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Editorial on the Research Topic 
Development, assessment, improvement, and standardization of methods in herbal drug research


Herbal drugs (HDs) or herbal medicines have been applied for a very long time as natural remedies for preventing and curing diseases and for improving human health. HDs are currently gaining increasing popularity globally as drugs, complementary and alternative medicines, nutraceuticals, food supplements, and cosmetics. HDs have gained wider interest among societies during the past decades due to their broad, synergistic actions on the physiological systems and the relatively lower incidence of adverse events compared to synthetic drugs (Noviana et al.). However, HD may not be entirely safe because some studies have reported adverse effects such as nephrotoxicity, hepatotoxicity, cardiotoxicity, neurotoxicity, and skin toxicity during the administration of HDs. These adverse effects may be due to the presence of some toxic metabolites or contaminants such as aflatoxins, or due to the falsification of HDs. Therefore, the quality assurance and authenticity of HDs must be assured (Heinrich, 2015). The complexity of HDs, which typically consist of many constituents, has raised major quality issues. The bioactive compounds of extracts and/or HD preparation are typically very complex and may vary. Thus, if the exact chemical composition is not determined accurately and specifically, the reported bioactivity or pharmacological effects may not always be reproducible. Assuring high-quality HDs with reproducible quality, efficacy, and safety is a challenging task. As a consequence, the availability of appropriate analytical methods is highly required, not only for the identification and standardization of HDs but also for the detection of adulterants and contaminants (Muyumba et al., 2021). The analytical methods used for the quality control of HDs, either chemical or biological-based methods, must be official methods. Otherwise, the methods should first be validated according to the latest official guidelines. Without analytical method validation, the reliability of the data cannot be confirmed, and the results would be difficult to replicate by other scientists (Indrayanto, 2022).
The quality control and authentication of HDs are typically carried out by evaluating the biological characteristics and physicochemical properties along with microscopic and macroscopic observations. The characterization and discrimination of HDs by instrumental methods can be performed using three approaches: (1) single component analysis or targeted analysis using marker compounds responsible for biological activities, (2) fingerprint profiling (i.e., profile comparison of different HDs), and (3) metabolomic studies, either using targeted or untargeted metabolomics (Ruiz et al., 2016). Due to the large datasets obtained by these methods, the use of chemometrics is a must. Pattern recognition and multivariate calibration are among the widely used chemometrics techniques for the analysis of HDs (Zhu et al., 2014).
A total of 11 manuscripts are published in this Research Topic, including two review articles and nine original research articles. A narrative review by Noviana et al. highlights the use of metabolite fingerprint profiling based on chemical responses obtained from spectroscopy-based techniques (FT-IR and NMR spectroscopy), chromatographic techniques mainly thin layer chromatography (TLC), liquid chromatography (LC), and gas chromatography with different detection systems, electrophoretic methods, direct mass spectrometry, and DNA barcoding for the standardization and quality control of HDs. Since the instrumental analyses involve large datasets, in this review the authors also critically discuss some of the chemometrics tools applied. The combination of chemometrics of pattern recognition, multivariate calibrations, and validated instrumental methods for assisting the authentication analysis are also highlighted. 
In a systematic review presented by Ibrahim et al., Marantodes pumilum (Blume) Kuntze, one of the Malay traditional herbal medicines, is critically discussed. Some aspects of this herbal medicine including the identification and authentication of the plant using different methods (organoleptic, microscopic, and macroscopic evaluation along with fingerprinting profiling using FT-IR spectroscopy, LC-MS, and DNA barcoding) are thoroughly discussed. Furthermore, the phytochemical constituents of the plant with known therapeutic activity are also described.
Nine original articles explored the biological activities of HDs either as a single component or in combination. Reported investigations include in vitro or in vivo studies, identification of chemical markers in HDs, and the relationship between the biological activities of HDs and chemical markers responsible for these activities.
Hu et al. identify chemical markers in the classes of phenolics and saponins from Eleutherococcus senticosus (Rupr. & Maxim.) leaves and their correlation with the hypoglycemic activity is measured by α-glucosidase inhibition assay. Ultra-performance liquid chromatography combined with tandem mass spectrometry (i.e., UPLC-QTOF-MS/MS and UPLC-QTRAP-MS/MS) is validated for the qualitative and quantitative analyses of the herb. Thirty compounds are identified including seven saponins and 20 phenolic compounds. Twelve of these compounds are isolated from E. senticosus for the first time. The newly isolated compounds are 5-O-caffeoylshikimic acid, quinic acid butyl ester, methyl 5-O-feruloylquinate, 5-O-p-coumaroylquinic acid butyl ester, 4-O-caffeoylquinic acid methyl ester, 5-O-feruloylquinic acid, 3,4-dihydroxybenzenepropionic acid methyl ester, quercetin 3-O-β-D-glucopyranosyl-(1→6)-β-D-glucopyranoside, (7S,8R)-urolignoside, n-butyl-1-O-α-l-rhamnopyranoside, (Z)-hex-3-en-1-ol O-β-D-xylopyranosyl-(1″-6′)-β-D-glucopyranoside, and hexenyl-rutinoside. The phenolic compounds can be used as markers for the hypoglycemic activity of this herb.
The effect of a combination of turmeric (Curcuma longa L.), grape (Vitis vinifera L.) seed, flaxseed (Linum usitatissimum L.), and psyllium (Plantago ovata L.) with bentonite as detoxification and cholesterol-lowering agents is investigated by Turgut et al. in hypercholesterolemic mice. The combination has a synergistic effect on reducing the risk of cardiovascular diseases. The chemical markers identified in turmeric using liquid chromatography and LC-MS/MS are curcuminoids (curcumin, desmethoxycurcumin, and bisdemethoxycurcumin), while chlorogenic acid, fumaric acid, (-)-epicatechin gallate, caffeic acid, vanillic acid, luteolin 7-glucoside, resveratrol, apigenin 7-glucoside, quercetin, luteolin, and apigenin are detected in grape seed.
Furthermore, Saggam et al. study the anti-cancer activity of extracts from two Ayurveda-based immunomodulatory herbs, Asparagus racemosus Willd and Withania somnifera (L.) Dunal, for therapeutic adjuvants in countering paclitaxel (PTX)-induced myelosuppression. The studied extracts significantly modulated 20 cytokines to evade PTX-induced leukopenia, neutropenia, and morbidity. Both extracts also prevented PTX-induced myelosuppression and morbidity signs by modulating associated cytokines. The results conclude that both HDs are potential therapeutic adjuvants in cancer management.
Sun et al. investigate the effects of Shuangxinfang, a formula of Traditional Chinese Medicine (TCM), in preventing S100A9-induced macrophage/microglial inflammation in rats after acute myocardial infarction. S100A9 is an important target protein in macrophage/microglial inflammation. The authors report that Shuangxinfang could promote the recovery of cardiac function and improve depression-like behavior.
Wang et al. study the effect of Yinhuapinggan granules, a TCM, as the adjuvant treatment of community-acquired drug-resistant bacterial pneumonia (CDBP) caused by Streptococcus pneumoniae.
Lu et al. comprehensively explore the combination of pattern recognition chemometrics [i.e., similarity analysis (SA), cluster analysis (CA), and principal component analysis (PCA)] and chromatographic fingerprint analysis for the identification of quality markers (Q-marker) that contribute to the antioxidant activity of Chrysanthemum morifolium (CM) cv. (Juhua). The Q-marker is explored by correlating the concentrations of main constituents found in the HPLC chromatograms and the in-vitro radical scavenging capacity. The developed model is further used to evaluate the quality of 30 flower head samples of C. morifolium. The authors conclude that the combination of HPLC fingerprinting, in-vitro anti-oxidant activity evaluation, and chemometrics explain the therapeutic material basis and discovered Q-markers, providing a more comprehensive quality assessment of C. morifolium.
Rao et al. apply chromatographic fingerprinting based on UHPLC-Q-TOF MS and chemometrics of partial least square regression (PLSR), gray relational analysis models, and Spearman’s rank correlation coefficient (SRCC) to discover active compounds in herbal medicine, Zanthoxylum nitidum (Roxb.) DC. Using this approach, a total of 48 compounds are identified or tentatively characterized, which include 37 alkaloids, seven coumarins, three phenolic acids, two flavonoids, and one lignan. This study also predicts that some compounds namely nitidine, chelerythrine, hesperidin, and oxynitidine are potential anti-inflammatory compounds.
Another study applying a combination of UPLC-TOF-MS and chemometrics (i.e., pattern recognition and multivariate statistical analysis) is reported by Li et al. to discover the markers in TCM of Wutou decoction, used for the treatment of rheumatoid arthritis. Using Pearson correlation analysis, Q-markers of aconitine, l-ephedrine, l-methylephedrine, quercetin, albiflorin, paeoniflorigenone, astragaline A, astragaloside II, glycyrrhetic acid, glycyrrhizic acid, licurazide, and isoliquiritigenin are determined to be key pharmacological components that regulate the metabolism of rheumatoid arthritis in rats.
Liu et al. explore a metabolomics approach based on desorption electrospray ionization mass spectrometry imaging (DESI-MSI) and chemometrics of PCA and partial least square-discriminant analysis (PLS-DA) for the investigation of a series of Aconitum alkaloids and for exploring the potential metabolic markers intended to understand the differentiation between raw and processed Fuzi, a herbal medicine used for the treatment of various diseases. Forty-two metabolic markers are identified to discriminate raw and steam-processed Fuzi. Six alkaloids, namely mesaconitine, aconitine, hypaconitine, benzoylmesaconine, benzoylaconine, and benzoylhypaconine can be used as markers for the differentiation of raw and processed Fuzi. DESI-MSI, combined with metabolomics, provides an efficient method to visualize the changeable rules and screen metabolic markers of Aconitum alkaloids during processing.
Overall, three approaches (single component analysis, metabolic fingerprinting, and metabolomics studies) are used by researchers to discover chemical markers related to biological activities, identification, differentiation, and classification of HDs. Furthermore, to produce reproducible results, these approaches must be properly validated before their routine applications.
Finally, research on HD derived from natural sources must rely on careful design, thoughtful execution, and detailed reporting of the study focusing on the pharmacological or biological activities of active compounds extracted from HDs. Heinrich et al. provide a “Four Pillars of Best Practice” as a reference/guideline for articles submitted to scientific journals focusing on pharmacology and ethnobotany of HDs, including (1) pharmacological requirements (i.e., traditional context, testing of the therapeutically relevant dose range, and credible experimental models), (2) composition requirements of HD (chemical and botanical compositions), (3) basic experimental and ethical requirements, and (4) specific requirements in relation to article types (Heinrich et al., 2020).
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Detoxification enzymes involved in human metabolism works to minimize the potential xenobiotic-induced damage constantly. Studies have revealed that toxin accumulation plays an important role in the etiology of cardiovascular disease. This study has been designed to provide evidence of medicinal use of bentonite, turmeric (Curcuma longa L.), grape (Vitis vinifera L.) seed, flaxseed (Linum usitatissimum L.), and psyllium (Plantago ovata L.) as detoxification and cholesterol-lowering agents using a hypercholesterolemic model in mice. The potential hypocholesterolemic effects and detoxification ability of these ingredients were evaluated at the same time: Total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglyceride, glucose, aspartate aminotransferase, alanine aminotransferase, malondialdehyde, plasma total antioxidant activity, nitric acid, leptin levels and glutathione, glutathione peroxidase, lipid peroxidation, superoxide dismutase and catalase values were measured. It was determined that GBTF group (grape seed extract, bentonite, turmeric, and flaxseed), GBTP group (grape seed extract, bentonite, turmeric, and psyllium), and GBT group (grape seed extract, bentonite, and turmeric) of the tested materials decreased the serum total cholesterol concentration by 64.8, 57.5, and 48.9%, respectively, in mice fed a high cholesterol diet. In addition, it was determined that some detoxification parameters such as superoxide dismutase, catalase, glutathione, and glutathione peroxidase were statistically significantly reversed in GBTF, GBTP, and GBT groups. Flaxseed, psyllium, and bentonite clay did not show significant effects in reducing total cholesterol; however, GBTF, GBTP, and GBT groups interventions had a significant effect in reducing total cholesterol levels. Moreover, it was observed that adding flaxseed or psyllium to the GBT group increased the cholesterol-lowering effect. Therefore, it can be thought that this significant effect is due to the synergistic effect of the raw materials. When the results obtained were evaluated, it was seen that the cholesterol-lowering and detoxification effects of the combinations were higher than from the effect of natural material used alone. As a result, combinations of some of these ingredients have a positive effect on reducing the risk of cardiovascular disease.
Keywords: detoxification, cholesterol, flaxseed, psyllium, turmeric, grape seed, bentonite
1 INTRODUCTION
We are exposed to many xenobiotics during our lifetime, including various pharmaceuticals and food components. Accumulated data suggest that an individual’s ability to remove toxins from the body may play a role in the etiology or exacerbation of a range of chronic conditions and diseases. Detoxification is not one reaction but rather a process that involves multiple reactions and multiple players (Liska, 1998). The liver is the principal organ responsible for detoxifying xenobiotics, including drugs and toxic endogenous compounds. The detoxification process, also known as xenobiotic metabolism, involves three phases with different reactions: phase I (enzymatic functionalization), phase II (enzymatic conjugation), and phase III (transport) (Nakata et al., 2006). Numerous studies have elucidated the enzymes that are crucial in each phase, unraveling the cytochrome P450 (CYPs) in phase I, UDP glycosyltransferases (UGTs), glutathione-S-transferases (GSTs), glutathione peroxidase (GPx), and sulfotransferases (SULTs) in phase II and organic anion transporters (OATs), multidrug-resistance proteins (MDRs) and multidrug resistance-associated proteins (MRPs) in phase III (Chen et al., 2016). Also, to avoid reactive oxygen species (ROS) caused oxidative damage, higher organisms have evolved a complex antioxidant defense system comprising low-molecular-weight components such as ascorbate and glutathione, and enzymatic components such as SOD, peroxidase (POD), and catalase (CAT), which are involved in the detoxification of O2 and H2O2, respectively, thereby preventing the formation of HO radicals (Valko et al., 2007). The detoxification systems are highly complex, show a significant amount of individual variability, and are incredibly responsive to an individual’s environment, lifestyle, and genetic uniqueness (Liska, 1998). In general, the nature of studies indicates that specific foods may upregulate or favorably balance metabolic pathways to assist with toxin biotransformation and subsequent elimination. Therefore, it would seem that designing clinical recommendations to maximize the effects of food and reduce the impact of toxins is essential (Hodges and Minich, 2015).
Cholesterol is the principal sterol present in animal tissues. In mammals, cholesterol plays a vital role in life, being an essential component for the normal functioning of cells. However, cholesterol has gained a bad reputation in the World of health and nutrition, mainly because of its association with cardiovascular diseases. WHO predicted that by the year 2030, CVDs would remain a significant cause of death, affecting approximately 23.6 million people around the World (Cerqueira et al., 2016). Treatment of hypercholesterolemia is currently with a combination of diet and pharmaceutical treatments (Newby et al., 2005; Aarden et al., 2011). Cholesterol-lowering nutraceuticals and functional foods play an essential role in reducing the risk of coronary heart disease by improving the plasma lipoprotein profile (Chen et al., 2008).
Bentonite is a rock formed of highly colloidal and plastic clays composed mainly of montmorillonite, a clay mineral of the smectite group (Adamis et al., 2005). Montmorillonite has an extensive exchange capacity, and thus it can adsorb organic materials, bacteria, viruses, heavy metal ions, and other toxins (Uddin, 2018). In addition, the positive effects of montmorillonite in preventing hyperlipidemia suggest that it may be an excellent nutraceutical to adsorb excess lipids during the consumption of a fatty diet (Xu et al., 2016). Flaxseed’s antioxidant and anti-inflammatory components (Linum usitatissimum) are associated with numerous health benefits, including cardiovascular benefits (Chikara et al., 2018). Flaxseed offers the unique opportunity to control different aspects of cardiovascular disease and its risk factors (Parikh and Pierce, 2019). Seeds from Plantago ovata, also known as psyllium, have a fiber-rich husk (Belorio and Gómez, 2020). Psyllium has been used traditionally since antiquity as a laxative, but at present, its new pharmacological uses have been discovered (Bannayan et al., 2008). Psyllium husk plays a crucial role in lowering serum cholesterol, so psyllium is considered a potential supportive agent in the therapy of hyperlipidemia (Xing et al., 2017). Turmeric (Curcuma longa) is a member of the Zingiberaceae family, and it grows in tropical and subtropical regions around the World (Paramasivam et al., 2009). Its most crucial active ingredient is curcuminoids: Curcumin, dimethoxy curcumin, and bisdemethoxycurcumin (Amalraj et al., 2017). Curcumin can be used as an antioxidant at 1.5% and an antilipidemic agent at 2.5% in the diet (Arshami et al., 2013). Grapes (Vitis vinifera) are one of the most highly consumed fruits across the World. In ancient Europe, grape plants’ leaves and sap have been used in traditional treatment for ages. Besides being a wellspring for vitamins and fiber, the skin and seeds of grapes are highly rich in Polyphenols, specifically proanthocyanidins (Gupta et al., 2020).
The main objective of this study was to investigate the effects of potentially effective herbal ingredients and food-grade bentonite clay combinations in detoxifying and normalizing blood cholesterol levels to prevent cardiovascular diseases and develop effective formulations. In this study, bentonite, flaxseed (Linum usitatissimum), psyllium (Plantago ovata) seed, turmeric (Curcuma longa), and grape (Vitis vinifera) seed ingredients were determined as potential effective raw materials based on previous researches.
2 MATERIALS AND METHODS
2.1 Materials
Food-grade bentonite clay powder was provided by Alya Mineral Company, Ordu, Turkey. Fitovizyon Natural Products Company, Istanbul-Turkey, provided turmeric (Curcuma longa) extract. Flaxseed (Linum usitatissimum), grape (Vitis vinifera) seed, and psyllium (Plantago ovata) seed were provided by a local herbalist. Atorvastatin was obtained from the local pharmacy.
2.2 Animals
The study’s experiments were performed on mice obtained from the SYLAB Experimental Animal Research and Breeding Laboratory (Ankara, Turkey). This study is a portion of the leading project submitted to comply with the requirements for the degree of Master in Pharmacognosy and Naturel Products Chemistry. This study was supported by the Bezmialem Vakıf University (Istanbul, Turkey) Scientific Research Projects Unit, BAP. Male Swiss albino mice (20–25 g) were used in the study. They were accommodated at the Saki Yenilli Experimental Animal Research and Breeding Laboratory (Ankara, Turkey), where the surrounding temperature was controlled to be between 21 and 24°C for 12 h day and night period. Tap water and standard pellet feed were made freely available to all the animals. According to the National Institutes of Health Guide for Laboratory Animal Care and Use, animal ethical protocols were followed. The animal study was reviewed and approved by Saki Yenilli Experimental Animals Local Ethics Committee (Ethics Committee No: 03/15). At least seven animals were used in each group. All test materials were suspended in 0.5% sodium carboxymethyl cellulose (CMC) and administered to animals by gastric gavage. Two control groups were used in the study. Animals in the hypercholesterolemic group (positive control) were given a high cholesterol diet as in the test samples. The animals in the negative control group were given standard pellet feed without any intervention. Atorvastatin as a reference substance was administered orally to animals by gastric gavage at a dose of 10 mg/kg.
2.3 Analysis of Fixed Oils From Grape Seeds, Flaxseed, and Psyllium Seed
The seeds were powdered mechanically and extracted with hexane (180°C) for 5–6 h in a Soxhlet apparatus (Elektromag, Turkey). Removal of the solvent under reduced pressure gave the fixed oils. The fatty acid content of the fixed oils was investigated by GC analysis of their methyl esters. İnto the oils (0.5 ml) 5 ml 10% methanolic HCl was added. Methyl esters were prepared by transmethylation at 180°C 30 min heating under reflux. 5 ml of hexane, 25 ml of 10% NaHCO3, and salt were added to the mixture, respectively, and shaken vigorously, and allowed to stand for 30 min. The upper layer was removed, and 1 μL was used for GC analysis (Houghton et al., 1995).
Gas Chromatography-Mass Spectrometry (GS-MS) is used to identify the fatty acid components of fixed oils, and Gas Chromatography Flame ionization Detector (GC-FID) is used to determine relative percentages. GC-FID analyses were performed using an Agilent 7890B Gas Chromatograph system with an Agilent DB-Wax capillary column (60 m × 0.25 mm × 0.25 µm) and helium as the carrier gas. Injector and detector (FID) temperatures were kept at 220°C. The split ratio was 50:1. Relative percentage amounts were calculated from the total area under the peaks by the software of the apparatus. GC–MS analyses of the oils were carried out on an Agilent 75977E Gas Chromatograph system. The oven temperature was as above; transfer line temperature 250°C; ion source temperature 230°C; carrier gas helium; ionization energy 70 eV; mass range 35–450 m/z.
2.4 Analysis of Swelling Index of Flaxseed and Psyllium Seed
The swelling index is the volume in ml taken up by the swelling of 1 g of plant material under specified conditions. For the characterization of mucilage content, the swelling index was determined according to the general and specified descriptions of European Pharmacopoeia by using Linum usitatissimum and Plantago ovata 1 g whole and powder seeds at the same time.
2.5 Preparation of Grape Seed Extract
The seeds were extracted for 5–6 h in a Soxhlet apparatus (Electromag, Turkey) with ethyl alcohol at different ratios (100% ethyl alcohol, 70% ethyl alcohol/water, and 50% ethyl alcohol/water) by temperature controlled. Evaporation was carried out at different temperatures for each solvent. As a result of the total phenolic/flavonoid content analysis, the appropriate solvent was determined as 50% ethanol/water. The above method was applied for the grape seed extract to be used in the study.
2.6 Analysis of Total Phenolic and Total Flavanoid Contents of Grape Seed Extract
Two different colorimetric methods determined the total phenolic and flavonoid content. The total phenolic content of the extract was determined by the Folin Ciocalteu reagent (FCR). UV-VIS Spectrophotometry device was used for the Folin Ciocalteu Method. After necessary dilution for the sample, the test solution was prepared with 104 µL of distilled water, 8 µL of the sample, 8 µL of FCR, and 80 µL of 7% Na2CO3. The test solution was kept in the dark for 90 min. Then, absorbance at 765 nm was determined against a blank containing all reagents, without the samples or the gallic acid. The total phenolic content is the number of gallic acid equivalents.
The total flavonoid content of the extract was determined by the aluminum chloride method, using quercetin as a reference compound. UV-VIS Spectrophotometry device was used for Aluminum Chloride Colorimetric Method. After necessary dilution for the sample, the test solution was prepared with 134 µL of distilled water, 20 µL of the sample, 6 µL of 10% AlCl3, and 40 µL of CH3COONH4. The test solution was kept in the dark for 10 min. Then, the same absorbance at 765 nm was determined under the same conditions. The total flavonoid content is the number of quercetin equivalents.
2.7 LC-HRMS Evaluation
Liquid Chromatography-High Resolution Mass Spectrometer (LC-HRMS) device was used for phenolic compound determination in grape seed extract. The extract was dissolved in MeOH-water, and a final concentration of 3 ppm was added from the 100 mg/L internal standard solutions. The sample was passed through a 0.45 μ filter, and 2 μ was added to the device. Separation was done on the C18 guard column and the mobile phase used was formic acid: water: Methanol. The rate of flow was constantly maintained at 0.35 ml per minute, and the peaks that appeared were recognized with the help of the mass scanning range 100–900 m/z. An MS detector was used for the segregation of phenolic compounds. The identification of these phenolic compounds was done by comparing the retention time and the spectral peaks previously obtained by the injection of standards. The calculation for their quantification was performed by external calibration.
2.8 Analysis of Curcumin in Turmeric Extract
10 mg of turmeric extract was dissolved in 10 ml of Methanol by staying in an ultrasonic bath for 10 min. 100 μL of the prepared solution was taken and diluted into 10 ml of mobile phase mixture. Curcumin amount was measured by HPLC-PDA Method (standard substance Curcumin; Sigma Aldrich).
2.9 Determination of Intervention Doses
Food-grade bentonite clay powder was determined as 60 mg/day for each mouse (Gershkovich et al., 2009; EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP), 2012). Flaxseeds (Linum usitatissimum) were determined as 7 mg/day for each mouse (Pan et al., 2009). Grape (Vitis vinifera) seed extract was determined as 2.5 mg/day for each mouse (EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP), 2016). Turmeric (Curcuma longa) extract was determined as 2 mg/day for each mouse (Qinna et al., 2012). Psyllium (Plantago ovata) was determined as 7 mg/day for each mouse (Wei et al., 2009).
2.10 Groups
When the mean difference was 4.77 units and the standard deviation was 3.52, the sample size was determined as six experimental animals for each group, a total of n = 54 (95% confidence level and 80% power at α = 0.05 significance level). The 54 adult male Swiss albino mice were divided into nine groups (n = 6) are shown in Table 1.
TABLE 1 | Study groups.
[image: Table 1]2.11 Hypercholesterolemia Experimental Design
Hypercholesterolemia was induced by the applying pellet feed containing 1% cholesterol to the experimental animals for 30 days. The test materials were administered simultaneously to the mice in the test group (except the control group). At the end of the 30-days experiment period, intracardiac blood samples and liver tissue were taken from the mice in all groups for biochemical determinations. At the end of the period, blood and tissue samples were taken from experimental animals;
1) Total cholesterol (TC), HDL cholesterol (HDL-C), LDL cholesterol (LDL-C) and Triglyceride (TG) values
2) Glucose, Aspartate aminotransferase (AST), Alanine aminotransferase (ALT), Malondialdehyde (MDA), Plasma total antioxidant activity (TAA), Nitric acid levels
3) Glutathione (GSH), Glutathione peroxidase (GPx), Lipid peroxidation (LPO), Superoxide dismutase (SOD), Catalase (CAT) values
4) Leptin levels were measured.
2.12 Estimation of Lipid Peroxidation Level in Serum
The method (Kurtel et al., 1992) was used for the measurement of lipid peroxidation levels in serum. In this method, 1 ml of serum, 2 ml of trichloroacetic acid (TCA; 15%)-thiobarbituric acid (TBA; 0.375%), 0.25 N HCl was mixed and centrifuged at 10,000 g for 5 min. After the supernatant was separated, it was mixed with 20 µL of butylhydroxytoluene (BHT) to prevent oxidation and kept in a hot water bath for 15 min. After cooling under running water, the precipitate was separated by centrifugation at 10,000 g for 5 min. The absorbance of the sample was then measured at 532 nm.
2.13 Determination of Antioxidant Parameters in Liver Tissue
The reduced glutathione (GSH) parameter, which is a non-enzymatic antioxidant, was determined by the method of Sedlak and Lindsay (Sedlak and Lindsay, 1968). With the method of Paglia and Valentine (Paglia and Valentine, 1967), the GPx parameter was determined. Enzymatic antioxidant superoxide dismutase (SOD) activity by the method developed by Misra and Fridovich (Misra and Fridovich, 1972) was determined. A catalase (CAT) activity test with the method determined by Takahara et al. (1960) was done. The lipid peroxide (LPO) content in tissues was determined according to the method of Ohkawa et al. (1979).
2.14 Determination of Other Parameters
Serum high-density lipoprotein cholesterol (HDL-C) levels were determined using the Crescent Diagnostics Cholesterol Test Kit by precipitation of apolipoprotein B-containing lipoproteins with phosphotungstic acid and magnesium chloride. The cholesterol content of low-density lipoprotein (LDL-C) was determined using the Friedwald equation. Alanine aminotransferase and aspartate aminotransferase levels were determined using commercial kits from the Teco Diagnostics assay. Serum total protein, triglyceride, and cholesterol values were measured by enzymatic methods using commercially available kits (TECO Diagnostics, California, United States). Malondialdehyde was measured according to the method of Draper and Hardley (Draper and Hadley, 1990) based on the binding of MDA with thiobarbituric acid. The standard Fe-EDTA complex solution reacts with hydrogen peroxide in a Fenton-type reaction, leading to hydroxyl radicals (•OH). These reactive oxygen species break down the benzoate, causing the release of TBARS. Antioxidants cause suppression of TBARS production. The plasma total antioxidant activity test, which is based on the spectrophotometric measurement of the inhibition of color formation, defined as TAA, was measured according to the method of Koracevic et al. (2001). Nitric oxide metabolites (nitrates + nitrites, NOx) were tested in plasma by the colorimetric method of Griess (Miranda et al., 2001). Plasma leptin concentration was determined by the ELISA (Linco Research, Inc, St. Charles, United States) method using the enzyme kit (Cat. EZRL-83K).
2.15 Histopathological Analysis
The liver tissue of rats was dissected and then placed in formalin (10%) for 3 days. All tissues were detected using the Thermo Scientific Excelsior (ES) machine. The tissues were embedded in paraffin wax and blocks were prepared using the HistoCentre 2 machine. Subsequently, sections of 3.5 mm thickness were made from paraffin-embedded blocks using a Leica RM2255 microtome. The sections were stained with hematoxyline-eosin (HE) using the Shandon Varistan machine. Photographs of normal and pathological liver tissues were taken using Nikon Eclipse Ci with polarizing attachment and a Digital Image analysis system, then examined under a light microscope.
2.16 Gastric Ulcerogenic Effect
Potential risks for stomach damage were assessed due to the application of test samples over a long period, such as 30 days. For this purpose, after the hypocholesterolemic activity test was completed, the mice were killed using a high-dose anesthetic, and their stomachs were removed. It was examined under a dissecting microscope to determine the lesions or bleeding that may develop in the stomach.
2.17 Statistical Analysis
Experiment results were expressed as Mean Standard Error ± SEM. The effect of test samples on the parameters studied was compared with the results obtained in the hypercholesterolemic group, and statistical differences were evaluated by ANOVA and Student-Newman-Keuls posthoc tests. The difference in p < 0.05 was considered significant (*p < 0.05; **p < 0.01; ***p < 0.001).
2.18 Exclusion Criteria

