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Prunus mume fructus (MF) is used in traditional Chinese medicine and food, as it exerts pharmacological effects, such as antibacterial, antioxidant, antitumour, thirst-relieving, and antidiarrheal effects. In the present study, a reliable and sensitive ultra-high performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) method was developed and validated for the simultaneous determination of 16 prototype components (L-(-)-malic acid, 3,4-dihydroxybenzaldehyde, protocatechuic acid, vanillic acid, caffeic acid, D-(-)-quinic acid, citric acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, amygdalin, maslinic acid, corosolic acid, and rutin) in rat plasma after oral administration of the MF extract. Plasma samples were prepared via protein precipitation using acetonitrile. The 16 components were separated on an ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm) with a gradient mobile phase system of methanol and 0.1% (v/v) formic acid aqueous solution at a flow rate of 0.3 ml/min. All components were quantitated using Agilent Jet Stream electrospray ionisation in negative ion mode. The intra-day and inter-day accuracies ranged from-9.4 to 9.4%, and the precision of the analytes was less than 14.8%. The extraction recovery rate of the analytes ranged from 63.59 to 109.44% and the matrix effects ranged from 49.25 to 109.28%. Stability studies proved that the analytes were stable under the tested conditions, with a relative standard deviation lower than 13.7%. Hence, the developed method was successfully applied to evaluate the pharmacokinetics of 16 components in the MF extract after oral administration in rats using UPLC-MS/MS.
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1 INTRODUCTION
Medicinal plants are a kind of economic plants with special purpose, which have been done since ancient times and have important medical and health functions for human health, and may even be considered the origin of modern medicine. Compounds of plant origin have been and still are an important source of compounds for drugs. It is a fact that all civilizations have developed this form of medicine based on the plants in their own habitat. Therefore, it is of great significance to conduct in-depth research and development of medicinal plants. (Dogan et al., 2014; Saran et al., 2021; Tamer et al., 2021). Prunus mume fructus (MF) is derived from the near-mature fruit of the Rosaceae plant, Prunus mume Sieb. et Zucc., and is used in traditional Chinese medicine and food (Shi et al., 2019; Chinese Pharmacopoeia Commission, 2020). It is widely cultivated in Eastern Asian countries for its flavour and aroma, availability, and nutritional and therapeutic benefits, and is mainly distributed in Korea, Japan, and the Yunnan, Fujian, Sichuan, Anhui, and Guizhou provinces in China (Xu, 1996; Yan et al., 2014). MF is widely used in medications, for astringing the lungs to relieve cough, astringing the intestines, promoting fluid relief, and treating diarrhoea and ascariasis. It is commonly used in herbal medicine to treat chronic cough, prolonged diarrhoea, asthenic fever, and ascaris-induced convulsions (Zhao and Wang, 2010; Chinese Pharmacopoeia Commission, 2020; Xiang et al., 2020; Liu et al., 2022). MF is a popular fruit that is commonly consumed in the form of processed products, such as candy, pickles, beverages, and liquor. In East Asian countries, candied MF is a commonly consumed snack (Imahori et al., 2008; Luo et al., 2018). Chinese people have the habit of drinking sour plum juice made of MF to relieve the summer heat. Nowadays, MF is widely used in health drinks, such as Imperatae Rhizoma extracts, and is compounded into drinks in a certain proportion, which confers a unique flavour and greatly improves the nutritional value of the drink. Beverages with nutritional benefits and summer heat-relieving effects can be prepared using MF and mung bean as the main raw materials (Ding, 2012; Fang et al., 2018). Modern pharmacological studies have suggested that MF has biological activities, such as immunity-enhancing, antibacterial, antioxidant, antitumour, antidiarrheal, thirst-relieving, hypouricemic, anti-fatigue, and anti-aging activities (Choi et al., 2007; Yi et al., 2012; Tu et al., 2013; Park et al., 2016; Xing et al., 2018; Zhang et al., 2021). Clinical studies have shown that MF has preventive effects in the treatment of ulcerative colitis, anaemia, bronchial asthma, and diabetes (Kim et al., 2020; Zhu et al., 2022).
