2C6 and CYP2C11 in rats to produce hydroxyl tolbutamide. fu of tolbutamide varied from 0.0201 to 0.268 (listed in Supplementary Table S1), with the calculated median value to be 0.048. The CLint ranged between 2.72 and 8.10 μl/min/mg protein from various literatures and the median of 4.7 μl/min/mg protein was applied in the PBPK model. The same process was performed for other parameters in Table 2. The PK parameters of tolbutamide at 50 mg/kg in rats were predicted.
2.2.3 Physiologically Based Pharmacokinetic Model for Omeprazole
As shown in Supplementary Table S1, various in vitro data were collected and the deviation of the reported in vitro parameters from different sources was slight. Omeprazole is rapidly absorbed in rats and the elimination is almost entirely through hepatic and intestinal metabolism via CYP2C19 (Regårdh et al., 1985; Paul, 1991). The penetration of omeprazole into the red cells is low with the value of B/P at 0.6∼0.8 and the fu is about 15% in rat plasma. Similarly, the median values of parameters were calculated for model construction (Table 2). Plasma concentration over time in rats following oral administration of omeprazole at 10, 20, and 40 mg/kg was predicted, respectively.
2.2.4 Physiologically Based Pharmacokinetic Model for Metoprolol
The elimination of metoprolol in vivo is mainly through liver CYP2D6 in human, leading to extensive first-pass effect and low bioavailability. In addition to CYP2D6, CYP3A also participates in the metoprolol metabolism in rats. As shown in Supplementary Table S1, fu ranged from 0.8 to 0.925, the range of CLint [liver microsomes (LM)] was 17.1–59.9 μl/min/mg protein and the range of CLint [intestine microsomes (IM)] was 7.37–14.7 μl/min/mg protein. The median value of varied parameters was calculated as input parameters in Table 2. The disposition process of metoprolol in rats after oral administration of 2.5, 5, and 20 mg/kg was predicted.
2.2.5 Physiologically Based Pharmacokinetic Model for Chlorzoxazone
Chlorzoxazone is the probe substrate of CYP2E1. As shown in Supplementary Table S1, the value of fu ranged from 0.046 to 0.373 and the CLint was from 5.00 to 38.8 μl/min/mg protein. The value of other parameters collected from different sources was relatively consistent. Similarly, the median value was taken as the input value in Table 2. Since a dose of 50 mg/kg was frequently used in the PK studies of chlorzoxazone in rats, the PK parameters of chlorzoxazone following oral administration of 50 mg/kg were predicted.
2.2.6 Physiologically Based Pharmacokinetic Model for Nifedipine
Nifedipine is mainly metabolized by CYP 3A1/2 in human and CYP 3A4/5 in rats. As shown in Supplementary Table S1, the value of fu was 0.01–0.08, and the median value was calculated for input. The clearance of nifedipine was found related to concentration (Iwao et al., 2002). The CLint in the liver was 159 μl/min/mg protein when the concentration was 1–5 μM, which was reduced to 119 μl/min/mg protein when the concentration ranged from 5 to 100 μM and eventually dropped to 10 μl/min/mg protein with concentration higher than 100 μM. The value of CLint of small intestinal metabolism was estimated at 6.4 μl/min/mg protein when the concentration was lower than 5 μM and reduced to 2.8 μl/min/mg protein as the concentration was increased to 100 μM. Since the concentration in the liver was unlikely to be higher than 100 μM, the median of hepatic CLint was calculated to be 139 μl/min/mg protein with the ignorance of the lowest value at 10 μl/min/mg protein. The median of CLint of small intestinal metabolism was also calculated for the PBPK model (Table 2). The PK parameters of nifedipine in rats after oral administration of 3, 5, and 6 mg/kg were predicted.
2.2.7 Physiologically Based Pharmacokinetic Model for Baicalein
Baicalein, a bioactive flavonoid presented in the root of Scutellaria baicalensis, is isolated from traditional Chinese medicine “Huang Qin.” Baicalein was reported to be subjected to extensive first-pass metabolism due to the conjugated process by UGT in the liver and intestine. Few in vitro data were reported (listed in Supplementary Table S1), and the median value was calculated for model construction (shown in Table 2). The PK parameters of baicalein in rats after oral administration of 121 mg/kg were predicted.
2.3 Pharmacokinetic Data
PK parameters (AUC(0–t), Cmax, and Tmax) of model drugs in rats orally administrated with a different single-dose of the drugs were assembled from the literature. The AUC(0–t), Cmax, and Tmax units were unified as μg·h/ml, μg/ml, and h, respectively. The observed drug plasma concentration–time data were extracted from concentration–time course curves using the GetData software (version 2.24, http://getdata-graph-digitizer.com). Multiple records of PK parameters of model drugs were summarized in Supplementary Table S2, showing significant variations on PK parameters, with those of reasonable trend from different doses selected to validate prediction accuracy. For example, it was found that the PK parameters of tolbutamide from the literature varied considerably. Interestingly, the values of Cmax and AUC(0–t) at high doses were lower than low doses for some records (Cmax: 91.1–151 μg/ml at 20 mg/kg vs. 40.46 μg/ml at 30 mg/kg, AUC(0–t): 761.7217–1,393 μg·h/ml at 20 mg/kg vs. 183.88 μg·h/ml at 20 mg/kg), and Tmax also varied greatly (0.89–7.1 h). The relatively consistent PK value at a 50 mg/kg dose was finally selected for the tolbutamide PBPK model accuracy evaluation. Meanwhile, it is difficult to detect baicalein’s plasma concentration because of the complicated in vivo disposition, poor bioavailability, and extensive metabolism, leading to a considerable variation among the PK parameters. The ones after oral administration of 121 mg/kg were selected due to relatively consistent values (shown in Supplementary Table S2). Moreover, it was found to be partly due to the species, age, and gender differences of the rats and formulations. For example, it was reported that the AUC(0–t) and Cmax of metoprolol were 5–7 times higher and 2 times higher in DA (Dark Agouti) rats and Sprague–Dawley rats, respectively, than those in Wistar rats after oral administration of 5 mg/kg (Belpaire et al., 1990; Komura and Iwaki, 2005; Wang et al., 2014; Ma et al., 2015; Sun et al., 2017). The AUC(0–t) of baicalein was 11.7 times higher after oral administration of baicalein–nicotinamide nano-cocrystals than coarse powder, 7.1 times higher than that of baicalein nanocrystals, and 1.8 times higher than that of baicalein–nicotinamide cocrystals (Pi et al., 2019). As a result, our PBPK model was constructed using male Sprague–Dawley rats as the model animal with coarse powder form selected.
2.4 Sensitivity Analysis
As shown in Supplementary Table S1, physical chemistry properties such as logPo:w, compound type, pKa, and B/P and the predicted or calculated properties (MW, PSA, and HBD) were commonly consistent, while the fu and CLint (LM or hepatocytes) values obtained from the literature varied. To further explore the reliability of the PBPK model, the effect of fu and CLint (LM or hepatocytes) was investigated. The sensitivity analysis of fu and CLint (LM or hepatocytes) was determined via comparing the predicted results of PBPK models, which were constructed using the range values of fu and CLint (LM or hepatocytes) with all the other factors maintained constant. The uncertainty range of the PBPK model was defined as the predicted range of the PK parameters in the sensitivity analysis. The sensitivity results were plotted via Simcyp and showed in Figures 1–7. In order to make the 3D plots in A–C in Figures 1–7 more clearly distinguished, the predicted values were divided into 5–8 range values at the same interval, and each range was displayed as a color. Since the colors are numerous and have no special meaning, they are not specifically listed in the figures.
[image: Figure 1]FIGURE 1 | Influence of fu and CLint (hepatocytes) on the predicted Tmax (A), AUC(0–t) (B), Cmax (C), and plasma concentration–time profile (D) of the phenacetin PBPK model. Each color in the 3D plots in (A–C) represents a prediction range.
[image: Figure 2]FIGURE 2 | Influence of fu and CLint (LM) on the predicted Tmax (A), AUC(0–t) (B), and Cmax (C) and plasma concentration–time profile (D) of tolbutamide. Each color in the 3D plots in (A–C) represents a prediction range.
[image: Figure 3]FIGURE 3 | Influence of fu and CLint (LM) on the predicted Tmax (A), AUC(0–t) (B), and Cmax (C) and plasma concentration-time profile (D) of the omeprazole PBPK model. Each color in the 3D plots in (A–C) represents a prediction range.
[image: Figure 4]FIGURE 4 | Influence of fu and CLint (LM) on the predicted Tmax (A), AUC(0–t) (B), Cmax (C), and plasma concentration–time profile (D) of the metoprolol PBPK model. Each color in the 3D plots in (A–C) represents a prediction range.
[image: Figure 5]FIGURE 5 | Influence of fu and CLint (LM) on the predicted Tmax (A), AUC(0–t) (B), Cmax (C), and plasma concentration–time profile (D) of the chlorzoxazone PBPK model. Each color in the 3D plots in (A–C) represents a prediction range.
[image: Figure 6]FIGURE 6 | Influence of fu and CLint (LM) on the predicted Tmax (A), AUC(0–t) (B), Cmax (C), and plasma concentration–time profile (D) of the nifedipine PBPK model. Each color in the 3D plots in (A–C) represents a prediction range.
[image: Figure 7]FIGURE 7 | Influence of fu and CLint (LM) on the predicted Tmax (A), AUC(0–t) (B), Cmax (C), and plasma concentration–time profile (D) of the baicalein PBPK model. Each color in the 3D plots in (A–C) represents a prediction range.
2.5 Model Validation
To verify the prediction accuracy of the PBPK model, we compared the predicted parameters with the experimental data, and fold error was introduced to measure the deviation. The fold error is the ratio between the predicted PK parameters and the corresponding observed values (shown in Eqs. 1, 2). The accuracy of the prediction results increases as the fold error decreases. The simulation is considered acceptable with a fold error of less than 2 (De Buck et al., 2007; Yamazaki et al., 2011).
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2.6 Model Performance
R2, mean absolute error (MAE), and root mean squared error (RMSE) were applied to evaluate the overall performance of the PBPK model. The equations are presented as follows (Eqs. 3–5). The lower the value of MAE and RMSE and the closer of R2 to 1, the better the performance of the PBPK model. The performance of the models was plotted using the GraphPad Prism software (version 6).
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xi and yi are the observed and the predicted concentrations, respectively, ‾x is the average of the observed values, and ‾N is the number of data points.
3 RESULTS
3.1 Physiologically Based Pharmacokinetic Model-Predicted Results
PBPK models for probe drugs (phenacetin, tolbutamide, omeprazole, metoprolol, chlorzoxazone, nifedipine, and baicalein) were constructed using in vitro parameters (MW, logPo:w, compound type, pKa, B/P, fu, PSA, HBD, CLint, Vmax, Km, and fu,inc). The predicted results of each drug were presented later, and the PK curves are displayed in Supplementary Figures S1–S7.
3.1.1 Phenacetin
The predicted results of the phenacetin PBPK model are shown in Table 3. Although the predicted Cmax was slightly higher than the observed one with the fold error of 1.93 at 5 mg/kg, the fold error values were all within the threshold of 2, indicating good simulation performance. Meanwhile, the predicted data were slightly higher than the observed ones at 5 mg/kg, while other observed points were around the predicted values at 10 and 20 mg/kg (Supplementary Figure S1). It could be concluded that the experimental CLint value used in the model was underestimated at 5 mg/kg.
TABLE 3 | Comparison between the predicted and the observed PK parameters of the phenacetin PBPK model.
[image: Table 3]3.1.2 Tolbutamide
The prediction results are listed in Table 4. The fold error values were all less than 2 with the observed data around the predicted curve (Supplementary Figure S2), suggesting acceptable prediction accuracy.
TABLE 4 | Comparison between the predicted PK parameters of the tolbutamide PBPK model and the observed PK parameters at 50 mg/kg.
[image: Table 4]3.1.3 Omeprazole
The predicted PK parameters of the omeprazole PBPK model were compared with the multiple records of experimental parameters (shown in Table 5). Although a few predicted values were slightly lower than the observed ones, most fold errors fell within 2, indicating good predicted accuracy. Supplementary Figure S3 showed that most of the predicted points were around the observed concentration–time profile.
TABLE 5 | Comparison between the predicted PK parameters of the omeprazole PBPK model and the observed PK parameters.
[image: Table 5]3.1.4 Metoprolol
The fold errors of the predicted parameters of the metoprolol PBPK model are evaluated in Table 6. The values of fold error in the 10 mg/kg group were less than 2, and the trend of the observed data coordinated the predicted profile (Supplementary Figure S4), indicating good simulation performance. Overall, all predicted concentration curves were slightly higher than the observation points, which is contributed by underestimating distribution and elimination.
TABLE 6 | Comparison between the predicted PK parameters of metoprolol PBPK models and the observed PK parameters at different doses.
[image: Table 6]3.1.5 Chlorzoxazone
The predicted results of the chlorzoxazone PBPK model are tabulated in Table 7. Most fold errors of predicted parameters were larger than 2. The predicted curve was higher and deviated from the observed data (Supplementary Figure S5), which could be related to the underestimation of distribution and elimination. The influence of the two characteristics on the PBPK model will be further explored in the sensitivity analysis.
TABLE 7 | Comparison between the predicted PK parameters of the chlorzoxazone PBPK model and the observed PK parameters at 50 mg/kg.
[image: Table 7]3.1.6 Nifedipine
The predicted results of the nifedipine PBPK model are shown in Table 8. The fold error of Cmax and AUC(0–t) mainly were within 2, indicating acceptable prediction performance. Although the difference between predicted Tmax and the observed values was more than 2 times (2.16 times), with a significant individual variation between the measured values of Tmax (0.08–1.5 h), the fold errors of Cmax and AUC(0–t) were within 2, indicating good prediction accuracy. As shown in Supplementary Figure S6, the predicted concentration curve was slightly shifted due to the difference in Tmax at 5 mg/kg, while the observed dots were close to the predicted ones at 3 and 6 mg/kg.
TABLE 8 | Comparison between the predicted PK parameters of nifedipine PBPK models and the observed PK parameters at different doses.
[image: Table 8]3.1.7 Baicalein
The simulation results are shown in Table 9. The predicted curve is shown in Supplementary Figure S7. Although the predicted Cmax was slightly lower than the observed one, the fold errors were within 2. The observed PK data spread around the predicted profile, suggesting good prediction performance.
TABLE 9 | Comparison between the predicted PK parameters of the baicalein PBPK model and the observed PK parameters at 121 mg/kg.
[image: Table 9]3.2 Sensitivity Analysis
The sensitivity analysis of fu and CLint (LM or hepatocytes) was evaluated with other factors maintained constant. The variation spans of fu and CLint (LM or hepatocytes) from various literatures are listed in Table 10. The uncertainty of the PBPK model-predicted results was estimated based on the range of fu and CLint (LM or hepatocytes) obtained from various literatures.
TABLE 10 | Variation span of the experimental in vitro parameters and prediction PK parameters in the sensitivity analysis.
[image: Table 10]3.2.1 Phenacetin
The sensitivity analysis of fu (0.145–0.5) and CLint (hepatocytes: 20.7–78 μl/min/106 cells) for the phenacetin PBPK model was performed at 10 mg/kg (shown in Figure 1). The predicted value of Tmax, Cmax, and AUC(0–t) ranged from 0.18 to 0.28 h, 1.93 to 15.74 μg/ml, and 1.10 to 14.25 μg·h/ml, respectively. Most concentration points are within the uncertainty range.
3.2.2 Tolbutamide
The sensitivity analysis of fu (0.0201–0.268) and CLint (LM: 2.72–8.1 μl/min/mg protein) was investigated for the tolbutamide PBPK model at 50 mg/ml (shown in Figure 2). As a result, the predicted Tmax, Cmax, and AUC(0–t) ranged from 0.32 to 0.71 h, 152.72 to 260.15 μg/ml, and 231.67 to 4,587.60 μg·h/ml, respectively. The observed points were in the area between the median prediction curve and the lowest prediction curve (CLint = 8.1 μl/min/mg protein, fu = 0.27).
3.2.3 Omeprazole
The range of fu (0.105–0.232) and CLint (LM: 119–188 μl/min/mg protein) was applied for the sensitivity analysis of the omeprazole PBPK model at 10 mg/kg (shown in Figure 3). The results showed that the predicted Tmax, Cmax, and AUC(0–t) ranged from 0.38 to 0.46 h, 0.21 to 0.77 μg/ml, and 0.26 to 0.98 μg·h/ml, respectively. As shown in Figure 3D, most observation dots were in the sensitivity prediction range.
3.2.4 Metoprolol
The sensitivity analysis of fu (0.80–0.925) and CLint (LM: 17.1–59.9 μl/min/mg protein) was determined for the metoprolol PBPK model at 2.5 mg/kg in Figure 4. The predicted range of Tmax, Cmax, and AUC(0–t) were 0.54–0.79 h, 0.15–0.28 μg/ml, and 0.25–1.02 μg·h/ml, respectively. It is illustrated in Figure 4D that the observation data were close to the lowest predicted curve.
3.2.5 Chlorzoxazone
Sensitivity analysis of the chlorzoxazone PBPK model was performed at 50 mg/kg with the fu ranging from 0.046 to 0.373 and CLint (LM) from 5 to 38.8 μl/min/mg protein (shown in Figure 5). The results showed the predicted Tmax, Cmax, and AUC(0–t) ranged from 0.29 to 0.70 h, 37.69 to 199.27 μg/ml, and 34.69 to 1970.18 μg·h/ml, respectively. The observation dots were around the lowest prediction curve (Prediction_Minimum limitation curve), as shown in Figure 5D.
3.2.6 Nifedipine
The sensitivity analysis of fu (0.01–0.08) and CLint (LM: 35.18–402 μl/min/mg protein) was investigated for the nifedipine PBPK model at 3 mg/kg (shown in Figure 6). The predicted Tmax, Cmax, and AUC(0–t) ranged from 0.36 to 1.20 h, 0.51 to 7.40 μg/ml, and 0.52 to 47.27 μg·h/ml, respectively. The observation points were centered on the median prediction curve, as shown in Figure 6D.
3.2.7 Baicalein
The sensitivity analysis of fu and CLint (LM) was performed with the range from 0.029 to 0.0791 and 338.9 to 574.11 μl/min/mg protein for the baicalein PBPK model at 121 mg/kg (shown in Figure 7). The results showed the predicted Tmax, Cmax, and AUC(0–t) ranged from 0.19 to 0.36 h, 0.59 to 2.08 μg/ml, and 0.51 to 2.36 μg·h/ml, respectively. As illustrated in Figure 7D, observation dots were within the sensitivity prediction range.
3.3 Physiologically Based Pharmacokinetic Model Performance
The fold errors are summarized in Figure 8. Furthermore, to evaluate the overall performance of the PBPK model, we compared the prediction concentration data with the observed ones (n = 390, shown in Figure 9). Moreover, the prediction performance of the PBPK model with absorption module using PSA and HBD was compared with that using Papp from in vitro experiments (Caco-2 experimentation). The input of Papp was also applied to the median data of the various values. As shown in Table 11, the model performance using PSA and HBD, with a lower value of MAE and RMSE and higher value of R2, was better than using Papp from Caco-2 experimentation. As displayed in Figure 9B, prediction 1 was closer to the correlation line with most dots within the ±20% of the observed concentration, indicating the overall good performance of PBPK model construction using the PSA and HBD methods.
[image: Figure 8]FIGURE 8 | Fold errors of the PK parameters from the PBPK models of phenacetin, tolbutamide, omeprazole, metoprolol, chlorzoxazone, nifedipine, and baicalein. The three lines in each parameter represent mean with 95% confidence interval and the black dotted line across the fold error = 2 represent evaluation criteria.
[image: Figure 9]FIGURE 9 | (A) Observed concentration vs. predicted concentration (n = 390) based on the PBPK model with the absorption module using the PSA and HBD models (prediction 1) and the PBPK model using Papp from Caco-2 experimentation (prediction 2), blue box: ±20% of the observation concentration; (B) graph zoomed at 0–10 μg/ml.
TABLE 11 | Performance of the PBPK model with absorption module using PSA and HBD (prediction 1) and PBPK model using Papp from Caco-2 experimentation (prediction 2).
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While collecting in vitro parameters, we noticed the fu and CLint from different sources varied; therefore, the median values were applied to construct the model. A sensitivity analysis was performed to further explore the impact of these two parameters on the model prediction accuracy. The overall predicted accuracy of PBPK models using the median value was good with most fold errors within 2, and the R2 between the predicted concentration data and the observed data was more than 0.8 (Figures 8, 9). However, there was an exception that the chlorzoxazone PBPK model using median data was not satisfying with the prediction results, which is 2 times higher than the observed ones. It could be related to the underestimated distribution and clearance. In terms of the sensitivity analysis, the observed points were closest to the lowest prediction curve with the highest CLint (38.8 μl/min/mg protein) and fu 0.373 (Moon et al., 2003; Baek et al., 2006). The lowest prediction parameters of Tmax, Cmax, and AUC(0–t) were 0.29 h, 37.69 μg/ml, and 34.69 μg·h/ml, respectively. Moreover, most of the fold errors were within 2 (observation 1–3), indicating good prediction accuracy. Similarly, the prediction result of metoprolol using the median PBPK model was also slightly higher at 2.5 mg/kg, and the observed data was close to the lowest predicted curve. The prediction Tmax, Cmax, and AUC(0–t) of the metoprolol PBPK model using highest experimental CLint (59.9 μl/min/mg) and fu (0.93) at 2.5 mg/kg were 0.53 h, 0.15 μg/ml, and 0.25 μg·h/ml, respectively and the fold errors were within 2 (Belpaire et al., 1989; Yoon et al., 2011). These results suggest that applying the PBPK model using in vitro parameters in the early screening of candidate compounds is feasible and helpful, and the prediction accuracy of the model is related to the in vitro parameters, especially fu and CLint. It is worth noting that there is a potential correlation between fu and CLint under physiological conditions, which likewise may unnaturally increase the variability in predicted values. Furthermore, since the effect of fu on CLint might be poorly investigated and difficult to obtain from previous studies, the impact of such correlation on the variability of predicted values remains to be further explored.
In the sensitivity analysis, we summarized the variation span of the experimental in vitro parameters and prediction PK parameters in Table 10. Except for nifedipine (fold error of the observed Tmax was 3.3), the variation of prediction Tmax in the sensitivity analysis of other drugs was slight, meaning that the experimental difference of fu and CLint had little impact on Tmax compared with Cmax and AUC(0–t). Compared with phenacetin, omeprazole, metoprolol, and baicalein, the experimental variation of fu or CLint of nifedipine, chlorzoxazone, and tolbutamide is relatively large (fold errors of fu or CLint > 8), which led to a large variation span in the sensitivity analysis with the fold errors of Cmax or AUC(0–t) more than 10. Meanwhile, the variation of both fu and CLint was higher than 3, resulting in significant fold errors of Cmax and AUC(0–t) (>8.0). Moreover, inflection points were noted in the change trend graph of fu and CLint of phenacetin, nifedipine, chlorzoxazone, and tolbutamide shown in the figure of sensitivity analysis, with the prediction value significantly fluctuating around. Therefore, sensitivity analysis is necessary for model construction. That is to say, when the in vitro parameters are close to the inflection point, extra attention should be paid to the PBPK model construction.
In addition to using the PSA and HBD methods to predict the absorption of model drugs in the PBPK model, we also explored the prediction accuracy of the PBPK model using Papp from in vitro experiments such as Caco-2 experimentation. Interestingly, the results showed that the overall prediction performance of PBPK models using the PSA and HBD methods was better. It could be related to defects in the in vitro absorption experiments, such as the inability to simulate the dynamic flow of fluids in the body, the lack of mucus layer, the more minor tight junctions, and the thicker unstirred water layer. These may cause the Papp to not to truly simulate the diffusion of drugs in vivo and thus cannot truly predict the drug absorption degree in the body.
It is worth mentioning that the PBPK model using in vitro parameters is beneficial to drug development, and the more accurate the value of in vitro parameters, the better fit the model. However, the model compounds we applied were BCS (biopharmaceutics classification system) class II drugs, exhibited linear absorption and primarily cleared via metabolism. Therefore, our models were appropriate to the PK prediction of chemicals not affected by transporters such as P-gp (p-glycoprotein) efflux transporter. For other compounds with complex drug metabolism characteristics, using in vitro parameters alone to construct a PBPK model and the prediction accuracy still require further research and validation. Moreover, in recent years, with the development of computer technology and in vitro experiments, the contribution of PBPK models to advancing 3Rs in new drug development is undoubtedly a hot topic of discussion. Since rodents were widely used in preclinical pharmacological experiments, this study used rats as the model animal when constructing PBPK models based on in vitro parameters. It is expected that animal experiments can be reduced in the early stage of drug development with the validation of the feasibility and reliability of the models. However, due to the differences in physiological parameters of other species, the construction of their PBPK models needs further exploration and optimization, and due to the complexity of the human body, whether this method can be directly applied to predict the pharmacokinetic characteristics of candidate compounds in the humans and the reliability of the predicted results still need further exploration.
5 CONCLUSION
In our study, bottom–up PBPK models constructed with in vitro data were developed, and popular probe substrates were used as model drugs. Most of the fold errors between the observed PK data with the predicted ones were within the threshold of 2, indicating good prediction accuracy. The influence of in vitro data was comprehensively analyzed, and results supported that the model accuracy is related to the precision of the in vitro data. Moreover, most of the observed PK data is within the uncertainty range, and R2 is more than 0.8, indicating the applicability of the PBPK model in the absence of in vivo data in the early drug development. In conclusion, a strategy of the bottom–up PBPK model with the quantity of an uncertainty range is constructed, which helps reduce animal experiments and is a good practice of 3Rs in the early screening of candidate compounds.
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Aim: The 20(S)-ginsenoside Rh2 (Rh2) is being developed as a new antitumor drug. However, to date, little is known about the kinetics of its deglycosylation metabolite (protopanoxadiol) (PPD) following Rh2 administration. The aim of this work was to 1) simultaneously characterise the pharmacokinetics of Rh2 and PPD following intravenous and oral Rh2 administration, 2) develop and validate a mechanism-based pharmacokinetic model to describe the deglycosylation kinetics and 3) predict the percentage of Rh2 entering the systemic circulation in PPD form.
Methods: Plasma samples were collected from rats after the I.V. or P.O. administration of Rh2. The plasma Rh2 and PPD concentrations were determined using HPLC-MS. The transformation from Rh2 to PPD, its absorption, and elimination were integrated into the mechanism based pharmacokinetic model to describe the pharmacokinetics of Rh2 and PPD simultaneously at 10 mg/kg. The concentration data collected following a 20 mg/kg dose of Rh2 was used for model validation.
Results: Following Rh2 administration, PPD exhibited high exposure and atypical double peaks. The model described the abnormal kinetics well and was further validated using external data. A total of 11% of the administered Rh2 was predicted to be transformed into PPD and enter the systemic circulation after I.V. administration, and a total of 20% of Rh2 was predicted to be absorbed into the systemic circulation in PPD form after P.O. administration of Rh2.
Conclusion: The developed model provides a useful tool to quantitatively study the deglycosylation kinetics of Rh2 and thus, provides a valuable resource for future pharmacokinetic studies of glycosides with similar deglycosylation metabolism.
Keywords: traditional Chinese medicine, ginsenosides, pharmacokinetics, deglycosylation, modelling and simulation
1 INTRODUCTION
Ginseng is a traditional medicine that has been used for centuries. The global ginseng extracts market size was valued at USD 22.9 billion in 2019 and is expected to grow at a compound annual growth rate (CAGR) of 6.2% from 2020 to 2027 (Future Market Insights, 2020). Ginsenosides, a class of natural product steroid glycosides, have a wide effect on the cardiovascular system, central nervous system and immune system (Wang et al., 2014; Zhang et al., 2019a; Alolga et al., 2020; Zhu et al., 2020). Recent studies have found that 20(S)-ginsenosides Rh2 (Rh2), a substance isolated from red ginseng, may inhibit the growth of various cancer cells, reverse sleep deprivation-induced cognitive deficit, improve insulin sensitivity, and, enhance the antitumor immunological response in a melanoma mice model (Lee et al., 2007; Wang et al., 2017; Lu et al., 2018; Zhang et al., 2019b; Jeong et al., 2019; Qi et al., 2019).
However, the permeability of Rh2 in Caco-2 cells has been reported to be low, and it has also been reported to exhibit poor absolute bioavailability in rats (Qian et al., 2005; Gu et al., 2010). Here, Rh2’s poor bioavailability and permeability do not appear to support its in vivo bioactivity. One of the hypotheses is that Rh2 is bio-transformed by gut microbiota, thereby producing new bioactive molecules with better absorption to exert the bioactivity (Gong et al., 2020). Rh2 is a protopanaxadiol (PPD)-type ginsenoside; this type has one glucose moiety at the C3 hydroxyl of PPD as shown in Figure 1. As the second genome of the body, the microbiome involves the metabolism of many drugs (Zimmermann et al., 2019; Brody, 2020; Savage, 2020). The glycosidase activities present in the human colonic microbiota act on many glycosides including Rh2 (Dabek et al., 2008; Gloster et al., 2008). For example, the bioavailability of ginsenoside Rb1 has been reported to be low (Akao et al., 1998). Only the primary deglycosylation metabolite of ginsenoside Rb1 (compound K) could be detected in plasma, where its concentrations were found to be retained in the plasma for a long period of time following administration of ginsenoside Rb1 (Akao et al., 1998).
[image: Figure 1]FIGURE 1 | Development of the pharmacokinetic model according to the mechanism of the deglycosylation kinetics of Rh2 and in vivo metabolite (PPD) kinetics in rats. The left part of this figure is the mechanism diagram corresponding to the structure of pharmacokinetic model (right part of the figure). Hydrolysis in the liver, transformation from Rh2 to PPD in the liver (k45), route A in text article. Route A is assumed to exist since the PPD can be detected immediately after I.V. dosing of Rh2. Enzymatic hydrolysis, transformation from Rh2 to PPD by glycoside hydrolases from microflorae in the colon (kt from compartment T3 to compartment 6) (Qian and Cai, 2010), route B in the text article. Acidic hydrolysis, transformation from Rh2 to PPD by stomach acid (k12) (Bae et al., 2004), route C in text article.
This hypothesis is further supported by the following evidence reported in the literature: 1) Rh2 can be deglycosylated into its metabolite, PPD, in the gastrointestinal tract (Bae et al., 2004), 2) the bioavailability of PPD is 36.8%, a bioavailability much greater than that seen in rats (Ren et al., 2008), and, 3) PPD is an active metabolite that demonstrates a potency in inducing apoptosis, altering membrane integrity, and inhibiting triple-negative breast cancer metastasis (Popovich and Kitts, 2002; Peng et al., 2019). However, to date, there is no direct evidence from any in vivo pharmacokinetic study to further validate this hypothesis and provide a comprehensive understanding of the kinetic profiles of Rh2 and its active metabolite.
The above studies provided the knowledge with regard to the pharmacokinetics of Rh2 and its active metabolite PPD, which could be integrated into a mechanism based pharmacokinetic model to study the deglycosylation kinetics of Rh2. As shown in Figure 1, the mechanism based pharmacokinetic model included all the possible deglycosylation kinetics of Rh2 in plasma (k45), stomach (k12), and colon (kt). The classical two-compartment pharmacokinetic model was included in the mechanism based pharmacokinetic model to describe the distribution and elimination of Rh2 (compartment 4 and 7) and PPD (compartment 5 and 8). In doing so, it could facilitate the pharmacokinetic/pharmacodynamic (PK/PD) analysis of ginseng. On the other hand, Rh2 has been reported to be a potent non-competitive P-gp inhibitor (Gu et al., 2010). This has led to the concern that a potential herb-drug interaction may exist between ginseng and drugs that are P-gp substrates (Zhang et al., 2010). The mechanistic pharmacokinetic model of Rh2 and PPD would be the starting point to quantitatively assess the potential existence of the herb-drug interaction.
The aim of this study was to gain a better understanding of the deglycosylation kinetics of 20(S)-Ginsenosides Rh2 by integrating experimental data with prior biological mechanism knowledge. To achieve the aim, the study comprised of the following three specific objectives: 1) to simultaneously characterise the pharmacokinetics of Rh2 and PPD following intravenous (I.V.) and oral (P.O.) Rh2 administration, 2) to develop a mechanism-based pharmacokinetic model based on the hypothesised deglycosylation kinetics and 3) predict the percentage of Rh2 elimination by gut bacteria using the developed model.
2 MATERIALS AND METHODS
The methods section is described in two parts. The first part provides the technical details of the animal experiment and sample analysis. The second part describes the details of the data analysis, which includes: 1) an exploratory data analysis, 2) the development of a mechanism-based model for the deglycosylation of glycosides in vivo, and 3) a quantitative assessment of the contribution of each elimination route.
2.1 Part I
2.1.1 Chemical and Reagents
20(S)-Ginsenosides Rh2 (Rh2), PPD and panoxadiol (purity over 99%) were purchased from the Department of Nature Medical Chemistry, School of Chemistry, Jilin University, Changchun, China. Deionized water was prepared using the Milli-Q system (Millipore, Bedford, MA, United States). Methanol of HPLC grade was purchased from Merck, Darmstadt Germany. Acetic ether and all other reagents (including solvents) were of analytical grade. Pure nitrogen gas was supplied by the Gas Supplier Center of Nanjing University, China.
2.1.2 Animal Experiments
Young adult Sprague–Dawley male rats with a body weight of 240–280 g were purchased from Sino-British Sippr/BK Lab Animal Ltd. (Shanghai, China). This research study and all animal handling procedures were approved by Research Animal Care and Laboratory Animal Resources of China Pharmaceutical University. The animal studies adhered to the European Community guidelines for laboratory animal care.
Prior to commencing the experiment, the rats were given 1 week to acclimatise to the animal facility. Rh2 was dissolved in saline with 50% hydroxypropyl-β-cyclodextrin for I.V. or P.O. administration–a volume of 5 ml/kg was given. Twelve rats were divided into four groups. Following an overnight fast (of at least 12 h), rats allocated to groups 1 and 2 (n = 3 per group) were administered an I.V. bolus of 10 mg/kg and 20 mg/kg of Rh2, respectively; whilst rats allocated to groups 3 and 4 received a 10 and 20 mg/kg oral dose of Rh2, respectively (n = 3 per group). The 20(S)-Ginsenosides Rh2 occurred as O-glycosides with glucose bound in nature, which could be hydrolysed by β-O-glycosidase (Zheng et al., 2017). The activity of the glycosidase was not affected by sex difference significantly in mice as reported in a previous study (Doonan et al., 1978). Therefore, t authors assumed that the sex difference might have little effect on studying the transformation of PPD in this study. Herein, only males were included in this study. The relatively high dose levels were given to rats considering the poor bioavailability of Rh2. As the data were analysed by simultaneous global fitting of concentrations from the parent drug and metabolite at multiple time points, the effective sample size is far larger than experimental replication. In addition, no statistical comparison was performed on these data; rather, they were used for the development of a kinetic model of deglycosylation. Blood samples were collected by orbital sinus bleeding at 0 (prior to dosing), 0.25, 0.50, 1, 2, 4, 8, 12, 16, 20 (or 24) h post-drug administration. Water was freely accessible throughout the study, however access to food was restricted until 3 h post-drug administration. The collected samples were centrifuged at 4,000 rpm for 5 min. The separated plasma samples were then stored at -80°C.
2.1.3 Sample Preparation
Ten microliters of panoxadiol (2.0 μg/ml) were added to 0.1 ml of plasma creating an internal standard. This procedure was followed by a liquid–liquid extraction using 1.0 ml of acetic ether. The organic and aqueous phases of plasma were separated by centrifugation at 8,000 rpm for 5 min. The upper organic phase was transferred to another tube and evaporated using a Thermo Savant SPD 2010 Speed Vac System (Thermo Electron Corporation, United States) set at 40°C. The residue was reconstituted into 100 µl of the mobile phase using a vortex for 1 min. After centrifugation at 20,000 rpm for 10 min, 5 µl of the solution was injected into the column.
2.1.4 HPLC-MS Analysis for Determination of Plasma Concentrations
The method used to determine plasma concentration PPD has previously been published by Ren et al. (Ren et al., 2008). The HPLC method was revised for elution of the simultaneous determination of plasma Rh2 and PPD concentrations. Details of the method and validation are summarised in the Supporting Information.
2.2 Part II
2.2.1 Exploratory Data Analysis
A non-compartmental analysis (NCA) was performed to determine the following pharmacokinetic metrics for Rh2 and PPD: Cmax, Tmax, Vss, and T1/2. The NCA was performed using Phoenix 64 Winnonlin (Pharsight, a Certara™ Company, Cary, NC, United States). For Rh2 the I.V. dosing option was selected, whilst the extravascular dosing option was selected for PPD.
2.2.2 Workflow of Model Development and Validation
A brief workflow describing model development and validation is presented as follows:
(i) The known mechanism of deglycosylation kinetics (Figure 1) was summarised to explain the formation and in vivo kinetics of the metabolite (PPD). A mechanism based pharmacokinetic model was then implemented (as shown in Figure 1).
(ii) Based on the method of drug administration the proposed mechanistic model was further reduced into four sub-models (i.e., A, B, C, and D) for the estimation of model parameters. The observed data following I.V. or P.O. administration of Rh2 at 10 mg/kg was used for model fitting. Details of the sub-models are introduced in Appendix A. The model fitting results of the sub-models are provided in Supporting Information.
(iii) The concentration versus time data of Rh2 and PPD at 20 mg/kg was used for external validation of the developed mechanistic model.
2.2.3 Overview of Mechanistic-Based Pharmacokinetic Model
As shown in Figure 1, the model accounts for the distribution (i.e., transit in the intestine) and elimination of Rh2, as well as the formation, absorption, distribution, and elimination of PPD. The proposed model can describe the concentration time profiles of both Rh2 and PPD simultaneously after I.V. and/or P.O. administration of Rh2 in rats. Following the I.V. administration of Rh2 it is eliminated by three routes: 1) direct transformation from Rh2 to PPD (k45), 2) biliary excretion (k43), and 3) other unknown routes (k40) in the systemic circulation. Following the P.O. administration of Rh2 it is eliminated by two routes: 1) transformation of Rh2 to PPD in the stomach (k12), 2) transfer from stomach to colon through the transit compartments T1-T3 and metabolism in colon. The transformation of Rh2 to PPD in the colon is known to be the primary route of formation for PPD. The absorption of PPD in the stomach (it may be transferred to the duodenum and then absorbed) and colon into the systemic circulation is described by kt, whilst its elimination is described by the rate constant k50. The peripheral compartments (compartment 7 and 8) are implemented to describe the distribution of Rh2 and PPD into the peripheral tissues, respectively. A detailed description of the model is provided in Appendix A.1. The model can be further reduced into sub-models to describe the concentration time profiles of Rh2 and PPD following I.V. and P.O. administration of Rh2 respectively (see in Section 2.2.5).
2.2.4 Software and Criteria for Model Development
The mechanism-based pharmacokinetic model was developed using the non-linear mixed effect modelling software Phoenix 64 NLME (version 8.2, Pharsight, a Certara™ Company, Cary, NC). Inter-individual variability was described using an exponential model. Residual error was described by a multiplicative error model. The initial estimates used in the model were obtained by manual adjustment of parameters and visual inspection. The FOCE ELS algorithm in Phoenix 64 NLME was used for parameter estimation. The code for the final model is provided in Supporting Information. The model was evaluated based on successful convergence, objective function value, parameter precision, visual inspection of goodness-of-fit plots and a visual predictive check (VPC) (Wang and Zhang, 2012).
2.2.5 Strategy of the Parameter Estimation
The final model was comprised of 11 compartments and 16 parameters. This led to challenges in model parameter estimation. Hence, to reduce computational workload, a model reduction strategy was applied using the following four steps:
Step 1:. The full model was reduced to sub-model A, including compartments of “4. Rh2 in plasma” and “7. Rh2 in PC”. The parameters related to the elimination and distribution of Rh2 were then estimated using the raw data following I.V. administration of Rh2. Details for the sub-model A are provided in Appendix A.
Step 2:. The full model was reduced to sub-model B including compartments of “5. Rh2 in plasma” and “8. Rh2 in PC”. Similar to sub-model A for the independent modelling of Rh2, the parameters related to the elimination and distribution of PPD were estimated using the raw data following I.V. administration of PPD for the independent modelling of PPD.
Step 3:. Sub-model C was comprised of the following components: sub-model A, sub-model B, biliary excretion, transit of Rh2, transformation of Rh2 to PPD in the colon and absorption of PPD. The parameters were then estimated using the reported biliary excretion data of Rh2 and the concentration-time profile of PPD following a 10 mg/kg I.V. administered dose of Rh2 (Gu et al., 2009).
Step 4:. Sub-model D was comprised of the following components: sub-model B, transit of Rh2 from the stomach to the intestine, transformation of Rh2 to PPD in the stomach, and elimination of PPD in the intestine compartments (linked by blue and purple arrows in Figure 1). The related parameters were estimated using plasma concentrations of PPD following a 10 mg/kg dose of Rh2 administered P.O.Details for each of the sub-models is provided in Appendix A.
2.2.6 External Validation
The model was externally validated by performing a visual predictive check (VPC) (Wang and Zhang, 2012). The model parameters were fixed to simulate the concentration-time profiles for Rh2 and PPD following I.V. and P.O. administration when given at a 20 mg/kg dose. The 5th, 50th, and 95th percentiles were calculated from the empirical posterior distribution of 1000 replicates. If the majority of observed concentration data was within the 90% prediction interval the model was thought to be validated.
2.2.7 Evaluation of Elimination Contribution by Different Routes
The final model was used to quantitatively assess the contribution of each elimination route of Rh2. Following I.V. administration, Rh2 is eliminated via three different routes which are: 1) transformation from Rh2 to PPD in the plasma or liver (route A), 2) biliary excretion, transformation from Rh2 to PPD, and re-absorption into the systemic circulation (route B), and 3) other unknown metabolism routes. We assumed that route A exists without robust evidence since the PPD could be detected immediately after IV dosing of Rh2. The extent of Rh2 transformation to PPD in plasma (route A) was quantified as the ratio of direct transformation rate constant from Rh2 to PPD to the total elimination rate constant of Rh2 (k45/ke). The excreted Rh2 by bile was partly transformed into PPD in the colon and further re-absorbed into the systemic circulation (route B). The extent of biliary excretion was quantified as the ratio of the biliary excretion rate constant to the total elimination rate constant of Rh2 (k43/ke). The extent of re-absorbed PPD was the product of the percentage of biliary excretion and the percentage of PPD absorbed from the colon to the systemic circulation (k43/ke ∙ kt/(kt + k60). The extent of the other unknown elimination routes was quantified as the sum of unknown elimination of Rh2 in plasma and bile (k40/ke + k43/ke ∙ k60/(kt + k60)) or 100% minus the percentage of Rh2 entering the systemic circulation in PPD form (100% - k45/ke - k43/k3 ∙ kt/(kt + k60)). After P.O. administration, Rh2 is transformed to PPD in the stomach and colon via metabolism. The total disposition rate constant of Rh2 in the stomach is the sum of the transit rate constant from the stomach to the intestine and the transformation rate constant from Rh2 to PPD in the stomach (k12 + k13). The extent of Rh2 transiting from the stomach to the intestine was quantified as the ratio of transit rate constant from the stomach to the intestine and the total disposition of Rh2 in the stomach, expressed as k13/(k12 + k13). The extent of Rh2 metabolism in the stomach was expressed as k12/(k12 + k13). PPD present in the stomach can be transferred to the duodenum and absorbed into the systemic circulation, which has been simplified as absorption rate constant (kt), or eliminated via unknown mechanisms (k20). Hence, the total disposition rate constant of PPD in the stomach is the sum of both of the routes (kt + k20). The extent of PPD absorption in the stomach was quantified as the ratio of absorption rate constant of PPD to total disposition rate constant of PPD: kt/(kt + k20). The extent of PPD elimination in the stomach was quantified as the ratio of elimination rate constant of PPD to total disposition rate constant of PPD in the stomach: k20/(kt + k20). The percentage of Rh2 transformed to PPD in the colon and further absorbed into the systemic circulation (route B) was the product of the percentage of Rh2 transiting from the stomach to the intestine and the percentage of PPD absorbed from the colon to the systemic circulation (k13/(k12 + k13) ∙ kt/(kt + k60)). The percentage of Rh2 transformed to PPD in the stomach and absorbed into the systemic circulation (route C), was the product of the percentage of Rh2 transiting from the stomach to the intestine and the percentage of PPD absorption in the stomach: k12/(k12 + k13) ∙ kt/(kt + k20). The extent of the other unknown elimination routes was quantified as the sum of unknown elimination of Rh2 in the stomach and colon (k13/(k12 + k13) ? k60/(kt + k60) + k12/(k12 + k13) ? k20/(kt + k20)) or 100% minus the percentage of Rh2 entering the systemic circulation in PPD form (100% - k13/(k12 + k13) ∙ kt/(kt + k60) - k12/(k12 + k13) ∙ kt/(kt + k20)).