1) Behavioral changes, goose pimples, hunched position, vomiting, diarrhea, formation of secondary skin lesions
2) Loss (ex) of animals during the experiment
No animals included in the study were excluded from the experiment, as no negative findings were found among the criteria mentioned above.
3 RESULTS
3.1 Gas Chromatography Analysis
The yield of the hexane extract obtained for the analysis of grape (Vitis vinifera) seed fixed oil was 9.4%. Findings of fixed oil acid components and relative percentages of fixed oils in grape seed are shown in Figure 1. The GC-FID chromatogram of the hexane extract of the grape seed found palmitic acid (24.81% ± 2.50), palmitoleic acid (6.02% ± 2.08), stearic acid (6.10% ± 1.22), oleic acid (15.26% ± 1.77), linoleic acid (43.61% ± 4.25), and linolenic acid (4.20% ± 0.94) present in the seed as fixed oil acid constituents (Figure 1).
[image: Figure 1]FIGURE 1 | GC-FID chromatogram of hexane extract of grape (Vitis vinifera) seed.
The yield of the hexane extract obtained for the analysis of flax (Linum usitatissimum) seed fixed oil was 15.3%. Findings of fixed oil acid components and relative percentages of fixed oils in flaxseed are shown in Figure 2. The GC-FID chromatogram of the hexane extract of the flaxseed found palmitic acid (9.27% ± 0.62), stearic acid (5.9% ± 1.40), oleic acid (22.61% ± 2.14), linoleic acid (17.83% ± 0.47) and linolenic acid (44.27% ± 2.21) present in the seed as fixed oil acid constituents (Figure 2).
[image: Figure 2]FIGURE 2 | GC-FID chromatogram of hexane extract of flax (Linum usitatissimum) seed.
The yield of the hexane extract obtained for the analysis of psyllium (Plantago ovata) seed fixed oil was 2.3%. Findings of fixed oil acid components and relative percentages of fixed oils in psyllium seed are shown in Figure 3. The GC-FID chromatogram of the hexane extract of the psyllium seed found palmitic acid (15.25% ± 0.94), stearic acid (4.18% ± 1.05), oleic acid (25.96% ± 3.06), linoleic acid (48.42% ± 2.70) and linolenic acid (6.17% ± 0.21) present in the seed as fixed oil acid constituents (Figure 3).
[image: Figure 3]FIGURE 3 | GC-FID chromatogram of hexane extract of psyllium (Plantago ovata) seed.
3.2 Findings of the Swelling Index
It is stated in the European Pharmacopoeia that the swelling index for flaxseed should be at least 4 ml. According to the average of three parallel experiments, the swelling index was found to be 3.8 ml (±0.1) in whole flaxseed and 4.7 ml (±0.17) in-ground flaxseed.
It is stated in the European Pharmacopoeia that the swelling index should be at least 10 ml for psyllium seeds. According to the average of three experiments performed in parallel, the swelling index was found to be 9.3 ml (±0.56) in the whole psyllium seed and 17.8 ml (±0.45) in the ground psyllium seed.
3.3 Total Phenolic and Total Flavonoid Contents of Grape Seed Extract
According to the analysis of total phenolic and flavonoid content in grape seed extracts obtained using different solvents (100% ethyl alcohol, 70% ethyl alcohol/water, and 50% ethyl alcohol/water), the final solvent was determined as 50% ethyl alcohol/water.
In the grape seed extracts obtained by using the final solvent, the phenolic substance content was 24.6% ± 5.57 and the flavonoid substance amount was 1.48% ± 0.38 in the average of the results of the three-repeated analysis.
3.4 Liquid Chromatography-High Resolution Mass Spectrometer Analysis
The analysis results of the determination of the number of phenolic substances in grape (Vitis vinifera) seed extract are shown in Table 2. According to the analysis results, the phenolic compounds in the grape seed extract were chlorogenic acid, fumaric acid, (-)-epicatechin gallate, caffeic acid, vanillic acid, luteolin 7-glucoside, resveratrol, apigenin 7-glucoside, quercetin, luteolin, and apigenin.
TABLE 2 | Determined phenolic percentage components of grape seed extract.
[image: Table 2]3.5 High-Performance Liquid Chromatographic Analysis
The HPLC chromatogram of the curcumin analysis result of the turmeric extract used in this study is shown in Figure 4. The sample was tested under the same conditions with the standard curcumin substance, and the amounts of curcumin were calculated from the peak areas in the same retention time. As a result, it was shown that the turmeric extract used in this study contains 95% curcumin.
[image: Figure 4]FIGURE 4 | HPLC chromatogram of the curcumin analysis in the turmeric extract: 1. Peak: Bisdemethoxycurcumin, 2. Peak: Demethoxycurcumin, 3. Peak: Curcumin.
3.6 Effect of the Interventions on Serum Biochemical Parameters
Our study determined that mice fed a high cholesterol diet had a higher serum total cholesterol concentration than mice fed a regular diet. The effects of test materials on serum lipid profile are shown in Table 3. Of the test materials, GBTF Group, GBTP Group, and GBT Group were found to reduce serum total cholesterol concentration by 64.8, 57.5, and 48.9%, respectively, without causing any ulcerogenic effect on the stomach surface in mice fed with a high cholesterol diet. Total cholesterol levels in blood samples obtained from GBTF Group and GBTP Group were significantly lower compared to the hypercholesterolemic group (p < 0.01). Although the total cholesterol levels obtained from the GBT Group were significant compared to the hypercholesterolemic group, the significance level was lower than GBTF Group and GBTP Group (p < 0.05). As shown in Table 3, all studied test samples showed increased serum HDL-C level activity, but this sign was higher in GBTF Group, GBTP Group, GBT Group, and Flaxseed Group. HDL-C levels were significantly higher in blood samples obtained from GBTP Group than the hypercholesterolemic group (p < 0.01). Although HDL-C levels obtained from GBTF Group, GBT Group, and Flaxseed Group were significant compared to the hypercholesterolemic group, the significance level was lower than GBTP Group (p < 0.05).
TABLE 3 | Effects of test materials on serum TC, HDL-C, LDL-C, and TG levels.
[image: Table 3]It was determined that serum LDL-C and triglyceride levels were significantly reduced in GBTF Group, GBTP Group, and GBT Group. LDL-C levels were found to be significantly lower in blood samples obtained from GBTF Group and GBTP Group compared to the hypercholesterolemic group (p < 0.01). Although the LDL-C levels obtained from the GBT Group were significant compared to the hypercholesterolemic group, the level of significance was lower than GBTF Group and GBTP Group (p < 0.05). Triglyceride levels were significantly lower in blood samples obtained from GBTF Group and GBTP Group compared to the hypercholesterolemic group (p < 0.01). Although the triglyceride levels obtained from the GBT Group were significant compared to the hypercholesterolemic group, the significance level was lower than GBTF Group and GBTP Group (p < 0.05).
The effects of test materials on serum glucose, AST, ALT, MDA, TAA, nitric oxide, and leptin levels are shown in Table 4. Our study observed that none of the test materials caused a statistically significant change in serum glucose levels, but the inhibitory ratios in GBTF Group and GBTP Group were remarkable. Remarkable inhibitory effects on serum AST and ALT levels of hepatic marker enzymes were observed in almost all test materials. It was determined that the statistical significance in antihepatotoxic potential was especially in GBTF Group, GBTP Group and GBT Group. In addition, it was determined that the MDA concentration decreased significantly in GBTF Group, and GBTP Group. It was observed that the TAA decreased in the cholesterol-rich diet group compared to the control group. However, there was no statistically significant effect in modulating the decreased plasma TAA level, with a general tendency to normalize the TAA level.
TABLE 4 | Effects of test materials on serum Glucose, AST, ALT, MDA, TAA, Nitric oxide, and Leptin.
[image: Table 4]Although the hypercholesterolemic diet caused a slight decrease in the plasma concentration of NO metabolites, the test samples showed significant (not statistically significant) increased activity. This study observed a significant increase in body weight and plasma leptin levels in the high-fat diet group compared to the control group animals. GBTF Group and GBTP Group interventions showed a 41.6 and 36.2% inhibition ratio in leptin concentration, respectively.
The lipid peroxidation level in the hypercholesterolemic group was relatively higher than in the control group. However, it was determined that statistically significant inhibitory activity on lipid peroxidation was shown in GBTF Group, GBTP Group, and GBT Group. Our study examined SOD, catalase, GSH, and GPx levels to evaluate oxidative damage in liver tissue. It was shown that all these biochemical parameters were statistically significantly reduced in GBTF Group, GBTP Group, and GBT Group.
According to histopathological analyses, it was determined that there was no degeneration in hepatocytes, hepatocyte cell plague, Kupffer cell, and sinusoids in the control group. While degenerative hepatocyte and degenerative hepatocyte plaques, mononuclear cell infiltration, sinusoid degeneration, and necrosis were observed to be quite intense in the hypercholesterolemic group, the presence of hepatocyte, endothelium, glycogen, and sinusoids were detected in the group where Atorvastatin, which is used as the reference drug, was administered. When the test samples were examined histopathologically, mononuclear cell infiltration, macro and microvesicles, hepatocyte cell degeneration, sinusoid endothelium, and granuloma formation in Bentonite Group, GBT, and Flaxseed Group. Blood cells in sinusoid, endothelial cells, capsules were seen in GBTF Group and GBTP Group. In the Psyllium Group fibrous tissue, degerative lobular formation, degenerative hepatocyte, and degenerative sinusoids were found to be quite prominent (Figure 5). In this context, it has been determined that histopathological data and biochemical parameters support each other.
[image: Figure 5]FIGURE 5 | Histopathological view of hepatic tissue in the control, hypercholesterolemia, test materials and reference drug Atorvastatin administered animals. Tissue sections was stained the hematoxylin and eosin (HE). The original magnification was ×100. Data are representative of six animal per group (A): Control group; (B): Hypercholesterolemic group; (C): Bentonite Group; (D): GBTF Group; (E): GBTP Group; (F): GBT Group; (G): Flaxseed Group; (H): Psyllium Group; (I): Atorvastatin. BC, Blood cell in sinusoid; C, Capsule; DH, Degenerative hepatocyte; DHP, Degenerative Hepatocyte plague; DLF, Degenerative lobular formation; DS, Degenerative sinusoid; E, Endothelium; EC, Endothelial cell; FT, Fibrous tissue; G, Granuloma; H, Hepatocyte; HCD, Hepatocyte cell degeneration; HCP, Hepatocyte cell plague; KC, Kupffer cell; LF, Lobular formation; MCI, Mononuclear cell infiltration; MAV, Macrovesicle; MIV, Microvesicle; N, Necrosis; S, Sinusoid; SD, Sinusoid degeneration; SE, Sinusoid endothelium.
4 DISCUSSION
Cholesterol and triglyceride, one of the naturally occurring fats in the body, are significant elements in the structure of biological membranes. They are used to both the biosynthesis of steroid hormones, bile acids, vitamin D, and the energy production for the body. However, high cholesterol concentration in the blood is associated with atherosclerosis and increases the risk of cardiovascular diseases. Total cholesterol concentration in the blood affects by both dietary cholesterol content and cholesterol synthesized in the liver (Avcı et al., 2006).
In our study, flaxseed, psyllium, and food-grade bentonite clay did not significantly reduce total cholesterol and LDL-C; however, GBTF Group, GBTP Group, and GBT Group interventions had a significant effect in reducing both total cholesterol levels and LDL-C levels. Therefore, it can be thought that this significant effect is due to the synergistic effect of the raw materials. It was observed that the addition of psyllium to the group with bentonite, grape seed extract, and turmeric extract (GBT Group) provided an 8.6% reduction in total cholesterol. Instead, the addition of flaxseed instead of psyllium to the same group (GBT Group) decreased total cholesterol by 15.9%. According to our results of fixed oil analysis, more amount of oil (better yield) is obtained from flaxseed than psyllium. The difference was found in the ratios of polyunsaturated fatty acids in flaxseed and psyllium, which have relatively the same ratios of saturated and monounsaturated fatty acids in fixed oil analysis. Linolenic Acid/Linoleic Acid (omega-3/omega-6) ratio in flaxseed seems to be more than in psyllium. Therefore, when studied at the same doses with flaxseed and psyllium, the group containing flaxseed (GBTF Group) had further total fatty acids and a higher omega-3/omega-6 ratio than the group containing psyllium (GBTP Group). This situation may explain the different effects on TC and LDL-C changes between these groups (GBTF Group—GBTP Group). In addition, Soltanian and Janghorbani (Soltanian and Janghorbani, 2019) previously stated that flaxseed has superior hypocholesterolemic effects compared to psyllium. Moreover, Brown et al. (1999) state that soluble fibers provide a reduction in serum TC and LDL-C. Similarly, in this study, more reductions in TC and LDL-C levels were observed with the addition of fiber-rich flaxseed or psyllium seeds to the group, which has food-grade bentonite clay, grape seed extract, and turmeric extract (GBT Group).
Low-density lipoprotein (LDL) transports cholesterol from the liver to the tissues, while high-density lipoprotein (HDL) facilitates for transport of cholesterol from peripheral tissues to the liver. Therefore, it is recommended that increase the HDL-C ratio in serum while lowering LDL-C levels to reduce the risk of cardiovascular disease (Nofer et al., 2002). In this study, an increase in HDL-C was found higher in GBTF Group, GBTP Group, GBT Group, and Flaxseed Group than the other groups. Li et al. (2015) mentioned that anthocyanins had an additive effect on HDL-C. Therefore, the rich anthocyanin content of grape seed extract in GBTF Group, GBTP Group, and GBT Group may be responsible for this significant effect in the study. On the other hand, the significant increase in HDL-C only with flaxseed intervention (Flaxseed Group) was inconsistent with the data in the literature because there was no significant increase in HDL-C in previous intervention studies with flaxseed (Shakir and Madhusudhan, 2007).
As a result, considering the total cholesterol, HDL-C, LDL-C, and triglyceride serum concentrations in hypercholesterolemic mice, it was concluded that GBTF Group, GBTP Group, and GBT Group had a positive effect on reducing the risk of cardiovascular diseases such as atherosclerosis.
Hypercholesterolemia causes fatty liver and increases liver enzymes (Choe et al., 2001). Therefore, in this study, various serum parameters were also evaluated to reveal the effects of the test materials on hepatic markers and glucose (Table 4). Previous studies reported that both lipid peroxidation levels increased in serum (Das et al., 2000) and plasma MDA levels (Szczeklik et al., 1985). For this reason, the values measured in Table 4, such as MDA, are essential to evaluate the effects of hypercholesterolemia on the liver. It concluded that GBTF Group and GBTP Group interventions had a significant reducing effect on both MDA and liver enzymes, so these interventions may have positive effects on complications such as fatty liver that may occur as a result of hypercholesterolemia in this study. Moreover, the significant inhibitory effect of flaxseed intervention (Flaxseed Group) on liver enzymes suggests that even flaxseed intervention alone may be sufficient to exhibit liver-protective properties.
A high-fat diet causes lipid accumulation in visceral tissues and increases body weight (Milagro et al., 2006; Yang et al., 2006). The findings obtained due to increased leptin values in the hypercholesterolemic group compared to the control group are consistent with the literature (Table 4). GBTF Group and GBTP Group interventions reduced leptin levels in our study. Similarly, this kind of effect might be due to the synergistic effect of raw material components.
It is an critical issue to examine the correlation between the capacity of antioxidants for scavenging free radicals and that for inhibition of lipid peroxidation (Niki et al., 2008). A significant inhibitory effect on lipid peroxidation was observed in which turmeric extract containing 95% curcumin and grape seed extract rich in antioxidant properties were used (GBTF Group, GBTP Group, and GBT Group) as expected in this study (Table 5).
TABLE 5 | Effects of test materials on SOD, CAT, LPO, GSH and GPx levels.
[image: Table 5]Reactive oxygen species (ROS) are reduced by non-enzymatic antioxidant defenses such as ascorbic acid (vitamin C), alpha-tocopherol (vitamin E), and GSH, or by enzymatic antioxidant defenses such as CAT, POD, and SOD (Seet et al., 2010). GSH is also the major non-protein thiol involved in antioxidant cellular defense (Di Pietro et al., 2010). These enzymes were evaluated as effective parameters in detoxification. These enzymes control the number of free radicals produced or scavenge them and prevent their binding to macromolecules. Moreover, the most crucial feature of the antioxidant defense system is that all synergistic components assign against reactive oxygen species for homeostasis. Combined oxidants/antioxidants are more effective than existing alone in the blood (Kaya et al., 2015). Significant increases in SOD, catalase, GSH, and GPx levels were observed in GBTF Group and GBTP Group. Similarly, this kind of effect can be attributed to the presence of curcumin and polyphenols. Also, it can be said that the presence of flaxseed in GBTF Group and psyllium seeds in GBTP Group was responsible for the significant effect on GSH and CAT levels. It is conceivable from other studies that flaxseed oil content and flaxseed lignan content may be responsible for the effects on these parameters. However, more research is necessary on the responsible component in psyllium seed that can be attributed to this kind of effect on these parameters. Contrary to expectations, bentonite did not have a significant effect on some detoxification parameters by itself. However, the short duration of the study can be a limiting factor for this kind of evaluation.
In conclusion, it was shown that GBTF Group, which contains bentonite, flaxseed, grape seed extract, turmeric extract, and GBTP Group, which contains bentonite, psyllium, grape seed extract, and turmeric extract, had significant positive effects on both detoxification parameters and serum cholesterol values when compared to the hypercholesterolemic group. According to a study, bentonite increases fecal lipid excretion by immobilizing lipids in the gastrointestinal system (Xu et al., 2016). The component responsible for the hypocholesterolemic effect of flaxseed is not clear. Nevertheless, we can say that fecal fat excretion was increased with flaxseed fiber (Kristensen et al., 2012). One of the components responsible for the cholesterol-lowering effect in flaxseed is lignans such as secoisolariciresinol diglucoside (SDG). However, the mechanism for the observed cholesterol-lowering effect of flaxseed lignan has not been elucidated (Fukumitsu et al., 2010). The phytoestrogen lignan may be similar to the selective estrogen receptor modulators for the cholesterol-lowering effect (Zhang et al., 2008). Psyllium has a cholesterol-lowering effect by increasing the excretion of bile acids, reducing intestinal cholesterol absorption, and reducing hepatic cholesterol synthesis. Especially high viscosity fibers such as psyllium significantly inhibit cholesterol absorption in the small intestine (Dikeman and Fahey, 2006). Curcumin can regulate the expression of genes involved in cholesterol homeostasis (Srinivasan and Sambaiah, 1991). Besides, It was reported that the anti hyperlipidemia effect of curcumin is similar to that of statins such as lovastatin and that curcumin mainly acts by reducing liver cholesterol biosynthesis by inhibiting HMG-CoA reductase (Zingg et al., 2013). Finally, grape seeds have cholesterol-lowering activity by inhibiting pancreatic cholesterol esterase, binding bile acids, and reducing the solubility of cholesterol in micelles, resulting in delayed cholesterol absorption (Ngamukote et al., 2011). Because of the different cholesterol-lowering mechanisms of all these components, it is hard to make a definitive judgment about the cholesterol-lowering mechanism of action of the combinations. On the other hand, it can be thought that the combinations provide inhibition of cholesterol absorption from the gastrointestinal tract. Studies on the cholesterol-lowering mechanism of these combinations may be conducted in the future. In this study, the model of hypercholesterolemia caused by a high cholesterol diet was studied. Therefore, we can not claim that these combinations would also positively affect a non-dietary hypercholesterolemia model. Also, these findings can be supported by clinical studies. The raw material doses used in the study can be applied to human nutrition, and formulations can be developed in line with this kind of positive effect.
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Traditionally, the quality evaluation of Chrysanthemum morifolium (CM) cv. (Juhua) attributes its habitats and processing methods, however, this strategy of neglecting bioactive ingredients usually results in deviation of quality evaluation. This study aims to explore the quality marker (Q-marker) based on spectrum-effect relationship and quality control strategy of CMs. The chromatographic fingerprint of 30 flower head samples of CMs from five different habitats including Hang-baiju, Gongju, Huaiju, Taiju and Boju were constructed by high performance liquid chromatography and analyzed through chemometrics methods such as similarity analysis (SA), cluster analysis (CA) and principal component analysis (PCA). The common peaks were quantified by external standard method and relative correction factor method. The in-vitro radical scavenging capacity assays of DPPH·, ·OH and ABTS were carried out. The Q-marker was explored by the correlation analysis between the contents of common peaks and in-vitro radical scavenging capacity, and then used to evaluate the quality of 30 flower head samples of CMs. A total of eight common peaks were appointed in 30 flower head samples of CMs, and their similarities ranged from 0.640 to 0.956. CA results showed that 30 flower head samples of CMs could be divided into five categories with reference to the Euclidean distance of 5. PCA results showed that common peaks played a major role in differential contribution of CMs. The quantification of common peaks hinted that their contents possessed significant variation whether for different accessions or the same accessions of CMs. The correlation analysis showed that chlorogenic acid, 3,5-O-dicaffeoylquinic acid, unknown peak 1, 4,5-O-dicaffeoylquinic acid and kaempferol-3-O-rutinoside could be used as the Q-markers for the quality evaluation of 30 flower head samples of commercially available CMs. The analysis strategy that combines chromatographic fingerprint analysis, multiple ingredients quantification, in-vitro chemical anti-oxidant activity evaluation and spectrum-effect relationship analysis clarified the therapeutic material basis and discovered the Q-markers, which possibly offers a more comprehensive quality assessment of CMs.
Keywords: Q-marker, Chrysanthemum morifolium cv., chromatographic fingerprint, antioxidant activity, spectrum-effect relationship
INTRODUCTION
Chrysanthemum morifolium (CM) cv. (Juhua) is the dried flower head of Chrysanthemum morifolium (Ramat.) Hemsl., and has the effects of dispersing wind and clearing heat, calming the liver and clearing the eyes, and clearing heat and detoxifying the body (Tu et al., 2021; Yang et al., 2019). The Compendium of Materia Medica records that CM can benefit the five veins, regulate the extremities, and cure the head wind heat tonic. Modern pharmacological researches also show that CM possesses heat dissipation, detoxification, brightening eyes, lowering blood pressure and other effects (Hodaei et al., 2021a). The main active ingredients of CM include flavonoids (luteolin), phenolic acids (chlorogenic acid), and polysaccharides (Hodaei et al., 2018; Tian et al., 2020), and Chrysanthemum extracts containing different components have the ability to improve myocardial nutrition, remove reactive oxygen radicals, strengthen vascular resistance, and lower blood lipids (Zhang et al., 2019). For instance, phenolic acids extract has antibacterial, antiviral, anti-infective, and anti-inflammatory effects (Hodaei et al., 2021b; Youssef et al., 2020; Cho et al., 2021), while polysaccharides extract has anti-tumor and immunity enhancing effects (Jing et al., 2016). Among these effects, antioxidant capacity is the most important pharmacological efficacy of CM and the basis for the treatment of different diseases (Bai et al., 2018; Liu et al., 2018; Lin et al., 2010). The pharmaceutical value and safety of CM have enabled it to be broadly applied as a homogeneous medicinal herb for medical and edible purposes.
There are about 18 species of CMs in China, including 11 medicinal species, mainly cultivated in Zhejiang, Anhui, Henan and other provinces. Currently, about nine species of CMs are used in the market, such as Boju, Chuju, Gongju, Huaiju, Hangju, Taiju, Qiju, Jiju, and Chuanju, and five of them including Boju, Huaiju, Gongju, Hangju, and Chuju are recorded in the Chinese Pharmacopoeia (Ch.P.), according to their origins and processing methods. Moreover, there are a variety of wild CMs used in the clinical and food fields. The diversity of species, habitat, cultivation pattern and processing method results in the quality variation of CMs, effective quality control has thus become an important guarantee for the application of CMs in the medical and food fields (Song et al., 2018).
At present, the quality control strategies of CM mainly include multi-ingredients quantification, chromatographic fingerprint and/or their combination. For example, quantification of chlorogenic acid (ChA), luteolin-7-O-glucoside (L-7G), and 3,5-O-dicaffeoylquinic acid (3,5-DCQA) and chromatographic fingerprint analysis were respectively used to control the quality of CMs by Ch.P. or other scholars (He et al., 2021; Dai and Sun, 2021). These strategies have provided an assurance for the quality of CMs to a certain extent. Recently, the concept of quality marker (Q-marker) has provided a new idea for the quality control of traditional Chinese medicine (TCM) (Tian et al., 2019), which is based on the perspective of biological activity, and through a variety of ways to find the chemical components that can reflect biological effect of TCM (Chen et al., 2021). Among them, the strategy to explore Q-marker from the perspective of the correlation between the chromatographic spectrums and biological effect (spectrum-effect) has been widely used in the study of various TCMs (Chen L. et al., 2020; Li et al., 2020; Jiang et al., 2021). A predictive analysis on the Q-marker of CMs was conducted by the review of its chemical composition and pharmacological effects (Zhou et al., 2019), however, the study to explore the Q-marker for the quality control of CM from the aspect of spectrum-effect relation has not been published to now.
Antioxidant activity of CMs is the important basis for its edible and medicinal application. Hence, based on chemical antioxidant activity, this study aimed to explore the Q-marker of CMs from the aspect of spectrum-effect relation. Chromatographic fingerprint analysis of 30 flower head samples of five accessions of CMs was firstly performed by high performance liquid chromatography (HPLC) to find common peaks, and chemometric analysis such as similarity analysis (SA), cluster analysis (CA), and principal component analysis (PCA) were used to evaluate the difference of 30 flower head samples of CMs. Common peaks were quantified by external standard method and relative correction factor method. Meanwhile, the chemical antioxidant activities of 30 batches of CMs were evaluated by in-vitro free radical scavenging activity such as DPPH, OH and ABTS. The correlation analysis between the common peak and the chemical antioxidant activity was further performed to explore the Q-marker of CM, and the Q-marker was then validated by evaluating the quality of commercially available CMs.
MATERIALS AND METHODS
Materials and Reagents
Methanol and formic acid of chromatographic grade were purchased from Beijing Mreda technology Co., Ltd. (Beijing, China). The reference standards including L-7G, 3,5-DCQA, 4,5-O-dicaffeoylquinic acid (4,5-DCQA), apigenin-7-O-glucuronide (A-7G), and kaempferol-3-O-rutinoside (K-3R) were purchased from Sichuan Weikeqi Biological Technology Co., Ltd. (Chengdu, China), while ChA was purchased from Chengdu Purechem-standard Biological Technology Co., Ltd. (Chengdu, China). Their purities were all not less than 98%. Potassium persulfate, salicylic acid, 1,1-Diphenyl-2-picrylhydrazyl (DPPH), and 2,2′-biazo-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) of analytical grade were purchased from Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai, China), while ferrous sulfate heptahydrate was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Other reagents were of analytical grade and water was purified using a Milli-Q system (Millipore, Bedford, MA, United States).
A total of 30 flower head samples of CMs were collected and identified by Associate Professor Shuai Ji of our laboratory as the dried flower heads of Chrysanthemum morifolium (Ramat.) Hemsl. The information of the samples was shown in Table 1.
TABLE 1 | Information of 30 batches of CM samples.
[image: Table 1]Preparation of Mixed Standard and Sample Solution
The standard substances of ChA, 3,5-DCQA, L-7G, 4,5-DCQA, A-7G and K-3R were weighed accurately and dissolved in methanol to obtain the mixed standards solution containing the standards at the concentrations of 0.212, 0.248, 0.628, 0.420, 0.217, 0.742 mg ml−1, respectively. These standards solutions were sealed away from light and stored in −20°C refrigerator before use.
CM sample was crushed into powder. A total of 50 mg precisely-weighed powder was put into a 1.5 ml centrifuge tube, added 1 ml of 50% ethanol, and then sealed for extraction with ultrasonic treatment (500 W, 28 kHZ) for 30 min. After cooling, the solution was centrifuged at 12,000 rpm for 5 min at 4°C. A total of 0.5 ml supernatant was employed, diluted with 0.5 ml of methanol, and then filtered through 0.22 μm microporous membrane for use.
Chromatographic Conditions
Chromatographic analysis was performed on an Agilent 1260 Infinity HPLC system consisted of G4212B 1260 DAD, G1322A 1260 Degasser, G1312B 1260 Bin Pump, G4226A 1290 Sampler, and G1316C 1290 TCC column temperature chamber. Samples were separated on an Agilent ZORBAX SB-C18 (4.6 × 250 mm, 5 μm) column with methanol (A) and 0.1% formic acid water solution (B) as the mobile phase, and the gradient elution was performed as follows : 85%–65%B, 5 min; 65%–55%B, 10 min; 55%–45%B, 20 min; 45%–35%B, 5 min; 35%–15%B, 5 min; and then 15%–85%B for 10 min to clean up the residues on the column. The flow rate was kept at 0.8 ml min−1 with detection wavelength of 348 nm, column temperature of 35°C, and injection volume of 15 μL.
Antioxidant Activity Assay
DPPH clearance capacity was determined referring to the previous method with a slight modification (Zhang X. et al., 2021). Briefly, appropriate concentration of sample was mixed with 1 ml of 0.2 mM DPPH solution. After the reaction was carried for 30 min, the absorbance of the solution was determined at the wavelength of 517 nm. OH clearance capacity was determined as the published method with a minor modification (Jia et al., 2020). In brief, proper concentration of sample solution was added 1 ml of 6 mM FeSO4 and 1 ml of 8.8 mM H2O2. After being mixed and left for 10 min, 1 ml of 6 mM salicylic acid solution (dissolved in anhydrous ethanol) was added into it and mixed well, and then left it for another 30 min. After centrifuging at 12,000 rpm for 5 min, the absorbance of supernatant was measured at 510 nm. ABTS clearance capacity was measured according to the previous method with a slight modification (Gong et al., 2019). Briefly, suitable concentration of sample solution was added in 3.9 ml of ABTS working solution (1.76 ml of 140 mM potassium persulfate solution and 100 ml of 7 mM ABTS solution). After vortexing evenly and leaving at room temperature for 6 min, the absorbance of solution was recorded at 734 nm.
The blank control solution without free radical working solution and the negative control solution without antioxidants were prepared and determined as the same manner. The free radical scavenging capacity was calculated by Eq. 1.
[image: image]
Where Aa is the absorbance of sample solution which is a mixture of free radical working solution and sample solutions; Ab is the absorbance of blank control solution without free radical work solution; A0 is the absorbance of negative control solution without antioxidants.
Statistical Analysis
SA was performed by the professional software “Similarity Evaluation System for Chromatographic Fingerprint of Traditional Chinese Medicine (Version 2012),” which was recommended by National Medical Products Administration of China. Statistical analysis was carried out with SPSS 23.0 (IBM, Armonk, NY, United States) and data were expressed as means ± standard deviation of at least three independent experimental results. Comparison among multiple groups was performed by one-way ANOVA, while differences between two groups were analyzed by using two-tailed Student’s t-test. The results with p-values of less than 0.05 were believed to be statistically significant.
RESULTS
Chromatographic Fingerprint Analysis
Sample (JH-07) was selected to validate the methodology of chromatographic fingerprint analysis. The precision was evaluated by the relative standard deviation (RSD) of relative retention time (RRT) and relative peak area (RPA) of characteristic peaks from six consecutive times analysis of sample. The values of RRT and RPA of characteristic peaks were calculated with 3,5-DCQA (peak 2) as the reference peak, and the results showed that the RSD values of RRT and RPA of characteristic peaks were all less than 0.05% or 0.1%, respectively, which indicated that this analytical method possessed a good precision. The stability of sample solution at room temperature was investigated by measuring the variation of RRT and RPA of characteristic peaks at 0, 2, 6, 12, 24, and 48 h. The results showed that the RSD values of RRT and RPA were all less than 0.2% or 2.9%, respectively, which indicated that the sample solution was stable within 48 h. Six sample solutions were prepared in parallel and used to evaluate the reproducibility. The results showed that the RSD values of RRT and RPA of characteristic peaks were not more than 0.5% or 3.7%, respectively, which indicated that the method was reproducible.
Thirty flower head samples of CMs were analyzed and their fingerprints were generated by using the average method with a time width of 0.1 (Figure 1). A total of eight peaks were identified as common peaks, and six characteristic peaks were identified as ChA, 3,5-DCQA, L-7G, 4,5-DCQA, A-7G and K-3R by comparing with the reference standards, respectively. By automatically matching the chromatographic peaks of 30 flower head samples of CMs to generate the average fingerprint, the similarities of different CMs were calculated by comparing them with the average fingerprint. The RPAs of eight common peaks of 30 flower head samples of CMs were calculated by the ratio of their peak areas with respect to the reference peak area (peak 2, 3,5-DCQA). From the Table 2 and Supplementary Table S1, we could find that the similarities of most CMs were more than 0.8 except JH-21 and JH-22 with a similarity value of 0.64 or 0.665, but the variation (RSD% value) of RPA of common peaks ranged from 27.2% to 86.3%.
[image: Figure 1]FIGURE 1 | Representative HPLC chromatograms of 30 flower head samples of CMs. CM represents Chrysanthemum morifolium; R means the reference average fingerprint; JH-01∼JH30 mean 30 flower head samples of different accessions of CMs and their detailed information were listed in Table 1.
TABLE 2 | Similarity evaluation of different flower head samples of chrysanthemum samples.
[image: Table 2]CA is a multivariate statistical technique for classifying sample or index components and is one of the most widely used multivariate statistical methods (Zhang Y. et al., 2021). The interval of intergroup connection and square Euclidean distance as the metric was used to establish a dendrogram of CA of 30 flower head samples of CMs, which is shown in Figure 2. The CA results of common peaks can basically classify different accessions of CMs into five classes at Euclidean distance of five and three classes at Euclidean distance of 10, and JH-01 was obviously far away from the others.
[image: Figure 2]FIGURE 2 | Phylogenetic cluster analysis of 30 flower head samples of CMs.
PCA is a multivariate statistical method widely used in multiple disciplines, which can be used to simplify data and quickly achieve visual identification of data (Cao et al., 2018). Factor analysis was performed on the eight common peaks of 30 flower head samples of CMs, and the component with an eigenvalue of more than 1 was taken as the extracted principal component (PC) according to the principle of principal component extraction (Liu et al., 2017). As shown in Table 3, the cumulative contribution of the first three PCs could reach 85.47%, indicating that the extracted three PCs could basically respond to the main information of the samples. The eigenvalue in PC1 reached 3.04 with the variance contribution rate of 38.04%, and the peaks with higher loadings were mainly ChA, L-7G, 4,5-DCQA, A-7G, and K-3R, indicating that these five peaks mainly reflected the information of PC1. The eigenvalue of PC2 was 2.284 with the variance contribution rate of 28.55%, and the peaks with higher loadings were ChA, 3,5-DCQA, and Peak 3 (unknown peak 1), indicating that these three peaks mainly reflected the information of PC2. The eigenvalue of PC3 was 1.511 with the variance contribution rate of 18.88%, and the peaks with higher loadings were A-7G and Peak 8 (unknown peak 2), indicating that the two peaks mainly reflected the information of PC3.
TABLE 3 | Principal component analysis and factor loading matrix of 30 flower head samples of CMs.
[image: Table 3]To further distinguish the effects of PCs, the data were imported into MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) to obtain two-dimensional analysis plot and loadings plot using eight common peaks as variables and original grouping as a reference. According to the results of CA, some samples with excessive deviations were removed. The results in Figure 3A showed that the contribution values of PC1 and PC2 reached 67.4% and 22.8%, respectively, and the various accessions of CMs were well separated. As shown in Figure 3B, L-7G, K-3R, 4,5-DCQA, unknown peak 1, and 3,5-DCQA were the main components to distinguish the difference between Taiju, Huaiju, Hang-baiju, and Boju, while unknown peak 2 and A-7G were the main components to distinguish the difference between other kinds of CMs and Gongju.
[image: Figure 3]FIGURE 3 | Two-dimensional score plots (A) and loading plots (B) of PCA of different accessions of CMs.
Quantification of the Eight Common Peak Components in CMs
To accurately find the difference among 30 flower head samples of CMs, the common peaks were further quantified. Chromatographic separation of 30 flower head samples of CMs was performed under the set condition of this study, and the representative chromatograms of the reference standards and sample were shown in Figure 4. The resolutions of the eight common peaks were all more than 1.5, and their theoretical numbers of plate were all better than 8,000.
[image: Figure 4]FIGURE 4 | Representative chromatogram of the Sample JH-07 (A) and mixed standard solution (B). 1: ChA; Peak 2, 3,5-DCQA; Peak 3, Unknown peak 1; Peak 4, L-7G; Peak 5, 4.5-DCQA; Peak 6, A-7G; Peak 7, K-3R; Peak 8, Unknown peak 2.
Determination of Relative Correction Factors
As two unknown common peaks (Peak 3 and Peak 8) could not be identified by comparing with chemical data and the reference standards of CM, thus, their quantifications were performed by the relative correction factor method referring to the previous studies (Hou et al., 2011; Zhao et al., 2021). This method assumed that if the structure of an unknown peak (without standard) was similar with a known peak (with the standard), the quantification of the unknown peak could be performed by the content of the known peak multiplying by the relative correction factor.
In this study, to find the relative correction factors of two unknown peaks, different concentrations of the same sample solution were determined, and the relative correction factor (fs) was determined by calculating Eq. 2, and the fs with a constant value and lower variation (RSD%) was selected to quantify the unknown peak.
[image: image]
where As and Cs represent the peak area and concentration of known compound including ChA, 3,5-DCQA, L-7G, 4,5-DCQA, A-7G, or K-3R, respectively. Ai and Ci mean the peak area and concentration of unknown compound (Peak 3 and Peak 8), respectively.
As shown in Supplementary Tables S2, S3, the RSD value of fs of unknown peak 1 to L-7G was 1.95%, while the RSD value of fs of unknown peak 2 to K-3R was 3.32%, which were much lower than that of other known compounds. Thus, the linear equation of L-7G and K-3R were used to calculate the concentration of unknown peak 1 or unknown peak 2 with a fs value of 0.93 or 1.37, respectively.
Quantitative Method Validation
A total of five series of standard solutions of six compounds including ChA, 3,5-DCQA, L-7G, 4,5-DCQA, A-7G, and K-3R were used to determine the linear range by an external standard method. Calibration curves were generated by plotting the peak areas (y) versus the corresponding concentrations (x, μg mL−1). A series of diluted solutions of six reference standards were used to determine limit of detection (LOD) and limit of quantification (LOQ), which were defined as the signal-to-noise (S/N) ratios of 3 and 10, respectively. As shown in Table 4, the correlation coefficients were all better than 0.9951 for all analytes and the range of LODs and LOQs for all compounds were in the ranges of 0.05–0.14 μg ml−1, and 0.12–0.51 μg ml−1, respectively, which indicated that this method possessed a good linearity and sensitivity.
TABLE 4 | Linear relationship of standard substances from components of CMs.
[image: Table 4]The precision of the proposed method was determined by injecting mixed standard solution for six consecutive times, and the RSD values of the peak areas of ChA, 3,5-DCQA, L-7G, 4,5-DCQA, A-7G, and K-3R were used to evaluate the precision. The results showed that the RSD values of six reference standards were 0.26%, 0.38%, 0.30%, 0.34%, 0.26%, and 0.27%, respectively. The repeatability was investigated with six independently prepared sample solutions of JH-07, one of which was injected into the apparatus at 0, 2, 4, 8, 12, and 24 h, separately, to determine the stability of the solution. The results showed that the RSD values of six analytes in the six independently prepared sample solutions were 1.84%, 0.64%, 0.97%, 1.48%, 1.06%, and 1.80%, respectively, and the RSD values of six analytes in one sample solution within 24 h were 0.65%, 0.73%, 1.81%, 0.88%, 1.82%, and 1.20%, respectively. These results hinted that this method possessed a good precision, repeatability, and stability.
The accuracy was confirmed by the recovery measured by standard addition method. Six different amounts of the reference standards were added to a real sample for which the concentrations of the compounds of interest were known. The mixtures were treated and analyzed using the method in this study. The accuracy was expressed as the percentage of the analytes recovered by the assay. As shown in Supplementary Table S4, the recoveries of the components ranged from 91.6% to 110.2% with the RSD values of 2.4%–6.2%, which indicated that the method enabled highly accurate simultaneous analysis of the six analytes.
Samples Determination
The validated method was used to determine the contents of eight common peaks in 30 flower head samples of CMs, among which 2 unknown peaks were quantified using the relative correction factor method, while six known peaks were assayed by the external standard method. As shown in Table 5, the variation (RSD) of the contents of eight common peaks of 30 flower head samples of different accessions of CMs ranged from 38.7% to 77.3%. Even for the same accessions of CM, the variation (RSD) of the contents of eight common peaks were still enormous, such as Gongju, Hang-baiju, Taiju, Boju, and Huaiju with the RSD value ranges of 21.4%–123.0%, 11.7%–64.7%, 31.3%–60.9%, 32.7%–119.8%, and 38.7%–77.3%, respectively. From the Figure 5, we could vividly observe the scattered distribution of the contents of eight common peaks in 30 flower head samples of CMs.
TABLE 5 | Contents of eight common peaks in 30 batches of CMs (%, g/g).
[image: Table 5][image: Figure 5]FIGURE 5 | The box diagram of the contents of eight common peaks in 30 flower head samples of CMs.
Prediction of Q-Marker of CMs Based on Antioxidant Activity
To find the Q-marker, the in-vitro chemical antioxidant activity of CMs was first determined, and then the correlation analysis between the chemical antioxidant activity and the contents of eight common peaks was performed. To minimize the deviation of Q-marker as much as possible, some CMs samples that were excessively deviated from most samples according to the results of chemometrics were removed. Finally, three samples of each accession of CMs and a total of 15 CMs were selected to be evaluated the chemical antioxidant activities. As shown in Table 6, the DPPH, OH, and ABTS clearance rate of different CMs ranged from 28.34% to 85.35%, 55.72% to 81.18%, and 49.65%–93.75%, respectively.
TABLE 6 | Free radical scavenging rate of different species of CMs (n = 3).
[image: Table 6]Pearson correlation analysis between the chemical antioxidant activities and the contents of eight common peaks was then further performed, and the results (Table 7) showed the contents of ChA, 3,5-DCQA, and unknown peak 1 were significantly correlated with ABTS·, DPPH·, and OH clearance capacities, while the contents of 4,5-DCQA and K-3R were significantly correlated with ABTS and DPPH clearance capacities. The correlation coefficients of the above five compounds with the antioxidant activity ranked as follows: 3,5-DCQA ˃ ChA ˃ unknown peak 1 ˃ 4,5-DCQA ˃ K-3R. Thus, the above five compounds were selected as the Q-markers of chemical antioxidant activity of CMs.
TABLE 7 | Correlation analysis between the antioxidant activity and the contents of eight common peaks from the different CMs.
[image: Table 7]Quality Evaluation of Commercially Available CMs Using the Q-Marker of Antioxidant Activity
The contents of ChA, 3,5-DCQA, unknown peak 1, 4,5-DCQA, and K-3R in 30 flower head samples of different accessions of commercially available CMs were further determined, and the results were shown in Table 8. To evaluate the quality of CMs in a relatively objective way, this study set up four grades of excellent, good, medium, and poor according to the contents of five compounds. As the content changes of five compounds were inconsistent among different accessions of CMs, we further set up five different sub-grades according to the contents of five different compounds. The top 10%, ranking of 11%–30%, 31%–90%, and 91%–100% of the contents of ChA, 3,5-DCQA, unknown peak 1, 4,5-DCQA, or K-3R were respectively set as the excellent, good, medium, and poor, and assigned the value of “1”; “2,” “3,” and “4,” respectively. As the contribution degree of five compounds to the chemical antioxidant activity of CMs were different, the proportions of 3,5-DCQA, ChA, unknown peak 1, 4,5-DCQA, and K-3R in the calculation of final grade were set as 30%, 25%, 20%, 15%, and 10% referring to their corresponding rank, respectively. Thus, the final grades of different accessions of CMs were calculated by the following Equation: Grade = Sub-grade (3,5-DCQA) × 0.3 + Sub-grade (ChA) × 0.25 + Sub-grade (unknown peak 1) × 0.2 + Sub-grade (4,5-DCQA) × 0.15 + Sub-grade (K-3R) × 0.1, and shown in Table 8. From Table 8, we could find that 30 flower head samples of different accessions of CMs were sorted as different grades. Two of them (JH-12 and JH-13), respectively from Hang-baiju and Taiju, were assigned as the excellent; 11 of them were evaluated as the good; and two of them (JH-14 and JH-21), respectively from Taiju and Boju, were sorted as the poor. These results further hinted that there existed wide quality variation between different accessions of CMs, and even for the same accession of CMs.
TABLE 8 | Evaluation of commercially available CMs by Q-marker based on antioxidant activity.
[image: Table 8]DISCUSSION
To obtain a chromatographic separation of CM, chromatographic conditions were first optimized. As CM is rich in flavonoids and phenolic acids, referring to our group’s previous experience and study (Tang et al., 2010), Agilent ZORBAX SB-C18 column was thus selected as the stationary phase, and four mobile phase systems including methanol-water, methanol-0.1% formic acid water solution, methanol-0.2% formic acid water solution, and 0.1% formic acid methanol solution-0.1% formic acid water solution were investigated, respectively. The results showed that lower resolution and fewer chromatographic peaks could be obtained when using methanol-water as the mobile phase, while all components could be fully separated using the other three kinds of mobile phase. Considering the environmental protection and low consumption, methanol-0.1% formic acid water was finally chosen as the mobile phase in this study. The influences of column temperature at 30°C, 35°C, 37°C, and 40°C on the chromatographic separation were respectively observed, and the results showed that the column temperature at 35°C could obtain the lower back pressure, higher response, and better baseline. After repeated test, the optimal grade elution mode listed in this study was finally obtained.
Flavonoids and phenolic acids are the active substances responsible for the antioxidant activity of CM (Chen et al., 2015; Peng et al., 2019; Sun et al., 2021), thus, the contents of total phenolic acids and total flavonoids were thus selected as the evaluation indexes of extraction methods. In this experiment, extraction method, solvent, time and the ratio of liquid to solid were optimized for the preparation of the sample solution, respectively. Three extraction methods including water decoction, reflux extraction, and ultrasonic method were separately investigated, and the results showed that the extraction rate of ultrasonic extraction method was significantly higher than the other two extraction methods (Supplementary Table S5). The extraction solvents including pure water, 30%, 50%, 70%, 100% methanol or ethanol were then observed, and it was found that 50% ethanol could obtain the best extraction rate for the total phenolic acids and total flavonoids (Supplementary Table S6). The ultrasonic extraction for 10, 15, 20, 30, and 40 min was further investigated, and the results showed that when the extraction time was more than 30 min, the extraction rate could not be obviously increased (Supplementary Table S7). Finally, the ration of liquid to solid was optimized, and it was found that when the ratio was more than 1:20, the extraction rate could not be significantly elevated (Supplementary Table S8).
In the quality control of TCM, chromatographic fingerprint analysis plays an important role, which can give an overall view of the characteristics of nearly all the components. However, it can only show results of similarity calculated on the basis of the relative value using a pre-selected marker compound as a reference and cannot reveal the possible content variation (Tang et al., 2010). Our results also support this fact. In our study, the similarities of most CMs were more than 0.8 except JH-21 and JH-22, however, the peak area variation (RSD value) of common peak ranged from 42.4% to 86.3%. Chemometrics can provide further data mining of chromatographic fingerprint. For example, CA can group the similar samples into several classes (Zhao et al., 2020) and visually explore the similarity of different accessions of CMs. Our results of CA revealed that the same accessions of CMs were not clustered into one class, which hinted that the difference of CMs was related to not only the species, but also the origin, harvesting season, maturity, and storage and processing condition (Chen X. et al., 2020; Khan et al., 2020). PCA is often used to explain differences between samples and to obtain information on the variables that primarily influence sample similarity and variability (Šamec et al., 2016). Our results of PCA indicated that the peak areas of the eight common peaks all contributed to the difference between different species of CMs.
The combination of chromatographic fingerprint and chemometrics can explore the similarity and the reason of the difference between different accessions of CMs. However, these analytical strategies are all based on the peak areas of common peaks. Thus, multiple ingredients quantification, especially the common peaks quantification, is considered as an important complementary to chromatographic fingerprint analysis for the quality control of TCM (Tang et al., 2010; Yang et al., 2011). Our results of accurate quantification of the common peaks further verified that the RSD values of their contents possessed significant variations whether for the different accessions of CMs or for the same accession of CMs. The results were consistent with the peak areas variation of the common peaks in the chromatographic fingerprint analysis, and further verified that the species, origin, harvesting season, maturity, and storage and processing conditions all contributed to the quality variation of CMs.
Although the quantification of the common peak can provide an important complementary to chromatographic fingerprint analysis for the quality control of TCM, however, different compounds in the common peaks possessed the different contribution to the biological activity of TCM. Thus, how to control the quality of TCM according to the contents of common peaks is still a challenge. Recently, Q-marker based on biological activity provides a new strategy for the quality control of TCM. As anti-oxidant activity is the basis of pharmacological effects of CM, the correlation analysis between the chemical anti-oxidant activity and the contents of common peaks was further performed to explore the Q-marker of CM in this study. Our results hinted that ChA, 3,5-DCQA, unknown peak 1, 4,5-DCQA, and K-3R might be used as the Q-markers of CMs, which was partly consistent with a previous study (Zhou et al., 2019). More importantly, we successfully utilized the Q-markers to evaluate the quality of 30 flower head samples of different accessions of commercially available CMs according to their contributions to the chemical anti-oxidant activity of CMs, and the results showed that the quality of JH-21 was consistent with the results of chromatographic fingerprint analysis. The synthesis and accumulation of phytochemical compositions in plant tissues are influenced by the genotype, growing environment, and their interaction (Kiani et al., 2021). Hang-baiju and Taiju, two famous-region drugs of Zhejiang Province of China, are generally considered as higher quality of CMs (Gong et al., 2019). Our results also showed that JH-12 and JH-13, respectively from Hang-baiju and Taiju, were assigned as the excellent based on the evaluation of Q-marker. However, JH-14, a flower head sample from Taiju, was sorted as the poor, which hinted that JH-14 might be an adulteration product. Those results also indicated that it was unreliable to evaluate the quality of CMs according to geographical origins.
Although this study preliminarily screened chemical anti-oxidant quality markers, there are also some limitations. Firstly, quality markers were screened only from eight components in this study, and some active components may be omitted. Therefore, the analysis of chemical components needs to be further expanded and screened. Secondly, the screening of anti-oxidant quality markers of CM was based on the DPPH, OH, and ABTS clearance rate. Those methods are simply chemical tests and cannot provide the definite evidence of anti-oxidant activity of CM. Thus, in vivo anti-oxidant activity using cell or animal as model needs to be further explored in future research. In addition, CM also has many kinds of activities include antiviral, anti-inflammatory, anti-bacterial, anti-tumor, anti-infective, and anti-inflammatory effects except anti-oxidant. Therefore, quality markers that can comprehensively mirror varies kinds of biological activities of CM need to be further studied.
This study identified the Q-markers of CM through the analysis of chromatographic fingerprint, quantification of common peaks, chemical anti-oxidant activity and the spectrum-effect relationship. The quality control of CM was implemented with the chromatographic fingerprint, multiple ingredients quantification and Q-marker determination. Overall, this study has discovered that the Q-marker based quality assessment of CM was feasible and practical. This study also serves as a reference for Q-marker selections and quality control of other TCMs.
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Chemotherapy-induced myelosuppression is one of the major challenges in cancer treatment. Ayurveda-based immunomodulatory botanicals Asparagus racemosus Willd (AR/Shatavari) and Withania somnifera (L.). Dunal (WS/Ashwagandha) have potential role to manage myelosuppression. We have developed a method to study the effects of AR and WS as therapeutic adjuvants to counter paclitaxel (PTX)-induced myelosuppression. Sixty female BALB/c mice were divided into six groups—vehicle control (VC), PTX alone, PTX with aqueous and hydroalcoholic extracts of AR (ARA, ARH) and WS (WSA, WSH). The myelosuppression was induced in mice by intraperitoneal administration of PTX at 25 mg/kg dose for three consecutive days. The extracts were orally administered with a dose of 100 mg/kg for 15 days prior to the induction with PTX administration. The mice were observed daily for morbidity parameters and were bled from retro-orbital plexus after 2 days of PTX dosing. The morbidity parameters simulate clinical adverse effects of PTX that include activity (extreme tiredness due to fatigue), behavior (numbness and weakness due to peripheral neuropathy), body posture (pain in muscles and joints), fur aspect and huddling (hair loss). The collected samples were used for blood cell count analysis and cytokine profiling using Bio-Plex assay. The PTX alone group showed a reduction in total leukocyte and neutrophil counts (4,800 ± 606; 893 ± 82) when compared with a VC group (9,183 ± 1,043; 1,612 ± 100) respectively. Pre-administration of ARA, ARH, WSA, and WSH extracts normalized leukocyte counts (10,000 ± 707; 9,166 ± 1,076; 10,333 ± 1,189; 9,066 ± 697) and neutrophil counts (1,482 ± 61; 1,251 ± 71; 1,467 ± 121; 1,219 ± 134) respectively. Additionally, higher morbidity score in PTX group (7.4 ± 0.7) was significantly restricted by ARA (4.8 ± 1.1), ARH (5.1 ± 0.6), WSA (4.5 ± 0.7), and WSH (5 ± 0.8). (Data represented in mean ± SD). The extracts also significantly modulated 20 cytokines to evade PTX-induced leukopenia, neutropenia, and morbidity. The AR and WS extracts significantly prevented PTX-induced myelosuppression (p < 0.0001) and morbidity signs (p < 0.05) by modulating associated cytokines. The results indicate AR and WS as therapeutic adjuvants in cancer management.
Keywords: Ayurveda, Asparagus racemosus, Withania somnifera, Cancer Therapeutics, Chemotherapy, Paclitaxel, Myelosuppression, Cytokine Modulation
INTRODUCTION
Cancer is one of the leading causes of mortality worldwide. The GLOBOCAN 2020 data indicates more than 19 million new cases with more than 9 million deaths due to cancer in the year 2020 with increasing prevalence globally (GLOBOCAN 2020 Fact Sheet 2020). The therapeutic approaches of cancer include chemotherapy, radiotherapy, and surgery depending upon the stage of cancer and response to therapies. In recent years, immunotherapy has emerged as an effective therapeutic alternative (Arruebo et al., 2011). However, chemotherapy is a predominant approach in cancer therapeutics that restricts cancer development by using chemotherapeutic agents. The chemotherapeutic agents include alkylating agents, cytoskeletal disrupters, anthracyclines, and enzyme inhibitors etc. (Shewach and Kuchta 2009). Although chemotherapy has emerged as an effective therapeutic approach, there are several dose-limiting adverse effects (Chopra et al., 2016; Regnard and Kindlen 2019). Chemotherapy-induced myelosuppression is one of the major challenges in cancer therapeutics. The declined ability of bone marrow to produce blood cells is referred as myelosuppression that leads to neutropenia, leukopenia, and thrombocytopenia (Maxwell and Maher 1992).
In the present study, we used paclitaxel (PTX/taxane) as a prototype chemotherapeutic drug to induce myelosuppression in a mouse model. PTX is one of the extensively used anticancer drugs in the treatment of various types of cancers including breast cancer, ovarian cancer, pancreatic cancer, advanced non-small cell lung cancer, and liver cancer (Weaver 2014). The pharmacological activity of PTX is to stabilize the microtubules of cancer cells that leads to tumor suppression; however, the adverse effects of PTX remains a major concern. The clinical adverse effects of PTX include myelosuppression, fatigue, hypersensitivity reactions, hair loss, peripheral neuropathy (numbness and weakness), pain in muscles and joints etc. (Markman 2003). PTX is known to inhibit the proliferation of bone marrow cells. It induces apoptosis by activating caspase-3/7 and promotes DNA damage leading to myelosuppression (Hu et al., 2016). The hematopoietic growth factors especially granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) are employed in between chemotherapeutic cycles that increase blood cell count in patients to manage myelosuppression (Dale 2002). However, the notable toxicity risks limit the use of growth factors (Puhalla, Bhattacharya, and Davidson 2012). Additionally, active involvement of growth factors in carcinogenesis is speculated by researchers (Halper 2010). In such a scenario, a safe therapeutic adjuvant with better effectiveness to counter chemotherapy-induced myelosuppression is needed.
Ayurveda, a traditional medicine system, has a lot to offer to tackle myelosuppressive indications. The therapeutic approaches of Ayurveda focus on balancing the physiological processes and body constitution leading to homeostasis (Patwardhan et al., 2015). Ayurveda medicines have a long history of safe use and are being used in cancer management (Lele 2010; Raut et al., 2012; Patwardhan 2014). The Rasayana approach of Ayurveda strengthens physiological homeostasis through rejuvenating and adaptogenic effects (Chulet and Pradhan 2009). Ayurveda botanicals, Asparagus racemosus Willd. (AR) known as Shatavari and Withania somnifera (L.). Dunal (WS) known as Ashwagandha are Rasayana botanicals used as adaptogens and immunomodulators (Balasubramani et al., 2011). AR and WS are known for their multimodal pharmacological activities such as galactagogic, anti-ageing, nootropic, anti-inflammatory, and especially immunomodulation (N. Singh et al., 2011; Alok et al., 2013). The immunomodulatory activity of AR and WS can help to counter chemotherapy-induced myelosuppression. AR and WS have been reported to offer myeloprotection during cancer chemotherapy (Diwanay et al., 2004). The experimental methods replicated Rasayana approach of Ayurveda that recommends pre-administration and daily dosing of botanical extracts (Chulet and Pradhan 2009).
The present study reports a method and effects of AR and WS as therapeutic adjuvants to counter PTX-induced myelosuppression in BALB/c mice. This study explores the preventive effects of AR and WS extracts in PTX-induced myelosuppression. It also investigates the observational parameters of morbidity that simulate the clinical adverse effects of PTX as mentioned above. Furthermore, it also connects the myelosuppression and morbidity parameters to cytokine modulation.
MATERIALS AND METHODS
Materials
The commercially available clinical formulation of PTX- Mitotax®-300 (Dr Reddy’s Laboratory) was procured from local pharmacists and was standardized for dosage regimen. The Cremophor EL® (polyoxyethylated castor oil) (Cat. No. 238470) and absolute ethanol were obtained from Millipore and SRL respectively. The standardized aqueous and hydroalcoholic extracts of Asparagus racemosus (ARA, ARH) and Withania somnifera (WSA, WSH) were obtained from Pharmanza Herbal Pvt. Ltd. as a gift. We have used standardized extracts prepared as per previously reported method (Borse et al., 2021).
Animals
The ethics approval (27/23-03/2021-R, dated-23/03/2021) was obtained from the Institutional Animal Ethics Committee of Serum Institute of India Pvt. Ltd. The female BALB/c mice were reared as per CPCSEA guidelines in the animal house of Serum Institute of India Pvt. Ltd. with ad libitum food and water. The mice weighing 13-18 gms were housed in polypropylene cages on ground corn cobs bedding at optimum room temperature with 12 h of light/dark cycle. The mortality and morbidity variables in the method development experiment suggest that the female mice were more tolerant to the high and consecutive doses of PTX. The model titers the dose regimen to balance myelosuppression and survival. Therefore, we used female mice in the present study.
Dosing
The animals were randomly allocated in 6 groups-vehicle control (VC), PTX alone (PTX), and PTX along with aqueous and hydroalcoholic extracts of AR (PTX + ARA and PTX + ARH) and WS (PTX + WSA and PTX + WSH) (Figure 1A). Each group contained 10 mice weighing 13-18 gms.
[image: Figure 1]FIGURE 1 | Grouping and dosage regimen. (A) depicts grouping of mice to be dosed with botanical extracts and PTX for desired days. (B) illustrates the dosing regimen of botanical extracts as per Ayurveda (for 20 days) and that of PTX (on 16th, 17th and 18th day) as standardized for induction of myelosuppression. The blood samples were collected from retro-orbital plexus on 20th day for cell count and cytokine analysis.
The 59.125 mg/kg PTX dose per mouse is equivalent to that of the human dose of 175 mg/m2. Although PTX is administered intravenously in humans, it was given through the intraperitoneal route in mice. Our earlier standardization experiments have suggested consistent results with intraperitoneal dosing in small animal models like mice. It also has a practical advantage over intravenous administration in mice (Ray et al., 2011). The commercially available clinical formulation of PTX was diluted with sterile saline to obtain the desired concentration. The mouse dose of botanical extracts was extrapolated from recommended clinical dose based on Ayurveda (Gogte 2000). Moreover, previous studies by the investigators’ group have consistently demonstrated that the dose of 100 mg/kg of AR and WS extracts for consecutive 15 days is best for immunomodulation (Ziauddin et al., 1996; Gautam, et al., 2004a; Gautam, et al., 2004b).
As shown in the dosage regimen (Figure 1B), the mice were pre-administered with 100 mg/kg of botanical extracts orally every morning for 15 days prior to PTX dosing and continued throughout the experiment (up to 20th day). After a series of dose standardization experiments, 25 mg/kg of PTX dose was finalized to be administered intraperitoneally for 3 consecutive days (15th, 16th, and 17th day) to induce myelosuppression. The VC group was dosed with 1:1 solution of cremophor and absolute ethanol in the dose equivalent to the PTX since the commercially available PTX was dissolved in cremophor-ethanol solution. The mice were anesthetized by drop jar method using isoflurane and were bled from retro-orbital plexus 2 days after PTX cycle (on 20th day) (Anesthesia Guidelines Mice, 2021). These samples were analysed for blood cell count and plasma cytokine profiling.
Blood Cell Count Analysis
The primary outcome measures of myelosuppression were total leukocyte and neutrophil counts as indicators of myelosuppression. The blood collected in EDTA-coated vacutainers was subjected to Sysmex XN550 analyser. The total leukocyte count/mm3 (TLC) and absolute neutrophil count/mm3 (ANC) were considered for further analysis.
Morbidity Analysis
Along with the total leukocyte and neutrophil count, we also considered examining other clinical adverse effects of PTX in mice. Cancer chemotherapy especially with PTX is associated with several adverse effects (Marupudi et al., 2007). Such adverse effects may be the signs of morbidities. Previous studies have reported the methods for observational scoring in cancer therapeutics (Banipal et al., 2017; Banerjee and Prasad 2020). Therefore, the secondary outcome measures included morbidity parameters such as activity, behavior, fur aspect, huddling, and posture. The morbidity parameters simulated clinical adverse effects of PTX such as fatigue (extreme tiredness), peripheral neuropathy (numbness and weakness), hair loss (alopecia), and pain in muscles and joints (Batchelder et al., 1983; Paclitaxel Taxol, 2020; Clinical Signs of Pain and Disease in Laboratory Animals 2021) (Table 1).
TABLE 1 | Rationale of morbidity analysis.
[image: Table 1]The mice from all the groups were observed daily for morbidity parameters including activity, behavior, fur aspect, huddling, and body posture throughout the experiment. The morbidity scoring (Table 2) was derived based on literature survey (Banipal et al., 2017; Banerjee and Prasad 2020; Paclitaxel Taxol, 2020; Clinical Signs of Pain and Disease in Laboratory Animals, 2021; Batchelder et al., 1983) wherein score ‘0’ represents normal and score ‘3’ represents highest observed morbidity parameter. More the score indicates higher morbidity. The morbidity score of each group was calculated as the average of the sum of all the parameters of each mouse of the group (data are shared as Supplementary Material S1).
TABLE 2 | Morbidity scoring system.
[image: Table 2]Cytokine Profiling
The panel of 20 cytokines (eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17A, KC, MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α) was considered for cytokine profiling. Cytokines were measured using Bio-Plex multiplex that operates on the principle of capture sandwich immunoassay. The polystyrene magnetic beads coupled with antibodies of specific cytokines were incubated with the plasma samples on shaker at 850 ± 50 rpm for 30 min in a 96-well plate. The beads were washed thrice using wash buffer. The primary antibody-cytokine conjugate was incubated with secondary (detection) antibody for 30 min followed by washing thrice using wash buffer. Further, the secondary antibodies were tagged with streptavidin-phycoerythrin and incubated for 10 min. The beads were again washed thrice and resuspended in buffer. The plate was then subjected to Bio-Plex 200 system for reading.
Statistical Analysis
The experimental results of blood cell count, morbidity analysis, and cytokine profiling were analysed using GraphPad 9.0.0 software. The statistical significance of the data of blood cell count analysis (TLC and ANC), morbidity score, and observed concentrations of cytokines (pg/ml) was analysed by one-way ANOVA. The intergroup comparison was carried out using Tukey’s statistical hypothesis testing with 95% confidence interval. The data is represented in mean ± SD.
RESULTS
The mice were observed healthy with normal activity and behavior at the time of housing.
AR and WS Prevented PTX-induced Myelosuppression
The pre-administration of botanical extracts significantly (p < 0.0001) prevented PTX-induced myelosuppression in BALB/c mice (Figure 2). The PTX group showed a reduction in total leukocyte and neutrophil counts (4,800 ± 606; 893 ± 82) when compared with that of a VC group (9,183 ± 1,043; 1,612 ± 100) respectively. The PTX-induced leukopenia and neutropenia were evident by reduced counts of total leukocytes and neutrophils respectively. The adjuvant groups with botanical extracts were found to maintain these counts. Pre-administration of ARA, ARH, WSA, and WSH extracts prevented PTX-induced reduction by normalizing total leukocyte counts (10,000 ± 707; 9,166 ± 1,076; 10,333 ± 1,189; 9,066 ± 697) and neutrophil counts (1,482 ± 61; 1,251 ± 71; 1,467 ± 121; 1,219 ± 134) respectively. The total leukocyte and neutrophil counts of adjuvant groups were adjacent to that of VC group. Thus, ARA, ARH, WSA, and WSH prevented leukopenia and neutropenia induced by PTX in BALB/c mice.
[image: Figure 2]FIGURE 2 | Blood cell count analysis. The figure depicts that ARA, ARH, WSA, and WSH significantly prevented PTX-induced leukopenia and neutropenia. PTX at 25 mg/kg dose significantly (p < 0.0001) reduces the total leukocyte and neutrophil count. Pre-administration of botanical extracts ARA, ARH, WSA, and WSH at 100 mg/kg dose 15 days prior to PTX dosing significantly (p < 0.0001) prevents the reduction in total leukocyte and neutrophil count. All botanical extracts normalize the total leukocyte and neutrophil count comparable to VC group. The data points are represented as mean ± SD with n = 6.
AR and WS Reduced PTX-induced Morbidity
The pre-administration of botanical extracts significantly (p < 0.05) reduced PTX-induced morbidity signs in BALB/c mice (Figure 3A). These signs included reduced activity and relocation, hunched posture (Figure 3B), huddling/grouping (Figure 3C), hair loss/alopecia (Figure 3D) that simulated clinical adverse effects of PTX. The morbidity score was significantly higher in PTX group (7.4 ± 0.7) than that of VC group (1 ± 0). The clinical adverse effects of PTX were observed in mice such as reduced activity or general wandering (fatigue), abnormal behavior and lack of relocation (numbness and weakness due to peripheral neuropathy), hunched posture (pain in muscles and joints), notable hair loss and grouping due to cold (alopecia). The adjuvant groups with botanical extracts restricted the aforementioned morbidity signs. ARA (4.8 ± 1.1), ARH (5.1 ± 0.6), WSA (4.5 ± 0.7), and WSH (5 ± 0.8) decreased the morbidity score that was elevated by PTX. In all the adjuvant groups (those treated with extracts), it was observed that the activity and relocation of mice was improved with reduced stiffness of posture followed by negligible hair loss and grouping.
[image: Figure 3]FIGURE 3 | Morbidity analysis. The figure represents that ARA, ARH, WSA, and WSH significantly prevented PTX-induced morbidity. (A) shows the graphical representation of morbidity score based on observations of mice. These observations included reduced activity and relocation, hunched posture (B), huddling/grouping (C), hair loss/alopecia (D) that simulated clinical adverse effects of PTX. The morbidity score of each group was calculated as the average of the sum of all the parameters of each mouse of the group. Therefore, more the score more would be the morbidity signs in mice. The yellow patch depicts the duration of PTX dosing on 16th, 17th, and 18th day of the experiment. The graph shows that consecutive dosing of PTX (25 mg/kg) increases morbidity score in mice from 16th day up to 20th day of the experiment. Pre-administration of botanical extracts ARA, ARH, WSA, and WSH at 100 mg/kg dose 15 days prior to PTX dosing significantly (p < 0.05) restricts the increased morbidity score. The data points are represented as mean ± SD with n = 10.
AR and WS Modulated PTX-induced Cytokine Alterations
The pre-administration of botanical extracts significantly (p=0.0086 for KC, p=0.0004 for IL-5, p=0.0001 for IL-4, and p<0.0001 for all other cytokines) mitigated PTX-induced cytokine alterations in BALB/c mice (Figure 4). PTX significantly (p<0.05) increased the plasma levels of cytokines (G-CSF, GM-CSF, IL-1α, IL-1β, IL-6, IL-10, and IL-13) and chemokines (KC and MCP-1). The botanical extracts modulated the PTX-induced cytokine alterations to maintain homeostasis. ARA and/or ARH reduced the expression of G-CSF, IL-1α and increased the expression of IL-13. WSA and WSH also reduced the expression of G-CSF, GM-CSF, IL-1α, IL-1β, IL-6, IL-10, and IL-13. Overall, WS was found to normalise the PTX-induced cytokine alterations to bring it back to the level of VC. ARA was found to decrease KC and increase TNF-α and IL-17A whereas ARH increased IL-3 and IL-4 levels in mouse plasma significantly (p<0.05).
[image: Figure 4]FIGURE 4 | Cytokine profiling. The figure shows that ARA, ARH, WSA, and WSH extracts modulated the plasma levels of cytokines altered by PTX-administration with different statistical significance (**p = 0.0086 to ****p < 0.0001). The cytokines are categorized by their involvement in the biological processes such as hematopoiesis, inflammation, and morbidity signs (fatigue, peripheral neuropathy, hair loss, and pain in muscles and joints). PTX administration (25 mg/kg) for three consecutive days significantly altered the plasma levels of cytokines. Pre-administration of ARA (G-CSF, IL-1α, and KC) and ARH (G-CSF) extracts (100 mg/kg) reversed the expressions of cytokines induced by PTX. Pre-administration of WSA and WSH extracts (100 mg/kg) normalized the PTX-altered cytokine levels comparable to that of VC group. The data points are represented as mean ± SD with n = 6.
DISCUSSION
The present study reports a method developed for induction of myelosuppression using chemotherapeutic drug PTX. The standardized PTX dose of 25 mg/kg (administered intraperitoneally for three consecutive days) significantly reduces total leukocyte and neutrophil count in mice. An application of clinically used PTX formulation mimics the model closer to the clinical scenarios. Therefore, this mouse model may be a better evidence-based option over reported predictive models of myelosuppression (Schurig et al., 1985; Schurig, Florczyk, and Bradner 1986; Friberg et al., 2002; Friberg and Karlsson 2003). The methods of this study are useful in screening therapeutic adjuvants in cancer chemotherapy. The data from this study suggests that AR and WS extracts prevented PTX-induced myelosuppression. The ARA, ARH, WSA, and WSH extracts significantly evaded the leukopenia, neutropenia, and morbidity induced by PTX in BALB/c mice. This preventive effect is corroborated with cytokine data (Figure 4).
AR and WS Restrict PTX-induced Inflammatory Response
PTX was found to induce inflammatory conditions evident by significant expression of pro-inflammatory cytokines (IL-1α, IL-1β, IL-6, and IL-13) and chemokines (KC, and MCP-1). AR and WS extracts and their phytoconstituents have been reported as potential anti-inflammatory agents acting through inhibition of pro-inflammatory cytokines released by several immune cells including monocytes, macrophages, dendritic cells, and keratinocytes etc. (Agarwal et al., 1999; Bani et al., 2006; Alok et al., 2013; Tiwari et al., 2017; Dubey et al., 2018; Saggam et al., 2021). In this study, the PTX-induced inflammation was significantly prevented by AR (downregulation of IL-1α and KC) and WS (downregulation of IL-1α, IL-1β, IL-6, IL-13, and MCP-1).
AR and WS Maintain Hematological Homeostasis
The AR and WS extracts prevented PTX-induced decrease in total leukocyte and neutrophil count in mice through mitigation of cytokine alterations. The increased plasma level of G-CSF is well correlated with cyclic neutropenia clinically. The neutrophil count was found to be inversely proportional to the plasma G-CSF levels (Watari et al., 1989). The present study also demonstrated the PTX-induced neutropenia accompanied by the increased plasma level of G-CSF. Both of these parameters were found to reverse in all the adjuvant groups with AR and WS extracts. Furthermore, a clinical study reported an increase in IL-6, GM-CSF, IFN-γ levels in breast cancer patients undergoing PTX treatment (Tsavaris et al., 2002). The results of this study also support the significant increase in IL-6 and GM-CSF on PTX administration that was found to be normalised by WS. However, the increase in IFN-γ remained non-significant in PTX alone group.
TNF-α plays a central role in physiological homeostasis by regulating immunity (Silke and Hartland 2013). During an inflammatory condition, TNF-α maintains the persistence of hematopoietic stem cells and ensures myeloid regeneration (Yamashita and Passegué 2019). PTX administration triggered TNF-α expression that was found to be enhanced by ARA extract to maintain regeneration of blood cells matured from myeloid lineage. ARA extract also synergistically increased the expression of IL-17A that contributes to granulopoiesis and stimulates mobilization of mature granulocytes into the circulation (Krstic et al., 2012; Mojsilović et al., 2015). ARH extract facilitated the expression of IL-2 and IL-3 that promotes T-cell proliferation and granulocyte colony formation respectively (Groopman, Molina, and Scadden 1989; Murphy 1993; Metcalf 2008).
The results of present study suggested a significant increase in plasma levels of MCP-1 induced by PTX. The MCP-1 is reported for regulating monocyte infiltration from peripheral blood to surrounding tissue through vascular endothelium as an inflammatory response (Deshmane et al., 2009). Moreover, PTX is also known to trigger inflammation mediated through pro-inflammatory cytokines (Ilinskaya, Dobrovolskaia, and McNeil 2012). This underlines the possibility of PTX to induce monocyte depletion in peripheral blood as a result of inflammatory response through MCP-1. WS on the other hand reduces PTX-induced increase in MCP-1 levels and may contribute to maintaining monocyte homeostasis in peripheral blood. Additionally, WS reduced the expression of MIP-1α that inhibits the proliferation of hematopoietic stem cells (Cook 1996) and AR upregulated MIP-1β that reverses the myelosuppressive effect of MIP-1α (Broxmeyer et al., 1993). These results indicate the corrective measures of AR and WS in PTX-induced myelosuppression.
PTX induces IL-1β overexpression that subsequently promotes the invasiveness of malignant cells. Blocking IL-1β pathway using IL-1 receptor antagonist followed by PTX therapy slightly inhibits tumor growth (Voloshin et al., 2015). Therefore, an adjuvant that inhibits IL-1 cytokines along with PTX would be beneficial. The results of this study showed a significant reduction of IL-1α and IL-1β by AR and WS extracts induced by PTX. This indicates adjuvant potential of AR and WS in cancer therapeutics.
AR and WS Ameliorate PTX-induced Morbidity
The morbidity implications of PTX such as fatigue, peripheral neuropathy, hair loss, pain in muscles and joints were also restricted by AR and WS. Clinically, the increase in IL-6 and IL-10 on PTX administration is correlated with joint pain and fatigue respectively in cancer patients (Pusztai et al., 2004). Our study showed the increased morbidity score for hunched posture and reduced activity due to joint pain and fatigue respectively in mice. It was also confirmed by the increased levels of IL-6 and IL-10 in mouse plasma after PTX administration. WS significantly reduced the observed morbidity and plasma levels of IL-6 and IL-10 in mice.
Cytokine-induced inflammation is an established physiological link between fatigue and pain (Louati and Berenbaum 2015; Karshikoff, Sundelin, and Lasselin 2017). On the other hand, cancer and chemotherapy-associated persistent fatigue is correlated with the increased levels of IL-1 and IL-6 (Bower 2014, 2007). Pain in muscles and joints is also associated with pro-inflammatory cytokines viz. IL-1 and IL-6 that acts either through sensory neurons or prostaglandin mediators (Ren and Torres 2009; Schaible 2014). The AR and WS extracts have ameliorated PTX-induced signs of fatigue (decreased wandering of mice in cages) and pain (hunched posture) that is evident by decreased plasma levels of IL-1 and IL-6. The patients with joint pain due to musculoskeletal disorder found to have greater levels of eotaxin (J. Singh, Noorbaloochi, and Knutson 2017). Therefore, reduction in hunched posture by WS may also be through downregulation of eotaxin as revealed in our study.
The signs of peripheral neuropathy such as numbness and weakness in mice were observed by abnormal behavior and lack of relocation on PTX-administration (Cavaletti et al., 1995; Höke 2012). The peripheral neuropathy is reported to be associated with MCP-1 induction (Zhang et al., 2013), IL-1β release (Hangping et al., 2020; Starobova et al., 2021), and high levels of IL-6 (Zheng et al., 2021). Both the extracts of WS significantly reduced the signs of peripheral neuropathy accompanied by reduction in PTX-induced high levels of MCP-1, IL-1β, and IL-6. Furthermore, KC was found to have a central role in the pathophysiological process of peripheral neuropathy also evident by a reduction in neuropathic pain upon pharmacological blockade of KC receptor- CXCR2 by the selective antagonist (Manjavachi et al., 2014; Piotrowska et al., 2019). ARA significantly reduced the increased levels of KC thereby signs of peripheral neuropathy induced by PTX. The prevention of chemotherapy-induced peripheral neuropathy is correlated with the active IL-4/STAT6 signaling pathway (Shi et al., 2018). Therefore, the reduced sign of peripheral neuropathy in mice on administration of ARH was evident by significant increase in plasma levels of IL-4. In addition, the chemokine RANTES is directly associated with the neuropathic pain (Liou et al., 2013). Though PTX was unable to induce RANTES in mice, WSA and WSH significantly reduced the RANTES expression. Therefore, the role of WS in reducing the neuropathic pain by RANTES depletion is worth investigating.
Chemotherapy-induced alopecia remains a major concern in cancer therapeutics (West 2017). IL-1α contributes to inflammatory alopecia (hair loss) by inhibiting the proliferation of hair follicles (Harmon and Nevins 1993). High serum levels of IL-4, IL-5, and IL-6 are also reported in patients with alopecia (Ito et al., 2020). AR significantly decreased IL-1α whereas WS significantly decreased IL-1α, IL-4, IL-5, and IL-6 in mouse plasma. This implies the possible function of aforementioned cytokines in preventing PTX-induced alopecia by AR and WS.
Implications in Clinical Management of Cancer
The Rasayana effect implies the rejuvenating and adaptogenic property (Saggam et al., 2021). It is an ability to achieve physiological homeostasis to restore health (Rege et al., 1999). The Rasayana effects of AR and WS are evident by exhibiting rejuvenating and adaptogenic potential endorsed by Ayurveda (Chulet and Pradhan 2009). The present study helped to generate scientific evidence of the Rasayana concept that emphasizes on strengthening physiological homeostasis by preventing myelosuppression and morbidity (Balasubramani et al., 2011). It also highlighted the importance of Ayurveda principles and recommended dosage regimen to achieve desired effects.
A couple of studies depicted the antitumor activities of AR with or without clinically utilised chemotherapeutic drugs (Mitra et al., 2012; Benil et al., 2020). Similarly, our team has previously mapped several pharmacological activities of WS reported in various cancer models indicating its ability to influence the classical hallmarks of cancer (Saggam et al., 2020). The clinical benefits of WS have been reported wherein marked improvement in quality of life was seen in cancer patients undergoing PTX-based chemotherapy regimen (Biswal et al., 2013). These results suggest a potential role of an Integrative Oncology approach using Ayurveda-based therapeutic adjuvants in mitigating the adverse effects of chemotherapy (Winters 2006; Saggam et al., 2020). However, the mechanism(s) underlying these clinical observations have not been well-studied.
The preclinical mouse model employed in our study has been utilised for investigating the pathophysiology of PTX-induced myelosuppression (Ray et al., 2011). Several studies have indicated that this experimental model recapitulates the clinical scenarios in this with reference to biochemical parameters, immuno-regulation, cytokine levels, inflammation and overall behaviour (Burke and Balkwill 1996; Frese and Tuveson 2007; Höke 2012; Lampreht Tratar, Horvat, and Cemazar 2018; Ireson et al., 2019).
Previously published clinical reports on PTX-induced changes in myelosuppressive immune response allow us to intuitively extrapolate our preclinical results into clinical translation. For example, patients with cyclic neutropenia showed elevated levels of G-CSF in neutropenic phase (Watari et al., 1989). In addition, breast cancer patients undergoing PTX treatment have been reported to demonstrate increased levels of GM-CSF in blood (Tsavaris et al., 2002). Indeed, the results of our preclinical study in mice are in alignment with these reported clinical scenarios. In this study, we have observed that the AR and WS extracts prevented neutropenia by normalizing the levels of colony stimulating factors (namely G-CSF and GM-CSF) which were elevated by PTX. Therefore, it is plausible to postulate that co-administration of AR and WS extracts with colony-stimulating factors may have salutary effects in managing chemotherapy-induced myelosuppression. Furthermore, carefully designed molecular studies will shed light on the mechanism(s) underlying the observed protective effect of AR and WS extracts in PTX-induced myelosuppression.
In addition, we observed alterations in cytokine levels associated with immune response which are in alignment with previously reported clinical literature. Marked increase in IL-6 and IL-10 levels subsequent to PTX administration in cancer patients have been reported to be associated with joint pain and fatigue (Tsavaris et al., 2002; Pusztai et al., 2004). In our study, WS extract was found to mitigate PTX-induced elevation of IL-6 and IL-10 levels and restored normal posture (reduced stiffness that occurred due to joint pain) and activity (reduced tiredness that occurred due to fatigue) in mice. In concurrence with the clinical reports from cancer patients, we similarly observed an increase in IL-10 levels after PTX dosing (Pusztai et al., 2004). Furthermore, we observed that the PTX-induced elevation in IL-10 level was not observed when mice were dosed with WS extract prior to or during the course of PTX regimen.
Our study indicates that AR and WS extract offer protective effects against PTX-induced myelosuppression as indicated by experimental observations related to total leukocytes, neutrophils, cytokines and morbidity in mice. These promising preclinical observations potentially lay the foundation for well-designed clinical studies to investigate beneficial effects of Ayurveda-based Rasayana botanicals in cancer patients undergoing PTX-associated chemotherapy regimens. Such clinical studies along with molecular pharmacology investigations will be needed in future for exploring the promise of Ayurveda-based botanicals as therapeutic adjuvants in cancer management.
CONCLUSION
In conclusion, the present study revealed that AR and WS markedly increased the tolerance of mice towards PTX administration. The clinical adverse effects of PTX such as myelosuppression, fatigue (extreme tiredness), hair loss, peripheral neuropathy (numbness and weakness), pain in muscles and joints etc. can be managed by pre-administration of AR and WS (Markman 2003). Thus, AR and WS are promising cancer adjuvants to enhance the efficacy and reduce the adverse effects of chemotherapy. Further studies on the effects of AR and WS on PTX-induced myelosuppression in a cancer model are needed. Our study suggests well-designed clinical trials with a focus on molecular mechanisms as a future step towards safer and more effective cancer management.
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Zanthoxylum nitidum (Roxb.) DC. (ZN), with strong effects of anti-inflammation and antioxidant activities is treated as a core herb in traditional Chinese medicine (TCM) preparation for treating stomachache, toothache, and rheumatoid arthritis. However, the active ingredients of ZN are not fully clarified due to its chemical complexity. In the present study, a double spectrum–effect analysis strategy was developed and applied to explore the bioactive components in herbs, and ZN was used as an example. Here, the chemical components in ZN were rapidly and comprehensively profiled based on the mass defect filtering-based structure classification (MDFSC) and diagnostic fragment-ion-based extension approaches. Furthermore, the fingerprints of 20 batches of ZN samples were analyzed by high-performance liquid chromatography, and the anti-inflammatory and antioxidant activities of the 20 batches of ZN samples were studied. Finally, the partial least squares regression (PLSR), gray relational analysis models, and Spearman’s rank correlation coefficient (SRCC) were applied to discover the bioactive compounds in ZN. As a result, a total of 48 compounds were identified or tentatively characterized in ZN, including 35 alkaloids, seven coumarins, three phenolic acids, two flavonoids, and one lignan. The results achieved by three prediction models indicated that peaks 4, 12, and 17 were the potential anti-inflammatory compounds in ZN, whereas peaks 3, 5, 7, 12, and 13 were involved in the antioxidant activity. Among them, peaks 4, 5, 7, and 12 were identified as nitidine, chelerythrine, hesperidin, and oxynitidine by comparison with the standards and other references. The data in the current study achieved by double spectrum–effect analysis strategy had great importance to improve the quality standardization of ZN, and the method might be an efficiency tool for the discovery of active components in a complex system, such as TCMs.
Keywords: Zanthoxylum nitidum (Roxb.) DC., spectrum–effect relationship, chemical profiling, anti-inflammation, antioxidant activity
INTRODUCTION
Generally, traditional Chinese medicines (TCMs) achieve their therapeutic effects by initial interactions via multicomponents and multitargets. To understand how it works, it is necessary for researchers to study the relationship between TCMs’ compounds and their efficacy from a holistic perspective (Jiang et al., 2010). A pharmacological study of single-compound and holistic studies of TCMs are not birds of a feather; however, their research ideas and methods cannot be generalized (Xie and Leung, 2009). Although the above studies contributed to reveal the mechanism of pharmacological efficacy of TCMs, it is also meaningful to unravel the details of TCMs’ mechanism with important implications to quality control of TCMs and treatment of complicated diseases.
Zanthoxylum nitidum (Roxb.) DC. belongs to the genus Zanthoxylum of family Rutaceae (Seidemann, 2005; Rivera et al., 2014), and its underground roots (ZN) are used as the medicinal part recorded in the Chinese Pharmacopoeia (China Pharmacopoeia Commission, 2020). ZN has excellent curative effects, such as for the treatment of toothache, stomachache, traumatism, and rheumatoid arthritis. In daily life, ZN could be used as toothpaste and hand sanitizer. In a previous study, researchers were mainly focused on the chemical isolation and activity evaluation of ZN (Yang et al., 2008; Zhao et al., 2018; Nguyen et al., 2019). ZN extracts showed good anti-inflammatory and antioxidant activities (Xie, 2000; Liu et al., 2014). Alkaloids, the major component in ZN, have earned an increasing interest (Lu et al., 2020). Nitidine, a typical single alkaloid in ZN, has been found to have antifungal and anti-inflammatory activity (Zhang et al., 2014; Zhang et al., 2017). However, the components in ZN were very complicated, and some other active ingredients could also exist. To screen the active compounds rapidly, a comprehensive qualitative strategy and spectrum–effect relationship analysis is worth to establish.
The spectrum–effect relationship analysis is a tried-and-true method in using stoichiometric methods to figure out the connection between efficacy and components (Wang et al., 2019; Chen et al., 2021; Qiao et al., 2021). Zhang et al. developed the spectrum–effect relationship analysis strategy to discover the active compounds in Lycii Fructus; the results showed that chlorogenic acid, quercetin, kaempferol, and isorhamnetin are their potential bioactive components (Zhang et al., 2018). Moreover, a strategy-contained spectrum–effect relationship analysis was proposed to discover hepatotoxic equivalent markers from Psoraleae Fructus, and the results revealed that psoralen and isopsoralen are the hepatotoxic equivalent components (Zhang et al., 2021). The above studies have further verified the effectiveness of the spectrum–effect relationship analysis method, which were confirmed to effectively predict the active compounds in the complicated matrix.
In this study, a comprehensive filtering approach and spectrum–effect relationship were applied to discover the bioactive components in ZN (Figure 1). First, based on the mass defect filtering-based structure classification (MDFSC) and diagnostic fragment-ion-based extension (DFIBE) approaches, the chemical compounds of ZN were rapidly profiled by the ultrahigh-performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC Q-TOF MS). Second, the fingerprints of 20 batches of ZN samples were established by high-performance liquid chromatography (HPLC), followed by similarity analysis (SA) and hierarchical cluster analysis (HCA). Furthermore, different activity tests including 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) test, NO production assay, and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay were determined, respectively. Finally, to discover the potential active compounds, the spectrum–effect relationship was modeled by chemometrics such as the partial least squares regression (PLSR), gray relational analysis (GRA), and Spearman’s rank correlation coefficient (SRCC).
[image: Figure 1]FIGURE 1 | The strategy for discovering bioactive markers in Zanthoxylum nitidum (Roxb.) DC. (ZN) by ultrahigh-performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UHPLC Q-TOF MS) coupled with comprehensive filtering approaches.
MATERIALS AND METHODS
Materials and Reagents
Twenty batches of ZN samples were collected from different areas in China, which contain the resource areas that are shown in Supplementary Table S1). The voucher specimens were identified by Prof. Dong Liang from the Department of Chemistry and Pharmacy in Guangxi Normal University and were stored in the State Key Laboratory for the Chemistry and Molecular Engineering of Medicinal Resources, Guilin, China.
Liquid chromatography mass spectrometry (LC-MS)-grade acetonitrile and methanol were bought from MEDIA (Fairfield, CT, United States). Formic acid was HPLC grade and purchased from Aladdin (Shanghai, China). Chelerythrine, diosmin, hesperidin, nitidine chloride, sanguinarine, magnoflorine, and dihydrochelerythrine, all with purity of ≥98%, were obtained from Chengdu Push Bio-Technology (Chengdu, China). Deionized water was purified using a Milli-Q water purification system (Millipore, United States). Dulbecco’s modified Eagle’s medium (DMEM) was produced by Gibco (Grand Island, NE, United States), and DPPH was produced by Tokyo Chemical Industry (Tokyo, Japan).
Preparation of Zanthoxylum nitidum (Roxb.) DC. Extracts
After being ground into powder and air-dried (filtered with a 50-mesh sieve), each ZN sample (5 g) was dissolved with 100 ml of 80% ethanol and extracted three times at 3, 2, and 1 h on a water bath at 80°C. Then a Rotavapor OSB-2200 from EYELA Co. (Tokyo, Japan) was used to remove the solvent. The extracts were powdered by an FD5-series vacuum freeze dryer (GOLD SIM, Newark, NJ, United States) and then stored for use.
Chromatographic and Mass Spectrometric Condition
Chemical Profiling of Zanthoxylum nitidum (Roxb.) DC. Sample by UHPLC Q-TOF MS
The comprehensive characterization of ZN samples was conducted on an Agilent 6545 UHPLC Q-TOF MS (Agilent Technologies, Santa Clara, CA, United States) with the monitoring of Agilent LC-QTOF/MS Mass Hunter Workstation Acquisition Software Version B.05.01 (Agilent Technologies, Santa Clara, CA, United States). Tested samples were separated on an Agilent Zorbax clipse Plus C18 column (2.1 × 50 mm, 1.8-μm, Agilent Corp., Santa Clara, CA, United States). The mobile phase consisted of acetonitrile (Santa Clara, CA, United States). The mobile phases were 0.1% formic acid (A) and acetonitrile (B) with the following gradient elutions: 5–15% B linear 0–3 min, 15–20% B linear 3–6 min, 20–22% B linear 6–7 min, 22% B isocratic 7–9 min, 22–26% B linear 9–12 min, 26–28% B linear 12–13 min, 28% B isocratic 13–15 min, 28–34% B linear 15–16 min, 34–38% B linear 16–18 min, 38–40% B linear 18–20 min, 40–55% B linear 20–24 min, 55–65% B linear 24–25 min, 65–85% B linear 25–28 min, and 85–95% B linear 28–30 min. The injection volume and the detection wavelength were set as 0.6 μl and at 254 nm, respectively. The flow rate was 0.6 ml/min, and the column temperature was maintained at 35°C.
Both MS and MS/MS were performed in positive ion mode, and the ion source is dual AJS ESI. The MS parameters were set as follows: capillary voltage, 3,500 V; nebulizer gas (N2) pressure, 30 psig; drying gas flow rate, 8.0 L/min; drying gas (N2) temperature, 320°C; shealth gas flow rate, 12.0 L/min; shealth gas (N2) temperature, 350°C; OCT RF V, 750 V; skimmer, 65 V; fragmentor, 135 V. The scan ranges for product ions were m/z 100–3,000, and the collision energy was set at 20, 40, and 60 V. Before the analysis, mass spectrometer of the TOF was calibrated at m/z 121.0508 and 922.0098 in positive ion mode to ensure the mass accuracy. Data acquisition and analysis were obtained by Agilent LC-MS MassHunter Workstation Software (version B.08.00).
Chemical Fingerprint Analysis of Zanthoxylum nitidum (Roxb.) DC. Sample by HPLC
The SHIMADZU LC-20AT HPLC system was employed to perform the HPLC fingerprint analysis. The system consists of quad pump, online vacuum degassing machine, DAD detector, column temperature box, and automatic sampler (SHIMADZU LabTotal, Tokyo, Japan). Chromatographic separation was conducted on a column of symmetry columns (4.6 × 250 mm, 5 μm, Waters, Milford, CT, United States). The mobile phase consisted of water with 0.1% formic acid (A) and acetonitrile (B). The gradient conditions are shown in Supplementary Table S2. The temperature was set at 35°C. The purpose of the final 10 min is re-equilibrizing the column. The flow rate was at 1 ml/min, and the injection volume and detection wavelength were set at 10 μl and 254 nm, respectively.
Antioxidant and Anti-Inflammatory Bioactivity Assay
Antioxidant Activity Assay
In this study antioxidant activities were measured by the classic test DPPH assays. DPPH assay is a chemical analysis experiment, which is used in a basic vitro screening method for evaluating the radical scavenging activity (Heinrich et al., 2020). The radical scavenging activity (RSA) was calculated by the following formula:
[image: image]
where Acontrol is the absorbance of 100 μl of DPPH solution with 100 μl of ethanol, Ablank is the absorbance of 200 μl of ethanol, and Asample is the absorbance of 100 μl of DPPH solution with 100 μl of sample or ascorbic acid solution.
The DPPH assay was performed based on the instructions described in the literature (Kang et al., 2011; Wang et al., 2017; Zhang et al., 2018). An aliquot of 100 μl of each sample in ethanol (10, 25, 50, 100, 200 μg/ml) was mixed with 100 μl of 0.2 mM DPPH ethanolic solution. Ascorbic acid was used as a positive drug. The mixture was incubated for 30 min in the darkroom, then the absorbance was measured at 517 nm. The determination was conducted in triplicates, and the antioxidant activity was expressed by the IC50 value.
Anti-Inflammatory Activity Assay
Raw264.7 cells (100 μl) were seeded at 2.5 × 104 cells per well into 96-Transwell insert plates and incubated in a 5% CO2 atmosphere at 37°C. After 24 h, the powder of ZN extracts was dissolved in the new culture medium containing 1 μg/ml of LPS, configured as a solution of 80 μg/ml to replace the old culture medium. Cells were maintained in the incubator at 37°C for 24 h. The level of nitric (an indicator of NO synthesis) was measured using nitric oxide assay kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions. The OD value was measured at 540 nm with a microplate reader (BioTek, SynergyH1, United States). The calculation formula of inhibition rate of NO production is as follows:
[image: image]
Cm is the NO concentration of the model group, Cs is the NO concentration of the samples, and Cn is the NO concentration of the normal control group. Finally, the original cells in 96-well plates were used to determine the cell viability by an MTT assay (Wang et al., 2019).
Spectrum–Effect Relationship Modeling
Establishing of HPLC Fingerprint and Hierarchical Cluster Analysis
Twenty batches of ZN samples were chemically profiled and matched automatically by using the “Chinese Medicine Chromatographic Fingerprint Similarity Evaluation System 2012.” Then the common peaks of 20 fingerprints were calculated by the multipoint method, and the control chromatogram was generated automatically by the average method.
The HCA of different batches of ZN samples was carried out with the SPSS statistics software (SPSS version 19.0, IBM Corp., Armonk, NY, United States). The between-group linkage method and the squared Euclidean distance were used to establish the clusters.