Phytochemical studies have shown that MF contains various components, including organic acids, terpenoids, sterols, volatile components, amino acids, carbohydrates, lipids, flavonoids, and alkaloids, of which the most important biologically compounds are organic acids (Turturica et al., 2016; Ou et al., 2020). The organic acids in MF have shown antioxidant, antibacterial, antitumour, and anti-cardiovascular effects (Liu et al., 2019). Terpenoids, sterols, carbohydrates, and alkaloids exert antitumour effects, while amino acids modulate the immune system functions (Wang et al., 2022). Pharmacokinetics is a dynamic process to investigate the absorption, distribution, metabolism and excretion of drugs in vivo. The pharmacokinetic characteristics of components in traditional Chinese medicine (TCM) have been used to predict the potential toxicity of drugs, and guide clinical rational drug use (Cheng et al., 2022). The characteristics of the ingredients in vivo can be understood by comparing their pharmacokinetic parameters to increase the safety and availability of clinical medications and to aid in determining their appropriate dosage and time of administration (Zhang et al., 2017). Therefore, the pharmacokinetic studies of the main components in MF of great significance to promote its clinical application. However, although MF has various pharmacological effects, its in vivo pharmacokinetics have not yet been elucidated.
In this study, a reliable and sensitive ultra-high performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) method was established and validated for the simultaneous determination of 16 components (L-(-)-malic acid, 3,4-dihydroxybenzaldehyde, protocatechuic acid, vanillic acid, caffeic acid, D-(-)-quinic acid, citric acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, amygdalin, maslinic acid, corosolic acid, and rutin) in rat plasma. The method was then applied to the pharmacokinetic study of the compounds in rats after oral administration of the MF extract to obtain valuable information for the development and clinical application of MF.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Standards, L-(-)-malic acid, 3,4-Dihydroxybenzaldehyde, protocatechuic acid, vanillic acid, caffeic acid, D-(-)-quinic acid, citric acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, amygdalin, maslinic acid, corosolic acid, rutin, and rosmarinic acid (internal standard [IS], purity ≥98%) were purchased from Chengdu Desite Bio-Technology Co., Ltd. (Chengdu, China). Amygdalin was obtained from the National Institutes for Food and Drug Control (Beijing, China). The chemical structures of the 16 analytes and IS are shown in Figure 1. Methanol and acetonitrile (chromatographic grade) were supplied by Fisher Scientific (Fair Lawn, NJ, USA). Formic acid (chromatographic grade) was obtained from ROE (St. Louis, MO, USA). Demineralised water was obtained using a Milli-Q water purification system (Millipore, Milford, MA, USA). MF, the near-mature fruit of the Rosaceae plant, was collected from May to July 2020 in Sichuan province in China. The raw materials were carefully identified by Professor Jun He from Tianjin University of Traditional Chinese Medicine (TUTCM), China.
[image: Figure 1]FIGURE 1 | The chemical structures of the 16 analytes and IS.
2.2 Chromatography and mass spectrometry
The samples were analyzed and monitored using a UPLC–MS/MS system. It was mainly composed of an Agilent 1,290 ultra-high-performance liquid chromatography system (Agilent, USA) and an Agilent 6,470 series triple quadrupole mass spectrometer (Agilent, USA) equipped with an electrospray ionisation source.
Separation was performed on an ACQUITY UPLC BEH C18 (2.1 × 100 mm, 1.7 µm), and the column temperature was maintained at 25°C. The mobile phase consisted of solvent A (0.1% [v/v] formic acid in water) and solvent B (methanol). The gradient elution was set as follows: 10–25% B at 0–1 min; 25–30% B at 1–3.5 min; 30–40% B at 3.5–4.5 min; 40–83% B at 4.5–5.0 min; 83–83% B at 5.0–11.5 min; 83–100% B at 11.5–12.0 min; and 100–100% B at 12.0–13.0 min. The flow rate was set at 0.3 ml/min and the injection volume was 2 μL.
Multiple reaction monitoring (MRM) was used for quantitative analysis in both the positive and negative ionisation modes. The mass spectrometric parameters were set as follows: drying gas (N2) temperature, 300°C; gas (N2) flow rate, 7 L/min; atomiser pressure, 35 psi; sheath gas temperature, 350°C; sheath gas flow, 11 L/min; capillary voltage, 3500 V. The specific mass spectrometric parameters of the precursor ion, product ion, fragmentor, collision energy, and ion mode of the 16 components and the IS are listed in Supplementary Table S1.