3 RESULTS
3.1 The Result of Exploratory Data Analysis
A summary of the non-compartmental analysis results is presented in Table 1. The pharmacokinetic profile of PPD following an I.V. or P.O. dose of Rh2 were characterised by an atypical double peak. Following an I.V. or P.O. dose of Rh2, PPD reached a maximum concentration by approximately 6 h post Rh2 administration. The Tmax of PPD was longer than that after only oral dosing of PPD (2.5 h), indicating a long delay of transformation from Rh2 to PPD after dosing of Rh2. The PPD has high exposure after administration of Rh2: the exposure of PPD (AUC0-t, 1039 h nmol/L) is around 71% of the exposure of Rh2 (AUC0-t, 1457 h nmol/L) after I.V. administration of Rh2 at a dose level of 10 mg/kg. At an oral Rh2 dose of 10 mg/kg the concentration of Rh2 was lower than the lower limit of quantitation (LLOQ), though the AUC for PPD was 2,377 h nmol/L. This was obviously higher than that after I.V. of Rh2 at the same dose in rats. The Cmax and AUC0-t of Rh2 and PPD were found to increase proportionally with the dose. The other PK parameters are shown in the Supporting Information.
TABLE 1 | The pharmacokinetic parameters from non-compartment analysis.
[image: Table 1]3.2 Kinetic Modelling of Rh2 and PPD After I.V. Administration (Sub-model A and B)
Following an I.V. dose, the pharmacokinetic profiles of Rh2 and PPD were characterized by a rapid drop in plasma concentration followed by a relative slower decrease in the terminal phase. This conforms with the features of a classic two-compartment model. Sub-models A and B provided a reasonable description of the observed data (shown in Figures 2A,B). The parameters of sub-models A and B were precisely estimated (as shown in Table 2). The elimination rate constant of Rh2 (ke) was estimated to be 4.67 h−1, a value similar to the elimination rate constant of PPD (k50,4.88 h−1). This indicates a similar in vivo elimination in rats. The distribution of Rh2 was notably different to PPD. This was evident by the large differences between the distribution related parameters of Rh2 (k47, k74, and VRh2, plasma) and the corresponding parameters for PPD (k58, k85, and VPPD, plasma). These model parameters were fixed when estimating the parameters in sub-models C and D.
[image: Figure 2]FIGURE 2 | Evaluation of model performance in rats and the calculated elimination routes of Rh2. Green areas represent the 90% confidence interval between the 5th and 95th of percentiles, solid lines are the median profile (50th point of percentile), red symbols represent raw observations of Rh2, and blue symbols represent raw observations of PPD. (A), Rh2 pharmacokinetic profile after I.V. administration of Rh2 at 10 mg/kg; (B), PPD pharmacokinetic profile after I.V. administration of PPD at 0.2 mg/kg; (C), PPD pharmacokinetic profile after I.V. administration of Rh2 at 10 mg/kg; (D), PPD pharmacokinetic profile after P.O. administration of Rh2 at 10 mg/kg. Route A is the percentage of the administered Rh2 transformed from Rh2 to PPD in the systemic circulation; Route B is the percentage of the administered Rh2 transformed to PPD in the colon and absorbed into the systemic circulation; Route C is the percentage of the administered Rh2 transformed to PPD in the stomach and absorbed into the systemic circulation. STO refers to stomach.
TABLE 2 | Summary of estimated pharmacokinetic parameters.
[image: Table 2]3.3 Kinetic Modelling of PPD After I.V. Administration of Rh2 (Sub-Model C)
Sub-model C provided a good description of the concentration-time course of PPD following an I.V. administration of Rh2 (shown in Figure 2C). This was shown by the majority of observations lying within the 90% confidence interval in Figure 2C. This finding was consistent with the visual inspection of the goodness-of-fit plots (shown in Figure S1 in Supporting Information). As shown in Table 2, the parameters in sub-model C were precisely estimated with CV values below 30%. The value for ke (4.67 h−1) was determined by summing k43 (1.29 h−1), k40 (3.29 h−1), and k45 (0.091 h−1). Here, it was found that 2% of the administered Rh2 was eliminated via direct transformation from Rh2 to PPD in plasma. Around 28% of the administered Rh2 was eliminated via biliary excretion among which 9% of the administered Rh2 were transferred into the colon, transformed into PPD, and then absorbed into the systemic circulation. The other 19% of the administered Rh2 in bile and 70% of the administered Rh2 in plasma were eliminated via unknown routes.
3.4 Kinetic Modelling of PPD After P.O. Administration of Rh2 (Sub-Model D)
Sub-model D provided a good description of the time course of PPD following P.O. administration of Rh2. This was shown by most of the observations lying within the 90% prediction interval shown in Figure 2D. This was consistent with the visual inspection of the goodness-of-fit plots (presented in Supporting Information). As shown in Table 2, the parameters in sub-model D were precisely estimated with RSE values below 30%. Around 61% of the administered Rh2 transited from the stomach into the colon among which 19% of the administered Rh2 was followed by deglycosylation, which might explain the high exposure of PPD following P.O. as opposed to I.V. administration when the same dose was given. Only 1% of the administered Rh2 was metabolised to PPD in the stomach and absorbed into the circulatory system as PPD. In total, 80% of administered Rh2 was eliminated by other unknown routes.
3.5 Model External Validation
The developed model based on data following a 10 mg/kg dose was used to predict the concentration versus time profiles for a 20 mg/kg dose. The predicted data were compared with the observed data for external validation via a VPC. As shown in Figure 3, most of the observed Rh2 or PPD concentrations was within the predicted 5th and 95th percentiles with the majority of observations being evenly distributed around the median. Hence, the results indicated that the developed model could describe the observed data when predicting a higher dose.
[image: Figure 3]FIGURE 3 | External evaluation of the developed mechanistic pharmacokinetic model using the observed data from 20 mg/kg groups. Green areas represent the 90% model prediction interval between the 5th and 95th of percentiles, solid lines are the median model prediction (50th point of percentile), red symbols represent raw observations of Rh2, and blue symbols represent raw observations of PPD. (A), Rh2 pharmacokinetic profile after I.V. administration of Rh2 at 20 mg/kg; (B), PPD pharmacokinetic profile after I.V. administration of Rh2 at 20 mg/kg; (C), PPD pharmacokinetic profile after P.O. administration of Rh2 at 20 mg/kg. The 90% model prediction intervals were predicted by the model developed by the data at 10 mg/kg. Most of the observed Rh2 or PPD concentrations lay within the predicted 5th and 95th percentiles with the majority of observations being evenly distributed around the median.
4 DISCUSSION
In recent years, the interaction between the bioactive ingredients of traditional Chinese medicine (TCM) and gut microbiota has attracted much attention (Laparra and Sanz, 2010; Dey, 2019; Feng et al., 2019; Yue et al., 2019; Gong et al., 2020; Jia et al., 2020). The bio-transformation by gut microbiota and their effect on the pharmacokinetics and therapeutic role have been reported (Choi et al., 2018; Bridgeman et al., 2020; Savage, 2020). However, few reports used modelling and simulation to quantitatively study the bio-transformation from parent drug to metabolite. In this study, the parent drug and deglycosylation metabolite were detected simultaneously after dosing of Rh2 in rats and a model-based method was used for the study of bio-transformation with minimum data requirements. As a result, high concentrations of PPD were detected following the administration of Rh2. This highlights the importance of simultaneously investigating the pharmacokinetic profiles of Rh2 and PPD. Following I.V. or P.O. administration of Rh2, the pharmacokinetic profile of PPD showed atypical double peaks with a prolonged Tmax. The mechanisms of PPD formation were summarized and the hypothesis of deglycosylation kinetics was proposed in Figure 1 to qualitatively explain the formation and in vivo kinetics of the metabolite (PPD) based on the reported publications. The mechanism of deglycosylation kinetics involved the transformation from parent drug (Rh2) to metabolite (PPD) by acid in the stomach and by microflorae in the colon, as well as the transit of Rh2 and PPD in intestinal tracts, and biliary excretion of Rh2. Since the liver concentrations were not measured, we did not include a separate liver compartment in the final model; instead it was merged into the plasma compartment.
The mechanism-based pharmacokinetic model could provide a detailed assessment on the percentage of Rh2 elimination by different routes. Some elimination routes could be supported by the reported facts or data. After I.V. administration, the simulated biliary excretion is 28%, the same as the reported value (Gu et al., 2009). The excretion rate constant of Rh2 into faeces is zero, which is in accordance with the reported faeces excretion of Rh2 in rats (Gu et al., 2009). The other unknown metabolism route in plasma contributed to about 70% elimination of Rh2, which may be correlated with oxygenation (Qian et al., 2005). In addition, the predicted concentration time profiles of Rh2 and PPD could describe the observed data at 20 mg/kg (these data were not used in model building). These results supported the rationality of the hypothesis of deglycosylation kinetics.
The study predicted the percentage of Rh2 entering the systemic circulation in PPD form. In total, 11 and 20% of the administered Rh2 were predicted to be transformed into PPD and enter the systemic circulation after I.V. administration and P.O. administration respectively. The predicted percentage was relatively reliable because it was determined by the exposure of PPD in plasma. The second peak of PPD was high and considered as the main transformation from Rh2 (route B). The first peak of PPD of I.V. administration was assumed to be caused by the transformation from Rh2 to PPD in the liver (route A). The first peak of PPD of P.O. administration might be caused by the transformation from Rh2 to PPD in the stomach (route C) (Bae et al., 2004), but route A and C only contributed to the formation of PPD slightly since the first peak was low.
Most of the administered Rh2 were predicted to be eliminated by other unknown routes. The elimination of Rh2 by other unknown routs was evaluated in the stomach by matching the pharmacokinetic profile of PPD after oral administration of Rh2. We have considered three possible mechanisms to explain the elimination of Rh2 in the stomach by the following unknown routes: 1) Rh2 is absorbed into the liver and further metabolised there; 2) Rh2 is eliminated directly in the stomach; 3) Rh2 is transformed into PPD, and later eliminated in the stomach and intestine. Although all the assumptions could render similar performance and describe the observed data well, the third mechanism seems to be more biologically feasible. It should be noted that the details of other unknown routes should be used carefully since the assumption of an unknown route was not fully validated. But the predicted percentage of other unknown routes might be valuable for the next study of mass balance.
The developed models have potential to be applied for the pharmacokinetic study of other glycosides. Glycosides are popularly applied in food and medicine as important naturally occurring substances and include hormones, sweeteners, alkaloids, flavonoids, antibiotics, etc. (Khan et al., 2017; Momtazi-Borojeni et al., 2017; Osman et al., 2017; Botelho et al., 2019; Bundgaard Anker et al., 2019; Liu et al., 2019). Most glycosides have similar pharmacokinetics characteristics with Rh2. They can be hydrolysed into active aglycons in a biological body by the glycosidase in intestine microflorae (Tribolo et al., 2007; Winotapun et al., 2013; Mishra and Aeri, 2017). Herein, it is necessary to simultaneously investigate the kinetics of the glycoside and its aglycone for the pharmacokinetic study of glycoside. When the concentrations versus time data of glycoside and its aglycone are available, the developed models in this study may be a good starting point for pharmacokinetic modelling and simulation, which is the basis for further PK/PD modelling.
The deglycosylation metabolism of Rh2 could be observed in the rat and human intestinal bacteria indicating that the developed models had the possibility to translate preclinical findings into clinical practice (Bae et al., 2004; Qian and Cai, 2010). Considering the requirements on the quantitative translation, we proposed a strategy to translate the deglycosylation kinetics from rats to humans (Figure 4):
(i) Use the reported method to predict the human pharmacokinetics of the parent drug after dosing of Rh2 and PPD, respectively, for the pharmacokinetic parameters of Rh2 and PPD, such as VRh2, plasma and VPPD, plasma (Ren et al., 2019).
(ii) Find the in vitro and in vivo correlation on the transformation rate constant from Rh2 to PPD in the colon and stomach in rats.
(iii) Use the above relationship of in vivo and in vitro data to predict the human in vivo transformation rate constant from Rh2 to PPD based on the in vitro transformation rate constant from Rh2 to PPD in human faeces homogenates and simulated gastric fluid of humans, respectively.
(iv) Develop the advanced compartmental absorption and transit (ACAT) model of Rh2 in rats and extrapolate the model from rats to humans (Gobeau et al., 2016).
(v) Integrate the human pharmacokinetic parameters of Rh2 and PPD, transformation rate constants from Rh2 to PPD, and the intestinal transit of Rh2 to quantitatively predict the PK profiles of Rh2 and PPD in humans.
[image: Figure 4]FIGURE 4 | The proposed strategy to translate the deglycosylation kinetics from rats to humans. PBPK, physiologically based pharmacokinetic; ACAT, advanced compartmental absorption and transit.
However, there are three key issues, which need more research: 1) the Rh2 may have better oral absorption in human than rats due to the longer intestine length and larger lumen area; 2) the extrapolation of excretion by faeces from rats to humans is challenging; 3) the proposed method of prediction needs to be validated by the actual data; but there are few publications involving the Rh2 and PPD kinetics in humans. There are some challenges regarding the interspecies differences in deglycosylation activity of the colonic microbiota and large inter-individual differences in humans (Brody, 2020). However, the proposed strategy made the first step of this long journey to translate the deglycosylation kinetics from rats to humans and more studies are warranted.
5 CONCLUSION
This study has identified that PPD plays a critical role in the pharmacokinetics of Rh2. A mechanism-based pharmacokinetic model of Rh2 was developed to quantitatively describe the kinetics of Rh2 and PPD. The percentage of transformation from Rh2 to PPD could be predicted based on the model. The developed model has the potential to be used to describe the deglycosylation kinetics of other glycosides, the PK/PD analysis of ginseng, and the herb-drug interaction between ginseng and other P-gp substrates.
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Background: Atrial fibrillation (AF) is the most common cardiac arrhythmia. The effectiveness and mechanism of edoxaban in preventing stroke after atrial fibrillation remain unclear.
Methods: The expressions of HBG1 and HBD in red blood cells were tested in AF. Sixty C57B/6J mice were randomly divided into the following groups: the control (CON) group, atrial fibrillation (AF) group, AF + edoxaban group, and AF + rivaroxaban group. H&E staining assay and reticular fiber staining were performed. Myocardial fibrosis was evaluated by the Masson staining assay, Sirius red staining assay, and immunohistochemical assay for the expressions of α-SMA and COL1A1. ELISA and RT-PCR assay were performed for the detection of inflammatory parameters (TNF-α, IL-1β, IL-6, and IL-10). Blood lipids were detected by using the Beckman automatic biochemical analyzer. Furthermore, four items of coagulation were detected, and molecular docking among HBG1, HBD, and MASP1 (Xa) was performed by PyMOL 2.1 software. The BP neural network model, cubic spline interpolation, and support vector machine model were constructed to predict prothrombin time based on HBG1 and HBD expressions. COIP assay was performed to construct the interaction between HBG1 and HBD. The functional enrichment analysis was performed by DAVID and Metascape tools.
Results: The expressions of HBG1 and HBD in red blood cells of the patients with atrial fibrillation were decreased. The results showed a lower level of hemoglobin in red blood cells with HBG1-siRNA and HBG1-siRNA. Compared with the AF group, the collagen fiber percentage in the AF + edoxaban group was decreased (p < 0.05). After using edoxaban, the expressions of TNF-α, IL-1β, IL-6, and IL-10 were significantly decreased (p < 0.05). The LDL-C, TC, and TG levels were downregulated in the AF + edoxaban group. The PT and APTT levels in the AF + edoxaban group were more increasing than in the AF mice (p < 0.05). Compared with the AF group, the expressions of HBG1 and HBD were downregulated in the AF + edoxaban group (p < 0.05). HBG1 protein matched well with HBD and MASP1(Xa) protein surfaces. There exists a significant interaction between HBG1, HBD, and PT via the BP neural network and support vector machine. Enrichment analysis showed that HBG1 and HBD were mainly enriched in blood coagulation.
Conclusion: Edoxaban could prevent atrial fibrillation and coagulation by reducing inflammation, lipids, and fibrosis via HBG1/HBD biomarkers effectively, and the effect was superior to that of rivaroxaban.
Keywords: atrial fibrillation, HBG1, HBD, edoxaban, inflammation, rivaroxaban
INTRODUCTION
Atrial fibrillation (AF) is the most common cardiac arrhythmia (Miyasaka et al., 2006), affecting 33 million people worldwide annually (Chugh et al., 2013). AF is associated with a threefold-to-fivefold increased risk of stroke (Wolf et al., 1998), and AF-related strokes are typically severe, causing significant long-term physical disability, cognitive dysfunction, and high mortality and healthcare costs, compared to other stroke subtypes (Bruins et al., 1997; Kirchhof et al., 20162016). Since first reported by Bruins et al. (Bruins et al., 1997), there has been increasing evidence that the inflammatory status is closely related to the development of atrial fibrillation ((Katritsis 2006; Zhang et al., 2017; Zhou and Dudley 2020). Inflammatory responses, as evidenced by increased circulating levels of inflammatory mediators such as C-reactive protein (CRP), contribute to the persistence of AF (Bruins et al., 1997). Inflammatory mediators including ILs are thought to promote arrhythmogenesis as a result of structural and contractile remodeling of the atria and endocardium (Issac et al., 2007). The number of T lymphocytes and monocytes/macrophages in atrial myocardium was increased in AF patients (Smorodinova et al., 2017). With regard to thrombosis, elevated plasma CRP and interleukin (IL)-6 levels were independently associated with stroke risk (Lip et al., 2007; Roldán et al., 2012; Hu et al., 2015). Taken together, these studies suggest that patients with atrial fibrillation may benefit from the use of anticoagulants with anti-inflammatory properties or other aspects.
Edoxaban is a once-daily oral inhibitor of factor Xa, currently indicated for the prevention of stroke or systemic embolism in patients with nonvalvular AF (Giugliano et al., 2013). The protective effect might be explained by reduced factor Xa-mediated thrombin activation because thrombin triggers thrombus formation via activation of fibrinogen and platelets and induces inflammatory processes via protease-activated receptor (PAR) 1, 3, and 4 signaling (Popović et al., 2012).
HBG1 and HBD are important genetic components of hemoglobin β-globin (Patrinos et al., 2005). HBD has been found to be closely associated with inflammation (James et al., 2018), and upregulation of HBD has been observed during infection and inflammation (Özdemir et al., 2020). In agreement with previous studies, the GO annotations related to HBD are oxygen transport, iron ion binding, blood coagulation, and combination with oxygen (Chen et al., 2020). In previous studies, we found that HBG1/HBD may induce the occurrence and development of AF through inflammation and hemoglobin levels (Wang et al., 2022). We need further studies to evaluate the clinical implications of our results and whether patients with atrial fibrillation will benefit from the anti-inflammatory effects of edoxaban.
Therefore, in this study, AF model mice were used to explore the inhibitory effect of edoxaban on HBG1/HBD, which on the one hand reduced the degree of effect of AF on the myocardium and on the other hand plays a role in the inhibition of inflammation, lipids, and fibrosis. Meanwhile, we further compared the protective effects of edoxaban and rivaroxaban by inhibiting inflammation, lipids, and fibrosis.
METHODS
Isolation of Red Blood Cells
The peripheral blood was taken from patients with and without AF using an anticoagulant tube. The sedimentation rate of normal peripheral blood erythrocytes and leukocytes is different, so it can be separated from normal peripheral blood erythrocytes. Anticoagulant venous blood was added to 3% gelatin brine or 6% dextran solution and then mixed. The tube is made to stand upright in a temperature box at room temperature or 37°C for 30–60 min. Gelatin and the red blood cell bonding effect make red blood cells sink quickly and white blood cells stay in the gelatin solution. A capillary pipette was used to absorb the upper layer of the fluid rich in white blood cells, which is then transferred to another tube. Ca2+, Mg2+ and Hank’s balanced salt solution were added to reach 3 cm from the mouth of the test tube and mixed well. The mixture was centrifuged at 2000 r/min for 10 min, and the supernatant was discarded and washed twice in the same way. The precipitated cells were suspended with Hank’s solution of 10–20% inactivated fetal calf serum and prepared with a suspension of desired cell concentration, usually 2 × 106/ min.
Immunofluorescence Assay of the Cell Smear
The cell suspension was centrifuged at 2800 rpm and 4°C for 5 min, the supernatant was discarded, and 2 ml of 4% paraformaldehyde was added to fix the cell suspension, according to the number of cells deposited at the bottom. The fixed cell suspension was centrifuged at 2,800 rpm/min and at 25°C for 5 min, the supernatant was discarded, and PBS was added according to the amount of sediment deposited at the bottom. The cell suspension was spread over the circle with a pipette placed to dry naturally. A measure of 50–100 μl of fixing solution was added inside the circle, and the serum was blocked. HBG1 protein was detected using a HBG1 polyclonal antibody (dilution rate = 1:1,000, 16824-1-AP; ProteinTech, Rosemont, United States). HBD proteins were detected using an HBD polyclonal antibody (dilution rate = 1:1,000, 25728-1-AP; ProteinTech, Rosemont, United States). The primary antibody was added overnight at 4°C. Cell climbing slides were covered with the secondary antibody for 50 min. The liquid was discarded slightly. Fluorescent microscopy was employed to observe the image. Positive cells are observed in red.
Synthesis of HBG1-siRNA and HBD-siRNA and the Detection of Hemoglobin
The cells in the logarithmic growth phase were placed on 6-well plates with 5×105 cells/well and transfected overnight. HBG1-siRNA and HBD-siRNA were constructed and obtained from the Beijing Qingke Biotechnology Co., Ltd. (Beijing, China). HBG1-siRNA and HBD-siRNA were transfected into peripheral blood erythrocytes by using the LipofectamineTM 3000 transfection reagent (Invitrogen, L300008). Before adding the transfection mixture, the liquid was drawn out from the 6-well plate and re-added to 2 ml fresh medium. A measure of 250 F06Dl of transfection mixture was added to the corresponding well, drop by drop, then shaken gently and mixed well. After 6-well plates were placed in a CO2 incubator for culturing, the cells were collected to extract RNA, and the expression levels of HBG1 and HBD were detected by qPCR. An automatic blood cell analyzer (Mindray, V500085) was used to detect the hemoglobin content.
Construction of the Atrial Fibrillation Mouse Model
Sixty C57B/6J mice were randomly divided into the following groups: the control (CON) group, atrial fibrillation (AF) group, AF + edoxaban group, and AF + rivaroxaban group, with 15 mice in each group. The mice in the atrial fibrillation model group were intraperitoneally injected with 2.5 mg/kg/d isoproterenol (Southwest Taiji, 2 ml: 1mg, Southwest Pharmaceutical Co., Ltd.), and the mice in the blank control group were intraperitoneally injected with the same amount of normal saline. In order to increase the success rate of construction of the AF model, the high-fat diet was used. The ECG of mice was collected by using an electrocardiogram machine (VECG-230B, three sharp beasts) after 4 weeks of continuous injection. The control group had a standard Ⅱ lead electrocardiogram, and the mice in the modeling group had standard Ⅱ lead atrial fibrillation, suggesting that the atrial fibrillation model was successfully established. The AF + edoxaban and the AF + rivaroxaban group were given edoxaban 0.03 mg/d and rivaroxaban 0.01 mg/d on the next day after the successful modeling, respectively. The drugs were dissolved in the daily drinking water of mice and fed for 14 days. The blank control group and the atrial fibrillation model group were given the same amount of drinking water. After 14 days, the mice were killed, and their blood and heart tissue were collected.
H&E Staining Assay
The heart tissue was paraffin-embedded and sectioned. The paraffin sections were dewaxed using water. The sections were stained with Harris’s hematoxylin for 3–8 min, washed with tap water, and differentiated with 1% of ethyl hydrochloric acid within seconds. Again, the sections were washed with tap water, which then returned to blue with 0.6% ammonia, followed by washing with tap water. The sections were stained with eosin solution (1–3 min). The slices were dehydrated, dried, and then sealed with neutral gum. Microscopic examination, image collection, and analysis were performed.
Masson’s Staining Assay
The heart tissue was paraffin-embedded and sectioned. The paraffin sections were dewaxed with water. The slices were soaked in Masson’s A solution overnight and washed under running water. The solution was sectioned into Masson B solution and Masson C solution in an equal ratio mixture of dye for 1 min, washed with tap water, and differentiated with 1% hydrochloric acid alcohol, followed by washing with tap water. The slices were soaked in Masson’s D solution for 6 min and rinsed with tap water, followed by soaking in Masson’s E solution for 1 min. The slices were stained directly with Masson F solution for 2–30 s. Sections were rinsed and differentiated with 1% glacial acetic acid and dehydrated with two cylinders of anhydrous ethanol. Using the transparent sealing sheet, the slices were put into the third cylinder of anhydrous ethanol for 5 min and xylene for 5 min for sealing with transparent neutral gum. Microscopic examination, image collection, and analysis were performed.
Sirius Red Staining Assay
The slice was dewaxed. The section was stained with Sirius red solution (8 min) and then dehydrated quickly with two or three cups of anhydrous ethanol. The microscope was used to observe the image and analysis. Under an optical microscope, it was observed that collagen fibers are red with a yellow background.
Reticular Fiber Staining
Reticular fiber incubation solution is prepared with 2 ml of 10% silver nitrate; the concentrated ammonia was added drop by drop by shaking the container while adding, and then, the concentrated aqueous ammonia drop was added after precipitation occurs, until the precipitation is just dissolved. Then, 2 ml of 3% NaOH was added until the precipitate forms again, and the concentrated aqueous ammonia was added drop by drop, until the precipitation is just dissolved; ultra-pure water was added to the mixture to make up to 40 ml (Miyasaka et al., 2006). For paraffin section deparaffinization and rehydration, the slides were washed with xylene I for 20 min, xylene II for 20 min, absolute ethanol I for 5 min, absolute ethanol II for 5 min, and 75% alcohol for 5 min, followed by tap water washing (Chugh et al., 2013). For tissue acidification, a circle was drawn to enclose the tissue, and then acidification solution (0.5% potassium permanganate and 0.5% sulfuric acid mixed in 1:1 ratio) was added drop by drop to oxidize the tissue for 5 min. The slides were then washed for 10 s by transferring it into two cylinders of ultra-pure water, and the slides were dried to remove excess water (Wolf et al., 1998). For tissue bleaching, a drop of 2% oxalic acid was added to the tissues for 2 min, the slides were washed in ultra-pure water for 3 times, 5 s each, and the slides were dried to remove excess water (Kirchhof et al., 20162016). For mordant staining, a drop of the Gordon and Sweet’s staining solution F was added to the tissue for 15 min (light-proof), the slides were washed in ultra-pure water for 3 times, 5 s each, and the slides were dried to remove excess water (Bruins et al., 1997). For Gordon and Sweet’s incubation solution staining, a drop of the Gordon and Sweet’s incubation solution was added to the tissues for 5 min (light-proof), the slides were washed in ultra-pure water for 3 times, 5 s each, and the slides were dried to remove excess water (Zhang et al., 2017). For reduction, a drop of 10% neutral formaldehyde solution was added to the tissue for 3 min, the slides were washed in ultra-pure water for 3 times, 5s each, and the slides were dried to remove excess water (Katritsis 2006). For dehydration and sealing with neutral balsam, the slides were washed in absolute ethanol I for 5 min, absolute ethanol II for 5 min, absolute ethanol III for 5 min, dimethyl I for 5 min, and xylene II for 5 min. (Zhou and Dudley 2020). Then, microscopic examination, image collection, and analysis were performed. The reticular fibers are black in color, and the background is brownish yellow.
Immunohistochemical Assay
The paraffin section was deparaffinized and rehydrated. Antigen retrieval was performed by citric acid (pH 6.0) antigen retrieval buffer. For the assay, 3% hydrogen peroxide was used to block the endogenous peroxidase activity (25 min). Then, 3% BSA was added for serum sealing (30 min). α-SMA protein was detected using a α-SMA polyclonal antibody (dilution rate = 1:2,000, 14395-1-AP; ProteinTech, Rosemont, United States). COL1A1 proteins were detected using a COL1A1 polyclonal antibody (dilution rate = 1:3,000, 67288-1-Ig; ProteinTech, Rosemont, United States). The primary antibody was added overnight at 4°C. Tissues are covered with the secondary antibody (50 min). The DAB chromogenic reaction was performed. The positive target is brownish yellow. The sections are counterstained with hematoxylin stain solution for about 3 min. A microscope (Nikon, E100) was used to observe the image.
Detection of the mRNA Expression via RT-qPCR
RNA was extracted using the TRIzol reagent, as per the manufacturer’s instructions. RNA concentration and purity were detected by using a NanoDrop 2000 spectrophotometer. After the instrument is reset blank, 2.5 μL of RNA solution was taken to be measured on the testing base, and the sample arm was lowered to take the readings. The absorbance was tested using a piece of computer software. Reverse transcription was performed by using the Sensiscript RT Kit (G3330, Servicebio), and the reagent was mixed gently and centrifuged. The primers are shown in Table 1. The reverse transcription program conditions are as follows: 25°C for 5 min; 42°C for 30 min; and 85°C for 5 s. A 0.1-ml PCR plate was taken to prepare the reaction system as follows: 2 × SYBR Green qPCR Master Mix (None ROX), 7.5 µL; F/R primers, 1.5 µL; cDNA, 2.0 µL; and nuclease-free water, 4.0 µL. Then, PCR amplification was performed. In the first step, predegeneration was performed for 30 s under the temperature of 95°C. The second step included 40 cycles, and each cycle consists of degeneration for 15 s under the temperature of 95°C and annealing/extension for 30 s under the temperature of 60°C. In the third step, the melting curve method was performed. Also, in this step, the temperature was changed from 65 to 95°C, and the fluorescence signal was collected at a 0.5 temperature rise. The relative quantitative expression data of genes were analyzed by the 2−ΔΔCt method.
TABLE 1 | Primers of the genes.
[image: Table 1]ELISA for the Detection of Inflammatory Parameters
The inflammatory biomarkers TNF-α, IL-1β, IL-6, and IL-10 were detected using the Mouse TNF-α Simple Step ELISA® Kit (ab208348, Abcam, United States), Mouse IL-1β Simple Step ELISA® Kit (ab197742, Abcam, United States), Mouse IL-6 Simple Step ELISA® Kit (ab222503, Abcam, United States), and Mouse IL-10 Simple Step ELISA® Kit (ab100697, Abcam, United States), respectively, as per the manufacturer’s instructions. The following steps were carried out to detect the inflammatory biomarkers using ELISA.
The buffer was encapsulated with carbonate; the antibody was diluted to a protein content of 1–10 μg/ml. A measure of 100 μL was added to each well of the polystyrene plate overnight at 4°C. Then, 200 F06Dl sealing solution was added to each well and incubated at 37°C for 1–2 h. The sealing plate film was removed carefully, placed into the washing machine, and washed for 3–5 times. Thereafter, 100 μL of the appropriately diluted sample was added to the coated reaction well. After sealing with a sealing plate membrane, it was incubated at 37°C for 1–2 h. Then, 100 μL of diluted biotinylated antibody working solution was added to each well. After sealing with a sealing plate membrane, it was incubated at 37°C for 1 h. It was followed by addition of 100 μL of the diluted enzyme conjugate to each well. After sealing the plate with sealing plate membrane, the plate was incubated at 37°C away from light for 30 min. Then, 100 μL TMB substrate solution was added to each well. At 37°C, the reaction was protected from light for 10–30 min until a distinct color gradient in the multiple dilution standard hole was found. Furthermore, 100 μL of 2M sulfuric acid was added to each reaction well, and the color changes from blue to yellow within 10 min on the microplate reader at 450 nm. The OD value of each hole was measured after adjusting the blank control hole. According to the standard concentration and OD value of the standard curve, the sample concentration was calculated.
Determination of Blood Lipid
Whole blood samples were placed at room temperature for 2 h and separated at 2–8°C at 3000 rpm for 15 min. The supernatant was taken for packaging, and the specimen was stored at −80°C. The thawed samples were centrifuged again and then tested for blood lipids. Total cholesterol (TG), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were determined by the Beckman automatic biochemical analyzer.
Detection of Four Items of Coagulation
The mouse blood was slowly injected into a plastic tube containing 0.5 ml of 109 mmol/L sodium citrate solution and thoroughly mixed. The platelets were removed, and the plasma was separated by centrifugation at 3,000 rpm for 15 min. An automatic coagulation analyzer is used (Redu Life Science Co., Ltd., RAC-030) for the determination of four coagulation items: prothrombin time (PT), activated partial prothrombin time (APTT), thrombin time (TT), and fibrinogen content (FIB). The kits used in this experiment are as follows: prothrombin time (PT) kit (Batch No: 105090), Laibo Institute of Biological Experimental Materials; activated partial thrombin time (APTT) kit (Batch No. 111021), Laibo Institute of Biological Experimental Materials; thrombin time (TT) kit (Batch No.: 111027), Laibo Institute of Biological Experimental Materials; and fibrinogen (FIB) kit (Batch No.: 1110131), Beijing Laibo Institute of Biological Experimental Materials.
Molecular Docking Among HBG1, HBD, and MASP1 (Xa)
HBG1 (PDB ID:1I3D), HBD (PDB ID : 1SHR), and MASP1 (PDB ID : 4KKD)target protein structures were obtained from the RCSB database (https://www.rcsb.org/). All protein structures were processed in the molecular operating environment (MOE 2019.1). The position selected was Amber10, including the removal of water and ions, protonation, addition of missing atoms and completion of missing groups, and protein–energy minimization. Using HDOCK, the protein is set to rigid. The docking contact site is set to the full surface, and the conformation generated after docking is set to 100. The most negative conformation was selected by the scoring function and visualized by the PyMOL 2.1 software.
Construction of the BP Neural Network Model and Cubic Spline Interpolation to Predict Prothrombin Time Based on HBG1 and HBD Expressions
Through the training of sample data, the BP neural network constantly revises the network weights and thresholds to make the error function descend along the negative gradient direction and approach the desired output. The model takes HBG1 and HBD expressions of each group of data as input and prothrombin time as output, so the number of nodes in the input layer is 2 and the number of nodes in the output layer is 1. A neural network with a hidden layer can approach a nonlinear function with arbitrary precision as long as there are enough hidden nodes. Therefore, a three-layer multi-input single-output BP network with a hidden layer is used to build a prediction model. In addition, the S-type tangent function tansig was selected as the excitation function of hidden layer neurons in this study. Since the output of the network is within the range of [−1, 1], the prediction model selects the S-type logarithmic function tansig as the excitation function of the neurons at the output layer. The neural network toolbox in MATLAB (MathWorks, 2017a) was used for network training. HBG1, HBD, and prothrombin time were quantified by cubic spline interpolation.
Construction of the Support Vector Machine Model Based on HBG1, HBD, and PT
The support vector machine (SVM) can improve the generalization ability of the learning machine as much as possible. Even if the discriminant function is obtained from the limited data set, it can still get a small error for an independent test set. In addition, the support vector machine is a quadratic optimization problem, which can ensure that the extremum solution is the global optimal solution. SVM uses the hinge loss function to calculate empirical risk and adds a regularization term to the solving system to optimize structural risk. It is a classifier with sparsity and robustness. SVM, one of the common kernel learning methods, can be used for nonlinear classification by the kernel method. This study intends to use the support vector machine algorithm to build the correlation model between HBG1, HBD and PT.
COIP Assay
Peripheral blood erythrocytes were isolated from mice for cell culture. An appropriate amount of the pre-cooled IP cell lysate was added to the cell culture dish, and the cells were lysed at 4°C for 10 min. During this period, the cells were repeatedly blown with a pipette, and then, the cell suspension was transferred to a 1.5-ml centrifuge tube for ice lysing for 20 min. After centrifugation at 12,000 r/min at 4°C for 10 min, the supernatant was transferred into a new 1.5-ml centrifuge tube, and the protein concentration was determined by the BCA method. A small amount of supernatant was taken for input experiment after denaturation, that is, WB detection of target protein. Then, 1.0 μg IgG and 20 μL protein A/G beads were added to the negative control (IgG) group protein supernatant. The experimental group was directly added with 20 μL protein A/G beads, and the mixture was shaken at 4°C and incubated for 1 h. Centrifugation was performed at 4°C for 5 min, and the supernatant was taken. 1–10 μL (0.2–2 μg) of antibody was added to the mixture and incubated overnight at 4°C. Thereafter, 80 μL protein A/G-beads were added, which were gently folded with fingers and incubated at 4°C for 2 h. Centrifugation was performed at 4°C for 5 min, the supernatant was carefully discarded, and the immunoprecipitation complex was collected. After the last washing, the supernatant was removed as much as possible; then, 80 μL of 1 × reduced sample loading buffer was added and boiled for 10 min. The supernatant was centrifuged at 4°C for 5 min, and the 10 μL supernatant sample was taken for Western blotting detection.
Exploration of the Protein–Protein Interaction Network and Core Modules of HBG1- and HBD-Related Genes
HBG1- and HBD-related gene columns are searched in the Comparative Toxicogenomics Database (CTD). STRING software (version 10.5) was used to study the network of interactions between proteins, helping to mine core regulatory genes. There are many databases of protein interactions, and STRING is the largest of them. A single input of HBG1 and multiple proteins related to HBD will provide the interaction network between the input proteins, which is more suitable for mining the interaction between the input proteins. Each node represents a protein. The lines between the nodes represent the interaction between two proteins.
Specific parameters in the protein–protein interaction (PPI) network analysis were followed.
Network type: full STRING network (the edges indicate both functional and physical protein associations).
Meaning of network edges: evidence (line color indicates the type of interaction evidence).
Active interaction sources: textmining; experiments; databases; co-expression; neighborhood; gene fusion; co-occurrence.
Minimum required interaction score:0.150.
Max number of interactors to show: none.
Network display mode: interactive svg (network is a scalable vector graphic [SVG]; interactive).
Cytoscape software (V3.8.0) was used to visualize the network. Cytoscape is an open source web software that helps users build networks by integrating, analyzing, and visualizing data. The software comes with an editor module that allows users to set up networks directly within the software. MCODE plug-in and cytoHubba were used to find active core modules in the PPI network. According to the gene expression data, the network was screened to find the interaction connectome, that is, the interaction subnetwork, whose genes showed particularly high differential expression level.
Functional Enrichment Analysis of HBG1- and HBD-Related Genes
GO (gene ontology, http://geneontology.org/, GO release date: 2019–01–01 and “doi:10.5281/zenodo.2529950”) annotates gene products in terms of function, participating biological pathway, and localization in cells. KEGG (Kyoto Encyclopedia of Genes and Genomes, https://www.genome.jp/kegg/pathway.html, version: 24 March 2022) is a comprehensive database integrating genomic, chemical, and systematic functional information. The Database for Annotation, Visualization, and Integrated Discovery (DAVID, version 6.8) is a biological information database that integrates biological data and analytical tools, and provides systematic and comprehensive biofunctional annotation information for large-scale gene or protein lists. At present, the DAVID database is mainly used for functional and pathway enrichment analysis of differential genes. Metascape (version 3.5) integrates more than forty bioinformatics databases. It includes enrichment analysis of biological pathways, structural analysis of protein interaction networks, and abundant gene annotation capabilities, and presents the results in a high-quality graphic language that biologists can easily understand. In this study, DAVID and Metascape software were used to analyze the functional enrichment of HBG1- and HBD-related genes.
Screening of the Small Molecule Compounds of HBG1- and HBD-Related Genes Based on the Comparative Toxicogenomics Database
Small molecule compounds of HBG1- and HBD-related genes were screened using the Comparative Toxicogenomics Database (CTD).
Statistical Analysis
SPSS software, version 23.0 (IBM Corp., Armonk, NY, United States), was used for data statistics. Data are expressed as mean ± standard deviation. One-way ANOVA was used for the comparison between the four groups, and LSD and Dunnett’s test were used for pairwise comparison. Student’s t test was used for the comparison between the two groups. p < 0.05 (two-tailed) was considered statistically significant.
RESULTS
Expressions of HBG1 and HBD in the Red Blood Cells of the Patients With Atrial Fibrillation
Through the immunofluorescence assay, compared with the red blood cells of the control individuals, the expression of HBG1 was higher in the red blood cells of the patients with atrial fibrillation (Wang et al., 2022) (p < 0.05, Figure 1A). In addition, the expression of HBD was also higher in the red blood cells of the patients with atrial fibrillation than in those of the control individuals (p < 0.05; Figure 1B).
[image: Figure 1]FIGURE 1 | Expressions of HBG1 and HBD in the red blood cells of the patients with atrial fibrillation via the immunofluorescence assay. Compared with the red blood cells of the control individuals, the expressions of (A) HBG1 and (B) HBD were higher in the red blood cells of the patients with atrial fibrillation.
Lower Level of Hemoglobin in the Red Blood Cells With HBG1-siRNA and HBG1-siRNA
Compared with the control and MOCK groups, the expressions of HBG1 and HBD were significantly downregulated in the red blood cells with HBG1-siRNA and HBG1-siRNA (p < 0.05). Furthermore, at every point in time, the level of hemoglobin was lower in the red blood cells with HBG1-siRNA and HBG1-siRNA significantly (Lim et al., 2020) (p < 0.05). With the passage of time (12, 24, and 48 h), the hemoglobin levels are getting lower and lower (p < 0.05; Figure 2).
[image: Figure 2]FIGURE 2 | Lower level of hemoglobin in the red blood cells with HBG1-siRNA and HBG1-siRNA than the CON red blood cells.
Better Effect of Edoxaban on the Pathogeny Structure of Cardiac Muscle Tissue