Partial Least Squares Regression Model
PLSR is the statistical method, which is related to principal component regression, but is not a hyperplane that looks for the maximum variance between the response variable and the independent variable (Qiao et al., 2018). It is helpful in classification and biomarker discovery. The model is a multivariate calibration model used to find the inner relationship between an n × p data matrix X and an n × q response matrix Y (Martens and Naes, 1992). In this study, PLSR was used to model the fingerprint–activity relationship based on the SIMCA-P 14.0 Software (Umetrics AB, Umea, Sweden). The X-matrix was composed of the common peak areas in chromatographic fingerprints, and the Y-matrix was constructed with the anti-inflammatory and antioxidant activities.
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where [image: image] is a prediction matrix of [image: image], [image: image] is a prediction matrix of [image: image], TPT approximates to the common peak areas and UQT to the activity values, and E and F contains the residuals of the regression model.
Grey Relational Analysis Model
The Grey relational analysis is often used to measure the degree of correlation among factors according to the degree of similarity or dissimilarity between the development trends of factors, which is also called “grey correlation degree” (Elena Arce et al., 2015; Jiang et al., 2018). The anti-inflammatory and antioxidant activities of 20 ZN samples were selected as the reference sequence, and 18 relative common peaks were defined as comparability sequences. Then the grey relational coefficients (GRC) between common peaks and bioactivities were conducted through the Data Processing System (DPS 9.01) software. The formula for calculation relational degree is as follows:
[image: image]
where [image: image] is the correlation, [image: image] is the grey relational coefficient, and N is the total sample number.
Spearman’s Rank Correlation Coefficient
Spearman’s rank correlation coefficient (ρ) is a widely used method to measure the degree of correlation between two variables. A positive correlation coefficient value of ρ (from 0 to 1) implies that the two variables are positively correlated. On the contrary (from −1 to 0), there is a negative correlation. Besides, a correlation coefficient value of 0 implies that the two variables are not related (Zar, 2005).
In this study, Spearman’s rank correlation coefficient was used to quantify the correlation between 18 common peaks and bioactivities by using SPSS version 19.0 (IBM Corp., Armonk, NY, United States). The formula for the calculation of the relational degree is as follows:
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where xi is the rank of the data of the random variable X, yi is the rank of the data of the random variable Y, and [image: image] and [image: image] are the expectations of X and Y, respectively.
RESULTS AND DISCUSSION
Chemical Identification of Zanthoxylum nitidum (Roxb.) DC. Sample
Establishment of the Qualitative Strategy
In TCMs, the same chemical structure compounds can be classified as a category with a unique mother skeleton. These compounds with similar structure group share identical diagnostic ions and mass defect value, which could make the structural identification more efficient (Zhang et al., 2008; Zhang et al., 2009). In this study, a structure-diagnostic ion-oriented network (Figure 2A) was established for the rapid characterization of alkaloids compounds in ZN: 1) The mass fragment behaviors of the compounds in ZN were summarized by referring to the existing reviews and database (Sci-finder, Google Scholar, and PubMed). 2) Total ions and product ion scan were used to create the comprehensive chemical profiling of ZN (Figures 2B,C). 3) Then the mass defect filtering-based structure classification (MDFSC) and diagnostic fragment-ion-based extension (DFIBE) were applied to process the MS data. 4) With the help of the classification method, most alkaloid compounds in ZN were rapidly identified by their mass fragmentation rules. A diagram for rapid classification and identification of the chemical compounds in ZN is displayed in Figure 2.
[image: Figure 2]FIGURE 2 | The structure-diagnostic ion-oriented network (A). The mass defect ranges of different types of alkaloids in ZN (B); the correlations between the mass ranges and mass shifts of the basic skeletons of ZN alkaloids (C). MDFSC, mass defect filtering-based structure classification; DFIBE, diagnostic fragment-ion-based extension.
MDFSC Approach for Structural Classification
With a well-preset mass defect window, the MDFSC approach can quickly find out the class of compound based on their similar mother skeleton over certain mass ranges, and can also obtain new compounds never found before (He et al., 2018; Zhou et al., 2018; Pang et al., 2019). Considering that alkaloids are just one part of compounds in ZN, the MDFSC strategy was only a preliminary structural classification for alkaloids in the whole identification of ZN.
On the basis of existing literatures (Jia et al., 2013; Yang et al., 2017; Fu et al., 2021) and authoritative database, we concluded the core substructures and corresponding substituents in ZN, and calculated their maximum and minimum mass defect values (the tolerance of mass defect is ±5 m Da). In total, the alkaloids can be divided into four categories: benzophenanthroline, quinoline, isoquinoline, and alkaloid glycosides. Respectively, mass defect values and mass values of these four categories are listed as follows: benzophenanthroline (mass defect values 48.14–102.11 m Da, mass values: 324.10–394.10 m Da), quinoline (mass defect values: 76.09–159.11 m Da, mass values: 190.09–274.14 m Da), isoquinoline (mass defect values: 62.14–207.19 m Da, mass values: 276.06–370.16 m Da), and alkaloid glycosides (mass defect values: 192.13–369.20 m Da, mass values: 408.13–632.29 m Da). Using the MDFSC approach, we could preliminarily sort part of the detected ions as the certain chemical homologs and discovered that some alkaloid glycosides have mother skeletons, which are compounds classified in the former three categories. For example, the mother skeleton of compound 39 was similar to jatrorrhizine; its MS/MS spectra had fragment peaks of 338.1390, 322.1077, and 294.1123 m/z, which correspond to jatrorrhizine.
Structure Classification and Identification of Alkaloids in Zanthoxylum nitidum (Roxb.) DC. Sample
Combined with the MDFSC approach and DFIBE, the structure-diagnostic ion-oriented strategy was employed to rapidly speculate the chemical constituents, and in total, 48 compounds were inferred from ZN. Among them, alkaloids accounted for 35 of the 48, which indicate the significance of alkaloids. All the detailed information is listed in Table 1, and the fragmentation pattern together with mass spectrogram of representative compounds are shown in Figure 3.
TABLE 1 | Characterization of chemical constituents of Zanthoxylum nitidum (Roxb.) DC. (ZN) sample.
[image: Table 1][image: Figure 3]FIGURE 3 | Tentative fragmentation pathway and mass spectrogram of several typical alkaloids in ZN. (A,B) Skimmianine; (C,D) jatrorrhizine; (E,F) magnoflorine.
Characterization of Typical Benzophenanthroline
For benzophenanthrolines, their basic carbon framework consists of a benzene and a phenanthridine. Benzophenanthrolines are the most studied category of compounds in ZN, such as NC and chelerythrine (Li et al., 2017; Lin et al., 2020). In the MS/MS spectra of benzophenanthrolines, some certain product ions at m/z 332.09, 318.08, and 290.08 were presented, and consecutive losses of CH2 (14 Da), CO (28 Da), and O (16 Da) could be easily found. Nitidine ([M]+ at m/z 348.1246) is the typical compound, eluted at 8.71 min, and its molecular formula was determined as C21H18NO4+. In the positive MS/MS spectra, its MS/MS spectra had fragment peaks of 332.0926 [M-O]+ and 318.0763 [M-O-CH2]+, which correspond to the core substructures of benzophenanthrolines. Its tentative fragmentation pathway is shown in Supplementary Figures S1A,B. By integrating data inquiries, MDFSC and DFIBE approaches, nitidine, oxynitidine, and dihydronitidine were confirmed (Cesar et al., 2015).
Characterization of Typical Quinoline
Quinoline consists of a benzene connecting to pyridine and other groups. The product ions of [M+H−14]+, [M+H−30]+, and [M+H−16]+ were available in the MS/MS spectra of quinoline, and certain product ions at m/z 200.03, 184.04 were the basis of DFIBE judgment. According to the patterns above, skimmianine ([M+H]+ at m/z 260.0925) was identified rapidly. It was eluted at 9.63 min, and its molecular formula was determined as C14H13NO4. It had fragment peaks of 200.0661[M+H-CH2+H2-O+H2-CH2O]+ and 184.0390 [M+H-CH2+H2-O+H2-CH2O-CH2+H2]+, which were equal to the core substructures. Then the skimmianine was identified with the support of integrating data bases (Wang, 1980), and its tentative fragmentation pathway is shown in Figures 3A,B. Besides, γ-fagarine and dictamnine are inferred as quinoline alkaloids.
Characterization of Typical Isoquinoline
For isoquinoline, the basic carbon framework consists of a phenanthridine connecting to pyridine. Its MS/MS spectra provided several certain product ions at m/z 322.10, 290.09, and 107.04, and consecutive losses of CH2 (14 Da), C (12 Da), CO (28 Da), and O (16 Da) could be easily found (Xiao et al., 2018). The typical compound is jatrorrhizine ([M+H]+ at m/z 338.1400), which was eluted at 5.47 min, and its main molecular formula was determined as C20H20NO4+. Its fragment peaks contain 322.1091 [M+H-CH4]+, 294.1130 [M+H-CH4-CO]+, and 280.0972 [M+H-CH4-CO-CH2]+. After integrating data bases, jatrorrhizine was confirmed. During the whole characterization of isoquinoline, we found that the overall structure and fragmentation pathway of magnoflorine is very interesting. Tentative fragmentation pathways of jatrorrhizine and magnoflorine are shown in Figures 3C–F.
Characterization of Typical Alkaloid Glycosides
With the assistance of MDFSC and DFIBE approaches, several alkaloid glycosides and alkaloids of larger relative molecular weights were found in ZN. It is attractive that the mother nucleuses of these compounds are similar to the known alkaloids we discovered. Take compound 40, for example; its mother nucleus is nitidine, which is described in the previous section, and its tentative fragmentation pathway is shown in Supplementary Figures S1A,B, and the tentative fragmentation pathways of oxynitidine and dihydronitidine are shown in Supplementary Figures S1C–F. Unfortunately, we could not suspect the accurate structure of these compounds and the attached groups.
Characterization of Other Types of Compounds
Several alkaloids do not belong to the above four categories or cannot be found in medium to low polarity, such as magnocurarine B ([M]+ at m/z 314.1760). It is a benzylisoquinoline alkaloid, and is eluted at 3.14 min in high polarity. Its fragment peaks contain 269.1174 [M+H-C2H8N]+, 237.0909 [M+H-C3H12NO]+, 107.0489 [M+H-C12H18NO2]+, etc. After integrating the databases and DFIBE approach, magnocurarine B was identified. Its tentative fragmentation pathway is shown in Supplementary Figures S2A,B. This result indicates that the MDFSC and DFIBE approaches cannot only be applied in the characterization of alkaloids but also can be used in other types of compounds. Finally, the tentative fragmentation pathways of all remaining identified compounds are sorted out in Supplementary Figures S4–S45.
Chromatographic Fingerprint Analysis of Zanthoxylum nitidum (Roxb.) DC. Samples
Under the optimized experimental conditions, the chromatographic fingerprints of ZN samples are neatly lined up in Figure 4. To evaluate the validation of the HPLC method, we selected and analyzed a random sample (S18) for its validation tests in terms of precision, stability, and repeatability. The RSDs of precision, stability, and repeatability were all less than 5% (shown in Supplementary Table S3), which indicated that the established method was reliable and repeatable.
[image: Figure 4]FIGURE 4 | HPLC fingerprints and common peaks of 20 batches of ZN samples (A). Cluster analysis of 20 batches of ZN samples (B).
Then the fingerprint of 20 batches of ZN samples was generated automatically by the software Similarity Evaluation System for Chromatographic Fingerprint of Traditional Chinese Medicine (2012A Version, Committee of Chinese Pharmacopeia). HPLC fingerprints were provided in Figure 4A, and reference spectra are shown in Supplementary Figure S3, respectively. Eighteen common characteristic peaks were chosen as research object, which covered more than 80% of the whole peak areas in the fingerprint. Subsequently, we performed the similarity analysis to evaluate the similarity of all the chromatographic profile of the samples, which was based on vector cosine calculations. It could be noted that most of similarity values were higher than 0.90, while similarity values of several batches from Guangdong province were 0.81–0.89 (Supplementary Table S1). The results showed that the chemical fluctuation among the random samples is pretty small in major producing areas (Sun and Liu, 2007), and it proved that the established fingerprint was reliable.
Hierarchical Cluster Analysis of Zanthoxylum nitidum (Roxb.) DC. Samples
Based on the SPSS 19.0 software, we took the relative area of each common peak as the index for HCA (Liu et al., 2016). The sample similarity was measured by correlation coefficient as distance. The results are shown in Figure 4B, and 20 batches of ZN samples could be grouped into six categories: S1–S5, S6–S11 and S16–S20, S14–S15, S12, and S13 were, respectively, classified to one group. More importantly, the six groups belonged to the four resource provinces, and the group contains S16–S20 was from Guangxi with good similarity and intragroup similarity. The results indicated that ZN from different areas have good stability.
Bioactivities of Zanthoxylum nitidum (Roxb.) DC. Samples
Anti-Inflammatory Activity of Zanthoxylum nitidum (Roxb.) DC. Samples
The inhibition of NO production is positively correlated with the anti-inflammatory activity (Chen et al., 2019). Thus, the inhibition of NO production was set as the index to assess the anti-inflammatory property of ZN samples in the present study. The results showed that cell viability (Supplementary Table S4) was from 77.4 ± 2.4 to 107 ± 1.3%, which means ZN inhibits the production of NO while not producing a toxic effect in vitro. Moreover, as is shown in Supplementary Table S4, the range of NO inhibition rate was 37.1 ± 2.9 to 83.9 ± 2.2%, and S10 (83.2 ± 2.3%), S11 (81.8 ± 1.7%), S12 (83.9 ± 3.8%), and S19 (83.9 ± 2.2%) were higher than 80% (Figure 5A). Among them, the sample S19 from Guangxi province showed best inhibition of NO production (83.9 ± 2.2%). The data indicated that most batches of ZN samples from different areas showed better anti-inflammatory activity.
[image: Figure 5]FIGURE 5 | The NO inhibition and the antioxidant activities of 20 batches of ZN samples. (A) NO inhibition; (B) DPPH. Values represent means ± SD, n = 5 (A); n = 3 (B).
Antioxidant Activity of Zanthoxylum nitidum (Roxb.) DC. Samples
The IC50 value is the indicator to evaluate the antioxidant property of ZN samples, and it is negatively correlated with the antioxidant activity (Wang et al., 2017). As was shown in Supplementary Table S5, the IC50 values were from 47.21 ± 0.33 to 109.34 ± 1.43 μg/ml, and S10 (53.48 ± 0.29 μg/ml), S12 (47.21 ± 0.33 μg/ml), and S20 (55.22 ± 0.64 μg/ml) were lower than 60 μg/ml (Figure 5B). Besides, the sample S12, S20 showed strong antioxidant activity (47.21 ± 0.33 μg/ml; 55.22 ± 0.64 μg/ml), whereas the antioxidant activity of S17 (109.36 ± 1.43 μg/ml) was weak. The results revealed that most batches of ZN samples have better antioxidant activity.
Discovery of Principal Bioactive Components by Partial Least Squares Regression, Gray Relational Analysis, and Spearman’s Rank Correlation Coefficient
In the past decades, artemisinin and ephedrine were regarded as gifts that the TCMs bring to the world (Tu, 2016; Leung and Xu, 2020). They were both isolated substances from TCMs and have undergone the modernization of traditional medicines. It proved that we can clarify the effectiveness of TCMs by finding out the bioactive components, but this is desperately not enough; the efficacy of TCMs does not come from a single compound, and TCMs usually consists of hundreds of components (Ma et al., 2016; Zhang et al., 2019). Thus, the search of the biological constituents of TCMs are a complex task. To solve this problem, the spectrum-effect relationship analysis might be a suitable choice. In this study, stoichiometric methods (PLSR, GRA, and SRCC) were applied to rapidly discover bioactive compounds from ZN samples.
First, the results of GRA showed that the GRC between the relative contents of 18 common peaks and anti-inflammatory activity were in the range of 0.5691–0.8139 (Figure 6G). Peaks 1, 2, 4, 6, 7, and 10 showed significant influence to anti-inflammatory activity of ZN, and peaks 16, 11, 15, 8, 9, 17 showed influence to anti-inflammatory activity of ZN. The contribution order of chromatographic peaks to the anti-inflammatory activity was P6 > P7 > P2 > P1 > P10 > P4 > P16 > P11 > P15 > P8 > P9 > P17. Similarly, GRC between the relative contents of 18 common peaks and antioxidant activity were in the range of 0.5908–0.8520 (Figure 6G). Peaks 2, 3, 4, 7, 11, 12, 13, 14, and 17 showed an important effect to antioxidant activity of ZN, and peaks 5, 10, 15, and 16 showed influence to antioxidant activity of ZN. The contribution order of chromatographic peaks to the antioxidant activity was P2 > P4 > P13 > P11 > P3 > P17 > P14 > P12 > P7 > P16 > P15 > P10 > P5.
[image: Figure 6]FIGURE 6 | The three pharmacodynamic models to discover principal bioactive components. The results of partial least squares regression (PLSR, A–F): the loading scatters of PLSR (A: anti-inflammatory; D: antioxidant, colored according to density); regression coefficient between the 18 common peaks and the anti-inflammatory, antioxidant activities, respectively (B: anti-inflammatory; E: antioxidant), and VIP values (C: anti-inflammatory; F: antioxidant). The heat map of bioactivities of 18 compounds by GRA analysis (G) and Spearman's rank correlation coefficient (SRCC) (H) in ZN samples. Peaks 1–18 represent the common peaks.
Second, the PLSR model was used to discover the potential active compounds by correlating the fingerprint chromatographic data, antioxidant or anti-inflammatory activities. The X matrix of dimensions (20 × 18) from common peak areas and the Y matrix of DPPH and the NO inhibition activities were used in this model (Figure 5 and Supplementary Tables S4, S5. The R2 of NO inhibition is 0.764, and R2 of DPPH is 0.762, respectively). Then the PLSR loading scatters were performed (Figures 6A,D), where Y-variables are situated near the X-variables and positively correlated to them.
For the anti-inflammatory activity of ZN samples, we found that peaks 2, 3, 4, 5, 6, 7, 12, 13, and 17 were positively correlated to the anti-inflammatory activity (Figure 6B). Furthermore, we employed the parameter VIP to screen the variables responsible for the anti-inflammatory activity. Variables above the VIP value threshold of 1.0 were filtered out as candidate bioactive compounds. Among them, peaks 4 (nitidine), 12, and 17 were screened out and considered as the potential anti-inflammatory compounds of ZN (Figure 6C). For the antioxidant activity of ZN samples, similarly, peaks 3, 5 (chelerythrine), 7 (hesperidin), 12 (oxynitidine), and 13 appeared in a cluster trend. These compounds were positively correlated to the antioxidant activity, and the VIP value was above 1.0 (Figures 6E,F). According to the above results, we preliminarily inferred that the peaks 3, 4, 5, 7, 12, 13, and 17 were more relevant to the measured activities.
Finally, the results of SRCC (shown in Figure 6H) indicated that peaks 2, 3, 4, 6, 7, and 12 showed an influence to the anti-inflammatory activity of ZN, and peaks 2, 3, 5, 7, 12, and 13 have an important influence on the antioxidant activity of ZN.
By combining the results of PLSR, GRA, and SRCC, it can be concluded that peaks 4, 12, and 17 are tentatively assigned as candidate ingredients accounting for the anti-inflammatory activity, and peaks 3, 5, 7, 12, and 13 are the candidate ingredients for antioxidant activity. Among them, owning to the high content and bioactive activities in ZN, nitidine has attracted much attention. It has been found that nitidine could inhibit LPS-induced TNF alpha, IL-1beta, and IL-6 production by the inhibition of phosphorylation of MAPK in the RAW264.7 cell test (Wang et al., 2012). Taken together, nitidine might be the main anti-inflammatory component in ZN. What is more, peaks 12 and 17 might also be the potential anti-inflammatory compounds of ZN, which warrant further investigation. Among the antioxidant candidate compounds, hesperidin was identified to have an oxidative damage protective effect against γ-radiation-induced tissue damage in Sprague–Dawley rats (Pradeep et al., 2012). Additionally, peaks 3, 12, and 13 might also be the potential antioxidant compounds of ZN. As a complicated system, the potential synergistic and/or antagonism effects arising from multicomponents in ZN must be taken into consideration. Thus, it could be found that peaks 3, 4, 5, 7, 12, 13, and 17 might be the main bioactive compounds in ZN samples, and among them, peaks 4, 12, and 17 were the principal anti-inflammatory components and peaks 3, 5, 7, 12, and 13 were regarded as the principal antioxidant components, respectively.
Verification of Bioactive Compound Activities
In order to confirm the reliability of the correlation analysis, the anti-inflammatory activity of nitidine and the antioxidant activity of chelerythrine and hesperidin were determined by the antioxidant and anti-inflammatory bioactivity assays. The result of nitidine (Supplementary Figure S46A) showed that the IC50 value of nitidine is 87.241 ± 1.752 μM, which indicated that nitidine might be the main anti-inflammatory component of ZN. The results of chelerythrine and hesperidin (Supplementary Figures S46B,C) showed that chelerythrine has an antioxidant activity, and hesperidin showed a weaker antioxidant activity, which indicated that chelerythrine and hesperidin might be the main antioxidant components of ZN. Besides, according to the results of the correlation analysis, it could be noticed that diosmin has no antioxidant activity, which is in accordance with the results of these previous studies (Khlebnikov et al., 2007; Naso et al., 2016), and all these results verified the reliability of the correlation analysis.
CONCLUSION
In order to solve the challenge of discovering bioactive compounds in ZN, a comprehensive filtering approach and a spectrum–effect relationship were performed in our work. A total of 48 compounds were identified from ZN by the structure-diagnostic ion-oriented network, and 35 of them were alkaloids. During the identification of chemical components in ZN by integrating the MDFSC and DFIBE approaches, some new alkaloid analogs were found, such as compounds 37, 39, 40, and 48. Meanwhile, we discovered the principal bioactive components of ZN by using the GRA, PLSR, and SRCC models. Among the bioactive compounds, peaks 4 (nitidine), 12 (oxynitidine), and 17 might be the potential anti-inflammatory compounds in ZN, and peaks 3, 5 (chelerythrine), 7 (hesperidin), 12, and 13 might contribute to the antioxidant activity of ZN. Our study not only revealed the plant metabolites of anti-inflammatory and antioxidant activities of ZN, but it could also be an applicable data support for the discovery of active components of other TCMs. Our future studies will perform more comprehensive and reliable methods to verify the anti-inflammatory and antioxidant activities of ZN in vitro and in vivo.
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Fuzi is a famous toxic traditional herbal medicine, which has long been used for the treatment of various diseases in China and many other Asian countries because of its extraordinary pharmacological activities and high toxicity. Different processing methods to attenuate the toxicity of Fuzi are important for its safe clinical use. In this study, desorption electrospray ionization mass spectrometry imaging (DESI-MSI) with a metabolomics-combined multivariate statistical analysis approach was applied to investigate a series of Aconitum alkaloids and explore potential metabolic markers to understand the differences between raw and processed Fuzi with different steaming time points. Moreover, the selected metabolic markers were visualized by DESI-MSI, and six index alkaloids’ contents were determined through HPLC. The results indicated visible differences among raw and processed Fuzi with different steaming times, and 4.0 h is the proper time for toxicity attenuation and efficacy reservation. A total of 42 metabolic markers were identified to discriminate raw Fuzi and those steamed for 4.0 and 8.0 h, which were clearly visualized in DESI-MSI. The transformation from diester-diterpenoid alkaloids to monoester-diterpenoid alkaloids and then to non-esterified diterpene alkaloids through hydrolysis is the major toxicity attenuation process during steaming. DESI-MSI combined with metabolomics provides an efficient method to visualize the changeable rules and screen the metabolic markers of Aconitum alkaloids during steaming. The wide application of this technique could help identify markers and reveal the possible chemical transition mechanism in the “Paozhi” processes of Fuzi. It also provides an efficient and easy way to quality control and ensures the safety of Fuzi and other toxic traditional Chinese medicine.
Keywords: Fuzi, DESI-MSI, diterpenoid alkaloids, toxicity attenuation, processing
1 INTRODUCTION
Fuzi, the lateral root of Aconitum carmichaelii Debeaux (Fam. Ranunculaceae), primarily cultivated in Jiangyou and Butuo in Sichuan, China, has been an indispensable herb in traditional Chinese medicine (TCM) for thousands of years (Chinese Pharmacopoeia Commission, 2020). Jiangyou Fuzi and Butuo Fuzi are not only well-known genuine medicinal materials but also important agricultural products of Sichuan Province. The initial record of Fuzi can be dated back to the Han Dynasty in the earliest Chinese material medical classic work “Shennong Bencao Jing,” wherein it is listed in the inferior category because of its highly toxic properties (Singhuber et al., 2009; Zhou et al., 2015). However, Fuzi also has potent efficacy to restore from collapse, reinforce fire and Yang, and dispel cold to relieve pain (Luo et al., 2019; Chinese Pharmacopoeia Commission, 2020). It is usually combined with other herbs in formulations such as Si Ni Tang, Shen Fu Tang, and Fuzi Lizhong Wan to treat cold-damp-type illness (Singhuber et al., 2009). Given its outstanding clinical effects, Fuzi is one of “The Four Pillars” of TCM, together with Ginseng Radix et Rhizoma, Rehmanniae Radix, and Rhei Radix et Rhizoma (Dong et al., 2020). Modern studies have indicated that Fuzi has cardiotonic, anti-inflammatory, analgesic, and anti-tumor activities, which can be utilized to heal heart failure, shock, and hypotension subsequent to acute myocardial infarction, coronary heart disease, rheumatic heart disease, rheumatoid arthritis, tumors, skin wounds, depression, and diarrhea (Li et al., 2012; Zhao et al., 2012; Wu et al., 2018; Chinese Pharmacopoeia Commission, 2020). However, the toxicity of Fuzi coexists with its pharmaceutical activities, and thousands of Fuzi poisoning cases have been reported worldwide (Yang et al., 2018; Lei et al., 2021). Therefore, Fuzi is only used internally after processing, and various processing methods have been established by which the highly toxic alkaloids were transformed to lowly toxic and non-toxic forms through processing. The studies of toxic components and their mechanisms and the proper methods to attenuate the toxicity and reserve efficacy are the primary concern of scholars.
A literature survey has revealed that over 100 alkaloids have been isolated and identified in this herb, including C20-, C19-, and C18-diterpenoid alkaloids and double diterpenoid alkaloids, which are the main source of biological activities and toxicities. Among these alkaloids, the aconitine type, which belongs to C19-diterpenoid alkaloids, can be further divided into four categories: diester-diterpenoid alkaloids (DDAs), monoester-diterpenoid alkaloids (MDAs), non-esterified diterpene alkaloids (NDAs) (Figure 1), and lipo-diterpenoid alkaloids (LDAs). In recent years, numerous studies have demonstrated that the high toxicity of Fuzi is primarily attributed to DDAs (Tong et al., 2013). Based on previous studies, the main toxic effect of Fuzi is that it can affect the central nervous system, heart, and muscle tissues because of the interaction with voltage-dependent sodium channels, modulation of neurotransmitter release and related receptors, promotion of lipid peroxidation, and induction of cell apoptosis in the heart, liver, or other organs (Fu et al., 2006; Zhou et al., 2015; Liu et al., 2017). Therefore, the pretreatment method to reduce such toxic components is highly essential for the safe use of Fuzi.
[image: Figure 1]FIGURE 1 | Main C19-diterpenoid alkaloids of Fuzi. 
The appropriate processing methods, which are known as “Paozhi” in Chinese, for TCM are usually necessary to reduce the toxicity while retaining or enhancing its pharmacological activities. Various methods can be used to process Fuzi, such as soaking, saturating, steaming, and decocting. According to the Chinese Pharmacopeia (CP) (2020 Edition), soaking in Danba (halogen solution), then continuous soaking with salt, steaming or decocting, long rinsing, and oven drying are the major processing methods for Fuzi (Chinese Pharmacopoeia Commission, 2020). During these heating procedures, the highly toxic DDAs were hydrolyzed to low toxic MDAs and non-toxic NDAs (Wang et al., 2003; Zhao et al., 2010; Tan et al., 2016). However, toxic Aconitum alkaloids are also responsible for the pharmacological activity and therapeutic efficacy of Fuzi, and efficacy preservation should be observed during toxicity attenuation. Recent research has indicated that DDAs, MDAs, and water-soluble active constituents have a massive loss after soaking in Danba and subsequent rinsing. Moreover, inorganic impurities are easily introduced to Fuzi (Ye et al., 2019). Thus, a Danba-free process becomes a more recognized processing approach for Fuzi. Nevertheless, the visual changes and distribution of DDAs and MDAs during steaming are rarely investigated. Therefore, a suitable methodology to explore these variation characteristics is highly necessary.
At present, the high-performance liquid chromatography (HPLC) and liquid chromatography coupled with mass spectrometry (LC-MS) are commonly used methods for alkaloid analysis of Fuzi (Yue et al., 2009; Xu et al., 2014; Yang et al., 2014; Miao et al., 2019; Sun et al., 2020). However, these techniques require complex preparation procedures, especially extraction from crushed samples. The ambient ionization MS, such as direct analysis in real-time mass spectrometry (DART-MS), was also utilized for direct analysis of Fuzi and other processed herbal medicine. Nevertheless, this method still needs sample pretreatment (Zhu et al., 2012). Therefore, analyzing and recognizing the distribution of specific alkaloids in original Fuzi has become challenging.
Mass spectrometry imaging (MSI) integrates sensitivities and high-throughput screening mass spectrometry with spatial and temporal chemical information and enables the visualized distribution of specific metabolites within non-destructive tissues (Stoeckli et al., 2001; Garza et al., 2018; Parrot et al., 2018). Matrix-assisted laser desorption/ionization (MALDI) and desorption electrospray ionization (DESI) are the commonly used ionization techniques for MSI (Parrot et al., 2018; Xu et al., 2019). Compared with MALDI-MSI, DESI-MSI allows 2D polar biomolecular distribution analysis with minimal sample pretreatment. Furthermore, no matrix is needed at ambient conditions (Takáts et al., 2004).
 The extensive application of DESI-MSI to determine natural products (primary and secondary metabolites) demonstrated its power and good practicability (Dill et al., 2009; Li et al., 2012; Hemalatha and Pradeep, 2013; Hemalatha et al., 2015; Liao et al., 2019; Mohana Kumara et al., 2019).
In this study, an easy-handling and comprehensive method combining DESI-MSI with metabolomics was applied to investigate the variation of key ester-diterpenoid alkaloids and identify the metabolic markers in raw and processed Fuzi with different steaming time points. In addition, the contents of six ester-type alkaloids were determined through HPLC.
2 MATERIALS AND METHODS
2.1 Materials and Reagents
The reference standards (>98%, quantification grade) of aconitine (40), mesaconitine (22), hypaconitine (36), benzoylaconine (34), benzoylmesaconine (32), and benzoylhypaconine (29) were obtained from Chengdu Herbpurify Co., Ltd. (Chengdu, China). LC-MS-grade methanol (MeOH), formic acid (FA), acetonitrile, and isopropanol were purchased from Sigma-Aldrich (Sigma-Aldrich, United States). Ammonium acetate of HPLC grade was obtained from Chengdu Chron Chemical Co., Ltd. (Chengdu, China). The Elga Labwater Purelab system (Elga-Veolia, High Wycombe, United Kingdom) was used to obtain purified water for UPLC analyses. All other reagents were of analytical grade.
A batch of crude Fuzi was collected from Jiangyou (Sichuan, China) and authenticated by Professor Yi Zhang from Chengdu University of TCM (Figure 2). The voucher specimens were deposited in the School of Ethnic Medicine, Chengdu University of TCM, China.
[image: Figure 2]FIGURE 2 | Fuzi planting base in Jiangyou, Sichuan (A,B). The mother root (1) and lateral root (2) of A. carmichaelii (C).
2.2 Sample Preparation and DESI-MSI Analysis
Cleaned raw Fuzi were randomly divided into 11 groups, one of which was selected as raw Fuzi (without steaming), and the rest were placed into a suitable container for steaming for 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 h. All the samples were directly sliced, and the thickness of cross-sectional slices was approximately 5 mm. Subsequently, the sample was glued onto glass slides using double-sided tape and then subjected to DESI-MSI analysis.
Imaging experiments were conducted using a Waters Xevo G2-XS QTof mass spectrometer equipped with a DESI source (Waters Corporation, Milford, MA, United States). The following DESI parameters were optimized to obtain good signal intensity: nebulizing gas (dry nitrogen) pressure: 0.45 MPa; spray solvent 70% MeOH, 30% H2O, 0.2% FA, and 0.1 mM leucine enkephalin (LE) delivered at 2 μl/min; capillary voltage: 4.5 kV; and ionization mode: positive. The pixel size (X and Y pixel size of 200 μm) was determined on the basis of the total scan time of the mass spectra and the x–y scanner speed. A mass range of m/z 100–1,000 and the scan rate of 400 μm/s were used for imaging, and the images were viewed using high-definition image (HDI) v1.5 software (Waters Corporation, Milford, MA, United States). The MS images were created from Raw MS files through HDI with LE as the lockmass (m/z 556.2766) for resolution MS.
2.3 Desorption Electrospray Ionization Mass Spectrometry Imaging Data Processing and Statistical Analysis
MS raw data files were imported into HDI for imaging. The regions of interest (ROIs) were selected from root areas. Each sample had six ROIs that were converted into a data matrix of mass m/z and signal intensity. The data matrix was imported into SIMCA-P 13.0 (Umetrics, Umea, Sweden) to establish PAC, PLS-DA, and OPLS-DA models for distinguishing classification analysis and selecting crucial variable constituents for Fuzi steaming for different time points. The data were standardized using a Pareto-scaling technique.
2.4 Sample Preparation and HPLC Analysis
According to the CP (2020 Edition) (Chinese Pharmacopoeia Commission, 2020), all the processed or raw samples were oven-dried at 50°C for 24 h. Then, the dried samples were finely powered and passed through a 50-mesh sieve. Each sample powder (2.0 g) was weighed and then extracted by ultrasonication with 3 ml of ammonia TS and 50 ml of isopropanol–ethyl acetate (1/1, v/v) for 30 min (300 w, 40 kHz). Following extraction, isopropanol–ethyl acetate (1/1, v/v) was added to compensate for the lost weight during extraction and then filtered. 25 ml of filtrate was accurately measured and evaporated under reduced pressure at 40°C to dryness. Three milliliters of 0.05 M hydrochloric acid–methanol solution was precisely added to dissolve the residue. The supernatants were used as the sample solution after being centrifuged at 15,000 rpm for 30 min. The concentration of aconitine (AC, 40), mesaconitine (MAC, 22), hypaconitine (HAC, 36), benzoylaconine (BAC, 34), benzoylmesaconine (BMAC, 32), and benzoylhypaconine (BHAC, 29) in every sample was calculated on the basis of established calibration curves.
The filtered sample was analyzed using Agilent Technology 1260 Infinity (Agilent Technologies, Santa Clara, CA, United States) equipped with a binary pump, mobile phase degasser, temperature-controlled autosampler, column thermostat, and diode array detector (1260-DAD). HPLC separation was performed on an Agilent Eclipse XDB C18 column (4.6 mm × 250 mm, 5 μm) and maintained at 30°C. The mobile phase consisted of 0.04 M of ammonium acetate solution (solvent A, adjusting pH to 8.5 with an ammonia solution) and acetonitrile (solvent B) using the following gradient: 20%–28% B for 0–10 min, 28%–30% B for 10–20 min, 30%–35% B for 20–50 min, and 35%–38% B for 50–60 min. The flow rate was kept at 1 ml/min, and the injection volume was 10 μl. The UV detection wavelength was set at 235 nm.
HPLC-DAD was validated with regard to linearity, stability, recovery, repeatability, and precision. The storage solutions of six compounds were used in the regression equations between the peak areas and concentrations of six compounds. The limit of detection (LOD) and quantification (LOQ) were determined at signal-to-noise ratios of 3 and 10, respectively.
3 RESULTS
3.1 Optimization of Spray Solvent for Desorption Electrospray Ionization Mass Spectrometry Imaging Analysis
In DESI analysis, the ratio selection of solvent and acid is an important step to achieve sensitive and high MS signal response to target compounds. The solvent compositions are selected based on the analyte of interest and the tissue surface, which play a major role in the elution of each category of the compound (Claude et al., 2017). A large number of literature studies indicate that Fuzi primarily contains alkaloids. Therefore, a mixture of MeOH and water (with optional FA for positive ion mode analysis) is used as the DESI spray solvent for alkaloid analysis (Kumara et al., 2016). In the present experiment, the volume ratio of water to MeOH and FA concentration were evaluated (Supplementary Figure S1). As shown in Figures 3A,B, using 70% MeOH with 0.2% FA provided high response and uniform detection of six ester-type alkaloids across the Fuzi sample. Therefore, this solvent condition was used in the following MSI experiments.
[image: Figure 3]FIGURE 3 | DESI-MS images (A) and responses (B) of six alkaloids using different concentrations of MeOH with different proportions of FA.
3.2 Effects of Steaming on Toxicity and Active Components of Fuzi
As a highly toxic medicinal material, improper use of Fuzi will seriously affect the safety of people. According to the CP (2020 edition), DDAs shall not exceed 0.020% with regard to the total amount of mesaconitine (MAC, 22), hypaconitine (HAC, 36), and aconitine (AC, 40). In addition, the total amount of MDAs, including benzoylmesaconine (BMAC, 32), benzoylaconine (BAC, 34), and benzoylhypaconine (BHAC, 29), should not be less than 0.010%.
The changes of the six aforementioned alkaloids in the samples of Fuzi steamed for different time points were analyzed by HPLC and DESI-MSI. The HPLC data (Table 1) showed that the content of three DDAs decreased under 0.020%, and MDAs increased above 0.010% in the investigated samples after 3.0 h of steaming. However, the MDA levels slightly declined to 0.096% after 4.0 h of steaming and then stabilized over 0.100% until 9.0 h of steaming. At 10.0 h of steaming, the total content of three MDAs reduced again. Therefore, the requirements stipulated by the CP can be met by steaming Fuzi for over 3.0 h. In addition, three DDAs of Fuzi could not be detected by HPLC (below the detection limit) after 5.0 h. The results of the methodological study are shown in Supplementary Tables S1, S2.
TABLE 1 | Content determination of six ester-type alkaloids through HPLC (n = 3).
[image: Table 1]In situ molecular detection was conducted in simulated industrial sections of Fuzi using DESI-MS with a mass range of m/z 100–1,000 in the positive ion mode to explore the change process of six alkaloids specified by the CP during different steaming time points of Fuzi. As shown in the MS images (Figure 4), six alkaloids, namely, mesaconitine (22, m/z 632.3105), aconitine (40, m/z 646.3215), hypaconitine (36, m/z 616.3123), benzoylmesaconine (32, m/z 590.2992), benzoylaconine (34, m/z 604.3107), and benzoylhypaconine (29, m/z 574.3012), were visually presented and compared. With the extension of steaming time, the concentrations of three DDAs decreased sharply, whereas the three MDAs increased significantly, among which mesaconitine (22) and hypaconitine (36) decreased faster than aconitine (40) and could not be visualized after 1.0 h, and the intensity of benzoylmesaconine (32) and benzoylhypaconine (29) increased faster than that of benzoylaconine (34). The DESI-MSI results are consistent with those of HPLC experiments, which indicated its reliability.
[image: Figure 4]FIGURE 4 | DESI-MS images and the corresponding HPLC chromatograms of six ester-type alkaloids in raw and processed Fuzi steamed for different time points.
3.3 PCA and PLS-DA of Raw and Processed Fuzi With Different Steaming Hours
A data matrix of mass m/z and signal intensity from DESI-MSI was submitted to PCA and PLS-DA to discriminate the variations of Fuzi with different steaming time points, visualize the underlying trend, and understand the metabolic differentiation among them. The PCA score plot (R2X = 0.884 and Q2 = 0.798) showed that all the ingredients could be classified into three major groups (Figure 5A). Raw Fuzi and processed Fuzi steamed only for 1.0 h were highly different from Fuzi steamed for more than 2.0 h. The ingredients of Fuzi steamed for 2.0–5.0 h were grouped together, but those steamed for 3.0 h were located relatively far away from the other samples. This may be due to the insufficient hydrolysis reaction from DDAs to MDAs. Fuzi steamed for 6.0–9.0 h were in a separate cluster. However, samples steamed for 10.0 h were back into the 2.0–5.0 h steaming group. The classification results also indicated that, after steaming for 5.0 h, these ingredients were located closer compared with those steamed for a short time. PLS-DA discrimination (R2X = 0.916, R2Y = 0.775, and Q2 = 0.701) (Figure 5B) was in good agreement with the PCA model, and all samples were separated into three groups. In addition, the samples steamed for a longer time were distributed closer. The close points indicated that these samples share similar chemical components. Combined with the results of HPLC, DESI-MSI, and multivariate statistical analysis, 4.0 h is demonstrated to be the appropriate steaming time for toxicity attenuation and efficacy reservation of Fuzi.
[image: Figure 5]FIGURE 5 | PCA (A) and PLS-DA (B) score plots of raw and processed Fuzi steamed for different time points.
3.4 Metabolic Markers for the Identification of Raw and Processed Fuzi With Different Steaming Hours
Based on the HPLC, DESI-MSI, PCA, and PLS-DA results, 4.0 and 8.0 h were selected as the key steaming time points to uncover the metabolic markers. OPLS-DA was applied to compare the metabolic changes between the 0 and 4.0 h groups and the 4.0 and 8.0 h groups. As shown in Figures 6A,C, the Fuzi samples with different steaming time points were separated from one another, indicating that the metabolic perturbation significantly occurred in raw Fuzi and processed Fuzi steamed at different time points. As shown in the corresponding S-plot (Figures 6B,D), the ions away from the origin contributed significantly to the separation between the 0 and 4.0 h groups and the 4.0 and 8.0 h groups. Therefore, the ions may be regarded as the discrimination metabolites for raw and processed Fuzi steamed for different hours. After combining the results of the S-plots, the VIP value (VIP >1) was obtained from OPLS-DA analysis, and the corresponding metabolites could be selected. The chemical structures of the metabolites were identified using online databases such as SciFinder (https://scifinder.cas.org/), and further confirmation was obtained through comparisons with authentic standards and published literature (Wang et al., 2002; Yue et al., 2007; Hu et al., 2009; Yan et al., 2010; Sun et al., 2012; Zhang et al., 2012; Sun et al., 2013; Xu et al., 2014; Yang et al., 2014; Luo et al., 2016; Zhang et al., 2017; Lei et al., 2021).
[image: Figure 6]FIGURE 6 | OPLS-DA score plots and S-plots based on raw and processed Fuzi steamed for 4.0 h (A,B) and Fuzi steamed for 4.0 and 8.0 h (C,D) from DESI-MSI data.
A total of 42 discriminating metabolites were tentatively identified, and the detailed information is given in Table 2 and Supplementary Figure S2. All 42 metabolites were visualized using DESI-MSI (Supplementary Figure S3). The intensities of 37 metabolites, including hypaconitine (36, m/z 616.3123), benzoylhypaconine (29, m/z 574.3012), neoline (17, m/z 438.2841), benzoylmesaconine (32, m/z 590.2992), mesaconitine (39, m/z 632.3105), aconitine (40, m/z 646.3215), and indaconitine (38, m/z 630.3278), changed after steaming for 4.0 h. Thus, these metabolites were considered as chemical markers to distinguish raw Fuzi and processed Fuzi steamed for 4.0 h. In addition, a total of 20 metabolites, such as neoline (17, m/z 438.2841), karacoline (10, m/z 378.2618), isotalatizidine/talatizidine (13, m/z 408.2755), benzoylhypaconine (29, m/z 574.3012), songorine (6, m/z 358.2386), fuzitine (2, m/z 342.1706), and talatisamine (14, m/z 422.2891), were set as the markers to distinguish Fuzi steamed for 4.0 and 8.0 h.
TABLE 2 | Chemical information of 42 metabolic markers of Fuzi for different steaming time points.
[image: Table 2]A heat map was used to visualize the changes in the content of the 42 metabolites in raw Fuzi and processed Fuzi for different steaming hours. As shown in Figure 7, the content of 15 metabolites increased, whereas that of 27 metabolites decreased. Metabolites with increased content are primarily MDAs. However, the content of most DDAs, including three highly toxic ones, mesaconitine (22), aconitine (40), hypaconitine (36), and some of the MDAs decreased dramatically within two steaming hours. The content of napelline (7), denudatine/Guanfu base H (3), karakolidine/Chuanfumine (11), karakanine (9), episcopalisine (24), and aconicarchamine B (25) declined to low levels after steaming for 4.0–5.0 h, but such content increased again when steaming was continued for 10.0 h. Nine metabolites, including dehydrated benzoylhypaconine (26), fuziline (19), senbusine A/B (15), guiwuline (16), karacoline (10), talatisamine (14), dictysine (5), 16-hydroxycardiopetaline (8), and nevadenine (12), showed volatility decreases, and most of them belong to NDAs. As an isoquinoline alkaloid, fuzitine (2) generally exists in the form of salt, which showed a particular changing rule during steaming. The content reached the highest on steaming after 4.0 h and decreased or transformed to other metabolites with the extension of steaming time. The heat map also indicated that some of the metabolites were unstable when steamed for 3.0 h and then tended to be stable. When steamed for 10.0 h, the content of metabolites became similar to samples steamed for 4.0–5.0 h. This phenomenon corresponds to the aforementioned PCA and PLS-DA results (Figure 6).
[image: Figure 7]FIGURE 7 | Heat map of metabolic markers of raw and processed Fuzi steamed for different time points.
4 DISCUSSION
As a typical toxic traditional herbal medicine that is known for its extraordinary pharmacological activities and toxicity, Fuzi has long been used as an irreplaceable traditional herbal medicine in TCM, Kampo medicine, and homeopathy for thousands of years (Zhou et al., 2015; Wu et al., 2018; Qiu et al., 2021).
As toxicity and efficacy are interdependent in Fuzi, the toxicities of processed products such as Yanfuzi, Heishunpian, Baifupian, Danfupian, and Paofupian dramatically decreased compared with raw Fuzi (Zhou et al., 2012; Zhao et al., 2014), but the efficacy also decreased. Considering that Danba is needed during the aforementioned procedures, which would induce halide ions and inorganic impurities into Fuzi, the alkaloids will be lost with a long rinsing time (Ye et al., 2019). Recent studies indicated that the total alkaloids and various ester-diterpenoid alkaloids’ levels were high in directly steamed, stir-fried, or baked Fuzi, which showed better detoxification and efficacy reservation effects than Danba-used procedures (Liu et al., 2019; Ye et al., 2019). Thus, this study focused on direct steaming, discussed changeable rules of the key ester-diterpenoid alkaloids, and identified the metabolic markers in raw and processed Fuzi steamed at different time points through DESI-MSI combined with metabolomics.
Investigations of basal metabolism are important to improve the quality control of TCMs (Jiang et al., 2022). DDAs, the major pharmaceutical and toxic secondary metabolites, are important to determine the quality, safety, and efficacy of Fuzi, which were hydrolyzed during heating processing procedures, such as steaming. However, the changeable patterns during steaming are rarely reported. Here, DESI-MSI provides an easy and effective way to explore the change characteristics of the key ester-diterpenoid Aconitum alkaloids. Combining metabolism and multivariate statistical analysis, the metabolites and important markers would be identified, which are essential to assess the quality of steamed Fuzi.
HPLC was initially applied to determine variation in the content of three MDAs and three DDAs. A total of 10 steaming time points were set, and HPLC data indicated that the content limit of steamed Fuzi met the requirements of the CP after 3.0 h of steaming and became steady after 4.0 h. DESI-MSI was performed to visualize the HPLC results with high resolutions in mass and space: three MDAs were difficult to detect, and three DDAs were highly visible in raw Fuzi. The images showed an increase in MDAs and a decrease in DDAs during steaming. After 4.0 h of steaming, DDAs and MDAs met the standards of CP, and parts of the DDAs still remain. PCA and PLS-DA analyses also illustrated that the samples after steaming for over 4.0 h were grouped closer and located in the coordinate origin region. Consequently, 4.0 h of steaming was recommended for the toxicity attenuation and efficacy reservation of Fuzi.
Chemometric analysis was combined with a heat map to identify the significant metabolic markers, and 4.0 h was set as the key time node. The DESI-MSI comparison of the 42 metabolites of raw Fuzi and processed Fuzi steamed for 4.0 and 8.0 h showed that the content of highly toxic DDAs decreased dramatically, and a large part of the content of MDAs and NDAs fluctuated during steaming, which indicated a reversible process (Figure 8). DDAs and MDAs were the major metabolic markers between raw and processed Fuzi steamed for 4.0 h, whereas NDAs were identified as the predominant markers of Fuzi steamed for 4.0 and 8.0 h. During 0–4.0 h of steaming, hydrolysis was conducted to convert DDAs to MDAs and then to NDAs, which are considered as the major chemical transformations based on the present results and published literature (Liu et al., 2008; Chen et al., 2013; Qiu et al., 2021), and three main paths for the transformation of C19-ester-diterpenoid alkaloids were proposed (Figure 9). Except for conventional hydrolysis and dehydration processes (Figures 9A,B), esterification reactions 1 and 2 in path C also indicated two important reversible processes, which explained why some of the alkaloids’ content fluctuated during steaming. However, NDAs were the important hydrolysis products after long and continuous steaming, and the pharmaceutical activities will then decrease.
[image: Figure 8]FIGURE 8 | DESI-MS images of 42 metabolic markers in raw and processed Fuzi steamed for 4.0 and 8.0 h.
[image: Figure 9]FIGURE 9 | Proposed mechanism for the transformation of ester type alkaloids (Path (A): hydrolysis reactions; Path (B): hydrolysis and dehydration reactions; Path (C): esterification and transesterification reactions I: diester-diterpenoid alkaloids, II: monoester-diterpenoid alkaloids; III: non-esterified diterpene alkaloids; IV: enol-type monoester-diterpenoid alkaloids; V: ketone-type monoester-diterpenoid alkaloids; VI: ketone-type non-esterified diterpene alkaloids; VII: lipo-diterpenoid alkaloids).
5 CONCLUSION
In this study, the combination of DESI-MSI and metabolomics for rapid and high-resolution characterization of ester alkaloids in raw and steamed Fuzi was developed. The changes in alkaloids of raw and processed Fuzi with different steaming time periods were observed, and the results of HPLC, DESI-MS coupled with PCA, PLS-DA, and OPLS-DA all indicated that 4.0 h of steaming was appropriate for toxicity attenuation and efficacy reservation of Fuzi. In addition, a total of 37 metabolic markers to distinguish raw and processed Fuzi steamed for 4.0 h and 22 metabolites to distinguish Fuzi steamed for 4.0 and 8.0 h were identified through DESI-MSI-based metabolomics. Moreover, three major chemical transformation pathways of C19-ester alkaloids were summarized. Therefore, the novel method provides an efficient approach to visualize the changeable rules and screen the metabolic markers of alkaloids during steaming. The wide application of the method could help to identify biomarkers and reveal the possible chemical transition mechanism in the “Paozhi” processes of TCM.
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Wutou decoction (WTD) is a traditional Chinese medicine prescription for the treatment of rheumatoid arthritis (RA), and this study systematically analyzed the metabolic mechanism and key pharmacodynamic components of WTD in RA rats by combining untargeted metabolomics and serum pharmacochemistry of traditional Chinese medicine to enrich the evidence of WTD quality markers (Q-markers) studies. WTD prevented synovial edema in RA rats and reduced tumor necrosis factor-alpha and interleukin 6 levels in rat serum, according to the results of an enzyme-linked immunosorbent examination and histopathological inspection. In model rats, pattern recognition and multivariate statistical analysis revealed 24 aberrant metabolites that disrupted linoleic acid metabolism, arachidonic acid metabolism, arginine and proline metabolism, etc. However, continued dosing of WTD for 28 days reversed 13 abnormal metabolites, which may be an important therapeutic mechanism from a metabolomic perspective. Importantly, 12 prototypical components and 16 metabolites from WTD were characterized in RA rat serum. The results of Pearson correlation analysis showed that aconitine, L-ephedrine, L-methylephedrine, quercetin, albiflorin, paeoniflorigenone, astragaline A, astragaloside II, glycyrrhetic acid, glycyrrhizic acid, licurazide, and isoliquiritigenin are the key pharmacological components that regulate the metabolism of RA rats, and they are identified as Q-markers. In sum, utilizing metabolomics and serum pharmacochemistry of traditional Chinese medicine, the metabolic mechanisms and Q-markers of WTD therapy in RA rats were revealed, providing a theoretical basis for the quality control investigation of WTD.
Keywords: metabolomics, mass spectrometry, biomarker, pathway, quality markers, chinmedomics, effective subustance
INTRODUCTION
Traditional Chinese medicine has a long history of application and accumulated rich clinical experience, TCM plays a pivotal role in the protection of human health, of which herbal medicine is the key medium. A large number of chemicals in herbs and prescriptions poses a difficult problem for quality control. Unlike in the past, the quality control of herbal medicines is not only concerned with the high content of the components in the herbal medicines, but the remarkable medicinal effects are more noticeable. The concept and requirements of quality markers (Q-markers) proposed by Academician Liu have promoted the development of quality control systems for TCM and herbal medicines. In general, ideal herbal medicines and prescriptions need to have five characteristics: 1) quality transfer and traceability, 2) component specificity, 3) component effectiveness, 4) component measurability, 5) formula compatibility environment (He et al., 2018; Bai et al., 2018; Zhang et al., 2018).
Chinmedomics comprehensively blends metabolomics and serum pharmacochemistry of TCM and serves as a way for the discovery of Q-markers for herbal medicines and formulations (Zhang et al., 2019). In short, the metabolic mechanisms of herbal medicines and prescriptions for the treatment of diseases are gained through metabolomics insights (Zhang et al., 2017; Zhang et al., 2020; Qiu et al., 2020), and key pharmacodynamic components and Q-markers that regulate abnormal metabolism are identified from a large number of chemical components by correlation analysis (Wang et al., 2015; Han et al., 2020). Currently, chinmedomics was used as a research method for Q-markers to analyze the active components and therapeutic mechanisms of Shengmai San, Yinchenhao Decoction, Sijunzi Decoction, and Kaixin San (Zhang et al., 2018; Sun et al., 2019; Wang et al., 2019; Zhao et al., 2020).
Wutou decoction (WTD) is a classic prescription for treatment rheumatology, derived from “Shang Han Lun” of Zhang Zhongjing in the Han Dynasty and consisting of Aconitum carmichaeli Debeaux [Ranunculaceae], Ephedra sinica Stapf [Ephedraceae], Paeonia lactiflora Pall. [Ranunculaceae], Astragalus mongholicus Bunge [Leguminosae], and Glycyrrhiza uralensis Fisch. [Leguminosae] with a mass ratio of 10 g: 15 g: 15 g: 15 g: 15 g. Pharmacological studies have shown WTD analgesic and anti-inflammatory effects (Guo et al., 2017; Guo et al., 2020). Besides, WTD mainly contains alkaloids, triamcinolone, and flavonoid compounds that can regulate the biological signal pathways associated with rheumatoid arthritis (RA) (Qi et al., 2014; Xu et al., 2017). To enhance the Q-markers and quality control evidence of WTD, this study adopted metabolomics and serum pharmacochemistry of the TCM to carefully evaluate the global metabolic profile of WTD-treated RA rats and the components of WTD that are closely related to the therapeutic effect (Figure 1).
[image: Figure 1]FIGURE 1 | The workflow of quality markers research for wutou decoction in the treatment of adjuvant-induced arthritis rat based on chinmedomics strategy.
MATERIAL AND METHODS
Reagents and Medicines
HPLC grade methanol and acetonitrile were purchased from Thermo Fisher Scientific (Massachusetts, United States), analytical grade formic acid, leucine enkephalin, and Freund’s complete adjuvant were purchased from Sigma-Aldrich (Shanghai, China), ultrapure water purchased from Watsons (Guangzhou, China), the kit of tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) purchased from Jiancheng Biologics (Nanjing, China), the five botanical drugs that compose WTD were purchased from Tongrentang Pharmacy (Harbin, China) and were authenticated by Xijun Wang from the Department of Pharmacognosy of Heilongjiang University of Chinese Medicine.
Preparation of Wutou Decoction Extracts
The crude Aconitum carmichaeli Debeaux [Ranunculaceae], Ephedra sinica Stapf [Ephedraceae], Paeonia lactiflora Pall. [Ranunculaceae], Astragalus mongholicus Bunge [Leguminosae], and Glycyrrhiza uralensis Fisch. [Leguminosae] cut into small round pieces according to the mass ratio 2: 3: 3: 3: 3 and were immersed in distilled water (eight-fold volume) for 1 h and then boiled for 1.5 h. The extracted solutions were filtered through eight layers of gauze, and the filter residue was boiled with distilled water (eight-fold volume) again for another 1 h. Finally, the two parts of the filtrates were combined, and the decoction was transformed into powder by freeze-drying. The frozen powder was dissolved with distilled water and kept at 4°C until use.
Animal Grouping and Administration
Experiments were performed with eight-week-old male Sprague-Dawley rats weighing 180–220 g (Liaoning Changsheng Biotechnology Co., Ltd., License No. SCXK [Liao] 2015-0001) under controlled environmental conditions (12/12 light/dark, 23–25°C, 50 ± 5% humidity) with unlimited access to food and water. After 7 days of acclimatization, all animals were randomly divided into the following three groups (n = 8): control group (C); model group (M), and WTD treatment group (T). The M and T rats were injected with 0.1 ml of Freund’s complete adjuvant at a concentration of 2.0 mg.ml−1 at the base of the tail, and the C rats were injected with the same volume of normal saline (Zhang et al., 2014). On the 14th day of model preparation, rats in the T were orally administered a 7.56 g.kg−1 lyophilized powder solution of WTD once a day for 28 consecutive days (Dong et al., 2015). The C rats received the same volume of ultrapure water. The protocol was approved by the Committee on the Ethics of Animal Experiments of the College of Pharmacy of the Heilongjiang University of Chinese Medicine.
Collect and Prepare Biological Samples
Throughout the experimental period, 12 h urine from 8 p.m. to 8 a.m. the next day was collected in the metabolic cage, and the blood samples were obtained by the final stage of administration: fresh urine centrifugation for 15 min (4°C, 13,000 r·min−1), serum centrifugation for 15 min (4°C, 3500 r·min−1). Urine samples were diluted 10 times with ultrapure water, serum samples were precipitated with four times the volume of methanol and the supernatant was taken. All samples were filtered through a 0.22 μm filter before injection into the ultra-performance liquid chromatography quadrupole time of flight coupled with mass spectrometry (UPLC-Q/TOF-MS) instrument. Separately, 100 μl of urine and serum were obtained from each animal for the preparation of quality control samples in examining and optimizing the metabolomics analysis parameters.
Inflammatory Factors and Histopathological Examination
The concentrations of IL-6 and TNF- in serum were determined using the kit’s instructions. X-rays of the rat feet were taken to evaluate the effects of WTD. Fresh ankles were immersed in the formalin solution, and pathological changes were observed by the affiliated hospital of the Heilongjiang University of Chinese Medicine under proper microscopic circumstances.
Metabolomic Conditions
Chromatography
The metabolomic analysis was performed using an ACQUITY UPLC® system coupled with a time-of-flight mass spectrometer (Waters Corp.). The HSS T3 column (2.1 mm × 100 mm id, 1.8 µm; Waters Corp.) separates urine samples, whereas the BEH C18 column (2.1 mm × 100 mm id, 1.7 µm, Waters Corp.) separates serum samples. The column temperature is 35°C. The gradient mobile phase consisted of solvent A (0.1% FA-H2O) and solvent B (0.1% FA-ACN). Optimized urine gradient elution status: 0–4.5 min, 1–21 A%; 4.5–7 min, 21–40% A; 7–7.5 min, 40–50% A; 7.5–9.5 min, 50–99% A. Optimized serum gradient elution status: 0–1.2 min, 1–39% A; 1.2–4.3 min, 39–68% A; 4.3–4.5 min, 68–71% A; 4.5–7.0 min, 71–78% A; 7.0–8.2 min, 78–90% A; 8.2–9.5 min, 90–99% A. The injection volume is 4 μl and the flow rate is 0.5 ml.min−1 in both modes.
Mass Spectrometric
The Waters G2-Si mass spectrometer system (Waters Corp.) is equipped with an electrospray ion source to detect all metabolites, and the ion source temperature is 110°C. The capillary voltage in the positive ion mode (ESI+) is 3.0 kV; in the negative ion mode (ESI−), it is 2.7 kV. The cone voltage is 20 V, and the gas flow rate is 50 L.h−1. Dry nitrogen is desolventizing at a flow rate of 800 L.h−1 and a temperature of 350°C. Use the full scan mode of m/z 50–1200 Da to collect MS data. Leucine enkephalin with a concentration of 1 ng/μl and a flow rate of 10 μl.min−1 in ESI+ [M+H]+ = 556.2771 and ESI− [M-H]− = 554.2615 was used as a reference compound to obtain an accurate mass.
Constituent Analysis of Wutou Decoction
After lyophilized powder of WTD decoction was dissolved in ultrapure water and was centrifuged 15 min (4°C, 13,000 r·min−1), filtered with a 0.22 μm filter membrane, and injected into UPLC-MS for analysis chemical profile of WTD. The serum containing components of WTD was added with a quarter volume of 20% phosphoric acid, utilizing an OASIS MCX solid-phase extraction column (30 mg, 30 μm, Waters Corp.) to enrich the WTD components in vivo, dissolved in methanol for UPLC-MS data collection. Injection volume is 2 μl, the gradient mobile phase consisted of solvent A (0.1% FA-H2O) and solvent B (0.1% FA-ACN), optimized gradient elution conditions: 0–3.0 min, 1–10% A; 3.0–7.0 min, 10–12% A; 12.0–20.0 min, 20–40% A; 20.0–22.0 min, 40–100% A. The MSE data scanning mode of UPLC-Q/TOF-MS was combined with powerful UNIFI software (Waters Corp.) for efficient and accurate characterization of the chemical profile of the WTD and the components absorbed in vivo. The adduct ion is [M+H]+ in ESI+ and [M-H]- in ESI−, respectively. To reduce false positives, select the embedded TCM database and set the tolerance error of components and fragments to 5 mDa. The study compared the serum between the M and the T and preferred the results of the high response value only in the serum of the T.
Multivariate Statistics and Data Analysis
The raw data is imported into Progenesis QI software (Waters Corp.) for noise reduction, peak alignment, and normalization to get an information matrix that includes m/z, retention time, and peak relative intensity. The EZinfo software (Waters Corp.) performs a principal component analysis (PCA) and judges differences between groups. Orthogonal partial least squares discriminant analysis (OPLS-DA) calculates variable importance in projection value (VIP), a statistical normalization abundance of different ions. Finally, MS/MS information combined with HMDB (https://hmdb.ca/) and MassBank (http://www.massbank.jp/) databases identifies metabolites, VIP >1, and metabolites normalized abundance with intergroup significance are considered potential biomarkers of RA rats. Comparisons between the two groups of the quantitative data were completed using Graphpad software (California, United States) independent t-test and presented as mean ± standard deviation, with p < 0.05 indicating significant differences and p < 0.01 indicating extremely significant differences.
Analysis of Key Medicinal Constituents
The PCMS (plotting of correlation between marker metabolites and serum components) patented software calculates the correlation coefficient between the components absorbed into the blood of WTD and the potential biomarkers of RA rats to determine which component is most likely to have a therapeutic effect. Normalize the abundance of biomarkers and components, and then use Pearson’s statistical correlation to set the reference standard for the correlation coefficient R. In this study, 0.7 ≤│R│<0.8 is selected as the highly correlated component; 0.8 ≤│R│≤ 1 is regarded as extremely correlated, and extremely correlated components are regarded as Q-markers.
RESULTS
Therapeutic Effects of Wutou Decoction
Compared with the C rats, 14 days after the injection of Freund’s complete adjuvant, the rats in the M reached the uttermost state of inflammation. Compared with the M, the T significantly inhibited the levels of IL-6 and TNF-α in rats and reduced the swelling of the feet (Figure 2).
[image: Figure 2]FIGURE 2 | Evaluation of the effect of wutou decoction on adjuvant-induced arthritis rat. (A) X-ray examination (B) Synovial histopathological examination (*200) (C) changes in paw volume before and after administration (D) Determination of inflammatory factors in serum. Results are expressed as mean ± SD, n = 8. *p < 0.05, **p < 0.01 vs control group. #p < 0.05, ##p < 0.01 vs model group.
Characterize Potential Biomarkers
Multivariate statistical analysis was performed on the metabolic fingerprint information collected from serum and urine at the end of the experiment. There are differences in serum total ion chromatograms (TIC) in C, M, and T rats in ESI+ and ESI− and these are reflected in PCA (Figure 3). Similarly, there are differences in the TIC of the urine between the three groups, suggesting a change in the metabolic profile (Figure 4). The OPLS-DA statistical model calculates the VIP of differential ions and is employed to screen potential biomarkers, the R2Y and Q2 values of the urine model (R2Y (cum) = 0.995, Q2(cum) = 0.927 in ESI+, and R2Y(cum) = 0.994, Q2(cum) = 0.615 in ESI−) and serum model (R2Y (cum) = 0.858, Q2(cum) = 0.798 in ESI+, and R2Y (cum) = 0.872, Q2(cum) = 0.795 in ESI−) indicated that the statistic model has good quality and predictability.
[image: Figure 3]FIGURE 3 | Serum metabolic profile collection and multivariate statistical analysis. (A–C) TIC spectra of C, M, and T rats in ESI+, respectively (D–F) TIC spectra of C, M, and T rats in ESI−, respectively (G,J) PCA plot of C, M, and T in ESI+ and ESI−, respectively (H,K) OPLS-DA plot of C and M in ESI+ and ESI−, respectively (I,L) VIP plot of C and M in ESI+ and ESI−, respectively. Note: [image: FX 1]: C rats; [image: FX 2]: M rats; [image: FX 3]: T rats.
[image: Figure 4]FIGURE 4 | Urine metabolic profile collection and multivariate statistical analysis. (A–C) TIC spectra of C, M, and T rats in ESI+, respectively (D–F) TIC spectra of C, M, and T rats in ESI−, respectively (G,J) PCA plot of C, M, and T in ESI+ and ESI−, respectively (H,K) OPLS-DA plot of C and M in ESI+ and ESI−, respectively (I,L) VIP plot of C and M in ESI+ and ESI−, respectively. Note: [image: FX 1]: C rats; [image: FX 2]: M rats; [image: FX 3]: T rats.
Take arachidonic acid as an example to illustrate the identification process of potential biomarkers. First, OPLS-DA calculated that the VIP of 8.09_303.2320m/z was 4.004 and the normalized abundance of this ion in the serum of the C and the M was different (p < 0.05). Secondly, chromatographic peak extraction and elemental composition analysis showed that the tolerance of C20H32O2 was accepted, while m/z 304 and m/z 279 were simultaneously observed in MS extraction at 8.09 min. Finally, it was identified that m/z 304 Da is the parent ion of arachidonic acid, and the fragments of 303[M-H]− and 279[M-COOH]- were generated by high-energy bombardment in ESI− (Supplementary Figure S1). Eventually, 24 biomarkers are identified (Table 1).
TABLE 1 | Identification results of potential biomarker groups in adjuvant-induced arthritis rats.
[image: Table 1]Enrichment Analysis of Potential Biomarkers
The above 24 potential biomarkers of serum and urine are mostly engaged in 17 metabolic pathways, which belong to lipid metabolism, carbohydrate metabolism, and amino acid metabolism (Table 2). Where the impact value is greater than 0.1, linoleic acid metabolism, arachidonic acid metabolism, glyoxylate and dicarboxylate metabolism, arginine and proline metabolism, arginine biosynthesis, steroid hormone biosynthesis, and glycerophospholipid metabolism are considered important metabolic pathways. The WTD significantly reversed potential biomarkers with abnormal levels of 13/24 (Figure 5), including 4-Hydroxynonenal, L-Arginine, Prostaglandin E3, Aracidonic acid, N-Acetyltaurine, Kynurenic acid, D-Glucose, Linoleyl carnitine, Galactose-beta-1,4-xylose, Linoleic acid, Octadecenoylcarnitine, L-Palmitoylcarnitine, Sphingosine L-phosphate. WTD may correct the disturbed Linoleic acid metabolism, Arachidonic acid metabolism, Arginine and proline metabolism, Arginine biosynthesis, Steroid hormone biosynthesis, Sphingolipid metabolism, and Glycolysis/Gluconeogenesis by reversing the levels of the above markers, thereby treating Freund’s complete adjuvant-induced RA rats (Figure 6).
TABLE 2 | Metabolic pathway analysis based on MetPA.
[image: Table 2][image: Figure 5]FIGURE 5 | The normalized abundance of potential biomarkers before and after wutou decoction administration. (A) Normalized abundance values between different groups (B) Heat map of the differences in the potential biomarkers of the C, M and T obtained in the ESI+ and ESI−. Results are expressed as mean ± SD, n = 8. *p < 0.05, **p < 0.01 vs control group. #p < 0.05, ##p < 0.01 vs model group. C represents control group, M represents model group, T represents wutou decoction group.
[image: Figure 6]FIGURE 6 | Enrichment analysis of metabolic pathway of potential biomarkers. (A) Pathway impact enrichment (B) The proportion of biomarkers in the overall pathway (C) Association network of biomarker metabolic pathways.
Blood Components of Wutou Decoction
The UPLC-Q/TOF-MS collects the TIC of WTD before and after entering the blood in ESI+ and ESI− (Figure 7). The UNIFI software, with a powerful analysis module, can automatically identify the structure information obtained under high and low energy, including m/z, retention time, and MS/MS fragment response values, and deduce the cleavage relationship of compounds. Compound aconitine was used as an example to describe the process of applying UNIFI software to analyze the chemical profile of WTD. The UNIFI software matched the MSE data collected in the continuum mode. Both ion response values between groups and all m/z information at 14.12 min were obtained, and m/z 646.32 Da with a high response value in WTD samples was scanned for small molecule ions. After elemental composition and fragment matching, m/z 646.32 Da was recognized as the hydrogenation ion of aconitine and identified to 586.30 Da [M+H-C2H4O2]+, 568.29 Da [M+H-C2H6O3]+, 554.27 Da [M+H-C3H8O3]+ (Supplementary Figure S2). Finally, they characterized and identified 61 components of the WTD (Supplementary Table S1). Importantly, 19 components were absorbed into the blood, including 12 prototype components (Supplementary Table S2).
[image: Figure 7]FIGURE 7 | TIC spectrum of chemical profile and absorbed components from wutou decoction. (A,B) The chemical profile of wutou decoction in ESI+ and ESI−, respectively (C,D) The blood components of wutou decoction in ESI+ and ESI−, respectively.
Discover the Key Medicinal Components
PCMS software was utilized in this investigation to uncover the important pharmacodynamic components of WTD in the treatment of RA rats, as well as biological activity tracking and literature analysis to identify Q-markers. The findings revealed that 19 of the WTD components were absorbed into the serum. According to correlation analysis, 12 components were confirmed as Q-markers (Figure 8), of which aconitine was from Aconitum carmichaeli Debeaux [Ranunculaceae], L-ephedrine, L-methylephedrine, quercetin, and kaempferol-3-O-rhamnoside were from Ephedra sinica Stapf [Ephedraceae], albiflorin and paeoniflorigenone were from Paeonia lactiflora Pall. [Ranunculaceae], astragaline A, and astragaloside II were from Astragalus mongholicus Bunge [Leguminosae], glycyrrhetic acid, glycyrrhizic acid, licurazide, and isoliquiritigenin came from Glycyrrhiza uralensis Fisch. [Leguminosae].
[image: Figure 8]FIGURE 8 | Pearson correlation analysis of blood components of wutou decoction and potential biomarkers in adjuvant-induced arthritis rat.
DISCUSSION
RA is an autoimmune disease that primarily affects synovial joints and is characterized by chronic synovitis, systemic inflammation, and varying degrees of erosion of bone and cartilage. While the cause of RA is unknown, it involves a combination of genetic and environmental factors, potential mechanisms involving the body’s immune system attacking joints, and researchers have focused on exploring the immune mechanisms and molecular networks of RA (Lee and Weinblatt, 2001). Nonsteroidal anti-inflammatory drugs and biologics are currently used to treat RA, but traditional medicine has attracted the attention of doctors and patients in many developing countries because these treatment methods have similar therapeutic goals: anti-inflammatory and pain suppression, slow joint injury, and prevent the development of inflammation-related complications (Moudgil and Berman, 2014; Wang et al., 2021). WTD is a Chinese prescription for rheumatoid arthritis and joint pain which was described in ancient medical writings. As a result, scientific evidence for WTD is accumulating, including clinical efficacy evaluations, characterization of complex components, and molecular mechanism analysis. The RA rat model was effectively duplicated in this work using a variety of assessment methods after injection of Freund’s complete adjuvant in a short period. Through X-ray examination, histopathological analysis, and the detection of inflammatory factors, it was discovered that the model rats’ feet, tails, and spinal joints were gradually swollen and stiff and that there was a severe inflammatory response in the joints of the rats, so the inflammatory response evolved into bone deformation and stiffness due to unregulated, which was the same pathological phenomenon as in previous similar studies (Pan et al., 2017; Dai et al., 2022). Although clinical features of patients with RA cannot be entirely simulated, the current results may explain why rat models of adjuvant-induced arthritis are commonly implemented in drug development.
Studies indicate metabolic disorders in biofluids in RA patients or animal models, covering lipid and glucose metabolism, and amino acid metabolism (Falconer et al., 2018). Untargeted metabolomics with pattern recognition was used to evaluate the metabolites in the serum and urine of RA rats, and 24 different metabolites were detected. Metabolic pathway enrichment results showed crosstalk of three types of pathways dominated by lipid metabolism, of which the important pathway associated with RA rats with an impact value greater than 0.1 was identified (Table 2). Arachidonic acid is a polyunsaturated essential fatty acid located in the body’s fats, the liver, brain, and a range of other organs. Arachidonic acid performs an important role in the structure and function of the body’s cell membranes; it can directly or indirectly synthesize prostaglandins and leukotrienes, and other biologically active substances, and it can cause inflammation in the body by a cascade of arachidonic acid (Charles-Schoeman et al., 2018; Szczuko et al., 2020). The level of arachidonic acid in the model group was abnormal when compared to the control group, which severely disrupted linoleic acid metabolism and arachidonic acid metabolism in lipid metabolism. However, WTD reversed the level of arachidonic acid and may modulate related metabolic pathways, suggesting that this mechanism is both underlying and noteworthy. Lysolecithin is formed by phosphatase A2 hydrolysis of lecithin, and changes in lysolecithin reflect cell renewal and phospholipid consumption (Charles-Schoeman et al., 2018). These compounds are critical in cell proliferation and inflammatory response. WTD has no positive feedback effect on LysoPC(20:5) in the pathway, but it does have a regulatory influence on steroid hormone biosynthesis of lipid metabolism via L-palmitoylcarnitine, and high levels of L-palmitoylcarnitine may be detrimental to energy metabolism in mitochondria (Imagawa et al., 1984). Both RA and osteoarthritis patients exhibit anomalies in arginine and proline metabolism in their synovial fluid (Carlson et al., 2018). According to KEGG, hydroxypyruvic acid interfered with glyoxylate and dicarboxylate metabolism, and it might cause cascading fluctuations by acting on arginine and proline metabolism via the downstream enzyme 5.3.1.22 (Figure 6C). Unfortunately, WTD only regulates L-arginine and cannot regulate hydroxypyruvic acid.
To discover the Q-markers of WTD, this study employed a chinmedomics strategy to analyze the correlation between the components absorbed into the blood of WTD and the potential biomarkers of RA rats, highlighting the importance of certain components in regulating RA metabolism and markers. Finally, 12 key components were determined as Q-markers for the efficacy of WTD in the treatment of RA. Aconitine, the main active component of Aconitum carmichaeli Debeaux [Ranunculaceae], has immunomodulatory properties that might be useful in treating autoimmune diseases, such as rheumatoid arthritis and systemic lupus erythematosus (Li et al., 2017). Ephedrine can mediate toll-like receptor 4 to encourage the production of interleukin 10 and inhibit the secretion of TNF-α to decrease inflammation (Zheng et al., 2012). Quercetin inhibits arthritis mice even stronger than methotrexate (Haleagrahara et al., 2017), and quercetin regulates the enteric nervous system to protect the jejunal inflammation caused by RA (Piovezana et al., 2019). Albiflorin and paeoniflorigenone could modulate the functions and activation of immune cells, decreases inflammatory medium production, and restore abnormal signal pathway (Zhang and Wei, 2020). Astragalin could attenuate synovial inflammation and joint destruction in RA at least partially by restraining the phosphorylation of mitogen-activated protein kinases and the activating of N-terminal kinase/activated protein 1 (Zhang and Wei, 2020). Moreover, kaempferol-3-O-rhamnoside, glycyrrhetic acid, and isoliquiritigenin all have the potential and activity to resist RA (Puchner et al., 2012; Zhu et al., 2012; Ahmed and Abd Elkarim, 2021). With the help of the correlation analysis of chinmedomics, we finally identified 12 Q-markers of WTD, which have a certain degree of anti-inflammatory and immune-regulating biological activity, but it is unclear whether the combination of these compounds has a better anti-RA effect, this needs further verification.
CONCLUSION
To summarize, this work used chinmedomics to evaluate the therapeutic effect of WTD on adjuvant-induced arthritic rats and to investigate the Q-markers of WTD. WTD helps alleviate disease states and pathological conditions in inflammatory rats, and chinmedomics as a research tool for TCM effectiveness and pharmacology promotes the discovery of WTD Q-markers and contributes to the theoretical evidence for WTD quality control.
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Eleutherococcus senticosus (Rupr. & Maxim.) Maxim. leaves (ESL) have long been people’s favorite as a natural edible green vegetable, in which phenols and saponins are the main characteristic and bioactive components. This study was first carried out to comprehensively analyze the phenols and saponins in ESL, including phytochemical, qualitative, quantitative, and bioactivity analysis. The results showed that 30 compounds, including 20 phenolic compounds and 7 saponins, were identified. Twelve of them were isolated from Eleutherococcus Maxim. for the first time. In the qualitative analysis, 30 phenolic compounds and 28 saponins were accurately detected. Their characteristic cleavage processes were described by UPLC-QTOF-MS/MS. Ten representative ingredients were quantitated in 29 different regions via a 4000 QTRAP triple quadrupole tandem mass spectrometer (UPLC-QTRAP-MS/MS), and it was found that S19 (69.89 ± 1.098 mg/g) and S1 (74.28 ± 0.733 mg/g) had the highest contents of total phenols and saponins, respectively. The newly developed analysis method for the quantitative determination was validated for linearity, precision, and limits of detection and quantification, which could be applied to the quality assessment of ESL. In vitro experiment, the α-glucosidase inhibitory effect of the phenolic fraction was higher than others, indicating that the phenolic content may be related to the hypoglycemic activity. It was also suggested that ESL could be developed as a natural potential effective drug or functional food.
Keywords: Eleutherococcus senticosus (Rupr. & Maxim.) Maxim. leaves, phenols, saponins, UPLC-MS/MS, α-glucosidase inhibitory
1 INTRODUCTION
Eleutherococcus senticosus (Rupr. & Maxim.) Maxim. (syn. Acanthopanax senticosus (Rupr. & Maxim.) Harms, http://www.theplantlist.org), a perennial herb belonging to the Araliaceae family, is mainly distributed in Russia, China, Korea, and Japan, especially in Heilongjiang, Jilin, and Liaoning provinces of the northeast of China (Jia et al., 2021). Eleutherococcus senticosus (ES), also called Acanthopanax senticosus, Siberian ginseng, or Ciwujia, known as a famous adaptogen—a herbal medicine that has a non-specific inter-system anti-stress effect throughout the human body (Panossian et al., 2021), first appeared in the Pharmacopoeia of the Union of Soviet Socialist Republics (USSR) as a medicinal plant in 1962. ES was approved by monographed in Russian State Pharmacopoeia (Shikov et al., 2021) and to treat symptoms of asthenia by the European Medicines Agency (EMA), its efficacy has been proved in clinical trials (Gerontakos et al., 2021). According to Chinese Pharmacopoeia, ES is efficient in invigorating the kidney and liver, replenishing the vital essence, and calming the mind (Committee, 2020). Modern pharmacological studies have shown that it tends to stimulate immunity, prevent diseases caused by stress, and treat diseases of the cardio-cerebrovascular system (Kim et al., 2010; Liang et al., 2010; Meng et al., 2018; Xie et al., 2015). While, as a delicious renewable green vegetable and functional tea, ESL is also deeply concerned and loved by the Chinese.
Until now, most phytochemical studies have focused on the isolation and identification from ES and demonstrated that it commonly contains saponins, flavonoids, phenylpropanoids, and polysaccharides (Yang et al., 2012; Han et al., 2016; Lau et al., 2019). A few studies have currently been conducted on phenolic constituents and saponins from ESL. The intake of natural phenolic and saponin substances has considerable health benefits, especially for cardiovascular diseases, metabolic diseases, and tumors (Costa et al., 2017; Dong et al., 2019; Singh et al., 2020; Zlab et al., 2020). As the main components in ESL, phenols and saponins possess beneficial effects in vivo and in vitro, such as anti-cancer (Hayakawa et al., 2020), antiviral (Yan et al., 2018), antibacterial (Lee et al., 2003; Zhou et al., 2017), antioxidative (Tosovic et al., 2017), and inhibitory activities on nitrite production (Lee et al., 2008), and are considered as important active constituents. However, the overall analysis of the composition and content of phenols and saponins in ESL has not been reported. This study mainly investigates the composition analysis, structure cracking law, and quality evaluation of phenols and saponins of ESL (Figure 1).
[image: Figure 1]FIGURE 1 | The brief route of experimental research.
Due to the diversity, similarity, and complexity of chemical structures, the analysis of compounds becomes a great challenge. Liquid chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS) is a powerful tool for analyzing compounds (Wang et al., 2016). Because MS can provide the information of molecular formula and fragmentation ions, researchers have identified 42 phenolic compounds in 15 min and 131 ginsenosides in 10 min by an LC-MS/MS method (Wang et al., 2016; Ren et al., 2020), which proved to be an efficient and rapid method for the characterization of compounds. Normally, the long analytical time and low sensitivity are not convenient to rapidly qualify the chemical substances in ESL. To rapidly clarify and analyze the basic chemical substances of ESL, in this study, a new rapid and sensitive ultra-high-performance liquid chromatography-triple quadrupole tandem mass spectrometry (UPLC-MS/MS) method for the thorough detection of major or trace components was firstly established to characterize and quantify phenols and saponins of ESL. Moreover, a total of 30 monomers were isolated, of which 12 compounds (1–4, 9, 10, 12, 14, 19, 21–23) were obtained from Eleutherococcus Maxim. for the first time and 10 compounds, including five phenols and five saponins, were used for quantitative analysis of ESL. This newly developed qualitative and quantitative method based on UPLC-MS/MS could be applied to the quality assessment of ESL. Furthermore, we also firstly compared the α-glucosidase inhibitory effect of four different active fractions of ESL in vitro. Overall, this study enriches the material basis of ESL to some extent and provides a standard reference for its further rational development and utilization.
2 MATERIALS AND METHODS
2.1 Plant Material
The dried ESL were collected in December 2019, Changbai Mountain, Jilin province, and identified by professor Zhenyue Wang of the School of Pharmacy, Chinese Medicine Resources Center, Heilongjiang University of Chinese Medicine.
2.2 Standard Samples, Instruments, Chemicals, and Reagents
Ten reference standards of phenols and saponins, including protocatechuic acid (13), chlorogenic acid (7), methyl 5-O-feruloylquinate (3), hyperoside (15), rutin (18), 3-O-α-L-rhamnopyranosyl-(1→2)-α-L-arabinopyranoside-29-hydroxy oleanolic acid (24), 3-O-β-D-glucopyranosyl-(1→2)-α-L-arabinopyranoside-29-hydroxy oleanolic acid (26), ciwujianoside C4 (28), saponin PE (29), and ciwujianoside K (30) were isolated from ESL in our previous research. Their chemical structures were determined by 1D, 2D NMR spectra, and MS. The purities of all standards were above 98.0%, as elucidated by an HPLC-ELSD method. MS spectra were acquired using a Waters Synapt G2-SI Accurate-Mass Q-TOF (Waters Corp., Milford, MA, United States) and 4000 QTRAP LC/MS system (AB SCIEX, Framingham, United States). 1H-NMR (600 MHz) and 13C-NMR (150 MHz) data were obtained by a Bruker DPX-600 Spectrometer (Switzerland, Germany). Silica gel (200–300 mesh, Qingdao Haiyang Co., China) and ODS resin (YMC Co., Japan) were used in liquid column chromatography. The preparative HPLC column was a Diamonsil® C18 (5 µm, 10*250 mm) column (DiKMA Co., China). An ACQUITY UPLC HSS T3 column (1.8 μm, 2.1*100 mm, Waters, United States) was used to perform LC-MS analysis. LC-MS grade acetonitrile and formic acid were purchased from Thermo Fisher Scientific (Waltham, United States). Water for UPLC was purified by a Milli-Q water purification system (Darmstadt, Germany). Other reagents and solvents were of analytical grades.
2.3 Preparation of Phenolic and Saponin Fractions of Eleutherococcus Senticosus (Rupr. & Maxim.) Maxim. Leaves
The dried ESL (5.0 kg) were extracted with 70% ethanol (2 h, three times) under reflux. After recovering ethanol under reduced pressure, the concentrated extract of 2.006 kg (40%) was obtained. The extract was suspended with 12 L water and then successively extracted with petroleum ether and water-saturated n-butanol in a 1:1 volume ratio to obtain the n-butanol extract. The partial n-butanol layer was subjected to PH 2-3 (337.0 g) and eluted by AB-8 macroporous adsorption resin with 30% ethanol solvent to obtain phenolic fraction (96.4 g). In the other part, the saponin fraction (109.1 g) was yielded by elution AB-8 macroporous resin in 60% ethanol.
2.4 Isolation and Identification of Chemical Constituents of Phenolic and Saponin Fractions
The above phenolic fraction (61.0 g) was chromatographed on a silica gel (200–300 mesh) column (8*150 cm), with CH2Cl2-MeOH (10:1, 5:1, 3:1, 2:1, 1:1, 0:1) as the eluent to produce 10 fractions (Fr.1–Fr.10) followed by TLC analysis. Fr.1 was then subjected to a reversed-phase ODS column, eluted with a mixture of MeOH (20–60%). After repeated elution of MeOH (30%, 38%, 40%) in semi-preparative HPLC chromatography, compounds 4 (9.15 mg), 7 (9.61 mg), 12 (8.32 mg), 13 (27.8 mg), and 21 (5.5 mg) were obtained. Compounds 1 (15.84 mg), 2 (80.64 mg), and 3 (33.6 mg) were obtained from Fr.2 by repeated chromatography on Diamonsil® C18 (5 μm, 10*250 mm) column using methanol (30%, 35%) as the eluent. After repeated elution with MeOH (40%), compounds 5 (8.19 mg), 6 (76.92 mg), 8 (11.01 mg), 11 (12.63 mg), and 14 (9.7 mg) obtained from Fr.4. Fr.5, Fr.7, and Fr.8 were purified and recrystallized with MeOH (36%, 40%) to obtain compounds 9 (7.11 mg), 10 (52.69 mg), 15 (23.8 mg), 16 (5.3 mg), and 17 (11.0 mg); compounds 18 (13.35 mg), 19 (10.1 mg), and 20 (7.49 mg); and compounds 22 (3.2 mg) and 23 (5.4 mg). In the same way as above, seven fractions Fr.11–Fr.17 were obtained from the saponin fraction (60.0 g) with TLC identified. The ODS column was applied to elute Fr.15, Fr.16, and Fr.17 with 20%–90% MeOH, further separated and purified by the C18 column, eluted with 70% and 80% MeOH solvent, followed by recrystallization to yield compounds 24 (6.61 mg), 25 (15.0 mg), 26 (11.4 mg), 27 (15.4 mg), 28 (16.7 mg), 29 (9.8 mg), and 30 (12.13 mg). The isolated compounds 1–30 were identified by a combination of 1D, 2D-NMR, MS data, and relevant literature.
2.5 Sample and Reference Standards Solutions Preparation
ESL from 29 different places was pulverized into powder (40 mesh). The powder (1.0 g) was accurately weighed and suspended in 20 ml MeOH and ultrasonically extracted for 30 min (40 kHz, 500 W, two times). The combined filtrate was evaporated to dryness using a rotary evaporator at 40°C. The residue was dissolved in 5 ml of MeOH. The 10 quantitative reference compounds were dissolved in MeOH and stored at 4°C until analysis. A series of mixed solutions were obtained by diluting the original solutions of these 10 compounds with MeOH. The solutions were prior filtered through a 0.22 μm syringe filter and then quantitatively analyzed.
2.6 Qualitative UPLC-QTOF-MS/MS Analysis
An ACQUITY UPLC (Waters, Milford, United States) system in tandem with a QTOF Synapt G2-SI mass spectrometer (Waters, Milford, United States) was acquired for qualitative analysis using an ACQUITY UPLC HSS T3 column (1.8 μm, 2.1*100 mm, Waters, Milford, United States). The chromatography separation was carried out at an ambient temperature of 35°C. The gradient of the eluent mobile phase included acetonitrile with 0.1% formic acid (A), and water with 0.1% formic acid (B): 0–1 min, 2% A; 1–3 min, 2%–10% A; 3–5 min, 10%–20% A; 5–9 min, 20%–55% A; 9–13 min, 55%–70% A; 13–19 min, 70%–80% A; 19–22 min, 80%–98% A; 22–22.5 min, 98%–2% A; 22.5–23 min, 2% A. The flow rate was set at 0.3 ml/min, with a 2 µL injection volume. The MS parameters were optimized as follows: scan type: positive and negative, acquire Mse over the range 100–1,300 Da; scan time: 0.25 s, collision energy: 20–35 V, cone voltage: 40 V.
2.7 Quantitation for UPLC-QTRAP-MS/MS Analysis
The quantitation analysis was done via an ACQUITY UPLC (Waters Corp., Milford, MA, United States) system tandem 4000 QTRAP mass spectrometer (AB SCIEX, Framingham, United States) with the ACQUITY UPLC HSS T3 column (1.8 μm, 2.1*100 mm, Waters, Milford, United States).
The column temperature was 35°C. The mobile phase was the same as in the qualitative analysis. Isocratic elution was performed as follows: 0–0.5 min, 2%–30% A; 0.5–1 min, 30%–40% A; 1–1.5 min, 40%–55% A; 1.5–3.5 min, 55%–75% A; 3.5–4.5 min, 75%–98% A; 4.5–5.0 min, 98%–98% A. The flow rate was 0.4 ml/min, with 2 µL injection volume. Detection was performed in the negative electrospray ionization mode (ESI−) in the Multiple reaction monitoring (MRM). The MS parameters were optimized as follows: TEM: 550°C, curtain gas: 10 psi, IonSpray Voltage: −4500 V, and ion source gas 1 and 2: 55 psi.
2.8 α-Glucosidase Inhibition Assay
The α-glucosidase inhibition activity of all extracts was determined as previously described with minor modifications (Zhang et al., 2017). The solutions of 20 μL different fractions and 60 μL phosphate buffer (67 mM, PH 6.8) containing 20 μL intestinal α-glucosidase solution were pre-incubated at 37°C for 5 min. Then, 8 μL PNPG (116 mM) was added to each well. The reaction mixture was incubated at 37°C for 30 min. The absorbance of the mixture was measured at 405 nm before and after incubation. Acarbose was used as the positive control. The inhibitory rate (IR) was calculated as follows:
[image: image]
3 RESULTS AND DISCUSSION
3.1 Optimization of the Chromatographic Conditions
In the qualitative and quantitative analysis of ESL, desirable chromatographic separation was yielded by optimizing the column types [Waters ACQUITY UPLC HSS T3 column (1.8 μm, 2.1*100 mm)], the gradient elution procedure, the flow rate (0.3 ml/min and 0.4 ml/min, respectively), and the temperature (35°C). The mobile phase consisting of A (0.1% formic acid aqueous solution) and B (0.1% formic acid acetonitrile solution) was employed to perform gradient elution. All MS spectrometry parameters were optimized to achieve high sensitivity of phenols and saponins. Under the optimized parameters and conditions, 58 compounds were quickly identified (Figure 2). Their characteristic cleavage fragments were shown in Table 1. The optimized parameters, including declustering potential (DP), collision energy (CE) and ion pairs (Figure 3) of the standard compounds in the quantitative analysis were listed in Table 2.
[image: Figure 2]FIGURE 2 | The BPI chromatograms of 58 compounds in phenolic and saponin fractions were detected at positive ion mode (B) and negative ion mode (A). The phenolic fraction consists of the upper part of the (A) and (B) diagram. The remaining part is the saponin fraction.
TABLE 1 | Characterization of compounds in phenolic and saponin fractions by UPLC-MS/MS.
[image: Table 1][image: Figure 3]FIGURE 3 | Optimized ion pair diagrams of 10 reference compounds by the 4000 QTRAP mass spectrometry: the process of selecting the best sub-ion (Q3) according to the parent ion (Q1) of the 10 compounds.
TABLE 2 | The selective ion-pair, DP, and CE of 10 reference compounds.
[image: Table 2]3.2 Isolation of Compounds
3.2.1 Isolation of Chemical Constituents
Thirty compounds (chemical structures shown in Figure 4) include 20 phenols, 7 saponins, and 3 glycosides, of which 12 compounds (1–4, 9, 10, 12, 14, 19, 21–23) were isolated from Eleutherococcus Maxim. for the first time using a combination of chromatographic methods. The compounds were identified based on extensive NMR and MS data and comparison to published literature data when available.
[image: Figure 4]FIGURE 4 | The chemical structures of 30 compounds were isolated and identified from phenolic and saponin fractions. 5-O-Caffeoylshikimic acid (1), quinic acid butyl ester (2), methyl 5-O-feruloylquinate (3), 5-O-p-coumaroylquinic acid butyl ester (4), methyl 3,5-di-O-caffeoyl quinate (5), methyl chlorogenate (6), chlorogenic acid (7), 3,5-di-O-caffeoylquinic acid (8), 4-O-caffeoylquinic acid methyl ester (9), 5-O-feruloylquinic acid (10), methyl 3,4-di-O-caffeoyl quinate (11), 3,4-dihydroxybenzenepropionic acid methyl ester (12), protocatechuic acid (13), quercetin 3-O-β-D-glucopyranosyl-(1→6)-β-D-glucopyranoside (14), hyperoside (15), quercitrin (16), quercetin 3-O-β-D-glucopyranoside (17), rutin (18), (7S, 8R)-urolignoside (19), syringin (20), n-butyl-1-O-α-L-rhamnopyranoside (21), (Z)-Hex-3-en-1-ol O-β-D-xylopyranosyl-(1″-6′)-β-D-glucopyranoside (22), hexenyl-rutinoside (23), 3-O-β-L-rhamnopyranosyl-(1→2)-α-L-arabinopyranoside-29-hydroxy oleanolic acid (24), 3-O-α-arabinopyranoside 29-hydroxy oleanolic acid (25), 3-O-α-D-glucopyranosyl-(1→2)-α-L-arabinopyranoside-29-hydroxy oleanolic acid (26), hederasaponin B (27), ciwujianoside C4 (28), saponin PE (29), and ciwujianoside K (30).
3.2.2 Identification of Chemical Constituents
The isolated compounds 1–30 (chemical structures shown in Figure 4) were identified by a combination of 1D, 2D-NMR, and MS data. Compounds 1–4, 9, 10, 12, 14, 19, and 21–23 were obtained from Eleutherococcus Maxim. for the first time, and their NMR data were provided here.
3.2.2.1 5-O-Caffeoylshikimic Acid (1)
Yellow amorphous powder: (−) HR-ESI-MS, m/z 335.0748 [M-H]−, calculated for molecular formula C16H16O8. 1H NMR (600 MHz, CD3OD): δ 7.56 (1H, d, J = 15.9 Hz,H-7′), 7.04 (1H, d, J = 2.1 Hz, H-2′), 6.95 (1H, dd, J = 8.2, 2.1 Hz, H-6′), 6.86 (1H, brs, H-2), 6.78 (1H, d, J = 8.2 Hz, H-5′), 6.28 (1H, d, J = 15.9 Hz, H-8′), 5.25 (1H m, H-5), 4.41(1H, brs, H-3), 2.86 (1H, dd, J = 18.4, 5.2 Hz, H-6α), 2.32 (1H, dd, J = 18.4, 5.5 Hz, H-6β). 13C-NMR (150 MHz, CD3OD): δ 130.3 (C-1), 139.0 (C-2), 67.3 (C-3), 70.0 (C-4), 71.4 (C-5), 29.2 (C-6), 169.7 (C-7), 127.7 (C-1′), 115.2 (C-2′), 146.8 (C-3′), 147.3 (C-4′), 116.5 (C-5′), 123.1 (C-6′), 149.7 (C-7′), 115.1 (C-8′), 168.7 (C-9′). The NMR data were consistent with the literature (Wan et al., 2012).
3.2.2.2 Quinic Acid Butyl Ester (2)
Yellowish amorphous powder: (+) HR-ESI-MS, m/z 248.9876 [M]+, calculated for molecular formula C11H20O6. 1H NMR (600 MHz, CD3OD): δ 2.08 (2H, m, H-2), 4.09 (1H, m, H-3), 3.40(1H, dd, J = 8.8, 3.2 Hz, H-4), 3.99 (1H, m, H-5), 1.85(2H, m, H-6), 4.15 (2H, m, H-8), 1.65(2H, m, H-9), 1.41(2H, m, H-10), 0.96 (3H, t, J = 7.4 Hz, H-11). 13C-NMR (150 MHz, CD3OD): δ 76.9 (C-1), 38.3 (C-2), 71.6 (C-3), 76.8 (C-4), 68.1 (C-5), 42.2 (C-6), 175.6 (C-7), 66.3 (C-8), 31.7 (C-9), 20.1 (C-10), 14.0 (C-11). The NMR data were consistent with the literature (Shi et al., 2014).
3.2.2.3 Methyl 5-O-Feruloylquinate (3)
Yellow amorphous powder: (−) HR-ESI-MS, m/z 381.2299 [M-H]−, calculated for molecular formula C18H22O9. 1H NMR (600 MHz, CD3OD): δ 2.02,2.12 (each 1H, m, H-2α,β), 4.14(1H, m, H-3), 3.41(1H, dd, J = 8.6,3.2 Hz, H-4), 5.28(1H, m, H-5), 2.09,2.19(each 1H, m, H-6α, β), 4.03 (3H, s, 7-OCH3), 7.04(1H, d, J = 2.1 Hz, H-2′), 3.69(3H, s, 3′-OCH3), 6.78 (1H, d, J = 8.1 Hz, H-5′), 6.95 (1H, dd, J = 8.2, 2.1 Hz, H-6′), 6.22 (1H, d, J = 15.9 Hz, H-7′), 7.53(1H, d, J = 15.9 Hz, H-8′). 13C-NMR (150 MHz, CD3OD): δ 68.2 (C-1), 38.3 (C-2), 76.8 (C-3), 76.6 (C-4), 72.1 (C-5), 38.1 (C-6), 176.0 (C-7), 58.4 (7-OCH3), 123.0 (C-1′), 116.6 (C-2′), 147.2 (C-3′), 52.4 (3′-OCH3), 146.9 (C-4′), 115.1 (C-5′), 127.7 (C-6′), 149.7 (C-7′), 112.8 (C-8′), 168.3 (C-9′). The NMR data were consistent with the literature (Ida et al., 1993).
3.2.2.4 5-O-p-Coumaroylquinic Acid Butyl Ester (4)
Light brown amorphous powder: (+) HR-ESI-MS, m/z 789.6702 [2M+H]+, calculated for molecular formula C20H26O8. 1H NMR (600 MHz, CD3OD): δ 2.20(2H, m, H-2α, β), 5.28(1H, m, H-3), 3.73(1H, dd, J = 7.5, 3.2 Hz, H-4),4.15(1H, m, H-5), 2.01 (1H, dd, J = 13.3, 6.5 Hz, H-6α), 2.20 (1H, dd, J = 13.7, 3.3 Hz, H-6β), 7.46(1H, d, J = 8.6 Hz, H-2′), 6.81(1H, d, J = 8.6 Hz, H-3′), 6.81 (1H, d, J = 8.6 Hz, H-5′), 7.46(1H, d, J = 8.6 Hz, H-6′), 7.60 (1H, d, J = 16.0 Hz, H-7′), 6.29(1H, d, J = 15.9 Hz, H-8′), 4.12(2H, m, H-1″), 1.64(2H, m, H-2″), 1.41(2H, m, H-3″), 0.95(3H,t,J = 7.4 Hz, H-4″). 13C-NMR (150 MHz, CD3OD): δ 75.9 (C-1), 35.8 (C-2), 72.2 (C-3), 72.7 (C-4), 70.4 (C-5), 38.1 (C-6), 175.5 (C-7), 127.1 (C-1′), 131.2 (C-2′), 115.9 (C-3′), 161.4 (C-4′), 115.9 (C-5′), 131.2 (C-6′), 145.8 (C-7′), 115.2 (C-8′), 168.3 (C-9′), 66.1 (C-1″), 31.7 (C-2″), 20.1 (C-3″), 14.0 (C-4″). The NMR data were consistent with the literature (Osawa et al., 2001).
3.2.2.5 4-O-Caffeoylquinic Acid Methyl Ester (9)
White amorphous powder: (+) HR-ESI-MS, m/z 391.1035 [M+Na]+, calculated for molecular formula C17H20O9. 1H NMR (600 MHz, CD3OD): δ 2.07, 2.20 (each 1H, m, H-2α, β), 4.29 (1H, m, H-3), 4.82 (1H, m, H-4), 4.25 (1H, m, H-5), 2.03, 2.19 (each 1H, H-6α, β), 7.63 (1H,d, J = 15.9 Hz, H-7), 7.07 (1H, d, J = 2.1 Hz, H-2′), 6.78 (1H, d, J = 8.2 Hz, H-5′), 6.97 (1H, dd, J = 8.3, 2.1 Hz, H-6′), 7.63 (1H, d, J = 15.9 Hz, H-7′), 6.36 (1H, d, J = 15.9 Hz, H-8′), 3.75 (3H, s, 7-OCH3). 13C-NMR (150 MHz, CD3OD): δ 76.5 (C-1), 42.2 (C-2), 69.1 (C-3), 78.6 (C-4), 65.7 (C-5), 38.5 (C-6), 175.7 (C-7), 53.0 (7-OCH3), 127.9 (C-1′), 115.2 (C-2′), 146.9 (C-3′), 149.6 (C-4′), 116.5 (C-5′), 123.0 (C-6′), 147.2 (C-7′), 115.4 (C-8′), 169.0 (C-9′). The NMR data were consistent with the literature (Chen et al., 2016).
3.2.2.6 5-O-Feruloylquinic Acid (10)
White amorphous powder: (+) HR-ESI-MS, m/z 391.1035 [M+Na]+, calculated for molecular formula C17H20O9. 1H NMR (600 MHz, CD3OD): δ 2.12 (4H, m, H-2, 6), 4.14 (1H, m, H-3), 3.73 (1H, dd, J = 7.5, 3.1 Hz, H-4), 5.28 (1H, m, H-5), 7.04 (1H, d, J = 2.1 Hz, H-2′), 6.78 (1H, d, J = 8.1 Hz, H-5′), 6.95 (1H, dd, J = 8.2, 2.1 Hz, H-6′), 7.53 (1H, d, J = 15.9 Hz, H-7′), 6.22 (1H, d, J = 15.9 Hz, H-8′), 3.69 (3H, s, 3′-OCH3). 13C-NMR (150 MHz, CD3OD): δ 75.8 (C-1), 38.0 (C-2), 72.1 (C-3), 70.3 (C-4), 72.6 (C-5), 37.8 (C-6), 175.5 (C-7), 53.0 (7-OCH3), 127.7 (C-1′), 115.2 (C-2′), 149.7 (C-3′), 146.9 (C-4′), 116.6 (C-5′), 123.0 (C-6′), 147.2 (C-7′), 115.1 (C-8′), 168.3 (C-9′). The NMR data were consistent with the literature (Menozzi-Smarrito et al., 2011).
3.2.2.7 3,4-Dihydroxybenzenepropionic Acid Methyl Ester (12)
Yellow oily matter: (−) HR-ESI-MS, m/z 195.0631 [M-H]−, calculated for molecular formula C10H12O4. 1H NMR (600 MHz, CD3OD): δ 6.62 (1H, d, J = 2.1 Hz, H-2), 6.66 (1H, d, J = 8.0 Hz, H-5), 6.50 (1H, dd, J = 8.0, 2.1 Hz, H-6), 2.55 (2H, t, J = 7.6 Hz, H-7), 2.76 (2H, t, J = 7.6 Hz, H-8), 3.63 (3H, s, 9-OCH3). 13C-NMR (150 MHz, CD3OD): δ 133.5 (C-1), 116.4 (C-2), 144.7 (C-3), 146.2 (C-4), 116.4 (C-5), 120.5 (C-6), 31.4 (C-7), 37.1 (C-8), 175.4 (C-9), 52.0 (9-OCH3). The NMR data were consistent with the literature (Meng et al., 2014).
3.2.2.8 Quercetin 3-O-β-D-Glucopyranosyl-(1→6)-β-D-glucopyranoside (14)
White amorphous powder: (+) HR-ESI-MS, m/z 627.5396 [M+H]+, calculated for molecular formula C27H30O17.1H NMR (600 MHz, CD3OD): δ 6.21 (1H, d, J = 2.1 Hz, H-6), 6.40 (1H, d, J = 2.1 Hz, H-8), 7.84 (1H, d, J = 2.2 Hz, H-2′), 6.87 (1H, d, J = 8.5 Hz, H-5′), 7.59 (1H, dd, J = 8.5, 2.2 Hz, H-6′), 5.25 (1H, d, J = 7.7 Hz, H-1″), 5.17 (1H, d, J = 7.8 Hz, H-1‴). 13C-NMR (150 MHz, CD3OD): δ 158.5 (C-2), 135.8 (C-3), 179.6 (C-4), 163.1 (C-5), 99.9 (C-6), 166.1 (C-7), 94.7 (C-8), 158.8(C-9), 105.6 (C-10),123.0 (C-1′), 117.8 (C-2′), 145.8 (C-3′), 150.0 (C-4′), 116.1 (C-5′), 123.2 (C-6′), 105.4 (C-1″), 75.8 (C-2″), 78.4 (C-3″), 73.2 (C-4″), 77.2 (C-5″), 70.1 (C-6″), 104.3 (C-1‴), 75.1 (C-2‴), 77.2 (C-3‴), 71.3 (C-4‴), 78.2 (C-5‴), 62.0 (C-6‴). The NMR data were consistent with the literature (Zeng et al., 2020).