2.3 Prunus mume fructus extract preparation
Prunus mume fructus extract was prepared as follows: A total of 600.0 g of MF was accurately weighed and extracted twice under heat reflux using eight times the amount of 50% ethanol (v/v) for 2 h each time. The extraction solutions were then filtered and mixed. The mixed solution was concentrated via evaporation under reduced pressure. Finally, the dried MF extract was pulverised into a fine powder and stored in a desiccator until analysis. The contents of L-(-)-malic acid, 3,4-dihydroxybenzaldehyde, protocatechuic acid, vanillic acid, caffeic acid, D-(-)-quinic acid, citric acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, amygdalin, maslinic acid, corosolic acid, and rutin in the MF extract are listed in Supplementary Table S2.
2.4 Preparation of standard solutions, calibration standards and quality control samples
L-(-)-Malic acid, citric acid, D-(-)-quinic acid, and protocatechuic acid were weighed separately and dissolved in deionised water as standard stock solution (1 mg/ml). Then, 3,4-dihydroxybenzaldehyde, vanillic acid, caffeic acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, amygdalin, maslinic acid, corosolic acid, rutin, and rosmarinic acid (IS) were weighed separately and diluted with methanol as a standard stock solution (1 mg/ml).
The calibration solutions were prepared by adding appropriate volumes of the mixture working solution, 20 μL of IS, and 10 μL of formic acid into 100 μL rat plasma, resulting in the following concentrations: 200, 400, 800, 1,600, 4,000, 10000, 20000, 50000, and 100000 ng/ml for citric acid; 20, 40, 80, 160, 400, 1,000, 2000, 5,000, and 10000 ng/ml for D-(-)-quinic and L-(-)-malic acid; 2, 4, 8, 16, 40, 100, 200, 500, and 1,000 ng/ml for vanillic acid, protocatechuic acid, caffeic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, and amygdalin; 1, 2, 4, 8, 20, 50, 100, 250, and 500 ng/ml for syringic, corosolic, and maslinic acids; 0.5, 1, 2, 4, 10, 25, 50, 125, and 250 ng/ml for ferulic acid, rutin, and 3,4-dihydroxybenzaldehyde. Quality control (QC) samples at three concentrations (low, medium, and high) were prepared in the same manner. All solutions were stored at 4°C until analysis.
2.5 Plasma sample preparation
Plasma (100 μL) was mixed with 20 μL of methanol, 20 μL of IS (1,000 ng/ml), and 10 μL of formic acid, and then vortexed for 1 min. The mixture was extracted with 1 ml acetonitrile by vortexing for 5 min at room temperature. After centrifugation at 14,000 rpm for 10 min, the supernatant was collected in a clean tube and evaporated to dryness under a nitrogen stream. The residue was reconstituted in 100 μL of 50% methanol, vortexed for 5 min, and centrifuged at 14,000 rpm for 10 min. Finally, 10 μL of the supernatant was injected into the UPLC-MS/MS system for analysis.
2.6 Method validation
The UPLC-MS/MS method for the determination of 16 components in rat plasma was validated according to the US FDA Bioanalytical Method Validation Guidance (Ma et al., 2021; Liu et al., 2022), including specificity, linearity, lower limit of quantification (LLOQ), accuracy, precision, extraction recovery, matrix effect and stability.
2.6.1 Specificity
Specificity was assessed by comparing the chromatograms of the blank plasma samples, corresponding blank plasma samples mixed with the analytes and IS, and plasma samples collected after oral administration of the MF extract in rats. However, blank plasma samples without analytes could not be obtained for L-(-)-malic and citric acids, as they are endogenous compounds in MF. In this study, the chromatograms of the sample without the reference substance solution were compared with the standard solution of a certain concentration, and the specificity was determined based on whether the retention times of L-(-)-malic and citric acids in each ion monitoring channel were consistent.