Compared with the control group, the structure of cardiac muscle tissue in the atrial fibrillation mice was destroyed more seriously (p < 0.05). However, the structure of cardiac muscle tissue in the AF + edoxaban group was better than in the AF group and the AF + rivaroxaban group (p < 0.05; Figure 3A).
[image: Figure 3]FIGURE 3 | Better effect of edoxaban on the pathogeny structure of cardiac muscle tissue and the different degrees of myocardial fibrosis in the four groups. (A) Structure of cardiac muscle tissue in the AF + edoxaban group was better than in the AF group and the AF + rivaroxaban group. (B) Through the Masson assay, compared with the AF group, the collagen fiber percentage in the AF + edoxaban group was decreased significantly. (C) Through Sirius red staining, compared with the AF group, the collagen fiber percentage in the AF + edoxaban group was decreased significantly.
Different Degrees of Myocardial Fibrosis in the Four Groups
Through the Masson assay, the collagen fiber percentage in the AF group was significantly higher than in the CON group (p < 0.05), which manifested that myocardial fibrosis would be an occurrence in the AF cases (Gyöngyösi et al., 2017). Furthermore, compared with the AF group, the collagen fiber percentage in the AF + edoxaban group was decreased significantly (p < 0.05), which demonstrated that edoxaban is beneficial to the myocardium and reduced the situation of myocardial fibrosis (Figure 3B).
Furthermore, through the Sirius red staining, the aforementioned result by the Masson assay was demonstrated again. The collagen fibers are red in color. The collagen fiber percentage in the AF group was significantly higher than in the CON group (p < 0.05). Also, compared with the AF group, the collagen fiber percentage in the AF + edoxaban group was decreased significantly (p < 0.05; Figure 3C).
Lower Degree of Destruction of Reticular Fibers in the Atrial Fibrillation + Edoxaban Group
Through the reticular fiber staining, compared with the CON group, the degree of destruction of reticular fibers was significantly increased in the AF group (p < 0.05). However, the degree of destruction of reticular fibers in the AF + edoxaban group or the AF + rivaroxaban group was lower than that in the AF group. In addition, the degree of destruction of reticular fibers was higher in the AF + rivaroxaban group than in the AF + edoxaban group (p < 0.05). (Figure 4A).
[image: Figure 4]FIGURE 4 | Lower degree of destruction of reticular fibers in the AF + edoxaban group and expressions of α-SMA and COL1A1 in the AF mice. (A) Degree of destruction of reticular fibers in the AF + edoxaban group or the AF + rivaroxaban group was lower than the AF group. After using edoxaban or rivaroxaban, the expressions of (B) α-SMA and (C) COL1A1 were significantly decreased via the immunohistochemistry assay (p < 0.05).
Expressions of α-SMA and COL1A1 in the Atrial Fibrillation Mice
By the immunohistochemistry assay, the expressions of α-SMA and COL1A1 in the cardiac muscle tissue in the AF group were upregulated compared with the CON group (p < 0.05). After using edoxaban or rivaroxaban, the expressions of α-SMA and COL1A1 were significantly decreased (p < 0.05). Furthermore, compared with the AF + rivaroxaban group, the expressions of α-SMA and COL1A1 in the AF + edoxaban group were downregulated (p < 0.05) (Figure 4B,C).
In addition, the aforementioned results were demonstrated via the RT-PCR. At the mRNA level, the expressions of α-SMA and COL1A1 in the cardiac muscle tissue in the AF group were upregulated compared with the CON group (p < 0.05). Compared with the AF group, the expressions of α-SMA and COL1A1 in the cardiac muscle tissue were downregulated in the AF + edoxaban group and the AF + rivaroxaban group (p < 0.05). Furthermore, there exists a significant interaction between the α-SMA and COL1A1, which were all the parameters reflecting the degree of fibrosis. (Figure 5A).
[image: Figure 5]FIGURE 5 | mRNA levels of α-SMA and COL1A1 via the RT-PCR, and edoxaban reduced the level of inflammation in the heart of the AF mouse model. (A) Compared with the AF group, the mRNA expressions of α-SMA and COL1A1 in the cardiac muscle tissue were downregulated in the AF + edoxaban group and AF + rivaroxaban group (p < 0.05). (B) After using edoxaban or rivaroxaban, the mRNA expressions of inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the heart were significantly decreased via the RT-PCR (p < 0.05). (C) Through the ELISA, the inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the blood were upregulated in the AF group than in the AF + edoxaban group. (D) Inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the blood were also detected via the RT-PCR assay. Compared with the AF group, the mRNA expressions of TNF-α, IL-1β, IL-6, and IL-10 were downregulated in the AF + edoxaban group and the AF + rivaroxaban group (p < 0.05).
Edoxaban Reduced the Level of Inflammation in the Heart of the Atrial Fibrillation Mouse Model
The inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the heart were detected via the RT-PCR assay. Compared with the CON group, the expressions of inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the AF group were higher. After using edoxaban or rivaroxaban, the expressions of inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) were significantly decreased (p < 0.05). Furthermore, compared with the AF + rivaroxaban group, the expressions of inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the AF + edoxaban group were downregulated (p < 0.05), which presented that edoxaban was superior to rivaroxaban in the aspect of reducing the inflammation in the AF mice (Figure 5B).
Lower Expression of the Inflammatory Biomarkers in the Blood of Atrial Fibrillation + Edoxaban Mice
Through the ELISA, the inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the blood were upregulated in the AF group than in the CON group (p < 0.05). However, compared with the AF group, the expressions of inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) were downregulated in the AF + edoxaban group and the AF + rivaroxaban group (p < 0.05). Furthermore, the expressions of inflammatory biomarkers in the AF + edoxaban group were lower than in the AF + rivaroxaban group (Figure 5C). The inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) in the blood were also detected via the RT-PCR assay, and the results were further demonstrated (Figure 5D).
Effect of Edoxaban on Decreasing Blood Lipids in the Atrial Fibrillation Mice
Compared with the CON group, plasma HDL-C concentration in the AF group was significantly lower (p < 0.05). However, the plasma HDL-C concentration in the AF + edoxaban group and AF + rivaroxaban group was higher than in the AF mice (p < 0.05). In addition, compared with the AF + rivaroxaban group, the plasma HDL-C concentration in the AF + edoxaban group was higher (p < 0.05). The blood lipids’ parameters (LDL-C, TC, and TG) were upregulated in the AF group compared with the CON group (p < 0.05). However, compared with the AF group, the blood lipids’ parameters (LDL-C, TC, and TG) were downregulated in the AF + edoxaban group and the AF + rivaroxaban group (p < 0.05). Furthermore, the blood lipids’ parameters (LDL-C, TC, and TG) in the AF + edoxaban group were lower than in the AF + Rivaroxaban group (Figure 6A).
[image: Figure 6]FIGURE 6 | Effect of edoxaban on decreasing blood lipids, coagulation, HBG1, and HBD in the AF mice. (A) Compared with the AF group, the blood lipids’ parameters (LDL-C, TC, and TG) were downregulated in the AF + edoxaban group and the AF + rivaroxaban group. (B) PT and APTT in the AF + edoxaban group and the AF + rivaroxaban group were more increasing than in the AF mice. (C,D) Compared with the AF group, the expressions of (C) HBG1 and (D) HBD were downregulated in the AF + edoxaban group and the AF + rivaroxaban group (p < 0.05) through the immunofluorescence assay.
Reducing Coagulation by the Edoxaban in the Atrial Fibrillation Mice
Compared with the CON group, PT and APTT in the AF group were significantly decreasing (p < 0.05). However, the PT and APTT in the AF + edoxaban group and AF + rivaroxaban group were more increasing than in the AF mice (p < 0.05). In addition, compared with the AF + rivaroxaban group, the PT and APTT in the AF + edoxaban group were longer (p < 0.05). Compared with the CON group, the TT was significantly shorter in the AF, the AF + edoxaban, and the AF + rivaroxaban groups (p < 0.05). However, there were no differences among the three groups (AF, AF + edoxaban, and AF + rivaroxaban group) in the aspect of TT. Compared with the CON group, the FIB was significantly higher in the AF, the AF + edoxaban, and the AF + rivaroxaban groups (p < 0.05). However, there were no differences among the three groups (AF, AF + edoxaban, and AF + rivaroxaban groups) in the aspect of FIB (Figure 6B).
Effect of Edoxaban in Reducing HBG1 and HBD in the Atrial Fibrillation Mouse Model
Through immunofluorescence, the expressions of HBG1 and HBD were upregulated in the AF group compared with those of the CON group (p < 0.05). However, compared with the AF group, the expressions of HBG1 and HBD were downregulated in the AF + edoxaban group and the AF + rivaroxaban group (p < 0.05) (Figure 6C). In addition, the results were also demonstrated by the RT-PCR assay. Furthermore, in the PCR assay, the results showed that the expressions of HBG1 and HBD in the AF + edoxaban group were lower than in the AF + rivaroxaban group (Figure 7A). Also, there exists a significant interaction between HBG1, HBD, and MASP1(Xa), which were the parameters reflecting the coagulation function (Figure 7B).
[image: Figure 7]FIGURE 7 | mRNA expressions of HBG1 and HBD via the RT-PCR and the interaction between HBG1, HBD, and MASP1 (Xa). (A) In the PCR assay, the results showed that the expressions of HBG1 and HBD in the AF + edoxaban group were lower than in the AF + rivaroxaban group. (B) There exists a significant interaction between HBG1, HBD, and MASP1(Xa). (C) Binding mode of the complex HBG1 with HBD. The backbone of protein was rendered in tube and colored in green (HBG1) and yellow (HBD). HBG1 and HBD proteins are rendered by the surface. The detail binding mode of HBG1 with HBD. Yellow dash represents the hydrogen bond or salt bridge. (D) Binding mode of the complex HBG1 with MASP1. The backbone of protein was rendered in tube and colored in green (HBG1) and red (MASP1). HBG1 and MASP1 proteins are rendered by the surface. The detailed binding mode of HBG1 with MASP1. Yellow dash represents the hydrogen bond or salt bridge.
Molecular Docking Among HBG1, HBD, and MASP1(Xa)
The binding score of HBG1 to HBD protein was −240.26 kcal/mol. The binding site of HBG1 protein included THR-135, GLN-127, ASN-108, TYR-35, VAL-33, and ASN-102. The binding site of HBD protein included GLN-127, ARG-116, ASN-108, TYR-35, TRP-37, and ARG-104. HBG1 and HBD protein contact residues can form a variety of interactions, such as salt bridge, hydrogen bond, hydrophobic interaction, and other interactions. Also, these interactions can effectively improve the stability of the HBG1 and HBD protein complex. In addition, according to the binding surface diagram of the two proteins, it was found that HBD protein matched well with HBG1 protein surface, which was conducive to forming a stable binding effect (Figure 7C; Table 2).
TABLE 2 | Docking results of three target proteins.
[image: Table 2]The binding score of HBG1 to MASP1 protein was −256.39 kcal/mol. The binding site of HBG1 protein included ARG-144, TYR-35, GLN-127, THR-135, LYS-104, GLU-101, ad GLY-1. The binding site of MASP1 protein included ASN-159, LEU-132, ASN-264, ASP-158, SER-93, ASP-35, TYR-225, and TYR-227. HBG1 and MASP1 protein contact residues can form a variety of interactions, such as salt bridge, hydrogen bond, hydrophobic interaction, and other interactions. Also, these interactions can effectively improve the stability of HBG1 and MASP1 protein complex. In addition, according to the binding surface diagram of the two proteins, it was found that MASP1 protein matched well with HBG1 protein surface, which was conducive to forming a stable binding effect (Figure 7D; Table 2).
Successful Construction of the BP Neural Network Among HBG1, HBD, and PT
After training of 3000 epochs, the best training performance is 0.019307, which is less than 0.05, showing that it is of significance (Figure 8A). The correlation (R), calculated from the network, is 0.97557. Also, there exists a significant interaction among HBG1, HBD, and PT (Figure 8B). Furthermore, the model was verified by the ten individuals, and the variation tendency between the raw data and forecast data was close (Figure 8C). The curve of percentage error was also drawn, and the percentage errors were all less than 5% (Figure 8D). Quantitative predictions of HBG1 and HBD for the PT in the cubic spline interpolation were performed, and when 2.0 < HBD<5.0, 0 < HBG1<3.5, the value of PT is larger (Figure 8E,F).
[image: Figure 8]FIGURE 8 | Successful construction of the BP neural network among HBG1, HBD and PT. (A) After training of 3000 epochs, the best training performance is 0.019307. (B) There exists a significant interaction between HBG1, HBD, and PT. Also, the correlation coefficient is 0.97557. (C) Variation tendency between the raw data and forecast data was close. (D) Curve of the percentage error was also drawn, and the percentage errors were all less than the 5%. (E,F) Quantitative predictions of HBG1 and HBD for the PT in the cubic spline interpolation were performed, and when 2.0 < HBD<5.0, 0 < HBG1<3.5, the value of PT is larger.
Significant Effect of HBG1 and HBD on the Blood Coagulation Function Based on the Support Vector Machine
Through the comparison between the actual value and the predicted value, the variation tendency was similar. The model that used HBG1 and HBD expressions to predict PT was valuable (Figure 9A). Then, the most absolute errors were less than 0.5 (Figure 9B). The error histogram with 20 bins is shown in Figure 9C. The curve of percentage error was also drawn, and the most percentage errors were all less than 5% (Figure 9D). In the scatter fitting diagram, the relationship between the predicted value and the actual value is given by y = 0.7363*X+2.4433 (Figure 9E).
[image: Figure 9]FIGURE 9 | Significant effect of HBG1 and HBD on the blood coagulation function based on the support vector machine. (A) Through the comparison between actual value and predicted value, the variation tendency was similar. (B) Most absolute errors were less than 0.5. (C) Error histogram with 20 bins. (D) Curve of the percentage error was also drawn, and the most percentage errors were all less than 5%. (E) In the scatter fitting diagram, the relationship between the predicted value and the actual value is given by y = 0.7363*X+2.4433.
A Strong Interaction Between HBG1 and HBD
HBG1 and HBD were co-expressed in the blood via the COIP assay, which showed that when HBG1 occurred in the samples, the HBD was also expressed (Figure 10A). The protein–protein interaction (PPI) network presented a strong interaction between the genes related to HBG1 and HBD. Furthermore, HBG1 and HBD were at the core of the PPI network. Furthermore, through calculation by the MCODE and cytoHubba, HBG1 and HBD were hub genes in the network, and there was a strong interaction between HBG1 and HBD (Figure 10B).
[image: Figure 10]FIGURE 10 | Strong interaction between HBG1 and HBD. (A) HBG1 and HBD were co-expressed in the blood via the COIP assay. (B) HBG1 and HBD were at the core of the PPI network. Furthermore, through calculation by MCODE and cytoHubba, HBG1 and HBD were hub genes in the network, and there was a strong interaction between HBG1 and HBD.
Enrichment Analysis for the Relative Genes of HBG1 and HBD
Through the DAVID analysis, in the aspect of the biological process (BP), the relative genes of HBG1 and HBD were mainly enriched in the blood coagulation, regulation of immune response, positive regulation of JNK cascade, and stimulatory C-type lectin receptor. In the BP analysis, the p-values of terms in the top 18 were less than 0.05 (Figure 11A). In the aspect of the cellular component (CC), the relative genes of HBG1 and HBD were mainly enriched in the blood microparticle, extracellular region, haptoglobin–hemoglobin complex, and hemoglobin complex (Figure 11B). In the aspect of cellular molecular function (MF), the relative genes of HBG1 and HBD were mainly enriched in hemoglobin alpha binding, oxygen binding, oxygen transporter activity, and haptoglobin binding. The top 12 in CC and MF were less than 0.05, but others were more than 0.05. (Figure 11C). In the aspect of KEGG, the relative genes of HBG1 and HBD were mainly enriched in apoptosis, cell adhesion molecules, and regulation of actin cytoskeleton (Figure 11D).
[image: Figure 11]FIGURE 11 | Enrichment analysis for the relative genes of HBG1 and HBD via the DAVID. (A) In the aspect of the biological process (BP), the relative genes of HBG1 and HBD were mainly enriched in blood coagulation and in the regulation of immune response. (B) In the aspect of the cellular component (CC), the relative genes of HBG1 and HBD were mainly enriched in the blood microparticle, extracellular region, haptoglobin–hemoglobin complex, and hemoglobin complex. (C) In the aspect of cellular molecular function (MF), the relative genes of HBG1 and HBD were mainly enriched in the hemoglobin alpha binding, oxygen binding, oxygen transporter activity, and haptoglobin binding. (D) In the aspect of KEGG, the relative genes of HBG1 and HBD were mainly enriched in apoptosis, cell adhesion molecules, and regulation of actin cytoskeleton.
Furthermore, through the Metascape analysis, the relative genes of HBG1 and HBD were mainly enriched in oxygen transport, regulation of cell activation, apoptosis, and regulation of ATP-dependent activity (Figure 12A). Figure 12B shows the network of enriched terms colored by cluster ID, where nodes that share the same cluster ID are typically close to each other, and Figure 12C presents the network of enriched terms colored by p-value (p < 0.05). The enrichment PPI network by the Metascape and MCODE components identified in the gene lists showed that HBG1 and HBD were at the core of the network (Figure 12D,E).
[image: Figure 12]FIGURE 12 | Enrichment analysis for the relative genes of HBG1 and HBD via Metascape. (A) Relative genes of HBG1 and HBD were mainly enriched in oxygen transport, regulation of cell activation, apoptosis, and regulation of the ATP-dependent activity. (B) Network of enriched terms colored by cluster ID. (C) Network of enriched terms colored by the p-value. (D,E) Enrichment PPI network by the Metascape and MCODE components identified in the gene lists showed that HBG1 and HBD were at the core of the network.
Small Molecule Compounds Related to HBG1 and HBD
HBD might be involved in the metabolic process of small molecule compounds including enzyme inhibitors, estradiol, ethinylestradiol, and vincristine, which might be related to edoxaban (Figure 13A). HBG1 might be involved in the metabolic process of small molecule compounds including tebuconazole, sodium selenite, sodium arsenite, propylthiouracil, and propionaldehyde, which might be related to edoxaban (Figure 13B). Through CTD analysis, we found that the small molecule compounds involved in HBG1/HBD contain an important component of edoxaban (methyl methanesulfonate), and then concluded that edoxaban can effectively reduce lipids and fibrosis through HBG1/HBD biomarkers to prevent AF and coagulation.
[image: Figure 13]FIGURE 13 | Small molecule compounds related to HBG1 and HBD and the general idea diagram of the effect of edoxaban on the AF. (A) Small molecule compounds related to HBD. (B) Small molecule compounds related to HBG1. (C) General idea diagram of the effect of edoxaban on the AF. Edoxaban might inhibit the expressions of HBG1 and HBD and then inhibit inflammation, blood lipids, and fibrosis further. Furthermore, coagulation was inhibited, and fibrinolysis was activated at the effect of edoxaban. Finally, the development of AF to the stroke was prevented.
General Idea Diagram of the Effect of Edoxaban on the Atrial Fibrillation
Edoxaban might inhibit the expression of HBG1 and HBD and then inhibit the inflammation, blood lipids, and fibrosis further. Furthermore, the coagulation was inhibited and the fibrinolysis was activated at the effect of edoxaban. Finally, the development of AF to the stroke was prevented (Figure 13C).
DISCUSSION
Atrial fibrillation (AF) is the most common persistent arrhythmia in adults (Hindricks et al., 2021). Uncoordinated atrial excitation can lead to the deterioration of cardiac function (Subahi et al., 2018), and the occurrence of atrial fibrillation can also lead to the formation of atrial mural thrombus, which in turn leads to thromboembolic events such as ischemic stroke, myocardial infarction, and peripheral arterial embolism (Tsuchiya et al., 1992; Hossmann 2006; Pandya et al., 2011). Atrial fibrillation can double the risk of ischemic stroke, and stroke caused by atrial fibrillation often has a poor prognosis. Also, stroke has also become one of the important causes of death in patients with atrial fibrillation. Therefore, the prevention of thromboembolic events caused by atrial fibrillation is the cornerstone of the treatment of atrial fibrillation. Our results showed that edoxaban might inhibit the expression of HBG1 and HBD and then inhibit inflammation, blood lipids, and fibrosis further. The expressions of HBG1 and HBD in the red blood cells of the patients with atrial fibrillation were decreased. Compared with the AF group, the expressions of HBG1 and HBD were downregulated in the AF + edoxaban group (p < 0.05).
The results showed that after using edoxaban or rivaroxaban, the expressions of inflammatory biomarkers (TNF-α, IL-1β, IL-6, and IL-10) were significantly decreased (p < 0.05). Atrial fibrillation (AF) is the most common clinical arrhythmia. There is strong evidence for a systemic prothrombotic and proinflammatory state in AF. Inflammation is an important link in the pathophysiology of cerebrovascular diseases, especially ischemic stroke. A study showed that post-stroke neuroinflammation is an important factor affecting the long-term prognosis of ischemia. Various factors, such as ROS formation, necrotic cells, and damaged tissue, can cause the activation of inflammatory cells, which can cause an inflammatory response. Furthermore, these activated inflammatory cytokines are involved in tissue remodeling. The inflammatory process is associated with several different cell types, inflammatory cytokines, and cellular receptors such as Toll-like receptors (TLRs) (Fernandes et al., 2014).
There is increasing evidence that FXa exerts non-hemostatic cellular effects, is mediated primarily through protease-activated receptor 1, and is associated with pathophysiological conditions such as atherosclerosis, inflammation, and fibrosis. FXa induces the expression of proinflammatory cytokines, including interleukin-6 (IL-6) and IL-8 and monocyte chemoattractant protein-1 (MCP-1) in ECs, promoting inflammatory processes (Busch et al., 2005; Daubie et al., 2006). FXa can exert a protective physiological role in endothelial cells but under specific conditions can lead to an inflammatory response by activating PAR-1, PAR-2, and possibly PAR-3 if FXa is activated uncontrollably, leading to an increased expression in inflammatory cytokines and adhesion molecules in ECs. Factor Xa is an important target for antithrombotic therapy due to its critical role in coagulation and thrombosis (Esmon 2014). In recent years, three DOACs (rivaroxaban, apixaban, and edoxaban) have been developed that inhibit the effects of FXa. Direct oral anticoagulants are small molecules that bind rapidly and reversibly to the active site of FXa, exhibiting higher selectivity compared with other serine proteases. FXa and atrial tachyarrhythmias act synergistically, resulting in an increased expression of myocardial PARs and subsequent activation of ERK/MAPK and NF-kb pathways. As a result, the expression of inflammatory molecules increases. Rivaroxaban inhibits the activation of ERK/MAPK and NF-kb and the expression of inflammatory molecules in human atrial tissue (32). Another study showed that rivaroxaban elicits anti-inflammatory end products (AGEs) by inhibiting the production of reactive oxygen species and the formation of advanced glycation, as well as the genes for MCP-1 and ICAM-1 in AGE-exposed HUVEC Express. Previous studies have shown that FXa inhibitors such as rivaroxaban have anti-inflammatory properties in addition to their anticoagulant effects (Bukowska et al., 2013; Katoh et al., 2017).
Edoxaban, the latest DOAC, is an oral factor Xa inhibitor. One study evaluated the effects of edoxaban on coagulation parameters, microvascular thrombosis, organ injury parameters, and inflammatory cytokines in endotoxin-injected rats. In this LPS-induced thrombosis model, the direct FXa inhibitor edoxaban significantly inhibited hypercoagulability, fibrin deposition in the liver, and elevation of liver injury parameters in a dose-dependent manner. Edoxaban significantly inhibited coagulation activation, intrahepatic microvascular thrombosis, and liver injury in endotoxin-injected rats, and reduced mortality. However, edoxaban did not cause kidney damage and inflammatory cytokine production. These results suggest that FXa inhibition by edoxaban may be a beneficial therapy for reducing inflammation-related thrombosis (Morishima et al., 2021).
The anti-inflammatory effects of FXa inhibitors were further demonstrated in a study in which rivaroxaban or apixaban treatment for 6 months reduced the pentaxin-related protein (PTX-3), a protein mainly produced by macrophages and vascular endothelial cells, in response to early proinflammatory signals. The authors then propose that PTX3 rapidly responds to left atrial and vascular endothelial changes as a useful marker for determining the anti-inflammatory effects of FXa inhibitors (Katoh et al., 2017). The anti-inflammatory activity of rivaroxaban was found to be associated with the inhibition of FXa-activated inflammatory responses. The expressions of ICAM-1 and IL-8 were increased when human atrial tissue sections were exposed to FXa. The combination of rapid pacing and FXa, which mimics AF, promoted significant upregulation of protease-activated receptor (PAR-1), PAR-2, ICAM-1, and IL-8. Rivaroxaban blocked the upregulation of PAR, ICAM-1, and IL-8. Taken together, these results suggest that FXa may mediate inflammatory signaling in atrial tissue by activating protease-activated receptors (Bukowska et al., 2013). Considering the evidence that FXa can bind to PARs and activate them (Steinberg 2005), the potential anti-inflammatory effect of rivaroxaban may be due to direct FXa inhibition.
It is widely accepted that inflammation and oxidative stress play important roles in the development of atrial fibrillation (Dudley et al., 2005; Neuman et al., 2007). Since the first report by Bruins et al., there has been increasing evidence that inflammatory conditions are closely related to the development of atrial fibrillation (Zhang et al., 2017; Zhou and Dudley 2020). Whether atrial fibrillation is a cause or a consequence of the inflammatory process, it is closely related to oxidative stress fixed by infiltration of the myocardium by inflammatory cells such as macrophages, accompanied by the release of reactive oxygen species (ROS) (Li et al., 2010). The inflammatory state leads to the activation of RAAS, which in turn activates NADPH oxidase. Thus, these processes trigger TGF-β pathway signaling and structural and electrical remodeling of the left atrium (Jalife 2014). An increased expression of various inflammatory cytokines and chemokines such as interleukin-1 and interleukin-6, tumor necrosis factor-alpha (TNF-α), or monocyte chemoattractant protein-1 (MCP-1) can be observed to have progression to chronic atrial fibrillation and recurrence of atrial fibrillation after cardioversion (Hu et al., 2015).
Our research found that HBG1 protein matched well with HBD and MASP1(Xa) protein surfaces, which was conducive to forming a stable binding effect. There exists a significant interaction between HBG1, HBD, and PT via the BP neural network and support vector machine. Enrichment analysis showed that HBG1 and HBD were mainly enriched in the blood coagulation and in the regulation of immune response. James et al. found that HBD is closely related to inflammation, and observed upregulation of HBD expression during infection and inflammation (Özdemir et al., 2020). Chen et al. found that HBD included oxygen transport, iron binding, coagulation, and binding to oxygen in GO annotations (Chen et al., 2020). HBG1 induces fetal hemoglobin (HbF) expression and reduces morbidity and mortality in hemoglobin disorders (Platt et al., 1994). The two β-hemoglobins produced by HBG1 and HBDβ-like globin genes may be involved in the occurrence and development of atrial fibrillation through inflammation and stress. Katayama et al. found that in patients with normal LV systolic function, increased LV mass index and low Hb concentrations were independently associated with LV enlargement (Katayama et al., 2010). This result suggests that hemodynamic changes in low or high hemoglobin levels can affect the development of LA remodeling and AF before overt changes such as LV hypertrophy or systolic dysfunction occur. It is further suggested that the two β-like globin genes, HBG1 and HBD, may directly affect the development of left atrial remodeling and atrial fibrillation and the state of blood coagulation by changing the level of hemoglobin or the inflammatory state. The blood lipids’ parameters (LDL-C, TC, and TG) were downregulated in the AF + edoxaban group. There were significant differences in blood lipid parameters (HDL-C, LDL-C, TC, and TG) between the AF group and the CON group. We consider the reason may be that changes in blood lipids cause increased blood viscosity, leading to poor coronary blood flow, which in turn induces the occurrence of AF; AF itself is an inflammatory reaction process, and inflammation affects the process of blood lipid metabolism. Since hyperlipidemia is a risk factor for other heart diseases, it appears that hyperlipidemia may also be a risk factor for AF. However, there is a “cholesterol paradox” in AF, and the association between lipid levels and the risk of new-onset AF is less clear. A number of recent epidemiological studies have explored the relationship between lipid levels and the risk of new-onset AF, with some studies showing no significant association, and some studies have shown that low blood lipid levels are associated with a lower risk of new-onset AF (Li et al., 2018; Yao et al., 2020).
The PT and APTT in the AF + edoxaban group and AF + rivaroxaban group were more increasing than in the AF mice (p < 0.05). AF is a hypercoagulable state. Through bioinformatics analysis in the previous stage, compared with the CON group, HBG1 and HBD were significantly increased in the AF group, while HBG1 and HBD were the main molecules involved in oxygen transport, and HBG1 and HBD had a significant protein interaction with factor Xa, resulting in a significant difference in coagulation function between the AF group and the CON group; Mariya Negreva et al. found that paroxysmal AF tends to have an early hypercoagulable state, involving intrinsic and extrinsic coagulation pathways in their study (Negreva et al., 2020). Rivaroxaban is a commonly used clinical anticoagulant. It specifically inhibits the activity of plasma factor Xa, thereby inhibiting the activity of prothrombin, preventing the activation of internal and extrinsic coagulation, reducing blood viscosity, and inhibiting the formation and expansion of thrombosis. It has high bioavailability, fast onset, and significant curative effect. It is widely used in acute coronary syndrome, stable coronary artery disease, thrombosis after atrial fibrillation, etc., which can greatly reduce the risk of adverse cardiac events (Carter et al., 2018).
The structure of cardiac muscle tissue in the AF + edoxaban group was better than that in the AF group and the AF + rivaroxaban group (p < 0.05). Compared with the AF group, the collagen fiber percentage in the AF + edoxaban group was decreased significantly (p < 0.05). Rivaroxaban has been shown to have endothelial protective and repairing properties, as the drug significantly enhanced HUVEC viability, growth, and wound healing. These effects may be mediated by the upregulation of u-PA and its enhanced functional activity. Rivaroxaban also counteracted the proinflammatory effects of FXa at the endothelial cell level, possibly through its direct inhibitory effect, and showed functional significance in inhibiting FXa-induced platelet adhesion to endothelial cells. More importantly, rivaroxaban appears to increase endothelial fibrinolytic pathway activity via u-PA activation, which together with its known anticoagulant activity will help create a global antithrombotic environment within the blood vessel (Álvarez et al., 2018).
There exist significant differences in blood lipids and coagulation between the AF + edoxaban group and the AF + rivaroxaban group. In the previous bioinformatics analysis, compared with the CON group, HBG1 and HBD were significantly increased in the AF group. HBG1 and HBD are the main molecules involved in oxygen transport. At the same time, HBG1 and HBD have significant protein interactions with factor Xa. Therefore, HBG1 and HBD affect the state of blood lipids and coagulation function. Our results show that edoxaban reduces HBG1/HBD more significantly, resulting in differences in blood lipids and coagulation indexes between the two groups.
However, this study also has certain shortcomings. First, we did not include edoxaban in clinical studies of patients with atrial fibrillation. Therefore, in future research, we will apply for the inclusion of edoxaban in clinical application, then detect the expression of HBG1 and HBD in the blood of patients with atrial fibrillation before and after taking edoxaban, and obtain more sufficient clinical evidence.
CONCLUSIONS
Edoxaban might inhibit the expressions of HBG1 and HBD and then inhibit the inflammation, blood lipids, and fibrosis further. Furthermore, coagulation was inhibited, and fibrinolysis was activated at the effect of edoxaban. Finally, the development of AF to stroke was prevented. In addition, the effect of edoxaban was superior to rivaroxaban.
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Rifampicin (RIF) is a critical first-line drug for tuberculosis. However, long-term or high-dose treatment with RIF can induce severe liver injury; the underlying mechanism of this effect has not yet been clarified. This study was performed to screen reliable and sensitive biomarkers in serum bile acids (BAs) using targeted BA metabolomics and evaluate the toxicity mechanisms underlying RIF-induced liver injury through the farnesoid x receptor (Fxr)-multidrug resistance-associated proteins (Mrps) signaling pathway. Thirty-two Institute of Cancer Research mice were randomly divided into four groups, and normal saline, isoniazid 75 mg/kg + RIF 177 mg/kg (RIF-L), RIF-L, or RIF 442.5 mg/kg (RIF-H) was orally administered by gavage for 21 days. After treatment, changes in serum biochemical parameters, hepatic pathological conditions, BA levels, Fxr expression, and BA transporter levels were measured. RIF caused notable liver injury and increased serum cholic acid (CA) levels. Decline in the serum secondary BAs (deoxycholic acid, lithocholic acid, taurodeoxycholic acid, and tauroursodeoxycholic acid) levels led to liver injury in mice. Serum BAs were subjected to metabolomic assessment using partial least squares discriminant and receiver operating characteristic curve analyses. CA, DCA, LCA, TDCA, and TUDCA are potential biomarkers for early detection of RIF-induced liver injury. Furthermore, RIF-H reduced hepatic BA levels and elevated serum BA levels by suppressing the expression of Fxr and Mrp2 messenger ribonucleic acid (mRNA) while inducing that of Mrp3 and Mrp4 mRNAs. These findings provide evidence for screening additional biomarkers based on targeted BA metabolomics and provide further insights into the pathogenesis of RIF-induced liver injury.
Keywords: rifampicin, liver injury, targeted bile acid metabolomics, farnesoid x receptor, multidrug resistance-associated proteins
1 INTRODUCTION
Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis, the second leading cause of death from a single infectious agent after severe acute respiratory syndrome coronavirus 2 (World Health Organization, 2021). Treatment for drug-susceptible TB requires a combination of rifampicin (RIF), isoniazid (INH), ethambutol, and pyrazinamide for 2-months followed by RIF and INH for 4 months, while 6–20 months for multidrug-resistant TB (Lange et al., 2019; World Health Organization, 2021). Prolonged RIF administration or the combination of RIF and INH would significantly increase the risk of drug-induced liver injury with an undefined mechanism (Devarbhavi et al., 2021). The current standard RIF dose of 10 mg/kg daily is suboptimal and has remained unchanged since the early 1970s (Grobbelaar et al., 2019; Te Brake et al., 2021). In RIF clinical trials, doses of 20, 25, 30, 35, and 50 mg/kg have been administered. The safety of RIF 50 mg/kg should be verified in further investigation, given its poor tolerance in humans (Boeree et al., 2015; Abulfathi et al., 2019; Te Brake et al., 2021). Long-term RIF treatment can cause hepatocyte dysfunction and cholestatic liver injury (Grobbelaar et al., 2019; Yang et al., 2020c). The mechanism of RIF-induced drug-induced liver injury (DILI) remains undefined and may occur by cholestasis, oxidative stress, inflammatory response, mitochondrial damage, and apoptosis (Moussavian et al., 2016; Yang et al., 2020c; Luo et al., 2021).
Bile acids (BAs), a major component of bile, regulate glucose and lipid metabolism, as well as energy homeostasis (Chiang and Ferrell, 2020). A previous study indicated that the disorder of BAs was associated with primary sclerosing cholangitis, primary biliary cholangitis, previously known as primary biliary cirrhosis, nonalcoholic fatty liver, and nonalcoholic steatohepatitis (Choudhuri and Klaassen, 2022). It is essential to evaluate therapeutic agents to treat liver injury and elucidate the relationship between BA metabolism and the mechanisms of liver injury. Farnesoid x receptor (Fxr), which is abundantly expressed in the liver, gastrointestinal tract, kidney, and adrenal glands, plays an essential role in regulating BA and lipid metabolism and glucose homeostasis. Fxr is activated by chenodeoxycholic acid (CDCA), cholic acid (CA), deoxycholic acid (DCA), lithocholic acid (LCA), and their taurine and glycine conjugates, and promotes BAs flow (Yang et al., 2017; Gottlieb and Canbay, 2019; Keitel et al., 2019; Chiang and Ferrell, 2020). Fxr represses the de novo synthesis and uptake of BAs in the liver and protects hepatocytes from the accumulation of toxic BAs under cholestatic conditions. Multidrug resistance-associated proteins (Mrps) are BAs efflux transporters, the regulation of BAs by Fxr is related to the regulation of subtypes of Mrps, such as Mrp2, Mrp3, and Mrp4 (Xu et al., 2005; Yuan et al., 2018; Fiorucci et al., 2021). Uridine diphosphate-glucuronosyltransferases (UGTs), which can co-express Mrp2, are associated with the phase II metabolic pathway. UGTs substrates are metabolized by glucuronidation, increasing hydrophilicity and facilitating the excretion of conjugated metabolites into bile and urine, thus further reducing toxicity (Xu et al., 2005). Furthermore, the prognosis of DILI can be improved by considering and detecting changes in BA efflux transporter levels (Ali et al., 2017).
Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels are less sensitive and liver-specific for DILI relative to the new biomarkers, such as BAs and glutamate dehydrogenase (McGill and Jaeschke, 2019; Tian et al., 2022). The reason for the increase in ALT activity is also correlated with skeletal muscle, cardiac injury or metabolic state, except for histopathology change (Zhao et al., 2017). Moreover, a previous study found that the levels of hepatic and serum BAs and BA-related genes increase notably, with no elevation in serum ALT, AST, and alkaline phosphatase levels after administering a dose of RIF (Sanoh et al., 2019). Another study showed that the levels of serum conjugated BAs [glycocholic acid (GCA) and taurocholic acid (TCA)] increase in the rats with bile duct hyperplasia without significant changes in ALT and AST levels (Slopianka et al., 2017). It was shown that ALT and AST indicated lower sensitivity and specificity for the detection of liver injury than BAs. BA metabolism was closely related to the pathologic changes in the hepatic and biliopancreatic diseases. Since the 1950s, enzymatic methods of quantifying the “total” bile acid pool in blood have been established (Hurlock and Talalay, 1957). In recent years, many metabolomics studies have demonstrated that BAs are potential biomarkers for the diagnosis, follow-up and prognosis of liver injury and dysfunction (Ambros-Rudolph et al., 2007; Crosignani et al., 2007; Dong et al., 2015; Tian et al., 2022). Tian and others found that serum glycoursodeoxycholic acid (GUDCA), taurodeoxycholic acid (TDCA), and taurolithocholic acid (TLCA) were helpful for evaluating Cd-induced liver injury and Cd exposure in humans based on targeted BA metabolomics (Tian et al., 2022). In another study, glycodeoxycholic acid (GDCA) in the bile and hyodeoxycholic acid (HDCA) in the serum could be potential biomarkers for Polygonum multiflorum-induced liver injury (Dong et al., 2015). Therefore, analysis of individual BAs has the potential to unravel valuable biomarkers for the differentiation and diagnosis of various forms of liver injury (Luo et al., 2018). It is necessary to adopt targeted BA metabolomic approaches using liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify potential biomarkers from serum BAs.
In a study of liver injury in mice, RIF treatment suppressed Na+/taurocholate cotransporter, one of the targets of Fxr signaling (Yang et al., 2020b). Besides, it is clear that the expression levels of organic solute transporter β were increased following treatment with RIF (Zhang et al., 2017). Mrps play an essential role in disorders of BAs metabolism and DILI (Cuperus et al., 2014). The relationship between the change of Fxr and Mrp2, Mrp3, Mrp4 mRNA, and RIF-induced DILI is still insufficient. Therefore, Our study aims to establish an experimental mouse model of RIF-induced liver injury to analyze the changes in the metabolic profile of BAs in the liver and serum using LC-MS/MS and unravel the potential serum biomarkers for liver injury. Comprehensive analysis of the role of the Fxr-Mrps signaling pathway in BA metabolism, we could better understand the hepatotoxicity mechanism of RIF action and further provide a theoretical basis for DILI prevention and rational clinical application in anti-TB therapy.
2 MATERIALS AND METHODS
2.1 Chemicals and Reagents
RIF and INH were purchased from Meilun Biotechnology Co. Ltd (Dalian, China). Ursodeoxycholic acid (UDCA), HDCA, CA, CDCA, DCA, tauroursodeoxycholic acid (TUDCA), and taurochenodeoxycholic acid (TCDCA) were purchased from On-Road Biotechnology Co., Ltd (Changsha, China). TCA, LCA, GCA, glycochenodeoxycholic acid (GCDCA), GDCA, TLCA, and TDCA were purchased from Sigma Reagents, Inc (St. Louis, MO, United States). Taurohyodeoxycholic acid (THDCA) and GUDCA were purchased from Aikeda Chemical Reagent Co., Ltd (Chengdu, China). Cyproterone acetate was purchased from China National Institutes for Food and Drug Control (Beijing, China). Acetonitrile and methanol (chromatographic grade purity) were purchased from Merck (Darmstadt, Germany). Formic acid and ammonium acetate (chromatographic grade purity) were purchased from ROE Scientific Inc (United States). The EVOM-MLV reverse transcription kit, SYBR Green Premix Pro Taq HS premixed quantitative real-time polymerase chain reaction (PCR) kit, nuclease-free water, and AG RNAex Pro ribonucleic acid (RNA) extraction reagent were purchased from Aicerui Biological Engineering Co., Ltd. (Hunan, China).
2.2 Animals and Experimental Design
All animal experiments were conducted in compliance with the Guide for the Care and Use of Laboratory Animals. Healthy Institute of Cancer Research mice, weighing 18–22 g, were provided by Hunan Slack Jingda Experimental Animal Co., Ltd (Hunan, China). The mice were provided ad libitum access to water and chow and kept at 20 ± 2°C at 50 ± 10% relative humidity with a 12-h/12-h light/dark cycle. Thirty-two mice were randomly divided into four groups (eight mice in each group) and treated as follows: normal saline (vehicle), INH 75 mg/kg + RIF 177 mg/kg (RIF-L), RIF-L, and RIF 442.5 mg/kg (RIF-H). RIF and INH were administered daily by gavage for 21 days (Figure 1). After day 21, the mice fasted for 12 h before anatomical examination. Blood samples and liver tissues from the mice were collected for further experiments. The animal experiment was approved by Animal Ethics Review Regulations of Hunan Academy of Traditional Chinese Medicine and was reviewed and approved by the Animal Ethics Review Committee. (Number:2019-0024).
[image: Figure 1]FIGURE 1 | The scheme of animal experiment. The mice were divided into four groups: vehicle, INH (75 mg/kg)+RIF-L (144 mg/kg), RIF-L, and RIF-H (442.5 mg/kg) group, with eight mice in each group.
2.3 Biochemical and Histological Analyses
ALT, AST, total bilirubin (TBil), and indirect bilirubin (IBil) levels and liver index (liver weight/body weight ×100) were measured as described earlier (Luo et al., 2020). The fixed liver tissue was embedded in paraffin blocks. Next, 4-μm-thick slices were cut and stained with hematoxylin and eosin to investigate histopathological changes.
2.4 LC-MS/MS for Liver and Serum BAs
2.4.1 Instruments and Conditions
LC-MS/MS for BAs (Supplementary Figure S1) was performed using the LCMS-8050 triple quadrupole mass spectrometer (Shimadzu, Japan). The separation was performed on an Ultimate AQ-C18 (3.0 mm × 100 mm, 3.0 μm; Welch, United States) analytical column connected with a top C18 column (Guard cartridge System, United States). The column temperature was maintained at 40°C. The gradient system consisted of solvent A (0.005% formic acid containing 7 mmol/L ammonium acetate) and solvent B (methanol) at a flow rate of 0.60 ml/min, and the gradient program was as follows: 40%:60% (v/v, 0–2 min), 5%:95% (v/v, 13.0–17.3 min), and 40%:60% (v/v, 17.4–29.3 min). Cyproterone acetate was used as the internal standard (IS). The multiple reaction monitoring functions used MS in the electrospray ionization negative mode. Other MS parameters were as follows: Interface: ESI(-); Drying gas flow: 10.0 L/min; Heat block temperature: 400°C. The multiple reactions monitoring the ion pairs of the BAs were listed in Table 1.
TABLE 1 | The optimum LC-MS/MS working parameters for BAs.
[image: Table 1]2.4.2 Sample Preparation
To analyze 16 BAs in the mouse liver, liver tissue was weighed and added to the saline solution according to the ratio of 1:10, and the mixtures were homogenized using a tissue homogenizer (Servicebio, China). After the homogenation, 50 µL hepatic homogenate was added to 150 µL of IS solution. The mixture was vortexed for 2 min before centrifugation at 4°C and 10,000 g for 10 min. The supernatant (150 µL) was volatilized to dryness in a centrifugal vacuum concentration system, carefully collected, and resuspended in 50 μL 50% methanol. Finally, the supernatant was injected into the LC-MS/MS system. The IS method was used for quantitation. For each serum sample, the experiment was processed separately as described above. That is, 50 µL serum was added to 150 µL of the IS solution, and the other processes remained unchanged.