3.2.2.9 (7S, 8R)-Urolignoside (19)
White amorphous powder: (+) HR-ESI-MS, m/z 545.1989 [M+Na]+, calculated for molecular formula C26H34O11. 1H NMR (600 MHz, CD3OD): δ 7.03 (1H, d, J = 1.4 Hz, H-2), 3.86 (3H, s, 3- OCH3), 7.14 (1H, d, J = 8.4 Hz, H-5), 6.93 (1H, dd, J = 8.4, 2.0 Hz, H-6), 5.56 (1H, d, J = 5.9 Hz, H-7), 3.45 (1H, m, H-8), 3.68, 3.76 (each 1H, H-9α, β), 6.72 (1H, brs, H-2′), 3.83 (3H, s, 3′-OCH3), 6.74 (1H, brs, H-6′), 2.63 (2H, t, J = 7.5 Hz, H-7′), 1.82 (2H, m, H-8′), 3.57 (2H, t, J = 6.5 Hz, H-9′), 4.89 (1H, d, J = 7.4 Hz, H-1″). 13C-NMR (150 MHz, CD3OD): δ 138.4(C-1), 111.2 (C-2), 151.0 (C-3), 56.8 (3-OCH3), 147.1 (C-4), 116.2 (C-5), 119.4 (C-6), 88.5 (C-7), 55.7 (C-8), 65.1 (C-9), 137.1 (C-1′), 114.2 (C-2′), 143.5 (C-3′), 56.7(3′-OCH3), 145.3 (C-4′), 129.6 (C-5′), 118.0 (C-6′), 32.9 (C-7′), 35.8 (C-8′), 62.3 (C-9′), 102.8 (C-1″), 74.9 (C-2″), 77.9 (C-3″), 71.4 (C-4″), 78.2 (C-5″), 62.5 (C-6″). The NMR data were consistent with the literature (Zhao et al., 2018).
3.2.2.10 N-Butyl-1-O-α-L-Rhamnopyranoside (21)
Colorless oily matter: (−) HR-ESI-MS, m/z 255.8209[M+2H2O-H]−, calculated for molecular formula C10H20O5. 1H, m, NMR (600 MHz, CD3OD): δ 4.65 (1H, brs, H-1), 3.77 (1H, dd, J = 3.4 Hz, H-2), 3.63 (1H, dd, J = 1.7 Hz, H-3), 3.31 (H-4), 3.57 (1H, m, H-5), 1.26 (3H, d, J = 6.3 Hz, H-6) 3.39, 3.67 (each 1H, m, H-1′), 1.57 (2H, m, H-2′), 1.41 (2H, m, H-3′), 0.94 (3H, t, J = 7.4 Hz, H-4′). 13C-NMR (150 MHz, CD3OD): δ 101.7 (C-1), 72.5 (C-2), 74.0 (C-3), 72.4 (C-4), 69.8 (C-5), 18.0 (C-6), 68.3 (C-1′), 32.8 (C-2′), 20.5 (C-3′), 14.2 (C-4′). The NMR data were consistent with the literature (Mallavadhani and Narasimhan, 2009).
3.2.2.11 (Z)-Hex-3-en-1-ol O-β-D-Xylopyranosyl-(1″-6′)-β-D-Glucopyranoside (22)
White amorphous powder; (+) HR-ESI-MS, m/z 417.1705 [M+Na]+, calculated for molecular formula C17H30O10.1H NMR (600 MHz, CD3OD): δ 3.55,3.83 (each 1H, m, H-1), 2.38 (2H, q, J = 7.2 Hz, H-2), 5.39 (1H, dtt, J = 10.8, 5.1, 1.4 Hz, H-3), 5.45 (1H, dtt, J = 12.1, 6.9, 1.4 Hz, H-4), 2.08 (2H, qd, J = 7.4, 1.4 Hz, H-5), 0.97 (3H, t, J = 7.6 Hz, H-6) 4.32 (1H, d, J = 7.5 Hz, H-1′), 4.08 (1H, dd, J = 11.5, 2.1 Hz, H-6′α), 3.74 (1H, dd, J = 11.5, 5.6 Hz, H-6′β), 4.27 (1H, d, J = 7.8 Hz, H-1″). 13C-NMR (150 MHz, CD3OD): δ 70.7 (C-1), 28.8 (C-2), 125.9 (C-3), 134.5 (C-4), 21.6 (C-5), 14.7 (C-6), 104.4 (C-1′), 74.9 (C-2′), 78.0 (C-3′), 71.2 (C-4′), 77.7 (C-5′), 69.8 (C-6′), 105.5 (C-1″), 75.1 (C-2″), 77.0 (C-3″), 71.5 (C-4″), 67.0 (C-5″). The NMR data were consistent with the literature (Iha et al., 2012).
3.2.2.12 Hexenyl-Rutinoside (23)
White amorphous powder: (+) HR-ESI-MS, m/z 408.3348 [M]+, calculated for molecular formula C18H32O10. 1H NMR (600 MHz, CD3OD): δ 3.54,3.83 (each 1H, m, H-1), 2.39 (2H, m, H-2), 5.39 (1H, m, H-3), 5.46 (1H, m, H-4), 2.08 (2H, m, H-5), 0.97 (3H, t, J = 7.8 Hz, H-6) 4.25 (1H, d, J = 7.5 Hz, H-1′), 4.74 (1H, d, J = 1.7 Hz, H-1″), 1.26 (3H, d, J = 6.2 Hz, H-6″). 13C-NMR (150 MHz, CD3OD): δ 70.6 (C-1), 28.9 (C-2), 125.9 (C-3), 134.6 (C-4), 21.6 (C-5), 14.7 (C-6), 104.5 (C-1′), 75.1 (C-2′), 78.1 (C-3′), 71.7 (C-4′), 76.9 (C-5′), 68.1 (C-6′), 102.3 (C-1″), 72.6 (C-2″), 73.6 (C-3″), 74.1 (C-4″), 69.8 (C-5″), 18.1 (C-6″). The NMR data were consistent with the literature (Kil et al., 2019).
3.3 Identity Assignment and Confirmation of the Phenolic Compounds and Saponins in ESL
In the present study, the phenolic and saponin fractions of ESL extracted in Method 2.3 were used as the representative sample for qualitative analysis because of its most comprehensive phenolic and saponins profile. According to the accurate fragmentation law of fragment ions and the literature, 58 compounds (Figure 2; Table 1), including 30 phenols and 28 saponins, were identified. All compounds were divided into three categories: phenolic acids, flavonoids, and saponins.
3.3.1 Phenolic Compounds
To date, phenols in ESL have not been systematically characterized through UPLC-MS/MS. As shown in Table 1, 30 phenolic compounds were identified, mainly divided into phenolic acids and flavonoids based on their structural characteristics. Among them, most of these phenolic acids were composed of one or two caffeic acids and one quinic acid or their derivatives by dehydration condensation, such as compounds 1–8, 11, 17, 18, 22–26, and 28. Generally, due to the readily dissociated ester bond, these phenolic acids were inclined to lose quinic acid moieties (156 Da), caffeoyl (162 Da), feruloyl (176 Da), or coumaroyl moieties (146 Da) in the MS spectra as one characteristic of them. Moreover, the further CO2 (44 Da) and OCH3/CH3 (31/15 Da) loss were other characteristic fragmentation behavior of compounds 2–8, 11, 17, 22–26, and 28 because of the oxygen methyl or carboxyl group in their structures (Ren et al., 2020). For example, the 191 Da, 192 Da, 113 Da, 179 Da, 353 Da, and 367 Da fragment ions in compounds 1–5, 7, 8, 17, 18, 24, and 28 were caused by the loss of caffeoyl, feruloyl, coumaroyl, and/or quinic acid ion. Fragment 135 Da, 338 Da, 179 Da, 299 Da, 149 Da, 163 Da, and 103 Da in compounds 3–4, 8, 26, 23, and 7 were typically obtained by direct loss of CO2 or OCH3/CH3 fragment ions. Chlorogenic acid (1, Figure 5A) and 1,3-dicaffeoylquinic acid (4, Figure 5B) were used as representative phenolic acids to clarify the unique fragmentation pathway in this study.
[image: Figure 5]FIGURE 5 | UPLC-QTOF-MS/MS spectra and the cleavage pathways of chlorogenic acid (A), 1,3-dicaffeoylquinic acid (B), hyperoside (C), ciwujianoside C1 (D), and eleutheroside K (E).
Among the 11 flavonoids rapidly identified (Table 1), all but two flavonoid aglycones belong to the O-glycosyl type. For flavonoid O-glycoside, the most typical fragmentation behavior was C-O bond cleavage, which frequently produced a glycosyl moiety (Huang et al., 2015). In addition, all flavonoids had the same mother nucleus, which was quercetin (302 Da), kaempferol (286 Da), and rhamnetin (316 Da), respectively. Accordingly, compounds 9, 10, 12, and 16 caused the parent nuclear fragment ion 301/300 Da [quercetin-H/2H]− due to the loss of rutinose (308 Da), galactose (162 Da), glucose (162 Da), and rhamnoside (146 Da). The representative fragments [M-H-146–162]− in compound 13 was [kaempferol-H]−, which were obtained by losing one robinobioside (308 Da) group. Similarly, compound 19 lost one galactose (162 Da) to produce fragmentation 315 Da [rhamnetin-H/M-H-162]−. Flavonoid O-glycosides, such as compounds 9, 10, and 12, often showed the loss of C2H4O2 (60 Da), attributed to the split through the sugar moiety. Moreover, the loss of partial division of sugar unit has also been found in some compounds (14, 16, 20) of this type, which might be a characteristic fragmentation behavior of these compounds with splitting through the glycosyl. Due to the reverse Diels–Alder reaction (RDA), flavonoids were trend to produce characteristic fragmentation (CO, 28 Da) behavior (Ren et al., 2020; L.; Xie et al., 2019). Hyperoside (10, Figure 5C) was used as the example of flavonoid O-glycosides and flavones, respectively, to illuminate their characteristic fragmentation pathway.
3.3.2 Saponins
According to the fragmentation features and combined with literature verification (Li et al., 2010), 28 saponins were quickly identified, most of which belonged to the oleanolic acid type. In the positive and negative ion mode, the additive ions of saponins were mainly [M+Na]+, [M+H]+, [M-H]− and [M+HCOO]−. The mother nucleoside fragments were obtained by breaking or continuously breaking O-glycosyl or sugar groups, including glucose (162 Da), rhamnoside(146 Da), glucuronic acid (176 Da), galactose (162 Da), xylose (132 Da), and arabinose (132 Da) and so on. (Xia et al., 2019). In addition, the further characteristic fragment ions such as 191 Da and 174 Da were obtained by RDA rearrangement. For example, peak 43 showed a molecular formula of C52H82O21 (m/z 1087.5569 [M+HCOO]−. The fragment ion m/z 571.3712 [M-Rha-Glc-Glc-H]− indicated that its mother nucleus was 30-noroleanolic acid, when combined with the loss of one rhamnose fragment ion to obtain m/z 941.4941 [M-Rha+HCOO]− and one glucose fragment ion to get m/z 779.4745 [M-Rha-Glc+HCOO]−, which was preliminarily identified as ciwujianoside C1 (Figure 5D). Due to the existence of carboxyl structure, it was easy to lose fragment CO2 (44 Da) and gain m/z 391.1456 [M-Rha-Glc-Glc-Ara-CO2-H]−. A similar process also happened to ciwujianoside K (Figure 5E). Furthermore, the RDA rearrangement and partial loss of sugar phenomenon (Figures 5D,E) often occurred due to the presence of cycloolefin structure in the parent nucleus, which was a common and typical feature of saponins. The identification data of other compounds are shown in detail in Table 1.
3.4 Validation of the Quantitative Analytical Method
In the process of quantitative analysis, the contents of phenols and saponins from 29 different places were evaluated by the content determination of 10 reference compounds, which were selected because of their properties, structure, and content. The linearity, quantitative limit (LOQ), detection limit (LOD), repeatability, precision, stability, and recovery of the UPLC-QTRAP-MS/MS quantitative analysis method were verified. The integral peak area (Y) and concentration (X) of 10 reference compounds in six different concentration standard solutions were analyzed by linear regression analysis. The regression equation, determination coefficient, and linear range of the reference compounds were listed in Table 3. The LOD and LOQ under the present chromatographic conditions were determined at a signal-to-noise ratio (S/N) of about 3 and 10, respectively.
TABLE 3 | The regression equation, linear range, limits of detection, and limits of quantification of 10 reference compounds.
[image: Table 3]Intra-day and inter-day changes were selected to evaluate the precision of the test. For the intra-day difference test, the mixed standard solution was analyzed within 1 day, while for the inter-day difference test, the solution was detected repeatedly in a continuous 3-day cycle. Variations were expressed by the relative standard deviation (RSD). Verification studies showed that the overall intra-day and inter-day variations (RSD) were less than 2.27% and 2.73%, respectively. In the stability test, the contents of 10 components in the sample solution were determined at 0, 2, 4, 8, 12, 24, and 48 h, respectively, and the RSD values were all less than 3.75%. In the repetitive test, the same samples were extracted six times and analyzed as mentioned above. The RSD values of 10 compounds were all less than 2.85%. The accuracy of the method was evaluated by recovery rate. A known amount of reference compounds was added to a certain amount of sample. The mixed solution of the standard was extracted and analyzed by the above-mentioned method. The experiment was repeated three times, and the accuracy of the method was good. The total recovery rate was 95.92%–101.04%, and the RSD was 1.64%–3.72% (Table 4). The results indicated that the determination of phenols and saponins by UPLC-QTRAP-MS/MS had high precision, accuracy, and sensitivity.
TABLE 4 | The recovery of the 10 reference compounds.
[image: Table 4]3.5 Constituents Analysis of Samples
Ten standard compounds in ESL samples from 29 locations were quantitatively determined by UPLC-QTRAP-MS/MS to comprehensively evaluate the contents of phenols and saponins. Each sample was analyzed three times to determine the mean contents (Table 5). The results showed that the contents of these compounds varied greatly among the samples collected from different habitats. The contents of protocatechuic acid (A, 8.41 ± 0.062 mg/g) and chlorogenic acid (B, 19.33 ± 0.392 mg/g) were the highest in S23 and S12, respectively, and methyl 5-O-feruloylquinate (C, 15.41 ± 0.173 mg/g), 3-O-α-L-rhamnopyranosyl-(1→2)-α-L-arabinopyranoside-29-hydroxy oleanolic acid (G, 16.20 ± 0.131 mg/g), 3-O-β-D-glucopyranosyl-(1→2)-α-L-arabinopyranoside-29-hydroxy oleanolic acid (H, 11.86 ± 0.324 mg/g), saponin PE (J, 14.71 ± 0.094 mg/g), and ciwujianoside K (K, 30.60 ± 0.147 mg/g) were the highest in S1. The content of ciwujianoside C4 (I, 36.73 ± 0.582 mg/g) in S2, hyperoside (D, 36.56 ± 0.467 mg/g) and rutin (E, 11.11 ± 0.214 mg/g) in S19 was highest, respectively. Comprehensive analysis showed that the content of phenols in S19 was up to 69.89 ± 1.098 mg/g; the highest content of saponins in S1 was 74.28 ± 0.703 mg/g. This indicated that S19 and S1 will be better choices when these ingredients are required for further research. Cluster analysis (Figure 6) divided 29 locations into five categories. S2, S4, S20, S22, and S28 were the same categories. S1 and S23; S3, S6, S7, S8, S10, S14, S15, and S27; S5, S9, S16, S17, S25, and S29 were one category, respectively, and the rest were one category. These results suggested that different areas have different contents of phenols and saponins.
TABLE 5 | The amounts of 10 reference compounds in ESL from different sources.
[image: Table 5][image: Figure 6]FIGURE 6 | Cluster analysis of ESL from 29 different areas based on the content differences of 10 reference compounds.
3.6 α-Glucosidase Inhibition Assay of ESL
α-Glucosidase inhibition assay was used to evaluate the hypoglycemic property of the extracted parts of ESL, respectively. As shown in Table 6, all extracts showed effective hypoglycemic activity. The results indicated that the hypoglycemic activity of different extracts was different. Among them, phenolic fraction had the best hypoglycemic activity (471.4 ± 17.7 μg/ml), followed by n-butanol (1004.3 ± 30.8 μg/ml), saponins (1094.0 ± 28.4 μg/ml), and alcohol extract (1386.4 ± 44.5 μg/ml). These results might be correlated with phenols content, suggesting that ESL could be a new plant source of natural hypoglycemic.
TABLE 6 | Results of α-glucosidase inhibition assay.
[image: Table 6]4 CONCLUSION
This study established a new rapid and sensitive UPLC-QTOF-MS/MS method to identify phenols and saponins in ESL. Under the optimized conditions, 30 phenols and 28 saponins were detected and identified within 23.0 min via comparing the characteristic fragments of mass spectrometry with the information of the published literature (Figure 2; Table 1). Most phenolic acids were formed by dehydration condensation of one or two caffeic acids and one quinic acid or their derivatives. Due to the dissociation of oxygen methyl, carboxyl, and ester bond in their structures, losing OCH3/CH3 (31/15 Da), CO2 (44 Da), quinic acid (156 Da), caffeoyl (162 Da), caffeoyl (176 Da), or coumaroyl (146 Da) was their main cleavage characteristics. Flavonoids and saponins tended to be O-glycosides, and the most typical fragmentation behavior was the cleavage of the C-O bond. Their mother nucleus was obtained by destroying or continuously destroying O-glycosyl or sugar groups. The glycosyl of flavonoids mainly included rutinose (308 Da), galactose (162 Da), glucose (162 Da), and rhamnoside (146 Da), and saponins mainly lost glucose, rhamnoside, glucuronic acid (176 Da), galactose, xylose (132 Da), arabinose (132 Da), and so on. Because of the reverse Diels–Alder reaction (RDA), flavonoids were apt to produce characteristic fragments (CO, 28 Da), and saponins obtained characteristic ions such as 191 Da and 174 Da. Moreover, partial sugar loss was also a typical common feature of flavonoids and saponins. The exact or complete chemical structures of 30 compounds from the phenolic and saponin fractions of ESL were further clarified by nuclear magnetic resonance spectroscopy, of which 12 (including eight phenols) were isolated from this genus for the first time (Figure 4). To quantitatively determine 10 components in ESL from 29 different areas to evaluate the contents of phenols and saponins, a UPLC-QTRAP-MS/MS method was established. The results showed that the highest contents of phenols and saponins in S19 and S1 were 69.89 ± 1.098 and 74.28 ± 0.733 mg/g, respectively (Table 5). Cluster analysis (Figure 6) divided 29 locations into five categories, suggesting that different areas have different contents of phenols and saponins. The methodological investigation suggested that the established qualitative and quantitative methods could be used to evaluate the quality of ESL. In addition, the α-glucosidase inhibitory activity of phenolic fraction was the highest in vitro (Table 6), indicating that the phenolic content may be related to the hypoglycemic activity. It was suggested that ESL could be developed as a natural potential effective drug or functional food. However, its pharmacological effects in vivo and related mechanisms need to be further studied.
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Herbal drugs or herbal medicines (HMs) have a long-standing history as natural remedies for preventing and curing diseases. HMs have garnered greater interest during the past decades due to their broad, synergistic actions on the physiological systems and relatively lower incidence of adverse events, compared to synthetic drugs. However, assuring reproducible quality, efficacy, and safety from herbal drugs remains a challenging task. HMs typically consist of many constituents whose presence and quantity may vary among different sources of materials. Fingerprint analysis has emerged as a very useful technique to assess the quality of herbal drug materials and formulations for establishing standardized herbal products. Rather than using a single or two marker(s), fingerprinting techniques take great consideration of the complexity of herbal drugs by evaluating the whole chemical profile and extracting a common pattern to be set as a criterion for assessing the individual material or formulation. In this review, we described and assessed various fingerprinting techniques reported to date, which are applicable to the standardization and quality control of HMs. We also evaluated the application of multivariate data analysis or chemometrics in assisting the analysis of the complex datasets from the determination of HMs. To ensure that these methods yield reliable results, we reviewed the validation status of the methods and provided perspectives on those. Finally, we concluded by highlighting major accomplishments and presenting a gap analysis between the existing techniques and what is needed to continue moving forward.
Keywords: herbal medicines, fingerprint analysis, chemometrics, chemical fingerprint, DNA fingerprint
1 INTRODUCTION
Herbal medicines (HMs) or herbal drugs have been known for centuries and empirically used to treat diseases by people across different cultures throughout history. Approximately 40% of the drugs used nowadays are directly or indirectly originated from natural products [plants 25%, microorganisms (13%), animals (3%)] (Calixto, 2019). While herbal medicines are generally perceived to be safer than synthetic drugs, the lack of regulations on HMs, especially in the past, has led to many adverse events (Walji et al., 2009). The contamination and adulteration of HMs also become a major concern (Posadzki et al., 2013). With the growing market of HMs, many countries have provided some regulations and guidance to ensure the safe use of the medicines by the patients or consumers. According to WHO, in 2018 about 90% of member states/countries have had national regulations on HMs (WHO, 2019). Many of these countries have 1) reported the use of national or other pharmacopeias (typically those from Britain, the United States, and Europe) or monographs that include HMs, 2) provided guidance for good manufacturing practices and mechanisms to ensure compliance with the manufacturing requirements, and 3) enforced special regulatory requirements for HMs or similar requirements to those for conventional pharmaceuticals. These regulations or policies are made and put into practice to create a standardized quality of herbal medicines and ensure their safety and efficacy.
The standardization and quality control of HMs involve the physicochemical evaluation of the raw/crude materials, assessment of the stability, efficacy, and safety of the finished products, and provision of product information to ensure the appropriate use by the consumers. To perform the evaluation, macroscopic and microscopic observations on the specimen as well as chemical and biological analyses are typically done. Analytical approaches to this evaluation generally fall into three categories: marker compound analysis or single component analysis (targeted analysis), fingerprinting/profiling, and metabolomic studies (Riedl et al., 2015). Marker compounds are commonly chosen from the abundant compounds in a botanical specimen and used as potency standards. However, the standardization of HMs based on marker compounds often yields unreliable results, especially when the chosen marker is not the biologically active component of the plant (Ruiz et al., 2016). In addition, the therapeutic effects of HMs may result from a complex interaction among various herbal constituents, and thus, a single or a few markers may not be a good predictor of the overall efficacy.
Fingerprinting techniques, on the other hand, interrogate the whole chemical profile of the botanical specimen. In combination with multivariate data analysis or chemometrics, this complex profile can be extracted into a common pattern that correlates with certain biological or pharmacological activities and set as a criterion for assessing the individual material or formulation (Kharbach et al., 2020). Tasks such as differentiating between authentic and adulterated HMs as well as distinguishing the origins of plant species have been performed using fingerprinting techniques (Wang and Yu, 2015; Sima et al., 2018). Chemical fingerprints are often generated using chromatographic techniques such as high-performance liquid chromatography (HPLC) and thin-layer chromatography (TLC) (Fan et al., 2006; Wagner et al., 2011; Custers et al., 2017). However, other techniques such as molecular spectroscopy, mass spectrometry, capillary electrophoresis, and DNA-based methods can also provide chemical or molecular fingerprints for such purposes. This review aimed to evaluate the progress and applications of these various fingerprinting techniques for the standardization and quality controls of herbal drugs.
2 STANDARDIZATION OF HERBAL DRUGS: CURRENT CRITERIA, LIMITATIONS, AND CHALLENGES
Official methods for general standardization of herbal drugs or botanicals have been described by the current compendia and regulatory agencies (EMA, 2011; FDA, 2016; WHO, 2017; Farmakope Herbal Indonesia, 2017; Taiwan Herbal Pharmacopeia, 2019; British Pharmacopoeia, 2020; Hong Kong Chinese Materia Medica Standards, 2020; USP Herbal Medicine Compendium, 2021; USP44-NF39, 2021b, 2021c). Sampling methods for botanical samples have also been described (USP44-NF39, 2021b). The common standardization methods described by those official guidelines are macroscopic/microscopic characterizations, chemical tests, chromatographic fingerprinting, DNA profiling, quantitative determination of certain compounds/markers or a group of compounds, test for chemical contaminants/microorganisms, and physicochemical tests. According to WHO, non-specific chemical tests (e.g., phytochemical screening for alkaloids, flavonoids, terpenes, steroids, saponins, tannins, etc.) must not be applied for the identification (WHO, 2017). The general guidance for the development, validation, and standardization of new or non-official methods of analysis for botanicals/herbs and dietary supplements has been published by the Association of Official Analytical Chemists (AOAC, 2019). In this section, only the specific methods of herbal standardization/validation will be discussed in detail.
Some compendia and reference standards have described comprehensive macroscopic and microscopic characterizations of each of the herbs, including their pictures (Farmakope Herbal Indonesia, 2017; British Pharmacopoeia, 2020; Hong Kong Chinese Materia Medica Standards, 2020). However, due to phenotypic variations between different populations of identical species in commercial samples, these techniques may be insufficient for correct identification. To overcome this problem, the application of a DNA-based approach can be recommended for plant identification/authentication (Klein-Junior et al., 2021). It is worth noting that the DNA-based approach works well for plant authentication, but not for assessing the quality of plant materials. Many external factors can affect the (secondary) metabolites content of a plant both qualitatively and quantitatively. Plants with similar DNA profiles may not produce similar compositions of metabolites. Therefore, a quality control tool solely based on DNA profiling is not recommended. A combination of chemical characterization (both qualitative and quantitative) and DNA profiling/barcoding would serve as a more comprehensive method of herbs identification (Indrayanto, 2018a; Leong et al., 2020).
All the official guidelines described above generally apply high-performance thin-layer chromatography (HPTLC) for the method of identification of the herbs. Detailed HPTLC methods of identification for the article on botanical origins or herbs have been described (USP44-NF39, 2021a, 2021f). TLC identification of each herb, as described in USP, BP, Indonesian Herbal Pharmacopeia, Taiwan Pharmacopeia, USP Herbal Compendium, and Hong Kong Chinese Materia Medica Standards, is generally carried out by observation of the TLC plates under white light and UV light. For example, adulterants of Sclorocarya birrea leaves and leaf products could be visually detected on HPTLC images using white light and UV-366 nm (Do et al., 2020). Retardation factors (Rf) of the target spots, their colors, and intensities can be compared between the sample and the standard. However, this visual observation may show poor reproducibility due to the strong influences of experimental conditions (Klein-Junior et al., 2021). To have more reliable results for the visual identification of botanicals using TLC profiles, a complete and comprehensive method validation should be performed (Reich et al., 2008; Do et al., 2021). The application of densitometry for the evaluation of TLC chromatograms is preferred due to its accuracy and precision. Method validation for the assessment of TLC fingerprinting using HPTLC-densitogram has been reported in which coefficient correlations (R), congruence coefficient (c), similarity index (SI), and dendrogram were applied for evaluating the densitograms of samples and standards (Srivastava et al., 2019). HPTLC-profile plots could also be directly generated using ImageR software after auto processing and enhancing the TLC images by XnView 2.40R freeware, followed by chemometrics evaluation (Ibrahim and Zaatout, 2019). To obtain a more accurate and reproducible assessment of the TLC profile, the application of similarity analysis as described in the Chinese Pharmacopoeia 2015 is recommended (Shen et al., 2021). The applications of HPLC fingerprints for the authentication of Chinese herbs have also been described by Hongkong Chinese Materia Medica Standards. Typical HPLC chromatograms and relative retention time (RRt) of specific compounds are provided in each monograph (Hong Kong Chinese Materia Medica Standards, 2020).
Various analytical techniques can be applied for generating chemical fingerprinting of HMs. These include spectrometric methods (e.g., infrared (IR), near-infrared (NIR), nuclear magnetic resonance (NMR), and mass spectrometry (MS)), chromatographic methods (e.g., HPLC, gas chromatography (GC), HPTLC), and capillary electromigration methods (e.g, capillary electrophoresis (CE)) combined with various detectors. The quality of the fingerprints depends on sample pre-treatment and the selected chemical techniques (Klein-Junior et al., 2021). Typically, the more sophisticated the instruments, the more reliable the results. However, the operational cost for these sophisticated methods could be expensive. These methods also need highly trained personnel and large amounts of reagents and solvents. It is well known that all methods used at a QC laboratory should not only be simple, cost-effective, and fast, but they also need to be accurate and precise. Therefore, direct attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy combined with chemometrics could be recommended as an alternative QC tool to the HPTLC (i.e., the commonly used method in pharmacopeias). The ATR-FTIR requires minimum to no sample preparations. To apply FTIR methods, the availability of official botanical reference materials (BRMs) is crucial (Indrayanto, 2018a). If the BRM is not yet available, the botanical or herb reference materials must be standardized first using liquid chromatography-high resolution tandem mass spectrometry (LC-HR-MS/MS) to evaluate their exact biochemical components.
All official guidelines describe the method of quantification of a certain compound(s) or a group of compounds using spectroscopic and/or chromatographic methods. Minimum concentrations of the compounds are generally described and used as the acceptance criteria. However, these criteria are not appropriate to be applied as a parameter of the quality of herbs (Länger et al., 2018). The assayed compounds/markers must be considered as purely analytical markers without correlation to quality or efficacy. Chemical constituents (compounds) in botanical articles can be categorized as active principles, active markers, analytical markers, or negative markers (USP44-NF39, 2021c). Unfortunately, in all monographs of botanicals in the current USP 44-NF 39, those terms of markers are not described. Only the name of the compounds or a group of compounds and their minimum concentrations or specification range concentrations (for certain preparations) are described by each monograph. Analyzing a certain compound or a group of compounds in herbs will only be useful for QC if the compounds have a direct correlation to the efficacy or toxicity of the herbs. For this purpose, some researchers have recommended new criteria for the QC markers e.g. Herb MarRS system, Q-marker, Bioactive chemical markers, etc., or in general terms referred to as “quality markers” (Indrayanto, 2018a). If an herb is already known for its quality markers, there is no need to evaluate the quality of the herb using the fingerprinting method.
Most commercial herbal drug preparations consist of a mixture of herbs and/or extracts. Therefore, methods for standardization of individual herbs that are described in the Pharmacopeia cannot be applied directly as a quality control (QC) tool for all stages of the manufacturing processes i.e. incoming materials, in-process control, finished product, and sample storage. To obtain a consistent quality of HMs, all stages of the production line need to be evaluated by QC (Indrayanto, 2018a). If the quality marker of each component of the assessed herbal product is known, the QC can be performed by analyzing those markers in all stages of production. However, if the quality markers are not yet known, the QC should be performed by using a combination of fingerprinting methods and chemometrics, both qualitatively and quantitatively. Each batch of a commercial herbal drug should show identical efficacy. Thus, the exact composition of herbs and/or extracts should be determined (Heinrich et al., 2020). For this purpose, the combination of chemical profiling and chemometrics seems to be the method of choice. Generally, a combination of various analytical techniques needs to be applied to the analysis of HM preparations (Muyumba et al., 2021). The authors recommend starting with a sophisticated method to define the exact composition of the HM (e.g., LC-HR-MS/MS or NMR 400 MHz), and then transferring the method to a relatively cost-effective method (e.g., ATR-FTIR, HPTLC, LC-UV/Vis) for routine QC assessment. Procedures for the method transfer have been described in compendia (USP44-NF39, 2021d).
3 FINGERPRINT DATA ANALYSIS USING CHEMOMETRIC APPROACH
Quality assessment of HMs using a combination of fingerprinting and chemometrics is the method of choice if the quality markers are not yet specified. Chemical profiles/fingerprints of HMs obtained by instrumental methods such as LC-MS/MS and 1H-NMR spectroscopy feature similarities and differences among one another. These sets of similarities and differences enable classifications of samples into certain categories, for instance, authentic and adulterated HMs. However, in any HMs, there are a large number of chemical responses from unknown components, which make the data handling challenging. And hence, powerful statistical techniques known as chemometrics are typically employed to treat these large chemical data (Nikam et al., 2012). The combination of chemical fingerprints and chemometrics enables accurate identification of samples even if the samples do not contain chemically characteristic constituents at exactly similar concentrations.
Chemometrics can be defined as the utilization of statistics and mathematics to analyze chemical data (Rohman and Putri, 2019). The International Chemometrics Society defined chemometrics as “the science of relating chemical measurements made on a chemical system to the property of interest (such as concentration) through the application of mathematical or statistical methods” (Huang et al., 2015). Chemometrics is widely applied to chemical data obtained from measurements using spectroscopic and chromatographic methods (Rohman and Windarsih, 2020). Chemometrics of classification is the most common chemometrics technique applied in fingerprint profiling of HMs. The aim of classification chemometrics is to correlate the chemical data or variables obtained from instrumental measurements to a discrete value of a property the analyst wishes to predict (Biancolillo and Marini, 2018). These techniques include exploratory data analysis and pattern recognition (either supervised or unsupervised) (Figure 1). Exploratory data analysis and unsupervised pattern recognition can be applied to reduce the amount of original data and gain a better understanding of the chemical data sets (Berrueta et al., 2007). Multivariate calibrations can be used for building the prediction models for the analyte(s) of interest. The most popular multivariate calibrations applied in standardization and quality controls of HMs included principal component regression, partial least squares regression (PLSR), and multiple linear regression (MLR) (Singh et al., 2013).
[image: Figure 1]FIGURE 1 | The chemometrics classification techniques widely applied for the identification of objects. Reproduced from (Rohman and Windarsih, 2020) under the terms and conditions of the Creative Commons Attribution (CC BY) license. PLS-DA = partial least squares discriminant analysis, SIMCA = soft independent modeling of class analogy.
Principal component analysis (PCA) is widely used for exploratory data analysis. PCA is capable of reducing the dimensionality of the datasets and increasing the interpretability of the data while retaining the most important piece of information of the datasets (Jollife and Cadima, 2016). This task is achieved by generating principal components (PCs) as an orthogonal linear transformation that considers variances from different variables in the data (Rawat et al., 2021). Unsupervised pattern recognition algorithms such as similarity analysis (SA) and hierarchical clustering analysis (HCA) are also commonly applied. SA can be applied to classify HMs samples based on the correlation and congruence coefficients. If the correlation and congruence coefficients are close to 1, it can be stated that the two fingerprints are similar (Chuchote and Somwong, 2019). HCA, on the other hand, can be performed to reveal the highest similarity within a cluster and the highest dissimilarity among clusters (Chuchote and Somwong, 2019).
Supervised pattern recognition algorithms are typically used to generate classification models and determine which class a sample belongs to. Classification models are built based on data obtained from chemical measurements of known samples. Unknown samples are then assigned to a previously determined class based on the similarity of chemical properties between the sample and the known class members. Supervised pattern recognition algorithms such as linear discriminant analysis (LDA), partial least squares discriminant analysis (PLS-DA), soft independent modeling of class analogy (SIMCA), artificial neural networks (ANN), k-nearest neighbors (KNN), and least squares-support vector machine (LS-SVM) are often applied in HM authentication (Huang et al., 2015). LDA can maximize the distance between classified samples or groups, enabling better differentiation among HM classes (Luo and Shao, 2013). In the case of the number of samples is less than the number of measured variables (often referred to as ‘ill-conditioned), PLS-DA can be applied to improve the capability of the predictive models to classify the samples (Razmovski-Naumovski et al., 2010). By applying PCA to each class, SIMCA classification can be generated to produce predictive models using the significant components only (Qu and Hu, 2011). KNN algorithm places samples and their relative distances among one another based on the level of similarity (Harrison). Similar things exist in proximity and vice versa. Another supervised method, LS-SVM which is based on the theory of statistical learning using classification and regression techniques, can also be employed in HM fingerprint profiling (Samui and Kothari, 2011).
3.1 Validation of Chemometrics Techniques
Chemometrics is mainly based on the application of empirical models intended for building predictive models either for qualitative (classification) or quantitative (calibration) purposes. The experimental measurements could provide large data containing a lot of information which allows the analyst to make the predictions of one or more properties of interest. The selection of an appropriate chemometrics model and the way to verify the model reliability are fundamental aspects to consider. The chemometrics strategies for performing these tasks are collectively referred to as validation. Validation aims to evaluate whether reliable conclusions can be drawn from the chemometrics modeling (Brereton et al., 2018). During the validation process, it is suggested to include some criteria such as the appropriateness of the chemometrics model, the adequacy of computational calculations used in the fitting procedure, the statistical reliability of models, and the generalizability of any resulting interpretations (Westad and Marini, 2015).
To assess the performance of the developed models, some diagnostic parameters based on the model or the calculation of residuals (i.e., differences between actual and predictive parameters) are often used as error criteria. Validation of chemometrics models can be performed using two approaches, internal validation (cross-validation) and external validation (Miller and Miller, 2018). Cross-validation is required to avoid overfitting the model. Cross-validation is based on the repeated resampling of the dataset into the sub-sets of training and testing. In multivariate calibration models, this validation is typically done using the leave-one-out technique. In this technique, one of the calibration samples is taken out and the remaining calibration samples are used to establish a new calibration model. The removed sample is then evaluated using the newly established model. This process is repeated to evaluate each calibration sample. Cross-validation can be chosen if the number of the evaluated samples is small and it is not feasible to build an external test set. The main disadvantage of cross-validation is that the resulting estimates may still be biased because the calibration and validation datasets are never completely independent. External validation employed two separate data sets for the calibration and validation. In this approach, the residuals are calculated from independent samples which mimic how the developed model will be routinely used. Therefore, this strategy is recommended whenever possible (Biancolillo and Marini, 2018). The validation approach should be selected based on the sample size (Kos et al., 2003). When the dataset or number of samples is small (less than 50), cross-validation is preferred, while external validation should be used if the number of samples is more than 50.
To evaluate the classification chemometrics, some performance characteristics including sensitivity, specificity, precision, accuracy and model efficiency are used (Oliveri and Downey, 2012; Oliveri et al., 2020):
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where TN is true negative, TP is true positive, FN is false negative, and FP is false positive. A parameter known as Matthews’s correlation coefficient (rM) can also be used as a comprehensive evaluation of model efficiency which considers all four possible outcomes (i.e. TP, TN, FP, and FN).
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Some statistical parameters typically used for the performance characteristics are coefficient of determination (R2) and root mean square error (RMSE). R2 determines the relationship between two variables: actual values and predicted values from the instrument (accuracy). The precision of the validated analytical method is assessed by root mean square error of calibration (RMSEC) for error evaluation in the calibration model and root mean square error of prediction (RMSEP) for error evaluation in the prediction model. RMSEC and RMSEP can be obtained using the following equations:
[image: image]
[image: image]
M and N are the numbers of samples used in calibration and validation, respectively. Yi and [image: image] are the predicted and actual values, respectively. Root mean square error of cross-validation (RMSECV) is used to express RMSEC if cross-validation using the leave-one-out technique is used.
For qualitative identification of HM, validation samples should consist of specified inferior test material (SITM) and specified superior test material (SSTM) (AOAC, 2019). SITM is a botanical (herb) mixture that has the maximum concentration of target material (herb) that is considered unacceptable (negative result) as specified by its standard method performance requirements (SMPR). SSTM is a mixture of herbs that has the minimum concentration of the target herb that is considered acceptable (positive result). The detailed procedure can be found in the AOAC guidelines (AOAC, 2019). BRM of each specified herb should be used for preparing SITM and SSTM. The availability of authentic herb/botanical reference materials and/or stable standardized mixtures of herbs and/or extracts with exact compositions as validation samples are crucial for qualitative and quantitative assessment of HMs using chemical profiling or fingerprinting (Wulandari et al., 2022).
General official validation methods for chemometrics analysis have been described in USP 44-NF39 general chapter (1039) Chemometrics (USP44-NF39, 2021e) and EP 10.0, 5.21 Chemometrics methods applied to analytical data (European Pharmacopoeia, 2021). Quantitative methods of analysis using chemometrics should be validated in two steps. First, calibration models are evaluated based on the R2, RMSEC or RMSECV, and RMSEP (European Pharmacopoeia, 2021; USP44-NF39, 2021e). If the model meets the requirements of the analytical target profile, then the validation can be continued to step 2, which is the evaluation of general validation parameters of drugs (i.e., accuracy, precision, and robustness). This evaluation should be performed according to the general chapters of the USP 44-NF 39 (1225) (USP44-NF39, 2021 h), (1210) (USP44-NF39, 2021 g), and/or the AOAC guidelines (AOAC, 2019). Unfortunately, many published works do not report the method validation completely, as described in Tables 6, 7, and 8 of our recent book chapter (Wulandari et al., 2022). Without method validation, the reliability of the reported data cannot be ascertained. Detailed discussions regarding the development, validation, and standardization of analytical methods (qualitative and quantitative) using chemometrics have been previously described (Rohman and Windarsih, 2020; Wulandari et al., 2022).
4 APPLICATIONS OF FINGERPRINTING METHODS
Due to their separation capability, FDA and the European Medicines Agency recommend chromatographic techniques for the standardization of HMs. Consequently, many chromatographic methods have been developed for fingerprinting/profiling different HMs samples in the past decades. Among these, TLC, HPTLC, HPLC, LC-MS/MS, capillary electrophoresis, and GC equipped with several detectors were used (Sima et al., 2018). Vibrational spectroscopy and NMR spectroscopy combined with chemometrics have also emerged as analytical tools for the standardization of HMs. Vibrational spectroscopy (VS) methods including FTIR, NIR, and Raman spectroscopy generate spectra containing useful information for the standardization of HMs and have been widely used (Moros et al., 2010). VS methods are rapid and the generated fingerprint spectra can be treated using chemometrics to yield more interpretable results for answering different biological questions (Wang and Yu, 2015; Rohaeti et al., 2021). NMR spectroscopy has also emerged as a powerful analytical technique for the QC of HMs because it can be used for simultaneous and rapid analysis of primary or secondary metabolites with good sensitivity (Kim et al., 2010; Imai et al., 2020). Chemical fingerprints can also be obtained from MS spectra which readily provide information on the presence of certain metabolites or elements within the HM samples based on their masses (Yang and Deng, 2016). Besides chemical fingerprints, molecular fingerprints from the plant DNA can serve as a great authentication and standardization tool (Zhokhova et al., 2019). Some advantages and disadvantages of these different methods in combination with chemometrics are shown in Table 1.
TABLE 1 | Advantages and disadvantages of fingerprinting methods for the standardization and quality control of herbal medicines.
[image: Table 1]4.1 Spectroscopic Fingerprinting
FTIR and NMR spectroscopies are commonly used for QC and herbal authentication through fingerprint profiling. FTIR is one of the most commonly used spectroscopic techniques, which can detect microgram levels of samples (Arendse et al., 2021). FTIR spectroscopy operates in the mid-IR region which corresponds to wavenumbers of 4,000–400 cm−1. Functional groups of HM components can absorb IR photons at specific frequencies (or wavenumbers), resulting in fingerprint spectra that can be used for herbal authentication (Azlah et al., 2020). To assist data interpretation, chemometrics tools, mainly exploratory data analysis and pattern recognition, can be used.
The QC of different extracts of Sonchus arvensis (known locally in Indonesia as Tempuyung) was successfully carried out by FTIR spectroscopy combined with chemometrics (Rafi et al., 2021). PCA was used for the classification of the extracts, while PLS was applied for finding functional groups responsible for the antioxidant activity. FTIR spectra at combined wavenumbers of 3,200–2,800 cm−1 and 1800–400 cm−1 that were previously subjected to pre-processing using standard normal variate provided distinct clusters for the different extracts. PC1 and PC2 described 95% of the total variance within the dataset (PC1 and PC2 explained 79% and 16% of the variance, respectively). According to the loading plot of the PLS regression, the O–H (at 3,500–3,300 cm−1) and C–O (at 1,205–1,124 cm−1) bonds, which are attributed to the phenolic compounds, gave a significant contribution to the antioxidant activity of S. arvensis leaf extracts. A similar approach was also used for the QC of Phyllanthus niruri plants that were grown at different altitudes (Kartini et al., 2021).
ATR-FTIR and Raman spectroscopy have been used for the QC of turmeric that was adulterated with metanil yellow (MY), a toxic azo dye (Dhakal et al., 2016). Due to its similar appearance to turmeric, MY may be added to turmeric powder. FTIR spectra at 650–4,000 cm−1 can be used to detect the presence of MY in turmeric. Peaks between 1,628–1740 cm−1 were specific to turmeric. These peaks are correlated to the vibration of carbonyl groups, which are absent in MY. Moreover, the peak at 1,140 cm−1 was specific to MY and demonstrated a linear correlation between the actual and predicted concentrations of MY (R = 0.95). Raman spectroscopy at 100–3,700 cm−1 could also be used for the quantification of the adulterant. A Raman peak at 1,406 cm−1 showed a linear correlation (R = 0.93) between the actual and predicted concentrations of MY. FTIR could detect MY at 5% concentration, whereas Raman could detect down to 1%. However, the performance characteristics including accuracy and precision were not stated. Both parameters are required to assess systematic and random errors, respectively.
Proton (1H) and carbon (13C) NMR spectroscopy are extensively applied for the QC of HMs due to the unique fingerprints generated from the interaction between molecules and certain radio waves. This interaction results in changes in the spin direction. With the development of two-dimensional (2D) NMR techniques such as J-resolved, heteronuclear single quantum correlation, and heteronuclear multiple bonds correlation, the techniques have the potential to be standardized as analytical fingerprinting techniques for HM standardization (Sun et al., 2018).
NMR combined with chemometrics have been applied to classify HM samples based on their geographical origins. Recently, the suitability of 1H-NMR coupled with PCA and orthogonal PLS-DA (OPLS-DA) was reported for the differentiation of three Curcuma species namely C. longa, C. xanthorrhiza, and C. manga from different origins in Indonesia (Nurani et al., 2021). There are 14 metabolites identified from the 1H-NMR spectra that are responsible for generating the classification model. These metabolites include curcuminoids (curcumin, dimethoxy- and bis-desmethoxycurcumin), some carbohydrates, and amino acids. In addition, NMR in combination with PCA and OPLS-DA could differentiate C. longa, C. xanthorrhiza, and C. manga from different origins as shown in Figure 2. The validation results, as carried out using the permutation test, indicate that the developed model demonstrated goodness of fit (R2 value >0.8) and good predictivity (Q2 >0.45).
[image: Figure 2]FIGURE 2 | Partial least square-discriminant analysis (PLS-DA) score plot (A), orthogonal projections to latent structures-discriminant analysis (OPLS-DA) score plot (B), OPLS-DA S-line correlation plot (C), and receiver operating characteristic (ROC) curve (D) for differentiation and classification of C. longa (CL), C. xanthorrhiza (CX), and C. manga (CM) from different origins. Reproduced from Nuraini et al. (2021) under the terms of Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
Another geographical classification was reported for Asian red pepper powders that were distributed in Korea (Lee et al., 2020). Analysis of the 1H-NMR spectra showed that several metabolites played significant roles in differentiating the samples. For example, higher tyrosine and alanine contents were found in samples from Vietnam, whereas the quantities of a-glucose, ß-glucose, adenosine, and tryptophan were higher in samples from Korea. Using canonical DA, 15 blind samples were correctly classified and one sample from China was misclassified due to the high contents of a-glucose and ß-glucose. Difference in sugar contents between HMs was also reported from serrano pepper grown in two areas in Mexico: Veracruz and Oaxaca (Becerra-Martínez et al., 2017). There was a distinct difference in the concentrations of metabolites including glucose, fructose, sucrose, and citrate between the two sample groups. In addition, lactate was only present in samples from Oaxaca whilst succinate was only detected in Veracruz samples. Differentiation using PCA provided R2 and Q2 values of 0.936 and 0.875, respectively. A better classification was obtained with OPLS-DA with R2X = 0.923, R2Y = 0.999, and Q2 = 0.996. NMR in combination with PCA and OPLS-DA is also successful for the classification and authentication of C. xanthorrhiza from adulterant of C. aeruginosa. The decreased contents of curcumin as determined by HPTLC in adulterant levels of ≥40% of C. aeruginosa in C. xanthorrhiza rhizome could indicate the adulteration practice of C. xanthorrhiza with other rhizomes. Morever, OPLS-DA is successfully applied for the classification of pure and adulterated C. xanthorrhiza with higher R2X (0.965), R2Y (0.958), and Q2 (cum) (0.93) as shown in Figure 3 (Rohman et al., 2020).
[image: Figure 3]FIGURE 3 | The orthogonal projections to latent structures-discriminant analysis (OPLS-DA) score plot of pure and adulterated C. xanthorrhiza with C. aeruginosa (A) and permutation test of OPLS-DA model (B). Reproduced from Rohman et al. (2020) under the terms of Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
Using an appropriate selection of variables obtained from molecular spectroscopic measurements (NIR, FTIR, NMR) and suitable chemometrics techniques, quality and standardized HMs can be obtained. In addition, the combination of chemometrics and spectral datasets is a proven tool to authenticate HMs from adulterants and assure the geographical origins of the HMs. Authentication by spectroscopic methods must be accompanied by the analysis of certified reference herbal materials or product formulations containing similar compositions to those of raw materials or products being investigated (Coskun et al., 2021).
4.2 Chromatographic Fingerprinting
Due to the complexity of plant materials and their extracts, chromatographic methods (e.g., TLC, HPLC, and GC) coupled with spectroscopic detectors (UV/diode array detector (DAD), MS, NMR) are mostly applied as standardization methods of herbal drugs. Since different compounds could have identical UV spectra, MS or HR-MS/MS becomes the detector of choice. While LC-NMR can also be applied, the cost of analysis using this instrument could be expensive. Some recent reviews (2020–2021) discussing the application of a combination of chromatographic fingerprinting and chemometrics for the quality assessment of herbal drugs have been published (Balekundri and Mannur, 2020; Li et al., 2020b; Kharbach et al., 2020; Shen et al., 2020; Klein-Junior et al., 2021). Generally, the objectives of fingerprinting methods are 1) to determine seasonal and geographical locations, 2) taxonomic identification, 3) assessment of extraction processes, and 4) quality control and authentication of the herbal drugs (Kharbach et al., 2020). If the chromatographic fingerprint of an herbal drug is identical to its botanical reference material or standardized extract, it can be assumed that the herb shows a phyto equivalence to the standard (Sahoo et al., 2010). Phyto equivalence means the bioactivities and/or toxicities of the herbal drug are identical to its standard based on the similarity of their metabolite contents. Therefore, chromatographic fingerprinting can be applied as a standardization tool for ensuring the efficacy and safety of herbal drugs if their quality markers have not been yet specified.
Chromatographic fingerprinting can be categorized into characteristic chromatograms and fingerprints. A characteristic chromatogram is a chromatogram that allows the selection of one or several components/peaks as an identification marker for the quality control of HMs. Fingerprint analysis is a semi-quantitative analysis based on the whole peaks or components in the samples. Both methods are described in the Chinese Pharmacopoeia 2015 (Shen et al., 2020). Most of the current Pharmacopoeias, as described in Section 2, applied HPTLC fingerprints for the identification of herbs. The accuracy of the fingerprint as a standardization tool depends on the instrument, the more sophisticated the instrument the more accurate the fingerprints are. To our knowledge, LC-HR-MS/MS is the most accurate method for performing chromatographic fingerprinting. GC-MS is the method of choice for thermo-stable samples. For complex samples, pre-treatments using headspace solid-phase microextraction (HS-SPME) can be applied (Balekundri and Mannur, 2020).
The drawbacks of chromatography are time-consuming sample preparation and/or extraction prior to chromatographic measurements (Li et al., 2020b). The extraction method could affect the metabolite profile of the samples. Thus, the selection of extraction solvents is crucial. The stability of the metabolites in the selected solvents must also be evaluated. The stability of metabolites can be evaluated by calculating the similarity values (i.e., R and c must be close to 1), performing PCA on the chromatograms, and observing variation/relative standard deviation (RSD) in the retention time of 5–10 important peaks of the QC samples (tight clustering) that are stored for a certain time. For example, the metabolites are considered stable if the RSD of the Rt is less than 5% (Indrayanto, 2018b). Bingbing et al. recently studied the stability of herbal extracts at 0, 4, 6, 8, 12, and 24 h time intervals (Bingbing et al., 2021). Six peaks in the GC-MS total ion chromatogram were selected as markers for determining the retention time (Rt) and peak area (PA). RSDs of the Rt and peak area from the 6 peaks were <0.04% and <10%, respectively. For the validation of chromatographic fingerprinting methods, precision (intra- and inter-day) should be then evaluated using QC samples if the stability of QC samples can be confirmed (Indrayanto, 2018b).
The raw data of the first order chromatographic fingerprinting (Rt/Rf vs intensity of detector response) should undergo pre-processing prior to further evaluation using chemometrics. Some of these pretreatments include baseline correction, smoothing, and peak alignment. Numerous approaches for peak alignment and retention-time correction, including correlation optimized warping, parametric time warping, target peak alignment, dynamic time warping, fuzzy warping, and semi-parametric time warping, have been generally applied (Li et al., 2020b; Kharbach et al., 2020). Examples of chromatographic methods applicable for the first-order chromatographic fingerprinting are HPLC-fixed UV/Vis, HPLC-evaporative light scattering detector (ELSD), HPLC-refractive index detector (RID), GC-flame ionization detector (FID), HPTLC-densitometry. However, the identity and purity of the observed peaks cannot be confirmed absolutely by the first-order fingerprint method. Peaks that have identical Rt or Rf do not necessarily represent identical compounds, and a single peak may contain more than one compound.
Second-order chromatographic fingerprints can be obtained using HPLC-DAD, LC-MS, and GC-MS. The data consist of pair data of Rt or mass-per-charge (m/z) or wavelength vs intensity. Because many structurally related compounds have similar UV/Vis spectra, the applications of HPLC-DAD fingerprinting have limitations (Klein-Junior et al., 2021), leaving LC-MS as the method of choice. LC-MS fingerprint data are typically processed as follows prior to chemometrics analysis: 1) determining molecular features, then 2) retention time alignment, 3) bucketing, 4) filtering, scaling, normalization, and finally 5) data analysis (Indrayanto, 2018b). Automatic time alignment of Rt-m/z pairs for certain time intervals and mass ranges (e.g. 100–1,000 Da) can be performed using software supplied with the LC-HRMS instrument. Data can be grouped automatically into buckets with Rt-m/z pairs (x minutes-a Da) with a mass tolerance of b Da (Ratih et al., 2019). Detailed methods for processing and bucketing the raw LC-MS data have been discussed in a previous publication (Thiele et al.). Recently, a new algorithm based on sub-window factor analysis (SFA)-HRMS for peak alignment of LC-HR-MS data was proposed (Zeng et al., 2021). Initially, region of interest (ROI) searching and fuzzy matching are combined to transform the raw data sets into equidistant matrices effectively. Protocols for data pre-treatment, processing, and validation for chromatographic fingerprinting using LC-MS and GC-MS have been described in detail in previous publications (Want et al., 2010; Blaise et al., 2021).
Third-order chromatographic fingerprints can be generated by using LC-MS/MS, GC-MS/MS (Rt, m/z1, m/z2), or 2D-LC/GC-DAD/MS (data: Rt1, Rt2, wavelength, or m/z) (Li et al., 2020b). Algorithms and workflows for effective chromatographic fingerprinting are available within the majority of commercial software packages dedicated to GCxGC and other comprehensive two-dimensional chromatography platforms (Stilo et al., 2020). The theory, experiments, and various chemometrics processing methods of multi-way chromatographic methods (e.g., 2D-LC- DAD/MS, 2D-GC-MS, GC-MS/MS, three-dimensional (3D)-GC-MS) have been previously discussed (Escandar and Olivieri, 2019). The application of multivariate curve resolution-alternating least-squares (MCR-ALS) and parallel factor analysis (PARAFAC) for multi-way chromatographic methods have also been recently reviewed (Anzardi et al., 2021).
Qualitative and quantitative chromatographic fingerprinting methods can be applied as QC tools in all stages of herbal drugs production i.e., incoming materials, in-process control, finished products, and stored samples (Indrayanto, 2018a). As described in Section 2, the official identification method for herbs (incoming materials) is comparing the HPTLC fingerprint of the samples to the authentic standards or BRMs visually. Due to some limitations in visual observation, evaluation of the chromatographic fingerprints by calculating similarity values (R, c) and/or multivariate analysis (PLS-DA, SIMCA, LDA, etc.) is more recommended. The application of second-order chromatographic fingerprinting (GC-MS, LC-MS) will yield more accurate results for herb identification.
To have the best consistency in each production batch, the composition of herbs/extracts should be evaluated qualitatively and quantitatively for every stage of the production process (Heinrich et al., 2020; Wei et al., 2020). The quality assessment of herbal drug preparations is typically not easy due to the complex nature of the metabolite contents and their possible variation. It is well known that many external factors can affect the metabolite contents qualitative and quantitatively. Extraction methods and material processing could also affect the stability of the metabolites. The availability of BRMs and stable standardized extracts are crucial for the quality assessment of each stage of herbal drug production. Some recent publications on the application of chromatographic fingerprinting for QC assessment of herbal drugs during their production are discussed below.
Yan et al. proposed the applications of macro qualitative similarity (Sm) and macro quantitative similarity (Pm) for evaluating the compositions (qualitative, semi-quantitative) of the herbal drug preparations during production using HPLC-UV fingerprint (Yan et al., 2021). Reference fingerprint (RFP) of the standard preparation (SP) was used. Establishing an SP for an herbal drug requires multi-source raw materials or preparations; generally, not less than 15 batches of samples for a single raw material and 100 batches of samples for a herbal preparation. A qualified product requires its Sm ≥ 0.90, 80% ≤ Pm ≤ 120%, and qualified content of markers. The standard value of RFP should be Sm ≥ 0.95 and Pm ≈ 100. Yao et al. applied a multi evaluation method for a non-prescription herbal drug mixture using ultra-performance liquid chromatography (UPLC) fingerprinting at 254 nm, compound identification via UPLC-triple time of flight (Triple-TOF)-MS analysis, and quantitative determination of the compounds via UPLC-UV-254 nm (Yao et al., 2019). Although similarity levels of the fingerprints were 0.935–0.984, PCA using 7 detected compounds showed 2 clusters. These results showed that the application of first-order chromatographic fingerprinting has limitations. Ji et al. compared the profiles of compounds in traditional Chinese medicine (TCM) tablets and their herbal components using 2D-LC-quadrupole-TOF (q-TOF) MS (Ji et al., 2018). Fifty-four compounds were identified from the total 465 peaks found in the tablet samples. Twelve out of 465 peaks could not be found in the chromatograms of the herbal components, suggesting further investigation on the compatibility of the herbal components. Differences in LC-q-TOF MS profiles of raw materials and processed Chinese herb preparation have also been reported (Li et al., 2021). These differences affected the disposition of metabolites in an in-vivo study using rats. Another group (Li H. et al., 2020) applied multiple fingerprint profiling of polysaccharides in Chinese traditional drugs using FTIR, HPLC-UV, and size exclusion chromatography (SEC)-RID for quality determination. Twelve batches of these herbal drugs showed a high degree of similarity. Unfortunately, the authors did not discuss the advantages of using fingerprints from polysaccharides in comparison with those from the whole metabolites. Zhao et al. studied the LC-MS profiles and anti-proliferative effects of 22 commercial gingers (Zhao et al., 2020). These data were then evaluated using PCA. The study demonstrated that variation in the fingerprint profiles that results from differences in chemical compositions could have a significant impact on the efficacy and bioactivity of the ginger extracts.
The discussions above show that the quality assessment of herbs and/or plant extracts for research and QC purposes can be only well performed using chromatographic fingerprinting if the authentic BRM and/or standardized extract are available and possess desired pharmacological activities. Identical chromatographic fingerprints mean the sample is phyto equivalent to its standard (Sahoo et al., 2010). It would also be useful if the regulatory agency in each country could produce official BRMs for all herbs. Due to many environmental factors that can affect the metabolite contents, the application of official BRMs from other countries is not recommended (Bensoussan et al., 2015; Indrayanto, 2018b). For QC in the production lines, pharmaceutical industries should develop a standardized mixture of herbs and/or extracts with exact compositions. Without these standardized mixtures, it is impossible to have herbal drugs with consistent efficacy. Further research should be conducted to determine the quality markers of each herb/product to avoid the need for performing chemical profiling at the QC laboratories in pharmaceutical industries.
4.3 Electrophoretic Fingerprinting
Fingerprinting using electrophoresis presents great advantages for the analysis of complex herbal medicines due to its separation capability. Electrophoretic techniques have been used for decades to assist both molecular and chemical fingerprinting. Charged molecules such as nucleic acids and metabolites can be well separated using these techniques to obtain fingerprints (Shen et al., 2019; Gong et al., 2021). Gel electrophoresis using agarose or polyacrylamide gel is often employed to quickly confirm the presence of certain amplification products or perform sequencing in DNA barcoding and fingerprinting (Shen et al., 2019; Hadipour et al., 2020). Capillary electrophoresis (CE) has also been extensively explored in chemical fingerprinting for the standardization and quality control of herbal medicines (Johnson and Lunte, 2016; Gong et al., 2021).
CE has been used for fingerprint analyses of various raw materials and products containing medicinal plants such as Ginkgo biloba (Johnson and Lunte, 2016), Smilax glabra Roxb. (Zhang and Cheung, 2011), Carthamus tinctorius L.(Sun et al., 2003), Scutellaria baicalensis (Yu et al., 2007; Wang Y. et al., 2014), Dendrobium candidum (Zha et al., 2009), Glycyrrhiza uralensis (Ma et al., 2017; Gong et al., 2021), etc. Gong et al. recently reported a quality evaluation of Compound Liquorice Tablets (a Western-Chinese herbal preparation containing liquorice extract, powdered poppy, camphor, star anise oil, and sodium benzoate) using CE with UV detection (Gong et al., 2021). Tablets were ground, dissolved in 0.5% phosphoric acid-acidified methanol-water (80:20 v/v) mixture, filtered, and subjected to CE separation using a fused silica capillary at 15 kV separation voltage and 25 mM sodium tetraborate: acetonitrile (5:1) background electrolyte.
The composition of background electrolyte (BGE) plays a pivotal role in fingerprint analysis using CE. The electrophoretic mobility of the analytes is dictated by the hydrated radius and overall charge of the molecules. Therefore, buffered solution at a certain pH is often used as a component in BGE to protonate or deprotonate neutral molecules. For example, the pH of the BGE may be set in the range of 8.7–10.0 using borate buffer in the analysis of HMs containing flavonoids and phenolic compounds so that the compounds will carry at least one negative charge (Chen et al., 2011; Johnson and Lunte, 2016; Roblová et al., 2016). In addition to providing buffering capacity in this pH range, borate can form complexes with the phenolic compounds and increase their overall sizes and effective charges (Johnson and Lunte, 2016). For example, Johnson and Lunte used 25 mM ammonium biborate in 10% methanol (pH 9.3) to perform CE separation of 14 flavones, flavanones, and flavonols with similar structures and several representative glycosides from plants (Johnson and Lunte, 2016). Acidic BGE such as a mixture of methanol-acetonitrile (85:15 v/v) containing acetic acid 0.5% and ammonium acetate 90 mM was reported for the analysis of alkaloids from Amaryllidaceae (Gotti et al., 2006). Under this condition, the alkaloids (i.e., galanthamine and haemanthamine) are protonated and can be resolved from one another using CE. In another experiment on CE fingerprinting of alkaloids from Sophora flavescens (Hou et al., 2019), coordination additives were found to play a larger role in CE separation than pH condition does. The additives possibly assisted the boron anion complexation with alkaloids, enhancing the differences in mobility among analytes.
Similar to chromatographic fingerprints, qualitative and quantitative analysis using CE fingerprints can be performed in multiple ways. One of the reported approaches is classification into several quality grades based on the quantitative fingerprinting method (QFM). In this method, the similarity of a sample to reference material is evaluated based on several criteria and then the sample is assigned to one of the 8 grades (i.e., 1 = best, 2 = better, 3 = good, 4 = fine, 5 = moderate, 6 = common, 7 = defective, and 8 = inferior) based on the similarity level (Liu et al., 2015; Gong et al., 2021). Samples that fall into grades 1–5 are considered qualified. QFM typically uses 3 criteria to determine the quality grade of the sample: 1) qualitative similarity, which represents the similarity in the number and distribution of fingerprint peaks between the sample and reference, 2) quantitative similarity, which reflects the similarity in the overall content of the fingerprints, and 3) fingerprint variation coefficient, which represents the qualitative variation/dissimilarity of the fingerprints (Liu et al., 2015). Based on how these 3 criteria are calculated, several QFMs have been reported such as the simple quantified ratio fingerprint method (Liu et al., 2015), limited ratio quantified fingerprint method (Chen et al., 2018), equal weight ratio quantitative fingerprint method (Gong et al., 2021), linear quantitative profiling method (Hou et al., 2019), averagely linear quantified fingerprint method (Zhang et al., 2019), systematic quantified fingerprint method (Lan et al., 2019), and average method of systematic quantified fingerprint method (Wang et al., 2021b).
The relationship between the CE fingerprints and other properties such as biological activities can also be further investigated using PLSR (Chen et al., 2018; Hou et al., 2019). Other chemometric methods for classification such as PCA and HCA have also been explored on CE fingerprints (Iino et al., 2012; Roblová et al., 2016; Hou et al., 2019). Validation of CE methods typically follows the same protocols and criteria as those of chromatographic methods. CE methods are validated by evaluating their linearity, limit of detection and quantification, precision, and accuracy, whereas the chemometric calibration models are evaluated based on the R2 and RMSE values (Hou et al., 2019).
CE fingerprinting methods offer advantages for the standardization and quality control of herbal medicine such as low reagent consumption, relatively high analysis speed, and improved separation efficiency. However, since analytes are separated based on their electromigration, the separation of neutral metabolites such as terpenes in CE may be challenging. This could be a problem if neutral metabolites are major constituents and play a significant role in HM differentiation/classification. Adding another separation dimension by performing micellar electrokinetic chromatography (MEKC) and/or using an MS detector could potentially solve the issue. MEKC improves the separation of neutral compounds by combining the electrophoretic-electroosmotic mobility of the analytes and their partitioning between BGE and surfactant micelles (Liu et al., 2015). MS can help separate unresolved peaks into their constituents, provided that none of the constituents experiences severe ionization suppression under the CE-MS condition. Alternatively, chromatographic separation can be opted for.
4.4 Direct MS Fingerprinting
Not only is MS a powerful detector in hyphenated techniques such as HPLC-MS and CE-MS, but it has also been utilized to perform direct fingerprint analyses for herbal standardization and quality control. Direct MS has been used to collect fingerprints of herbal materials from a variety of plants such as Allium sativum (Pereira et al., 2021), Fritillaria sp. (Xin et al., 2014; Wang et al., 2017), Panax quinquefolium L. (Chan et al., 2011), Origanum sp. (Massaro et al., 2021), Gastrodiae elata (Wong et al., 2016), Cynanchum sp. (Jun et al., 2016), etc. Ambient MS in which analytes are ionized at ambient pressure is often employed (Xin et al., 2014; Massaro et al., 2021; Pereira et al., 2021), although inductively coupled plasma (ICP) MS for multi-element fingerprinting (Zhao et al., 2017) and matrix-assisted laser desorption/ionization (MALDI) MS (Lai et al., 2012) have also been reported. Ambient ionization techniques applicable to herbal materials and products include desorption electrospray ionization (DESI) (Talaty et al., 2005; Freitas et al., 2019), ESI on solid substrates (Deng and Yang, 2013; Hu et al., 2014; Wang H. et al., 2014; Xin et al., 2014; Jun et al., 2016), tissue ESI and related techniques (Chan et al., 2011; Liu et al., 2011; Hu et al., 2013), extractive ESI (Lee et al., 2021; Zhang et al., 2022), direct analysis in real-time (DART) (Kumar et al., 2015; Wang et al., 2021a), and desorption atmospheric pressure chemical ionization (DAPCI) (Pi et al., 2011).
In DESI, analytes in herbal samples are ionized/desorbed by impinging the surface of the samples using charged solvent droplets. This technique allows for the analysis of samples without any pretreatment. DESI also enables surface imaging for mapping the spatial distribution of secondary metabolites within the sample specimen (Freitas et al., 2019). DESI has been applied to raw herbal materials such as leaves, stems, roots, and flowers as well as dosage forms such as tablets and capsules (Yang and Deng, 2016). DESI on powdered samples may be challenging because the powder could spatter after being hit by the solvent droplets, hindering analyte desorption and/or ion transfer to the mass analyzer. To overcome this problem, powdered samples can be compressed into thin tablets or dissolved in a volatile solvent and applied as a thin film on a solid surface prior to MS analysis (Crawford et al., 2017).
Similar strategies are used in solid substrate-based ESI techniques in which samples are placed onto/into solid supports such as triangular paper (Deng and Yang, 2013), wooden toothpicks (Xin et al., 2014; Pereira et al., 2021), aluminum foil (Hu et al., 2014), and pipette tips (Wang H. et al., 2014). Paper and wooden toothpicks are porous materials that can hold samples. Paper-spray ionization is typically applied to liquid samples (Deng and Yang, 2013), whereas the wooden tip ESI can be applied to both liquid and solid samples (Xin et al., 2014; Pereira et al., 2021). The toothpick can be directly dipped into liquid samples or pre-wetted with a suitable solvent followed by dipping into solid samples. A larger quantity of samples such as bulk materials can be loaded into a folded aluminum foil or pipette tip (Wang H. et al., 2014; Hu et al., 2014). The pointed side/tip of the triangular paper, toothpick, folded foil, or pipette tip is then placed toward the MS inlet while applying a high voltage to the sample/support for ionizing the analytes. Alternatively, the high voltage can be applied to the MS inlet while the sample is grounded (Hu et al., 2013). This technique can preserve the sample and therefore, is suitable for real-time monitoring of secondary metabolites in unharvested medicinal crops. Pipette tips loaded with powdered samples can also be connected to a solvent-filled syringe to perform simultaneous extraction and spray ionization (Wang H. et al., 2014).
DART produces analytical results similar to those of DESI. The difference between the techniques lies in the medium used to ionize the samples. In DESI, the sample surface is exposed to an electrospray plume, while an ionizing noble gas stream (i.e., metastable He) is used in DART (Gross, 2006). Using DART, botanical samples can be directly analyzed without any sample preparation (Kumar et al., 2015; Wang et al., 2021a). Ionizing gas is also used in DAPCI to desorb/ionize analytes from the plant samples (Pi et al., 2011). A high voltage is applied to produce a corona discharge that ionizes the carrier gas (e.g., He, N2, or Ar). This gas is then pneumatically directed to the sample surface.
After obtaining mass spectra fingerprints, multivariate data analysis can then be applied to the datasets to extract the information of interest. Exploratory data analysis via PCA is often done to reveal certain grouping or clustering of medicinal samples based on the characteristics of MS fingerprints (Pi et al., 2011; Xin et al., 2014; Pereira et al., 2021). The exploratory analysis only tells whether known samples can be differentiated from one another based on the score plot. To predict which class or cluster an unknown sample belongs to, prediction models using supervised classification methods can be implemented. For example, Zhang et al. recently performed PCA and OPLS-DA on 90 P. notoginseng samples grown under different conditions (Zhang et al., 2022). Results from the PCA and OPLSDA are in agreement in which there were 12–14 MS peaks that mainly contributed to the differentiation. These peaks, included sucrose, fructose, several ginsenosides (Rg1, Rf, Rb1, Noto-R1, malonyl-Rb1, malonyl-Rg1, malonyl-Rf, Rd, and Re), linoleic acid, palmitic acid, and malic acid, can be used as key indicators to discriminate samples of different origins, commercial specifications, and growing conditions. The parameters R2Y and Q2 of the OPLS-DA model were 0.939 and 0.875, respectively, showing good predictive ability. Prediction models based on PLS-DA and MS fingerprints have also been built for other plant materials, providing up to 97% accuracy in the prediction rate (Xin et al., 2014; Pereira et al., 2021).
Massaro et al. validated a DART-MS fingerprinting method for oregano authentication by SVM (Massaro et al., 2021). They first conducted exploratory PLS-DA on 4 independent data sets (i.e. spectra collected with two different extraction solvents and two ion modes in MS). The most discriminated variables were selected from each data set and then merged using a mid-level data fusion approach. These variables were used to build an SVM classifier which was then validated by Monte Carlo cross-validation and against an independent set of oregano samples (external validation). A 90% prediction accuracy was reported with specificity and sensitivity of 92% and 95%, respectively. Incorrectly classified samples included samples containing adulterants not used in building the prediction models, showing that the classification ability of the model largely depends on the calibration data sets. Another authentication study based on direct MS fingerprints was carried out by Wang et al. using PLSR (Wang et al., 2017). Pure Fritillaria unibactreata was mixed with adulterants at 0%–100% w/w concentrations to develop the prediction model. Linearity and reproducibility of the method were assessed using QC samples containing pure herbs at several concentrations in five replicates. The R2 and RMSEP of the prediction model were 0.9072 and 0.1004, respectively. The model especially suffered from a lack of accuracy when used to analyze samples at low concentrations of target herbs (<10%). Although this was not the best system, the model can still be useful for the rapid screening of adulterated samples. Better results were obtained from PLSR models constructed using hyphenated techniques such as UPLC-q-TOF/MS and UPLC-triple quadrupole (TQ)/MS fingerprints (Wang et al., 2017), suggesting that interference from matrix components may be prominent in direct MS.
The main advantage of performing direct MS over hyphenated methods is the speed of analysis and high sampling throughput. In addition, several direct MS techniques allow minimum destruction to the sample which is desirable in real-time monitoring/fingerprinting of metabolites in living organisms. This benefit can be exploited for rapid monitoring of metabolite profiles in unharvested plants to determine the optimum growing conditions or harvesting age. However, direct MS may suffer from matrix effects which could yield inaccurate identification and/or quantification. Increasing the number of sampling spots and/or using extractive ESI to selectively take the metabolites out of the plant matrix could potentially mitigate the issue. Nevertheless, the method must be thoroughly validated to ensure the reliability of the results.
4.5 DNA Barcoding and Fingerprinting
DNA analysis has been used in herbal drug research to perform 1) authentication of medicinal plants, 2) detection of adulteration or substitution with other closely related species, 3) breeding of medicinal plants, and 4) quality control and standardization of medicinal plant materials. In the context of plant authentication, DNA analysis is mostly used to differentiate among plant species, not individual plants within the species. This technique is often referred to as DNA barcoding. For example, Shen and coworkers reported authentication of Drynaria rosii, a traditional Chinese herb using DNA barcodes (Shen et al., 2019). To develop the barcodes, genomic DNA of D. rosii and other 6 closely related species (D. sinica, D. bonii, D. delavayi, D. quercifolia, D. propinqua, and Pseudodrynaria coronans) were polymerase chain reaction (PCR)-amplified, sequenced using the Sanger method, and aligned to generate a phylogenetic tree. The tree provided an evident clustering in which plant samples from the same species were clustered into one clade, showing its potential for differentiating D. rosii from adulterants. However, complications may arise if the tested sample is a mixture of herbs. The presence of sequences from multiple species may affect the placement of the sample within the clusters, hampering definite identification. Chosen markers for the authentication of articles of botanical origin must be specific enough to identify target and adulterant species in the samples, but also universal enough to prevent false-negative from closely related species (USP44-NF39, 2021c).
Various DNA barcodes have been made available online to assist authentication of herbal materials. Several barcoding databases that can be used include the Barcode of Life Data System (http://www.boldsystems.org), IdIt-ITS2 (http://its2-plantidit.dnsalias.org), PTIGS-IdIt (http://psba-trnh-plantidit.dnsalias.org), and Medicinal Materials DNA Barcode Database (http://www.cuhk.edu.hk/icm/mmdbd.htm) (Chen et al., 2014). The Consortium for the Barcode for Life (CBOL) proposed 7 plastid DNA regions for plant DNA barcoding including atpF-atpH, rbcL, rpoB, rpoC1, matK, psbK-psbI, and trnH-psbA (CBOL-Plant-Working-Group et al., 2009). Many other barcodes have been reported in the literature and the choice of barcodes has been discussed in several review articles (Hollingsworth et al., 2011; Li et al., 2015; Zhokhova et al., 2019). Typically, these barcodes were evaluated based on their discriminating abilities. Combinations of barcodes from different loci are typically proposed to improve efficiency in plant species discrimination. CBOL recommended the 2-locus combination of rbcL and matK for its ability to successfully discriminate species in 72% of cases and discriminate congeneric species in 100% of cases (CBOL-Plant-Working-Group et al., 2009). Another study revealed barcodes derived from the ITS2 region provided better discrimination efficiency for medicinal plants than the commonly used rbcL gene, with a discrimination efficiency of more than 90% at the species level (Chen et al., 2010; Zhang et al., 2015). ITS2 barcodes are relatively short (∼200 bp) which are favorable for identification and quality control in herbal preparations, since plant DNA in these samples is often significantly degraded to <500 bp fragments (Zhokhova et al., 2019). A combination of ITS2 and psbA-trnH barcodes are available for most herbal plants listed in the Chinese, Japanese, Korean, Indian, United States, and European Pharmacopoeias (Chen et al., 2014). DNA barcodes for common medicinal plants in the tropics have also been reported (Tnah et al., 2019).
While these barcodes can discriminate even closely related species, co-amplification of the barcoding sequences in herbal preparations containing multiple plant species or excipients may negatively impact the DNA decoding. Also, the addition of excipients in large amounts may cause the barcode primers to preferentially amplify DNA from the excipients (Zhokhova et al., 2019). To overcome these problems, digital PCR or next-generation sequencing (NGS) can be integrated into the barcoding protocol. In digital PCR, DNA samples are diluted in a suitable buffer at several dilution ratios such that the final DNA concentration for the PCR template is approximately 1 molecule per μL (Morley, 2014; Zhokhova et al., 2019). Using this approach, a mixture of DNA from different plant sources or materials can be deconvoluted to improve the chance of low-abundant DNA molecules being amplified and detected. This method has been used for authentication of Ginkgo biloba in herbal dietary supplements (Little, 2014). Droplet digital PCR was reported by Yu et al. for qualitative and quantitative analysis of Panax notoginseng powder samples mixed with several adulterants (Yu et al., 2021). NGS allows for independent amplification of individual DNA sequences within the mixture and excludes any overlapping DNA sequences, enabling more accurate DNA decoding in multi-component herbal preparations. This approach has been applied to the authentication of various herbal supplements containing Echinacea purpurea, Valeriana officinalis, Ginkgo biloba, Hypericum perforatum, and Trigonella foenum-graecum (Ivanova et al., 2016). The applications of NGS for the identification and authentication of herbal products have been discussed in several review articles (Haynes et al., 2019; Lo and Shaw, 2019).
Although significant progress has been made, DNA barcoding in herbal preparations containing multiple components remains challenging. Method validation should always be performed to evaluate the reliability of the results. AOAC International has published guidelines for the validation of botanical identification methods (qualitative) and quantitative chemical methods for dietary supplements and botanicals (AOAC, 2019). However, translating these guidelines to DNA-based methods may not be trivial. DNA barcoding methods are often validated using raw plant materials and therefore become less appropriate for detecting adulterants in finished products. When developing a DNA barcoding method for detecting adulteration, it is also important to determine the limit of detection for each adulterant by creating mixtures of the target species with known amounts of possible adulterants.
DNA fingerprinting is a method for simultaneously detecting mini- or microsatellites (i.e., short sequences of repetitive DNA that show greater variations among individuals) to create a unique pattern for identification. DNA fingerprinting techniques are especially useful for plant genotyping and controlling the quality of medicinal crops (Zhokhova et al., 2019). Because variations in the plant genetic materials may affect the phenotypes, including the production of secondary metabolites, identification of plant varieties with desired traits could assist in preparing more standardized plant materials with similar characteristics. In the early days of DNA fingerprinting, restriction fragment length polymorphism (RFLP) in conjunction with Southern blot hybridization became the main technique for profiling plants’ DNA (Dallas, 1988; Antonius and Nybom, 1994). This technique, however, is time-consuming and requires multiple species-specific probes, limiting its applications mainly to economically important plants.
PCR-based DNA fingerprinting techniques have been reported in which single oligonucleotide primers with random sequences were used to produce PCR fragments from multiple loci in the genomic DNA (Welsh and McClelland, 1990; Caetano-Anolles, 1991). One of the techniques that became popular was random amplified polymorphic DNA (RAPD), in which single primers were used to amplify nonspecific sites of the DNA (Chang et al., 2017; Rafalski et al., 2020). For example, RAPD markers were used to assess the genetic diversity of Curcuma comosa Roxb and other Curcuma sp. collected from different regions in Thailand. Fifteen RAPD primers were used to amplify the genomic DNA from 30 plant samples (Boonsrangsom, 2020). The RAPD profiles were then used to classify the samples into two major clusters: Cluster I which consists of C. comosa Roxb samples from different regions and Cluster II which consists of other Curcuma sp. Cluster I was divided into 6 sub-clusters which may be useful for conservation and breeding programs by further analyzing the metabolite profiles of the samples and the correlation between the genetic and metabolite profiles.
Amplified fragment length polymorphism (AFLP) and inter-simple sequence repeat (ISSR) techniques are also common (Paun and Schönswetter, 2012; Hassan et al., 2020; Junior et al., 2020; Leipold et al., 2020). AFLP uses selective amplification of digested DNA fragments to generate unique DNA fingerprints, while ISSRs are DNA fragments (100–3,000 bp) located between two adjacent, oppositely oriented microsatellite regions. Hadipour et al. investigated the genetic variation of wild Papaver bracteatum L. from 9 different populations in Iran using AFLP and ISSR markers (Hadipour et al., 2020). The genetic diversities were 52% and 48% among different populations; 38% and 41% within the populations for ISSR and AFLP, respectively. AFLP and ISSR also similarly grouped the samples into 3 major groups and 1 minor group, which correlated well with the geographical distribution of the samples.
While DNA barcoding and fingerprinting are powerful tools for medicinal plant genotyping and authentication, there are several limitations associated with these methods. The successful application of DNA barcoding/fingerprinting relies on the quality of DNA, primer affinity, amplification, and amplicon sequencing. Intact plant DNA can typically be extracted from fresh or dried materials using standard DNA extraction methods (Shen et al., 2019; Hadipour et al., 2020). However, significant degradation of DNA can occur during the manufacturing process of herbal products (de Boer et al., 2015). Thus, DNA-based methods are more appropriate for the initial stage of raw material preparation and standardization rather than for the quality control of highly processed herbal preparations. These methods will also not be able to determine from which plant part the materials come and cannot be used in the case of adulteration with different parts of the same plant species. Plant DNA profiles may not be well correlated with the secondary metabolite contents as genomic DNA remains unaffected by seasonal variations, whereas metabolite production can vary between seasons (Ahmed et al., 2019). In addition, the removal of certain metabolites during extraction or other processes will not be reflected on the DNA profiles. Therefore, DNA barcoding/fingerprinting cannot be single-handedly used to predict the efficacy of raw materials or finished products and must be used to complement the chemical analysis and macroscopic/microscopic evaluation of the herbal specimen/samples.
5 CONCLUSION, CHALLENGES, AND FUTURE PERSPECTIVES
Due to the complex nature of herbal drug preparations, the method of standardizations for individual herbs that are described in the herbs’ monographs in the pharmacopeia cannot be applied directly as a QC tool for all stages in the manufacturing processes, except for the quality assessment for the incoming herbs/extracts. The visual evaluation based on the HPTLC method described by the Pharmacopoeias and official guidelines should be completed using similarity- and/or chemometrics-methods. Chemical profiling or fingerprinting is the method of choice for performing quality control if the quality markers are not yet specified for each of the herbs.
Using fingerprinting methods, various tasks in the research and development of herbal drugs can be performed. Chemical fingerprints can be used to evaluate the quality of raw materials, extracts, and finished products. With the help of chemometrics, information can be extracted from the fingerprints to find similarities/differences which are useful to group samples based on certain characteristics (e.g., authentic vs adulterated samples, samples from different geographical origins, etc.) and establish correlations between the chemical profiles and biological/pharmacological activity of interest. Relationships between chemical profiles/fingerprints and biological/pharmacological activities such as antioxidant, antibacterial, antihypertensive, anti-inflammatory, and antitumor have been successfully established in multiple plant materials and HM preparations (Zhang et al., 2018). Results obtained from these studies have also led to the discovery of quality markers that can be used for future QC applications.
Chemical fingerprints can be obtained using various separation-based (e.g., LC, TLC, and CE) or nonseparation-based (e.g., FTIR and NMR spectroscopy) techniques. Due to their ability to rapidly generate chemical fingerprints, chemical profiling using direct spectroscopy and MS methods may offer more benefits over chromatographic methods. The application of FTIR is preferred due to its relatively lower operation cost. Using single measurements, spectroscopic/spectrometric methods can generate a large number of spectral data which can be characterized by wavenumbers, intensities, chemical shifts, or mass-per-charge. By optimizing spectral treatments (pre-processing), selection of fingerprint regions, and the use of appropriate chemometric techniques, these methods can be applied for the standardization and quality control of HMs. Assessment of both chemical dan DNA fingerprints would provide a more comprehensive outlook on the authenticity and overall quality of the HMs, and thus are recommended to be used in conjunction when appropriate. The combined assessment would be especially useful to determine plant genotypes that result in desirable phenotypes such as high contents of certain bioactive metabolites. In addition, collaborative studies through proficiency testing are required to get comparable results for these fingerprinting methods and to finally propose them as standard methods in the future.
To have reliable results for the quality assessment using chemical profiles, the availability of authentic botanical reference materials and stable standardized extracts is crucial. Although the current pharmacopeias have described the physicochemical specifications of each raw plant material, the active component(s) and associated pharmacology activities are not specified. In addition, these individual specifications cannot be directly applied to determine the specification of HM containing multiple plant materials. Therefore, pharmaceutical industries should prepare and provide stable standardized extracts that have certain pharmacological applications for their QC. It would be practical if specifications of commonly used HM preparations including their active components and desired therapeutic applications are provided in the herbal or general compendia in the near future.
Many studies reported to date are still limited to plant materials, dried mixtures of plant materials, or extracts without reporting their exact chemical compositions, making comparison among results found in the literature and replicating the experiments difficult. To prevent these problems, the chemical compositions of extracts or HM preparations should be accurately determined, and all methods used for the chemical, biological, and/or pharmacological testing (in-vitro, in-vivo, ex-vivo) should be fully validated according to the newest guidelines, prior to routine application (Indrayanto, 2022). Finally, appropriate clinical trials should be conducted before HMs can be prescribed and used in clinical settings. The exact chemical compositions of the HMs and their stability must be determined to assure similar efficacy from batch to batch. Knowing the exact composition of the HM may also assist in determining incompatibilities between the active components and excipients, and possible unwanted interactions between the HM components and other drugs or food. The pharmacokinetic parameters of the HMs must be evaluated to ensure effective and safe use of HMs.
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Botanical drug products consist of complex phytochemical constituents that vary based on various factors that substantially produce different pharmacological activities and possible side effects. Marantodes pumilum (Blume) Kuntze (Primulaceae) is one of the most popular Malay traditional botanical drugs and widely recognized for its medicinal use. Many studies have been conducted focusing on the identification of bioactive substances, pharmacological and toxicological activities in its specific varieties but less comprehensive study on M. pumilum authentication. Lack of quality control (QC) measurement assessment may cause different quality issues on M. pumilum containing products like adulteration by pharmaceutical substances, substitution, contamination, misidentification with toxic plant species, which may be detrimental to consumers’ health and safety. This systematic literature review aims to provide an overview of the current scenario on the quality control of botanical drug products as determined by pharmacopoeia requirements specifically for M. pumilum authentication or identification. A systematic search for peer-reviewed publications to document literature search for M. pumilum authentication was performed using four electronic databases: Web of Science, PubMed, Scopus and ScienceDirect for related studies from January 2010 to December 2021. The research studies published in English and related articles for identification or authentication of M. pumilum were the main inclusion criteria in this review. A total 122 articles were identified, whereby 33 articles met the inclusion criteria. Macroscopy, microscopy, chemical fingerprinting techniques using chromatography, spectroscopy and hyphenated techniques, and genetic-based fingerprinting using DNA barcoding method have been used to identify M. pumilum and to distinguish between different varieties and plant parts. The study concluded that a combination of approaches is necessary for authenticating botanical drug substances and products containing M. pumilum to assure the quality, safety, and efficacy of marketed botanical drug products, particularly those with therapeutic claims.
Keywords: authentication, identification, fingerprinting, Marantodes pumilum, quality control
INTRODUCTION
Since ancient times, botanical drugs have been employed in the daily lives of the world population due to their medicinal efficacy in promoting well-being and health. Around 80% of the world’s population consumes botanical drugs as health supplements since they are thought to be effective in disease management and have been recognized as safe for decades owing to their natural origin. Despite the widespread use of botanical drug products for a long time, problems with quality control persist. The increased demand for botanical drug products may expose them to various types of adulteration, such as substitution, contamination, or the use of fillers, all of which represent a threat to the health and safety of consumers (Techen et al., 2014; Abubakar et al., 2018). In fact, different countries define botanical drug products differently and use different systems for registering, licensing, dispensing, manufacturing, and trading them to ensure their safety, efficacy, and quality. As a result, there is a disparity in registration requirements between countries and variation in the botanical drugs quality.
Recognizing the need, for the past few decades, WHO has consistently issued various guidelines and policies related to botanical drugs, such as Guidelines for the Assessment of Herbal Medicines, Good Agricultural and Collection Practices (GACP) and Quality Control Methods for Medicinal Plant Materials, with the goal of standardizing and harmonizing botanical drugs regulation globally (Yadav and Dixit, 2008). Currently, botanical drug products must meet pharmacopoeia identification requirements for organoleptic evaluation (touch, smell, sight, and taste), macroscopic evaluation (shape, color, and texture), microscopic assessment and chemical fingerprint techniques such as chromatography and spectroscopy (Li et al., 2020). Additionally, the British Pharmacopoeia has included DNA barcoding as a means of identifying botanical drugs (Heinrich and Anagnostou, 2017). In fact, Malaysia’s regulatory body has consistently adopted various international guidelines issued by the World Health Organization (WHO), Medicines and Healthcare Products Regulatory Agency (MHRA), European Medicines Agency (EMA), Therapeutic Goods Administration (TGA), and Food and Drug Administration (FDA) to strengthen the registration requirements for botanical drug products since 1992. It is vital to identify and authenticate botanical drugs and products utilizing a variety of approaches, whether during the final product phase for clinical study evaluation or throughout product development for the market (Smillie and Khan, 2010).
Due to the open online market, the botanical drug-based industry has also piqued the interest of Asian countries. Malaysia’s forest is home to a diverse array of medicinal plants with a great potential for use in the botanical drugs industry. Malaysia’s botanical drugs domestic market was expected to grow at a 15% annual rate from RM7 billion in 2010 to around RM29 billion by 2020 (Fadzil et al., 2018). The increase in the number of botanical drug products registered with the National Pharmaceutical Regulatory Agency (NPRA) demonstrates the growing demand for botanical drug products (Fadzil et al., 2018). Realizing the huge economic opportunities in the local botanical drugs industry and the requirements that need to be complied with, the agricultural National Key Economic Areas (NKEA) Entry Point Project 1 (EPP1) was focused on potential growth that might contribute to Malaysia’s gross national income (GNI). Due to their potential therapeutic properties, Malaysia’s government has identified 11 important plants, including Eurycoma longifolia Jack (Simaroubaceae), Marantodes pumilum (Blume) Kuntze (Primulaceae), Andrographis paniculata (Burm.f.) Nees (Acanthaceae), and others, to be commercialized as high-value botanical drug products. M. pumilum, locally known as Kacip Fatimah, is widely spread in Southeast Asian tropical forests and is well-known for its medicinal properties. It is a member of the Primulaceae family and was formally recognized as a member of the family Myrsinaceae and known as Labisia pumila (Blume) Fern.-Vill (WFO, 2022). In various parts of Malaysia, M. pumilum is referred to as kachip patimah, selusuh fatimah, rumput siti fatimah, akar fatimah, kachit fatimah, pokok pinggang, rumput palis, tadah matahari, mata pelandok rimba, bunga belangkas hutan (Chua et al., 2011) and sangkoh (Iban) (Abdullah et al., 2013). There are eight M. pumilum varieties and only three varieties; var. alata (Scheff.) Mez., var. pumila and var. lanceolata (Scheff.) Mez. are widely distributed in Malaysia rain forest and have attracted the researcher’s interest thus far (Sunarno, 2005; Chua et al., 2012). The three varieties can be distinguished by their petioles and leaf characteristics. M. pumilum var. alata has red veins and broad winged petioles, whereas var. pumila has an emarginate winged petiole and an ovate leaf blade, and var. lanceolata has a long, non-winged or terete petiole (Figure 1). However, due to the close macromorphological features, it was extremely difficult to visually separate them based on petiole characteristics, particularly when the petioles were not fully formed (Abdullah et al., 2012).
[image: Figure 1]FIGURE 1 | Voucher specimens of (A) Marantodes pumilum var. alata, (B) Marantodes pumilum var. pumila and (C) Marantodes pumilum var. lanceolata (obtained from the Kepong Herbarium of Forest Research Institute Malaysia).
Traditionally, indigenous women of the Malay Archipelago consumed water decoctions of M. pumilum to aid in labor and delivery, while the botanical drug is believed to tone the abdominal muscles, assist in tightening the birth canal, and enhance overall body strength during postpartum (Zakaria and Mohd, 1994). Additionally, ancient communities employed the M. pumilum to treat diarrhoea, rheumatism, gonorrhea and flatulence (Burkill, 1966). Numerous research has shown that M. pumilum has a wide range of pharmacological activities, including antibacterial, antifungal, anti-inflammatory, cytotoxicity, antioxidative, xanthine oxidase inhibitory, phytoestrogenic, anticarcinogenic, anti-aging, anti-hyperuricemia, anti-osteoporotic, anti-obesity, cardioprotective effect, and uterotonic (Norhaiza et al., 2009; Choi et al., 2010; Karimi et al., 2011, 2013; Pihie et al., 2011; Jamal et al., 2012; Mamat et al., 2014; Pandey et al., 2014; Dianita et al., 2016; Hairi et al., 2018; Wan Omar et al., 2019; Aladdin et al., 2020; Rahmi et al., 2020).
Phytochemical constituents found in M. pumilum varieties include flavonoids, phenolics, methyl gallate, carotenoids, ascorbic acids, fatty acids, saponins, alkenyl compounds and benzoquinone derivatives (Ahmad et al., 2018). Many variables influence the phytochemical constituents, such as environmental factors, species varieties and plant parts. The variation in phytochemical contents between batches often results in markedly variable pharmacological actions and probable side effects (Liang et al., 2004; Goodarzi et al., 2013). According to Karimi et al. (2011), the phytochemical constituent presence and abundance differs between M. pumilum varieties and plant parts. The study indicated that gallic acid was highest in var. alata leaves, followed by var. lanceolata leaves and var. pumila leaves. Several studies have established that different M. pumilum species and plant parts possess distinct pharmacological properties, including phytoestrogenic activity of var. alata leaves (Giaze et al., 2018; Hairi et al., 2018), xanthine oxidase inhibitory activity of var. pumila leaves (Aladdin et al., 2020) and anti-inflammatory effect of var. pumila roots (Rahmi et al., 2020).
Due to the wide range of phytochemicals found in this plant that can contribute to different pharmacological effects and side effects, majority of research on M. pumilum has focused on the bioactive substances, pharmacological and toxicological activities and less studies conducted specifically on its identification and authentication. As such, the aim of this review is to present an overview of the current state of authentication for M. pumilum in the global botanical drug products industry.
MATERIALS AND METHODS
Search Strategy
A systematic review of the literature was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guideline (Moher et al., 2009). A search strategy based on a combination of relevant keywords and Boolean operators was used [ALL = (authentication or identification or quality control or chemical profiling or fingerprint) and (marantodes pumilum or labisia pumila or kacip fatimah)] for Web of Science database and [(“authentication” OR “identification” OR “quality control” OR “chemical profiling” OR “fingerprint”) AND (“marantodes pumilum” OR “labisia pumila” OR “kacip Fatimah”)] for PubMed, Scopus and ScienceDirect databases. Following the search conducted on 18 November 2021, the option “search alert” was selected to receive weekly updates for all four literature databases. All the selected articles were saved in Mendeley Desktop Version 1.19.8 (2008–2020) reference manager.
Selection Process and Criteria
Identification: Database searches identified 606 records (WoS = 22, PubMed = 4, Scopus = 499 and ScienceDirect = 81).
Screening: Articles were screened manually in four stages. Initially, articles that were published as a review, book chapter, or conference proceeding were excluded. Secondly, articles that were published between January 2010 and December 2021 were considered. Thirdly, articles without data or information on the identification or authentication of Marantodes pumilum (Kacip Fatimah) as botanical drug substances or botanical drug products were omitted. Following screening, 552 articles were deleted. Finally, duplicate entries were removed from the databases, leaving 37 eligible articles.
Eligibility: A total of 37 full-text papers were evaluated and screened for eligibility using the following criteria:
1. The tested sample was required to be made up of botanical drug substances or botanical drug products. A variety of scientific names, that is, Labisia pumila (synonym), Marantodes pumilum, and the common name Kacip Fatimah were accepted for the review.
2. The details of the tested sample, including the collection site, plant species, plant parts and sample processing, were clearly documented and described.
3. All pertinent methodologies within the scope of the studies were accepted. The tested samples were authenticated using several techniques, including macroscopic and microscopic methods, chemical fingerprinting, genetic fingerprinting, and phytochemical analysis.
Included: 33 peer-reviewed articles were included in the systematic review of the literature, as described in Figure 2. The flowchart was made in accordance with PRISMA guidelines (Moher et al., 2009).
[image: Figure 2]FIGURE 2 | Flowchart of the article search process according to the PRISMA guidelines (Moher et al., 2009).
RESULTS
All selected articles were published between January 2010 and December 2021 (Table 1). Thirty-three full-text articles met the inclusion criteria and were classified as research articles in this review. Majority of the included full-text articles were conducted locally at various universities and institutions in Malaysia, while six were conducted abroad in China (study 24), Sweden (studies 1 and 5), the United States of America (studies 6 and 7) and India (study 2). Even though the genus Labisia was reclassified as Marantodes in 2012, 81% (n = 27) of publications cited Labisia pumila rather than Marantodes pumilum. Four studies were conducted on all three common varieties of M. pumilum var. alata, var. pumila, and var. lanceolata; one study used M. pumilum var. alata and var. pumila, sixteen studies focused exclusively on M. pumilum var. alata, one study used only M. pumilum var. pumila and ten studies made no mention of the M. pumilum variety. On average, 70% of publications indicated the variety used in the study, with the remaining 30% of articles lacking identification at variety level. Apart from that, 60.6% (n = 20) studies used M. pumilum leaves, whereas other studies used whole plants (21.2%, n = 7), leaves and stem/roots (15.15%, n = 5), and stem-roots (3%, n = 1). According to the review, (72.7%, n = 24) majority of the researchers used wild plant sources rather than cultivated sources.
TABLE 1 | Authentication and identification methods of Marantodes pumilum botanical drug substances and commercial products.
[image: Table 1]Notably, all investigations included in this review employed at least one approach for identifying or authenticating M. pumilum. Generally, about (66.70%, n = 22) of the study conducted morphological tests on the M. pumilum samples and 67.7% (n = 23) of the 33 study included the voucher specimen number for the test samples except for studies 1, 3, 9, 11, 12, 14, 15, 22, 24, and 29. Multiple sources of M. pumilum from different areas in Malaysia were used in 18.2% (n = 6) of research conducted abroad. Botanists authenticated most test samples based on morphological identification, except for those used in studies 1 and 24 that were conducted in China and Sweden, respectively, due to the lack of information on morphological identification and voucher specimen for M. pumilum in the articles compared to other studies. Qualified botanists in public educational institutions and government research institutions performed the plant authentication.
The researchers’ choice of approaches for detecting phytochemical characteristics varies according to the sensitivity of the procedures. Most studies employed chemical fingerprinting techniques (58.46%, n = 38), followed by macroscopic and microscopic techniques (33.85%, n = 22), genetic fingerprinting techniques (4.6%, n = 3) and chemical tests (3.07%, n = 2) (Figure 3). Less sensitive techniques such as ultraviolet (UV) spectroscopy, thin layer chromatography (TLC), high performance thin layer chromatography (HPTLC) and Fourier transform infrared (FTIR) spectroscopy were complemented by high-end instruments such as liquid chromatography-mass spectrometry (LC/MS/MS) or nuclear magnetic resonance (NMR). Among the chromatographic techniques, HPLC is the mostly used method (30.30%, n = 10), followed by HPTLC/TLC (12.12%, n = 4) and gas chromatography (GC) (3.03%, n = 1). Over the past 10 years, a total of 36.6% (n = 12) studies have applied the hyphenated chromatographic and mass spectrometric techniques in their research.
[image: Figure 3]FIGURE 3 | Marantodes pumilum identification and authentication techniques reported between 2010 and 2021.
Two studies (12 and 15) used phytochemical screening, whereas study 4 combined phytochemical analysis with a more advanced instrument, ultra-performance liquid chromatography coupled with electrospray ionization tandem mass spectrometry (UPLC/ESI/MS/MS), to identify the nine flavanols and nine phenolics in various fractions of M. pumilum. Additionally, the study 4 used a chemometric approach such as principal component analysis (PCA) to demonstrate the similarities and differences in phytochemical profiles of different fractions. Chemometrics was also used in conjunction with the chemical fingerprinting technique in study 9, which reported on the use of macroscopy, IR spectroscopy, and chemometric analysis as a powerful technique for differentiating 84 test samples from seven different locations in Peninsular Malaysia. The first method for simultaneous determination of triterpenes, saponins and alkenated-phenolics in the leaves, stems, and roots of M. pumilum var. alata was developed in study 7 using high performance liquid chromatography-ultraviolet-evaporative light scattering detector (HPLC-UV-ELSD) in conjunction with other structure elucidation techniques such as TLC, IR, liquid chromatography coupled with electrospray ionization quadrupole time of flight mass spectrometry (LC/ESI/TOF), NMR and high resolution electrospray ionization mass spectrometry (HRESI/MS). Spectroscopic and chemical analyses were used in study 6 to elucidate the structures of alkyl phenols and saponins found in the roots of M. pumilum. Three investigations (studies 13, 22. and 33) used DNA fingerprinting to identify M. pumilum.
Table 2 summarises selected characteristic features derived from the 33 articles used to distinguish M. pumilum varities using various analytical techniques.
TABLE 2 | Characteristic features to distinguish Marantodes pumilum varieties based on different analytical techniques.
[image: Table 2]DISCUSSION
Between 2016 and 2020, almost 3,000 botanical drug products were registered, increasing by 16% and accounting for 50% of all registered products in Malaysia within 5 years (NPRA, 2020). The figures indicate the significant growth of botanical drug products in the Malaysian market because of persistent client demand. Authentication of botanical drugs is critical to ensuring the consistency of their quality, safety, and efficacy prior to production. Numerous experts have emphasized the importance of certification of botanical drugs to assure their purity and safety. As a result, rigorous authentication must be performed to ascertain the quality and safety of botanical drug products prior to registration approval. Standardization and quality control of raw materials must follow the pharmacopoeia-defined process of identification and authentication.
The systematic review assessed current quality control trends for M. pumilum in the botanical drug research and development setting, as described by pharmacopoeia. In general, the 33 peer-reviewed articles demonstrate that a variety of techniques have been used to identify and authenticate different varieties and plant parts of M. pumilum. Most of the articles reviewed collected wild M. pumilum specimens. The continued reliance on raw materials derived from wild resources, whether for research or commercial purposes, will eventually deplete the supply of M. pumilum. This has become a source of concern for botanical drugs suppliers, as wild M. pumilum is known to grow slowly in its natural habitat. As a result, several research institutions have conducted extensive tissue culture breeding for M. pumilum to keep up with the expanding market demand (Tarmizi et al., 2021).
Additionally, it is discovered that most of the reviewed studies employed at least one method of identification, and that awareness of the requirement has gradually increased since 2010. Effective identification and authentication tools are critical for monitoring the source of high-demand raw materials to avoid undesirable activities such as adulteration of raw materials, which negatively impacts the quality of botanical drug products. As recently reported, this approach was widely used for ginseng products, supplements, commercial botanical drug products, and Kadsura crude drugs (Liu et al., 2019; Ichim et al., 2020; Ichim and de Boer, 2021).
Organoleptic evaluation, macroscopy, and microscopy are the first three fundamental principal methods of identification and authentication used to ensure the quality of botanical drugs (World Health Organization, 2011). Due to the morphological and phytochemical complexity of interspecific hybrids, within-species variation, and the difficulty associated with recognizing species in some plant genera, voucher specimens are critical for organoleptic and macroscopic verification of source material utilized in botanical drugs research (Eisenman et al., 2012). From this review, ten of the articles did not provide information on voucher specimens of M. pumilum used in the studies. Lack of adequate voucher specimens has resulted in major issues, such as the inability to duplicate crucial experimental results and the incorrect assignment of phytochemical and pharmacological data to the correct genus and species. Authentication is especially important for M. pumilum since previous studies have shown that different varieties, plant parts and types of extracts have varying phytochemical compositions and pharmacological actions (Karimi et al., 2015; Aladdin et al., 2020; Rahmi et al., 2020). Thus, prior to producing botanical drug products containing M. pumilum for a particular intended pharmacological action, accurate plant variety and plant part identification must be performed. Adhering to the pharmacopoeia monograph specification for identification tests of botanical drugs would confirm the material’s authenticity. Microscopic examination enables primary species identification, as well as the detection of adulteration, contamination, and substitution of botanical drugs (Upton et al., 2020) (Table 3). Aladdin et al. (2016) reported the first effective distinction of three M. pumilum varieties and plant parts utilizing microscopic approach. The microscopical characteristics, such as stomata, trichomes, stem and leaf margin, petiole, midrib, vascular system, anticlinal walls, secretory canals, and cell inclusion, can all be used to differentiate and identify each variety of M. pumilum and its plant part (Table 2). As previously reported, 41% of 508 botanical drug products sold in 13 countries that were microscopically authenticated were found to be adulterated (Ichim et al., 2020). However, macroscopic, and microscopic analyses alone are insufficient for reliably identifying plant species and determining their quality (Smillie & Khan 2010; Srirama et al., 2017). Plant tissues with little or no cellular variations, processed materials, and extensive dehydration of plants can eliminate diagnostic features, making analysis challenging with these methods (Smillie and Khan, 2010). The issues are compounded by the lack of appropriate reference material and a scarcity of qualified taxonomists (Ichim et al., 2020). Therefore, additional identification techniques should be included to verify the authenticity of plant materials.
TABLE 3 | Strengths and limitations of analytical techniques for Marantodes pumilum authentication.
[image: Table 3]Numerous papers describe the use of fingerprint profiling for botanical drugs identification and authentication by spectroscopy and chromatography. Guo (2017) demonstrated that evaluating the botanical drugs quality based on a single or specified markers overlooks the synergistic effects of the multi-phytochemical components of botanical drugs, suggesting that a holistic quality assessment approach using chemical fingerprinting method is relevant. In a prior work, fingerprints of different plant parts of Panax notoginseng (Burkill) F.H. Chen (Araliaceae) were generated using a combination of near infrared spectroscopy (NIR), HPLC, UPLC, and capillary electrophoresis (CE) (Zhu et al., 2014). Aladdin et al. (2016) have reported the usage of a more simple, convenient, and non-destructive phytochemical fingerprinting technique, namely attenuated total reflectance-FTIR (ATR-FTIR) without the usage of KBr (Table 2). The work was an advance on a prior study that used multi-step infrared spectroscopy and a KBR disc (Abdullah et al., 2012). Even though the method without KBr has a lower resolution than the method with KBr disc (Zou et al., 2005), the results of the different profiles between the three M. pumilum varieties and plant parts clearly demonstrated that the ATR-FTIR fingerprinting technique can be used to determine the identity and quality control of M. pumilum raw materials. However, this technique alone may be best suited for a single authentic plant ingredient because it may be difficult to gain accurate information of the phytochemical compositions and to detect adulterants based only on the chemical functional groups from the infrared spectrum. Moisture, particle size, and homogeneity of test samples all have an impact on analytical precision (Upton et al., 2020) (Table 3).
The phytochemical fingerprint profile of botanical drugs generates a large amount of data in the form of chromatograms or spectra, making it nearly impossible for the analyst to visually inspect each data point and exploit the useful chemical information contained in the fingerprint data via univariate analysis. As a result, a multivariate data analysis technique was developed to analyze chemical fingerprinting data to eliminate or reduce undesired sources of variation caused by various variables or instrumental responses from the analytical techniques, as well as to extract useful and meaningful information from the fingerprint data (Gad et al., 2013; Huang et al., 2016). Chemometric techniques have been widely used in quality control of botanical drug products due to their capacity to tackle a variety of problems in a variety of domains, including similarity analysis and exploratory learning. Apart from that, the chemometric approach can analyze a variety of data, both qualitatively and quantitatively, via a classification algorithm and a multivariate calibration algorithm (Li et al., 2020). The combination of chemometric techniques such as principal component analysis (PCA) and multilayer perceptron classifier (MLPC) modelling with ATR-FTIR has been reported as a rapid and effective method for botanical drugs quality evaluation of Gastrodia elata Blume (Orchidaceae) powder (Zhan et al., 2022). From this systematic review study, Abdullah et al. (2012) successfully characterized leaves of three M. pumilum varieties using IR and chemometrics (Table 2), whereas Chua et al. (2011) used an integrated approach of chemical fingerprinting with UPLC-ESI-MS/MS and chemometric technique to differentiate M. pumilum var. alata and var. pumila leaves based on the compositions of nine flavonols, two flavanols, and nine phenols.
TLC technique has been widely recognized as a preliminary screening approach to HPLC, owing to its ability to rapidly generate a fingerprint of varied plant materials in a single, simple, and low-cost analysis while producing high sample throughput. TLC is used for preliminary screening or identification of phytochemical components that provide the plant’s unique fingerprint (Liang et al., 2004). The HPTLC technique, when combined with automated sample application and densitometric scanning, offers numerous advantages, including high throughput samples, low analytical costs, and the ability to separate test samples and reference standards concurrently (Upton et al., 2020) (Table 3). These methods are described in most international pharmacopoeias, including the British Pharmacopoeia, the United States Pharmacopeia, and the Chinese Pharmacopoeia. There are numerous studies that used TLC and HPTLC for authentication such as ginseng, Radix Puerariae and M. pumilum (Xie et al., 2006; Siyumbwa, 2015). Aladdin et al. (2016) reported that the HPTLC fingerprint profiles of three varieties of M. pumilum leaves and stem-roots gathered from a wild source at a single location were somewhat comparable with varying intensities, implying the presence of identical phytochemicals in varying concentrations (Table 2). According to Karimi et al. (2015), total phenolics, total flavonoids, and fatty acid concentration also varied between M. pumilum var. alata, var. pumila, and var. lanceolata leaves obtained from three separate locations from the wild. The presence of identical compounds with varying compositions complicates accurate authentication of commercial plant materials, as phytochemical compound concentrations are influenced by a variety of extrinsic factors, such as geographic (latitude, altitude, and soil type), climatic (light, temperature, rainfall, and atmospheric compositions) and agricultural practice (cultivation, harvesting and processing methods, and storage conditions), as well as intrinsic factors, such as plant age, genetics, chemotypes and botanical parts (Liang et al., 2004; Yongyu et al., 2011). M. pumilum has been reported to contain potential pharmacologically active phytochemicals such as quercetin, myricetin, kaempferol, naringin, rutin, apigenin, catechin, epigallocatechin, pyrogallol, gallic acid, ascorbic acid, salicylic acid, syringic acid, vanillic acid, protocatechuic acid, coumaric acid, caffeic acid, chlorogenic acid, daidzein, genistein, β-carotene, anthocyanins, demethylbelamcandaquinone B, and 3,7-dihydroxy-5-methoxy-4,8-dimethyl-isocoumarin (Norhaiza et al., 2009; Ali and Khan, 2011; Chua et al., 2011; Ehsan et al., 2011; Hairi et al., 2018; Wu et al., 2018; Aladdin et al., 2020). Gallic acid and caffeic acid were identified as the major phenolic acids in the methanol extracts of three M. pumilum varieties (Karimi et al., 2011). Due to their widespread presence in other plants, the two compounds cannot be considered a unique biomarker for M. pumilum. Hence, the diverse class of phytochemicals necessitates the use of more sensitive approaches for M. pumilum identification and authentication.
Liquid chromatography is one of the most efficient analytical techniques for phytochemical profiling since the stationary phase column, mobile phase gradient system and detector can all be modified to suit the analysis of a variety of phytochemical components. For the development of a validated analytical method, statistically significant representative set of plant samples from multiple populations is used to establish a fingerprint profile, whereas reference standards, whether commercially available, extracted, or isolated, are necessary (Smillie and Khan, 2010). In this review, Avula et al. (2011) used HPLC to assess the phytochemicals content isolated from M. pumilum var. alata leaves, stems, and roots (Table 2), whereas Aladdin et al. (2016) distinguished three varieties of M. pumilum and their plant parts based on fingerprinting profile. However, both studies utilized only botanical drugs obtained from a single location, indicating that additional research is necessary. Closely related plant species with similar chemical profiles will not be discriminated using HPLC (Table 3). Researchers have used hyphenated chromatographic and mass spectrometric techniques, such as liquid chromatography-mass spectrometry (LC/MS), gas chromatography-mass spectrometry (GC/MS), and capillary electrophoresis-mass spectrometry (CE/MS), to authenticate plant materials. In this systematic review study, LC/MS (Giaze et al., 2019), LC/MS/MS (Dharmani et al., 2019), UPLC/MS/MS (Wu et al., 2019), and LC/ESI/TOF (Avula et al., 2011) were used to determine phytochemical compositions of different M. pumilum plant parts, whereas UPLC-ESI/MS/MS was used to detect components between M. pumilum var. alata and var. pumila leaves (Chua et al., 2011). To date, the combination of chromatography and mass spectrometry is the most advanced approach and is often used by researchers to analyze the composition of botanical drugs qualitatively and quantitatively to determine the consistency of their quality. Mass spectrometry imaging may be used to visually assess quality variations (Wei et al., 2020). However, the cost of the hyphenated equipment is a significant constraint (Table 3).
The researchers are currently interested in the other tool for botanical drugs authentication using genetic fingerprinting techniques. DNA barcoding enabled a rapid examination of the botanical drugs composition and was found to be an effective technique for authenticating dried and powdered plant materials for quality control purposes (Gesto-Borroto et al., 2021). Tnah et al. (2014) were the first to report the use of a genetic-based fingerprint technique to differentiate leaves of three M. pumilum varieties collected in the wild, followed by another investigation of botanical drug products containing M. pumilum (Tnah et al., 2019) (Table 2). According to the latter study, DNA barcoding was able to detect 56.7% of 30 selected botanical drug products containing M. pumilum and were found to be authentic, 10% were substituted with other plant taxa, and 6.7% were contaminated. DNA information was not detected in 26.6% of botanical drug products due to the low concentration or degradation of the processed botanical drug preparations. The study reported the authenticity of a product containing a single ingredient of M. pumilum, however, for a product containing a mixture of M. pumilum and Querqus lusitanica Lam. (Fagaceae) had no DNA sequence. Additionally, a recent study by Tarmizi et al. (2021) effectively used DNA barcoding and HPLC techniques for the identification of cultivated M. pumilum var. alata and var. pumila leaves, as well as investigation of the authenticity of botanical drug products containing M. pumilum. However, nine of test samples (60%) reported not amplifiable due to the lack or low concentration of DNA recovered from degradation. This demonstrated that the primary limitation of the current DNA barcoding approach is its inability to identify M. pumilum at the variety level due to inaccuracies in selecting the targeted sequence, use of a large barcode size and DNA degradation in processed materials (Table 3). As a result, DNA barcoding may not be suitable as a stand-alone method of identification of processed botanical drug products and should be combined with additional authentication techniques such as morphological features and chemical analyses.
The various techniques used to identify M. pumilum varieties and plant parts in the articles reviewed in this study (Table 1, 2), such as macroscopy, microscopy, chromatography, spectroscopy and chemometrics, suggest that a combination of approaches is required to authenticate botanical drug substances and products. However, the existing reports did not address phytochemical variation of a plant variety or plant part collected from various locations, differences between those collected from the wild sources and those collected from cultivated sources, as well as adulteration with other plant parts or varieties. When producing a standardized botanical drug product, obtaining botanical drug substance from a cultivated plantation location rather than the wild will assure plant homogeneity. Phytochemical indicators are frequently used to standardize botanical drug products. A guideline for selecting marker substances for quality control of botanical drug is provided by the World Health Organization (2017). To facilitate correct identification and authentication of M. pumilum utilized in botanical drug products development, it is vital to identify the phytochemical constituents with known therapeutic activity. As shown in Figure 4, a flow procedure for M. pumilum authentication up to the variety level is proposed based on an existing approach.
[image: Figure 4]FIGURE 4 | Proposed flow chart for authentication of Marantodes pumilum varieties.
CONCLUSION
This review found that no one technique for authenticating M. pumilum botanical drug substances and products can be used. Each technique has its own distinct interpretation of the plant, ranging from simple morphological characteristics to a more comprehensive comprehension of the M. pumilum’s phytochemical constituents. Developing proper authentication procedures is critical for the development and manufacturing of botanical drugs, whether for clinical trials or before the product reaches the consumer. Thus, additional research is necessary to determine the most effective authentication techniques for differentiating the varieties of M. pumilum and their plant parts to ensure that the correct species is used in the manufacturing process of botanical drug products and to avoid adulterations that could pose a health risk to consumers.
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Background: Depression is a common complication of cardiovascular disease, which deteriorates cardiac function. Shuangxinfang (psycho-cardiology formula, PCF) was reported to alleviate myocardial ischemia injury and improve depression-like behavior. Interestingly, our previous proteomics study predicted that the protein S100A9 appeared as an important target, and macrophage/microglial inflammation might be involved in the process of PCF improving depression induced by acute myocardial infarction (AMI). This study aims to validate the proteomics results.
Methods: AMI rat models were established in vivo, followed by the administration of PCF or ABR-215757 (also named paquinimod, inhibiting S100A9 binding to TLR4) for 5 days. Forced swimming test (FST) and open field test (OFT) were applied to record depression-like behavior, and echocardiography was employed to evaluate cardiac function. Morphological changes of cardiomyocytes were assessed by HE staining and TUNEL staining on day 7 after cardiac surgery, as well as Masson trichrome staining on day 21. Hippocampal neurogenesis was determined by Nissl staining, while 5-hydroxytryptamine (5-HT), tryptophan/kynurenine ratio, and brain-derived neurotrophic factor (BDNF) in the hippocampus were analyzed as biochemical indicators of depression. We employed RT-qPCR, western blotting, and immunofluorescence to detect the expression of pathway-related genes and proteins. Myocardial and hippocampal expression of inflammatory factors were performed by ELISA. The activation of macrophage and microglia was assessed via immunoreaction using CD68 and Iba1, respectively. For in vitro confirmation, BV2 cells were primed with recombinant protein S100A9 and then treated with PCF serum or ferulic acid to determine alterations in microglial inflammation.
Results: Rats in the AMI group showed heart function deterioration and depression-like behavior. Coronary ligation not only brought about myocardial inflammation, cell apoptosis, and fibrosis but also reduced the neurogenesis, elevated the tryptophan/kynurenine ratio, and decreased the content of 5-HT. PCF could ameliorate the pathological and phenotypic changes in the heart and brain and inhibit the expression of the S100A9 protein, the activation of the microglial cell, and the secretion of IL-1β and TNF-α raised by AMI. ABR-215757 showed therapeutic effect and molecular biological mechanisms similar to PCF. Treatment with PCF serum or ferulic acid in vitro was proved to efficiently block the hyperactivation of BV2 cells and increment of cytokine contents induced by recombinant protein S100A9.
Conclusion: We identify S100A9 as a novel and potent regulator of inflammation in both the heart and brain. Macrophage/microglia inflammation mediated by S100A9 is considered a pivotal pathogenic in depression after AMI and a major pathway for the treatment of PCF, suggesting that PCF is a promising therapeutic candidate for psycho-cardiology disease.
Keywords: Shuangxinfang, traditional Chinese medicine, acute myocardial infarction, epressive disorder, S100A9, inflammation, microglia, macrophages
1 BACKGROUND
The reported prevalence of depression after acute myocardial infarction (AMI) for the last few years varied across studies and generally ranged from 18% to 40% (Smolderen et al., 2017; Feng et al., 2019; Trajanovska et al., 2019; Worcester et al., 2019). The TRIUMPH study, an observational multicenter cohort study published in Circulation, which enrolled 4,062 patients with AMI and recognized depression between 24 and 72 h of admission, declared that one-fifth of patients with AMI had significant depressive symptoms (Smolderen et al., 2017). The research assessed depression in patient survivors during hospitalization at 3 and 12 months after AMI, and the three groups presented almost equal representation of depression according to beck depression inventory (BDI) with 34.1%, 30.8%, and 30%, respectively (Trajanovska et al., 2019). These results implied that acute coronary events might directly induce depression, regardless of other socioeconomic factors. It is reported that only patients with incident post-AMI depression, rather than ongoing or recurrent depressions, had an impaired cardiovascular prognosis (de Jonge et al., 2006), suggesting that the pathological mechanism of AMI-induced depression may be different from other types and worthy of further investigation.
Depression has been classified as a risk factor for poor prognosis among patients with cardiovascular diseases, which is closely related to decreased heart rate variability, sympathetic nervous excitement, and ventricular arrhythmias, ulteriorly leading to fatal and non-fatal cardiovascular events, loss of life quality, an increase in healthcare expenditure, and suicide risk (Gehi et al., 2005; Rodrigues et al., 2015; Hawkins et al., 2016; AbuRuz and Al-Dweik, 2018; Wilkowska et al., 2019; Bangalore et al., 2020). Selective serotonin reuptake inhibitors (SSRIs) are currently preferred choices for depressed patients with cardiovascular disease. However, associations of antidepressant treatment with long-term cardiac outcomes in depression following AMI have been inconclusive (Coupland et al., 2016; Kim et al., 2018; Iasella et al., 2019; Kim et al., 2019). It means that new therapeutic strategies still need to be developed to make up for the deficiency of current antidepressants.
Shuangxinfang (psycho-cardiology formula, PCF) consists of four kinds of botanical drugs, including Salvia miltiorrhiza Bunge (Lamiaceae; Salviae miltiorrhizae radix et rhizoma), the roots and rhizomes of Chuanxiong Rhizoma (Umbelliferae; Ligusticum chuanxiong Hort.), the bulb of Lilium pumilum DC (Liliaceae; Lilii Bulbus), and the dried seeds of Ziziphi Spinosae Semen [Rhamnaceae; Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H.F.Chou], which are beneficial in promoting blood circulation, removing stasis, lifting the spirit, and gaining the vitality to be away from gloomy mood and somatic distress. The main active substances of Salvia miltiorrhiza Bunge include the phenolic acids, the diterpenoid tanshinones, and related quinone derivatives (Pang et al., 2016). Lilium pumilum DC contains various chemical components, in which steroidal saponins, flavonoids, and polysaccharides are the main active ingredients (Zhou et al., 2021). Ziziphi Spinosae Semen contains flavonoids, saponins, alkaloids, and fatty oils (Hua et al., 2021). Besides, 174 components have been identified from Chuanxiong Rhizoma, among which phthalides and alkaloids would be the main bioactive ingredients for the pharmacological properties (Chen et al., 2018). Our previous clinical trials have already confirmed that PCF could relieve angina pectoris and improve depressive symptoms (Wang et al., 2021). The pharmacological mechanism of PCF concentrates on the regulation of inflammatory response and the neuroendocrinology system. PCF could inhibit the expression of inflammatory factors such as tumor necrosis factor-α (TNF-α) in AMI rats and meanwhile appease the neural system by modulating the γ-aminobutyric acid (GABA) system (Wang et al., 2019). The above data highlighted a critical role for the PCF in inhibiting inflammation caused by injured myocardium and alleviating depression following AMI.
To systematically identify possible targets and explore the biological mechanism of PCF in depression after AMI, we have performed pharmacoproteomic profiling of the myocardium and hippocampus in rats from the sham, AMI, and PCF groups using label-free liquid chromatography-mass spectrometry (LC-MS/MS) (Sun et al., 2021). The intersection of differentially expressed proteins (DEPs) in the peri-infarct border zone and hippocampus produces a unique protein, that is S100A9, which has become a topic molecule in the cardiovascular field during these years (Nagareddy et al., 2020; Wang et al., 2021). The role of S100A9 in driving inflammatory response after MI has attracted much attention and has been identified as a potential therapeutic target (Li et al., 2019). Also, the alarmin S100A9 mediating neuroinflammation in depressive-like behaviors begins to come into focus (Gong et al., 2018). According to alteration of the proteomics profile in biological fraction and pertinent pathways, macrophage/microglia inflammation might be a biological mechanism for PCF to protect against the pathological progress of depression after AMI. As reported, S100A9 modulates macrophage inflammation in AMI and regulates microglial inflammation in depression (Ma et al., 2017; Marinković et al., 2019), yet the evidence of it is not quite adequate in post-AMI depression. Indeed, the regulation of S100A9 in macrophage/microglia inflammation guides a direction for molecular mechanisms in psycho-cardiology diseases. In this study, systematic experiments were performed in AMI rats with depression-like behavior to verify the hypothesis derived from proteomics.
2 MATERIALS AND METHODS
2.1 Preparation of PCF
One dosage of PCF was composed of the roots and rhizomes of Salvia miltiorrhiza Bunge (Lamiaceae; Salviae miltiorrhizae radix et rhizoma) (Dan Shen, 20 g), the roots and rhizomes of Chuanxiong Rhizoma (Umbelliferae; Ligusticum chuanxiong Hort.) (Chuan Xiong, 12 g), the bulb of Lilium pumilum DC (Liliaceae; Lilii Bulbus) (Bai He, 30 g), and the dried seeds of Ziziphi Spinosae Semen (Rhamnaceae; Ziziphus jujuba Mill. var. spinosa [Bunge] Hu ex H.F.Chou) (Suan Zao Ren, 30 g). PCF granules, purchased from Beijing Pharmaceutical Co., Ltd., were made of the above four botanical drugs by the process of water heating, extraction, separation, concentration, drying, and granulation. The process was operated according to the “Technical Requirements for Quality Control and Standard Formulation of Chinese Medicine Granule,” issued by the National Medical Products Administration. One dosage of PCF granule was dissolved in 100 ml distilled water which was heated at a temperature of 100°C. According to the long-term clinical practice, the adult daily dosage of PCF was 1 ml (PCF solution)/600 g (body weight)/d. The optimal dosage of the PCF solution for rats was six times greater than the adult dosage based on the body surface areas in accordance with the Chinese Medicine Pharmacology Research Technology. Furthermore, the converted lavage dose has been applied and verified on the efficacy for depression post-AMI in previous experiments (Wang et al., 2019). Thus, the optimal lavage dose was 1 ml/100 g/d.
2.2 Drugs and Reagents
Paquinimod (Apexbio, Houston, TX, United States), also called ABR-215757 (a specific inhibitor of S100A9), binds to S100A9 in a Ca2+/Zn2+ dependent way and blocks interaction with TLR4 (Björk et al., 2009; Liang et al., 2019). It has been applied to the experimental research of depression, atherosclerosis, and other diseases (Stenström et al., 2016; Kraakman et al., 2017). According to the literature and the results of previous studies, ABR-215757 was successively dissolved in 10% DMSO, 40% polyethylene glycol 400 (PEG400), 5% Tween 80, and 45% normal saline, and injected intraperitoneally at a dose of 5 mg/kg/d, once a day for 5 consecutive days (Masouris et al., 2017; Tahvili et al., 2018). Recombinant protein S100A9 (Bio-Techne, Minnesota, MN, United States) was prepared into 300 μg/ml mother solution with sterile water and then diluted to 0.01 μM, 0.02 μM, 0.05 μM, and 0.1 μM with a complete medium in the initial experiments. A concentration of 0.1 μM was adopted in the subsequent experiments. C34 (Apexbio, Houston, TX, United States) inhibited toll-like receptor 4 in vitro, which was dissolved in DMSO to prepare mother liquor with a concentration of 10 mM and diluted to the final concentration of 10 μM when used (Adegoke et al., 2019). Ferulic acid (Yuanye Bio-Technology, Shanghai, China) was dissolved in DMSO and configured to a concentration of 80 μM.
2.3 In Vitro Study
2.3.1 Preparation of Medicated Sera
The rats were given PCF or distilled water as above and anesthetized by intraperitoneal injection of pentobarbital 1 hour after administration. Blood was collected from the abdominal aorta and centrifuged, heat-inactivated at 56°C for 30 min, and filtered by a 0.22 μm filter membrane. The serum was packed separately and frozen at −80°C until use.
2.3.2 Cell Culture
The microglial cell line BV-2 was received from the Scientific Research Center of Shanghai 10th People’s Hospital and cultured in high-glucose Dulbecco’s-modified eagle’s medium (H-DMEM, Invitrogen, United States) with 10% fetal bovine serum (FBS Gibco, United States) and 1% penicillin/streptomycin (Gibco, United States) at 37°C in a humidified atmosphere with 5% CO2. Cells at 80% confluency were supplied for experimental treatments or trypsinized for passage.
2.3.3 Group Design
BV2 microglia cells were divided into six groups: control, recombinant protein S100A9 (S100A9), C34, PCF serum (PCF), ferulic acid (FA), and control serum (CS). Except for the control group treated with complete medium, cells in the C34, FA, PCF, and CS groups were cultured in 0.1 μM of recombinant S100A9 protein for 6 h, followed by complete medium, respectively, supplemented with 10 μM C34, 80 μM FA, 5% PCF serum, and 5% control serum for 6 h.
2.3.4 CCK-8 Assay
Cells were cultured in 96-well plates (2 ×104 cells per well) with 100 µl complete medium containing various doses of recombinant S100A9 protein (0.01/0.02/0.05/0.1 μM), control serum (5%, 10%, 20%), or PCF serum (5%, 10%, 20%), to determine the dose-dependent effects of reagents. Cell viability was measured via the CCK-8 assay kits. The absorbance at 450 nm was measured with a microplate reader.
2.3.5 Enzyme-Linked Immunosorbent Assay
The cell supernatants from each sample were collected for ELISA assays. Concentrations of inflammation markers, including S100A9, TNF-α, and IL-1β, were determined by pre-coated ELISA kits (MLBIO, Shanghai, China) according to the manufacturer’s instructions.
2.4 In Vivo Experiment
2.4.1 Animals
Male Sprague-Dawley (SD) rats (220 ± 20 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., [License No. SCXK (Beijing) 2016–0006]. All rats were fed in a specific pathogen-free facility with controlled temperature (22 ± 1°C), relative humidity (65–70%), and a 12:12 light/dark cycle.
2.4.2 Ethics
Experiments were in accordance with protocols approved by the Institutional Animal Care and Use Committee of the University of Chinese Medicine, Beijing, China (Ethical number: BUCM-4-2020091108-3141).
2.4.3 Establishment of AMI Rat Model
As described previously, ligation of the left anterior descending (LAD) coronary artery was used to construct the AMI rat model, while only threading was operated without knotting in the sham group (Wang et al., 2019; Hou et al., 2021). Penicillin was injected intraperitoneally to prevent infection. The success of the AMI model was marked of pathological Q wave by more than six leads of ECG I, AVL, and V1∼V6 in electrocardiograph on the second day after surgery.
2.4.4 Design and Allocation
After 7 days of acclimatization, the rats were randomly divided into the sham group (n = 16), AMI group (n = 18), PCF group (n = 18), and ABR-215757 group (n = 18). All the rats received LAD operation other than the sham group. Rats in the PCF group were administered intragastrically PCF solution (1 ml/100 g/d) at 8 a.m. every day for 5 days, while the rats in the other groups received the same volume of distilled water (1 ml/100 g/d) on the same schedule. Paquinimod (5 mg/kg/d) was injected into the rats of the ABR-215757 group intraperitoneally at 8:30 a.m. every day for 5 days, and the rats in the other groups were intraperitoneally injected with the same volume of 0.9% normal saline. After the last treatment administration, the rats underwent behavioral tests and echocardiography. Then, half of the rats randomly selected in each group were given a peritoneal injection of 1% pentobarbital sodium, and blood samples were collected from the abdominal aorta. The hearts and brain tissues were immediately isolated and snap-frozen in liquid nitrogen. On the 21st day after surgery, the remaining rats were sacrificed to detect neurogenesis in the hippocampus and cardiac fibrosis in the myocardium.
2.5 Behavioral Tests
Behavioral tests were performed in a double-blinded manner and operated in a dark and quiet room, and all rats were transported to which 1 hour earlier to acclimatize. The behavior in the open field test and forced swimming test was videotaped and further analyzed by SuperMaze (Softmaze, Shanghai, China), specialized animal behavior video analysis software.
2.5.1 Open Field Test (OFT)
The first step was to set up the software program. In SuperMaze, the grayscale was set as the recognition algorithm and three points were determined to track the position of the rats. The open field is a square wooden chest (100 × 100 × 60 cm) with a black floor and divided into 25 identical areas with white lines. A single rat was placed in the central square and allowed to move freely for 5 min. The number of verticalities (times of rat stood on its hind limbs) was recorded by an observer blind to the group, while the total distance and distance in the central region were recorded in the software. The field was wiped clean with 75% alcohol before each test.
2.5.2 Forced Swimming Test
The dynamic background method was selected, and the rats were located by the center of gravity in SuperMaze. The FST was operated in a transparent glass cylindrical tank with 60 cm in height, 38 cm in width, and 40 cm in depth. Rats were put into the glass tank filled with 22°C–24°C fresh water and allowed to swim freely for 5 min. The immobility time was recorded by the video camera and analyzed by SuperMaze software.
2.6 Echocardiography
The rats were anesthetized and fixed on a board with fur shaved. Three continuous cardiac cycles were captured from the left ventricular short axial section to detect the M-shaped curve. Left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) were measured to assess cardiac function. The left ventricular end-diastolic inner diameter (LViDd), left ventricular end-systolic inner diameter (LViDs), left ventricular end-diastolic volume (LVEDV), and left ventricular end-systolic volume (LVESV) were measured to evaluate the ventricular structure.
2.7 H&E and Masson Staining
The tissues extracted were embedded in paraffin and cut at a 4 μm thickness after fixation in 10% neutral formalin for 72 h. These slices were stained with hematoxylin/eosin (H&E) or Masson trichrome and observed under an optical microscope (Carl Zeiss Microscopy, Germany) to evaluate histopathological changes and collagen deposition. The percentage of collagen deposition area was analyzed by the ratio of fibrosis area to the total myocardial area.
2.8 Nissl Staining
The brains were dyed with toluidine blue O to assess neurogenesis. Brain sections were immersed in xylene and then rehydrated in graded alcohol solutions and distilled water. Subsequently, tissue slices were stained with toluidine blue (Servicebio, Wuhan, China) for 10 min, quickly rinsed in distilled water, dried at a 60°C environment, made transparent by xylene, and sealed with neutral gum. Three sample sections were selected from each group and observed using an optical microscope. The mean integrated optical density (IOD) of the dentate gyrus (DG) region in the hippocampus was measured by Image-Pro Plus 6.0 software (Media Cybernetics Inc., Rockville, MD, United States).
2.9 TUNEL Assay
Cardiac cell death was evaluated utilizing a TdT-mediated dUTP nick end labeling (TUNEL) assay kit (Roche, United States) in accordance with the manufacturer’s protocol. The kit was labeled with FITC fluorescein, and the positive apoptotic nucleus was dyed green. The cells were stained with DAPI (1:30, Beyotime Biotechnology, China) for nuclear counterstaining and observed under a fluorescence microscope (Zeiss Axio Scope A1). Three fields of each slice were selected for quantification. ImageJ software (NIH, MD, United States) was applied to calculate the number of TUNEL positive cells. Apoptosis index (AI) = (number of apoptotic nucleus/number of total nucleus) × 100%.
2.10 Immunofluorescence Staining
Paraffin sections of heart and brain tissue were processed as previously described. After routine dewaxing, hydration, and antigen retrieval, the tissues were incubated in bovine serum albumin (BSA) for 30 min. After blocking, the slices were incubated with an anti-Iba1 (1:500, Abcam, United Kingdom), anti-CD68 (1:200, Abcam, United Kingdom), or anti-S100A9 (1:500, Proteintech, United States) overnight at 4°C, followed by secondary antibodies conjugated to CY3 (1:300, Servicebio, China) or HRP (1:500, Servicebio, China). As for anti-S100A9, the slices were incubated with FITC at room temperature in the dark for 10 min. Subsequently, the tissues were stained with DAPI for nuclear counterstaining. The stained slides were photographed under a fluorescence microscope. The number of CD68+ cells in the myocardium or Iba1+ cells in the hippocampus was counted by ImageJ software (NIH, MD, United States) in a blinded manner. The data were expressed as the mean number of cells per square millimeter. For intensity measurements, three sections from each sample at the same level were used to determine the mean optical density (mean optical density = IOD/area). The mean values were calculated from three randomly selected microscopic fields from each section.
2.11 Western Blotting
The hippocampal and myocardial samples were lysed; then, proteins were extracted with RIPA buffer (Thermo Fisher Scientific, United States) and measured by the BCA protein concentration Determination kit (Glpbio, United States). Protein mixtures were separated via 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, United States). TBST containing non-fat dried milk was used to block non-specific binding to the membranes, and the membranes were incubated with primary antibodies at 4°C overnight, followed by incubation with the secondary antibodies (1:3000, Thermo Fisher Scientific) at room temperature for 30 min and reaction with enhanced chemiluminescence (ECL). The primary antibodies for immunoblotting were as follows: anti-TLR4 (1:1000, Abcam), anti-NF-κB (1:1000, Abcam), anti-BDNF (1:1000, Abcam), anti-GAPDH (1:1000, Servicebio), and anti-ACTIN (1:1000, Servicebio). The exposure condition was adjusted on the basis of luminescence intensity. The results were scanned and color-modulated, and the target band intensities were analyzed by the BandScan software (Glyko, United States).
2.12 Real-Time Quantitative PCR
TRIzol and chloroform were used to extract mRNA from tissues and cells. Purity was assessed by the ratio of A260/A280, and RNA with a purity between 1.8 and 2.0 was used for the next actions. The complementary strand DNA was synthesized from RNA via first-strand cDNA synthesis mix with gDNA Remover F0201-100T Kit (LABLEAD, China). The real-time PCR reaction system was formulated as requested by QuantiNova SYBR Green PCR Kit (QIAGEN, Germany). Each reaction was run in 35–40 cycles consisting of the following steps: initial heat activation at 95°C for 2 min followed by a set cycle of denaturation at 95°C for 5 s and combined annealing/extension at 60°C for 10 s. Melt curve analysis was performed to confirm the specificity of the amplicon. As a final step, relative mRNA expression levels were analyzed using the formula ΔΔCt method and normalized to the GAPDH.
2.13 Sequences of PCR Primers
[image: Table 1]2.14 LC–MS/MS Method
The hippocampus tissue samples were weighed and ground in the frozen grinding machine. 80% methanol was added at a ratio of 1:10, followed by vortex, low-temperature ultrasound for 10 min, and centrifugation at 13000 rpm for 10 min. Then, the supernatant was removed to frozen centrifugation and concentrated to dry, and 100 ul of solvent was added for redissolution. The analysis was performed on the AB SCIEX QTRAP 4500 (United States) triple quadrupole mass spectrometer in SRM and positive ionization mode. The LC separation was run on an ACQUITY HSS PFP column (2.1 × 100 mm, 1.7 μm, United States) equipped with Waters ACQUITY UPLC I-Class infinite binary pump. Acetonitrile containing 10 mM amine acetate and 0.1% formic acid was used as solvent A, and water containing 10 mM amine acetate and 0.1% formic acid was used as solvent B. The flow rate was 0.2 ml/min. The steps of gradient elution were as follows: the initial conditions were 98% solvent B starting from 0 min, 8 min to 0% solvent B, returning to the initial state of 98% solvent B after 2 min, and 12 min to end a collection. The column temperature was 35°C, while the sample was kept at 10°C and the injection volume was 10 μl. The MS parameters were as follows: ESI ion source temperature, 500°C; air curtain, 30 psi; collision activated dissociation gas settings, medium; and ion spray voltage, 5500 V. All data were processed by Analyst 1.6.3 Software.
2.15 Statistical Analysis
The data were presented as mean ± standard deviation (SD). Statistical graphing was performed using GraphPad Prism software (version 8.0; Inc., San Diego, CA, United States). For multiple comparison tests, one-way analysis of variance (ANOVA) was performed, followed by a Tukey post hoc test. Data were analyzed for normality and homogeneity of variances as a justification for parametric or nonparametric analyses. For all analyses, an average value of p < 0.05 was considered statistically significant.
3 RESULTS
3.1 PCF Improved Cardiac Function and Ventricular Remodeling in AMI Rats
As shown in Figure 1, myocardial infarction led to wall thinning, dilated left ventricular chambers, and an obvious decrease in cardiac function. The LVEF and LVFS were decreased in the AMI groups compared with the sham group (p < 0.00001). In contrast, the LVEF and LVFS in the PCF group were significantly elevated compared with the AMI group (p < 0.05) and showed a similar trend in the ABR-215757 group (p < 0.01). Thus, PCF and ABR-215757 could overcome the inhibitory effects of AMI on the LVEF and LVFS. The LVIDd and LVIDs, respectively, indicated end-diastolic and end-systolic left ventricle internal dimension, while LVESV and LVEDV, respectively, showed the maximum volume of the ventricle in systole and diastole. The four indicators in the PCF group and ABR-215757 group were declined in contrast with the AMI group.
[image: Figure 1]FIGURE 1 | Cardiac function parameters of rats after myocardial infarction in echocardiography from each group (n = 7). Values were expressed as mean ± SD. LVEF: left ventricular ejection fraction. LVFS: left ventricular fractional shortening. LViDd: left ventricular end-diastolic inner diameter; LViDs: left ventricular end-systolic inner diameter. LVEDV: left ventricular end-diastolic volume. LVESV: left ventricular end-systolic volume. *p < 0.05, ***p < 0.001, *****p < 0.00001, compared with the sham group. #p < 0.05, ##p < 0.01, compared with the AMI group. & p < 0.05, compared with the AMI group.
3.2 PCF Alleviated Histological Injury in Myocardial Tissue of AMI Rats
The severity of cardiac damage was evaluated by morphological observations (Figure 2). Hematoxylin/eosin staining showed an orderly arrangement of myocardial fibers in the sham group. Conversely, the myocardial fibers became loosely and irregularly arranged in the AMI group. Instead, PCF and ABR-215757 alleviated the morphological injuries after AMI. Compared with the sham group, the apoptosis index was significantly increased in the AMI group on day 7 after coronary ligation (p < 0.001); then, a large number of fibrotic scars were observed on day 21 (p < 0.0001). TUNEL assay revealed that PCF and ABR-215757 significantly ameliorated AMI-induced cell apoptosis (Figure 2D), and Masson staining showed that both of them significantly decreased the fibrosis area in the peri-infarct border zone (p < 0.001, Figure 2E), indicating their beneficial effects to reduce impairment of cardiac function.
[image: Figure 2]FIGURE 2 | Effect of PCF on AMI-induced pathological changes in the myocardial tissue. (A) H&E staining showed different levels of inflammatory infiltration in the peri-infarct border zone. Scale bar, 40 μm. (B) TUNEL staining showed cardiac apoptosis on 7 days after MI surgery. Green staining of the nucleus indicated apoptosis, and blue staining marked DAPI. (C) Masson trichrome staining of heart slides at 21 days after MI. Red, myocardium; blue, scarred fibrosis. (D) Quantitative analysis of TUNEL-positive cells in the border zone of infarction area. Three separate fields were calculated from each group. (E) Fibrosis area as a percentage (three samples from each group). ***p < 0.001, ****p < 0.0001, compared with the sham group. #p < 0.05, ###p < 0.001, compared with the AMI group. && p < 0.01, &&& p < 0.001, compared with the AMI group.
3.3 PCF Improved Depression in Rats After AMI
Compared with the sham group, rats in the AMI groups showed depression-like behaviors, such as a reduction of crossing zones and rearing times in OFT and longer immobility time in FST (p < 0.01, Figure 3). In contrast, rats in the PCF group were much more active, such as extended total distance (p < 0.05) and increased verticality number (p < 0.01) in OFT and much shorter immobility duration in FST (p < 0.0001). Interestingly, rats after intraperitoneal injection of paquinimod showed less horizontal movement and fewer rearing times in OFT (p > 0.05) but shorter immobility time in FST (p < 0.0001).
[image: Figure 3]FIGURE 3 | PCF significantly ameliorated depression-like behavior in rats after myocardial infarction. (A) The number of verticality in open field test (OFT). (B) Distance in center. (C) Total distance. (D) Immobility time of rats in forced swimming test (FST). n = 9 per group. **p < 0.01, compared with the sham group. ####p < 0.0001, compared with the AMI group. & p < 0.05, && p < 0.01, &&&& p < 0.0001, compared with the AMI group.
The mainstay of antidepressant therapy directs at serotonin (5-hydroxytryptamine, 5-HT) metabolism, in detail, blocking the reuptake of 5-HT from the extracellular space. As a precursor for serotonin, 95% of tryptophan is degraded in the liver through the kynurenine pathway, and the remaining is used for the synthesis of 5-HT (Oxenkrug, 2013). Abnormalities in the tryptophan-kynurenine pathway are implicated in the pathophysiology of depressive disorder (Muneer, 2020). To examine the effects of AMI on neurotransmitters in the brain, we analyzed the hippocampus tissues by liquid chromatography-mass spectrometry (LC-MS). As shown in Figures 4A, significant decrease in 5-HT level was observed in AMI rats (p < 0.01), while PCF and ABR-215757 treatment led to a degree of recovery (p < 0.05). The level of tryptophan (Try) was altered in a manner similar to that of 5-HT. Proinflammatory cytokines catalyze the conversion of Try to kynurenine (Kyn), and the kynurenine pathway may elucidate the phenomenon of inflammation in depression (Vancassel et al., 2018). It has evoked widespread concern that the ratio of kynurenine to tryptophan is significantly enhanced in patients with depression (Maes et al., 2002; Zhang et al., 2016). Our results showed an increased hippocampal Kyn/Try ratio in the AMI group (p < 0.05), and the ratio declined with the administration of S100A9 inhibitors (p < 0.05, Figure 4B).
[image: Figure 4]FIGURE 4 | The effect of PCF on the neurotransmitter disorder and decreased neurogenesis caused by myocardial infarction. (A) HPLC analysis of 5-HT in the hippocampus of rats (n = 3). (B) Ratio of kynurenine to tryptophan. (C) Nissl’s staining in the dentate gyrus region of hippocampus from different groups. (D) Western blotting detected the protein expression levels of BDNF in the hippocampus (n = 3). 5-HT: 5-hydroxytryptamine; Kyn: kynurenine; Try: tryptophan; BDNF: brain-derived neurotrophic factor; DG: dentate gyrus. *p < 0.05, **p < 0.01, compared with the sham group. #p < 0.05, compared with the AMI group. & p < 0.05, compared with the AMI group.
Depression is associated with neuroplasticity in the brain regions, particularly the hippocampus. Nissl bodies, easily stained by toluidine blue, reflects the synthesis of Nissl bodies and the survival of nerve cells. Nissl staining revealed that the rats had fewer neurons with the loose arrangement in the hippocampal DG regions on day 21 after coronary artery ligation (p < 0.05, Figure 4C), whereas no obvious hippocampal neuron loss was observed in the PCF group and ABR-215757 group. Brain-derived neurotrophic factor (BDNF), a topic neurotrophic factor of intensive research in the mammalian brain, contributing to the maintenance and survival of neurons and activity-dependent regulation of synapse number and function, is integral to the pathophysiology of depression (Zhang et al., 2016). Multiple lines of evidence implied that administration of BDNF into either hippocampus or midbrain in rodent models produces an antidepressant-like effect (Monteggia et al., 2007). In this study, the expression level of BDNF was downregulated in the AMI group compared with the sham group and showed an upward trend after administration of PCF and ABR-215757, but there was no statistical significance between groups (Figure 4D).
3.4 PCF Inhibited the Activation of S100A9/TLR4/NF-κB Signaling Pathway
Our present proteomic study revealed that S100A9 was the only molecule intersected from numerous proteins in the myocardium and hippocampus and one of the differentially expressed proteins among the sham, AMI, and PCF groups. We first verified the in vivo effect of coronary ligation on the S100A9 expression by RT-qPCR. Consistent with proteomic data, the expression level of S100A9 gene was elevated in the AMI group compared with the sham group and was returned to the basal level by PCF treatment (Figure 5A). The expression of S100A9 protein in the hippocampus was also visualized by immunofluorescence. Expression analysis showed increased expression of S100A9 in the AMI group (p < 0.001), and S100A9-positive fluorescence intensity were markedly decreased in the PCF group (p < 0.0001) and ABR-215757 group (p < 0.05, Figure 5B). In addition, the immunoblotting analysis showed that the expression of TLR4 and NF-κB protein was changed in a manner similar to that of S100A9 (Figure 6). Interestingly, the protein expression trend was observed in the myocardium and hippocampus. In order to explore the effect of S100A9 on inflammatory factors, the ABR-215757 group was set and the expression pattern was found to be parallel to that in the PCF group. As shown in Figure 5A and Figure 6A, compared with the AMI group, the expression of the S100A9 gene in the hippocampus and NF-κB protein in the myocardium from the ABR-215757 group was downregulated (p < 0.05). However, it is regrettable that there was no statistically significant difference in protein expression between the PCF and AMI group.
[image: Figure 5]FIGURE 5 | The effect of PCF on the S100A9/NF-κB pathway in the hippocampus and myocardium. (A) The gene expression of S100A9 and NF-κB in the hippocampus and myocardium detected by RT-qPCR. Data were presented as mean ± SD, n = 3 per group. (B) Immunofluorescence analysis of S100A9 in hippocampus tissues. S100A9 immunostaining was shown in green and DAPI in blue. (C) Mean optical density of S100A9-positive cells. Three fields were selected from each slide. ***p < 0.001, compared with the sham group. #p < 0.05, compared with the AMI group. &&&& p < 0.0001, compared with the AMI group.
[image: Figure 6]FIGURE 6 | Protein expression of TLR4 and NF-κB detected by western blotting. (A) The protein bands of TLR4 and NF-κB in the hippocampus. β-actin was reused as the loading control for protein TLR4 and NF-κB p65. (B) The protein bands of TLR4 and NF-κB in the myocardium. Data were presented as mean ± SD. n = 3 per group. #p < 0.05, compared with the AMI group.
3.5 PCF Reduced the Contents of Proinflammatory Factor
Furthermore, we detected the expression of inflammatory cytokines (S100A9, IL-1β, and TNF-α) in the hippocampus and myocardium by ELISA. As shown in Figure 7, S100A9 levels in the myocardium were significantly increased in the AMI group (p < 0.01), while those in the sham group remained low. In contrast with the sham group, coronary ligation not only significantly increased the IL-1β (p < 0.01) and TNF-α levels (p < 0.0001) in the myocardium but also elevated the levels of inflammatory factors in the hippocampus to promote neuroinflammation (p < 0.0001). On the contrary, the results showed that relative to the AMI group, the hippocampal S100A9 (p < 0.01), IL-1β (p < 0.05), and TNF-α (p < 0.001) levels were obviously downregulated after ABR-215757 intervention, while the myocardial S100A9 (p < 0.05) and TNF-α (p < 0.001) levels also showed a clear trend of descending. Besides, we found that PCF reduced myocardial IL-1β level compared with the AMI group (p < 0.05), and the levels of S100A9 (p < 0.05), IL-1β (p < 0.01), and TNF-α (p < 0.0001) were declined in the hippocampus.
[image: Figure 7]FIGURE 7 | Levels of S100A9, IL-1β, and TNF-α in the hippocampus and myocardium were determined by an ELISA assay. Values were expressed as mean ± SD. n = 6 per group. **p < 0.01, ****p < 0.0001 compared with the sham group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the AMI group. & p < 0.05, && p < 0.01, &&&& p < 0.0001, compared with the AMI group.
3.6 PCF Inhibited the Activation of Macrophages/Microglia
CD68 and Iba1 are recognized as specific markers, respectively, for macrophage and microglia. In order to investigate the effect of AMI on the activation of the macrophage in the heart, immunofluorescence staining for myocardial sections was performed. Results indicated that acute myocardial ischemia significantly increased the number of CD68 positive cells (p < 0.01, Figures 8A,B). However, PCF and ABR-215757 treatment inhibited macrophage activation and decreased the number of CD68+ cells (p < 0.01). We further interrogated the effect of cardiac surgery on hippocampal microglia. As the results indicated, hippocampal microglia were activated by coronary ligation, while PCF and ABR-215757 treatment decreased the number of Iba1+ cells in the hippocampal region (p < 0.01 for ABR-215757, p < 0.05 for PCF, Figures 8C,D).
[image: Figure 8]FIGURE 8 | Macrophage activation in the myocardium and microglial activation in the DG region of AMI rats by immunofluorescence staining. (A) Representative images of CD68 positive cells in the myocardium. (B) Quantification of the CD68+ cell number. (C) Representative images of Iba1 positive cells in the DG region of the hippocampus. (D) Quantification of the Iba1+ cell number. n = 3 slices from each group. *p < 0.05, **p < 0.01, compared with the sham group. ##p < 0.01, compared with the AMI group. & p < 0.05, && p < 0.01, compared with the AMI group.
3.7 The Effect of Recombinant Protein S100A9 on the Viability of BV2 Cells
CCK-8 assay was applied to determine the effect of recombinant protein S100A9 on the viability of BV2 cells. As shown in Figure 9A, the administration of protein S100A9 with 0.01 μmol–0.05 μmol for 6 h had no significant effect on the viability of microglia cells, while 0.1 μmol of S100A9 could observably promote microglial cell proliferation (p < 0.05). Therefore, 0.1 μmol of S100A9 was utilized in the following experiments.
[image: Figure 9]FIGURE 9 | PCF serum reduced the proinflammatory effect of recombinant protein S100A9 in BV2 cells via inhibiting TLR4. (A) Microglia cells were treated with protein S100A9 (0.01,0.02, 0.05, 0.1 μmol) for 6 h. CCK-8 assay was used to detect the viability of BV2 cells. (B) Effect of PCF serum with a concentration of 5%, 10%, and 20% on the viability of BV-2 cells. (C) Resting microglia (a, ×100 magnification; c, ×400 magnification) and activated microglia (b, ×100 magnification; d, ×400 magnification). Morphological changes of BV2 microglia after incubation with S100A9 protein for 6 h (b,d). (D) The ratio of the maximum radius to the minimum radius in BV2 microglia. (E) The level of S100A9, IL-1β, and TNF-α in the culture media was measured with ELISA. Each value represented the mean ± SD of three independent experiments. CS: control serum; CS-L: control serum low dose; CS-M: control serum medium dose; CS-H: control serum high dose; PCF: PCF serum; PCF-L: PCF serum low dose; PCF-M: PCF serum medium dose; PCF-H: PCF serum high dose; C34: TLR4 inhibitor; FA: ferulic acid; *p < 0.05, compared with the control group. #p < 0.05, compared with the S100A9 group. & p < 0.05, compared with the S100A9 group. ※ p < 0.05, compared with the S100A9 group.
3.8 S100A9 Induced Morphological Changes of Microglia Cells
As “sentinels” of the nervous system, it is fitting that microglia respond to changes in biological signaling. Further investigation in BV2 cells observed two major morphological phenotypes, amoeboid versus ramified (Figure 9C). Resting microglia cells existed mostly with oblate bodies, as well as stretched and elongated synapses. Under the activation of recombinant S100A9 protein, microglia cells became enlarged, retracted their processes, formed new motile protrusions, and transformed into spherical or ameboid form. Parameters such as cell area and radius can be used to describe the microglia activation state. Then, a more detailed morphological characterization was carried out. The results revealed that compared with the control serum group, S100A9 induced decreases in radius ratio (p < 0.05, Figure 9D). These morphological modulations indicated that the activation of microglia was attributed to the S100A9 stimulation.
3.9 Effect of PCF Serum on S100A9-Induced Activation of Inflammatory Factors
This study investigated whether PCF serum was involved in the suppression of the inflammatory response induced by S100A9. As shown in Figure 9E, inflammatory factors including S100A9, TNF-α, and IL-1β were markedly increased following treatment with the recombinant S100A9 protein, compared with those in the control group (p < 0.05). No marked reduction in inflammatory factors was observed in the control serum group. However, treatment with PCF serum resulted in a significant reduction in protein S100A9 (p < 0.05). There might be viewpoints that components cannot be identified in drug serum, which represents a “black box operation” with unclear pharmacodynamic substance. Indeed, we have previously detected pharmaceutical ingredients in serum from rats intragastrically by PCF utilizing LC-MS and found that ferulic acid might be a major molecule component of PCF. Therefore, the inhibitory effect of ferulic acid on S100A9-induced inflammatory factors was also examined. The result turned out that ferulic acid could not only reduce S100A9 content (p < 0.05) but also inhibit the expression of TNF-α and IL-1β (p < 0.05). In addition, C34 (TLR4 inhibitor) was proved to reverse the proinflammatory effects of S100A9 (p < 0.05).
3.10 Effect of PCF Serum on the Viability of BV-2 Cells
In order to confirm that the anti-inflammatory property of PCF serum was not due to cytotoxic effects on the BV-2 microglial cells, the drug serum group was further divided into three subgroups with a concentration of 5%, 10%, and 20%, respectively. As can be seen from Figure 9B, the viability of the BV-2 cells was not reduced following treatment with low and medium concentrations of PCF. BV-2 cell viability was slightly decreased in the high dose group, but there was no statistical significance compared with the control group. These results indicated that the inhibitory effects of drug serum on the S100A9-induced inflammatory response did not result from its cytotoxic action.
4 DISCUSSION
Related proteins and immunoinflammatory phenotypes predicted by previous proteomics were examined in this study. Our research highlighted that PCF inhibited macrophage/microglia inflammation by the suppression of S100A9 signaling after AMI, thus improving cardiac function and depression-like behavior. PCF serum and ferulic acid alleviated microglia inflammation in vitro.
According to proteomics results from our previous studies, we speculated that PCF might regulate S100A9-mediated over-activation of macrophage/microglia inflammation, thus leading to mitigation in subsequent inflammatory processes involved in AMI. The dramatic cardiomyocyte death initiates a cascade of inflammation in AMI, in the process of which the role of alarmin S100A9 in deteriorating cardiac function has become a hot topic supported by several top journals of clinical and experimental evidence in these years (Li et al., 2019; Marinković et al., 2020; Sreejit et al., 2020). S100A9, as a potent activator of the innate immune response, as well as the damage-associated molecular pattern (DAMP) protein, is abundantly expressed in neutrophils and rapidly released from activated neutrophils, monocytes/macrophages, and dying cardiomyocytes into the coronary and systemic circulation after myocardial ischemia (Schiopu and Cotoi, 2013). S100A9 interacted locally with toll-like receptor 4 (TLR4) or receptor of advanced glycation end products (RAGE) to promote the expression of NF-κB and release IL-1β and TNF-α (Ehrchen et al., 2009; Riva et al., 2012). The regulatory role of S100A9 in macrophage activation has been brought into focus. The continuous activation of macrophages might be actuated by the S100A9 protein, which acts as a character at the center of the stage to orchestrate the functions of the individual players in cooperation with other proinflammatory cytokines (Ganta et al., 2019; Marinković et al., 2020). Stankiewicz et al. recently analyzed the hippocampal transcriptome of mice subjected to acute and chronic social stress of different durations and found that hippocampal S100A9 mRNA increased (Stankiewicz et al., 2015). In addition, central injection of recombinant S100A9 proteins could evoke depressive-like behaviors, the activation of TLR4/NF-κB signaling, and microglia. The effects of S100A9 protein were attenuated by TLR4 inhibitor TAK-242, indicating that the dysfunction of S100A9/TLR4 signaling in the hippocampus could generate neuroinflammation and depression-like behaviors (Gong et al., 2018). In vitro studies also showed that S100A9 observably increased the secretion of proinflammatory cytokines, including TNF-α and IL-6, in cultured BV-2 microglial cells, the process of which was suppressed by TLR4 inhibitors (Ma et al., 2017). Microglia activation is not only a hallmark of neuroinflammation but also contributes to the development of depressive-like behaviors. Recent studies demonstrated that the impairment of the normal structure and function of microglia caused by intense inflammatory activation can result in depression and associated impairments in neuroplasticity and neurogenesis. Accordingly, some forms of depression can be recognized as a microglial disease (microgliopathy) (Yirmiya et al., 2015). Hippocampal microglial activation was demonstrated to originate from stress and be implicated in the pathophysiology of depression. Thus, the hippocampus, a region with a high density of microglial cells (Brites and Fernandes, 2015), was selected to be tested instead of other brain organs. Similar to the above results, in AMI-induced depressive rats, the level of S100A9 showed an increasing trend in the myocardium and the hippocampus, accompanied by the activation of transcription factor NF-κB and the release of proinflammatory factors. Also, our research showed a higher content of S100A9 in the myocardium and the hippocampus by ELISA in the AMI group. Coronary ligation promoted the activation of macrophage/microglia, respectively evidenced by an increase in the number of myocardial CD68 positive cells and hippocampal Iba1 positive cells. Intragastric administration of PCF downregulated the expression of S100A9 and other inflammatory factors and inhibited the activation of microglia. Our results revealed that PCF intervention inhibited inflammation, which might partly attribute to a reduction in the content of S100A9 and the inhibiting effect of macrophage/microglia activation.
For additional verification of the mechanism, ABR-215757 was used to inhibit S100A9. Paquinimod exerts consistent and robust immunomodulatory effects on systemic lupus erythematosus, positively evaluated in a phase 2 randomized controlled trial (Bengtsson et al., 2012). The application range of paquinimod has gradually expanded in preclinical studies and mainly lies in its inhibition of inflammatory reaction by blocking the interaction with TLR4 and RAGE (Kraakman et al., 2017; Boros and Vécsei, 2020). Paquinimod is second-generation quinoline-3-carboxamides and may be a novel promising therapeutic way for depressive disorder (Boros and Vécsei, 2020). At the moment, in vivo studies demonstrate that ABR-215757 effectively ameliorates depressive symptoms (Gong et al., 2018). In our research, after continuous administration of ABR-215757 in the whole acute phase, the expression levels of S100A9, NF-κB, IL-1β, and TNF-α were significantly downregulated. Moreover, the inhibition of macrophage/microglia activation by ABR-215757 was shown to alleviate inflammation and modulate 5-HT metabolism. As a result of TLR4 signaling blocking, the desperate behavior was successfully rescued, and the cardiac function was partially restored. It is noteworthy that ABR-215757 could ameliorate depression-like behavior, characterized by improvement in despair rather than interest and exploration. Separate depressive symptoms may be encoded by differential changes in distinct circuits in the nervous system. An article published in Cell in 2017 reported that distinct neuronal projections to the lateral habenula and ventral tegmental area subserved different depressive behaviors: behavioral despair and social withdrawal, respectively (Knowland et al., 2017). The results of the behavioral test implied that ABR-215757 had distinct effects on different depressive phenotypes. Reviewing the related literature, we hypothesized that the separate effect of ABR-215757 on different phenotypes of depression might originate from the diverse projection of neurons, deserving further exploration.
However, it is still not clearly identified that S100A9 induced an inflammatory response via the TLR4 receptor nor that PCF inhibited microglial inflammation through this pathway. Therefore, we conducted cell experiments in which BV2 microglia were stimulated by recombinant S100A9 protein at a concentration of 0.1 μmol to construct a model group. Our results showed that S100A9 could induce the release of IL-1β and TNF-α in microglial cells. Cellular morphology revealed the characters of recombinant S100A9 in the activation of microglia. An increase in IL-1β and TNF-α levels derived from activated microglia may promote depressive symptoms. In addition, the C34 (TLR4 inhibitor) group and PCF (PCF serum) group were set up to elucidate the mechanisms that in vivo studies have failed to elucidate. The inhibition of TLR4 attenuated these effects of S100A9, indicating that S100A9-induced microglia activation depended on TLR4 signaling. We examined whether or not the expression of TNF-α and IL-1β induced by S100A9 was inhibited by the treatment with PCF serum on the BV2 microglia. The expression of inflammatory markers was significantly upregulated by S100A9 and showed a downward trend by the co-treatment with PCF serum.
In the infarcted myocardium caused by prolonged coronary occlusion, the DAMP proteins released from necrotic cells trigger both myocardial and systemic inflammatory responses. Inflammatory cells clear the infarct of dead cells and matrix debris and activate repair by myofibroblasts and vascular cells, but they may also lead to adverse fibrotic remodeling of viable segments and accentuate cardiomyocyte apoptosis (Huang and Frangogiannis, 2018). Induction of cytokines and upregulation of endothelial adhesion molecules modulate leukocyte recruitment in the infarcted heart tissues. Apoptosis, a process of programmed cell death, has been proposed to occur in response to proinflammatory cytokines after myocardial ischemia (Frangogiannis, 2015). In the present study, we measured the inflammation level and occurrence of apoptosis severally by HE staining and TUNEL staining in the heart tissues on day 7 after coronary ligation. Also, Masson staining was applied to assess myocardial fibrosis at 21 days after AMI. Severe inflammatory infiltrates, myocardial fiber rupture, increased apoptosis index, and fibrotic regions were shown in the AMI group. Conversely, these pathological phenomena were alleviated by the administration of PCF.
There is considerable evidence that behavioral impairments observed after AMI are consistent with a model of human post-MI depression (Wann et al., 2007; Bah et al., 2011a; Bah et al., 2011b). A majority of studies accorded closely with the conclusion, and Wann et al. (2007) put much effort into making it convincing (Bah et al., 2011a). Wann et al. (2007) reported that MI rats display behavioral signs compatible with depression 2 weeks after the cardiovascular event, including anhedonia (i.e., less sucrose intake) and behavioral despair (i.e., decreased forced swimming) (Wann et al., 2007). Our study declared that rats in the AMI group showed depression-like behavior, as performed by the reduced ability of movement in OFT and longer immobility time in FST. These findings implied that depression-like performance in rodents with MI was demonstrated by diverse behavioral tests.
Depression is recognized as a circuit disease influencing multiple encephalic regions connected in functional networks. The hippocampus, as a primary zone in the cerebral limbic system, has been identified as a major role in the pathological progress of depression. Many factors that may interact with hippocampal damage to trigger depressive episodes, neurotransmitter disturbance, and altered neurotrophic signaling are included (Kraus et al., 2017). The 5-HT hypothesis is supported by vast amounts of data that serotonin metabolism is altered in depression (Dell'Osso et al., 2016). The shunt of Try from 5-HT to Kyn formation is a dominating etiological factor of depression. Kyn was reported to be a proinflammatory metabolite in the neuroimmune signaling network mediating depressive-like behavior (Zhang et al., 2020). The Kyn/Try ratio, an indicator of the activation of the first step of the Kyn pathway, the elevation of which indicated a decrease in the conversion of tryptophan to 5-HT. Activation of the Kyn pathway via inflammation has been substantiated in clinical and preclinical research (Savitz, 2020; Troubat et al., 2021). Inflammation-driven alterations in kynurenine metabolic pathways result in substantial alterations in the metabolism of 5-HT. Our study showed a low content of 5-HT on day 7 postoperatively, accompanied by a rise in Kyn/Try ratio. Myocardial infarction might disturb tryptophan metabolism through the kynurenine pathway, thereby resulting in a decrease in 5-HT synthesis. PCF might change the expression of 5-HT directly via the kynurenine pathway, thus improving depression-like behaviors in AMI rats.
One of the most attractive features of the hippocampus is the unusual capacity for adult neurogenesis. In the sub-granular zone of the dentate gyrus (DG) of the hippocampus, newborn neurons are continuously generated, developed into mature neurons, and functionally integrated into the existing neural circuitry. It is now well established that adult hippocampal neurogenesis is decreased in rodent models of depression (Tanti et al., 2013). Proinflammatory cytokines are involved in immune system-to-brain communication by activating resident microglia in the brain. Activated microglia reduce neurogenesis by suppressing neuronal stem cell proliferation, promoting apoptosis of neuronal progenitor cells, and decreasing the survival of newly developing neurons and their integration into existing neuronal circuits (Cope and Gould, 2019). The process of neurogenesis is strongly stimulated by a brain-derived neurotrophic factor (BDNF), a neurotrophic factor that modulates functional and structural plasticity in the central nervous system, thus affecting dendritic spines and adult neurogenesis. A mass of studies reported the association of a decrease in BDNF mRNA and protein levels in the hippocampus with an increase in susceptibility to develop depressive disorders (Karege et al., 2002; Weinstock, 2017). For synaptic plasticity, we observed the morphology and number of neurons in the hippocampus through Nissl staining. The experimental results showed that the neuronal body of the hippocampus in the AMI group was lost. In our study, the effects of the AMI model on the expression of the synaptic-plasticity protein in the hippocampus were explored by western blotting. The decrease in BDNF might account partly for the depression-like behavior in AMI rats. The results were opposite for rats treated with PCF, although no significant statistical difference was found.
Some experimental studies, until now, have evaluated the anti-inflammatory efficacy of various drug therapies in depression after MI. Ge et al. demonstrated that Ginkgolide B significantly increased the 5-HT content in the brain median raphe nucleus and cortex via the reduction of IL-1β to ameliorate depression in MI mice (Ge et al., 2020). Wang et al. revealed that oral minocycline could prevent increases in plasma cytokines and microglia activation, thus causing some improvement in cardiac function and depression-like behavior (Wang et al., 2019). Our study focuses not only on the role of PCF in improving depression-like behavior after MI but also on the function of controlling the upstream switch of microglial inflammation. Microglia express pattern recognition receptors (PRR) that are designed to identify DAMP (e.g., S100A9) and mediate inflammatory responses. The administration of PCF led to a reduction of the S100A9 level, which meant that PCF might cut the pathological chain of the S100A9-microglial activation-inflammatory cascade from the early stage.
There are some laboratory achievements for the molecule compounds of components in PCF consistent with the inflammatory mechanism obtained in our study. The published literature showed that ferulic acid, an important active ingredient in Chuanxiong Rhizoma, was proven to be antidepressive via increasing monoamine neurotransmitter levels in the hippocampus (Zhang et al., 2011). Also, the antioxygenation property of ferulic acid was implicated in the alleviation of myocardial injury in ischemia-reperfusion rats (Liu et al., 2021). Our in vitro study found that ferulic acid had an inhibitory effect on S100A9-induced microglial inflammation, providing evidence for the mechanism underlining the anti-depressed function. Neocryptotanshinone, a natural product isolated from Salvia miltiorrhiza Bunge, showed anti-inflammatory effects by inhibiting NF-κB and iNOS signaling pathways in LPS-stimulated mouse macrophages (RAW264.7) cells (Wu et al., 2015). It is implied that a percentage of agents showed therapeutic effects similar to PCF in psycho-cardiology diseases. The future for active ingredients in PCF within standardized quality control ensures repeatable pharmacological action.
There are limitations to our study. Only a single group was set in this research instead of several dose groups. Although the efficacy of PCF in depression after AMI was performed and confirmed in preliminary experiments, the absence of multi-dose groups cannot ensure a dose-response relationship. S100A9 is a small calcium-binding protein of the S100 family that is expressed, in most biological settings, as a heterodimer complexed with its partner, S100A8. Future research concentrating on the functional and pathological difference between the monomer and heterodimer is urgently needed. Due to the limited sample in our experiments, no significant statistical difference was observed in the expression of some indicators between groups. Moreover, nothing but in vitro evidence was provided that S100A9 triggered microglial activation through the TLR4 pathway, yet animal experiments in which a biological metabolism was more similar to the human body remained absent.
5 CONCLUSION
Taken together, PCF, a modified TCM formula, promotes the recovery of cardiac function and improves depression-like behavior after MI. The possible mechanism involved in the protective effects of PCF in vivo includes the reduction of inflammation, apoptosis, and fibrosis in the myocardium, the inhibition of the Kyn pathway, and a boost of neurogenesis in the hippocampal tissue. Our results identify S100A9 as a promoter of macrophage/microglia inflammation, with a central role in depressive disorder induced by AMI. The concept of a common modifier driving both myocardial and hippocampal immune response to AMI is novel and of major significance for realizing the immunopathology of this disease. Indeed, the effects of short-term S100A9 blockade closely recapitulate the consequences of reduced inflammation on cardiac function and depression. PCF is also proved to be efficacious for targeting local and systemic inflammatory phases after MI. In vitro experiments conclude that protein S100A9 promotes the production of proinflammatory cytokines in microglia via TLR4, while PCF serum inhibiting the release of S100A9 may provide a therapeutic approach in microglial-mediated neuroinflammatory diseases. These findings provide scientific evidence for the cardioprotective and antidepressive effects of PCF, particularly in the process of suppressing macrophage/microglia inflammation.
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GLOSSARY
AI, apoptosis index
AMI, acute myocardial infarction
Arg-1, arginase-1
BDI, beck depression inventory
BDNF, brain-derived neurotrophic factor
BSA, bovine serum albumin
BZ, peri-infarct border zone
C34, TLR4 inhibitor
CD68, cluster of differentiation 68
DAMP, damage-associated molecular pattern
DAPI, 4,6-diamino-2-phenyl indole
DEPs, differentially expressed proteins
DG, dentate gyrus
DMEM, Dulbecco-modified eagle’s medium
DMSO, dimethyl sulfoxide
ECG, electrocardiograph
ECL, enhanced chemiluminescence
ELISA, enzyme linked immunosorbent assay
FA, ferulic acid
FBS, fetal bovine serum
FST, Forced swimming test
GABA, γ-aminobutyric acid
GAD67, glutamic acid decarboxylase-67
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
GC-MS, gas chromatography-mass spectrometry
HE, hematoxylin and eosin
HRP, horseradish peroxidase
Iba1, ionized calcium-binding adapter molecule 1
IL-1β, interleukin-1β
iNOS, inducible nitric oxide synthase
IOD, integrated optical density
LAD, left anterior descending
LC-MS/MS, label-free liquid chromatography-tandem mass spectrometry
LVEF, left ventricular ejection fractions
LVFS, left ventricular fractional shortening
LViDd, left ventricular end-diastolic inner diameter
LViDs, left ventricular end-systolic inner diameter
LVEDV, left ventricular end-diastolic volume
LVESV, left ventricular end-systolic volume
Kyn, kynurenine
NF-κB, nuclear factor kappa-B
NO, nitric oxide
OFT, open field test
PCF, psycho-cardiology formula (Shuangxinfang)
PEG400, 40% polyethylene glycol 400
PRR, pattern recognition receptors
PVDF, polyvinylidene difluoride
RAGE, receptor of advanced glycation end products
S100A9, Ca2+ binding proteins belonging to the S100 family
SD, standard deviation
SSRIs, selective serotonin reuptake inhibitors
TCM, traditional Chinese medicine
TLR4, toll-like receptor 4
TNF-α, tumor necrosis factor-α
Try, tryptophan
TSPO, translocator protein
TUNEL, TdT-mediated dUTP Nick-End Labeling.
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Background: Community-acquired bacterial pneumonia (CABP) is an important health care concern in the worldwide, and is associated with significant morbidity, mortality, and health care expenditure. Streptococcus pneumoniae is the most frequent causative pathogen of CABP. Common treatment for hospitalized patients with CABP is empiric antibiotic therapy using β-lactams in combination with macrolides, respiratory fluoroquinolones, or tetracyclines. However, overuse of antibiotics has led to an increased incidence of drug-resistant S. pneumoniae, exacerbating the development of community-acquired drug-resistant bacterial pneumonia (CDBP) and providing a challenge for physicians to choose empirical antimicrobial therapy.
Methods: Traditional Chinese medicine (TCM) is widely used as a complementary treatment for CDBP. Yinhuapinggan granules (YHPG) is widely used in the adjuvant treatment of CDBP. Experimental studies and small sample clinical trials have shown that YHPG can effectively reduce the symptoms of CDBP. However, there is a lack of high-quality clinical evidence for the role of YHPG as a complementary drug in the treatment of CDBP. Here, we designed a randomized, double-blind, placebo-controlled clinical trial to explore the efficacy and safety of YHPG. A total of 240 participants will be randomly assigned to the YHPG or placebo group in a 1:1 ratio. YHPG and placebo will be added to standard treatment for 10 days, followed by 56 days of follow-up. The primary outcome is the cure rate of pneumonia, and the secondary outcomes includes conversion rate of severe pneumonia, lower respiratory tract bacterial clearance, lactic acid (LC) clearance rate, temperature, C-reactive protein (CRP), criticality score (SMART-COP score), acute physiological and chronic health assessment system (APACHEII score) and clinical endpoint events. Adverse events will be monitored throughout the trial. Data will be analyzed according to a pre-defined statistical analysis plan. This research will disclose the efficacy of YHPG in acquired drug-resistant pneumonia.
Clinical Trial Registration: https://clinicaltrials.gov, identifier ChiCTR2100047501
Keywords: Yinhuapinggan (YHPG, ), traditional Chinese medicine (TCM), community-acquired drug-resistant bacterial pneumonia (CDBP), multidrug resistance, clinical trial, clinical efficacy
INTRODUCTION
Community-acquired bacterial pneumonia (CABP) is a frequent clinical condition and one of the most common infectious diseases (Sheam et al., 2020). Commonly used treatments include anti-infective therapy, general therapy and symptomatic treatment, of which antibiotic medication is the most important. However, as a double-edged sword, antimicrobial drugs are also an important cause of community-acquired bacterial drug-resistant pneumonia (CDBP) (Kollef and Betthauser, 2019; Wongsurakiat and Chitwarakorn, 2019). With the increasing use of antibiotics worldwide (Klein et al., 2018), the crisis of drug resistance has become more and more serious, and has been listed as a major public health problem by the World Health Organization (Emily et al., 2011). Management of CDBP has been further complicated due to the emergence of antibiotic resistance, particularly from Streptococcus pneumoniae strains (Liapikou et al., 2019). Published guidelines for the management of CDBP provide health care practitioners with current, evidence-based standards for antimicrobial therapy, yet even this expert guidance sometimes conflicts (van Duin and Paterson, 2016; Cao et al., 2018; Froes et al., 2019; Torres et al., 2019). Inflammatory diseases of the respiratory system caused by drug-resistant bacterial infections are commonly in respiratory, emergency and intensive care wards. Recently there has been an increasing number of highly hypervirulent carbapenem-resistant K. pneumoniae infections (Nair and Niederman, 2021), which might cause blood stream infection or nosocomial pneumonia related sepsis (Lee et al., 2017). As the drug resistance of bacteria makes antibacterial drugs less effective, it is difficult to suppress the expansion of inflammatory cells, which in turn leads to increased lung damage. If the inflammation spreads further, it can cause serious conditions such as waterfall uncontrolled systemic inflammatory response and multi-organ failures, where the morbidity and mortality rate are extremely high (He et al., 2018).
Recent studies, including multiple randomized controlled trials and systematic reviews, have demonstrated that short-term antibiotic therapy is safe and equally effective for most patients with pneumonia (Avdic et al., 2012; Haas et al., 2016; Li et al., 2016; Uranga et al., 2016; Royer et al., 2018; van Duin and Paterson, 2020). Conversely, a longer treatment period puts patients at risk of antibiotic-associated adverse events, such as clostridioides difficile infection and multidrug-resistant (MDR) microorganisms (Vaughn et al., 2019; Wattengel et al., 2019; Du et al., 2021). Antibiotic abuse is becoming more and more serious in China. With its wide application in bacterial pneumonia, the detection rate and infection rate of various drug-resistant bacteria have also increased dramatically (Hu et al., 2018), resulting in a significant increase in the incidence of drug-resistant bacterial pneumonia. Overuse of antibiotics, particularly fluoroquinolones (Møller Gundersen et al., 2019; Gilbert et al., 2020), may increase the risk of MDR bacteria selection and nosocomial pneumonia, though convincing clinical data to support these possibilities are lacking (Tamma et al., 2012). The clinical research of Adrie et al. (2013) showed that the rates of secondary identification rate of MDR bacteria in the monotherapy and dual therapy groups was similar to the incidence of nosocomial pneumonia. This finding should not be construed as supporting evidence that unnecessary antibiotic use is harmless. Widespread abuse of antibiotic does generate more MDR bacteria. Facing the drug-resistant bacterial pneumonia, the choice of antimicrobial drugs based on results of drug sensitivity is very limited, and it is difficult to adequately balance the antimicrobial effect with adverse reactions. At the same time, the development of new antimicrobial drugs is difficult and time consuming (Chellat et al., 2016), making their clinical application very difficult.
For CDBP, the Modern Medical Association refers to the Guidelines for the Diagnosis and Treatment of Chinese Adult Community-Acquired Pneumonia (2016 Edition) and recommends rational use of antibacterial drugs based on the patient’s severity and possible pathogen infection. For example, MRSA is given vancomycin, ESBLs Klebsiella pneumoniae is given imipenem/statin sodium (Qu & Cao, 2016) to assist mechanical ventilation, enhance sputum removal, maintain the balance of the internal environment, and encourage the patients to cough, turn, or pat the back to promote sputum excretion, give expectorant and anticonvulsant drugs, and nebulize normal saline when necessary. In addition, immunomodulators such as immunoglobulin, transfer factor, thymidine, etc., can be used in adjuvant therapy to help prevent and treat MOF.
Traditional Chinese medicine (TCM) is a popular complementary treatment and complementary medicine with unique advantages in the treatment of drug-resistant bacterial pneumonia. Modern pharmacological studies have shown that TCM is rich in active ingredients, less prone to drug resistance, and has antibacterial, anti-inflammatory, anti-endotoxic and immune enhancing effects (Han et al., 2016; Cheng et al., 2019). Although Western medicine antibacterial drugs have strong antibacterial effects, they have many side effects, such as allergies, double infection, bacterial resistance, which limit their clinical application. Studies have shown that the antibacterial spectrum of single Chinese medicine is narrow, and the antibacterial effect is difficult to adapt to the needs of complex diseases. Traditional Chinese medicine compound has the characteristics of multi-component, multi-channel and multi-target. It has a wide antibacterial spectrum, and has the advantages of high efficiency, low toxicity and non-resistance. The combination of TCM prescriptions and western drugs not only give full play to the therapeutic characteristics of individualized TCM identification, dose reduction and multi-channel overall regulation, but also can better alleviate clinical symptoms and improve the patient’s regression and prognosis. In recent years, a large number of studies have been conducted to find effective alternative or supplements for the treatment of drug-resistant bacterial pneumonia with TCM or a combination of Chinese and Western medicine.
Yinhuapinggan granules (YHPG) were developed by Shaanxi Dongke Pharmaceutical Company Limited (Shaanxi, China) and approved by the Chinese Food and Drug Administration (CFDA) for CDBP treatment in 2002 (Patent No. ZL031 51188.0; Approval No. Z20184088). YHPG consists of six herbs (Table 1) that clear heat, detoxify the body and promote lung penetration to expel the evil influence. Studies on animal and cellular pharmacodynamic and mechanism of action of YHPG have shown that it has various effects such as antiviral, antibacterial, antipyretic, analgesic, cough suppressant and immune regulator. Toxicological studies did not show any significant toxic side effects. YHPG have significant preventive and curative effects on influenza virus pneumonia in mice, which can be achieved by regulating the secretion of inflammatory factors in the body and reducing the inflammatory response of respiratory organs (Peng et al., 2016a). After treatment, YHPG can significantly reduce the lung index and lung tissue viral load of influenza virus H1N1-infected mice, and alleviate the pathological changes of lung tissue, which can inhibit influenza virus replication and regulate the decrease of immune function in influenza virus mice (Peng et al., 2015). The mechanism of anti-influenza viral action of YHPG may be related to the attenuation of lung injury in influenza virus-infected mice and the regulation of gene and protein expression of key targets of TLRs signaling pathway (Peng et al., 2016b; Du et al., 2017). However, current clinical data on YHPG as CDBP complementary therapy lack high quality and have limited methodology and sample size. Therefore, we designed a double-blind clinical trial to investigate the efficacy and safety of YHPG for the treatment of acquired pneumonia (Wang et al., 2020). The main hypothesis of this research was as follows: in combination with conventional standard therapy, YHPG was superior to placebo in patients with acquired pneumonia.
TABLE 1 | Components of YHPG (intervention drug).
[image: Table 1]METHODS AND DESIGN
Design and Settings
This research is a prospective, randomized, double-blind, placebo-controlled, superior trial (Wang et al., 2021). The trial will be conducted at Hangzhou First People’s Hospital and will enroll 240 participants. Participants will be randomly assigned to either the YHPG group or the placebo group in a 1:1 ratio after enrolling and obtaining written informed consent. This trial includes a 7-day baseline period, a 10-day intervention period, and a 56-day follow-up period. A flow chart of the research process is shown in Figure 1 investigators will monitor and assess participants at each visit. The design follows the rules of the Interventional Trial Standards Protocol Project Proposal (Chan et al., 2013) and the Consolidated Standards for Reporting Trials (CONSORT) (Schulz et al., 2010).
[image: Figure 1]FIGURE 1 | Flowchart of the clinical trial design. The template is from the CONSORT 2010 flowchart. YHPG, Yinhuapinggan; AEs, adverse events; FAS, full analysis set; PPS, per protocol analysis; SAS, safety assessment set.
Recruitment
The research will be conducted at Hangzhou First People’s Hospital. The recruitment strategy will include advertising in local free newspapers, social media, online publications and posters displayed by participating institutions. Recruitment begins in August 2021 and will be completed over a 2-year period. Patients who agree to participate will be examined and diagnosed by an associate attending physician to confirm their inclusion in the research and will be enrolled in the online allocation system after written informed consent is obtained.
Study Population
Inclusion Criteria