2.5 Quantitative Real-Time PCR
Quantitative real-time PCR was performed on the ABI 7500 Fast Real-Time PCR system (Thermo Fisher Scientific, United States). Total RNA was extracted using the reverse transcription kit with the TRIzol reagent and reverse-transcribed into complementary deoxyribonucleic acid (cDNA). cDNA was amplified and analyzed using the SYBR Green Premix Pro Taq HS qPCR kit (Ackeri Bioengineering Co., Ltd.). Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as a control. The primer sequences used in our study are listed in Table 2.
TABLE 2 | Primer sequences used for quantitative real-time PCR.
[image: Table 2]2.6 Statistical Analyses
Partial least squares-discriminant analysis (PLS-DA) is accomplished by linking two data matrices X and Y to maximize the covariance between the independent variables X and the corresponding dependent variable Y of highly multidimensional data by finding a linear subspace of the explanatory variables. VIP (variable importance) is mainly used for screening the important variables. The technology of VIP can be used in the case of small sample size and a strong correlation between several independent variables. It means an important variable in the model with a value of VIP ≥1 (Gromski et al., 2015; Lee et al., 2018). Differential markers could be screened by VIP value and SPSS statistical analysis of PLS-DA variables (p < 0.05). PLS-DA is widely used for the data analysis of metabolomics. Simca-p 14.1 software was used for PLS-DA to assess the data. VIP was calculated for the liver and serum BA levels using this software. Statistical and receiver operating characteristic (ROC) curve analyses were performed using GraphPad Prism eight and SPSS 25.0, respectively, following recommendations in the pharmacology field. All experimental data obtained in this study are presented as the mean ± standard deviation. Data from multiple groups were compared using a one-way analysis of variance, followed by the least significant difference test. Correlation analysis was performed using Pearson’s test. Differences were considered statistically significant at p < 0.05.
3 RESULTS
3.1 Effects of RIF on Biochemical and Histological Changes
To evaluate RIF-induced liver injury, some biochemical indicators were analyzed. As exhibited in Figure 2, compared with the vehicle group, the serum levels of ALT, AST, TBil, IBil, and liver index in the RIF-H group were increased by 6.4-, 2.1-, 29.1-, 17.0-, and 2.6- fold, respectively; but only TBil, IBil, and the liver index increased significantly in the INH + RIF-L and RIF-L groups. Histopathological analysis showed that a typical structure with well-arranged hepatocyte cords and obvious hepatic sinusoids was observed in the vehicle group. The liver sections of mice treated with INH + RIF-L and RIF-L showed a typical arrangement of the hepatic cords and central veins, except for some nuclear disappearance and partial vacuoles. Meanwhile, biliary duct dilatation features can be observed in the INH + RIF-L and RIF-L groups, marked in Figures 2H,I, respectively. The RIF-H group showed steatosis, hepatocyte swelling, dissolution, the disappearance of the nucleus, and increased intracellular damage (Luo et al., 2020). These results indicated that RIF induced hepatoxicity in a dose-dependent manner (Figure 2).
[image: Figure 2]FIGURE 2 | Effects of RIF on serum biomarkers, liver indexes, and histological parameters (HE staining) (A) ALT (B) AST (C) TBil (D) IBil (E) Liver index (F) Body weight (G) The vehicle group in HE, ×100 (H) The INH + RIF-L group in HE, ×100 (I) The RIF-L group in HE, ×100 (J) The RIF-H group in HE, ×100 (K) The vehicle group in HE, ×400 (L) The INH + RIF-L group in HE, ×400 (M) The RIF-L group in HE, ×100 (N) The RIF-H group in HE, ×400. Data are expressed as mean ± SD (n = 6). *p < 0.05, **p < 0.01 versus the vehicle group; #p < 0.05, ##p < 0.01 versus the RFP-L group.
3.2 Changes in Liver and Serum BA Profiles
LC-MS/MS was performed to detect the liver and serum BA profiles (Figure 3). The results showed that the levels of serum-free and total BAs were significantly elevated in the RIF-H group. Serum CA was upregulated in the RIF-H group, whereas secondary BAs (DCA, LCA, TDCA, and TUDCA) were downregulated in all the RIF-administered mice.
[image: Figure 3]FIGURE 3 | Effects of RIF on the serum and liver BA levels in mice (A) Taurine, free, total BAs in the serum and liver (B) Primary and secondary BAs in the serum (C) Primary and secondary BAs in the liver (D) The ratio of secondary BAs to primary BAs. Data are expressed as mean ± SD (n = 5–8). *p < 0.05, **p < 0.01 versus the vehicle group; #p < 0.05, ##p < 0.01 versus the RFP-L group. Green arrows indicate dilatation of central veins, blue arrows indicate hepatocellular hydropic degeneration, red arrow indicate necrosis, black arrows indicate cholangiectasis.
The levels of hepatic taurine-conjugated, free, and total BAs significantly increased in the RIF-L and INH + RIF-L groups. In addition, RIF significantly increased the levels of hepatic primary BAs such as CA, CDCA, TCA, and TCDCA in the RIF-L and INH + RIF-L groups. However, the levels of all hepatic BAs reduced considerably in the RIF-H group.
RIF, administered alone or in combination with INH, significantly reduced the ratio of secondary to primary BAs in the liver and serum (p < 0.01 or 0.05), including DCA/CA, LCA/CDCA, and LCA + DCA/CDCA + CA (Figure 3).
3.3 Screening Targeted BAs for RIF-Induced Liver Injury in Mice
Targeted metabolomic analysis was performed to examine the changes in BA homeostasis using PLS-DA (Figure 4). The analysis revealed a distribution pattern in the four groups of mice. Scatter plots were clearly separated for the four groups in the liver (cumulative R2X = 80.2%, cumulative R2Y = 63.7%, cumulative Q2Y = 55.7%) and the serum BAs (cumulative R2X = 57.1%, cumulative R2Y = 45.2%, cumulative Q2Y = 37.3%). Targeted metabolomic analysis of BAs was performed between the vehicle and other groups. The explanatory ability (R2X) of liver modeling consisting of the vehicle and INH + RIF-L groups, the vehicle and RIF-L groups, and the vehicle and RIF-H groups were 74.3, 66.5, and 89.1%, respectively; the stability of modeling (R2Y) was 94.2, 94.5, and 99.4%, respectively; the predictability of modeling (Q2Y) was 80.8, 90.8, and 97.5%, respectively. In parallel, in the serum, R2X of modeling was 59.3, 62.2, and 61.1%; R2Y was 82.3, 80.2, and 86.9%; and Q2Y was 40, 54.1, and 73.2%, respectively.
[image: Figure 4]FIGURE 4 | Targeted metabolomics of BA profiles (A) Score plots of PLS-DA for the liver in the vehicle, INH + RIF-L, RIF-L, and RIF-H groups (B) VIP value in the liver between the vehicle and RIF-H groups (C) Score plots of PLS-DA of the liver between the vehicle and INH + RIF-L groups (D) Score plots of PLS-DA of the liver between the vehicle and RIF-L groups (E) Score plots of PLS-DA of the liver between the vehicle and RIF-H groups (F) Score plots of PLS-DA of the serum among the vehicle, INH + RIF-L, RIF-L, and RIF-H groups (G) VIP value for the serum between the vehicle and RIF-H groups (H) Score plots of PLS-DA of the serum between the vehicle and INH + RIF-L groups (I) Score plots of PLS-DA of the serum between the vehicle and RIF-L groups (J) Score plots of PLS-DA of the serum between the vehicle and RIF-H groups (K) Heatmap of BAs (VIP ≥1) in the liver (L) Heatmap of serum potential BAs biomarkers. Data are expressed as mean ± SD (n = 5–8).
BAs with VIP ≥1 were UDCA, TUDCA, CDCA, TCDCA, TDCA, and DCA in the liver in the PLS-DA modeling consisting of the vehicle and RIF-H groups, and LCA, TUDCA, DCA, TDCA, and CA in the parallel serum modeling. The variable BAs with VIP ≥1 were modeled for re-analysis, and the R2X of the liver BA model between the vehicle and RIF-H groups improved to 92.4%. The serum R2X level of the corresponding model was 82.3%. After re-analysis, the screening variables in models with VIP ≥1 showed notable improvement in the explanatory ability, maintenance of high stability, and predictability.
Furthermore, the secondary BAs (DCA, LCA, TDCA, and TUDCA) were positively correlated with hepatic BAs (VIP ≥1), such as CDCA, TCDCA, DCA, UDCA, TDCA, and TUDCA. The primary BA (CA) was inversely associated with hepatic BAs (VIP ≥1). Pearson correlation analyses of BAs (CA, DCA, LCA, TDCA, and TUDCA) and the levels of ALT, AST, TBil, and IBil were conducted. CA showed a significant positive correlation with the levels of ALT, AST, TBil, and IBil (the correlation coefficients were 0.51, 0.44, 0.67, and 0.74, respectively). Levels of DCA, LCA, TDCA, and TUDCA were inversely associated with those of ALT, AST, TBil, and IBil, especially DCA and LCA. Moreover, the ROC curve analysis was performed for serum DCA, LCA, TDCA, TUDCA, and CA levels to distinguish abnormal liver injury from normal healthy cases without any injury (Figure 5). The cut-off value for sensitivity and specificity were determined among the different BAs in the ROC curve analysis. Our findings suggest that all of the above BAs are good indicators of RIF-induced liver injury with high sensitivity and specificity.
[image: Figure 5]FIGURE 5 | Screening targeted serum BAs (A) Correlations between serum and liver BAs (VIP ≥1) and between serum BAs and serum biochemical parameters, were analyzed using Spearman’s correlation analysis (n = 5–8) (B) ROC curve for serum CA, DCA, LCA, TDCA, and TUDCA (C) Comparative analysis of alterations in the serum BA levels in mice. Data are expressed as mean ± SD (n = 5–8). *p < 0.05, **p < 0.01 versus the vehicle group; #p < 0.05, ##p < 0.01 versus the RFP-L group.
3.4 Effects of RIF on Fxr, Mrps, and UGT1a1 Expression
Relative to the vehicle group, Fxr and Mrp4 messenger ribonucleic acid (mRNA) expressions increased in the INH + RIF-L and RIF-L groups, whereas that of Mrp3 was elevated in the RIF-L group. Fxr, Mrp2, and UGT1a1 mRNA expression levels notably decreased, whereas those of Mrp3 and Mrp4 increased in the RIF-H group in a dose-dependent manner (Figure 6).
[image: Figure 6]FIGURE 6 | Changes in liver metabolic enzyme (UGT1a1) and Fxr-Mrps levels. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01 versus the vehicle group; #p < 0.05, ##p < 0.01 versus the RIF-L group.
4 DISCUSSION
DILI is the primary reason for poor drug approval rates and drug withdrawal; it is also the most common severe adverse reaction to anti-TB therapy (Yang et al., 2020a). In a 14-days study on RIF dosing in mice, accumulation of lipids due to upregulation of peroxisome proliferator-activated receptor-γ was found to be the primary cause of RIF-induced toxicity at 177 mg/kg (LD10, equivalent to approximately 20 mg/kg in humans), while 442.5 mg/kg RIF caused another type of unspecified liver damage (LD25, equivalent to approximately 50 mg/kg in humans) (Kim et al., 2017). Thus, it is necessary to further investigate the pathogenesis at the early stages of liver injury caused by RIF at 442.5 mg/kg. On the other hand, previous studies indicated that the long-term administration of low-dose RIF in combination with INH was more likely to aggravate the occurrence of drug-induced liver injury than RIF alone (Devarbhavi et al., 2021). The underlying mechanisms of DILI caused by RIF or INH + RIF via LC-MS/MS-based targeted metabolomics approach had not been previously reported. As shown in Figure 2, our findings suggested that RIF aggravated BA metabolism disorders, thereby causing liver injury. The leading cause was intrahepatic cholestasis for RIF-L and INH + RIF-L, but extrahepatic cholestasis for RIF-H. Moreover, targeted metabolomic analysis of BAs and screening of biomarkers for liver injury showed that transportation of BAs, mediated by Fxr-Mrps, was closely related to RIF-induced liver injury.
Hepatic cholesterol is converted into CA and CDCA in classical and alternative metabolic pathways and then amidated with taurine or glycine. The conjugation with taurine and glycine lowers pKa and increases solubility to facilitate easier efflux into bile (Fiorucci et al., 2021). Monoanionic bile salts are secreted into the bile duct by the bile salt export pump, and dianionic bile salts; phase II-conjugated BAs are secreted into bile by Mrp2 (Meier and Stieger, 2002; Morgan et al., 2013). Under normal conditions, Mrp3 and Mrp4 are expressed in the basolateral membranes (Köck et al., 2014; Song et al., 2016). Mrp3 mediates the efflux of BAs, except for glutathione-conjugated BAs, from the basolateral membrane into the blood, while Mrp4 transports different types of BAs into the blood and plays a more critical role than Mrp3 (Jetter and Kullak-Ublick, 2020). Additionally, when primary BAs enter the terminal ileum through the bile duct, 95% of intestinal BAs are reabsorbed and transported back to the liver via the hepatic portal vein. Conjugated BAs are deamidated into free BAs in the intestine by bile salt hydrolase, expressed by Bacteroides, Lactobacillus, Bifidobacterium, and Clostridium. This is followed by transformation into secondary BAs (DCA, LCA, or UDCA) with 7α dehydrogenase, from Clostridium and Eubacteria, acting as the catalyst (Fiorucci et al., 2021).
Intrahepatic cholestasis might be observed in the RIF-L and INH + RIF-L groups, with significant elevation in the levels of primary BAs, including CA, CDCA, TCA, and TCDCA (Figure 3). Consistent with these results, Kim et al. (Kim et al., 2017) reported that RIF-induced hepatotoxicity did not significantly increase ALP level, indicating a type of mixed liver injury via cholestasis and hepatocellular injury. In our study, RIF-induced liver injury was evaluated by measuring ALT, AST, bilirubin changes and H&E staining according to relevant studies (Lin et al., 2019; Fan et al., 2019; Yang et al., 2020c; Yan et al., 2021). We did not measure or quantify CK19 + bile duct mass or ALP levels to analyze hepatotoxicity caused by biliary duct dilatation, which is a limitation in the present study. As shown in Figure 2, the hepatic cord and central vein arrangements were similar in the vehicle, RIF-L, and INH + RIF-L groups, except for slight nuclear disappearance and partial vacuoles. The degree of liver tissue injury in the INH + RIF-L group was slightly higher than that in the RIF-L group; however, the ALT and AST levels showed no significant changes. We speculated that these changes in BAs could reflect the early responses to liver injury better than the changes in liver enzymes, consistent with the results of a previous study (Slopianka et al., 2017). In addition, mild liver injury in the INH + RIF-L and RIF-L groups could be attributed to activation of the Fxr signaling pathway, which causes elevation of CA, CDCA, TCA, and TCDCA levels. The upregulation of Mrp4 expression in the INH + RIF-L group facilitated the BA efflux into the blood, whereas increased expression of Mrp3 and Mrp4 in the RIF-L group synergistically promoted the transport of BAs, resulting in lesser damage to the liver relative to the INH + RIF-L group.
Previous studies report that RIF inhibits the expression of UGT1a1 and the UGT1a1-related phase II metabolic pathway, which reduces the excretion of toxic components of RIF through Mrp2, and increases the risk of DILI (Cao et al., 2017). Additionally, our results showed that Fxr and Mrps mRNA expressions were significantly changed, a possible reason why the reduction in BA levels inhibited Fxr mRNA expression, in turn reducing those of Mrp2 and UGT1a1 and inducing a significant compensatory increase in Mrp3 and Mrp4 mRNA expression (Xu et al., 2005; Vanwijngaerden et al., 2011; Carino et al., 2020; Jetter and Kullak-Ublick, 2020). CA is a hydrophobic BA that induces hepatocyte death and cholestatic liver injury in mice (Wei et al., 2020). Previous studies demonstrate that the CA levels in patients with end-stage chronic cholestatic liver injury are substantially elevated (Fischer et al., 1996; Fu et al., 2022). Slopianka M et al. suggest that serum CA, CDCA, DCA, beta muricholic acid, and UDCA levels may serve as new DILI biomarkers (Slopianka et al., 2017). It is also believed that serum CA, TCA, and GCA can be DILI biomarkers with higher specificity relative to standard biomarkers, such as ALT (Luo et al., 2014). On establishing the PLS-DA model of BAs, in the vehicle and RIF-H groups, we found significant decreases in the levels of serum biomarkers (DCA, LCA, TDCA, TUDCA) which were positively correlated with liver BAs (CDCA, TCDCA, DCA, UDCA, TDCA, and TUDCA). We speculated that the significant decreases in the levels of secondary BAs and the ratio of secondary to primary BA levels could be attributed to the considerable induction of Bacteroides and reduction in Clostridium and Eubacter abundance (Namasivayam et al., 2017; Khan et al., 2019). RIF administration suppressed the biotransformation of 7α dehydrogenase-mediated dehydroxylation and intestinal bile salt hydrolase production, thereby reducing the biotransformation of CA and CDCA into DCA and LCA, respectively (Fiorucci et al., 2021). Interestingly, significantly elevated serum primary BA (CA) levels negatively correlated with those of liver BAs. Consistent with previous research, the elevation of serum CA levels may be related to increased intrahepatic CA efflux into the blood via Mrp3 and Mrp4 (Matye et al., 2021). In addition, the reduced secondary BA generation led to lower levels of CA and other BAs in the RIF-H group relative to those in the vehicle group. Disruption of liver BA and blood BA homeostasis results in liver injury. ROC curves for serum CA, DCA, LCA, TDCA, and TUDCA were highly sensitive, specific, and strongly correlated with ALT and AST, suggesting a particular value indicating RIF-induced DILI. Our study provided further insights into the pathogenesis of RIF-induced liver injury and a theoretical basis for DILI prevention and rational clinical application in anti-TB therapy.
In addition, it has been reported that the activation of Fxr can inhibit the nuclear receptor nuclear factor-κB (NF-κB) signaling pathway, inhibiting the expression of inflammatory factors tumor necrosis factor-α, interleukin-1β, and interleukin-6, which play an anti-inflammatory role (Wang et al., 2008; Ming et al., 2021). Wang and others (Wang et al., 2008) also described negative crosstalk between the FXR and NF-κB signaling pathways in the hepatic inflammatory response. However, Yu et al. found that GW4064 can activate the Fxr signaling pathway and the NF-κB signaling pathway in normal human gastric epithelial cells (Yu et al., 2019). Consistent with these results, Lee et al. (Lee et al., 2011) reported that downregulation of FXR in pancreatic carcinoma cells decreases NF-κB activity and consequently inhibits its target genes, indicating that NF-κB may participate in the regulation of FXR activity (Gadaleta et al., 2011), involving a positive crosstalk mechanism. In summary, the mechanisms between Fxr regulation of BA metabolism, anti-inflammatory and NF-κB causing inflammatory damage are complex and remain unclear. Further researches are required to explore and verify in the future.
5 CONCLUSION
Exposure to different doses of RIF induces various types of liver injury. RIF-H treatment might lead to extrahepatic cholestasis, with significantly elevated serum CA levels. In this study, CA, DCA, LCA, TDCA, and TUDCA were identified as potential biomarkers for the early detection of RIF-induced liver injury, reflecting initial responses to and the severity of the liver injury. The hepatic toxicity mechanisms of RIF may be related to the liver metabolic enzymes (UGT1a1) and BA transporters, including Mrp2, Mrp3, and Mrp4.
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GLOSSARY
ALT alanine aminotransferase
AST aspartate aminotransferase
ALP alkaline phosphatase
ALT alanine aminotransferase
mRNA messenger ribonucleic acid
RNA ribonucleic acid
RIF rifampicin
BA bile acid
Fxr farnesoid x receptor
Mrp multidrug resistance-associated protein
UGT uridine diphosphate-glucuronosyltransferase
TB Tuberculosis
DILI drug-induced liver injury
CA cholic acid
CDCA chenodeoxycholic acid
DCA deoxycholic acid
LCA lithocholic acid
UDCA ursodeoxycholic acid
HDCA hyodeoxycholic acid
TCA taurocholic acid
TCDCA taurochenodeoxycholic acid
TDCA taurodeoxycholic acid
TLCA taurolithocholic acid
TUDCA tauroursodeoxycholic acid
THDCA taurohyodeoxycholic acid
GCA glycocholic acid
GCDCA glycochenodeoxycholic acid
GDCA glycodeoxycholic acid
GUDCA Glycoursodeoxycholic acid
TBil total bilirubin
IBil indirect bilirubin
LC-MS/MS liquid chromatography-tandem mass spectrometry
IS internal standard; PCR, polymerase chain reaction
PLS-DA partial least squares discriminant analysis
VIP variable importance value
ROC receiver operating characteristic
NF-κB nuclear factor-κB
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Voxtalisib, is a specific, effective, and reversible dual inhibitor, which inhibits both pan-class I phosphoinositide 3-kinase (PI3K) and mechanistic target of rapamycin (mTOR). To date, voxtalisib has been studied in trials for melanoma, lymphoma, glioblastoma, breast cancer, and other cancers. In this study, a highly sensitive and rapid ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) technology was applied to the quantitative methodology and pharmacokinetic analysis of voxtalisib in rat plasma. After protein precipitation of the analyte by acetonitrile, the chromatographic separation was performed by gradient elution on an Acquity BEH C18 column (2.1 mm × 50 mm, 1.7 μm) with acetonitrile (solvent A) and 0.1% formic acid (solvent B) as the mobile phase. In the positive ion mode, the mass transfer detection of the analyte and IS was m/z 270.91 > 242.98 and m/z 572.30 > 246.10, respectively. In the concentration range of 1–2000 ng/ml, a good linear relationship of voxtalisib was successfully established by the UPLC-MS/MS technology, and the lower limit of quantification (LLOQ) of the analyte was identified as 1 ng/ml. Intra-day and inter-day precisions for voxtalisib were 7.5–18.7% and 13.0–16.6%, respectively, and the accuracies were in the ranges of −14.0–2.0% and −7.2–3.1%, respectively. The matrix effect, extraction recovery, carryover and stability of the analyte were all in compliance with the acceptance criteria of bioassays recommended by FDA. Finally, the pharmacokinetic profile of the analyte had been availably studied by the UPLC-MS/MS bio-analytical method after rats were treated by intragastric administration with voxtalisib (5 mg/kg). The results indicated that the UPLC-MS/MS technology can effectively and quickly quantify the analyte, and this method can also be used for the pharmacokinetic study of voxtalisib, which can provide reference for the optimization of clinical drug management in the later period.
Keywords: voxtalisib, quantitative methodology, pharmacokinetic analysis, UPLC-MS/MS technology, rat plasma
INTRODUCTION
Voxtalisib (Figure 1A), also called as SAR245409 or XL765, is a dual inhibitor that inhibits both pan-class I phosphoinositide 3-kinase (PI3K) and mechanistic target of rapamycin (mTOR) by competitively binding specific adenosine triphosphate (ATP) to the catalytic domain of PI3K and mTOR (Janne et al., 2014; He et al., 2018). Voxtalisib plays an anti-tumor role mainly by inhibiting the formation of tumor blood vessels and inducing apoptosis of cancer cells, and its anti-tumor activity has been proved (Markman et al., 2010; Prasad et al., 2011; Zhao et al., 2019). Voxtalisib achieved its therapeutic effect by apoptotic caspase-dependent primary chronic lymphocytic leukemia cells with a half-maximum inhibitory concentration (IC50) of 0.86 µM and a maximum duration of action of 48 h. In addition, voxtalisib blocked the adhesion, proliferation, and in vitro survival of chronic lymphocytic leukemia cells and effectively inhibits T-cell-mediated cytokines that support the production of chronic lymphocytic leukemia (Thijssen et al., 2016; Brown et al., 2018; Zhang et al., 2018). As pharmacokinetic information is essential for the optimization of clinical administration, it is necessary to quantify and monitor the plasma concentration of voxtalisib.
[image: Figure 1]FIGURE 1 | The structures of voxtalisib (A) and umbralisib (B).
Therefore, in this experiment, we intended to measure the concentration of voxtalisib in rat plasma by using a high-efficiency UPLC-MS/MS technology. Then, we demonstrated the robustness of our method by measuring the linearity, carryover, precision and accuracy, matrix effect and extraction recovery, and stability of the analyte. Subsequently, the pharmacokinetic studies of voxtalisib in rat plasma confirmed the specificity and repeatability of this method.
EXPERIMENT
Chemical Materials
Voxitalisib, and umbralisib (Figure 1B) as the internal standard (IS) were purchased from Beijing sunflower Technology Development Co., Ltd. (Beijing, China). The LC grade methanol and acetonitrile were supplied by Merck (Darmstadt, Germany) and LC grade pure formic acid was produced by Anaqua Chemicals Supply (ACS, American). At the same time, the ultra-pure water from the laboratory was pretreated by the Milli-Q Water Purification System (Millipore, Bedford, Unnited States).
Animal Experiments
Six male SD rats (300 ± 20 g) were collected from the Experimental Animal Research Center of The First Affiliated Hospital of Wenzhou Medical University (Wenzhou, China), and were given fresh water and plenty of food every day. In the formal pharmacokinetic study, each rat was given 5 mg/kg voxtalisib in the 0.5% carboxymethylcellulose sodium (CMC-Na) by single intragastric administration after fasting for 12 h. Then, blood samples (approximately 0.3 ml) were acquired at 0.333, 0.667, 1, 1.5, 2, 3, 4, 6, 8, 12, 24 and 48 h, respectively, and placed into polyethylene tubes containing heparin. The samples were immediately centrifuged at 13,000 × g for 10 min at 4°C for separation. The centrifuged supernatants were then transferred into new 0.5 ml polythene tubes and then stored at −80°C for further analysis. In this experiment, the plasma concentration of voxtalisib in rats was measured by UPLC-MS/MS technology, and the main pharmacokinetic parameters of voxtalisib in non-compartmental model were calculated using Drugs and Statistics (DAS) 3.0 software (Mathematical Pharmacology Professional Committee of China, Shanghai, China).
Analytical Conditions of the Instrumentation
Chromatographic separation of voxtalisib and IS were performed using a Waters Acquity ultra-performance liquid chromatography (UPLC) system (Milford, MA, Unnited States) equipped with an Acquity BEH C18 column (2.1 mm × 50 mm, 1.7 μm; Milford, MA, Unnited States), and it was operated under the condition of 40°C column temperature. The mobile phases of gradient elution were acetonitrile (solvent A) and 0.1% formic acid (solvent B), respectively. At the flow rate of 0.30 ml/min, the elution process was 90% B from 0 to 0.5 min; 90–10% B from 0.5 to 1.0 min; 10% B from 1.0 to 1.4 min; 10–90% B from 1.4 to 1.5 min, and finally at 1.5–2.0 min, 90% B was maintained for equilibration. The whole process of analysis was 2.0 min, the temperature of the auto-sampler was set at 10°C, and the injection volume was 1.0 μL for each running process.
Mass spectrometry information of voxtalisib and IS were obtained by a Waters Xevo TQS triple-quadrupole tandem mass spectrometer (Milford, MA, Unnited States) with an electrospray ionization (ESI) source and a positive ion mode detection by MS/MS. Using selective response monitoring (SRM), the ion transitions of voxtalisib and IS were m/z 270.91 > 242.98 and m/z 572.30 > 246.10, respectively (Figure 2). Optimized cone voltages and collision energies were 20 V and 20 eV for voxtalisib, 30 V and 35 eV for IS, respectively. The flow rate of collision gas, cone gas and desolvation gas filled with high purity of nitrogen was 0.15 ml/min, 200 L/h and 1000 L/h, respectively. The optimized desolvation temperature reached 600°C.
[image: Figure 2]FIGURE 2 | Mass spectrum of voxtalisib (A) and umbralisib (B) in this study.
Stock Solutions, Calibration and Quality Control Samples
Voxtalisib and IS were dissolved in methanol as the stock solutions, and the concentration of each stock solution was 1 mg/ml. Then, the stock solution was gradient diluted with methanol to obtain the calibration and quality control (QC) samples. The concentrations of the working solutions for calibration curve were 10, 20, 50, 100, 500, 1000, 2000, 5000, 10000, 20000 ng/ml, and the IS concentration was 100 ng/ml. Fresh calibration standards with final concentrations of 1, 2, 5, 10, 50, 100, 200, 500, 1000, 2000 ng/ml were prepared by adding the corresponding concentration of voxtalisib working solutions (10 μL) to the blank rat plasma (90 μL). Then, the same method was used to prepare QC samples with different concentrations (2, 800, 1600 ng/ml) and the lower limit of quantification (LLOQ, 1 ng/ml). Finally, all the stock and working solutions were stored at −80°C until further analysis.
Sample Preparation
The plasma samples were treated with a simple and rapid protein precipitation method. Firstly, adding 10 μL IS working solution to 100 μL plasma sample; Secondly, precipitate the plasma protein by adding 300 μL acetonitrile; Thirdly, the plasma samples in each tube were fully swirled for 2.0 min and centrifuged for 10 min at 13000 × g under 4°C. Finally, we took 100 μL centrifuged supernatant into the special detection bottle of UPLC-MS/MS system, and then used UPLC-MS/MS technology for analysis. In order to ensure the stability of the sample, it is recommended to test immediately. If immediate detection is not available, it can be stored at 4°C in the short-term, and should be stored at −80°C in the long-term.
Method Valiadation
According to the principle of bio-assay validation of FDA, a novel bio-assay method based on UPLC-MS/MS technology was established, including the specificity, carryover, calibration curve, LLOQ, precision, accuracy, matrix effect, recovery, and stability, as similar with those validated in our previous papers (Qiu et al., 2019; Xu et al., 2019; Tang et al., 2020).
Specificity and Carryover Effect
The specificity of UPLC-MS/MS analytical method was determined by analyzing plasma samples from three different batches: blank plasma without analyte and IS, blank plasma spiked with the analyte at LLOQ and IS, as well as rat plasma samples. Then, the retention times of the analyte and IS in the SRM chromatogram were observed to determine whether there were endogenous interference. Carryover was assessed by injecting plasma samples at upper limit of quantification (ULOQ) followed by blank injections.
Calibration Curve Linearity and LLOQ
The linear regression analysis of voxtalisib/IS peak area ratio (Y) and voxtalisib concentration (X) was performed by the least square regression analysis with a weighted factor (1/x2) to obtain the calibration curve. The sensitivity of the UPLC-MS/MS bio-analytical method was evaluated by analyzing six replicates of spiked LLOQ samples.
Precision and Accuracy
Six replicate QC samples (2, 800 and 1600 ng/ml) were determined on the same day and on three different days. The intra and inter-day precisions of the method were calculated, which is usually shown as relative standard deviation (RSD%), and the accuracy is commonly represented by relative error (RE%).
Matrix Effect and Recovery
At low, medium and high concentrations (2, 800 and 1600 ng/ml, n = 6), the peak areas of voxtalisib added to the post-extracted blank plasma were compared with those of QC sample with corresponding concentration obtained by diluting standard solution with methanol to calculate matrix effect.
Voxtalisib was added into the blank plasma before and after extraction, respectively, and the extraction recovery was evaluated by comparing the peak area of the two, also at three different levels (2, 800 and 1600 ng/ml, n = 6).
Stability
We evaluated the stability of this bioassay by measuring rat plasma concentrations of QC samples of voxtalisib at three different concentrations (2, 800 and 1600 ng/ml, n = 5) under four different placement conditions, including short-term stability (3 h at room temperature), long-term stability (3 weeks at −80°C), post-preparation stability (4 h at 10°C in an auto-sampler), and stability through complete three freeze-thaw cycles.
RESULTS
The Optimal Condition of UPLC-MS/MS
In the pre-experiment, different organic buffers (such as methanol and acetonitrile) and water buffers (such as formic acid and ammonium acetate) on different types of analytical columns (Waters Acquity UPLC BEH C18 column, HSS C18 column, and CSH C18 column) were evaluated. After comparing different types of analytical columns in the experiment, the Acquity BEH C18 column (2.1 mm × 50 mm, 1.7 μm) provided good peak shapes, short chromatographic retention times and high chromatographic responses for both the analyte and IS, and the separation effect was better. In addition, acetonitrile and 0.1% formic acid aqueous solution was the best mobile phase, and the analyte and IS obtained better signals and responses.
In pharmacokinetic study, we chose simple, time-saving and economical organic protein precipitation method to prepare plasma samples. We precipitated plasma proteins with acetonitrile. The results showed that acetonitrile had higher efficiency of protein precipitation.
Validation of the Method
Specificity and Carryover
According to SRM chromatograms under three different conditions in Figure 3, voxtalisib and IS can be significantly distinguished by this chromatographic condition. The three different conditions were as follows: blank rat plasma sample (Figure 3A: no analyte, no IS), LLOQ concentration (1 ng/ml) of the analyte and IS added to blank rat plasma sample (Figure 3B), and a rat sample collected 20 min later in pharmacokinetic study after given intragastric administration of voxtalisib (5 mg/kg) (Figure 3C). Figure 3 showed that the retention times of voxtalisib and IS were 1.32 and 1.77 min, respectively. In addition, no carryover was observed for either analyte or IS in rat plasma, because the peak area of the interference peak was less than 20% for the analyte in the LLOQ samples and less than 5% for the IS following injection of ULOQ samples.
[image: Figure 3]FIGURE 3 | Representative chromatograms of voxtalisib and IS in rat plasma: (A) blank plasma; (B) blank plasma spiked with analyte at LLOQ and IS; (C) plasma sample collected from a rat at 20 min after intragastric administration of 5 mg/kg voxtalisib.
Linearity and LLOQ
In this experiment, the linear regression equation of calibration standard curve in the concentration range of 1–2000 ng/ml was y = 0.0231301x + 0.00967189 (r2 = 0.999). As shown in Table 1, the LLOQ of voxtalisib was 1 ng/ml, where precision and accuracy were acceptable within 20%.
TABLE 1 | The precision and accuracy of voxtalisib in rat plasma (n = 6).
[image: Table 1]Precision and Accuracy
Table 1 indicated that the intra and inter-day precision values (RSD%) of voxtalisib at three QC concentrations were 7.5–10.6% and 13.0–14.3%, respectively, and the intra and inter-day accuracy values (RE%) were −14.0% to −4.0% and −7.2% to −4.4%, respectively. According to the FDA guidance, this bioassay was used to quantify voxtalisib in rat plasma with high accuracy and reproducibility.
Matrix Effect and Extraction Recovery
Table 2 displayed the results of matrix effect and extraction recovery of QC samples of voxtalisib at three different concentration levels (2, 800, 1600 ng/ml). The matrix effect of voxtalisib in blank rat plasma was 94.1–96.7%. In addition, its extraction recovery ranged from 100.5 to 106.8%. And these results were within the reasonable limits.
TABLE 2 | Recovery and matrix effect of voxtalisib in rat plasma (n = 6).
[image: Table 2]Stability
Table 3 showed the stability results of QC samples of voxtalisib in rat plasma under four different placement conditions. These indicated that voxtalisib had no significant difference under a variety of placement conditions (3 h at room temperature, 3 weeks at −80°C, 4 h at 10°C in an auto-sampler, and freeze–thaw stability for 3 times).
TABLE 3 | Stability results of voxtalisib in rat plasma under different conditions (n = 5).
[image: Table 3]Pharmacokinetic Study in Rats
The pharmacokinetic study of voxtalisib in rat plasma was performed by UPLC-MS/MS technology. Figure 4 depicted the relationship between mean plasma concentration (ng/ml) and time (0–48 h) of voxtalisib in rats. Since voxtalisib was fully eliminated from the body at around 12 h, the relationship between the mean plasma concentration (ng/ml) of voxtalisib in rats and the time of 0–12 h was added to illustrate the relationship more clearly. Table 4 showed the main pharmacokinetic parameters of voxtalisib, which were calculated by non-compartment analysis using DAS software.
[image: Figure 4]FIGURE 4 | Mean plasma concentration-time curves of voxtalisib in rats after intragastric administration of voxtalisib (5 mg/kg). (n = 6).
TABLE 4 | The main pharmacokinetic parameters of voxtalisib in rat plasma after intragastric administration of voxtalisib at a single dose of 5 mg/kg. (n = 6, Mean ± SD).
[image: Table 4]According to Figure 4 and Table 4, after the rats were given 5 mg/kg voxtalisib in a single dose, voxtalisib was rapidly absorbed into the blood and spread throughout the whole body, reaching a maximum plasma concentration (Cmax) of 977.74 ± 250.40 ng/ml at 2.45 ± 1.42 h (time to Cmax, Tmax). Moreover, the half-life (t1/2) of its elimination in rats was 10.47 ± 5.00 h.
DISCUSSION
In a phase I dose-escalation study on the safety and pharmacokinetics of voxtalisib tablets in patients with solid tumors, Cmax = 301 ± 101 ng/ml, Tmax = 1.53 h, t1/2 = 3.94 ± 0.79 h on the first day after giving patients 50 mg/kg once daily (Mehnert et al., 2018). The existence of these differences in patient and rat data may be related to ethnic and individual differences, and in addition, our experimental results have only been verified in a few rats (n = 6), compared to 49 patients in the clinical trial. Consequently, the pharmacokinetics of voxtalisib need to be further studied. Furthermore, this pharmacokinetics of voxtalisib in patients with solid tumors did not provide enough data for repeating the approach in other laboratories (specificity, accuracy, precision, etc.), so our method effectively achieved the need of high sample throughput for biological analysis (Mehnert et al., 2018).
CONCLUSION
In summary, in this experiment, we determined the specificity, carryover, precision, accuracy, extraction recovery, matrix effect, and stability of voxtalisib in rat plasma. This UPLC-MS/MS assay can effectively and quickly quantify the analyte, and this method can also be used for the pharmacokinetic study of voxtalisib in rats, which can provide reference for the optimization of clinical drug management in the later period.
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Relugolix, a gonadotropin-releasing hormone (GnRH) receptor antagonist, has been well studied in the treatment of endometriosis symptomatic. It is mainly metabolized by the CYP3A subfamily of P450 enzymes, while minorly metabolized by CYP2C8. Daidzein in different dose groups exhibited a certain induction on the mRNA expression level of CYP3A4 and resulted in the potent induction of CYP3A4. However, it is still unknown whether daidzein and relugolix interact. We developed an effective ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) method to study the effect of daidzein on the pharmacokinetics of relugolix in rats after oral administration of 12 mg/kg relugolix in a single or mixed of 50 mg/kg daidzein. The results showed that the method had respectable linearity (r2 > 0.999) on the scale of 0.7–1000 ng/mL. The intra-day precision was between 3.0% and 8.4% in this assay, and the inter-day was between 4.0% and 11.7%. The intra-day accuracy was from -4.3% to 6.1%, and the inter-day was 2.9% to 12.1%. Another three key indicators, including the stability, the recovery rate of extraction and the new technique’s matrix effect, were perfectly in accord with the test verification rule in the biological medium by the United States Food and Drug Administration. Meanwhile, treatment with daidzein led to a decrease in Cmax and AUC0–t of relugolix by about 15.56% and 21.36%, respectively. Although there was no statistical difference in pharmacokinetic parameters, it reflected the induction trend of daidzein on relugolix metabolism for food-drug interaction. It would provide reference and improvement value for subsequent experiments.
Keywords: GnRH antagonist, relugolix, daidzein, uterine fibroids, endometriosis
INTRODUCTION
Female reproductive health is a growing area of interest. Uterine fibroids (UF) and endometriosis are estrogen-related chronic gynecological disorders and affect millions of women worldwide. UF is a common benign uterine neoplasm in females, and the prevalence increases throughout the premenopausal years, estimated at 33–77% during their reproductive years and 70–80% by menopause (Parker, 2007; Stewart et al., 2016; Baird and Harmon, 2021). Primary symptoms are pelvic pressure or pain, menorrhagia and urinary symptoms, which are related to its size, number and location in the uterus (Leppert et al., 2021). Endometriosis that characterized by endometrial and stromal tissue abnormally located outside the uterine cavity has an estimated prevalence of 14% to 35% per year in women (Sarria-Santamera et al., 2020). It is predominantly associated with chronic pelvic pain, severe dysmenorrhea, menorrhagia, dyspareunia, and infertility during reproductive age (As-Sanie et al., 2019; Zannoni et al., 2020). In previous reports, women with UF were more likely to have endometriosis than those without fibroids, which suggested that the two disorders may be associated and their etiology has many similarities (Uimari et al., 2011; Teresinski et al., 2019; Yadav et al., 2021). There are very few discoverable ideal treatment methods for the above two diseases. For UF, the common treatment options are hysterectomy and myomectomy by surgery (Schlaff et al., 2020). As drug interventions, the medication for UF is similar to endometriosis, including oral contraceptives hormones (estrogen and progestin-based) (Berlanda et al., 2016), levonorgestrel, nonsteroidal anti-inflammatory drugs (Gezer and Oral, 2015; Lewis et al., 2018), and Gonadotropin-releasing hormone (GnRH) agonists, particularly, alleviating the symptom of heavy menstrual bleeding (Dunselman et al., 2014). Nevertheless, combined oral contraceptive medications were not effective in every patient and associated with an increasing risk of thromboembolic events (Rafique and Decherney, 2017). Progestin-only products, similar to GnRH agonists and danazol, can relieve pelvic pain effectively but may increase the risk of uterine bleeding (Gezer and Oral, 2015). In addition, injectable GnRH agonist peptides, such as leuprorelin, are likely to cause a transient increase in gonadotropins secretion and finally lead to a temporary worsening of symptoms (Stewart et al., 2016; Yao et al., 2017).
With the potential to overcome the limits of GnRH-agonists, GnRH antagonists are characterized by causing a sustained drop of serum estrogen with dose-dependent, permitting to avoid hormonal add-back therapy and the absence of the flare effect (Chaichian et al., 2017; Pohl et al., 2020). Relugolix (Figure 1A), a newly-found non-peptide GnRH antagonist to treat the two diseases above, takes effect more rapidly than GnRH agonists developed by Takeda and ASKA Pharmaceutical (Markham, 2019). The drug suppresses the release of gonadotropin from the pituitary resulting in reduced levels of estradiol, progesterone and testosterone, without an initial rise in hormone levels (Ali et al., 2021; Relugolix, 2021). Relugolix recently has got the permission for marketing in Japan to treat symptoms associated with UF. The results of relevant studies, attempting to assess the efficacy of the drug in the treatment of endometriosis-associated pain and prostate cancer, are shown an ideal way (Dearnaley et al., 2020; Jena, 2020; Osuga et al., 2021). Relugolix may become a new oral therapy option for its significant improvements in symptoms and good tolerability, especially, in women who refused other hormonal therapies simply or contraindication.
[image: Figure 1]FIGURE 1 | Mass spectra of relugolix (A) and apalutamide (B) in the present research.
Isoflavonoids, the subfamily of Leguminosae, a group of polyphenolic plant compounds, are particularly prevalent in the plant kingdom. Daidzein and genistein are the most ingredients in the isoflavonoids (Havsteen, 1983). Daidzein isolated from natural products, such as soybean, pasture grasses and cereals, showed biologically actives, like unique estrogenic activity and strong antioxidant activity (Cherdshewasart and Sutjit, 2008). As a dietary antioxidant, it may protect against oxidative stress, an important mechanism, linked to inflammation and macromolecule damage by free radicals and oxygen-related and N-oxidizing agents. The property of antioxidant may protect the body from hormone-related cancers, like breast, prostatic and endometrial cancerization (Miadokova, 2009; Toktay et al., 2020).
According to the literature, daidzein in different dose groups exhibited certain induction on the mRNA expression level of CYP3A4 and resulted in the potent induction of CYP3A4 (Kopecna-Zapletalova et al., 2017). Relugolix is mainly metabolized by the CYP3A subfamily of P450 enzymes, while with a minor metabolism by CYP2C8. In addition, co-administration with rifampin (P-gp and strong CYP3A inducer) decreased the AUC and Cmax of relugolix by 55% and 23%, respectively (https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/214621s000lbl.pdf).
Thus, it is important to set up a rapid and effective method for detecting relugolix concentration in vivo, for there is few effective monitoring method currently. In this research, we developed and validated an efficient UPLC-MS/MS method for the detection of relugolix in rat plasma. For implementation, we got the plasma samples of rats that have taken relugolix at a single dose of 12 mg/kg orally (control group) and a recombination dose of 50 mg/kg daidzein orally (experiment group) for the pharmacokinetics study. Moreover, the pharmacokinetic profiles of relugolix determined by UPLC-MS/MS would be a preponderance for further drug concentration monitoring studies including food-drug or drug-drug interactions.
MATERIALS AND METHODS
Chemicals
The analyte relugolix required high quality (purity >98%) was provided by Beijing Sunflower and Technology Development CO, Ltd (Beijing, China), as well apalutamide selected to be the internal standard (IS). Daidzein was from Shanghai Chuangsai Technology Co., Ltd (Shanghai, China). The chemical reagent methanol and acetonitrile, as HPLC grade, purchased from Merck Company (Darmstadt, Germany). Deionized water produced by Milli-Q water purification system (Millipore, Bedford, United States) met academic reagent criterion.
UPLC-MS/MS Conditions
The analytical work was performed on the liquid chromatograph with a 1.7 μm Acquity BEH C18 column of 2.1 mm × 50 mm, set at 40°C, as a core component of UPLC Acquity system (Waters Corp, Milford, MA, United States). The gradient elution was composed with organic phase solution of acetonitrile (A), and water phase contained 0.1% formic acid (B). The program for gradient elution (B): 90% at 0–0.5 min, 90%–10% at 0.5–1.0 min, maintain at 10% for 0.4 min, fast conversion from 10% to 90% at 1.4–1.5 min, then balance with 90% for 0.5 min. A speed of 0.30 mL per min was set for the flow while 2.0 min was carried out for a specimen circulation.