Voluntary participation, understanding and signing the informed consent form. Be aged 18–85 years, regardless of gender.
Meet the diagnostic criteria for community-acquired drug-resistant bacterial pneumonia (positive bacterial culture for drug-resistant bacteria in lower respiratory tract specimens).
Chinese medicine evidence of evil stagnation of the lung and Wei evidence or phlegm-heat congestion of the lung (pneumonia mild to moderate, evidence of Wei-Qi division).
Satisfy all of the above at the same time.
Exclusion Criteria

Those whose family or patients do not agree or cannot comply with the treatment.
Patients with lung infections caused by lung tumors, tuberculosis; or other non-infectious pneumonia; combined with severe heart and brain disease.
Hospital-acquired drug-resistant bacterial pneumonia; those who are allergic to western or Chinese medicine and have already used Chinese medicine to treat patients.
Multi-drug resistant patients.
Criteria for Withdrawal, Removal, Dropout and Termination
The investigator’s decision to withdraw the case from the trial refers to a situation in which a subject who has been enrolled in the trial becomes unfit to continue the trial, for example: 1) if the subject’s condition worsens during the course of the research, the subject is allowed to complete the safety examination and withdraw from the trial to receive other effective treatment in order to protect the subject; 2) during the clinical trial, the subject develops certain comorbidities, complications or special physiological changes that make the subject unfit to continue the trial. 3) the use of other treatments or drugs that are prohibited from being used together, which affects the determination of efficacy and safety; 4) the occurrence of adverse events or serious adverse events that make the subject unfit to continue with the trial; 5) the use of less than 80% or more than 120% of the prescribed amounts of drugs; 6) blinding or emergency blinding.
Subjects have the right to withdraw from the trial in the middle of the trial according to the provisions of the informed consent form; or subjects who have not explicitly requested to withdraw from the trial but are no longer receiving the drug and testing and are lost to follow-up are referred to as disenrollment. The reasons for withdrawal or drop-out should be known and recorded whenever possible. For example, if the subject feels that the treatment is not effective, if he/she has difficulty tolerating certain discomforts, if there is something that prevents him/her from continuing with the clinical research, if there are financial factors, or if he/she has not given a reason for dropping out.
When a subject withdraws from the trial, the investigator must complete the reason for withdrawal in the eCRF, contact the subject if possible, complete the assessment items that can be completed, and complete an end-of-treatment follow-up record form, recording the last dosing time if possible. For those discharges due to adverse events that are finally judged to be related to the trial drug after follow-up, this must be recorded in the eCRF and the sponsor notified.
The entire research will be terminated if 1) a serious adverse event related to the trial drug occurs during trial implementation; 2) major deviations or human errors are identified during trial implementation that seriously affect the quality of the trial and make it difficult to achieve the trial objectives; 3) termination is requested by the sponsor with full protection of the rights and safety of the subjects (e.g., funding reasons, administrative reasons, etc.); 4) termination is ordered by the State Food and Drug Administration or the Ethics Committee for one reason or another.
All requirements set out in the research protocol must be strictly enforced. Any intentional or unintentional deviation or violation of the trial protocol and GCP principles can be classified as a deviation from the protocol or violation of the protocol. In the course of monitoring, if a deviation from the protocol is found by the supervisor, a deviation record should be completed by the investigator or supervisor, detailing the time of discovery, the time and process of the event, the cause and the corresponding handling measures, signed by the investigator and communicated to the Ethics Committee and the sponsor. In the data statistics and summary report, the investigator analyses and reports on the impact of protocol deviations or breaches that occur on the final data and conclusions.
When serious protocol breaches occur, an assessment should be made. If necessary, the sponsor may terminate the research early.
Randomization, Allocation Concealment Mechanism, and Blinding
After obtaining informed consent from all patients, participants are assigned to two random factors in a 1:1 ratio. The randomization list was generated by computer based on randomly arranged blocks from the test statistician. According to the list, the test drug (including placebo) was blind-labeled and packaged by Shaanxi Dongke Pharmaceutical Co., Ltd., for shipment to the trial site; treatments were randomly assigned by removing sequentially numbered treatments from the relevant supply.
Double-blind controlled trials are blinded to the investigator and the subject. The blinding process is carried out by the person in charge of the clinical research unit in conjunction with the sponsor and the statistician, and the test and control drugs are packaged in a uniform manner, while ensuring that there is no difference in appearance between the two groups of drugs, and the numbering of the drug boxes is blinded. The blinding process should be documented and signed by all staff involved in the blinding process. The blinded base must be sealed on the spot after the drug has been dispensed and kept in two separate locations by the institutional staff responsible for the clinical research and the sponsor. Emergency letters should be sent to each center with the trial drug and kept by the person in charge of the institution until the end of the trial.
In case of emergency, the investigator should ask the head of the center for permission to open the emergency blinded letter and notify the clinical research team leader within 24 h after the blind is broken.
Interventions
Eligible participants will be randomly assigned to either the YHPG group or the placebo group. If YHPG was used prior to randomization, a 2-week drug washout period should be implemented to avoid any potential complications from YHPG. All participants will receive standard treatment.
The YHPG group will receive YHPG (batch no. 20210602, 6 g per packet, manipulated, one packet at a time, 2 times per day). The placebo group will receive YHPG simulant (batch no. 20210602, 6 g per packet, operated, one packet at a time, 2 times per day).
Regarding standard treatment, oral anti-infective drugs with good therapeutic bioavailability such as amoxicillin/clavulanic acid, ciclosporin, minocycline, β-lactams, and respiratory quinolones should be used during the intervention period according to CDBP treatment guidelines (Qu & Cao, 2016). Herbal formulations containing similar ingredients and efficacy to YHPG will not be permitted. Concomitant treatment of comorbidities (e.g., hypertension, diabetes, hyperlipidemia, and other chronic conditions) is permitted during the intervention. Investigators should document concomitant medications faithfully and maintain dose stability during the trial.
With regard to emergency treatment, participants should be treated first in the event of SAE or acute deterioration during treatment and treatment status should be recorded as AE record sheet and combined drug record sheet. If the participant’s condition worsens during treatment and continuation of the trial is not recommended (e.g., local or systemic complications such as PE, ARDS, empyema, lung abscess, phlebitis, sepsis, and metastatic abscess), the trial should be considered for termination and conversion to surgery or other types of clinical therapy. Patients will be categorized as “treatment ineffective” in the analysis.
YHPG and capsule mimics will be supplied by Shaanxi Dongke Pharmaceutical Co. The quality control of YHPG is important. The method of determining the composition of YHPG is based on the general principles of “The Chinese Pharmacopoeia (2020 Edition).” Using gas chromatography (General Principle 0512) (Compiled by the National Pharmacopoeia Commission, 2019), each package of YHPG should contain chlorogenic acid (C16H18O9) ≥ 7.5 mg, lignan (C21H20O11) ≥ 0.25 mg, rhodopsin (C15H10O5) ≥ 1.5 mg, polydatin (C20H22O8) ≥ 0.38 mg and puerarin (C21H20O9) ≥ 6 mg. The main contents of the capsule mimics are corn starch, silica, caramel (liquid) and sunset yellow. We added 2% YHPG powder to the capsule mimic to achieve an odor, color, taste, and texture comparable to YHPG. After treatment, the packages will be returned to the researchers.
OUTCOMES
Primary and Secondary Outcomes
Details of the items to be measured and the time window for data collection are shown in Table 2. The primary outcome was the cure rate of pneumonia (at different time periods). The efficacy was determined by referring to the “Guidelines for Clinical Research on New Chinese Medicines” evaluation method (Editor-in-Chief Zheng Xiaoyu, 2002), and the nimodipine method was used.
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TABLE 2 | Research schedule.
[image: Table 2]Markedly effective: clinical symptoms and signs improved significantly, 70% ≤ n < 100%; Effective: clinical symptoms and signs improved, 30% ≤ n < 70%; Ineffective: clinical symptoms and signs did not improve significantly, or even worsened, n < 30%.
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Secondary outcomes were 1) rate of severe pneumonia; 2) criticality score (SMART-COP score) (Charles et al., 2008); 3) acute physiological and chronic health assessment system (APACHEII score) (Knaus et al., 1985); 4) temperature, lower respiratory bacterial clearance, LC clearance rate, CRP, Procalcitonin (PCT), and oxygenation index (PaO2/FiO2); 5) clinical endpoint event incidence (acute respiratory failure, septic shock, acute heart failure, acute coronary syndrome, and all-cause death).
Safety Evaluation Standard
Safety evaluation standard include AEs, SAEs, concomitant medication, changes in clinical laboratory results (e.g., blood routine, blood biochemistry, urine routine, etc.), clinical symptoms, results of vital sign measurements such as temperature, heart rate, respiratory rate, blood pressure, 12-lead ECG and physical examination.
System Biological Index
Fifty subjects in each group will be randomly selected for metabolic, proteomics, and transcriptional examinations to explore the biomarkers of YHPG for the treatment of CBAP (Wang et al., 2020).
Regarding the collection of blood samples, participants will fast for 10 h before sampling at the start of the research (day 0) and after treatment (day 10). 5 ml of blood will then be drawn and centrifuged and the serum stored in EP tubes at −80°C. Regarding the collection of urine samples, participants will fast for 10 h (and be allowed to drink water) before taking the medication. They will be fasted and water consumption will be prohibited up to 2 h before urine collection 1 h after taking the drug. After taking the drug, water will be rationed to 200 ml/h for 2–8 h and low-fat meals may be consumed for 4 h after taking the drug. Urine samples will be collected at baseline and after treatment (10 days) and stored in EP tubes at −80°C.
Collection and Management of Data
The EDC (eCRF) system will used for this research. The investigator will complete the electronic case report form completely and accurately. Only one clinical research subject’s data information will be recorded on each case report form.
After data entry into the eCRF at the research center, quality control staff should check the consistency of the eCRF data with the original records to ensure that the data are accurately completed into the eCRF. The supervisor verifies 100% that the trial data entry in the eCRF system is complete, accurate and consistent with the original medical record information. Data items that are in doubt, or inconsistent with the original medical record information, are promptly challenged. Data entry clerks and investigators were urged to respond to queries and to verify and correct inconsistent data.
Data management staff use logical verification to verify the quality of data entry, and the results of queries are sent to the investigator in the form of a challenge, which is verified and corrected by the investigator. Quality control staff verify data management files and database data.
The research center quality assurance staff carry out random checks on data transfer files and statistical report data to ensure that the data are accurate. The sponsor conducts audits in different areas of the above clinical trial process, sample testing process, data, reporting and calculation process as needed, taking into account the progress of the trial and the results of the quality control staff/monitors’ verification.
Throughout the trial, all data obtained during the clinical research will be handled appropriately to ensure the rights and privacy of the subjects participating in the clinical research and the investigators will maintain the confidentiality of the data for a period of 5 years after the completion of the trial.
Sample Size
The formula for calculating the sample size was based on superior clinical trial sample size estimates (Wan et al., 2017a). According to the need of the research, the clinical research part was focused on preliminary exploration, and a small sample size was selected to conduct the research on the early effects of herbal interventions in pneumonia (whether the interventions turned into severe pneumonia) with reference to previous relevant clinical studies on exogenous fever in our project group (unpublished data).
Refer to the clinical research literature of our team for treating pneumonia (Wan et al., 2017b), the healing rate was 85%–89% in the treatment group and the placebo group was 69%–74%. Given an error rate of α = 0.025 for the treatment group and β = 0.2 for the control group. Taking into account the dropout rate of 10%, it is calculated that 216 patients should be allocated to the treatment group and the placebo group in a 1:1 ratio. In conjunction with the need for clinical laboratory sample analysis, a total of 240 cases are therefore proposed to be enrolled, 120 in each group.
Trial Completion
The trial will end after 240 patients have been randomized and all patients have completed 56 days of treatment and follow-up.
Statistical Analyses
EPI 3.0 software was used for data management; SAS software package was used for statistical analysis. All statistical tests were performed using a two-sided test, and a p-value less than or equal to 0.05 was considered statistically significant for the difference tested. Different subgroups of drug-resistant bacteria were also analyzed according to pathogen detection.
Measures for each visit in the different treatment groups will be statistically described using the mean ± standard deviation. Comparisons will be made with the basal values of the screening period and paired t-tests will be used to compare pre- and post-group differences. Changes in the two groups before and after treatment for the primary indicators are compared using analysis of covariance (COANOVA). Comparisons between groups for measures of secondary indicators were made using paired t-tests or rank sum tests.
The statistical description of the count data for each visit in the different treatment groups was done using frequency (composition ratio). Changes before and after treatment in the two groups were tested using the χ2 test or the exact probability test. Grade information was compared between groups using the rank sum test. Table 3 displays the analysis method for a specific result.
TABLE 3 | Outcomes and methods of analyses.
[image: Table 3]Adverse Events
All clinical events and clinically significant laboratory adverse reactions will be handled in accordance with the harmonized guidelines detailed in the Common Adverse Events Evaluation Criteria NCI CTCAE Version 4.03 and Emergency Response Reference Plan. Clinical events and clinically significant laboratory test abnormalities will be graded in accordance with NCI CTCAE 4.03. Treatment-induced adverse reactions will be documented by the investigator and brought to the attention of the sponsor’s medical monitor, who will discuss with the investigator and determine appropriate action steps. All subjects experiencing AEs, whether or not they are considered treatment-related, must be monitored regularly (if feasible) until symptoms subside, any abnormal laboratory values return to normal or to baseline levels or until they are considered irreversible, or until the observed changes can be appropriately interpreted. Abnormalities in laboratory tests of clinical significance at level 3 or 4 should be confirmed by repeat testing, if practicable, preferably within 3 working days of receipt of the initial test result.
Quality Control of the Intervention
In order to further ensure the quality of clinical trials, a multi-center trial coordination committee is established, with the general director of the clinical research and acting as the coordinator of the research among the centers of the clinical trial, and the research director of each participating research unit and the director of the sponsor as members of the coordination committee, which is responsible for the implementation of the entire trial and the research and resolution of trial-related issues.
Supervisors are appointed by the sponsor to ensure that the rights and interests of subjects in clinical trials are protected, that data in trial records and reports are accurate and complete, to oversee the implementation of clinical trial protocols, drug clinical trial management norms and relevant regulations, and to conduct regular on-site supervision visits to each center. The investigator shall agree that the clinical trials conducted are subject to inspection and audit by the State Food and Drug Administration, or visual inspection or audit by the sponsor or CRO.
Clinical supervisors have the right to propose amendments to eCRF forms that do not comply with the protocol during the monitoring process. Investigators participating in clinical trials are responsible for making corrections to eCRF forms that are not standardized, such as input errors, but must follow the authenticity of the information.
Through pre-clinical trial training, researchers should be fully aware of and understand the clinical trial protocol and the specific content of its indicators. For the objective indicators specified, they should be checked at the time points and methods specified in the protocol, and attention should be paid to observing adverse reactions or unanticipated toxic effects and following up on them.
Trial Status
This is an ongoing trial. The first participant was enrolled in 16 August 2021; As of 31 December 2021, a total of 78 patients have been enrolled. Recruitment is scheduled to be completed in December 2022 and analysis will be completed by April 2023. The trial will end after the last follow-up visit of the last random participant.
DISCUSSION
CDBP is a common and prevalent clinical condition and one of the most common infectious diseases, in which the use of antimicrobial drugs is most important. And in the face of drug-resistant bacterial pneumonia arising from the proliferation of antimicrobial drugs, the choice of antimicrobial drugs based on drug sensitivity results is very limited, and it is difficult to make an adequate balance between antimicrobial effects and adverse effects (Møller Gundersen et al., 2019; Spellberg and Rice, 2019). Meanwhile, novel antimicrobial drugs are difficult to develop and have long lead times (Chellat et al., 2016), making their clinical treatment very difficult. A growing body of evidence suggests that the combination of TCM and Western medicine may be the best approach to achieve greater therapeutic efficacy in patients with CDBP.
YHPG is a widely used herbal formulation for the treatment of acquired pneumonia in China. Pharmacological results have shown that YHPG is effective in a variety of mechanistic pathways for the treatment of CDBP, such as anti-influenza virus (Peng et al., 2016b; Du et al., 2017), preventing and controlling influenza virus pneumonia, reducing the viral load of influenza virus in lung tissue, attenuating lung histopathological changes, inhibiting influenza virus replication and regulating immune function (Emily et al., 2011). However, whether YHPG is effective in CDBP patients’ needs to be confirmed by a large sample, randomized controlled clinical trial. Therefore, we designed a randomized, double-blind, placebo-controlled clinical trial in the hope of validating the efficacy and safety of CDBP for the treatment of CDBP (Wang et al., 2021). The results of the research may provide a strategy for the combined treatment of Chinese and Western medicine in CDBP.
We chose the efficacy index of pneumonia (different time periods) (efficacy determination was based on the evaluation method of the “Guidelines for Clinical Research on New Chinese Medicines”, using the nimodipine method) to assess the cure of CDBP patients (Editor-in-Chief Zheng Xiaoyu, 2002). The efficacy index for pneumonia (different time periods) is a convenient and intuitive criterion that does not require special equipment or advanced training for physicians and is well tolerated by patients. The degree of patient recovery is then assessed by the criticality score (SMART-COP score) (Charles et al., 2008), and the Acute Physiological and Chronic Health Assessment System (APACHEII score) (Knaus et al., 1985). In the meantime, patient temperature, lower respiratory bacterial clearance, LC clearance rate, CRP, PCT, and oxygenation index (PaO2/FiO2) together form part of the efficacy index.
In addition, we applied metabolic and proteomics analyses to explore therapeutic biomarkers of YHPG for CDBP and to improve CDBP treatment by providing an objective basis for precise treatment (Wang et al., 2020).
However, several limitations need to be considered. Firstly, the YHPG used in this trial is for the treatment of early and mid-stage CDBP, so these findings may not be applicable to severe CDBP. secondly, the AEs will only be recorded and treated during the 10-day intervention period and 56-day follow-up period, which is a relatively short period, but the short-term results could encourage further prospective studies with different treatment regimens and longer follow-up times. Finally, this trial will be conducted at Hangzhou First People’s Hospital, and the results of treatment effects and individual differences in YHPG in other areas are not available. More efforts should be made to optimize these shortcomings and answer these questions in future research.
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Techniques

Organoleptic, macroscopy and
microscopy

Chemical IRNIR
fingerprinting Spectroscopy

TLC

HPTLC

HPLC

MS hyphenated

techniques
Biological DNA Barcode
fingerprinting

Strengths

Quick physical evaluation for adulteration, contamination,
and substitution (Upton et al., 2020)

Quick, non-destructive, and high throughput method with
minimal sample preparation (Upton et al., 2020)

Able to generate chemical fingerprint to differentiate plant
varieties and plant parts (Aladdin et al., 2016)

Meanual, rapid, simple, flexible, low-cost, and minimal sample
preparation (Liang et al., 2004)

Test sample and References standard can be analysed
simultaneously (Liang et al., 2004)

Automated sample appication allows for improved
separation, band resolution and reproducibilty of results
(Wladdin et al, 2016)

High throughput and screen multiple samples in a single
assay (Upton et al,, 2020)

High selectivity, sensitivity, resolution, and fully automatable
operation (Smille and Khan, 2010)

Enable qualtative and quantiative analysis (Upton et al.,
2020)

Powerful for rapid identiication of phytochemical
constituents in plant extracts (Liang et al., 2004)

High resolution, high speed, accurate mass-measurement
and able to retrieve more information in a complex botanical
drug substance (Yongyu et al., 2011)

Rapid, sensitive, and effective tool for identification of
species (Tarmizi et al., 2021)

Widely used to differentiate indivicual plant, genus,
homogeneity analysis, and detection of adulterants (Upton
et al, 2020)

Less affected by plant age, physiological conditions,
environmental factors, harvest, storage, and processing
methods (Yongyu et al., 2011)

Limitations

 Conventional method, imprecise and inconsistent result
(Smillie & Khan, 2010) » Requires expertise and skiled or
well-trained personne! (Smille & Khan, 2010) e Microscopyis
not applicable for materials in extracted or prepared (.g..
resins) form (Upton et al., 2020)

* Affected by variables such as moisture, particle size and
homogeneity of test samples (Upton et al., 2020)

« Issues with reproducibiity, resolutions, sensitivity and
difficuity to detect trace phytochernical components (Yongyu
etal, 2011)

 Unable to distinguish between closely related species or
non-target species that have similar chemical profiles (Upton
et al, 2020)

« Affected by factors related to variation in ciimate, phenotype,
storage condition, age, and cultivation time (Mohammed
etal, 2017)

 High cost

 Unable to identify extracted form or processed botanical
drugs (Tarmizi et al., 2021)

« Highly dependent on the availability of References standard
data sequences (Tarmizi et al., 2021)

 Unable to provide information related to concentration of
compounds with therapeutic value (Yongyu et al., 2011)

 Genome information only as a complement tool of other
quality control techniques (Yongyu et al., 2011)
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Species and sources

Whole plant of L. pumila var. alata, (Wid plant from
rainforest of Peninsular Malaysia)
Leaf of L. pumila, (Wild plant from Perak)

Leaf of L. pumila, Wid plant (unkown source)]

Leaf of L. pumila var. alata, L. pumila var. pumila,
[Cultivated plant from Forest Research Institute Malaysia
(FRIM))

‘Whole plant of L. pumila var. alata, (Wild plant from
Pahang)

Root of L. pumila, (Cultivated plant supplied by Holista
Biotech Sdn. Bhd)

Leaf and stem-root of L. pumila var. alata, (Cultivated plant
supplied by Holista Biotech Sdn. Bhd)

Leaf of L. pumia, (Wid plant from Pahang)

Leaf of L. pumila var. alata, L. pumila var. pumila and L.
pumila var. lanceolata, (Wid plant from Negeri Sembilan,
Johor, Pahang, and Kedah)

Whole plant of L. pumia, (Wi plant from Perak)

Leaf of L. pumila var. alata, (Cultivated plant from FRIM)

Whole plant of L. pumila var. alata, (Wid plant from Kedah)

Leaf of L. pumila var. alata, var. pumia and var. lanceolata,
(Wild plant from Pasoh Forest Reserve, Negeri Sembilan)
Whole plant of L. pumila var. alata, [Wid plant (unknown
source)]

Leaf of L. pumil var. alata, L. pumila var. pumia and L.
pumila var. lanceolata, (Wid plant from Sungkai, Perak;
Hulu Langat, Selangor; and Kota Tinggi, Johor)

M. pumium var. alata, M. pumilum var. pumila and M.
pumium var. lanceolata, (Wid plant from Bujang Melaka
Forest Reserve, Kampar, Perak)

Whole plant of L. pumila var. alata, (Wid piant from Perak]

Leaf of L. pumila var. alata, [Cultivated plant from Universiti
Putra Malaysia (UPM)]
Leaf of M. pumium, (Wild plant from Perak)

Leaf of L. pumila var. alata, (Cultivated plant from FRIM)
Leaf of M. pumilum, (Wild plant from Tapah, Perak)

Leaf of L. pumile, (Wild plant from forest reserves, botanical
gardens and medicinal plant nurseries in Peninsular
Malaysia and commercial products)

Leaf and stem-root of M. pumilum var. alata, (Wild plant
from Simpang Empat, Kedah)

Leaf and stem of L. pumila, (Cultivated piant from FRIM)
Leaf of M. pumilum, (Wild plant from Tapah, Perak)

Leaf of L. pumila var. alata, (Wid plant from Tapah, Perak)

Leaf of M. pumium var. alata, (Wid plant from Tapah,
Perak)

Leaf and stem-root of L. pumila var. alata, (Wid plant
supplied by Delima Jeita Herbs, Kedah)

Leaf of L. pumila var. alata, (Wid plant from Alor Setar,
Kedah)

Leaf of L. pumila var. pumila, ((unknown) from Batu Pahat,
Johor)

Aerial part and leaf of L. pumila, (Wid plant from Sungai
Siput Utara, Perak)

Whole plant of L. pumila var. alata, (Wid plant from
Bentong, Pahang)

Labisia pumila var. alata and L. pumia var. pumila (red and
green leaf) (Cultivated plant from Batu Pahat, Johor)

Voucher specimen

Not available
21648
Not available

FRI 59810

FRI54816

PID26

3809, 3810, 8400, 5002, 5003, 5004
(United States )

ACP0084/08

Not available

VLP/3547

Not Available

Not available

KEP 223663— 223665

Not available

Not available

UKMB 30006/SM 2622, UKMB 30007/SM
sn., UKMB 30008/SM s.n, respectively
UKMB 30010

Stone 6030 (KLU) (UPM)

KLU49047 (UM)

FRI 59810
KLU 46767

Not available

UKM-HF131

Not available
KLU49047 (UM)
FF/UTM/KF/02/13
KLU49047 (UM)
UKMHF131

Not available

UKMB 30007/8M sn
11632

PIUM 0321

PID 25081717 (LPPG), PID 260817-17
(LPPR). PID 270817-17 (LPA)

Identification/Authentication
Methods

Not available
Morphology
Goms

Phytochemical screening, UPLC/
ESIMS/MS, chemometrics

Morphology
Morphology, NMR, IR, TLG, HPLG
TLC, IR, HPLC/UV/ELSD, LC/ESY/
TOF, NMR, HRESIMS

W, IR, NMR

IR, chemometric analysis
Morphology, HPLC

HPLC

Morphology, phytochemical
soreening

Morphology, DNA barcoding
HPLC

Phytochemical screening
Morphology, microscopy, HPTLC,
HPLC, ATR-FTIR

Morphology, HPLG

Morphology, HPLC, GC and
GC/MS

Morphology, LO/MS

Morphology, LC/MS/MS
Morphology, UPLC/MS/MS

Morphology, DNA barcoding

Morphology, LG/MS
UPLC/MS/MS

Morphology, LC/MS/MS
Morphology, LG/MS
Morphology, LG/MS
Morphology, LG/MS/MS

LC/MS Q-TOF

Morphology, HPLC

Morphology, HPLC

Morphology, UPLG/PDA, UPLC/
QTOFMS

Morphology, HPLC, DNA
barcoding
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No.