The Acquity UPLC system, equipped with an electrospray ionization (ESI) source and a Xevo TQ-S triple quadrupole mass spectrometer, was used to detect the analyte in positive ionization mode. Other than that, multiple reaction monitoring (MRM) was applied to determine the analyte with the precursor-to-product ion transitions: m/z 624.30 → 547.88 and m/z 477.86 → 221.02 for the quantification of relugolix and IS, respectively. The collision energy and cone voltage were 25 eV and 30 V for IS, 20 eV and 30 V for relugolix. The results were verified when the best conditions were set as below: the optimum desolation temperature was 600°C, the optimum capillary voltage was 1.0 kV, the optimum collision gas was 0.15 mL/min, the optimum conic gas was 150 L/h and the optimum desolation gas was 1000 L/h. Finally, the data was collected by using the Masslynx 4.1 software which was furnished on the new UPLC-MS/MS analysis system.
Preparation of Stock Solution, Calibration Standard, and Quality Control (QC)
The exact concentration of standard substance was dissolved in methanol to obtain 1.0 mg/mL relugolix for preparing quality control (QC) and calibration curve specimens. Calibration standard for specimens was diluted from the corresponding stock solutions with methanol to gradient concentrations, as well as the dilution of IS solution to 100 ng/mL. The levels of calibration curve were 0.7–1000 ng/mL and QC samples were 1.4, 80, 800 ng/mL by adding 10 μL of the corresponding solution to 90 μL blank plasma of rat. The stock solution and working fluids were stored in a refrigerator at 4°C, and put at room temperature for at least 10 min to reduce temperature interference before the test.
Specimen Preparatory Procedure
In this study, protein isolation method was used to prepare specimens. In short, adding 20 μL apalutamide (IS) solution into 100 μL plasma in a 2.0 mL Eppendorf tube before vortexing for 30 s, then 300 μL acetonitrile was added to precipitate the plasma protein and vortexed for 2.0 min. Samples were centrifugated 10 min at 13,000 × g to get the supernatant for the new employed UPLC-MS/MS system for the purpose of making a specific measurement.
METHOD VERIFICATION
The bioanalytical validation method in this test was based on the principles and the guidelines of the China Food and Drug Administration (FDA), as well as the United States FDA, and a guiding force of the European Drug Administration also played an important role in this study (Feng et al., 2021; Zhao et al., 2021).
For the purpose of assessing the specificity of this newly developed method, plasma samples from six rats in the different batches were collected. To verify the influence from different source samples, tests of the representative chromatograms were performed during which relugolix (as analyte) and apalutamine (as IS) were set to make the certain curve with coverage area. On the calibration curved line, y represents the ratio of the peak area of relugolix to the IS, x describes the theoretical concentrations, and 1/x2 was employed to be an important indicator as the weight factor. Moreover, the concentration of relugolix at 0.7 ng/mL was the lower limit of quantitation (LLOQ) and defined as the minimum solution concentration in the calibration curved line. It requires that relative standard deviation (RSD, %), the visual indicator for precision, need to be less than 20% and relative error (RE, %), the indicator for accuracy, is supposed to be the same requirement.
A comparison was made between the area of blank samples after extraction and methanol added at respective concentration levels to investigate the influence of matrix effect. To get the data of the recovery rate, it is an important step to calculate the ratio of the concentration of those samples before and after separation. Six comparative and repeated trials were carried out to assess the indicators above, during which the samples were set at three different QC levels (1.4, 80 and 800 ng/mL) for the purpose of ascertaining both the data of recovery rate and matrix effect. Besides, intra-day and inter-day data of both the relative standard deviation (RSD%) and relative error (RE%) were calculated with six repetitions per day for three consecutive days.
In this study, we evaluated the stability of six duplicate specimen of rat plasma with relugolix levels of 1.4, 80 and 800 ng/mL, under four probable circumstances: first test was to freeze/thaw the experimental samples completely three times; store the samples at 10°C for 3 h, room temperature for 2 h and -40°C for 28 days as the storage tests. With the work of experiments above, the assessment of stability of relugolix in rat plasma and quality of specimens was rigorous.
Pharmacokinetic Application
In this study, the female Sprague-Dawley (SD) rats were 2 months of age (weight 200 ± 20 g) and provided from Wenzhou Medical University (Zhejiang, China). The animal experiments were adhered to its corresponding Care and Use of Laboratory Animal Regulation and Rule regards, and approved by the Animal Protection and Use Committee of Wenzhou Medical University. Water was not restricted before the experiments during fasting 12 h. As oral administration drugs of rats, daidzein and relugolix were dissolved in a 0.5% CMC-Na aqueous solution to 10 mg/mL and 2.4 mg/mL, respectively. A dose of 50 mg/kg daidzein was orally administrated for the experimental group, meanwhile the same volume of solvent was given to the control group. After 30 min, relugolix, a single dose of 12 mg/kg, was orally administrated to the experimental group and control group simultaneously. Then blood samples were collected at 0, 0.33, 0.67, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, and 48 h independently, and about 300 μL were put into EP tubes with heparin anticoagulant. All the samples were separated under centrifugation at 4000 × g for 8 min immediately and kept at -40°C for later study. The pharmacokinetic parameters of relugolix in vivo were evaluated by Drug and Statistics (DAS) version 3.0 bought from Shanghai University of Traditional Chinese Medicine, in a non-compartmental model. Pharmacokinetic parameters between two groups were compared through independent-samples t test by Statistical Package for the Social Sciences (version 23.0; SPSS Inc, Chicago, IL, United States). p < 0.05 is statistically significant.
RESULTS AND DISCUSSION
Approach Validation and Improvement
The present study corroborated a new efficient method to determinate the concentration of relugolix, which was separated from the biological plasma in rats by an effective UPLC-MS/MS study. Three improvements should be considered, including the majorization of chromatography conditions, the decrease in performing period, and the enhancement of the detectability. In order to reach a high level of precision and the minimum amount of experimental error, we used apalutamide as IS (the perfect match). The reason that acetonitrile was chosen as the organic media was due to its lower background noise level than methanol. Eventually, good separation and peak shape were obtained with 0.1% formic acid water channel and acetonitrile solution organic channel as mobile phase. In order to remove protein and potential interferences, an efficient extract preparation played a key role in preference to UPLC-MS/MS assay. Compared with the current extraction technology, researchers used an easy but resultful way rather than complicated solid-phase extraction and liquid-liquid extraction technology, which was demonstrated by predecessors (Chen et al., 2015; Liu et al., 2016; Tomai et al., 2021). A series of solvents were tested to find the most proper one for protein precipitation. Finally, because of acetonitrile’s better recovery, it was chosen.
Selectivity and Matrix Effect
Figure 2 demonstrated the selectivity of this approach. It showed the typical chromatograms of three different conditions: the sample of blank plasma (A); the blank plasma sample with relugolix at the LLOQ concentration and IS (B); the rat plasma sample of oral administration of 12 mg/kg relugolix (C). The chromatograms showed the fact that the retention time of IS was 1.65 min while the retention time of relugolix was 1.37 min, and interfering peaks induced by endogenic compounds were insignificant, which even could be neglected. At three concentration gradients of 1.4, 80 and 800 ng/mL, the matrix effect value was (112.6 ± 10.2)%, (110.7 ± 8.3)% and (108.8 ± 12.8)%, respectively, being well accepted, and interference factor of the matrix could be ignored.
[image: Figure 2]FIGURE 2 | Representative chromatograms of relugolix and IS in rat plasma samples: (A) the blank plasma sample; (B) the blank plasma sample with relugolix at the LLOQ concentration (0.7 ng/mL) and IS; (C) the rat plasma sample after oral administration of 12 mg/kg relugolix.
Linearity and Sensitivity
The calibration standard, which y represented as the ratio of relugolix to the IS and x as the plasma level of relugolix, was shown as follows: y = 20.3899x + 3.05209, with correlation coefficient r2 = 0.999,935 in the scope of 0.7–1000 ng/mL. This standard of relugolix for quantification was satisfying. The LLOQ (0.7 ng/mL) was kept high exactitude and the signal to noise ratio of LLOQ was >10.
Accuracy, Precision, and Extraction Recovery
Under 1.4, 80, 800 ng/mL concentrations that included low-to-high levels, several tests were performed for six times. All the results were presented in Table 1. The relugolix recovery rate in plasma sample was (80.5 ± 8.5)%, (86.2 ± 6.0)% and (88.3 ± 3.5)%, as the chart displayed, under the three QC levels, respectively. Moreover, the measurement of precision and accuracy was satisfied with the demands in three independent days.
TABLE 1 | Accuracy, precision, matrix effect and recovery of QC samples of relugolix from plasma in rats (n = 6).
[image: Table 1]Stability
The stability test was usually studied under four variable environments in the experimental process, including short period setting at ambient temperature for more than 2 h, 10°C for 3 h after sample extracted in a self-sampler, long period setting at -40°C for 28 days, and three complete freeze-thaw cycles as well. It was shown perfect stability under these conditions. All the outcomes of the study about stability of relugolix from rat plasma were exhibited in Table 2.
TABLE 2 | Stability findings of relugolix from plasma in rats under different conditions (n = 6).
[image: Table 2]Application of This Approach in the Pharmacokinetics
The applicability of this method was verified in a preliminary study of plasma relugolix concentration levels in rats after oral administration alone or in combination with 50 mg/kg daidzein. Conclusions of the most important pharmacokinetic parameters discovered through the test were shown in Table 3. After oral administration with a single dose of 12 mg/kg relugolix in both groups, the data of plasma concentrations that changed with time was portrayed in Figure 3.
TABLE 3 | Main pharmacokinetic parameters after taking a single oral dose of relugolix with or without daidzein to rats (n = 6).
[image: Table 3][image: Figure 3]FIGURE 3 | Plasma concentration versus time after oral administration of 12 mg/kg relugolix with or without daidzein in six rats for each group (Mean ± SD).
It turned out that after orally taking a certain capacity of relugolix, there was no significant statistical difference in the critical pharmacokinetic parameters. Nevertheless, it showed a tendency of induction for the experimental group in terms of AUC0→t compared (2743.18 ± 1353.80) g/mL•h to (2157.35 ± 964.50) ng/mL•h; the terminal half-value elimination period (t1/2) compared (8.95 ± 0.75) h to (8.45 ± 1.30) h and the total clearance rate data compared (5.50 ± 3.29) L/h•kg to (6.62 ± 3.44) L/h•kg. The reason for the result without significant difference may be that: mainly, the sample sizes were too small, with only six rats in each of the experimental group and the control group, and it caused the objective deviation. From this point, we will expand the sample sizes in subsequent studies. In addition, daidzein should be stratified into different concentration gradients, and each gradient is in line with a reasonable sample size for further study. Moreover, there are certain differences between rat metabolic enzymes and human liver drug enzymes. Finally, we should design experiments to prepare human hepatocytes in vitro to further explore the food-drug interaction for better verification. The in vivo experiment in rats is of a certain reference value, which provides important pharmacokinetic parameters for reference to subsequent experiments and it also hints at the significance of subsequent experiments.
CONCLUSION
Relugolix, as an effective GnRH receptor antagonistic drug, has demonstrated the optimized drug therapy effect and security when it was made use of in the process of treating bleeding in menstruation and estrogen-associated pain in UF and endometriosis. To conclude, this study is the first attempt to validate and verify a quantitative method of relugolix in rat plasma with ideal linearity in the range of 0.7–1000 ng/mL. A single dose of 12 mg/kg relugolix was administered orally to the experimental group (a combination dose of 50 mg/kg daidzein) and the control group for pharmacokinetics study, in which the new method was verified successfully as presumed. Moreover, after protein precipitation with acetonitrile, the relugolix in rat plasma could be recovered efficiently by UPLC-MS/MS method without matrix effect. This method had the characteristics of high precision, high sensitivity and high efficiency, and the detection error meets the standard range. Although there was no statistical difference in pharmacokinetic parameters, it still reflected the induction trend of daidzein on relugolix for food-drug interaction and it provided reference and improvement value for subsequent experiments.
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Background: Lithium is an effective medication approved for the treatment of bipolar disorder (BD). It has a narrow therapeutic index (TI) and requires therapeutic drug monitoring. This study aimed to conduct a population pharmacokinetics (PPK) analysis of lithium and investigate the appropriateness of the dosing regimen according to different patient characteristics.
Methods: A total of 476 lithium concentrations from 268 patients with bipolar disorder were analyzed using nonlinear mixed-effects modeling. Monte Carlo simulations were employed to investigate the influence of covariates, such as weight, creatinine clearance, and daily doses of lithium concentrations, and to determine the individualized dosing regimens for patients.
Results: Lithium PK was described by a one-compartment model with first-order absorption and elimination processes. The typical estimated apparent clearance was 0.909 L/h−1 with 16.4% between-subject variability in the 62 kg patients with 116 ml/min creatinine clearance and 600 mg daily doses. To achieve a target trough concentration (0.4–0.8 mmol/L) in the maintenance phase, the regimen of 500 mg than 750 mg daily dose was recommended for patients with renal insufficiency and weighing 100 kg.
Conclusion: A PPK model for lithium was developed to determine the influence of patient characteristics on lithium pharmacokinetics. Weight, creatinine clearance, and total daily dose of lithium can affect the drug’s clearance. These results demonstrate the nonlinear renal excretion of lithium; hence, dosage adjustments are recommended for patients with renal insufficiency.
Keywords: lithium, bipolar disorder, population pharmacokinetics, Monte Carlo simulation, dosage regimen
1 INTRODUCTION
Lithium is a first-line choice for the treatment of bipolar disorder (BD) for over 60 years (Malhi et al., 2017). Owing to the narrow therapeutic index of lithium and the therapeutic dose reaching drug toxicity, serum levels of lithium should be closely monitored during treatment (Yatham et al., 2018). Usually, 0.4 mmol/L is the minimum effective lithium concentration for bipolar disorder (Severus et al., 2008). Some patients experiencing acute manic phase episodes may need concentrations as high as 0.6–1.2 mmol/L. However, the range can be changed according to patients’ outcomes (Grandjean and Aubry, 2009).
After oral administration, lithium is completely absorbed in the upper gastrointestinal tract. In vivo, lithium ions do not bind to plasma proteins and are unevenly distributed throughout the body. In addition, lithium is not metabolized and is primarily excreted in the urine in its original form (Ward et al., 1994). Eighty percent of lithium is reabsorbed by passive diffusion at the renal tubules after it is filtered by the glomerulus, which may cause nonlinearity in the fractional excretion of lithium when the transporter is supersaturated (Price and Heninger, 1994).
With the rapid development of pharmacokinetics and computational modelling, population pharmacokinetics (PPK) has been widely used in the monitoring of clinical drug treatments and the optimization of personalized drug administration. Methaneethorn et al. investigated the influence of body weight and age on lithium clearance in a PPK analysis including 222 Thai patients with acute mania (Methaneethorn and Sringam, 2019). They reported that lithium clearance decreased as age increased in patients with equal body weight. In 52 children with intellectual disability aged 4–10 years old, Yuan et al. found that the lithium concentration over time was adequately described by a two-compartment model, with a transient absorption and first-order elimination process (Yuan et al., 2021). The inclusion of body weight as an allometric factor significantly improved the model fit, while age and sex were not associated with PKs of lithium. Yu et al. studied lithium carbonate PPK in 20 healthy young male Chinese volunteers; no covariate was retained in the final model because of the narrow distribution of demographic and biological variables (Yu et al., 2016). This limits the usefulness of this model in predicting the PK of lithium carbonate in the elderly. The effectiveness and accuracy of this model in predicting the PK of lithium carbonate in patients also needs to be further validated. To date, the PPK model is insufficient in the Chinese adult population with bipolar disorder, and the influence of disease physiological factors on the pharmacokinetics and pharmacodynamics of this population requires further investigation.
In this study, by using NONMEM and Monte Carlo, we attempted to establish a PPK model of lithium carbonate in patients with bipolar disorder, investigate the influence of covariates on drug concentration in the blood, and establish dosage recommendations for the personalized use of lithium carbonate in this population.
2 MATERIALS AND METHODS
2.1 Population Pharmacokinetic Data
Chinese patients with bipolar disorder who received lithium carbonate between September 2016 and August 2021 at the Affiliated Xuzhou Eastern Hospital of Xuzhou Medical University were pooled to conduct this PPK analysis. The inclusion criteria were: 1) patients diagnosed with bipolar disorder; 2) patients on maintenance treatment of lithium; and 3) at least one corresponding lithium concentration sample. The exclusion criteria were as follows: 1) the use of any medication that might have clinically important interactions with lithium, such as diuretics, renin-angiotensin system antagonists, or serotonergic drugs (LITHIUM, 2020); and 2) a history of allergies or adverse reactions to lithium. This study was approved by the ethics committee of the Affiliated Xuzhou Eastern Hospital of Xuzhou Medical University (No. 20210928004). All the patients were exempt from informed consent for the research project as it does not involve personal privacy and commercial interests.
Serum lithium levels were measured before the morning dose and assessed using a phosphatase assay with the ADVIA 1800 clinical chemistry analyzer (Siemens Healthcare GmbH, Germany). The experimental procedures were performed in accordance with the manufacturer’s instructions. The calibration range of this method was 0.19–3.0 mmol/L. If the proportion of samples which are below the limit of quantification in the entire dataset is less than 10%, these samples were ignored. (Byon et al., 2013).
The following information was collected from each patient: age, weight (WT), sex, white blood cells (WBC), red blood cells (RBC), hematocrit (HCT), platelet count (PLT), albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), total bilirubin (TBIL), serum creatinine (SCR), creatinine clearance (CRCL), and total daily dose (TDD). Referring to guidance in population modeling, if the missing covariates were less than 10%, the missing values were imputed using the median for continuous covariates (Byon et al., 2013).
2.2 Population Pharmacokinetic Analyses
Nonlinear mixed-effects modeling software (NONMEM, version 7.4.2, ICON Development Solutions, MD, United States) was used to develop a population PK model using first-order conditional estimation with interaction. NONMEM output was analyzed using Perl-speaks-NONMEM (PSN, version 4.7.0, Department of Pharmaceutical Biosciences, Uppsala University, Sweden) and R (version 3.4.1, R Foundation for Statistical Computing, Vienna, Austria).
2.2.1 Base Model
As only trough concentrations were collected in this population PK analysis, a one-compartment model with first-order absorption and elimination was used to describe the PK of lithium. The PK model was parameterized in terms of apparent clearance (CL/F) and apparent volume of distribution (V/F). The absorption rate constant (Ka) was fixed at 0.293 h−1 based on published data because no sampling was collected during the absorption phase.
An exponential model was chosen to describe between-subject variability (BSV) (Ahamadi et al., 2019):
[image: image]
where Pi represents the parameter of the ith individual, Ptv is the typical value of the population parameter, and ηi is the BSV for the ith individual with a mean of zero and variance of ω2.
A proportional, additive or a combination model was used to describe the residual variability:
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where [image: image] is the observed concentration of the ith individual, [image: image] is the individual predicted concentration, ε1 and ε2 are proportional and additive portions of residual variability. Both ε1 and ε2 are normally distributed with a mean of zero and variance σ2, respectively.
Based on the changes of object function value (OFV), parameter rationality, condition number, and plots of goodness-of-fit, base model selection was conducted (Donohue et al., 2011).
2.2.2 Covariate Model
The covariate analysis was conducted using a three-step approach (Byon et al., 2013). In the first step, a graphical display of the correlation between the random effects of PK parameters and covariates was evaluated to explore the sources of variability. Only covariates of interest were used in the next step. Secondly, stepwise forward inclusion selection was evaluated. Statistically significant covariates were determined with a decrease of OFV by > 3.84 (p < 0.05). Finally, a stepwise backward elimination process was initiated. The covariate was temporarily removed with an increase of OFV by < 6.63 (p > 0.01).
Relationships between potential covariates and parameters were explored using linear additive and power functions for the continuous covariates (Eqs 5, 6), and categorical covariates (Eq. 7) (Mandema et al., 1992):
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where Pi represents the parameter for the ith individual, [image: image] is the typical value of the parameter, Covi is the covariate value of the ith individual, Covmedian is the median value of the continuous covariate and θ is the coefficient term of the covariate effect to be estimated.
2.3 Model Evaluation
Goodness-of-fit plots were used to evaluate the fitness of the final model to the data. Scatterplots were used to evaluate observed concentration (DV) versus population predicted concentration (PRED), DV versus individual predicted concentrations (IPRED), conditional weighted residuals (CWRES) versus PRED and CWRES versus time.
The model was also evaluated internally using a bootstrap analysis (Ette et al., 2003). During the bootstrap process, each parameter was evaluated repeatedly by applying the final model to 1,000 bootstrapped datasets. The 2.5th, 50th, and 97.5th percentiles of the population PK parameter values from bootstrap datasets were compared with those from the final model.
To evaluate the predictive performance of the final model, a visual predictive check (VPC) was stratified to compare the observed concentrations and model predictions. The VPC approach was conducted by simulating 1,000 datasets from the final model and comparing the observed data with the simulated data.
2.4 Model-Based Simulation
Monte Carlo simulations were performed to predict the trough concentration after 7-day multiple oral doses of different dosing regimens based on the final population PK model. The daily dose of lithium carbonate was simulated from 250 to 1,000 mg. One thousand simulations were performed using the initial dataset, and the steady-state trough concentrations of each simulated subject were calculated.
3 RESULTS
3.1 Demographics
A total of 476 plasma lithium measurements obtained from 268 patients were used for pharmacokinetic analysis. The baseline demographic and general clinical information of the patients used for model building is summarized in Table 1. The proportion of women and men in this study was 66.8 and 33.2%, respectively. The median age was 31.0 (13.0–77.0) years, and 89.9% of them were adults (age > 16 years). The median weight and daily lithium dose used in the population were 62.0 (35.0–110) kg and 600 (150–1,500) mg, respectively. The mean creatinine clearance rate was 118 ml/min, ranging from 61.7 to 226 ml/min.
TABLE 1 | Demographic and characteristics of patients.
[image: Table 1]3.2 Population Pharmacokinetic Model
The random effects of CL/F were significantly correlated with weight, creatinine clearance, daily lithium dose, and sex by analyzing the correlation diagram. Therefore, the influence of these covariates on the CL/F ratio was tested using a stepwise approach. We observed a statistically significant drop in OFV (70.12) during the covariate screening of daily dose. The decrease in OFV was also greater than 3.84 after we included weight and creatinine clearance in the final model. However, the addition of sex did not meet the criteria for statistical significance (p < 0.05). No covariates were removed during backward elimination (p < 0.01). The final pharmacokinetic parameters of lithium are listed in Table 2 and Eqs 8–10:
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TABLE 2 | Population-pharmacokinetic parameter estimates and bootstrap evaluation.
[image: Table 2]3.3 Model Evaluation
The goodness-of-fit plots of the final model are shown in Figure 1. The population and individual prediction values of the final model were evenly distributed on both sides of the reference line (Figures 1A, B). CWRES plots illustrating individual predicted concentrations and time after dose are randomly scattered with most CWRES ranging from −2 to +2, and the trend line is close to zero (Figures 1C, D). In other words, all figures illustrate the good predictive performance of the proposed model.
[image: Figure 1]FIGURE 1 | Goodness-of-fit plots of the final population-pharmacokinetic model. The upper left plot represents the observations versus the population predictions (A). The upper right plot represents the observations versus the individual predictions (B). The lower left plot represents the conditional weighted residuals versus the population predictions (C). The lower right plot represents the conditional weighted residuals versus the time after dose (D). The red line represents the locally weighted scatterplot smoothing line.
Additionally, one thousand bootstrap datasets generated by resampling from the original dataset were repeatedly fitted with the final model to estimate the model parameters, yielding 96.5% successful convergence. The estimates from the original models were within the 95% CIs of the bootstrap estimates (Table 2), confirming the robustness of the model.
The VPC results (Figure 2) show that the observed plasma concentration data mostly fits within the 95% confidence intervals of the 5th, 50th, and 95th percentiles of the simulated data, which indicates that the final pharmacokinetic model can adequately describe the observed concentrations.
[image: Figure 2]FIGURE 2 | Visual predictive check. Solid dots represent observed data. Lines represent the 5% (dashed), 50% (solid), and 95% (dashed) percentiles of the observed data. Shaded areas represent nonparametric 95% confidence intervals about the 5% (light blue), 50% (light red), and 95% (light blue) percentiles of the predicted concentrations.
We performed a sensitivity analysis to determine the effect of fixed Ka on the final model by varying the Ka values within the range of 0.146–0.586 h−1, and the estimated value of CL/F was slightly changed between 0.825 and 0.959 L/h.
3.4 Model-Based Simulation
The lithium steady-state trough concentrations of 1,000 individuals were simulated under different scenarios, including significant covariates based on the final model. The ranges we set were 50–100 kg for weight, 250–1,000 mg for lithium daily dose, and creatinine clearance rate between 30 and 120 ml/min. The simulation results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Boxplot of the distributions of simulated steady state trough lithium concentrations for patients with different weight and CRCL levels. Patients with different weight levels from 50, 75, 100 kg, and CRCL levels from 30 ml/min, 60 ml/min, 90 ml/min, 120 ml/min were set for the simulation. Dashed horizontal lines represent the therapeutic target range (0.6–1.2 mmol/L) for the acute phase and point horizontal lines represent the therapeutic target range (04–0.8 mmol/L) for maintenance phase.
Appropriate dosage regimens meeting the target lithium concentrations were selected for individualized administration according to the simulation results. During the maintenance period, a daily dose of 750 mg is recommended for patients weighing 100 kg with normal renal function (CrCL = 120 ml/min). The CL/F of patients would decrease by 23% when their renal function is poor (CrCL = 30 ml/min), presenting a 500 mg daily dose as a better choice for maintenance. Patients need higher doses in the acute phase, and the concentration of lithium is in the effective treatment window of 1,000 mg daily for 100 kg patients with normal renal function. However, a daily dose of 750 mg is recommended for patients with poor renal function during the acute period.
4 DISCUSSION
To the best of our knowledge, this is the first study to report a population PK model of lithium in Chinese patients with bipolar disorder. The PK of lithium was characterized using a one-compartment model with first-order absorption and elimination. WT, CRCL, and TDD were identified as the CL/F covariates. Our study showed that for a typical 62 kg patient with a CRCL of 116 ml/min receiving a daily lithium dose of 600 mg, the typical CL/F value was estimated to be 0.909 L/h, which is consistent with previous reported clearance between 0.51 to 1.47 L/h (Wing et al., 1997; ElDesoky et al., 2008; Findling et al., 2010; Landersdorfer et al., 2017).
In this population PK study, we found that TDD could be incorporated into the final model as a covariate, indicating nonlinear clearance of the drug in patients with bipolar disorder. In the PPK model conducted by Yuan et al., TDD was also evaluated as a covariate. However, it was not found that TDD could significantly influence the PK parameter of lithium, which may be because only 170 lithium plasma concentrations were included in the analysis (Yuan et al., 2021). In our study, a total number of 476 concentrations were included, which is the largest of all previously reported population PK studies. The CL/F ratio of lithium increased nonlinearly with TDD, which is consistent with the results of Uwai et al. They reported that the infusion of an inhibitor of sodium-phosphate cotransporter decreased the fractional reabsorption of lithium in rats administered 2.5 mg/kg of lithium chloride but did not affect it in rats administered 25 mg/kg (Uwai et al., 2018). These results demonstrate the nonlinearity of renal excretion of lithium. Further research with a larger sample size and intensive sampling will provide a more specific picture of the nonlinear behavior of lithium kinetics.
And the impact of CRCL and WT on the PK of lithium has been previously reported (Jermain et al., 1991; ElDesoky et al., 2008; Perez-Castello et al., 2016; Alqahtani et al., 2020). This is an expected result, as lithium is mainly cleared via the kidney. Lithium is freely filtered through the glomeruli, and protein binding of lithium in the plasma is negligible. In our study, when patients had severe renal insufficiency (CRCL = 30 ml/min), the typical CL/F of lithium decreased by 23%, which was consistent with the results of the Alqahtani group (Alqahtani et al., 2020). Their study in patients with bipolar disorder in Saudi Arabia suggested that the 15% lowering of CL, was attributed to the reduced renal clearance from 120 to 30 ml/min. Similarly, as body weight increases, renal blood flow and lithium clearance decrease. As the weight levels increased from 50 to 100 kg, the CL increased by 28% from 0.83 L/h 1.06 L/h.
To guide therapeutic dosing of lithium, we added a simulation based on the PK parameters. The acute treatment concentration range is 0.6–1.2 mmol/L for Chinese patients, and the maintenance treatment concentration range is 0.4–0.8 mmol/L. Several conclusions can be drawn from this study. First, lithium concentration can be maintained in the range of 0.4–0.8 mmol/L for 500–750 mg daily and the range of 0.6–1.2 mmol/L for 750–1,000 mg daily in patients with normal renal function. Second, the lithium concentration can be maintained in the range of 0.4–0.8 mmol/L for 500 mg daily and in the range of 0.6–1.2 mmol/L for 500–750 mg daily in patients with poor renal function.
This study had some limitations. First, owing to the retrospective nature of this study, all information may not have been properly controlled. For example, all available concentrations were collected as trough, the Ka parameter was fixed, and Vd/F couldn’t be a reliable estimate. Secondly, all samples were from the same hospital. More validations of this model required samples from other hospitals.
CONCLUSION
In summary, we developed a population PK model of lithium in patients with bipolar disorder. Based on the model simulation results, the optimal strategy depends on renal function and weight. We also demonstrated the nonlinearity of the renal excretion of lithium, but further research is required.
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Osimertinib is a third-generation epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) and a star medication used to treat non-small-cell lung carcinomas (NSCLCs). It has caused broad public concern that osimertinib has relatively low stability in plasma. We explored why osimertinib and its primary metabolites AZ-5104 and AZ-7550 are unstable in rat plasma. Our results suggested that it is the main reason inducing their unstable phenomenon that the Michael addition reaction was putatively produced between the Michael acceptor of osimertinib and the cysteine in the plasma matrix. Consequently, we identified a method to stabilize osimertinib and its metabolite contents in plasma. The assay was observed to enhance the stability of osimertinib, AZ-5104, and AZ-7550 significantly. The validated method was subsequently applied to perform the pharmacokinetic study for osimertinib in rats with the newly established, elegant, and optimized ultra-performance liquid chromatography–tandem mass spectrometer (UPLC-MS/MS) strategy. The assay was assessed for accuracy, precision, matrix effects, recovery, and stability. This study can help understand the pharmacological effects of osimertinib and promote a solution for the similar problem of other Michael acceptor-contained third-generation EGFR-TKI.
Keywords: osimertinib, plasma stability, UPLC-MS/MS, acetonitrile, cysteine, non-small-cell lung cancer
1 INTRODUCTION
Non-small-cell lung cancer (NSCLC) is the largest pulmonary carcinoma subgroup of lung cancer and belongs to the most frequent malignant diseases (Xue et al., 2011; Gridelli et al., 2015). Also, the popular tyrosine kinase inhibitor (TKI) application has been well testified to benefit NSCLC patients with epidermal growth factor receptor (EGFR) mutations (Ke and Wu, 2016; Zhou et al., 2020). Osimertinib is a third-generation EGFR-TKI, selectively inhibits mutated EGFR (e.g., EGFR with exon 19 deletion, L858R, T790M, G719X, L861Q, and S768I), and has recently become the prominent star medicine for treating EGFR-mutated patients reaching a median progression-free survival (PFS) of 18.9 months (Remon et al., 2018; Soria et al., 2018; Cho et al., 2020; Floc’h et al., 2020). In addition, apart from the role of osimertinib as an anticancer drug, it has been found as a promising adjuvant agent to sensitize drug-resistant cancer cells to chemotherapy (Barbuti et al., 2019). Therefore, the analysis of osimertinib and its metabolites may promise better profiling of the distribution of components and enhance the understanding of the pharmacodynamics effects and toxicity of drugs in pre-clinic and clinic trials, and as a result in promoting osimertinib-related new drug research and development.
The osimertinib analysis in the matrix such as human serum, human plasma, human urine, rat plasma, and mouse brain has been constructed through liquid chromatography–tandem mass spectrometric (LC-MS) assay (Ballard et al., 2016; Rood et al., 2016; Irie et al., 2019; Mitchell et al., 2019; Fresnais et al., 2020; Xiong et al., 2022). However, the instability of osimertinib in plasma and whole blood at an ambient temperature drew attention recently. Rood et al. (2016) measured osimertinib in human plasma (either lithium heparin- or sodium EDTA-treated) stored at −30°C by salting-out assisted liquid–liquid extraction (LLE) using acetonitrile and magnesium sulfate (Rood et al., 2016). However, Veerman et al. (2019) found that the mass response of osimertinib decreased after incubation of plasma with osimertinib, whether at an ambient or higher temperature, thus pointing that both blood and plasma samples should be kept and processed solely on ice. This harsh environment may be uncomfortable for laboratory operators. In addition, Veelen et al. (2020) validated the sample preparation of human plasma containing osimertinib. Even if they pointed out that acidification of serum samples enhanced the stability of osimertinib, a lower temperature under 2°C was needed whether for storing or preparing the samples. A method is severely needed for storing and operating plasma containing osimertinib. Hence, a practical, convenient, and universal approach is urgently required for plasma preparation to keep the stability of osimertinib.
In the perspective of organic chemistry, whether osimertinib or its circulating metabolites, AZ-5104 and AZ-7550, contain the same Michael acceptor responsible for the covalent reaction with the cysteine-797 residue in the ATP-binding site of the EGFR kinase in vivo (Figure 1A) (Wu and Shih, 2018; Lategahn et al., 2019; Gao et al., 2022). Coincidentally, Dickinson et al. (2016) found that the remaining osimertinib decreased in the plasma of mice, rats, dogs or humans at 37°C for 6 h. Significantly, they found that human serum albumin (HSA) contributes to decreasing osimertinib during incubation. To the best of our understanding, serum albumin is the major protein component in mammal plasma (Minchiotti et al., 2008). In addition, we also noticed that the total cysteine concentration in human plasma is as high as 38,650 ng/ml (Wang et al., 2018). The evidence reviewed here suggests that a pertinent role of free or non-free cysteine in plasma may induce the reduction of osimertinib during the related investigation.
[image: Figure 1]FIGURE 1 | Instability of osimertinib, AZ-5104, and AZ-7550 in rat plasma. (A) Chemical structure of (a) osimertinib, (b) AZ-5104, and (c) AZ-7550. The Michael acceptor functional groups are labelled red. (B) Histogram of the normalized relative quantity of osimertinib (red), AZ-5104 (orange), and AZ-7550 (blue) after the incubation in rat plasma at 39°C for 0 and 6 h. The concentrations of analytes including propranolol in rat plasma were 10 ng/ml. The normalized relative quantity (NRQ) was calculated as the analyte/propranolol area ratio corresponding to the proposed incubation time of 0 h or 6 h over the area ratio for 0 h (n = 6). If not specified, the conditions listed upon adapted to the follow-up experiments.
This study seeks to understand and explain that cysteine’s potential role in plasma may affect the stability of osimertinib, AZ-5104, and AZ-7550 during the storage of plasma samples at room or higher temperatures. A strategy was applied to keep osimertinib stability by directly adding acetonitrile during preparation in plasma. In addition, we studied the oral pharmacokinetic study in five Sprague–Dawley (SD) rats using our newly validated UPLC-MS/MS coupling stability strategy. In general, we successfully set up an available and reliable method to increase osimertinib stability and apply it to the osimertinib pharmacokinetics study in rats.
2 MATERIALS AND METHODS
2.1 Chemicals, Drugs, and Equipment
Osimertinib (purity 99.9%), AZ-5104 (purity 99.7%), and AZ-7550 hydrochloride (purity 99%) standards were purchased from MedChemExpress (Monmouth Junction, NJ, United States). Propranolol was used as inner standard (IS) during UPLC-MS/MS analysis and was bought from Sigma-Aldrich (Dorset, United Kingdom). Acetonitrile (ACN), formic acid (FA), methanol (MeOH), isopropanol (IPA), and dimethyl sulfoxide (DMSO) were all analytical reagents (ARs) provided by Merck (Darmstadt, Germany). L-Cysteine (Cys, 99%) was purchased from Bailingke (Haidian, Beijing, China). A TAGRISSO® (osimertinib) tablet (80 mg) produced by AstraZeneca (United States) was obtained from Beijing Hospital. Sodium carboxymethyl cellulose (CMC·Na) was supplied by Tianjin Chemical Reagent Company (Tianjin, China). 1 × PBS (0.01 M, pH 7.2–7.4, cell culture) was obtained from Solarbio (Beijing, China). Ethylenediaminetetraacetic acid disodium salt (EDTA·2Na) was purchased from National Pharmaceutical Group Chemical Reagent Company (Beijing, China). Male Sprague–Dawley (SD) rats (weighed 180–200 g) were provided by Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All solutions were prepared using a Milli-Q system (Millipore, Massachusetts, United States) with an electrical resistivity of 18.2 MΩ except for L-cysteine using 1 × PBS instead. All solutions were filtered through a 0.45-mm filter. Two kinds of centrifugal filter units with a molecular weight cut-off (MWCO) of 3.0 kDa and 30 kDa were also bought from Millipore. An electronic thermostatic mixing water bath pot (DFD-700) was provided by Zhongxing (Beijing, China).
2.2 UPLC-MS/MS Instrumentation Setting and Operating Conditions
An AB Sciex API 5500 QTrap mass spectrometer (Toronto, Canada) interfaced with a Waters Acquity UPLC separation module was used to detect and quantify osimertinib, AZ-5104, AZ-7550, and propranolol. Empower 3.0 was used in UPLC and Analyst 1.6.2 software in the mass spectrometer. Other settings for mass spectrometry parameters of the four compounds are shown in Table 1.
TABLE 1 | Optimized MRM parameters of the analytes and IS in this study.
[image: Table 1]Chromatographic separation was achieved on a Waters Acquity UPLC HSS T3 1.8 μm column (2.1 mm × 50 mm) at 40°C using a mobile phase containing 0.1% FA that consisted of solvent A (water) and solvent B (ACN). The mobile phase was delivered at 0.3 ml/min, and an elegant gradient program was used as follows: 0–0.5 min, at 10% solvent B; 0.5–2.0 min, from 10 to 90% solvent B; 2.0–2.5 min, at 100% solvent B; and 2.5–3.0 min, at 10% solvent B. To eliminate carryover as much as possible, the injection needle was washed with 2.5 ml strong needle wash solution [ACN–MeOH–IPA–water (25:25:25:25, v/v) and 2.5 ml weak needle wash solution (FA–ACN–water (0.5:50:50, v/v)] before each injection.
2.3 Sample Preparation
For researching drug–plasma interaction and validating the UPLC-MS/MS method, enough blank SD rat plasma must be prepared before relative experiments. First, about 200 ml of rat blood was extracted with 5.0 mM EDTA·2Na from the abdominal aorta. Second, the blood was centrifuged at 4.0°C at 12,000 rpm for 5.0 min. The plasma (upper layer) was then aliquoted in a 1.0-ml/tube and stored at −70°C until use.
About 10 ml of rat plasma was added into one centrifugal filter unit as molecular weight cut-off in need and filtered by centrifuging for 40 min at 5,000 rpm at 4°C. The filtered-out liquid turned transparent and was stored at −70°C until use.
Osimertinib, AZ-5104, AZ-7550, and propranolol powders were dissolved to 1.0 mg/ml by an appropriate amount of DMSO as a stock solution, aliquoted in a 100-μl/tube and stored at −70°C until use. Working solutions were prepared extemporaneously by diluting stock solutions with 50% acetonitrile.
The L-cysteine powder was fast dissolved to 1.0 mg/ml by 1 × PBS as storage solution and quickly stored at −70°C as soon as possible. To inhibit the spontaneous dimerization of cysteine to cystine in PBS, the cysteine solution was freshly prepared before each experiment.
An osimertinib tablet was ground into a powder using a mortar and pestle. Then, a certain mass of powder samples converted into 8.0 mg osimertinib was weighed and added into 10 ml 12.5 mM CMC·Na. The sample was subjected to vortex mixing (3.0 min), sonicated (3.0 min), and vortex mixing again. The vortex–sonication cycle was repeated three times.
2.4 Plasma/Cysteine–Drug Incubation
Generally, each 45 μl L-cysteine solution with a certain concentration (diluted by 1 × PBS) or rat plasma was added with 5.0 μl working solution and mixed using vortex apparatus. Then, 5.0 μl propranolol with a 100 ng/ml concentration was added and mixed as described previously. The mixture was incubated at 37°C in a thermostatic mixing water bath pot for a certain period of time. Afterward, the tube was added with 350 μl ACN, vortexed (room temperature, 2000 rpm, 5.0 min), sonicated (4°C, 5.0 min), and centrifuged (4°C, 12,000 rpm, 5.0 min). Then, 200 μl upper liquid was taken into sample tubes for UPLC-MS/MS analysis.
2.5 UPLC-MS/MS Validation
The linearity, accuracy, precision, selectivity, specificity, matrix effect, recovery, and stability were all experimentally validated. The detailed validation process descriptions are as follows:
2.5.1 Linearity
Seven calibration standards samples with sequential concentrations of 1.0 (lower limit of quantitation, LLOQ), 3.0, 9.0, 27, 81, 243, and 729 ng/ml for osimertinib, AZ-5104, and AZ-7550 in rat plasma with additional 10 ng/ml propranolol (inner standard, IS) were made up in three successive batches. Calibration curves were obtained by plotting each analyte’s peak area ratio to IS versus the nominal concentration of calibration standards. The weighting factor was set at 1/x2. The deviations from the mean for each calibration standard should be within ± 15%. The LLOQ should not exceed ± 20%.
2.5.2 Specificity and Selection
The specificity of the method was assessed by analyzing six batches of blank SD rat plasma to validate the interference induced by chromatographic conditions at each analyte’s retention time. The criteria of acceptance for the method specificity and selectivity are that the peak areas in the double blank samples should be less than 20% of the peak areas of LLOQ samples in each batch.
2.5.3 Accuracy and Precision
Three standards samples with sequential concentrations of 2.0, 27, and 583 ng/ml for osimertinib, AZ-5104, and AZ-7550 in rat plasma with additional 10 ng/ml propranolol (inner standard, IS) were set as the low-quality control (LQC), middle-quality control (MQC), and high-quality control (HQC), respectively. The intra- and inter-batch precision was indicated as the percent relative standard deviation (RSD%). The intra- and inter-batch accuracy was indicated as the nominal concentration’s relative error (RE). Both precision and accuracy were determined by analyzing six replicates of QC in three consecutive batches. The acceptance criteria of precision for the intra- and inter-batch of QC should be within ± 15%, except ± 20% for LLOQ. The acceptance criteria for the intra- and inter-batch accuracy are that the RE of QC should be within 85–115% of their nominal concentration at each QC concentration except 80–120% for LLOQ.
2.5.4 Matrix Effect and Recovery
The degree of the matrix influencing each analyte’s tandem mass spectrum signal was assessed by comparing the peak area of the analyte spiked after extraction and the peak area of standard in neat solution at each QC concentration using six batches of the blank matrix from different sources. The matrix effect’s acceptance criteria are that the coefficient of variation of the IS-normalized matrix effect calculated from the six batches of the matrix should be within 85–115%. The relative recovery was determined by comparing each extracted sample’s obtained value with the extracts of the spiked blank matrix with the analyte post-extraction at three QC concentration levels.
2.5.5 Stability
Each QC analyte’s long-term and freeze-thaw stability in the SD rat plasma matrix with the addition of ACN (350 μl) for osimertinib was evaluated. To assess the analyte’s long-term stability, all QC samples were preserved at −70 C for 2 months before sample processing and analyzing whether ACN was pre-added or not. For assessing the analyte’s freeze–thaw stability, all QC samples were processed three cycles of freezing (−70 C) and thawing at room temperature for 1.0 h before sample processing and analyzing, ignoring the addition of ACN. The acceptance criteria were less than 15% of the nominal values for accuracy and within 15% for precision.
2.6 Pharmacokinetics Study
Five male SD rats (180–200 g) were fed autoclaved standard laboratory food and free to access sterile water and kept in an environmentally controlled breeding room (temperature, 20 ± 2°C; humidity, 60 ± 5%; 12-h dark/light cycle) for at least 6 days before experimentation. All rats were fasted for 12 h before the experiment but were allowed free access to water. The rats were given osimertinib dissolved by CMC·Na orally at 8.0 mg/kg. The rats were anesthetized by isoflurane at 0.08, 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10, and 24 h after oral administration. Blood samples (about 200 μl) were immediately collected from an eye socket vein and preserved in EDTA tubes. Then, the blood sample was centrifuged in an Eppendorf laptop centrifuge 5417C (Hamburg, Germany) for 5.0 min at 12,000 rpm to obtain plasma. Plasma with a volume of 50 μl was transferred into a tube added with 350 μl ACN beforehand. The mixture was quickly vortexed by an MS3 basic vortex mixer (IKA GmbH, Germany) at 2000 rpm for 2.0 min and stored at −70°C until further processed.
Animal welfare and experimental procedures strictly followed the Guide for the Care and Use of Laboratory Animals (The Ministry of Science and Technology of China, 2006) and the related ethical regulations of the China Academy of Chinese Medical Sciences (CACMS).
3 RESULTS AND DISCUSSION
3.1 The Instability of Osimertinib/AZ-5104/AZ-7550 in Rat Plasma
The stability of osimertinib, AZ-5104, and AZ-7550 was investigated by observing the relative quantitative change after incubating each 10 ng/ml chemical with 50 μl rat plasma (n = 6) for 0 and 6.0 h. For a better description, the three negative control experiments (incubation time = 0) were used for normalization (Figure 1B). After 6.0 h of incubation, the detected relative quantity of osimertinib, AZ-5104, and AZ-7550 fell sharply to 2.76%, 2.96%, and 20.3%, respectively, strongly showing severe instability of the three chemicals in rat plasma. These phenomena are consistent with a previous study using human plasma as a warm bath matrix (Dickinson et al., 2016), thus excluding the possibility induced by species differences. Then, the instability of all three chemicals should be attributed to the typical chemical structure of all three drugs and the material basis of animal plasma.
Similar to other third-generation anti-tumor-targeted drugs, osimertinib contains two primary functional groups. One is the skeleton which can recognize the ATP-binding site of the EGFR kinase (To et al., 2019), and the other is the Michael acceptor (red part of Figures 1A, a), which can react with the cysteine-797 residue of the EGFR kinase to form irreversible covalent bond formation. AZ-5104 and AZ-7550 are the primary demethylated metabolites of osimertinib (Jiang et al., 2018), sharing the same active Michael acceptor with osimertinib (red part of Figures 1A–C). The instability of all three chemicals is likely due to the Michael addition reaction deriving from the Michael acceptor and the cysteine in the plasma matrix. Considering that the high concentration of total cysteine in plasma is elevated to 10 μM and the pharmacology of osimertinib, we propose that the protein-containing cysteine residue and free cysteine in plasma are significant factors causing the decline of osimertinib, AZ-5104, and AZ-7550 in plasma.
3.2 Protein and Free Cysteine Reduce the Stability of Osimertinib/AZ-5104/AZ-7550
To test the contribution of plasma protein in the instability of osimertinib, AZ-5104, and AZ-7550, rat plasma filtered by a centrifugal filter unit with a specific molecular weight cut-off (MWCO) was used to incubate with the three chemicals, respectively, instead of untreated plasma. The centrifugal filter unit was used to cut off macromolecule proteins above 30 kDa or 3.0 kDa from plasma. The normalized relative quantity of osimertinib was 49.8% and 62.2% (Figure 2A, a) after incubating with plasma treated by the centrifugal filter with MWCO 30 kDa or 3.0 kDa for 6.0 h, respectively. Furthermore, the values were 85.1% and 84.5% for AZ-5104 (Figures 2A,B) and 71.0% and 73.3% for AZ-7550 (Figures 2A,C). Through comparing with the detected osimertinib, AZ-5104, and AZ7550 using untreated plasma as substrates (Figure 1B), protein-filtered plasma enhanced the stability of osimertinib, AZ5104, and AZ7550. Therefore, macromolecular protein in plasma is one of the main factors inducing the instability of osimertinib, AZ-5104, and AZ-7550 in plasma.
[image: Figure 2]FIGURE 2 | Investigation of the stabilities of (a) osimertinib (red), (b) AZ-5104 (orange), and (c) AZ-7550 (blue) in (A) filtered rat plasma and (B) L-cysteine. In (A), the cut-off molecular weight (CMW) was 30 kDa or 3.0 kDa. In (B), L-cysteine concentration was 10.0 μg/ml. Note: the working solutions except for L-cysteine were kept at 39°C for the longest incubation time to eliminate all four chemicals’ temperature instability.
To further identify the influence of free cysteine on the stability of osimertinib, AZ-5104, and AZ-7550, another experiment that incubates 10 μg/ml cysteine aqueous solution with 10 ng/ml chemical substrate for 2.0, 4, 0, and 8.0 h was designed. In addition, PBS with a pH of 7.2–7.4 was used as a solvent to mimic the rat plasma’s pH environment. The detected osimertinib, AZ-5104, and AZ-7550 present a highly negative relationship with the incubation duration (Figures 2A,B,C), and the normalized relative quantity was 59.8%, 68.7% and 71.4%, respectively, after 8.0 hours of incubation.
It is well known that only 20 amino acids are involved in protein synthesis in mammals, in which there is only one amino acid containing biological thiol, cysteine. However, osimertinib, carrying α, β-unsaturated carbonyls, was designed to be able to react with biological thiols, resulting in irreversible small-molecule-thiol adducts. No amino acid can react with osimertinib, AZ-5104, and AZ-7550 except for cysteine. However, homocysteine, an intermediate product of methionine metabolism in mammals (Kumar et al., 2017), contains one sulfhydryl group, can react with the Michael acceptor of osimertinib, AZ-5104, and AZ-7550. The average homocysteine concentration in mammals such as human is 10 μM (Brouwer et al., 1998), much lower than that of cysteine (319 μM) (Wang et al., 2018). Overall, these results indicate that the protein and free cysteine in plasma are the main factors inducing the instability of osimertinib in plasma.
3.3 Acetonitrile Maintains the Stability of Osimertinib in Plasma
In general, adding an appropriate additive is an efficient strategy to promise the stability of chemicals in a matrix. For example, adding enough complexing agent such as EDTA can enhance the stability of drugs and foods in plasma (Keowmaneechai and McClements, 2002; Song et al., 2014). This strategy is based on the fact that a complexing agent can decrease the quantity of free metal ions, which is the cofactor to the protein that can degrade the chemical. In addition, the incubation of proteinase K can also enhance the stability of several chemicals in plasma. Such a method is based on proteinase K that can disrupt the three-dimensional structure of proteins in plasma which degrades the target drug (Kim et al., 2019). However, based on our findings, the instability of osimertinib in plasma is due to protein and the free small organic molecule cysteine. As a result, both strategies targeting reducing protein activity were limited in overcoming the effect of free cysteine or cysteine residue in the plasma matrix. In addition, phenylmethylsulfonyl fluoride (PMSF), sodium fluoride (NaF), and diisopropyl fluorophosphate (DFP) were also applied to improve the stability of osimertinib, AZ-5104, and AZ-7550 in rat plasma based on the previous experiment. However, we did not achieve the desired results (data not shown). Therefore, a new additive is urgently needed to breach such barrier based on the chemical or physical theory.
Organic solvents such as acetonitrile, methanol, isopropanol, and acetone are primary solvents used to precipitate protein in the plasma sample (Bruce et al., 2009). Interestingly, the solubility of cysteine in acetonitrile is the lowest among other solvents (Han et al., 2020), indicating that acetonitrile is an appropriate additive for precipitating both protein and cysteine in plasma. To test this hypothesis, the stability of osimertinib in plasma while adding acetonitrile at 39 C (rat temperature in vivo) was tested (Figure 3A). Excitingly, no substantial changes were noticed in osimertinib levels even under incubation for 8.0 h (Figure 3, line in blue). Moreover, the same phenomenon was also observed using AZ-5104 and AZ-7550 as chemical substrates (Figure 3, lines in orange and red, respectively). Apparently, acetonitrile is an effective stabilizer for osimertinib in plasma (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Addition of acetonitrile keeps the stability of osimertinib (blue), AZ-5104 (orange), and AZ-7550 (red) in rat plasma. Each 5.0 μl chemical substrate (100 ng/ml) was incubated with 45 μl rat plasma and vortexed for 1.0 min in the experiment. Then, 350 μl acetonitrile was added, and 400 μl solution was vortexed at 1,600 rpm for 5.0 min and incubated at 39°C for 0.5, 1.0, 2.0, 4.0, and 8.0 h before the mass spectrometry sample preparation and measurement. (B) Schematic representation of adding acetonitrile in plasma protects third-generation EGFR-TKI osimertinib and its main metabolites from Michael addition with free cysteine and protein.
3.4 Method Validation
On the basis of aforementioned results, a systemic method validation for measuring osimertinib, AZ-5104, and AZ-7550 assisted by adding acetonitrile was performed according to guidelines set by Pharmacopoeia of the People’s Republic of China (2020) and the US Food and Drug Administration (2013). The UPLC-MS/MS condition was first optimized and four samples including blank, LLOQ, and plasma, were separated and detected successfully (Figure 4), showing no significant interference from SD rat plasma observed at the retention time of analytes and IS. In addition, the representative calibration curve equation was y = 0.00941x + 0.00158 (r = 0.9987) to osimertinib, y = 0.00758x + 0.000415 (r = 0.9983) to AZ-5104, and y = 0.0102x + 0.00235 (r = 0.9978) to AZ-7550. The accuracy and intra- and inter-day precision of osimertinib, AZ-5104, and AZ-7550 in SD rat plasma were calculated and summarized as given in Tables 2A–C, respectively. The data of extraction recovery and matrix effect obtained are presented in Table 3. In particular, the long-term stability and freeze–thaw stability in the SD rat plasma matrix with the addition of ACN were studied, and the results are summarized in Table 4, indicating that acetonitrile keeps the stability of osimertinib in plasma efficiently.
[image: Figure 4]FIGURE 4 | Representative chromatograms of osimertinib, AZ-5104, AZ-7550, and IS in SD rat plasma samples. The red, orange, and blue lines represent osimertinib, AZ-5104, and AZ-7550. The black line represents IS. (A) Blank, (B) LLOQ, and (C) real SD rat plasma sample.
TABLE 2 | Accuracy and intra- and inter-day precision of (A) osimertinib, (B) AZ-5104, and (C) AZ-7550 in SD rat plasma (n = 6). (A)
[image: Table 2]TABLE 3 | Matrix effect and recovery of osimertinib, AZ-5104, and AZ-7550 in SD rat plasma (n = 6).
[image: Table 3]TABLE 4 | Stability of osimertinib in SD rat samples (n = 6).
[image: Table 4]3.5 Pharmacokinetics Study of Osimertinib in Rat Plasma
To further apply such an assay in a pre-clinical pharmacokinetics study, we performed pharmacokinetics study of osimertinib in rat plasma using five male SD rats. Unlike the conventional pre-clinical pharmacokinetics experimental scheme, the preparation of rat plasma was online. The rat blood was taken from the eye socket vein at the appropriate time point and immediately followed by high-speed centrifugation for plasma preparation. Then, 50 μl of freshly made rat plasma was mixed with a seven-order volume of acetonitrile for maintaining the stability of osimertinib. Each concentration of osimertinib in rat plasma was obtained by the validated UPLC-MS/MS assay, and all data are described statistically as a concentration–time curve (Figure 5), displaying the concentration of osimertinib in rat plasma peaks (65.5 ng/ml) after 2.5 h of oral administration which slowly reduced in the following 20 h. Also after 24 h of oral administration, osimertinib was not detectable in rat plasma. Such a pre-clinical experiment indicates the applicability of the strategy that stabilizes osimertinib in plasma by adding ACN and the methodology in processing rat plasma online.
[image: Figure 5]FIGURE 5 | SD rat plasma concentration–time curve of osimertinib (mean ± standard deviation, n = 5) after oral administration.
One should note that acetonitrile treatment should be concomitant with the whole animal experiment before sample storage, thus adding tension and complexity to a certain extent. Therefore, an optimal and feasible protocol is needed to make the proposed strategy convenient for operation in future research applications.
4 CONCLUSION
In summary, we confirmed that both the protein and cysteine in plasma are the main factors that induce the instability of osimertinib and its primary metabolites AZ-5104 and AZ-7550 through a series of experiments. A new strategy stabilizing osimertinib by adding enough acetonitrile was proposed and validated based on the physicochemical properties of plasma and cysteine. In addition, coupled with the online biological sample processing method, the strategy was successfully applied in a pre-clinical pharmacokinetics study. The proposed strategy adapts to human subjects, and a relative work is underway. It is notable that most third-generation EGFR-TKIs (such as naquotinib and olmutinib) contain at least one Michael acceptor targeting cysteine whether free in plasma or imported into the protein (Attwa et al., 2018; Alrabiah et al., 2019). Therefore, the organic additive-assisted method coupled with the online biological sample processing methodology may promote the research and development of other third-generation EGFR-TKI in the future study.
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Simultaneous absolute protein quantification of seven cytochrome P450 isoforms in rat liver microsomes by LC-MS/MS-based isotope internal standard method
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The cytochrome P450 (CYP) enzymes play a pivotal role in drug metabolism. LC-MS/MS-based targeting technology has been applied to the analysis of CYP enzymes, promoting drug development and drug-drug interaction studies. Rat is one of the most commonly used models for drug metabolism assessment, but LC-MS/MS assay quantifying the abundance of CYP enzymes in rats is rarely reported. Herein, an accurate and stable LC-MS/MS based method was developed and validated for the simultaneous quantification of seven major rat CYP isoforms (CYP1A2, 2B1, 2C6, 2C11, 2D1, 2E1, and 3A1) in liver microsomes. The careful optimization of trypsin digestion and chromatography combined with isotope-labeled peptide as internal standard improved the efficiency and accuracy of the analysis. Highly specific surrogate peptides were obtained by a procedure including trypsin digestion for six hours and separated on a Hypersil Gold C18 column (100 × 2.1 mm, 3 μm) using gradient elution for 15 min with a mobile phase of water containing 0.1% formic acid and acetonitrile. In the method validation, linearity, matrix effect, recovery, stability, accuracy, and precision all meet the requirements. Subsequently, this method was applied to detect seven enzymes in rat liver microsomes from four different sources, and the correlation between the abundance and activity of CYP enzymes was further analyzed. The high-throughput detection method provided in this study will provide support for pertinent pharmaceutical research based on rat models.
Keywords: cytochrome P450, absolute quantification, LC-MS/MS, rat liver microsomes, isotope internal standard
1 INTRODUCTION
The cytochrome P450 (CYP) superfamily is an important enzyme system that mediates a major proportion of phase I metabolism of most drugs, xenobiotics, and endogenous compounds. CYPs are expressed in various tissues and organs, and the liver tissue has the most abundant (Zanger and Schwab, 2013). The expression and activity of drug-metabolizing enzymes in rat liver microsomes have long been the focus of in vitro and in vivo evaluation of drug disposition and drug-drug interactions (Singh et al., 2011; Manikandan and Nagini, 2018). The CYPs proteins expressed in rat liver mainly include CYP 1–3 families, which not only biotransform a wide variety of drugs, but can also be induced or inhibited by them (Martignoni et al., 2006). Consequently, reliable methods must be considered to quantify these proteins for drug development and evaluation (Xie et al., 2016).
Several biochemical approaches for the determination of CYP isoforms have been developed, mainly including: Western blotting (WB), enzyme linked immunosorbent assay (ELISA), quantification of mRNA levels using real-time polymerase chain reaction (RT-PCR) and determination of metabolic activities by the probe substrate method. Data comparisons between these different techniques show a great deal of variability, which is the most likely cause of the contradictory results (Dostalek et al., 2011; Grangeon et al., 2019; Ren et al., 2020). WB has the characteristics of a semi-quantitative method, and immunological methods such as WB and ELISA also have limitations including weak antibody specificity, poor reproducibility and lack of high-throughput capability (Li and Zhu, 2020). The RT-PCR method is simple, rapid and highly selective. However, the regulation of mRNA at the translational level and the post-translational modification of proteins are affected by many factors, so measured mRNA levels cannot accurately reflect the expression of CYP enzymes (Pearce et al., 2016; Zhang et al., 2016; Couto et al., 2020). The probe substrate method takes into account the effects of genes and environmental factors on enzyme activity, but due to the questionable specificity of the probe-substrate, this method lacks a unified standard when it is widely used.
Targeted proteomics techniques based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) have been a powerful tool for quantifying CYP enzymes. LC-MS/MS combines the high separation ability of liquid chromatography with the high selectivity and sensitivity of mass spectrometry, and also has a high-throughput capability. Several studies have applied this method to detect CYP enzymes in human liver microsomes (Bhatt and Prasad, 2018). However, there are few reports on the detection of CYPs in rat liver, which is one of the most widely used research models. Shao Y et al. established total protein concentration to establish the “Standard Curve Slope” method to assess the gender difference of CYPs in rat liver microsomes (Shao et al., 2017). Hammer H et al. used a targeted mass spectrometry-based immunoassay to directly quantify CYPs and drug transporters (Hammer et al., 2021). The above methods were not fully validated and may have potential variations in quantification (Wegler et al., 2017). Thus, this study aims to develop and validate a highly accurate and stable LC-MS/MS assay for absolute protein quantification of CYP isoforms in rat liver microsomes. We identified seven major CYPs (CYP1A2, 2B1, 2C6, 2C11, 2D1, 2E1, and 3A1) based on the main metabolic enzymes in the human liver and the species differences between human and rat metabolic enzymes (Martignoni et al., 2006; Zhang et al., 2016). All these CYPs were widely used in the study of drug metabolism (Shao et al., 2017; Hammer et al., 2021). Many challenges can affect protein quantification in a bottom-up proteomic workflow, and the pretreatment process including efficient enzymatic digestion is critical to the robustness and sensitivity of the method. Denaturation, reduction, alkylation and digestion of proteins can all affect the acquisition of surrogate peptides. In addition, the complex composition of biological samples may lead to the matrix effect that also affect peptide quantification (An et al., 2019), so chromatography needs to be optimized for efficient separation, which has led many studies to take more than an hour for an analysis (Grangeon et al., 2019; Wenzel et al., 2021). To correct for the matrix effect, an isotope internal standard is usually chosen because it has similar physicochemical properties to the target peptide. Isotope internal standards can also correct for biases introduced by pretreatment and errors in the injection system (De Nicolo et al., 2017). All of these advantages make the isotope internal standard method the first choice for LC-MS/MS based quantification.
To sum up, we developed and validated herein a quantification assay by LC-MS/MS for simultaneously detecting the abundance of seven CYP enzymes in rat liver microsomes. The isotope-labeled peptide corresponding to the surrogate peptide was used as the internal standard to improve the quantitative accuracy. Finally, this method was successfully applied to detect the expression of CYP enzymes in rat liver microsomes, and a correlation analysis was carried out between the measured abundance of CYPs and their activity detected by the probe substrate method.
2 MATERIAL AND METHODS
2.1 Chemicals and reagents
The male Sprague Dawley rat liver microsomes (Protein content, 20 mg/ml) were obtained from IPhase Pharma Services (Beijing, China), Corning Gentest (Corning, American), PrimeTox (Wuhan, China) and Meilunbio (Dalian, China). Recombinant Trypsin (Porcine pancreas) was provided by Yuanye (Shanghai, China). Bupropion and glibenclamide were purchased from National Institutes for Food and Drug Control (Beijing, China). Phenacetin, acetaminophen, tolbutamide, 4-Hydroxy-tolbutamide, dextromethorphan, dextrorphan chlorzoxazone and 6-Hydroxy-chlorzoxazone were purchased from Sigma-Aldrich Inc (United States). Hydroxy-bupropion, phenytoin, 4-Hydroxymephenytoin, testosterone and 6β-Hydroxy-testosterone were purchased from Zzstandard (Shanghai, China). Ammonium bicarbonate (NH4HCO3), trifluoroacetic acid (TFA), and formic acid (FA) were purchased from Macklin (Shanghai, China). HPLC-MS grade acetonitrile (ACN) and iodoacetamide (IAA) were purchased from Merck (Darmstadt, Germany). Dithiothreitol (DTT) was provided by Thermo Fisher Scientific (Waltham, United States). Dimethyl sulfoxide (DMSO) was provided by MP Biomedicals (France). Acetic Acid (ACE) was from Guangzhou chemical reagent (Guangzhou, China). Deionized water was generated using the Milli-Q Direct 8 water system (Germany). Surrogate peptides and their stable isotope-labeled internal standards (Table 1) were synthesized by Bankpeptid (Hefei, China). All peptide purity was superior to 95.0% and the concentration/net peptide was determined by amino acid analysis. Standards were weighed using a balance of one ten thousandths from METTLER TOLEDO (Switzerland).
TABLE 1 | Overview of surrogate peptides and their respective ions and mass transitions used for CYP enzyme quantification (aisotope-labeled amino acid).
[image: Table 1]2.2 Selection of surrogate peptides
Suitable surrogate peptides for absolute quantification of the aforementioned metabolic enzymes were selected by combining in silico and in vitro methods (Bhatt and Prasad, 2018). At first, the respective protein sequences were retrieved from the UniProtKB/Swiss-Prot database and underwent an in-silico trypsin digestion (http://web.expasy.org/peptide mass/). According to the mass range of the MS and to ensure protein specificity, peptides with a sequence length of 7–20 amino acids were considered as suitable candidates (Supplementary Table S1). Several criteria were chosen to establish the principles for selecting peptides: 1) surrogate peptides do not contain cysteine, methionine and/or tryptophan amino acids that can cause oxidative instability; 2) non-synonymous genetic polymorphisms with a frequency <1.0% in the population are required; 3) surrogate peptides with high specificity are preferentially selected by NCBI protein raw search; 4) repeated sequences of arginine and lysine should be avoided due to the risk of missed cleavages by trypsin.
2.3 Calibration standard and quality control samples
Stock solutions were prepared by dissolving about 1 mg of surrogate peptides or isotope-labeled peptides to obtain 1 mg/ml in ACN: Water: ACE: DMSO (15:80:5:0.5, v/v). All stock solutions were stored at −80°C. DMSO in the mixed solvent was used to reduce the adsorption of peptides to plastic centrifuge tubes (van Midwoud et al., 2007; Li et al., 2022). The calibration standards were prepared by diluting stock solutions in the mixed solvent to generate analytical ranges of 5–1000 nM for CYP1A2, 2C11 and CYP2D1, 0.5–100 nM for CYP2B1 and 3A1, 2–400 nM for CYP2C6 and 2E1, and the quality control (QC) samples were set according to their respective standard curve ranges (Table 2). An internal standard solution containing all stable isotope-labeled internal standards was prepared and their final concentration was 50 nM except for GTTL*IINLSSVLK (CYP2D1) which was 500 nM. The high concentration of the internal standard was used for CYP2D1 to avoid the response reduction of isotope internal standard due to ion suppression caused by the analyte (Tan et al., 2011; Liu et al., 2019).
TABLE 2 | The intra- and inter-batch precision and accuracy of QC samples for surrogate peptides. The results of three analysis batches were used for inter-batch calculation. RSD, relative standard deviation; RE, relative error.
[image: Table 2]2.4 LC-MS/MS analysis
LC-MS/MS analyses were conducted on TSQ Quantum Access Max API mass spectrometer (ThermoFisher Scientific, Massachusetts, United States) with an electrospray ionization (H-ESI) interface coupled to an UHPLC system (ThermoFisher Scientific, Massachusetts, U.S.). Tune Plus® software 2.4 was used to control this instrument.
Chromatographic separation was performed using a C18 (100 × 2.1 mm, 3 μm) analytical column (Thermo Scientific, Massachusetts, United States). The column oven temperature was set to 35°C while the autosampler temperature was adjusted to 4°C. The flow rate of the mobile phase was set at 0.25 ml/min and the injection volume was 20 µL. For all peptides, elution was achieved under a gradient program. The initial mobile phase condition consisted of water with 0.1% FA (solvent A) and ACN (solvent B) (95:5, v/v). Gradient elution steps were 5–50% B (0–12 min), 50–95% B (12–12.5 min), 95% B (12.5–13 min), 95–5% B (13–13.5 min) and 5% B (13.5–15 min).
The mass spectrometer was equipped with the electrospray ionization and operated in the positive ion mode to monitor the m/z transitions for all peptides and their internal standards. Mass spectrometry parameters such as declustering potential and collision energy were manually optimized for every single peptide and were summarized in Table 1. The following ion source parameters were applied: the ESI spray voltage was set at 4000 V; vaporizer temperature was set at 350°C; capillary temperature was set at 300°C; sheath gas pressure and aux gas pressure were set at 20 and 10, respectively.
2.5 Digestion procedure
The rat liver microsome was diluted in NH4HCO3 (50 mM, pH7.8) to a total protein concentration of 1 mg/ml 150 μL of diluted proteins were denatured at 95°C for 5 min and then added by 7.5 μL of DTT (500 mM) for the reduction of disulfide bonds in proteins. Samples were left at room temperature for 5 min and then incubated for 20 min at 60°C. Proteins were then alkylated with 15 μL of IAA (500 mM) and incubated at 37°C for 15 min in the dark. Samples were digested with trypsin at a trypsin/protein ratio of 1:40) at 37°C for 6 h. Digestion was terminated by adding 20 μL of ACN: Water: TFA (40:60:1, v/v/v). The mixture was vortexed for approximately 5 s and then centrifuged at 15,000 g for 10 min at 4°C. Internal standards solution was added to 160 μL of the clear supernatant and the mixed solution was evaporated to dryness under vacuum. The dried extract was re-suspended with 160 μL of ACN: Water: ACE: DMSO (15:80:5:0.5, v/v) and transferred to an injection vial for analysis. Liver microsome samples (IPhase Pharma Services) were used to optimize the digestion time in the above process, and six samples were measured in parallel at each time point. The standard curve and quality control samples were prepared by the above pretreatment steps after the standard solution was used to replace the rat liver microsomes.
2.6 Method validation
As shown in the current absolute quantitative analysis of proteomics, there is still no clear methodological guideline (Prasad et al., 2019). Therefore, we carried out the validation of the main content according to the bioanalytical guidelines combined with the needs of this research (FDA, 2018). We verified the accuracy, precision, linearity, stock solution stability, working solution stability, recovery, matrix effect and other parameters of the method.
2.7 Evaluation of matrix effect and recovery
The matrix effect was assessed by comparing the internal standard normalized response values of the standard solution group ([image: image]) and the rat liver microsome-spiked group ([image: image]), and the latter needed to subtract the basal response ([image: image]) for comparison. The internal standard used for normalization was added during the final reconstitution in pretreatment. The specific calculation is shown in formula 1.
[image: image]
The relative recovery was calculated by comparing the spiked group with the internal standard added before vacuum evaporation ([image: image]) and the spiked group with the internal standard added during reconstitution ([image: image]). Calculation was also performed using the base-subtracted response Eq. (2).
[image: image]
2.8 Enzyme activity detection by probe substrate method
The enzyme activity of CYPs was calculated according to the formation rate of the substrate metabolite. The substrate drugs and metabolism of seven CYP enzymes are phenacetin and acetaminophen (CYP1A2), bupropion and hydroxy-bupropion (CYP2B1), tolbutamide and 4-Hydroxy-tolbutamide (CYP2C6), phenytoin and 4-Hydroxymephenytoin (CYP2C11), dextromethorphan and dextrorphan (CYP2D1), chlorzoxazone and 6-Hydroxy-chlorzoxazone (CYP2E1), testosterone and 6β-Hydroxytestosterone (CYP3A1). LC-MS/MS detection method refers to previous research reports (He et al., 2007; Zhang et al., 2021). The probe drug and NADPH (1 mM) were mixed in 195 μL PBS (pH 7.4) for 1 min at 37°C. The enzymatic reaction was initiated by adding 5 µL of rat liver microsomes (protein 20 mg/ml), incubated for 30 min at 37°C, and then terminated by adding ice-cold methanol containing IS glibenclamide. The sample was centrifuged at 15,000 g for 10 min at 4°C and 5 μL supernatant was analyzed by LC-MS/MS to quantify the metabolites formed during these incubations. Each microsomal sample was assayed in triplicate.
2.9 Statistical analysis
The raw data was sorted using Microsoft Excel. Plotting used GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, United States). The Xcalibur software was used to establish the calibration curves fitted with weighted (1/X2) and to calculate the accuracy and precision of the QC samples for method validation (n = 6).
3 RESULTS AND DISCUSSION
3.1 Selection of surrogate peptide
Ideal surrogate peptides for metabolic enzymes require good chemical stability and specificity. Peptides of suitable length were first screened according to the trypsin cleavage site, and they do not contain labile amino acids such as cysteine, methionine, and tryptophan. Once selected, each peptide was evaluated with BLAST to confirm their specificity toward an isoform. According to parameters such as the E value, two surrogate peptides were finally selected for each metabolic enzyme, one for quantification and the other for qualitative research (Supplementary Table S1). For CYP3A1, although only one peptide was eligible for this study, it was fortunate that this peptide went well in the development and validation of the LC-MS/MS method. Furthermore, the surrogate peptide we used for CYP2E1 was consistent with those reported in a previous study (Ren et al., 2020), indicating the reproducibility of trypsin digestion across different laboratories. We also compared the surrogate peptides of the corresponding metabolic enzymes in rat and human liver microsomes, and found that the surrogate peptides of the reported enzyme isoforms were significantly different between species, except that the peptide of CYP2E1 was highly similar (Groer et al., 2014; Li and Zhu, 2020; Wenzel et al., 2021).
Stable isotope-labeled internal standards were synthesized for all surrogate peptides. With the 13C and 15N labeling, the molecular weight of the stable isotope-labeled peptide was increased by 7 Da for leucine (L), as well as isoleucine (I). The sequences of surrogate peptides containing deuterated amino acids were shown in Table 1.
3.2 LC-MS/MS optimization
The mass spectrometer was operated in positive mode using electrospray ionization. The standard solution was continuously injected into the liquid phase and mixed before entering the mass spectrometer, and then the mass spectrometry conditions were optimized. For maximum sensitivity, we used the m/z ratio of the precursor ion with the highest signal intensity as the Q1 filter setting. Among most of the surrogate peptides screened this time, the signal intensity of the triple-charged or double-charged precursor ions was dominant. The precursor ions were then scanned for product ions to identify fragments showing the highest signal intensities, and the following parameters were optimized to determine optimal fragmentation conditions: collision energy, declustering potential, entry potential and collision cell exit potential. Final acceptance of ions used for quantification also required blank testing to exclude possible matrix-induced interferences. The optimal parameters used in the analysis method are shown in Table 1. It is worth mentioning that for the surrogate peptide of CYP3A1, the amino-terminal glutamine undergoes the cyclization to pyroglutamate and loses 17 Da, thereby changing the triple-charged precursor ion from m/z 484.0 to 478.0 (actual value: 477.9) (Purwaha et al., 2014).
The principle of chromatographic optimization is to avoid the matrix effect on the premise of ensuring the chromatographic peak shape. To capture all seven peptides of interest in one analytical run and to consider the expected complexity of the digested samples, a 15 min gradient elution method was used and all surrogate peptides could be separated by chromatography (Figure 1, Supplementary Figure S1). The use of 0.1% formic acid as the aqueous phase avoided the poor peak shape associated with pure water and the reduced signal caused by volatile salts. Compared with methanol, using acetonitrile for the organic phase increased the elution power and reduced the column pressure. The method established in this study combined the advantages of analysis time and quantity, which was superior to other methods of the same type reported in other studies. For example, Yi Ren et al. reported that a 16.5-min gradient method was used to detect only CYP2E1 in rat liver microsomes (Ren et al., 2020). In studies of metabolic enzymes and/or transporters in human liver microsomes, these simultaneous assays took about an hour longer (Kawakami et al., 2011; Groer et al., 2014; Grangeon et al., 2019). Therefore, this study greatly improved the analysis efficiency.
[image: Figure 1]FIGURE 1 | Chromatograms of seven surrogate peptides (A) and their corresponding isotopically-labeled peptides (*) (B) measured in mixed rat liver microsomes.
3.3 Optimization of digestion
The use of surrogate peptides as substitutes for quantifying target proteins requires robust and efficient digestion, which includes reduction, alkylation and digestion duration. The time required for trypsin digestion is crucial. Therefore, this parameter needed to be optimized, and the digestion time was set to 0.5, 1, 2, 3, 6, 9, and 12 h in this study. As shown in Figure 2, there were differences in the digestion profiles of seven CYP proteins. All the substituted peptides except CYP1A2 reached the content plateau at the 6th hour, and CYP2D1 content increased significantly with time until the 6th hour. However, the content of CYP1A2 has been relatively stable at 0.5 h, and has a downward trend from 6 h later. This phenomenon has also been reported by other studies (Grangeon et al., 2019; Ren et al., 2020). The stability experiment has proved that the peptide itself was stable during digestion (Table 3), so the possible reason for the decline may be the influence of its own digestive enzymes in rat liver microsomes. In conclusion, it was decided to terminate the digestion at the 6th hour.
[image: Figure 2]FIGURE 2 | Peptide formation as a function of digestion time. Normalized calculations were performed with the response at the 6th hour as 100%. Six samples were measured in parallel at each time point.
TABLE 3 | Stability of seven surrogate peptides. Results are expressed as percent nominal ±SD (n = 6).
[image: Table 3]3.4 Selection of blank matrix
The current LC-MS/MS-based CYP enzyme quantification methods mainly use the following three types of blank matrices to establish standard curves and QC samples: 1) Other tissues or serum of the same species or different species, such as 5% rat serum (Ren et al., 2020), human serum albumin (Groer et al., 2014), bovine serum albumin (Wenzel et al., 2021); 2) the same matrix, standard curve correction by subtracting the substrate (Sakamoto et al., 2011; Ohtsuki et al., 2012); 3) Standard solution without biological matrix (Grangeon et al., 2019). Serum protein is significantly different from that in liver microsomes, which may lead to different matrix effects affecting the quantitative analysis. If the standard curve is prepared using the same matrix or the same matrix diluted, the calculation process is complicated, and the subtraction of the blank matrix response may introduce bias, especially for low-concentration samples. Therefore, in this study, the influence of the matrix effect on quantification was significantly reduced by optimizing the chromatographic conditions, so that the standard curve prepared with the standard solution became simple and practical. Although the method still has a slight matrix effect and different degrees of absolute recovery (Supplementary Table S2), the isotope internal standard normalized matrix effect and relative recovery were all around 100% and the relative standard deviation was also less than 20% (Table 4). Therefore, in this method, it is reasonable and reliable to use a standard solution instead of liver microsomes to prepare standard curve and QC samples, and the internal standard for the above samples was added after the termination of digestion and before vacuum drying.
TABLE 4 | Summary of internal standard normalized matrix effect and relative recovery in rat liver microsomes for all surrogate peptides. Results are expressed as percent nominal; RSD, relative standard deviation (n = 6).
[image: Table 4]3.5 Method validation
3.5.1 LLOQ and linearity
The method was found to be linear over the appropriate calibration range for all surrogate peptides. Linear regression (weighted 1/X2) yielded the best fit of the concentration-response relationship. During assay validation, the correlation coefficient (r2) for all calibration curves ranged between 0.985 and 1.0 (Supplementary Table S3). Therefore, the LLOQ was set 5 nM (CYP1A2, 2C11 and 2D1), 0.5 nM (CYP2B1 and 3A1), or 2 nM (CYP2C6 and 2E1) (Table 2). For LLOQ, the precision was better than 15%, and the accuracy was between 80.0–120%.
3.5.2 Precision and accuracy
The precision and accuracy were assessed by observing the analysis of QC samples at three concentrations (low, medium and high) in three analytical runs (n = 6). Precision was reflected by the relative standard deviation (RSD) and should be better than 15%. Accuracy was assessed using relative error (RE) and should be within the recommended range of acceptance (85.0–115.0%). Intra- and inter-batch precision and accuracy for all surrogate peptides met the above requirements. The results were shown in Table 2.
3.5.3 Stability
To assess the stability of the surrogate peptides, we performed several stability experiments. For stability data, the precision (n = 6) should not exceed 15% and the mean accuracy value should be within ±15% of the nominal value. Stock stability was assessed by comparing stocks stored at −80°C for four months with fresh stocks. QC samples were stored at −80°C for 1 week to assess the short-term stability of the peptides. After trypsin digestion for six hours, the QC concentration peptides were compared with the QC samples without this process to investigate the stability of these peptides in the digestion process. The QC samples were placed in the autosampler for 12 h and compared with the freshly prepared samples for the stability test in the autosampler. All stability results met the above criteria and indicated that all peptides were stable during the method validation (Table 3).
3.6 Determination of CYPs in rat liver microsomes
This absolute quantification method was successfully applied to the quantification of seven CYP isoforms in commercial mixed rat liver microsomes from four different sources (Table 5). The abundance of the metabolic enzymes including CYP2B1, 2C11, 2D1 and 3A1 in rat liver microsomes from these four sources was significantly different. The results of CYPs determined from sources 1 and 2 were similar, and CYP2C11 was the highest. The content of CYP2C11 in source 3 was low, while the result in source 4 was lower than the lower limit of quantification (6.25 pmol/mg). Since CYP2C11 is not expressed in immature rats and is induced dramatically at puberty (beginning 4–5 weeks of age) in male rats (Martignoni et al., 2006), we speculated that the age of rats was the main factor leading to the low content of CYP2C11 in 3 and 4 sources. For the content of CYPs in liver microsomes of SD rats, CYP2E1 has been reported to be about 5–25 pmol/mg, which is higher than the enzyme content in liver S9 fractions (2–8 pmol/mg) (Ren et al., 2020). The CYP2E1 content determined in this study was close to the upper limit of the content reported above. In the study of Hammer H et al., the contents of CYP1A2, 2B1/2, 2C11 and 2E1 in liver tissue samples of male Wistar rats were 1.3, 0.2, 58 and 5.9 fmol/μg (pmol/mg) respectively (Hammer et al., 2021). These results were lower than those of this study. In addition to species, sample types should be a key factor in the difference between the two studies.
TABLE 5 | Protein amounts of CYP enzymes as observed in pooled rat liver microsomes from four sources (IPhase Pharma Services, Corning Gentest, PrimeTox and Meilunbio). Results are expressed as concentration (Mean ± SD) (n = 4).
[image: Table 5]In addition, the relationship between the abundance and activity of CYPs was also studied. The results showed that the content and activity of each CYP enzyme had a positive correlation trend, but there was no statistical significance (Figure 3). The reasons for the above phenomena include: 1) the absolute protein quantitative method based on LC-MS/MS has very high specificity for CYP isoforms, while the drug indicating enzyme activity in the probe substrate method usually lacks sufficient specificity, so there is a potential deviation in the results of enzyme activity (Giri et al., 2019); 2) The number of samples measured in this study was small, so it is necessary to expand the samples to further explore the law. It has been reported that immunological methods including WB are not specific enough for the determination of CYPs content, which may lead to contradictory conclusions (Ren et al., 2020). LC-MS/MS method has the advantages of high specificity and high throughput. Therefore, the method established in this study will greatly improve the reliability of related research in the field of drug metabolism based on the rat liver microsomal model.
[image: Figure 3]FIGURE 3 | The correlation analysis between protein abundance by LC-MS/MS and enzyme activity of six CYP enzymes. Since the protein amounts of CYP1A2 from different sources were lower than the lower limit of quantification, the correlation analysis between its content and activity has not been carried out. Pearson correlation analysis was performed and p < 0.05 was considered statistically significant.
4 CONCLUSION
In the present work, we developed and validated an LC-MS/MS-based targeted proteomics for simultaneous absolute quantification of seven major CYP enzymes in rat liver microsomes. The optimized pretreatment and chromatographic conditions ensured the robustness of the method, and the assays were validated for selectivity, linearity, matrix effect, recovery, stability, precision and accuracy. Finally, this method was successfully applied to the detection of rat liver microsome samples from four sources. This study provides a high-throughput and stable technical basis for the study of drug metabolism in the rat.
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Parameters