JH-01
JH-02
JH-03
JH-04
JH-05
JH-06
JH-07
JH-08
JH-09
JH-10
JH-11
JH-12
JH-13
JH-14
JH-15
JH-16
JH-17
JH-18
JH-19
JH-20
JH-21
JH-22
JH-23
JH-24
JH-25
JH-26
JH-27
JH-28
JH-29
JH-30

Accessions

Gongju
Gongju
Gongju
Gongju
Gongju
Gongju
Hang-baiju
Hang-baiju
Hang-baiju
Hang-baiju
Hang-baiju
Hang-baiju
Taiju

Taiu

Taiju

Taiju

Taiju

Taiu

Boju

Boju

Boju

Boju

Boju

Boju
Huaiju
Huaiju
Huaiju
Huaiju
Huaiju
Huaiju

Lot No.

191208
20200621
20200608
20200825
20200908
20200404

200407

191219

191209

200815

200404

191102

200107

191201

200816
20200830

200506
20200401
20200809
20200901
20200701
20200716
20200911
20200908
20200905
20191220
20200908
20200901
20200909
20200919

Manufacturer

Bulk packaging in Xuzhou Deren Ginic

Purchased oniine

Purchased oniine

Purchased oniine

Purchased oniine

Purchased oniine

Suzhou Tianling Traditional Chinese Medicine Tablet Co., Ltd.
Suzhou Tianling Traditional Chinese Medicine Tablet Co., Ltd.
Suzhou Li-liangji Traditional Chinese Medicine Co., Ltd|

Bulk packaging in Xuzhou Deren Cinic

Suzhou Lei-yunshang Traditional Chinese Medicine Co., Ltd.
Suzhou Lei-yunshang Traditional Chinese Medicine Co., Ltd.
Purchased oniine

Purchased oniine

Suzhou Tianling Traditional Chinese Medicine Tablet Co., Ltd.
Bulk packaging in Xuzhou Deren Cinic

Suzhou Tianling Traditional Chinese Medicine Tablet Co., Ltd.
Bulk packaging in Xuzhou Deren Cinic

Purchased oniine

Purchased oniine

Purchased oniine

Purchased oniine

Bozhou Fumei Biotech Co., Ltd.

Purchased online

Bulk packaging in Cai-zhizhai Chinese medcine store
Xinyuan Huaiyao Medicine Co., Ltd.

Purchased oniine

Purchased oniine

Purchased oniine

Purchased oniine

Place of production

Huangshan, Anhui
Huangshan, Anhui
Huangshan, Anhui
Huangshan, Anhui
Huangshan, Anhui
Huangshan, Anhui
Zhejiang

Zhejiang

Zhejiang

Zhejiang

Zhejiang

Zhejiang

Zhejiang

Zhejiang

Zhejiang

Zhejiang

Znejiang

Zhejiang

Bozhou, Anhui
Bozhou, Anhui
Bozhou, Anhui
Bozhou, Anhui
Bozhou, Anhui
Bozhou, Anhui
Jiaozuo, Henan
Jiaozuo, Henan
Jiaozuo, Henan
Jiaozuo, Henan
Wenxian, Henan
Jiaozuo, Henan
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Spectrograms using average linkage (between groups)
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Material

Control group
Hypercholesterolemic group
Bentonite group

GBTF group

GBTP group

GBT group

Flaxseed group

Psylium group

Atorvastatin (10 mg/kg)

Total

cholesterol (mg/dl) (%)

1273+ 116
202.8 + 14.7"
151.2 + 19.3 (-25.4)
71.4 £ 9.5 (-64.8)
86.1 £ 7.9 (-57.5)
1036  11.8* (-48.9)
182.1 + 23.4 (-10.2)
1731 + 12,5 (-14.6)
98.5 + 12.7* (-51.4)

HDL-C (mg/di) (%)

247 +15
201 £1.2
26.7 £ 15 (+24.7)
34.0 £ 1.7* (+40.8)
304 £ 1.7 (+48.9)
306 £ 2.4* (+34.3)
29.1 £ 2.2* (+30.9)
23.4 19 (+14.1)
40.3 £ 1.1%* (+50.1)

LDL-C (mg/di) (%)

80.7 + 169
1536 +21.5
17256 + 203 (+12.4)
58.2+ 17.1** (-62.1)
60.3 + 6.2 (~60.7)
81.7 + 12.9* (-46.8)
1195 + 137 (-22.2)
159.1 + 17.3 (+3.6)
68.2 + 135 (-55.6)

P < 0.05; **p < 0.01; **'p < 0.001 (significance relative to hypercholesterolemic group); #: p < 0.05 (significance reative o control group)
Bentonite Group: HCD + bentonite clay (60 mg/day); GBTF group: HCD + bentonite clay (60 mg/day) + flaxseed (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/
day); GBTPgroup: HCD + bentonite clay (60 mg/day) + psylium (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/day); GBT group: HCD + bentonite clay (60 mg/
day) + grape seed extract (2.5 ma/day) + turmeric extract (2 mg/day); Flaxseed Group: HCD + fiaxseed (7 ma/day); Psylium Group: HCD + psyllium (7 ma/day).

Triglyceride (mg/di) (%)

1169 +21.3
171.4 £ 181
193.6 +21.9 (+12.9)
58.1 £ 127" (~66.1)
639 £ 14.1% (-62.7)
917 + 9.4* (46.5)
103.1 +9.7 (-39.8)
1182+ 135 (-31.0)
79.2 £ 11.0* (-53.8)
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Material Glucose (mg/  AST (IU/L) (%)  ALT(IU/L) (%) MDA (nmol/  TAA (mmol/ Nitric Leptin (ug/

di) (%) mi) (%) L) (%) oxide (umol/ L) (%)
L) (%)
Control Group 89.3+13.3 514 + 149 11.5+49 1.6+09 122+05 215+4383 211+03
Hypercholesterolomic 67.1:84 715+ 106 303:116 39:17 094108 257458 826+ 19
Group
Bentonite Group 526+14.1(-21.6) 69.2+147(-32) 312+ 36+1.4(-7.7) 097+03(+32) 27.3+32(+6.2) 701+
12.4 (-20.6) 0.7 (-15.1)
GBTF Group 87.5 £ 9.6 (+30.4) 184+ 64+ 13+ 118+ 338+ 482+
5.7 (-74.3) 5.0 (-83.7) 0.2 (-66.7) 05 (+202) 3.1 (+31.5) 1.4* (-41.6)
GBTP Group 96.4+11.8(+43.7) 237+ 87+ 2.0:0.3*(-48.7) 125+ 341+ 527+
9.6 (-66.9) 93" (-77.8) 03 (+32.9) 7.4 (+32.7) 1.2+ (-36.2)
GBT Group 742£12.4(+106) 45+ 105+ 21 +056 (-46.2) 051+ 319+ 613+
132 (-41.9) 447 (-73.3) 06 (-45.7) 4.0 (+24.1) 1.1 (-25.8)
Flaxseed Group 48.1+9.3(-28.3) 471 137+ 2305 (-41.0) 1.05+ 314 6.28 +
1.3 (-34.1) 9.2* (-65.1) 04 (+11.7) 68 (+22.2) 08 (-239)
Psylium Group 44.6 +75(-335) 614+ 211 % 25+ 0.4 (-35.9) 1.09 & 296+ 6.94 &
125 (-14.1) 7.5(-46.3) 03 (+15.9) 41 (+152) 09 (-15.9)
Atorvastatin (10 mghkg) ~ 93.4 + 8.3 (+39.2) 262+ 79+ 2.1:0.4* (-46.2) 147+ 372+ 392+
9.1** (-63.4) 8.6 (-79.9) 0.2 (+24.4) 4.9 (+44.7) 1.0 (52.5)

P < 0.05; **p < 0.01; **'p < 0.001 (significance relative to hypercholesterolemic group).

Bentonite Group: HCD + bentonite clay (60 mg/day); GBTF group: HCD + bentonite clay (60 mg/day) + flaxseed (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/
day); GBTPgroup: HCD + bentonite clay (60 mg/day) + psylium (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/day); GBT group: HCD + bentonite clay (60 mg/
day) + grape seed extract (2.5 ma/day) + turmeric extract (2 ma/day); Flaxseed Group: HCD + fiaxseed (7 mg/day); Psylium Group: HCD + psyllium (7 ma/day).
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Material SOD (ug/mg CAT (umol/mg) LPO (nmol/mg) GSH (nmol/g) GPx (U/g

protein) Hb)
Control group 296 + 051 223 +41 312+ 051 1.16 + 0.51 1452 +5.13
Hypercholesterolomic group 1,57 034 101 +4.0 4.98 £ 0.49 1.02 £ 058 102.6 + 4.73
Bentonite Group 2041023 19.4£27 252037 1.18 +0.36 145.2 £5.13
GBTF Group 572+ 013" 484 £3.4% 1.75 £ 013" 2.84 £ 0.0 229.4 : 3.48"
GBTP Group 439+ 0.28* 374125 1.86 £ 0.09* 251 £ 041" 215.1 + 3,72
GBT Group 446 031 25813 1.92 £ 0.27* 1.98 +0.22 207.8 + 4.06*
Flaxseed Group 360+ 086 23532 220 £ 041 174 £025 192.3 +3.98
Psylium Group 3.41£027 22626 2191036 1.81£0.17 162.2 +3.21
Atorvastatin(10 mg/kg) 4.37 + 0.34* 42.3 + 1.5* 1.43 + 0.14* 2.37 + 0.14* 198.7 + 3.07**

*p < 0.05; **p < 0.01; **p < 0.001 (significance relative to hypercholesterolemic group).

Bentonite Group: HCD + bentonite clay (60 mg/day); GBTF group: HCD + bentonite clay (60 mg/day) + flaxseed (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/
day); GBTPgroup: HCD + bentonite clay (60 mg/day) + psylium (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/day); GBT group: HCD + bentonite clay (60 mg/
day) + grape seed extract (2.5 ma/day) + turmeric extract (2 mg/day); Flaxseed Group: HCD + fiaxseed (7 ma/day); Psylium Group: HCD + psyllium (7 ma/day).
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Compounds

Protocatechuic acid
Chiorogenic acid

Methyl 5-O-feruloylquinate

Hyperoside

Rutin

3-O-a-L-Rhamnopyranosyl-(1—2)-«-L-arabinopyranoside-29-hydroxy
oleanolic acid
3-0-p-D-Glucopyranosyl{1—2)-a-L-arabinopyranoside-29-hydroxy oleanolic
acid

Ciwujianoside C4

Saponin Pe

Ciwujianoside K

Regression
Equations

180.304x + 231726
¥ = 364.782¢ - 52129
¥ = 0.2043 + 162.22
y=147.357x + 108536
¥ = 92,062 + 22102
y = 2.1906x + 4,328.5

y = 7.9494x + 11670

y=19.799x + 2,157.3
¥ = 1.4033x + 2,833.1
¥ = 26.924x + 2,208.1

0.9995
0.9990
0.9997
0.9992
0.9998
0.9994

0.9991
0.9995

0.9994
0.9996

Linear
ranges
(ug/mi)

0.62-9.92
0.72-22.88
0.75-24.0
0.97-30.72
0.68-21.76
0.95-30.4

0.76-24.8
1.1-85.2

1.0-8320
1.2-384

LoD
(ng/mi)

0.12
0.27
021
0.48
0.29
0.79

0.33
0.28

0.66
0.82

Loa
(ug/mi)

0.39
0.89
o071
1.61
0.97
2.64

112
0.92

247
273
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Compounds

Protocatechuic acid
Chiorogenic acid

Methyl 5-O-feruloylquinate

Hyperoside

Rutin

3-0-a-L-Rhamnopyranosyl(1-+2)-a-L-arabinopyranoside-29-hydroxy oleanolic acid
3-0-p-D-Glucopyranosyl-(1 2)-a-L-arabinopyranoside-29-hydroxy oleanolic acid
Ciwjianoside G4

Saponin Pe

Ciwjanoside K

Original (ng)

233.69
581.95
420.68
1,206.00
675.00
1,769.15
841.66
694.85
1,285.40
1,670.57

Spiked (ng)

256.00
534.00
450.00
122555
680.00
1,710.00
852.50
715.00
1,250.00
1,650.00

Found (ng)

491.83
1,111.82
853.53
2.332.34
1371.26
3,352.50
1,685.86
1,424.51
2468.97
3,330.87

Recovery (%)

100.43
99.63
98.03
95.92
101.20
96.36
99.51
101.04
97.38
100.31

RSD (%,
n=3

215
1.64
2.38
247
1.95
257
242
372
284
1.87
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BISHRE82

s9

S10
St1
s12
S13
S14
S15
516
S17
s18
S19
520
s21
S22
523
s24
S25
526
s27
s28
529

Sources

Xiaoxing'aning
Wangaing
Huadian
Huinan
Huichun
Harbin
Linjang
Erdaobaihe
Fengin
Baoging
Dunhua
Anguo
Shenyang
Jingyu
Antu
Jiaohe
Yanbian
Ningan
Huanven
Huin
Chibei
Tiei
Fusong
Dongning
Raohe
Tonghua
Yanii
Shinezi
Bozhou

Content (mg/g)

A

0.43 £ 0.007
0.39 + 0.001
0.39 £ 0.003
061 £0.007
0.76 + 0.020
0.63  0.001
053 £0.015
0.33 £ 0.001
1.19 £ 0.016
0.88 +0.005
0.73 £ 0.004
0.95 +0.011
0.85 + 0.006
0.60 £ 0.003
056 +0.014
053 £0.010
0.74 +0.007
0.74 £0.025
0.85 +0.037
054 £ 0024
0.80 +0.013
0.70£0.014
841 £0.062
0.88 +0.007
1.11£0.028
1.19 + 0,034
0.93 £0.010
057 0.001
1.77 £0.043

0710012
494 £ 0071
6.46 £ 0.253
698+ 0,036
9.7 £ 0192
591+ 0050
6110202
525+ 0137
6.46 + 0106
6.32 £ 0,083
11.06 + 0.108
19.33 x 0,392
1374 £ 0123
10.14 £ 0.272
6890013
687 + 0045
1053 £ 0,101
1242£0135
18.49 £ 0.374
7.42 £ 0044
1156 + 0.067
997 £0.110
0.78 + 0,005
1657 + 0,201
468 + 0093
1170 £ 0,084
7990222
7.44 £ 0099
567 + 0,087

c

15410173
1090 £ 0,225
14.00 0,143
576 £ 0.062
8.40 £ 0,034
1539 £ 0.211
956 + 0,042
882 0020
330 0041
1051 + 0,067
255+ 0012
9.97 £ 0034
305+ 0015
1069 + 0.076
1192+ 0,162
658+ 0043
7.60 = 0.087
5.36 £ 0094
2.89 = 0,006
9.12 £ 0055
320 + 0004
4350013
2589+ 0045
5380077
3.18 £ 0009
1.37 + 0,003
809 x 0.041
5.87 £ 0010
308+ 0075

1.47 £0.045
9.74 £ 0044
15.74 £ 0.253
1455 £ 0117
22,05 + 0.308
113140135
1066 + 0.205
1054 £ 0,074
1372 £ 0012
15.22 0,063
21.98 £ 0.197
30.49 + 0.439
1553 + 0,072
16.46 + 0.098
1292 £ 0,055
21.28 + 0.443
23.16 = 0.615
17.28 £ 0.250
36.56 + 0.467
1125 £ 0015
21.82 + 0.327
17.05 + 0,088
063 + 0.004
2233 £0.171
20.40 + 0.389
20.15 +0.143
12.47 £ 0,066
12.33 0,132
18.76 + 0.439

025 = 0006
278 + 0030
3530054
379+ 0022
3530077
244 £ 0009
087 + 0002
2250028
164 £0.042
2590111
3.44 £ 0,007
494 £ 0084
277 £ 0021
267 + 0047
22940016
217 £ 0031
336 = 0,050
3590113
1111 0214
192 £ 0.061
373+0133
327 + 0062
0.10 £ 0002
599 £ 0035
848+ 0283
7.02 £ 0,075
357 £ 0016
1.43 £ 0,009
2240017

G

16.20 + 0.131
1.76 £ 0.020
1.81 +0.032
0.78 £0002
2.42 £ 0055
1040023
1.46 £ 0.056
0.60 £ 0024
2.90£0077
1.75 + 0031
1.04 £0.013
0.89 £ 0037
1.26 +0.063
156 +0.019
068 £0022
12840046
0.96 £ 0039
0.96 £ 0053
0.79 £0022
1.38 + 0.056
0.46 +0018
0.83 £ 0030
160 +0.043
1.29 +0.085
1.4 +0.069
1280034
067 £ 0008
0.98 £0011
2,07 £0038

H

11.86 +0.324
1.11£0.083
1.07 + 0,047
1.22 0012
0.48 £ 0002
0.65 + 0004
0.46 £ 0.013
0510010
133 +0.009
1.45 + 0,083
0.41 +0.006
056 + 0.001
058 £ 0013
0.46 + 0.008
050 £ 0.016
119 +0.003
1,52 +0.070
092 £ 0034
031 £0002
0.48 £ 0014
052 +0.006
1.22 £0.023
0.93 +0.048
1.26 +0.049
1.00 +0.040
057 £0012
0.49 0.005
113£0017
2230035

091 £ 0037
36.73 + 0582
7.50 £ 0,018
21.38 + 0.360
16.89 + 0.205
420 £ 0037
7.84 £0.119
639 £0.143
9.20 + 0311
9.04 +0.205
10.65 + 0.248
2070 £ 0414
6.83 +0.189
9.33 + 0.083
9.40 £ 0232
8510242
15.79 £ 0.477
12,60 + 0.233
891 £0.201
16.85 + 0.003
1114 +0.381
26.79 + 0694
0.27 £ 0002
17.14 £ 0.401
11.24 £0.289
15.37 0.143
838 +0.093
13.56 + 0.670
959 + 0377

J

14.71 £ 0.0
1.74 £ 0.0¢
1.33 + 0,01
232+ 0,06
3.68  0.06
2.25 +0.12
4.34 £ 0.0¢
1.33 + 0.02
2.09  0.08
2.06 £ 0,07
1.17 £ 0.02
1.66 = 0.0¢
370 +0.11
0.89  0.0¢
4.25 £ 0.2
2.49 £ 0.0¢
6.96 + 0.1C
280 + 0,01
1.33 + 005
9.09 = 0.22
1.95 = 0.01
1.60 005
2.22 +0.07
2.92 + 0.0€
3.80 £ 0.1C
1.56 004
650 + 0.1
5.41 £ 0,07
4.95 + 0.0¢
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1C50 (ug/mi)
Phenolic fraction 471.4 £177
Saponin fraction 1094.0 + 284
n-BuOH fraction 1004.3 + 30.8
Alcohol extract 1386.4 + 44.5

Values represent the mean + SEM (n = 3).

Inhibition
(%) at 500 pg/mi

53770
227+ 34
273+26
184 2.1
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(M+H]"

27 Isofraxicin 7-O-glucoside 1263 223.0636[M-Glo+H]* 3853087  GyHaOro  384.34
[M+H]"
28 3-O-p-Coumaroylquinic acid 1431 303.3065[M-2H,0+H]", 113.9657(M-Coumaroyl- 339.3412 CigHisOs  338.10
CO,-H,O+H]" [M+H]"
29 Quercetin 1882  282.2811[M-HO+H]* 303.1443 CisHic0; 30224
[M+H)*
30 Kaempferol 3-O-xylopyranosyl-(1—2)- 21.71  579.5396[M-Rha+H]",378.3327[M-Rha-Glc+H]* 7651606 CyHuOro  726.20
rhamnopyranosyl-(1—6)-glucopyranoside [M+K]*
31 Nipponoside B 6.45  836.5967[M-Rha-CsH;05-H]",723.5144[M-Rha- 1087.5569 CsaHgaOos  1088.56
Gle+HCOO] [M-HI

32 Siphioside G 677  454.8520[M-Glc-GlcA]* 396 8013[M-OGlo-OGIcA- 8165898  CaHeeOis  793.97
CO+H]" [M+NAY*

33 Songoroside A 7.27  588.4120[M)*,454.3450[M-Xy]",396.8013[M-OXyl- 901.4916 CasHseO7 58882
COH* IMNA)

34 3p-{O-p-D-Glucopyranosyl-(1-+3)-0-6-D- 756 677.5046[M-Rha-Glo-Gal+HCOO] 1119.5756  CogHgaOze 112043
galactopyranosyl-(1—4)-{0-a-L-thamnopyranosyl- [M-HI
(1-2))c-0-p-D-glucuronopyranosyi}-16a-hydroxy-
13p,28-epoxyoleanan

35  Ciwujanoside D3 881  557.1382[M-Rha-GlcAc-Glc-CO,-H)~,529.1407[M- 11615948 CogHesOz 111657

Rha-GioAG-Glo-CO,-CH,0-HJ409.1584[M-OAra-  [M+HCOO]~
Rha-GicAc-Gic-CO,-H]~
36 Hederagenin 3-O-f-D-glucuronopyranosyl methyl  9.32  635.2262[M-GlcAc+2H]*,438.1238[M-OGicAG- 8433132 CigHeOrs  842.45
ester-28-0-p-D-glucopyranoside 0Gid)* [M+H]*
37 llexoside XLVl 953 588.4120[M-OGIc-CO,]",433.1486[M-OGIcA-Glo- 8283518  GCuHgOys  827.96
CO,+Na)*,411.1650[M-OGIcA-OGlc-CO+H]* [M+H]"

38  Copteroside B 963  40.1584[M-OGICA-CO,-H]",301.0403[M-OGICA-  647.3043[M-H]" CseHscOr0  648.12
CO,-CaHis-HI™

39 Hederacoside D 966 1075.5725M]",622.2760[M-Ara-Rha-Glc- 1097.5614  CsoHecOz  1074.56
Glo+H,0+H]",433.1486[M-OAra-Rha-Gle-Glc- [M+NA)"
CO,+Naj*

40 Ciwujianoside B 9.89  933.4871(M-Rha+K]",423.3284[M-Rha-OAra-Rha- 1189.6082  CogHoxOzs  1188.36
Gle-Glo+H]* [M+H]"
41 Acanthopanaxoside G 995  409.1584[M-GloA-Ara-CO,-H) 763.4387IMH]"  CaiHeOrs 76443
42 Oleanolic acid 3-[thamnosy-(1—4)-glucosyl-(1—-6)-  10.10  749.2703[M-OGIcA+H]",455.3599[M-OGIcA-Rha- 94951217 CigHzeOi;  926.22
glucoside] Glo+H]" [M+NA)"
43 Ciwujianoside C1 1038 941.4941[M-Rha+HCOO] |*,779.4745[M-Rha- 1087.5669  CsoHecOn  1042.53
Gle+HCOO]",571.3712(M-Rha-Gic-Gic- [M+HCOO]~
HJ~,391.1456[M-Rha-Glc-Glc-Ara-CO,-H]~

44 Hederagenin 28-O-f-D-glucopyranoside 1049 439.3583[M-Glo-CH,OH]",423.3284[M-OGlc- 635.7875 CagHssOy 63414
GH,OH]* [M+H]"

45 3p-{0-a-L-Rhamnopyranosyl-(1-4)-0-a-L- 1100 571.3712[M-Glo-2Rha-ORha-CO-H]™ 1197.5474  CsHosOzs  1198.63
thamnopyranosyl-(1—4)-{O-a-L-rhamnopyranosyl- [M-HI
(1-2))-0-B-D-glucopyranosyl-(1—x)-0-p-D-
glucuronopyranosyl}-16a-hycroxy-138,28-
epoxyoleanane

46 Siphioside F 1131 555.1868[M-CoHaO2-H,0+H]*,393.1572[M- 655.3060 CagHseOs  632.80

OGIcA-CO,* [M+NAJ*
47 Ciwujianoside D2 1133 571.1937(M-Rha-GicAc-Glo-H] ™ 11205637  CoiHeOze 108455
[M+HCOO]~

48 3-O-p-D-Giucopyranoside-29-hydroxy oleanolic 1157 603.3969M-CO-H|",571.1937[M-CO-CH,OH-H]™  649.4061M-H]"  CasHreOz  650.34
acid

49 Eleutheroside K 1159 649.4061[M-ORha+HCOO] " 603.3969M- 7333665 M- CaiHedOry 73445

Rha+H,0-2H]",671.1937(M-ORha-H]~ H
50  Acanthopanaxoside E 1168 603.3969[M-Glo-CO,-H]",687.4081(M-OGic- 809.4473MH]”  CioHesOrs 81056
COHJ~
51 Ciwujianoside D1 1182 603.3969[M-Rha-GloAc-Glo+H,0-2H] ", 571.1937 11455898 CssHesOz  1100.58
[M-Rha-GloAc-OGle-H]~ [M+HCOO]
52 Eleutheroside | 1365  733.4275[M-H]",571.3712[M-ORha-H]~ 7794380  CaHeeOy  734.45
[M+HCOO]~
53 p-Sitosterol 1430  346.3379[M-CsHio+2H]*,302.3113M- 4372013 CooHscO  414.71
CaHiel",113.9657[M-Ca1HaO+H]* [M+NAJ"
54 Ciwujianoside E 1454 717.4304[M-H]",571.3712M-Rha-H]~ 7634387 CiHeeOn 71891
[M+HCOO]™

55 30-Norolean-12,20(29)-dien-28-0ic acid-3-0-fD- 16,89 733.4630[M-H|~571.3712[M-Glc-H]~ 7794775 GCuHecOny  734.45
glucopyranosyl-(1—2)-a-L-arabinopyranoside [M+HCOO]

56 3-O-a-L-Arabinopyranoside oleanolic acid 16,11 437.1922[M-Ara-H,0+H]*396.3492[M-OAra- 580.4186 CasHseO; 58840

CO+H]" [M+H]"
57 Daucosterol 18.04  577.1353M+H]",338.3492[M-Glo- 599.1245 CasHeoOs 57685
GrHy+H]*,301.1434[M-Glc-CeHyl* [M+NAJ*

58 Hederagenin 3-O-f-D-glucuronopyranoside- 21.71  379.3438M-OGIcAC-CO,-CH,OH]" 6854426  CoHseOpo 66240

O-methyl ester M+NAT"
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Compounds

Protocatechuic acid
Chlorogenic acid

Methyl 5-O-feruloylquinate

Hyperoside

Rutin

3-0-a-L-Rhamnopyranosyl-{1 —2)-«-L-arabinopyranoside-29-hydroxy oleanolic acid
-D-Glucopyranosyk(1-+2)-a-L-arabinopyranoside-29-hydroxy oleanolic acid
Ciwujianoside C4

Saponin P

Ciwjianoside K

Q1 [M-H]"

153.0
353.1
381.2
463.1
609.7
749.4
765.4
12456
749.9
7335

Qa3

109.0
191.1
121.0
300.1
300.1
473
603.1
7333
587.7
456.3

DPNV

-80.04
-80.59
-107.28
-144.10
-188.87
-205.60
-212.51
-171.82
-217.18
-191.59

CEN

-23.74
-19.81
-37.45
-38.99
-55.38
-59.14

-79.83
-59.35
-61.10
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No.
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2
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S3 3

31

SHEEEN

3

<

2388
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Putative
identification

Hetisine

Fuzitine
Denudatine/Guanfu base H
3-epiignavinol

Dictysine

Songorine

Napeline
16-Hydroxycardiopetaline
Karakanine

Karacoline
Karacolidine/Chuanfumine
Nevadenine
Isotalatizidine/Talatizidine
Talatisamine

Senbusine A/B

Guiwuine

Neoline

Condeiphine

Fuziine
14-O-acetyltalatizamine
Hypaconine

Mesaconine
8-Acetyl-15-hydroxyneoline
Episcopalisine
Aconicarchamine B
Dehydrated benzoyhypaconine
Straconitines A
6-O-benzoyleldelidine
Benzoyhypaconine
Pyraconitine
Benzoyldeoxyaconine
Benzoyimesaconine
N-demethylhypaconitine
Benzoylaconine
10-Hydroxybenzoyimesaconine
Hypaconitine
10-Hydroxybenzoylaconine
Indaconitine

Mesaconitine

Aconitine

Beiwutine

Aconifine

Molecular formula

CaoHzrNO3
CaoH2aNO4
CazHsaNO,
CooHz7NO4
Cz1HsaNOs
C2zH31NOs
CazHsaNOy
C21H3aNO4
CazHsaNOs
CazHasNOs
CaoHasNOs
CagHssNOs
CasHeNOs
CaaHsoNOs
CagHarNOs
CaaHs7NOg
CaaHaoNOs
CasHsoNOg
CaaHoaNO;
Ca6HaiNOs
CaaHsoNOg
CaaHsoNOg
CagHiiNOg
CagHsoNOg
CaiHaiNO,
CaiHaNOg
Cs1HisNOg
CazHisNOg
Ca1HisNOgy
CazHisNOg
CazHisNOg
Ca1HisNO1o
CazHisNO1o
CazHisNO1o
Ca1HiaNO1y
CagHisNO1o
CazHasNO1y
CaaHizNO1o
CagHasNO1y
CaaHaNO11
CagHisNO 12
CasHizNO12

330.2069
3421705
344.2500
346.2018
348.2539
358.2382
360.2539
364.2488
376.2488
378.2644
394.2593
406.2593
408.2750
422.2906
424.2699
436.2699
438.2856
450.2856
454.2805
464.3012
470.2754
486.2703
496.2910
498.2856
540.2961
566.2910
568.3067
570.3067
574.3016
586.3016
588.3173
590.2965
602.2965
604.3122
606.2914
616.3122
620.3071
630.3278
632.3071
646.3227
648.3020
662.3177

IM+H]*
Theoretical (m/z)

Measured (m/z)

330.2090
342.1706
344.2507
346.2000
348.2546
358.2386
360.2543
364.2479
376.2495
378.2618
394.2613
406.2586
408.2755
4222891
424.2707
436.2690
438.2841
450.2849
454.2823
464.3033
4702760
486.2706
496.2906
498.2887
540.2941
556.2920
558.3067
570.3087
574.3012
586.3032
588.3150
590.2992
602.3012
604.3107
606.2922
616.3123
620.3085
630.3278
632.3105
646.3215
648.3047
662.3190

Delta (ppm)

MDa

VIPon/an

329
213

249

3.06
137
122
254
332

529
228
268
128
8.17
1.06
3.79
145
231
187
283
128
1238
1.80
114
163
9.03
3.00
210
7.24
124

3.63
945
123
617
6.85
6.37
333
226

vIP

VIP4n/sn

4.55
2.69
2.84
151
6.65
4.26
3.58
161
8.23
255
1.86
7.22
4.39

1.07
11.09

3.38
3.32
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Groups

1. Control group
2. Hypercholesterolemic group
3. Reference group

4. Bentonite group

5. GBTF group

6. GBTP group

7. GBT group

8. Flaxseed group

9. Psylium group

Intervention

Only standard diet

Only high cholesterol diet (HCD)

HCD + Atorvastatin (10 mg/kg/day)

HCD + bentonite clay (60 mg/day)

HCD + bentorite clay (60 mg/day) + flaxseed (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/day)
HCD + bentonite clay (60 mg/day) + psylium (7 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/day)
HCD + bentonite clay (60 mg/day) + grape seed extract (2.5 mg/day) + turmeric extract (2 mg/day)

HCD + flaxseed (7 mg/day)

HCD + psylium (7 mg/day)

Grape seed extract contains 24.81% paimitic acid, 6.02% palmitoleic acid, 6.10% stearic acid, 15.26% oleic acid, 43.61% inoleic acid, 4.20% linolenic acid, 24.6% phenolic substance and
1.48% flavonoid substance, flaxseed contains 9.27% palmitic acid, 5.9% stearic acid, 22.61% oleic acid, 17.83% noleic acid, 44.27% lnolenic acid and the swelling index 4.7 mi for
ground flaxseed, psylium contains 15.25% palmitic acid, 4.18% stearic acid, 25.96% oleic acid, 48.42% linoleic acid, 6.17% linolenic acid and the sweling index 17.8 ml for ground
psylium seed and turmeric extract contains 95% curcumin from the products used in this study.
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Phenolic compounds %

(--Epicatechin gallate 3.05
Apigenin 287
Apigenin 7-glucoside 3,59
Caffeic acid 3.74
Chiorogenic acid 3.58
Fumaric acid 2.88
Luteolin 342
Luteolin 7-glucoside 414
Quercetin 2,95
Resveratrol 2,87
Vanilic acid 3.49

Grape seed extract used in this study contains 24.6% phenoc substance and 1.48%
flavonoid substance. These phenolic substances are chiorogenic acid, fumric acid,
(--epicatechin galate, caffeic acid, vanilic acid, luteolin 7-glucoside, resveratrol, apigenin
7-glucoside, quercetin, kiteolin, and apigenin as you can see Table 2.
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Outcome/variable Hypothesis Measures Methods of analyses

Baseline balance test Quantitative outcomes (age, temperature, heart rate, respiratory rate  t-test/Wilcoxon rank-sum test
and blood pressure)
Qualitative outcomes (sex, marriage and previous treatment) Chi-squared test/Fisher’s exact test/
rank-sum test
Adherence at post- Percent and cases Of acherence <80% and 280% Chi-squared test/Fisher’s exact test
Intervention
Concomitant treatments Percent and cases of concomitant treatments Chi-squared test/Fisher's exact test
Primary outcome
Pneumonia cure rate Improvement t-test/Wilcoxon rank-sum test
occurred Covariance analysis
Secondary outcomes
Severe pneumonia rate Improvement t-test/Wilcoxon rank-sum test
occurred
Laboratory tests Improvement t-test/Wiicoxon rank-sum test
occurred
APACHEIl score Improvement t-test/Wilcoxon rank-sum test
occurred
SMART-COP score t-test/Wilcoxon rank-sum test
Lower respiratory tract t-test/Wilcoxon rank-sum test
bacterial
clearance rate
LC clearance rate t-test/Wilcoxon rank-sum test
Safety outcomes
AEs, SAE Percent and cases Of AEs and SAEs Chi-squared test/Fisher’s exact test
Vital signs Change value relative to baseline t-test/Wilcoxon rank-sum test

Laboratory tests, C-reactive protein, Lactic acid, Procalcitonin, Oxygenation index; APACHEII score, Acute Physiology, Age and Chronic Health Evaluation; LG, lactic acid; AEs, adverse
svants: SAE sarkuis ScVeres svents.
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Research phase time Baseline period Intervention period Follow-up
Visit 1 Visit 2 Visit 3 Visit 4 Visit 5
~710 0 days 5 days 10 days 28 days 56 days

Data collection at baseline
Informed consent
Inclusion/exclusion criteria
Demographic data
Obtain the central random number
Previous history, medical history, and allergies
Comorbidities and co-medications
Safety evaluation
Vital signs
Physical examination
Blood routine
Urine routine
Blood biochermistry
ECG
Urine pregnancy test
Efficiency evaluation
Pneumonia cure rate
Diagnosis of severe pneumonia
Laboratory tests
APACHEI score
SMART-COP score
Lower respiratory tract bacterial clearance
LG clearance rate
Clinical-endgoint events
Other work
Dispensse drug x
Recovery and record of research drug
Record AEs
Complications due to medications
Evaluate complance

% % XX XX X X X X XX X X X X X X
X X X X X X X

X X X X X X X X

% Mx K

x x

ECG, Electrocardiogram Laboratory tests, C-reactive protein, Lactic acid, Procaicitonin, Oxygenation index; APACHEIl score, Acute Physiology, Age and Chronic Health Evaluation; LC,
lactic acid AEs. acverse events.
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Scientific name

Lonicera japonica Thunb.
Eohedra sinica Stapt.

Prunus armeniaca L. var. ansu Maxim.

Polygonum cuspidatum Sieb.et Zucc.
Pueraria lobata (Wild) Ohwi.
Gycyrhiza uralensis Fisch

Chinese Pinyin

Jin Yin Hua
Ma Huang
Ku Xing Ren
Hu Zhang
Ge Gen
Gan Cao

Latin scientific name

Lonicerae japonicae flos
Ephedrae herba

Ameniacae semen amarum
Polygoni cuspidi rhizoma e radix
Puerariae lobatae racix
Glycyrhizae radix et hizoma

Parts and form used

Dried flower bud

Dried root and rhizome
Dried mature seeds
Dried root and rhizome
Dried root

Dried root and rhizome





OPS/images/fphar-13-852604/fphar-13-852604-g001.gif
ssesed or gty xcusionof pariipancs
| NO mecting inclsion creria
- Decti ned o i ps

|- Other ressons

[Riocared w mersenton group (v=120))
- YHPG Placebo (6gpack. po. | packiime, bid.
for 10 days)

- Standard reament including

[Attocued o mervention group n=120
|- Y1PG (68 pack. po.  packiime, bid.
o 10 days)

| Standard wcament including
|Amoxictivcavutanic sci. siyctine.
minoeseline, blactams, espirtory quinolones

28 days. wice Onec every 28 days. wice
« Record clinical-endgoin events +Record clnical-endgoint events
+Record AEs * Record AEs

« Bvaluate compliance - Bvalate compliance.

M M
Statistical analysis (FAS. PPS. SAS) Sttisical analysis (FAS, PPS, SAS)






OPS/images/fphar-13-852604/crossmark.jpg
©

|





OPS/images/fphar-13-832590/fphar-13-832590-t001.jpg
Gene symbol
S100A9

NF-xB

GAPDH

Forward

GACATCCTGACA
CCCTGAACAAG
TTATGGGCAGGATGGACCTA

CTGGAGAAACCTGCCAAGTATG

Reverse
CCCATCAGCATCAT
ACACTCCTC
CTCCTTCGGAACGA
TATGAT
GGTGGAAGAATGGGA
GTTGCT
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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

46

47

48

(min)

0.32
1.32
1.90
213
238
3.14
320
3.42
3.59
4.00
4.18

434

4.40
4.49
462
516
5.19

5.21

5.47
5.62
5.86
6.35
6.37
6.60
6.71
6.77
7.16
8.06
832
8.71
9.31
9.63
9.83
9.86
10.16
10.90

12.03

15.13

16.42

16.79
18.46
18.77

19.49

20.16
21.54
23.25
23.64

25.67

Identification

L-Arginine

(E)-3-(3.4,5-trihydroxypheny) acrylaldehyde
Chlorogenic acid

Magnocurarine A

Magnofiorine A

Magnocurarine B
3'-hydroxy-4',6,7-trimethoxyl-N,N-
dimethyltetrahydroisoquinoline
D-Tertrahydropaimatine
(2)-3-{2-(2-hydroxypropan-2-y)-2,3-
dihydrobenzofuran-5-y) acryiic acid
Dimethyl 5-[(6-phenethylpyridin-3-y)) methyl
isophthalate

Protopine

Analog of lriodenine

Tertrahycropaimatine
Analog of oxyavicine
Magnofiorine B
Palmatrubin
Alocryptopine

10-Methoxy-2,3-dihydro-7H-[1,4] dioxino
[2.3-q] chromen-7-one

Jatrorrhizine
Diosmin

Hesperidin
Haplopine
Isofagaridine
Palmatine
Sanguinarine A
Epiberberine
Sanguinarine B
Marmesin

Niticine A
Chelerythrine
y-Fagarine
Skimmianine
5-Methoxydictamnine
Dictamnine

Niticine B

Unknown

Analog of magnofiorine

Toddanone

Analog of jatrorthizine

Analog of nitidine
Oxynitidine
5,7-Dimethoxy-8-(3-methyl-2-butenoxy)
coumarin

6-Ethoxychelerythrine

Phellopterin

Suberosin

Dihydronitidine

Dihydrochelerythrine

Analog of nitidine

Formula

H1aN4O,
CoHgO4
CigHis0s
CigH2aNOz*
CaoHoaNOs™
CigHzaNOg™
Ca21HzsNO,*
Ca1HzsNO,
CraHie04
CoaH2sNOs
CaoHigNOs

CigHizNO,

Ca1HsNOs
Ca1Hz4NOs
CaoHzaNO,*
CaoHiaNO,

CaiHasNOs

Ci2H100s

CooHigNOs
CasHs2015
CagHaiO1s
Ci3Hy1NOy
CooHieNOs ™
C21H22NO,
CaoHiaNOs™
CaoHi7NO4
CooHiaNO; ™
C14H1204
Ca1HigNO,*
CoyHi7NOs
Ci3Hi1NOs
C1aHiaNOs
Ci3H11NOg
C12HoNO,
Ca1HigNOs "
Ci5H140s

CapHizNOs ™

CigHig0s

Co7HiNOss

CaaHsiNOs ™
Ca1Hi7NOs
CieHiaOs

CasHgNOs

Ca1H1gNO4
C21HigNOs

CagHzzNOs

Theoretical
mass
(m/z)

176.1190
181.0495
355.1024
314.1756
3421705
314.1756
358.2018
356.1869
249.1130
390.1574
354.1336

324.1241

356.1869
368.1492
3421705
338.1387
370.1649

235.0601

338.1400
609.1814
611.1970
246.0761
344.1079
352.1543
332.0017
336.1230
332.0017
245.0808
348.1230
348.1230
230.0812
260.0017
230.0812
200.0706
348.1230
275.0914

632.2875

291.1227

610.2470

477.2151
364.1179
291.1227

394.1654

301.1071
2451172
350.1387
350.1387

622.2072

Measured  Error

mass
(m/z)

176.1194
181.0492
356.1036
3141754
3421709
3141771
358.2024
356.1856
249.1121
390.1559
354.1349

3241230

356.1856
368.1498
3421710
338.1401
370.1657

236.0607

338.1391
600.1815
611.1995
246.0768
344.1069
362.1656
332.0932
386.1242
332.0934
2450813
348.1246
348.1240
230.0821
260.0925
230.0819
2000715
348.1240
2750018

632.2870

291.1236

610.2448

4772150
364.1192
291.1233

394.1666

301.1081
2451181
360.1399
360.1385

622.2090

(ppm)

228
1.66
-3.38
064
-1.46
477
-1.68
-365
361
384
-3.67

3.39

3.65
-1.63
-1.17
-4.14
-2.16

-2.55

266
-0.16
-4.09
-2.84
291

-3.41
-4.52
-3.57
-5.12
-2.04
-4.60
-2.87
-3.91
-3.08
-3.04
-4.50
-2.87
-1.45

0.79

-3.09

361

021
-3.57
-2.06

-3.04

-3.32
-3.67
-3.43
0.53

-2.89

In
mode

M+H)*
[M+H)*
[M+H)"
M
M
M
M
[M+H)
[MH)*
[M+H)
[M+H)*

[M+H]*

[MeH)*
MeH)*
M
[MH)*
[M+H)*

[M+H]*

M+H*
[M+H]*
[M+H]*
[M+H]*
M
[M+H]*
M
[M+H]*
M
M+H)"
M
M+H*
[M+H]*
[M+H]"
[M+H]*
[M+H]*
M
[M+H]*

M

[M+H]*

[M+Na]*

M
[M+H]*
[M+H]*

[M+H]*

[M+H)"
[M+H)"
M+H)"
M+H)*

M

MS/MS
(m/z)

168.0901, 144.1377, 130.0963,
116.0705, 100.0756
163.0539, 140.0461, 125.0589,
110.0353
266.0805, 193.0491, 163.0387,
135.0439, 117.0331
269.1164, 237.0899, 175.0747,
107.0482
297.1124, 282.0891, 237.0911,
2220678, 192.1021
314.1760, 269.1174, 237.0909,
175.0751, 107.0489
208.1196, 267.1011, 206.1171,
174.0617, 137.0594
192.1022, 177.0785, 137.0594
203.0703, 189.0548, 171.0437,
161.0590, 141.0694, 129.0695,
115.0538
330.0732, 295.0600, 254.0576,
200.0693, 167.0488
3200918, 247.0750, 192.1021,
149.0594, 107.0485
309.0998, 281.1047, 266.0812,
192.1021, 177.0786, 145.0282,
117.0333
340.1544, 192.1021, 177.0786,
145.0282
352.1191, 324.1240, 310.1082,
292.0970, 264.0662, 204.0654
297.1123, 282.0886, 237.0906,
222.0672, 207.0801
307.0841, 265.0735, 237.0783,
190.0863, 175.0628
336.1223, 290.0932, 252.0774,
206.0802, 188.0698, 149.0591
205.0497, 191.0341, 177.0547,
163.0389, 149.0230, 135.0441,
121.0283, 107.0488
322.1091, 294.1130, 280.0972,
266.0733, 222.0914
463.1234, 301.0708, 285.0763,
263.0551, 245.0445, 177.0551
465.1351, 303.0872, 285.0754,
263.0653, 245.0448, 177.0550
231.0526, 216.0289, 188.0343,
160.0390
319.0849, 291.0897, 276.0663,
262.0865
336.1236, 320.1285, 292.0972,
190.0859
319.0842, 291.0892, 274.0870,
246.0915, 216.0808
320.0919. 304.0968, 292.0970,
278.0814, 263.0936
319.0843, 291.0890, 274.0866,
246.0914, 216.0806
212.0460, 191.0337, 163.0387,
147.0436, 128.0616
332.0926, 318.0763, 304.0974,
290.0818, 275.0939
332.0921, 318.0759, 304.0968,
290.0812
215.0580, 200.0340, 186.0547,
172.0394, 158.0600
227.0574, 200.0661, 199.0629,
184.0390, 170.0593
215.0579, 200.0340, 186.0547,
172.0398, 158.0594
185.0474, 156.0446, 129.0576,
102.0466
332.0922, 318.0763, 304.0969,
290.0813, 275.0937
229.0493, 217.0497, 203.0338,
176.0390, 161.0596
342.1700, 297.1124, 282.0890,
2656.0862, 237.0912, 222.0673,
191.0862
219.0652, 205.0496, 191.0702,
161.0597, 131.0488
338.1390, 322.1077, 294.1123,
280.0973, 190.0862, 161.0595,
106.0700
348.1234, 332.0927, 318.0769,
304.0975, 290.0818, 275.0936
348.0867, 334.0716, 320.0919,
306.0766, 290.0455, 278.0809
220.0366, 193.0134, 178.0259,
165.0184, 133.0284, 107.0486
376.1548, 361.1313, 346.1093,
318.1125, 330.1127, 288.0795,
260.0829
218.0210, 190.0255, 162.0309,
134.0361, 106.0409
215.0698, 187.0389, 175.0389,
143.0488, 131.0488
334.1078, 319.0838, 290.0816,
247.0759, 219.0805
334.1085, 319.0848, 290.0821,
247.0756, 219.0804
348.1230, 332.0920, 318.0760,
304.0969, 290.0814, 246.0912
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Methods

Vibrational spectroscopy
(NIR; mid-R and Ramar)

NMR spectroscopy

Chromatography

Capilary electrophoresis

Direct MS

DNA barcoding/
fingerprinting

Advantages

Rapid, applicable to both raw materials and
processed samples (e.g,. extracts, finished HM
products), requires minimum to no chemical
solvents and reagents during sample
pretreatment, non-destructive, enables online
analysis

Non-destructive and non-invasive,
environmentally friendly, relatively rapid and easy
to use on a regular basis, minimum sample
preparation, can provide structural information of
components of complex mixtures without pre-
isolation/purification, suitable for metabolite
fingerprinting of HMs

Can separate target compounds in HM matrices
into fractions or isolated compounds, wide
suitability, high resolution, selectivity, sensitivity,
and can be fully automatable operation; By using
HR-MS/MS detector, the chemical structure of
target peaks can be predicted and determined
High separation capability, can be applied in either
single marker analysis, fingerprinting, or
metabolomic studies for quality control of HMs,
low sample and reagent consumption, relatively
lower cost of instrumentation compared to
HPLC/GC.

Gapable of rapidly separating analytes in complex
HM matrices based on the mass per charge, many
ambient MS techniques are avaiable and require
only minimal to no sample preparation, some
techniques support the imaging of chemical
fingerprints

Enable authentication of medicinal samples to
species level, can detect adulteration from even
closely related species, suitable for plant
genotyping to create standardized medicinal
crops

Disadvantages

No separation capacity, standardization and quality
control of HMs with complex components must be
supported by chemornetrics methods

Low sensitvity, signal overlapping in complex HMs,
relatively sophisticated and expensive instruments,
the se of chemometrics software is inevitable to
treat the large data generated

Time-consuming, needs extraction and stabilty
studies for standards and samples, high cost for
sophisticated instruments (LC-MS/MS); Needs
peak alignments and retention time correction for
each of samples prior to multivariate analysis

Low resolution for nonpolar or noncharged analytes
unless coupled with other partition-based
separation techniques, lower sensitiity compared
to chromatographic techniques due 1o the low
amount of sample used

MS detector is relatively more expensive than other
detectors, ionization efiiciency may vary among
techniques and/or sample matrices which could
result in low reprodiucibiity

Does not provide any information on metabolite
contents of the HMs, cannot detect adulterants
from different parts of plants from the same species

References
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Pacholczyk-Sienicka et al. (2021)

Kharbach et al. (2020), Li et al.
(2020b)
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(2021)
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No.

JH-02
JH-04
JH-06
JH-09
JH-10
JH-12
JH-13
JH-14

The concentrations of sample solutions for the determination of DPPH, OH, or ABTS. clearance rate were 1.0, 10.0 or 5.0 mg/ml, respectively.

Accessions

Gongju
Gongju
Gongju
Hang-baiju
Hang-baiju
Hang-baiju
Tailu

Taiu

Free radical clearance rate (%)

DPPH.

73.41 £ 0.40
43.33 £ 0.23
37.92 £ 0.14
42.93 £0.10
43.44 £ 0.10
70.77 £ 0.45
85.35 £ 0.16
28.34 + 0.06

OH.

79.26 + 0.14
71.14 £ 0.19
71.26 + 0.14
67.61 £ 0.26
56.72 + 0.25
77.86 + 0.12
81.18 £ 0.25
63.76 + 0.38

ABTS.

90.22 + 0.48
70.20 + 0.90
69.21 + 0.96
7052 + 0.90
7263 £ 1.01
8821 +0.58
93.75 + 0.1
4965 + 0.80

No.

JH-17
JH-19
JH-23
JH-24
JH-28
JH-29
JH-30

Accessions

Taiju
Boju
Boju
Boju
Huaiju
Huaju
Huaiju

Free radical clearance rate (%)

DPPH.

50.37 + 0.20
33.29 + 0.38
58.88 + 0.49
28.51 + 0.06
38.59 + 0.26
32,51 £ 0.17
35.28 + 0.79

OH-

71.650 + 0.07
7237 £0.19
72.63 + 0.07
75.11 £ 0.07
71.63 £ 0.07
56.01 + 0.07
72.28 + 0.07

ABTS.

79.20 + 0.90
64.97 £ 0.74
90.01 + 0.48
67.13 + 0.69
66.42 + 0.95
59.92 + 0.80
61.37 £ 0.85





OPS/images/fphar-13-809482/fphar-13-809482-t007.jpg
Characteristic peak

ChA

3,5-DCOA
Unknown peak 1
L-7G

4,5-DCQA

A7G

K-3R

Unknown peak 2

ABTS clearance capacity

078" (0.001)
0.899* (0.000)
0.582" (0.023)
0512 (0.051)
0.713" (0.003)
0.162 (0565)
0.622° (0.013)
0.073 (0.795)

The data means the correlation coefficient (p value).

DPPH clearance capacity

0.799™ (0.000)
0.900* (0.000)
0.628" (0.012)
0.462 (0.083)
0.800" (0.000)
0.056 (0.843)
0.602* (0.018)
-0.023 (0.986)

OH clearance capacity

0.709"* (0.003)
0.771* (0.001)
0650 (0.009)
0039 (0.890)
0377 (0.166)
0,008 (0.979)
0,056 (0.844)
0021 (0.942)
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No.

JH-01
JH-02
JH-03
JH-04
JH-05
JH-06
JH-07
JH-08
JH-09
JH-10
JH-11
JH-12
JH-13
JH-14
JH-15
JH-16
JH-17
JH-18
JH-19
JH-20
JH-21
JH-22
JH-23
JH-24
JH-25
JH-26
JH-27
JH-28
JH-29
JH-30

Accessions

Gongu

Hang-baiju

Taiju

Boju

Huaiju

Contents (%, 9/g)

ChA

0.65
043
0.44
0.34
0.24
0.38
0.30
0.31
0.25
021
0.19
0.69
0.64
0.22
0.30
0.36
0.33
0.31
0.34
0.23
0.23
0.59
0.45
0.29
0.47
0.38
0.24
0.35
0.25
0.24

3,5-DCQA

1.00
2.20
1.27
1.32
1.46
129
0.76
0.84
0.64
0.68
0.62
231
2.60
043
0.98
0.87
1.09
1.08
1.03
112
0.96
1.84
2.00
112
1.19
1.44
0.70
0.68
0.69
075

Unknown peak 1

1.38
0.35
0.16
0.19
0.16
0.14
[ekgl
0.78
073
0.44
0.62
0.54
0.61
027
0.79
0.42
0.81
0.82
0.13
0.12
0.09
014
0.80
0.12
0.64
017
0.44
0.42
0.42
0.42

4,5-DCQA

072
0.44
0.46
0.48
048
0.44
0.62
0.67
0.63
0.70
074
0.95
1.34
0.42
0.80
0.76
0.84
0.85
0.33
0.19
0.23
0.37
071
0.27
0.32
0.43
0.63
071
0.25
0.33

K-3R

1.28
1.57
0.68
0.80
0.59
0.42
1.29
1.52
112
1.63
1.28
1.31
1.61
0.91
2.04
1.09
2.04
1.99
0.45
0.35
0.17
0.39
1.97
0.26
1.66
0.48
0.82
0.75
1.03
0.96

Grade

Good
Good
Good
Medium
Medium
Good
Medium
Medium
Medium
Medium
Medium
Excellent
Excellent
Poor
Good
Medium
Good
Good
Medium
Medium
Poor
Good
Good
Medium
Good
Good
Medium
Medium
Medium
Medium
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No. Accessions Similarity No. Accessions No. Accessions Similarity
JH-O1 Gongju 0835 JH-11 Hang-baiju 0903 JH21 Boju 0640
JH-02 Gongju 0840 JH-12 Hang-baiju 0917 JH-22 Boju 0665
JH-03 Gongju 0808 JH-13 Tailu 0921 JH-23 Boju 0956
JH-04 Gongju 0827 JH-14 Taju 0807 JH-24 Boju 0679
JH-05 Gongju 0848 JH-15 Taiu 0941 JH25 Huaiju 0909
JH-06 Gongju 0831 JH-16 Taiu 0845 JH-26 Huaiju 0897
JH-07 Hang-baiju 0931 JHAT Taiu 0952 JH27 Huaiju 0839
JH-08 Hang-baiju 0932 JH-18 Taiju 0946 JH-28 Huaiu 0823
JH-09 Hang-baiju 0923 JH-19 Boju 0811 JH-29 Huaiju 0923

JH-10 Hang-baiju 0.931 JH-20 Boju 0.681 JH-30 Huaiju 0911
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Initial eigenvalue
Variance contribution rate (%)
Gumulative contrioution rate (%)

Characteristic peak

Peak 1 (ChA)

Peak 2 (3,5-DCQA)
Peak 3 (Unknown 1)
Peak 4 (L-7G)

Peak 5 (4,5-DCQA)
Peak 6 (A-7G)

Peak 7 (K-GR)

Peak 8 (Unknown 2)

Principal components

3.04
38.04
38.04

0.63
045
-0.14
0.82
0.76
0.68
0.76
0.38

228
28.55
66.60

0.66
0.85
0.93
-0.35
0.02
“022
-0.24
-0.18

3 4 5 6 7 8
151 056 0.40 0.12 0.06 0.03
18.88 6.99 4.96 1.62 0.70 0.35
8547 9247 97.43 98.95 99.65 100

Principal component factor loading matrix

014 - - - — =
oM - - - - -
-0.11 - = - - -
~0.30 = — = — -
-0.41 - - - - =
061 - - - - -
-0.43 - - - - -
081 - - - - -
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Components Regression equation® R? Linear range LOD® (ug LOQ® (ug

(g mi™") mi™) mi™")
ChA ¥ = 8.6378x-20.26 09989 16.4-818 005 0.16
3,5-DCOA y=12211x-11177 09984 19.1-95.7 006 0.19
L-7G ¥ = 10.674x-0.386 09985 48.5-242.4 0.14 049
4,5-DCOA y = 11.367x-293.87 09895 32.4-162.1 0.09 032
A7G y = 22.281x-297.62 09951 16.8-83.8 005 017
K-3R y = 7.0582x-19.461 09991 27.3-286.4 008 027

" and x are the peak areas and concentrations (ugmL™") of the analytes, respectively.
The limit of detection (LOD) was defined as the concentration for which the signal-to-noise ratio was 3.
“the limit of quantification (LOQ) was defined as the concentration for which the signal-to-noise ratio was 10.
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No.

JH-01
JH-02
JH-03
JH-04
JH-05
JH-06

RSD*

JH-07
JH-08
JH-09
JH-10
JH-11
JH-12

RSD*

JH-13
JH-14
JH-15
JH-16
JH-17
JH-18

RSD*

JH-19
JH-20
JH-21
JH-22
JH-23
JH-24

RSD*

JH-25
JH-26
JH-27
JH-28
JH-29
JH-30

RSD*

RSD®

Accessions

Gongju

Hangbaiju

Taiju

Boju

Huaiju

ChA

0.65
0.43
0.44
0.34
024
0.38

33.1

0.30
0.31
0.25
0.21
0.19
0.69

56.9

0.64
0.22
0.30
0.36
0.33
0.31

403

0.34
0.23
023
0.59
0.45
0.29

39.8

047
0.38
024
0.35
0.25
0.24

29.4

38.7

3,5-
DCQA

1.00
158
093
097
1.06
094

23.1

057
0.62
0.48
051
047
1.66

64.7

187
033
072
0.65
0.80
079

60.9

0.76
0.82
071
133
145
0.82

32.7

087
1.05
053
051
052
056

34.1

444

Unknown

peak
1

1.38
0.35
0.16
0.19
0.16
0.14

123.0

0.71
0.78
0.73
0.44
0.62
0.54

20.2

0.61
0.27
0.79
0.42
0.81
0.82

373

013
012
009
0.14
080
0.12

1192
064
017
044
042

0.42
0.42

35.7

66.5

L-7G

236
0.61
0.27
0.33
0.27
0.25

1222

1.22
1.34
1.25
0.76
1.06
0.93

204

1.04
0.46
1.35
0.72
1.38
1.40

37.3

0.21
0.20
0.15
0.25
1.37
021

119.8

1.09
0.30
0.76
07
071
0.72

35.1

66.3

4,5-

072
0.44
0.46
0.48
048
0.44

214

0.62
0.67
0.63
0.70
0.74
0.95

17.0

1.34
0.42
0.80
0.76
0.84
0.85

353

0.33
0.19
023
0.37
Lo
0.27

537

0.32
0.43
0.63
071
0.25
0.33

416

446

1.64
0.19
0.80
0.72
063
059

62.9

034
033
049
031
0.45
039

187

0.40
011
0.48
0.15
0.48
048

496

0.15
0.09
0.09
0.13
043
0.13

76.2

091
048
0.13
0.12
0.38
035

734

773

K-3R

1.28
157
0.68
0.60
0.59
0.42

53.4

1.29
1.62
112
153
1.28
1.31

1.61
091
2.04
1.09
2.04
1.99

31.3

0.45
0.35
0.17
0.39
1.97
0.26

1135

1.66
0.48
0.82
0.75
1.03
0.95

41.9

563.3

Unknown

peak
2

094
114
050
0.44
043
031

53.0

0.94
41
0.82
112
0.94
0.96

17

1.18
0.66
1.49
0.79
1.49
145

31.5

0.33
0.26
0.12
0.29
1.44
0.19

1132

1.21
0.35
0.60
0.54
0.75
0.70

41.9

53.2

RSD", represents the variation of the contents of eight common peaks from the same accessions of CM; RSDF, represents the variation of the contents of eight common peaks from 30

flower head samples of different accessions of CM.
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Activity Normal Reduced Only when provoked Little or none with provocation
Behavior Normal Slow normal when disturbed  Abnormal when disturbed and Abnormal when disturbed and no relocation
relocation
Fur aspect Normal coat/actively Slightly ruffied or mild loss of fur ~ Ruffled fur and moderate loss of fur  Ruffled fur, piloerection, and significant loss
grooming of fur
Hudding/ Normal or no grouping Mid grouping or social Moderate grouping or social High grouping or social proximity
Grouping proximity proximity
Posture Normal Slightly hunched but moving  Hunched with stiff movement Hunched with litle or no movement
freely

References: (Banipal et al., 2017: Banerjee and Prasad 2020; Paclitaxel Taxol, 2020; Clinical Signs of Pain and Disease in Laboratory Animals 2021; Batchelder et al., 1983).
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Morbidity Analysis.
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Clinical adverse effects Observations and signs

of PTX in animals
Fatigue (extreme tiredness) Fatigue reduces general wandering of animal in cage
Peripheral neuropathy (numbness and weakness) Abnormal behavior and lack of refocation is due to numbness
Hair loss (alopecia) Ruffled and fur loss represents alopecia

Adult mice huddle in response to cold caused by hair loss
Painful muscles and joints Hunched posture is a general sign of pain or distress

References: (Batchelder et al., 1983: Paclitaxel Taxol, 2020: Clinical Signs of Pain and Disease in Laboratory Animals 2021).

Parameters

Activity
Behavior

Fur aspect
Huddiing/Grouping
Posture
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