V. administration of Rh2
Rh2 Vss (LKg)
AUCo., (hnmol/L)
tiza ()
PPD Cirax (nmOIL)
Temax (M)
AUCo., (hnmol/L)

P.O. administration of Rh2
PPD Crrax (nmolL)
Tmax ()
AUCo.; (h-nmol/L)

10 mg/kg
Mean  CV (%)
171 869
1457 422
223 106
%9 229
683 854
1089 877
255 174
800 000

2,377 153

20 mg/kg
Mean GV (%)
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236 290
174 31.7
675 885
2827 405
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107 217
4,611 44.8
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Parameters Definition

Rh2 independent parameters after |.V. administration of Rh2

Vi, pasma (UKQ) Volume of central compartment distribution of Rh2
Ko (1/7) Eimination rate constant of Rh2 in central compartment

Kz (110) Transfer rate constant of Rh2 from central compartment to peripheral compartment
Ka (110) Transfer rate constant of Rh2 from peripheral compartment to central compartment

PPD independent parameters after L.V. administration of PPD

Verp, pasma (UkG)  Volume of central compartment distrioution of PPD
Kso (1) Elimination rate constant of PPD in central compartment

Ksg (1) Transfer rate constant of PPD from central compartment to peripheral compartment
Kes (1) Transfer rate constant of PPD from peripheral compartment to central compartment

PPD parameters after V. administration of Rh2

Kas (110) Transformation rate constant from Rh2 to PPD in systemic circulation
Kag (110) Excretion rate constant of Rh2 in bile

Kao (1/) Elimination rate constant of Rh2 by other routes in systemic circulation
Koo (110) Elimination rate constant of PPD in colon

K, (1/h) Transit rate constant of Rn2 in intestines

PPD parameters after P.O. administration of Rh2

Kz (1/h) Transit rate constant of Rh2 from stomach to duodenum
Kz (1/h) Transformation rate constant from Rh2 to PPD in stomach
Koo (1/h) Elimination rate constant of PPD in stomach

NA, not available. The estimates of ks and k.o have been frozen. Cl, confidence interval,

Estimate

239
4.67
208
0.48

0.29
4.88
273
3.38

0.09
1.29
329
1.38
0.63

022
0.14
222

CV%

16.4
3.90
14.8
15.0

27.0
293
19.5
968

129
NA
NA
16.1

753

9.66
145
206

95% CI
Lower Upper
1.54 328
4.28 5.07
1.42 275
0.32 0.63
0.13 0.44
1.99 7.77
16.5 38.0
272 4.04
0.07 0.12
NA NA
NA NA
0.90 1.85
0.53 0.73
017 0.26
0.10 0.18
12.6 31.8





OPS/images/fphar-13-904317/crossmark.jpg
©

|





OPS/images/fphar-13-804377/crossmark.jpg
©

|





OPS/images/fphar-13-804377/fphar-13-804377-g001.gif





OPS/images/fphar-13-804377/fphar-13-804377-g002.gif
P cncsrtion (), s s o2 (i Y- B2

Roser Roen
[, =

i Unkon

P ok

e Ly

Rousc Rowen
. o
ngilen Pray





OPS/images/fphar-13-804377/fphar-13-804377-g003.gif





OPS/images/fphar-13-895556/math_4.gif
@





OPS/images/fphar-13-895556/math_5.gif
RMSE =

=

©





OPS/images/fphar-13-904317/fphar-13-904317-g008.gif





OPS/images/fphar-13-904317/fphar-13-904317-g009.gif





OPS/images/fphar-13-904317/fphar-13-904317-g010.gif
A fy;.f B T
e w‘
“ERECH =
- =

s reot
e esememew . im0
e % Lkl






OPS/images/fphar-13-904317/fphar-13-904317-g004.gif





OPS/images/fphar-13-904317/fphar-13-904317-g005.gif
5',’;‘///

;";(/

e

E

a

F

i






OPS/images/fphar-13-904317/fphar-13-904317-g006.gif





OPS/images/fphar-13-904317/fphar-13-904317-g007.gif





OPS/images/fphar-13-904317/fphar-13-904317-g001.gif





OPS/images/fphar-13-904317/fphar-13-904317-g002.gif





OPS/images/fphar-13-904317/fphar-13-904317-g003.gif





OPS/images/fphar-13-895556/fphar-13-895556-t003.jpg
5 mg/kg

10 mg/kg

20 mg/kg

Dose

Prediction
Observation
Fold error
Prediction
Observation 1
Fold error
Observation 2
Fold error
Prediction
Observation
Fold error

Trmax (h)

0.25
0.33-0.50
1.31-2.00

025

0.50

1.98

0.25
0.25
1.01

Crnax (ug/ml)

3.34
173
1.93
6.69
6.28 + 1.94
1.07
3.94 +0.81
1.70
13.37
9.00
1.49

AUC -y (Hgeh/ml)

247
152
1.62
4.95
9.79 + 3.58
1.98
4.69 + 0.86
1.06
9.90
18.12
1.33

Reference

Zhou et al. (2014)

Ma et al. (2015)

Sun et al. (2017)

Welch et al. (1976)





OPS/images/fphar-13-895556/fphar-13-895556-t004.jpg
50 mg/kg p.o.

Prediction
Observation 1
Fold error
Observation 2
Fold error

Tmax ()

1.38
091 £0.37
151
1.42 + 0.56
1.03

Crmax (Hg/mi)

206.74
232.00 + 35.00
112
176.00 + 37.20
117

AUC(o-y (Hgeh/ml)

1965.99
1,309.00 + 40.00
1.50
1,228.00 + 163.00
1.60

Reference

Nishimura et al. (1999)

Nishimura et al. (1998)
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pl/min/g intestine
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pmol/min/g intestine, M

Acquisition method

Calculation

In vitro measurement
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In vitro measurement®
In vitro measurement

In vitro measurement

In vitro experimentation®
Caloulation or prediction
Galulation o prediction
In vitro experimentation®
In vitro experimentation®
In vitro experimentation®
In vitro experimentation®
In vitro experimentation®
In vitro experimentation’
In vitro experimentation®
In vitro experimentation’
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Parameter/Compound Phenacetin Tolbutamide =~ Omeprazole Metoprolol Chlorzoxazone Nifedipine Baicalein

MW (g/mo) 1792 270.35 345.42 267.4 160,56 3463 27024
00Pow 1.58 234 223 206 16 22 17
Compound type Neutral Monoprotic acid ~ Ampholyte  Monoprotic base  Monoprotic acid  Monoprotic base  Monoprotic acid
oK. 1 / 5.16 88 97 83 282 54

PK:2 / / 42 / / / /

B/P 1 1.33 066 1 1.22 059 127

i 032 0048 0.19 086 027 0038 0054

PSA (A%) 38.33 80.65 8.7 50.7 383 110 87

HBD 4 2 1 2 1 4 3

Cl (LM) (/min/mg protein) 27 (u/min/40° cells) 47 158 32 149 139 436

Cli (IM) (/min/mg protein) / / / 105 / 6.4 208

Vi (M) (pmol/min/mg) 025 / 780 / / / /

Ken (IM) (M) 56.7 / 697 / / / /

foine (M) 1 / 1 / / / /

" means no input value exists.
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Phenacetin
Fold range
Omeprazole
Fold range
Nifedipine

Fold range
Chlorzoxazone
Fold range
Metoprolol
Fold range
Baicalein

Fold range
Tolbutamide
Fold range

fu

0.14-0.50
3.45
0.10-0.23
221
0.01-0.08
8.00
0.05-0.373
8.1
0.80-0.92
1.16
0.03-0.08
273
0.02-0.27
13.33

CLine (ul/min/mg)

20.70-78.00
3.77
119.00-188.00
1.58
35.18-402
11.43
5.00-38.80
7.76
17.10-69.90
3.50
338.90-674.11
1.69
2.72-8.10
2.98

Tmax(h)

0.18-0.28
1.56
0.38-0.46
1.21
0.36-1.20
3.33
0.29-0.70
241
0.54-0.79
1.46
0.19-0.36
1.89
0.32-0.71
222

Crnax (Mg/mi)

1.93-16.74
8.16
0.21-0.77
367
0.51-7.40
14.51
37.69-199.27
5.29
0.156-0.28
1.87
0.59-2.08
353
152.72-260.15
1.70

AUC(o-y (Hgeh/ml)

1.10-14.25
12.96
0.26-0.98
3.77
0.52-47.27
90.90
34.69-1970.18
56.79
0.25-1.02
4.08
0.51-2.36
4.63
231.67-4587.60
19.80
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2.5 mg/kg

5 mg/kg

10 mg/kg

Dose

Prediction
Observation 1
Fold error
Observation 2
Fold error
Prediction
Observation
Fold error
Prediction
Observation 1
Fold error
Observation 2
Fold error
Observation 3
Fold error

Tmax (h)

0.65
0.50 + 0.00
1.30
0.47 +£0.07
1.37
0.65
0.50
1.30
0.65
0.60 +0.30
1.08
0.70 + 0.50
1.08

Cinax (g/ml)

021
0.16 + 0.00
127
0.16 + 0.01
1.29
0.41
0.40
1.04
0.83
057 +0.25
1.45
081 +0.28
1.02
0.53 + 0.066
1.56

AUC(q.y (Hgeh/mi)

0.51
0.21 +0.02
239
0.22 + 0.02
2.28
1.01
0.45
225
2.02
1.66 + 0.58
1.22
1.35 £ 0.59
1.50
1.49 £ 0.39
1.35

Reference

Nandi et al. (2013)

Nandi et al. (2015)

Komura and Iwaki (2005)

Ma et al. (2015)

Wang et al. (2014)

Sun et al. (2017)
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50 mg/kg p.o.

Prediction
Observation 1
Fold error
Observation 2
Fold error
Observation 3
Fold error

Tmax ()

040
0.25 (0.25-0.50)
158
0.14 £ 008
285
0.10 + 0.06
381

Crnax (Hg/ml)

68.66
23.10 + 8.59
2.97
31.80 + 13.10
2.16
30.50 + 8.17
225

AUC(o.y (Hgeh/mi)

124.78
4167 + 848
299
46.83 + 16.00
2.66
39.83 + 4.08
313

Reference

Ahn et al. (2008)

Baek et al. (2006)

Baek et al. (2006)
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3mg/kg

5 mg/kg

6 mg/kg

Dose

Prediction
Observation 1
Fold error
Observation 2
Fold error
Observation 3
Fold error
Observation 4
Fold error
Prediction
Observation 1
Fold error
Observation 2
Fold error
Observation 3
Fold error
Observation 4
Fold error
Prediction
Observation 1
Fold error
Observation 2
Fold error

Trmax (h)

0.54
0.25 (0.08-0.50)
216
047 +0.03
114
0.25
216
058 + 0.13
1.07
0.54
0.38 + 0.06
1.42
0.25 (0.12-0.50)
216
0.25 (0.12-1.50)
216
0.25 (0.12-1.00)
216
0.64
0.38 (0.20-0.57)
1.41
0.28 (0.16-0.40)
1.94

Cinax (Mg/ml)

213
200 +068
1.07
2.46 + 0.29
1.15
1.48 038
1.44
1.68 + 0.58
127
356
1.76 £ 020
202
1.95 026
1.82
1.96 +0.23
1.81
256 £ 023
1.39
427
5.23 (4.55-6.01)
1.23
5.88 (3.33 + 10.40)
1.38

AUCo-y) (ugeh/mi)

318
223042
1.42
430+ 045
1.35
284019
112
338 060
1.06
530
272034
1.95
273+ 0.40
1.94
375+ 063
1.41
438029
121
636
5.75 (4.72-6.98)
11
5.90 (4.73-7.35)
1.08

Reference

Choi and Lee (2012)

He et al. (2014)
Kim et al. (1997)

Wang et al. (2011)

Mutsunobu et al. (2004)

lkehata et al. (2008)

Ikehata et al. (2008)

Ikehata et al. (2008)

Grundy et al. (1998)

Grundy et al. (1997)
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121 mg/kg p.o.

Prediction
Observation 1
Fold error
Observation 2
Fold error

Trmax (h)

024
0.17 +0.00
1.44
0.17 +0.00
1.44

Crmax (ug/mi)

1.05
124 +0.78
1.19
1.67 + 0.85
1.60

AUC(o-y (ugeh/ml)

0.98
0.79 + 0.08
1.25
0.79 + 0.08
1.25

Reference

Zhang et al. (2011)

Huang et al. (2014)
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10 mg/kg

20 mg/kg

40 mg/kg

Dose

Prediction
Observation 1
Fold error
Observation 2
Fold error
Observation 3
Fold error
Observation 4
Fold error
Prediction
Observation 1
Fold error
Observation 2
Fold error
Observation 3
Fold error
Prediction
Observation 1
Fold error
Observation 2
Fold error
Observation 3
Fold error
Observation 4
Fold error
Observation 5
Fold error
Observation 6
Fold error
Observation 7
Fold error

Tmax ()

0.42
0.36 + 0.22
1.16
0.10+0.10
4.20
021002
2.00

0.40
0.25 + 0.02
1.58
0.25 + 0.00
1.58
0.50 + 0.00
1.26
0.37
0.29 + 0.22
127
0.17 + 0.09
228
0.68 + 0.82
1.82
0.356 + 0.39
1.06
0.27 + 0.02
1.38
0.10 + 0.06
358
0.36 + 0.32
1.05

Crmax (Hg/mi)

0.31
0.44 £ 0.12
1.40
0.33 +0.01
1.07
0.50 + 0.12
1.60
1.13£0.18
3.60
0.81
143 £0.38
177
1.01£0.17
1.25
2.01£0.14
249
288
211x099
1.36
2.61+0.55
1.10
266 +2.00
1.08
3.30 £ 1.65
115
244 +0.63
1.18
4.89 +1.33
1.70
243 +£1.17
1.18

AUC(o.y (Hgeh/ml)

0.38
059 +0.14
155
047 £0.13
1.24
029 +0.07
1.32
1.183£0.16
297
0.96
0.86 +0.15
111
0.73 + 0.06
1.31
1.50 + 0.08
1.67
3.26
157 + 0.54
2.08
210+ 093
1.55
3.08 + 1.44
1.06
227 +1.07
1.44
226 +0.52
1.44
1.98 + 0.60
1.64
1.92 +0.88
1.70

Reference

Jia et al. (2006)
Ma et al. (2015)
Kazuhide et al. (1994)

Sunetal. (2017)

Kazuhide et al. (1994)

Watanabe et al. (2002)

Singh and Asad (2010)

Lee et al. (2009)

Young et al. (2007)

Lee et al. (2007b)

Lee et al. (2006)

Kazuhide et al. (1994)

Lee et al. (2007¢)

Lee et al. (2007a)
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Protein

HBG1

HBG1

Protein  Binding

2 energy
(kcal/mol)

HBD -240.26

MASP1 256,39

Contact sites
(protein 1)

THR-135, GLN-127, ASN-108, TYR-35,
VAL-33, and ASN-102
ARG-144, TYR-35, GLN-127, THR-135,
LYS-104, GLU-101, and GLY-1

Contact sites
(protein 2)

GLN-127, ARG-116, ASN-108, TYR-35, TRP-
37, and ARG-104
ASN-159, LEU-132, ASN-264, ASP-158, SER-
93, ASP-35, TYR-225, and TYR-227

Combination type

Salt bridge, hydrogen bond, and
hydrophobic interaction

Salt bridge, hydrogen bond, and
hydrophobic interaction
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Gene name

HBG1-S
HBG1-A
HBD-S
HBD-A
a-SMA-S
a-SMA-A
COL1A1-S
COL1AT-A
TNF-a-S
TNF-a-A
L-1p-S
IL-1B-A
IL-6-S
L-6-A
L-10-S
IL-10-A

Primer (5'-3')

ATGGGTCATTTCACAGAGGAGG
ATGGGTAGACAACCAGGAGCC
TGCCTTTAGTGATGGCCTGG
AACAGTCCAGGATCTCAATGGT
GTCTCAGTCAGCCTAAGGAAGCC
GAGAAATGTTGGGCAAAGGGA
CAGCAGTAGCCCAGAAGACAGT
GGCATTTCATAAGCCTCATTGTC
TGGAGGGCTAGGATTTGG
TGGTAGGAGACGGCGATGC
AAACAAAGAAGGCTGGAA
GGTGGCTAAGAACACTGGA
CCAACTTGTCGCACTCAC
CTGCACTCTTGCCCTTGT
GCTCCGCAGAAAGAAGAC
TCAAAGCGAAGGAAACAA
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Parameters Relugolix Relugolix + daidzein

Tizo () 895+ 0.75 845+ 1.30
Trnex (0) 2.33 +0.82 242092
G (N/ML) 350.17 + 190.35 295.70 + 135.01
CL (L/hekg) 550 +3.29 6.62+3.44
AUCo ... (ng/mLeh) 2743.18 = 1353.80 2157.35 + 964.50
AUC, ... (ng/mLeh) 2813.49 = 1390.68 2196.56 + 975.10

Tz, halF-life time; Cina, maximum plasma concentration; Trax time to Cmas CL,
clearance: AUC, Area under the concentration-time curve: MRT, mean residence time.
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Concentration (ng/mL) Room Temperature, 2 h 10C,3h Three Freeze-Thaw -40°C, 28 days
RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%)
1.4 7.8 07 1z -9.4 13 6.1 72 14.2
80 44 -10 29 40 58 68 50 100
800 26 -142 58 -106 32 37 34 19

RSD, relative standard deviation: RE. relative error.
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Concentration (ng/mL) RSD (%) RE (%)

Intra-day Inter-day Intra-day Inter-day
0.7 84 "7 43 87
14 7.4 89 00 100
80 50 66 6.1 12.1
800 30 40 -03 29

RSD, relative standard deviation: RE. relative error.

Matrix Effect (%)

1126 + 10.2
1107 + 83
108.8 + 12.8

Recovery (%)

80.5+85
86.2 + 6.0
883 3.5
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Parameters Voxtalisib

AUCo., (ng/mL*h) 3762.79 = 1165.22
AUCo... ng/mL*h) 3785.27 + 117514
MRTo. (h) 377 +0.30
MRTo... (n) 423+020
te (0) 10.47 £ 5.00
Tenax () 245+ 1.42
CL./F (Ukg) 1.47 £ 058
Crnax (/) 977.74 + 250.40

AUCo., area under the curve from 0o t; AUC, ..., area under the curve from O to infinity;
MRT,., mean residence time from 0 to t; MRTo..., mean residence time from O to infinity;
ty/2, elimination half-life; Crma., peak plasma concentration; Ty time t0 Cax CLF,
clearance.
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Analyte

Voxtalisib

Concentration (ng/mi)

800
1600

Room Auto-sampler Three freeze-thaw -80°C, 3 weeks
temperature, 3h 10C,4h

RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%)
85 20 44 18 82 22 82 7.4
55 1486 45 b ] 24 106 38 0.9
5.1 74 5.1 46 38 95 65 -108
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Analyte

Voxtalisio

Concentration (ng/mi)

800
1600

Recovery (%) Matrix effect (%)
Mean = SD RSD (%) Mean = SD RSD (%)
100.5 + 8.6 85 94.1 + 124 132
106.8 + 4.2 39 942287 39
105.1 £ 10.2 97 96.7 £+ 5.7 69
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Analyte

Voxtalisio

Concentration (ng/mi)

800
1600

Intra-day

Inter-day

RSD (%)

187
10.6
87
75

RE (%)

20

-140
-40
-85

RSD (%)

16.6
14.0
14.3
13.0

RE (%)

a1
45
-4.4
-7.2
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Gene

glyceraldenyde-3-phosphate

dehydrogenase

Fxr

Mrp2

M3

Mrp4

UGT1at

Primer

Forward: 5'-AGGTCGGTGTGAACGGAT
TIG-3'

Reverse: 5'-GGGGTCGTTGATGGCAAC
AZ

Forward: 5'-AGCTAATGAGGACGACAG
CG-3'

Reverse: 5'-TGCCGTGAGTTCCGTTTT

CT-3"

Forward: 5'-TGAGGAAGAGGATGGTGA
CTGTGG-3'

Reverse: 5'-GTTCGGCGAAGGCTGTTC
TCC-3'

Forward: 5'-ATCACCATACACAACGGC
ACCTTC-3'

Reverse: 5'-TCCGAGTAAGGCAGACAC
CAGAG-3'

Forward: 5'-TCTACCAGGACGCCGACA
TCTAC-3'

Reverse: 5'-ACAGTTGGAACAGGTGCT
TGCC-3'

Forward: 5'-TTCCTGTGCCTCTCCTTT

AACT-3'

Reverse: 5'-TCATCCAGTCAAACCAGC
c-8
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BAs

CA
CDCA
DCA
LCA
UDCA
HDCA
TCA
TCDCA
TDCA
TLCA
TUDCA
THDCA
GCA
GCDCA
GDCA
GUDCA

MRM m/z

407.30/407.30
391.30/391.30
391.30/391.30
375.50/375.50
391.30/391.30
391.30/391.30
514.20/80.00
498.20/80.05
498.20/80.05
482.20/80.00
498.20/80.05
498.20/80.05
464.20/74.00
448.20/73.90
448.20/73.90
448.20/73.90

10.0
100
10.0
100
10.0
100
55.0
55.0
55.0
55.0
55.0
55.0
38.0
37.0
37.0
37.0

Dwell time (msec)

50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0

Retention time (min)

11.83
14.27
14.70
16.45
9.80

10.80
10.40
12.80
13.39
14.98
8.06

9.04

10.62
13.08
13.60
8.20
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ID

M147T21

M176T283
M385T74

M204T23
M456T478
M118T24
M428T460
M199T92
M197T1569
M316T356
M234T52

M248T57

M148T21

M136T23_2
M146T128

M206T246
M522T480
M344T387
M116T22_2
M120T21
M147T80
M510T491
M482T481
M508T489
M101T88
M298T130

M372T413
M192T140

M288T319
M426T443

M220T109
M266T151
M262T41

M134T23
M231T428
M153T52
M218T81
M80T42
M93TI5
M6T43
M79T95
M538T535
M119T128
M271T560
M262T52
M256T52
M840T313
M733T286_3
M130T173

M169T102
M367T466
M259T82
M342T52
M165T51
M507T82
M297T48
M325T52
M345T50
M354T52

M253T52
M250T52

Annotation

Glutamine Seo et al.
(018
-indole-acetic-acid
5-adenosyl-
homooysteine
Acetylcamitine
Arachidylcamnitine
Betaine

C17:0 acylcamitine
Cydlo (Pro-Thr)

Cyclo (Pro-Val)
Decanoylcamitine
GABA-2-
hydroxyglutarate
GHB-camitine Steuer
etal. (2019)"
Glutamic acid Seo et al.
(2018

Homooysteine
Indole-3-
carboxaldehyde
3-Indole lactic acid
L-A-LysoPG; 18:1
Lauroylcaritine
Proline Seo et al. (2018)
Threonine

Lysine Seo et al. (2018)
LysoPC 17:0

LysoPC 0-16:0/0:0
LysoPC P-18:0/0:0
Methyl methacrylate
Methyithioadenosine
(MTA)
Myristorylcamitine
N-acetylmethionine Luca
etal. (2014
Octanoylcamnitine
Oleoylcamitine Luca
etal. (2014)
Pantothenic acid
Phe-Val
Succinylcanitine Steuer
etal. (20198
Thioproline

Valleu

Xanthine

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown Steer et al.
(20199

Unknown Steuer et al.
(2019

Unknown Steuer et al.
(20199

Unknown Steuer et al.
(20198

Unknown, adduct

of GHB

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown, adduct

of GHB

Unknown

Unknown, adduct

of GHB

Formula

CeHioN2Os

GioHgNO,
CiaHzoNeOsS

Cati7NOs
CarHsaNO;
CaHiiNO,
CasHigNO;
CoHuNaOs
CuahaN02
C17HzNO,
CoHisNOs

C14HziNOs
CsHaNO4

CHNOS
CoHNO

CiiHiNOs
CacHsoNO,P
CigHg7NO;
CoHeNO,
CaHeNOs
CeH1aN20,
CosHszNO;P
Ca4HszNOsP
GCagHsNOGP
CsHeO,
C11H1sNsOs8

CaiHaiNO:
CrHigNOsS

Ci5H20NO4
CasHa7NO,

CoHi7NOs
CraHzoN20s
CioH1aNiOs

CHNOS
CriHaN2Og
CsHaNJO,

rt_min

0.35

472
1.23

0.38
7.97
04
7.66
1.63
2.64
5.93
0.87

0.95
0.35

0.38
2.14

41
8
6.45
0.37
0.35
1.33
8.18
8.02
8.15
1.46
217

6.88
2.34

5.32
7.38

1.82
251
0.68

0.38
7.14
0.86
1.34
071
1.58
071
1.58
8.92
213
9.33
0.87
0.87
522
4.76
2.89

1.71
7.76
1.37
0.87
0.84
1.36
0.81
0.86
0.84
0.87

0.87
0.87

Dir

T
1

"means the feature has been reported in the literature to be correlated to GHB.
%InCMSE, percentage increase of the mean squared error; MDA, mean decrease accuracy; Dir, direction of regulation by GHB; Id identification level. For features identified to level 1, we
compared the m/z of precursor, retention time and fragmentation spectra using an authentic standard. For level 2identification, we compared the m/z of precursor, fragmentation spectra
to public database. PC, Pearson correlation coefficients.

Id

Moo anama

g O R Y

FC

128

0.81
1.15

1.23
0.49
1.18
0.43
0.52
07
19
227

255
13

0.76
0.56

0.85
0.77
1.68
1.18
1.34
06

0.57
0.56
0.57
1.49
1.89

07
1.34

16
0.62

143
1.63
1.36

1.25
0.56
148
0.46
0.14
0.43
0.26
0.22
0.48
0.29
176
216
1.63
0.76
1.26
0.38

0.68

282
3.64

0.19
3.99
3.12
269
1.91
6.03

241
3.79

m/z

147.0764

176.0706
385.1288

204.1238
456.4044
118.0868
428.3737
199.1076
197.1285
316.2493
234.0969

248.149

148.0604

136.0425
146.0602

206.081
522.3569
344.2798
116.0711
120.0656
147.1127
510.3569
482.3605
508.3765
101.0697
298.0968

372.311
192.0689

288.2173
426.3583

220.1182
265.1545
262.1285

134.0271
231.1743
153.0407
218.059
80.04935
93.06945
96.0443
79.0541
6538.3872
119.0683
271.2744
262.0134
256.079
840.2059
733.2255
130.0498

169.1331
367.1415
259.0786
342.0608
165.0868
507.1547
297.0812
326.1072
345.0675
354.0608

253.0213
250.0135

vIP

1.06

0.77
1.29

1.48
218
1.44
269
1.63
1.09
1.68
292

21
1.29

1.05
1.89

0.66
0.88
0.77
1.42
1.37
1.62
24
224
2238
1.27
157

1.97
0.87

0.96
174

1.01
0.86
1.29

204
1.67
1.37
2.76
263
273
255
25

247
244
227
1.95
1.61
1.42
1.23
215

1.47
1.05
31

354
4.48
387
354
2.99
236
381

2mn
31

p-value  g-value

0.072

0.044
0.196

0.006
<0.001
0.036
<0.001
<0.001
0.008
0.002
<0.001

<0.001

0.032

0.051
<0.001

0.042
0.044
0.112
0.015
0.001
<0.001
0.003
<0.001
<0.001
<0.001
0.082

<0.001
0.018

0.186
0.002

0.01
0.064
0.005

<0.001
0.002
0.046
0.0001
<0.001
<0.001
<0.001
0.0001
<0.001
0.0001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.01
0.069
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001

0.126

0.095
0.214

0.031
0.005
0.084
0.001
0.008
0.038
0.017
<0.001

<0.001

0.079

0.103
0.002

0.091
0.095
0.158
0.061
0.014
0.012
0.021
001

0.012
0.005
0.079

0.008
0.068

0.208
0.018

0.041
0.117
0.03

0.013
0.018
0.007
0.004
0.011
0.007
0.002
0.004
0.006
0.003
<0.001
0.005
0.004
<0.001
0.008
<0.001

0.042
0.122
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001

Lasso

IS

Scooococoo

o

coooooooooo

0.04

o

oo

ocooooooooocoocoo00o0

017

-0.13
033
0.7
0.02
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094

013

%

IncMSE
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1
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1
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431

2.09

067
-1
-1.08
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-0.34

-09
1.38

-0.84
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1.05
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=1.02

1.02
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0.03
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433

MDA

-1
074
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141

232
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-1.16
092
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7.29

497
6.3
5.1

5.12

4.43

Al

3.77
501

0.18

-0.12
01

0.26
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0.18
-0.38
-03
-0.23
0.26
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0.43
0.26

02
-0.31

-0.16

-0.21
0.1
0.26
0.32

-0.27

-0.32
-03
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-0.31
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-0.26

0.23
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Plant names Traditional Chinese medicine Abbreviations

name
Gardenia jasminoides J.Eliis Gardeniae Fructus GF
Citrus aurantium L Aurantii Fructus Immaturus AFI

Magnolia officinalis Rehder and E.H.Wison Magroliae Officinalis Cortex MOC
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Compound Classfication ~ HCRTR1 ~ GABRA1 ~ MTNR1B  MTNRIA  GLO1 DRD2 HTR2A HTR2C  SLCGA4  GABRA1  MAOA  HRH1

of brain 6707  6TPS  GMES  6ME2  3WOU 6LUQ  6A93  GBOH  GDZW  6CDU  2Z5X  IRZE
Ligand Ligand -9.33 -8.96 -9.54 -8.62 -1028 -9.63 -4.73 0.24 -8.76 -7.85 -192 -8.28
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“CRCL = [(140-Age) x weight (kg)/[0.818xScr(mol/L)] x k, where ks 1 for male and

0.85 for female.
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serum creatinine; TBIL, total bilirubin: WBC, white blood cells.
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Protein Peptide Protein amount (pmol/mg of protein, mean + SD)

Source 1 Source 2 Source 3 Source 4
CYP1A2 YTSFVPETIPHSTTR - . . .
CYP2B1 FSDLVPIGVPHR 102 £ 0.05 206 +0.05 39.77 + 152 -
CYP2C6 EALIDHGEEFAER 6025 + 4.46 8211272 80.65 + 3.95 7134 £ 731
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CYP3AL QGLLQPTKPIILK 1869 £ 0.99 1477 £0.76 35.86 + 075 3106 + 224
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Protein Peptide Conc Matrix effect Absolute recovery
(nM) 9%Nominal RSD (%) %Nominal RSD (%)
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75 9551 43 98.02 59





OPS/images/fphar-13-906027/fphar-13-906027-t003.jpg
Protein  Peptide Conc  Stock solution Standard working Stability during In autosampler
(4 months, —80°C) solution (1 week, digestion (6 h, (12h, 10°C)
-80°C) 37°C)
(nM)  %Nominal (mean + %Nominal (mean + %Nominal (mean + %Nominal (mean +
SD) SD) SD) SD)
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Conc
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15
15
75

60
300

15
150
750

15
150
750

60
300
05
15
15
75

Intra-batch (n = 6)

Mean + SD
(nM)

4334037
12.99 + 0.03
132,93 + 3.01
80570 + 43.89
0.50 £ 0.08
1.34 £ 006
14.65 + 0.57
77.99 £ 5.02
2104029
5.63 % 056
57.10 + 5.36
31863 £ 1145
444 % 041
13.31 £ 0.68
143.94 + 7.16
744.86 % 59.31
4.84 £ 045
13.80 + 0.68
139.44  10.51
664.79 + 2148
217+023
5.53 %042
56.53 + 3.09
32691 £ 19.61
0.46 % 0.06
141 £0.19
14.04 £ 058
80.03 + 2.60

RSD (%)

85
02
23
54
156
42
39
64
139
100
94
36
93
5.1
50
80
93
50
75
32
108
77
55
60
130
134
42
33

RE (%)

-133
-134
-114
74
-0.7
-10.7
-24
40
50
-6.1
-48
62
-112
-112
-40
-0.7
-33
-80
-70
-114
85
-79
-58
9.0
-76
-60
-6.4
67

Inter-batch

Mean + SD
(nM)

494 £0.63
13.64 £ 1.04
14043 + 9.90
81098 + 34.89
050 007
146 +0.15
14.08 £ 0.84
7622 + 5.00
2214020
567 £0.58
56.22 + 4.02
307.89 + 19.85
453 +048
1410 £ 1.21
14373 £ 574
74159 + 54.62
475 £0.58
1372 £ 0.66
13592 +7.45
674.67 + 2584
198 +0.28
572 %043
54.89 & 4.51
31122 +2383
051 008
145 +0.12
1422 £ 0.59
7646 + 5.1

RSD (%)

128
76

43
138
105
6.0
66
90
102
72
64
105
86
40
74
123
48
55
38
144
75
82
77
150
83
41
67

RE (%)

-13
-9.1
-64
8.1

-03
-28
-6.1
1.6

106
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Protein

CYP1A2

CYP2B1

CYP2C6

CYP2C11

CYP2D1

CYP2E1

CYP3A1

Peptide

YTSFVPFTIPHSTTR
YTSEVPFTI*PHSTTR
NENDNEVLFLQK
FSDLVPIGVPHR
FSDL*VPIGVPHR
EALVGQAEDFSGR
EALIDHGEEFAER
EAL'IDHGEEFAER
EHQESLDVTNPR
YIDLVPTNLPHLVTR
YIDL*VPTNLPHLVTR
EALVDLGEEFSGR
GTTLINLSSVLK
GTTLAIINLSSVLK
NLTDAFLAEVEK
FINLVPSNLPHEATR
FINL*VPSNLPHEATR
FKPEHFLNENGK
QGLLQPTKPIILK
QGL*LQPTKPIILK

Molecular weight

1754.0
1761.0
1498.7
1336.6
1343.5
1378.5
1515.6
1522.7
14245
1751.2
1758.2
14215
1358.7
1365.7
1349.6
1708.0
1715.0
1459.6
1448.9
1455.9

Precursor

877.7
587.9
500.5
446.4
448.6
690.1
506.1
508.4
7132
584.9
587.0
7118
680.1
683.6
675.6
5702
5726
487.5
483.9
486.2

z

2+
3+
3+
3+
3+
2+
3+
3+
2+
3+
3+
2+
2+
2+
2+
3+
3+
3+
3+
3+

Product

698.4
5819
647.8
409.1
4092
966.0
6022
601.8
7039
5747
5747
1010.0
4462
4462
9062
11214
1121.9
592.8
4779
4799

30
20
13
15
13
25
12
20
18
15
17
2
14
14
15
18
15

12
12

Tube lens (V)

110
100
78
75
86
98
80
80
100
80
2
101
90
90
97
86
90
84
84
80
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Models

Published models
Faltaos et al.(2006)
Min et al. (2009)
Simon et al. (2013)
Bretagne et al. (2014)
Nader et al. (2017)
Mei et al. (2018)
Yang et al. (2020)
Gallais et al. (2020)

Newly built model
Final model

MDPE

-35.4
-209
-53.1
-279
-68.4
-32.7
-28.8
-45.7

-10.2

MAPE

477
43.0
54.2
40.2
706
50.5
37.0
476

36.4

Fao

185
20.4
156
235
11.0
19.2
263
16.0

207

Fao

27.4
31.7
25.1
36.5
17.0
29.9
413
28.3

42.3

Fzo. the percentages of prediction errors within 20%; Fso, the percentages of prediction

errors within 30%; MAPE, median absolute prediction error; MODPE, median

prediction error.
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Long-term stabiity

Freeze~thaw stabiity

Nominal concentration (ng/mi)

20
27
583
20
o7
583

Measured concentration (ng/mi)
(mean =+ SD)

192 £0.10
2812 +0.83
565.50 + 17.82
1.93+0.14
25.72 +1.69
570.33 + 18.96

Accuracy (%)

96.00
104.15
97.00
96.50
95.26
97.83

RSD (%)

52
3.0
32
73
6.6
33
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Nominal concentration (ng/ Matrix effect (%) Recovery (%)

mi)

Osimertinib 20 93.5 90.2
27 98.4 932
583 96.3 925

AZ-5104 20 90.1 96.7
27 108.2 933
583 9.3 95.0

AZ-7550 20 95.6 912
27 106.3 947

583 1039 90.2
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Nominal concentration Measured concentration Accuracy (%) Intra-day precision Inter-day precision

(ng/mi) (ng/mi) (mean = () (%) (CV)
SD)
2.0 Day 1 1.83 £ 0.09 915 49 6.0
Day 2 207 £ 005 1085 24
Day 3 1.92 £ 008 96.0 42
27 Day 1 26.30 + 1.00 974 38 42
Day 2 27.65 + 0.81 1024 29
Day 3 2853 + 0.58 1067 20
583 Day 1 570.53 + 13.40 979 23 22
Day 2 572.33 + 13.60 982 24
Day 3 565.17 + 10.03 96.9 18
Nominal concentration Measured concentration Accuracy (%) Intra-day precision Inter-day precision
(ng/mi) (ng/mi) (mean = ©v % (CV)
sD)
20 Day 1 211£0.15 1065 7.1 66
Day 2 1.96 +0.06 980 31
Day 3 1.89 + 0,03 5 16
27 Day 1 26.3 = 083 97.4 32 36
Day 2 27.50 + 0.89 1019 32
Day 3 2663 = 0.93 986 35
583 Day 1 564.50 + 13.31 9.8 24 31
Day 2 575.00 + 21.81 9856 38
Day 3 566.50 + 22.43 972 40
Nominal concentration Measured concentration Accuracy (%) Intra-day precision Inter-day precision
(ng/mi) (ng/mi) (Mean = v % (CV)
SD)
20 Day 1 1.92 015 96.0 7.8 7.8
Day 2 213016 1065 75
Day 3 1.93 £ 0.07 %5 36
27 Day 1 2632 £ 075 975 28 36
Day 2 26.11 2093 9.7 36
Day 3 2755 + 051 1020 19
583 Day 1 566.17 + 14.57 971 26 33
Day 2 560.17 + 11.48 96.1 20

Day 3 597.50 + 12.00 1025 20
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Propranolol
Osimertinib
AZ-5104
AZ-7550

Retention time
(min)

223
2.02
1.84
1.97

Precursor ion
‘species

M+ H]"
M+ H]"
M+ H]"
M+ H]

MRM transition

Precursor ion—product
ion (m/z)

260.1-116.0
500.2-72.1
486.4-72.1
486.3-429.3

Dp (V)

140
80
80
80

Ce (eV)

23
60
55
32
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Name Formula MS2: fragment ions AMass RT (min) #M1 m/z Identification

DOX C23H25N505 344, 200, 247, 221 147 7.422 4 42,1935
M1 C10H12N402 221, 206, 177 6.49 2615 2 221,1047 ik
y 9
I o
M2 C13H17N502 276, 247, 245, 221 179 303 3 276,1460
M3 C14H17N502 288, 245, 221,170 7.12 3.089 2 288,1476
M4 C14H19N502 290, 247, 221 635 3433 5 290,1630
M5 C13H17N508 202, 274, 247 698 2919 4 2021425
M6 C14H17N503 304, 276, 245, 221 1.39 3.328 2 304,1408 g C’;
N "
B A
i
by e
M7 C14H19N503 306, 288, 247, 221 1.70 3.056 2 306,1566 I Q:’
o '
oy L
M8 C15H19N508 318, 200, 247 168 3.754 2 318,1566 Iy Q
)G Aa!
= P .
i
L L
Mo C14H17N504 319, 263, 245 148 3.682 2 320,1358 # O
N -
: L
b
M10 C14H19N504 322, 247, 221 224 1.523 2 322,1517
M11 C16H21N503 331, 200, 247 691 3925 2 332,1740
M12 C16H20NB04 361, 200, 247 664 3377 4 361,1643
M13 C21H23N505 426, 408, 221 592 5.528 2 426,1797
M14 426, 408, 300, 221 313 3,167 3 426,1785
M15 C22H23N505 438, 330 186 3331 2 438,1780
M16 438, 342, 287 172 4.279 2 438,1780
M17 C23H23N505 450, 342, 287, 245 662 6.565 4 450,1802
M18 450, 342, 287 479 8.322 3 480,1794 ¢ P e
M19 C23H25N506 468, 450, 342, 247 655 6.504 3 468,1908 % Ao
M21 468, 450, 290, 221 459 4.305 2 468,1899 "
B L0
J A
AL
M22 468, 289, 221 6.42 3001 4 468,1908 o | G
A\,\MTQ/T,IJ
g a
L
M20 468, 316, 290, 233 570 5.417 4 468,1904
M23 468, 289, 221 622 2.861 2 468,1907
M24 C23H27N506 470, 360, 290, 233 757 2877 3 4702070
M25 470, 452, 142 7.38 5.023 < 470,2069
M26 C24H25N506 480, 318, 290, 135 613 337 4 480,1907 . P ey
L A LL0D
L,J\/,\,. L
M27 C23H25N507 484, 440, 290, 233 65 2073 3 484,1858 ) Ao
W oo
[ T k£
M28 C23H27NSO7 486, 468, 289, 221 592 3.189 4 486,2012 mhoncam
LA BT
[
M29 C28H25N5008 548, 468, 344 660 2.908 3 548,1482
M30 C23H25N5098 548, 468, 344 665 3.081 2 548,1482
M31 C25H32NB09S 502, 468, 221 622 3073 4 53,2061 v K\J\L/U
M32 C28HBINSO11 614, 438, 330 250 3.146 4 6142100 o (\;\[w‘ Lo
M33 614, 438 325 329 2 6142100 Sy
AL
M34 C29H33N5011 628, 452 240 335 4 628,2264
M35 C29H33N5012 644, 468, 344 654 2.450 3 64,2041
M36 644, 468, 344 682 2538 4 644,242
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M1
M2
M3
Ma.
M5

v
M7
M8
M9
M10

M1
M12
M13
M14
M15
M16
M7
M8
M9
M20

M21
M2
M4,
M25
M6

M7
M8
M29
M31
M3z
M33

M34
M35
M35

AUCo. A Conax
(900X (+1-DOX (1-DOX (--DoX (+-DOX (s1-DOX (00X (¥-D0X (100X
19029 23542 29581 £5087" 1786 = 1197 0015 20012 00140004 00130002 2239 + 0.367" 3208+0365" 2277 %0252
4217 £ 881" 1829 +389" 4927 £ 1105 - 0,002 £ 0,001 - 0.114 20037 003920008 0.117 20026
2872043 273125 2.75 £ 056 0.002 + 0.001* 0006+0002° 0,008 £0.001 0011 +0.004 00260017 0014 +0003
17.3128.28° 1794 +525" 2517 £2.96 0.002 £ 0.001 00040002 00040001 0,081 +0.025" 02040095  0.117 0026
49078+ 6482 25779+5759" 35056 828 0.002 = 0001 000320000 00020001 219520348 228521071 1369 + 0.284
17.08 2395 2666+ 11.73 217 £7.23 0,002 +0.001"* 0,005 £ 0,001 0005 = 0.002 0,067 + 0.028" 0.188 = 0.081 0,134 = 0.047
385+ 112" 1762024" 3512082 0.003 = 0001 000420002 0.00320001 0017 = 0008" 00060001 001220003
629+ 134" 223 £ 067" 469114 0.003 = 0.001 00060003 000320001 0,025 0,005 0,021 001 0,019 = 0,004
238 £ 046" 1122028 104 5022 0005 = 0002 00070002 000520008 001520001 00080003 00050001
2142085 128.+04" 199203 0.003 = 0001 0.004  0.001 0.003 = 0001 0013 20001 000920003 001 = 0,002
14203 087 £0.12" 0642012 0.002 + 0.001 0,002 £ 0,001 00020001 00080002 00080001 0,003 = 0.001
2068+ 7.22 1.56  0.49" 995434 0.006 = 0002 000820002 0.006+0001 01420034 000820002 00580024
625+ 408" 3356 + 15.99 222:813 0016 £ 0022 0,006 = 0,001 00070001 00480032 0247 £0.111 0.161 = 0.056
2633 12" 1159 +3.02" 7.47 £ 091 0,001 +0.000" 00030000 00030001 0054 = 0.004" 00520014 00320007
1838+ 27" 1148 4.56 855+ 1.57 0.001 = 0.001 00010000 00020001 006 0012 0.026 = 0.009 0029 £ 001
087 £ 039" 2872079 274059 0,004 = 0.002" 0,006 + 0,001 00070002 0,008 0,004 0.02 £ 0005 002 £ 0.006
1.00£0.16 1242032" 081012 0.002  0.001 00030002 00040004 0,004  0.001 00050001 0,003 + 0,000
7022 £ 2795 128.25 + 26.44 83.42 13,15 0.008 = 0003 0,008 £ 0,001 0.008 = 0002 06520185 07740186  0614+0.112
16,59 £ 400" 5245 14.19" 6725 0005 = 0.002 0,005 = 0,001 00060001 01080028 01910041 0,148 0,033
1875 2 726 2816+ 638 19622 301 0.008 0002 0,008 + 0,001 0009 £ 0002 0,177 + 0,049 02230078 0.147 +0,026
128.12 = 36.76"" 201 £245" 77524196 0.007 = 0.001 0,006 = 0,001 000720001 09450271 01080028 0497 0,141
5.17£077"" 1359 +1.92" 749+18 0004  0.001* 0,007 £ 0,001 0.006 + 0.001 0,048 + 0.014* 01230037 0,054 +0022
8259+ 51.75™ 39078+17379 87185+ 13421 0.006 = 0003 0,005 £ 0,001 00070001  0585:0356™  2612:1213 250220891
588+ 419" 2195+ 1681 2560 £9.48 00100011 0,004 £ 0,001 00050002  0035=0028"  0106+0072 015 = 0051
1087 + 26 1135229 12.07 + 261 0,005+ 0,001 0,008 + 0,001 0004  0.001 0052 + 0015 0,04 £ 0009 0,045 + 0011
283+ 153" 17.17 £ 839 1092+ 391 0010 £ 0.006 0,004 0001 0.006 = 0.002 0,032 + 0.025" 02520126 00750035
501 221" 037 £028" 462233 0.006 + 0.001 000520003 0007 +0001 0022 001" 0001£0001" 0021 =001
644428 2953+ 1276 3185+ 11.83 0005 = 0.002 0,005 0,001 00070001  0045+0020"  0201+0007 021620079
4792071 2649558 2713749 0011 0,003 0007£0000  0007£0002  0063:0017" 018620028 0197 = 0079
366+ 228" 1772736 2556+ 8.37 0007 = 0002 0,005 £ 0,001 00060001 0024 £0013" 0,077 £ 0.03 0.162 = 0.054
432076 25254832 2678 +6.04 0004 + 0.002" 0,001 = 0,001 00030001 00030001 001420008' 003220007
0412016 5982164 866+ 165 0004  0.001" 00010001 0003:0001  0026+0003"  007120012" 0127 00X
45909 1332+ 4.18 14.08 £ 209 001240002 0004£0000' 00060001 0034 £ 0004 00380000" 0,064 +0,007
2472158 3332092" 118 4031 001040001 00060002  0005:0008 0023£0012" 00150006" 0,008 +0.003
6512182 1837 £ 474 2079672 0.003 = 0.002 0,004 £ 0,001 00040002 005320011 00770018 0,097 +0.036

" < 0.05 versus ()-DOX.

‘means it cannot be calculated. Logarithmic transfor was performed on AUCand G, values beforo statistical analysis. One-way ANOVA folowed by Tukey's HSD test was used. 'p < 0.05 versus (+)-DOX; 'p < 0.05 versus (=}-D0X;
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Metabolites

M4

M14
M15
M16
M17
M18
M20
M21
M22
M24
M25
M27

Human liver microsomes

Rat liver microsomes

(-)-DOX

1.348 + 0.065"*
0.375 +0.015
0.166 + 0.013"
0.036 + 0.009
11.697 + 0.674""
1.228 + 0.09"*
143.631 + 6.46""
1.094 + 0.05**
24.859 + 1.801**
0.225 £ 0012
2.895 + 0.25"
3.586 + 0.327*

(+)-DOX

26.004 £ 0.564"
0.369 x 0.009"
0.169 + 0.014"
NA
16.029 + 0.227"
1.418 + 0.036"
30.895 + 0.628"
1.503 + 0.052"
21.445 £ 0.83
0.305 £ 0.019"
0.183 + 0.042"
2.833 + 0.054

()-DOX

12.182 + 0.204
0.393 + 0.011
0.142 + 0.004
0.032 + 0.006
13.162 + 0.76
0.99 + 0.068
68.479 + 3.732
1.208 + 0.072
19.004 + 1.292
0.249 £ 0.019
1.69 + 0.224
3.234 £ 0312

(-)-DOX

7.349 + 4.218"*
0.359 + 0.012
3.849 + 0.064"+
0.507 + 0.068"*
12.279 + 0.299**
1.639 + 0.061**
58.593 + 2.14**
1.337 + 0.069"*
20511 £ 057"
0.052 + 0.006"
0.1 +0.005**
2.372 + 0.058"*

(+)-DOX

28.439 = 1.006"
0.341 £ 0.008
8.97 +0.303"

11.881 + 1.387"
6.516 + 0.212"
1.031 £ 0.032"
37.531 + 2.08"
0.746 + 0.023"

19.908 + 0.793"

NA

0.324 £ 0012"

0.902 £ 0.131*

()-DOX

16.66 + 0.177
0.342 + 0.013
6.011 + 0.081
0.851 + 0.06
9.515 + 0.342
1.268 + 0.015
31.901 + 0.802
0.896 + 0.039
15.675 + 0.478
0.03 £ 0.009
0.115 + 0.006
1.916 + 0.026

“NA" means it cannot be calculated. Logarithmic transform was performed before statistical analysis. One-way ANOVA followed by Tukey's HSD test was used. *p < 0.05 versus (+)-DOX;
*n < 0.05 versus (+)-DOX: *p < 0.05 versus (+)-DOX.
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Parameters

Obijective function value
CLF(LhT)
VoF (L)
QF (LN
Vo/F (1)
Covariate effect on CL/F
cicL
ALB
AGE
Between-subject variabilty
CUF (%)
Vo/F (%)
QF (%)
Vi/F (%)
Inter-occasion variabiity
10V on CL
Residual variabilty
Proportional (%)

Base model Final model Bootstrap of final model
Estimate RSE (%) Estimate RSE (%) Shrinkage (%) Median 95% CI
4306.6 / 3455.9 / / / /
48 43 491 37 / 497 437-5.44
209 56 184 38 / 180 165-20.3
0.09 14.0 0063 98 / 0073 0,022-0.10
59 263 218 14.1 / 247 1.69-2.77
/ / 0.49 226 / 050 029-0.69
/ 035 506 / 035 0031-0.72
it 089 9.4 090 0.72-1.06
302 249 209 255 255 203 15-295
369 404 19.6 269 209 204 17.3-328
623 18.3 406 18.1 19.4 36.7 18.7-54.3
442 144 30.4 17.5 a7 292 13.8-40.7
¥ ¥ 247 20.4 43.8 242 5.6-35.4
58.3 6.5 40.1 6.3 1.5 39.6 34.9-44.9

ALB, albumin; Cl, percentile confidence intervals; CL/F, apparent clearance; CrCL, creatinine clearance; F, the bioavailabity refative to 1; IOV, inter-occasion variabillty; Q/F, inter-
compartmental clearance; RSE, relative standard error; V,/F, apparent central volume of distribution; V,/F, apparent peripheral volume of distribution; RSE, relative standard error.
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Characteristics

No. of patients (Male/Female)*
No. of Samples®
Age (years)
Height (cm)
Weight (ko)
Body surface area (m?)
Methotrexate dose (g)
Methotrexate dose (g m?)
Dosing time (n)
Occasions ()
Samples per individual ()
Hematocrit (%)
Total Biirubin (umol L)
Alanine aminotransferase (U L")
Aspartate transferase (U L")
Albumin (g L")
Total protein (g L")
Serum Creatinine (umol L")
Creatinine Clearance (ml min™')°
Concomitant medications®
Omeprazole
Esomeprazole
Lanzoprazole
Pantoprazole
Dexamethasone

Number or mean = SD

77 (49/28)
1458
546+92
1697
67.8+10.7
1.60 + 0.30
47:19
3013
3937
49:36
19.0 £ 13.7
36045
9.8+39
382395
247 £220
387 £43
64263
705 + 287
1042 +342

214
19
969
58
1,122

"Data are expressed as number of patients.
“Data are xpressed as number of samples.
“Calculate following the Cockcroft-Gault formula: CrCL = [(140-Age (vear) xWT (kg)l/
(0.818xScr (umol L)) x (0.85 for female).

Median (range)

/
/

56 (28-76)
170 (150-185)
69.0 (41.0-94.0)
1.61(0.85-2.32)
40 (2.0-15.8)
2.8 (1.1-102)
3(1-28.25)
4(1-17)

16 (3-67)
36.1 (15.7-48.4)
9.5 (3.1-36.1)
28.0 (4.0-420.0)
200 (5.0-659.0)
39.0 (24.0-50.0)
64.0 (41.0-82.0)
66.0 (22.0-480.0)
98 (15.1-326.5)
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Study
(publcation
year)

Fattaos et al
(2006)

Mot ol
(2009)

Smon ot a,
2019

Bretagne et al.

2014)

Nader ot al
2017

Mei ot
2018

Vang et al
(2020)

et ot o
(2020)

Country.

single/

multiple
sites)

France
(Singl)

cnna
(singl)

France
(Singl)

France

(M)

Qatar
(Singl)

China
(Singl)

china
(Single)

France

(singl)

Number
of samples/
Patients

R
96551 (28723)

40082 (60722)

498550 (27/23)

363581 (46/35)

53037 31/6)

701/98 (5345

85291 (64727)

11791328
(180/130F

Dosage.
regimen

-8 g,

1-6h,iv.

1599, 24h,iv.

-8 g,
-6h,iv.

8 g,

3-24h,iv.

o057 g,

4-Bhor2n.iy.

o954 g
13821, .

-3 g, i,

1-8 g,
05361, 1.

‘Sampling

schedule

CaufCs a0d ther two sampes”

Boforo a1 6,12,18,24,30:36,44,50.66.68.74.80.92 h
ater infusion

Atthe end ofnfuson and 8-12.24,48, 72 h i
<003 pmo.

CafCifCra, then Q24 h it <02 pmolAL

Q12 or Q24 h unil <0.08 pmoll.

CaslCieCralCae

Cao/Ci, then 24 h untl <0.2 pmoit.

assay

(Pars)

(Tous)

HALO

e

HALC

ouF

VU
aF

Vo
cuF
VU
aF

Vo
cuF

viE
QuF
Vo
Qv
v

cuF

Vo
aF

Vo
cuF

VoF
aF

vF
cUF

Vo
aF

Vo
cUF

Vo
aF

vF
cUF

Vo
aF
v

PK parameters
and formula

7XAGE/2) 022 (SCRBT) °

21
015
27
745x[1 +0224x(0.89-SCR/100]
25,04(1-0.00037(66-WT)]
0333
023
3.99x(1.60, # ABCC2 CT or TN +
1.914(00L89)
18.0¢(1.63, 1 ABOC2 CT or TT)
o1
158

0021
199
7.05x(CICL91 62" xDPA/08)
0760 93x5002
25
013
301
15.7x(HCT32P*

T0.2xWT/E9)
os7
514
667(SCRIBS.1) *“x(BSA/
1.7
24.464(AGE/57.16°%"
0047
132
6.03x(COL5.114

207
0074xBSA/1 65"
376
8.3(AGE/S0 7

214
015 (fxed)
BWT/70P

(1ov%)

20
(165)
25
510
810
506
25
704
o8
27

30

21
319
@ra®
©LP

62
00

27
251
630
516

5.4
3
656

/
20
220,

Vs

¥
80

Residual

B0%

0015 ol

a23%
0,009 ol

ana%

a7

%

302 pmolL.

032 moit.

340%

Evaluation

GOF, Bootsrap,
MPERVSE

GOF,
MPERSE,
Grossover
valdaton
GOF,

Bootsirap,
vee

GOF, Bootsrap,
NPDE

Bootsrap,

GOF,

Bootsrap,

ABOC2, 24 > TSNP f5717620)n§ UTof o ATPbiing cassatotansporter BSA, bocy urace ra ' SV, bawean s ekttt U, apparent o I G, concentaon at hours post dose; L retrinackaranc rimin”: DPG,
# chango o asalvaL of iy cogroppty Kogropptyn -+ Wrat at o tmo of ot dscage ok o tho MTX pradmistaton; EMIT,Grymo mied immuncassay oo icue . fmak FPIA,rasosnca pobraton imunoassay; COF,
goodhess-of-it plots; HCT, hematocrit (%); HD-MTX, high dose-methotrexate; HE, homogeneaus enzyme mmunoassay; IOV, inter-occasion vaniabity; LC/MS, lquid chromatography/mess; M: male; MPE, medan prediction eror; NPDE, nomalzed prediction
distrbution error; FONSL, primeary central nervous system ymphoma: Q/F, apparent inter-compartmental dearance (1 RMSE, root mean square error; SOQ2, co-admistered with atleast one cug of score 2: SCR, seum creatinie (umal L™'; TDx FPIA using
TR anaysrs: V/F, apperent votamo ofdstuion of centl comparmentf: V. apparentvotamo ofctruton porleal comgertren VPG, vl predicte check: W, bacwoht ).
*Two supplementary sampls: t tho end of infusion and betweon & and! 12 hfrom tho beginning of th infusion Eventual fofow up plasma fove determination was dono at 72 h, 96 h or more.
IOV of 47.4 and 31.1% on MTX CL, for the second and third dosing occasions.
“15 patients not inoluded owing to missing toxicity iformation.
dCorrelation is CL ~ Vi, 0.78.
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NO.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

a1

42

43

44

45

4

a7

4

40

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

7

TS

73

74

75

76

T

78

79

80

81

82

83

84

85

86

87

88

89

90

o1

92

93

%4

96

96

97

98

99

101

102

105

106

107

108

110

m

112

113

Metabolites

PC(20:5 (52.82,11Z,142,172)/P-16:0)
PC(18:2 (92,122)/P-16:0)
Trinexosylceramide (d18:1/12:0)
Trinexosylceramide (d18:1/16:0)
LysoPC(22:2 (13Z,162))

DG (16:0/20:0/0:0)

DG (16:0/18:0/0:0)

CE (18:3 (92,122,152)
2,5-Furandicarboxylic acid
Phytofiuene

Oleamide

PC(20:0/18:4 (62,92,12Z,152))
PC(20:4 (82,112,14Z,172)/18:0)
PC(18:2 (9Z,122)/P-18:1 (112))
PC(16:1 (92)/22:2 (13Z,162))
PC(18:0/P-18:1 (112))
PC(16:0/P-18:1 (112)
LysoPC(22:1 (132))
PC(18:0/14:0)

Arachidonic acid

PI(18:2 (92,122)/16:0)

PC(20:1 (112)/P-16:0)

C(18:3 (9Z,12Z,152)/P-18:0)
PC(20:4 (82,11Z,14Z,172)/16:0)
PI(22:4 (7Z,10Z,13Z,162)/16:0)
PC(20:2 (11Z,142)/14:0)
PC(18:2 (92,122)/18:1 (92))
PI(16:0/20:0)
PC(18:4 (62,92,12Z,152)/18:1 (92))
Trihexosylceramide (d18:1/24:0)
DG (1611 (92)/18:2 (92,122)/0:0)
DG (16:0/16:0/0:0)
CE (22:5 (72,102,132,162,192))
D-Erythrose 4-phosphate
LysoPC(22:6 (4Z,72,102,13Z,16Z,192))
Glucosylceramide (d18:1/12:0)
S-Adenosyimethionine
SM(d18:0/14:1 (92) (OH)

C(16:1 (92)/P-16:0)
PC(20:3 (52,82,112)/P-18:1 (112))
DG (18:1 (92)/18:2 (9Z,122)0:0)
Secoisolariciresinol
PC(22:2 (13Z,162)/14:0)
17a-Hydroxypregnenolone
PI(22:5 (7Z,10Z,13Z,16Z,192)/18:0)
DG (18:1 (92)/20:0/0:0)
PC(18:0/20:3 (82,112,142))
SM(d18:0/16:1 (92) (OH)
SM(d18:0/16:1 (92)
PC(20:3 (82,11Z,142)/14:0)
LysoPGC(22:0)
PI(16:0/18:0)
PC(22:5 (72,10Z,13Z,16Z,192)/16:0)
Ceramide (d18:1/25:0)
Glucosylceramide (d18:1/92-18:1)
beta-Cryptoxanthin
9,10-Epoxyoctadecenoic acid
Adrenoyl ethanolamide
LysoPC(22:5 (42,72,10Z,13Z,162))
Chenodeoxycholic acid
Cer(d18:1/14:0)
LysoPC(20:3 (62.8Z,112))
PC(24:1 (152)/P-18:1 (112)
PC(22:2 (132,162)/P-18:1 (112))
Docosahexaenoic acid
PC(14:0/18:3 (62.92,122))
Retinal
Dihydrofolic acid
PC(20:5 (52,82,11Z,142,172)/P-18:1 (112)
N1,N12-Diacetylspermine
LysoPC(22:4 (72,10Z,13Z,162))
LysoPC(20:2 (11Z,142))
PC(20:4 (82,11Z,14Z,172)/P-18:1 (92))
PC(22:6 (42,72,102,13Z,16Z,19Z)/P-18:0)
PC(22:4 (72,10Z,13Z,16Z)/P-16:0)
all-trans-Retinoic acid
PC(18:4 (62,92,122,152)/P-18:1 (112))
PS(18:0/18:1 (92))
Ceramide (d18:1/12:0)
Ubiquinone-1
L-Cystathionine
L-Palmitoylcarnitine
Ganglioside GMS3 (d18:1/16:0)
PS(18:0/22:6 (42,72,102,13Z,162,192))
LysoPC(18:2 (9,122)
5-KETE
PS(18:0/20:4 (82,112,142,172)

C(18:3 (62,92,122)/P-18:1 (112))
13-cis-Retinoic acid
LysoPC(16:1 (92)/0:0)
2-Methoxyestrone
LysoPC(14:0/0:0)

Testosterone glucuronide
Sphinganine

Sphingosine 1-phosphate
15-Deoxy-d-12,14-PGJ2
Detta-12-Prostaglandin J2
Dehydroepiandrosterone
(9xi,10x1,12x)-9,10-Dihydroxy-12-
octadecenoic acid
LysoPC(20:5 (5Z,82,11Z,14Z,172))
15(8)-HPETE

Estrone

11,12,16-THETA

Paimitic acid
11b-Hydroxyprogesterone
Androstenedione
Alopregnanolone
Pyridoxamine '-phosphate
Paraxanthine

Indoleacetic acid
Pyridoxamine

15-KETE

DG (18:2 (92,122)/20:1 (112)/0:0)

(min)
20.98
2091
20.71
20.70
2068
20.67
20.65
20.64
2059
20.39
2027
20.18
20.12
20.11
20.07
20.05
20.02
19.95
19.94
19.94
19.94
19.94
19.94
19.93
19.93
18.77
18.71
18.71
18.71
18.71
18.70
18.69
18.69
18.69
18.67
18.63
17.87
17.84
17.83
17.82
17.82
17.81
17.81
17.79
17.68
17.61
17.59
17.59
17.59
17.58
17.57
17.32
17.31
17.29
17.19
16.94
16.50
16.47
16.41
15.90
15.43
15.42
15.40
15.36
14.85
14.63
14.62
14.51
14.46
14.28
14.25
1420
14.06
14.05
13.98
13.73
13.62
13.60
1353
13.43
13.16
12.95
12.93
12.69
12.67
12.41
12.40
12.40
12.33
12.30
12.06
11.80
11.74
11.67
11.65
11.51
11.34
1115
1093
1064
1049
10.26
1018
955

9.46

931

9.16

0.80

078

075

070

0.17

0.05

m/z

764.5597

764.5466

985.6484

1,041.7068

593.4293

647.5559

596.9646

669.5554

201.0376

542.9203

282.2829

810.1348

810.1348

768.0981

810.5913

770.5976

7425653

577.7737

734.5788

304.4669

852.5681

794.6085

768.5950

782.0817

887.5759

758.0603

7845924

911.5975

780.0658

1,168.7722

591.5034

568.9114

721.5887

245.0038

567.6943

644.5063

399.4450

689.5316

733.5758

816.6024

618.9701

407.1669

786.1134

332.4770

913.1652

668.6202

812.6229

717.5618

703.5811

756.0444

579.7896

856.5954

808.1189

664.1399

726.0786

552.8870

296.4449

375.5878

569.7101

393.3044

508.4804

546.3631

898.6832

868.6364

328.4883

745.5483

284.4357

443.4133

834.5671

286.4136

571.7260

547.7046

792.1195

818.1568

794.1354

300.4420

808.5438

788.5432

480.4446

250.2903

222.2620

400.6230

1,151.6951

836.0860

519.6515

318.4504

812.0646

810.5626

300.4351

493.6142

300.3921

467.5769

464.5485

301.5078

379.4718

316.4345

334.4498

288.4244

314.4660

541.6570

336.4657

270.3661

354.4810

266.4241

330.4611

286.4085

363.2590

249.0656

180.1640

176.0683

168.1931

341.2050

647.5553

Formula

CaaHrNO;P
CazHeoNO,P
CigHeaNO+s
Cs2Ha7NOsg.
CagHsgNO,P
Caoh760s
Carhr205
CasH7a0,
CeHiOs
CaoHez
CieHaeNO
CagHeNOGP
CagHeNOGP
CaaHgoNO7P
CagHesNOsP
CaaHggNO7P
CazHezNOP
CaoHeoNO7P
CuoHeoNOsP
CaoHs202
CagHzo01P
CasHeeNO,P
CasHezNOP
CaaHeoNOGP
R
CazHeoNOGP

CaaHgaNOsP

CusHgrO1P
CaaHzsNOGP
Cooth1aNO+g
CarHesOs
CasHesOs
Cughz7s0,
CHoOrP
CaoHsoNO7P
CasHeoNOg
CisHoNeOsS+
CarHraNO,P
Caot76NO;P
CagHeNOP
CaotroOs
Caots0s
CadHeNOGP
CaiHs205
CagHasO13P
CaiH7s0s
CagHeeNOsP
CagHzNO/P
CagHroNz06P
CaozsNOGP
CaoHozNOP
CigHesOraP
CasHezNOGP
CusHesNOs
CazHroNOg
CaoHssO
CiaHs20s
CadHuiNO,
CagHs:NO,P
CodHaoOs
CazHeaNOs
CagHszNO;P
CaoHoeNO7P
CagHooNO7P
Ca2taz 0,
CaoHzNOGP
CaoHos0
CigHaiN7 O
CagHeoNO7P
CraHaoN:02
CaoHs:NOP
CaaHsdNO7P
CagHaoNO-P
CagHeuNOP
CagHeiNOP
CooH2602
CaaHzsNO;P
CazHaoNO1oP
CagHssNOy
CraHisOs
CHiaN20,8
Co3HasNO4
Cs7H10N2021
CacHzeNO1oP
CasHsoNO7P
CaoHs00s
CaaHzeNO1oP
CasHeoNO,P
CooH2602
CaiHigNOP
CroHza0s
Ca2zHagNO7P
CosHseOs
CigHoNO,
CraHssNOsP
CootosOs
CaoHaoOs
CioHos0,
CigHaaOs
CagHagNOP
CooHs20s
CraHa20,
CooHaaOs
CieHaz0,
CooHas0s
CioHz602
CoiHsi02
CeH13N20sP
CHeNLO,
CioHaNO,
CsHi2N,0,
CaoHs00s

CaiH7405

vIP

1.34

1.51

1.39

417

7.26

1.90

2.02

7.65

6.63

3.83

239

218

3.93

1.80

295

291

2.05

1.69

423

293

295

8.07

2.40

9.10

3.77

1.85

263

467

719

4.80

1511

1.60

12.48

5.49

3.99

5.40

1.99

241

5.36

5.09

248

a1

220

2.92

291

6.38

233

1.98

1.40

1.51

226

5.67

5.60

397

3.56

343

3.04

210

3.22

220

1.55

2.05

1.62

1.59

3.07

8.01

1.42

1.62

413

242

3.14

272

3.61

4.43

253

2.86

218

27

1.76

1.82

3.21

4.43

5.30

5.28

3.97

5.22

345

3.30

4.53

1.93

5.28

1.56

3.81

285

4.85

5.39

279

275

3.56

173

391

4.97

4.67

283

4.70

1.73

1.42

1.87

2.96

214

217

281

141

P
Value

4.60E-
02
3.11E-
02
4.09E-
02
6.76E-
05
5.56E-
08
1.26E-
02
9.58E-
03
2.23E-
08
2.93E-
o7
1.46E-
04
4.10E-
03
6.63E-
03
1.18E-
04
1.58E-
02
1126
03
1.22E-
03
8.90E-
03
2.06E-
02
5.88E-
05
1.18E-
03
111E-
03
8.47E-
09
3.98E-
03
7.91E-
10
1.70E-
04
1.40E-
02
2.34E-
03
2.16E-
05
6.53E-
08
1.58E-
05
7.77E-
16
2.50E-
02
3.31E-
13
3.20E-
06
1.02E-
04
3.99E-
06
1.03E-
02
3.92E-
03
4.39E-
06
8.06E-
06
3.33E-
03
7.70E-
04
6.34E-
03
1.20E-
03
1.28E-
03
4.20E-
o7
4.69E-
03
1.05E-
02
3.97E-
02
3.10E-
02
5.561E-
03
2718
06
2.63E-
06
1.06E-
04
2.76E-
04
3.69E-
04
9.10E-
04
7.90E-
03
6.07E-
04
6.36E-
03
2.85E-
02
8.89E-
03
2.99E-
02
2.58E-
02
8.49E-
04
9.74E-
09
3.83E-
02
3.03E-
02
7.48E-
05
3.82E-
03
7.20E-
04
1.89E-
03
2.47E-
04
3.73E-
05
2.98E-
03
1.37E-
03
6.63E-
03
1.93E-
03
1.76E-
02
1.52E-
02
6.19E-
04
3.70E-
05
4.99E-
06
5.30E-
06
1.06E-
04
6.06E-
06
3.54E-
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