2.6.2 Linearity and LLOQ
Calibration curves were obtained by plotting the relationship between the peak area ratios of each analyte to IS versus the concentration of the corresponding analyte. A linear regression equation with a weighting coefficient of 1/x2 was used to describe the regression relationship. LLOQ was assessed according to baseline noise, with a signal-to-noise ratio of approximately 10.
2.6.3 Precision and accuracy
Precision and accuracy were evaluated by analysing six replicates of QC samples at low, medium, and high concentrations (400, 4,000, and 80000 ng/ml for citric acid; 40, 400, and 8,000 ng/ml for D-(-)-quinic and L-(-)-malic acids; 4, 40, and 800 ng/ml for vanillic acid, protocatechuic acid, caffeic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, and amygdalin; 2, 20, and 400 ng/ml for syringic, corosolic, and maslinic acids; 1, 10, and 200 ng/ml for ferulic acid, rutin and 3,4-dihydroxybenzaldehyde) within 1 day or on three consecutive days. Accuracy was determined using relative error (RE%), while intra- and inter-day precisions were determined using relative standard deviation (RSD).
2.6.4 Extraction recovery and matrix effect
The extraction recovery rates and matrix effects were investigated using six replicates at three concentrations. The extraction recovery rates of analytes were measured by the peak areas of analytes with three concentrations and the peak areas of the post-extraction mixed samples. The matrix effects were evaluated by calculating the ratio of the peak area of the analytes in the post-extracted mixed samples to those of the standard solutions. However, L-(-)-malic and citric acids are endogenous substances in MF; therefore, it is necessary to exclude their effects on the extraction recovery rate and matrix effects in the blank plasma (He, 2013). The extraction recovery rate (Equation 1) and matrix effects (Equation 2) of L-(-)-malic and citric acids were calculated as follows:
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where A is the peak area of L-(-)-malic and citric acids in the pre-extracted and mixed samples, B is the peak area of L-(-)-malic and citric acids in the post-extracted and mixed samples, C is the peak area of L-(-)-malic and citric acids in the blank plasma, and D is the peak area of the standard solution.
2.6.5 Stability
The stability of the analytes in plasma samples was evaluated by analysing the QC samples at three concentrations under different conditions: stored in an auto-sampler for 12 h, at room temperature for 4 h, under three freeze-thaw cycles, and stored at -80°C for 7 days.
2.7 Pharmacokinetic study
Male Sprague-Dawley rats (220 ± 10 g) were obtained from Beijing HUAFUKANG Bioscience Co., Inc. (Beijing, China). Six male rats were used for this experiment and were allowed free access to water and fasted for 12 h prior to the study. An aqueous solution of 0.5% CMC-Na was used to dissolve the MF extract to a concentration of 0.5 g/ml. The rats were orally administered a dose of 5.0 g/kg suspension, and approximately 300 μL blood samples were collected from the fundus venous plexus of rats before and after oral administration at 0, 0.03, 0.083, 0.17, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 10, 12, 24, 36, and 48 h. After centrifugation at 7,000 rpm for 10 min, the collected plasma was transferred into clean tubes and frozen at –80°C until analysis.
2.8 Data analysis
Data are presented as the mean ± standard deviation. The plasma concentrations of the 16 analytes were quantitatively calculated using the MassHunter Workstation software (version B.09.00, Agilent, USA). The pharmacokinetic results were processed using the DAS Software (DAS 3.0; Medical College of Wannan, China) to evaluate the exact pharmacokinetic parameters, including time for concentration maximum (Tmax), plasma half-life (T1/2), concentration maximum (Cmax), area-under-the-curve (AUC) and mean residence time (MRT).
3 RESULT AND DISCUSSION
3.1 Optimization of chromatography and MS
To achieve better separation of the 16 analytes, the effects of the Waters ACQUITY UPLC BEH C18 (2.1 × 100 mm, 1.7 µm) and Waters ACQUITY UPLC HSS T3 (2.1 × 100 mm, 1.8 µm) columns on chromatographic peaks and elution time were investigated. The results indicated that Waters ACQUITY UPLC BEH C18 (2.1 × 100 mm, 1.7 µm) column had a better separation effect on the 16 analytes, with a shorter elution time. Additionally, various mobile phases, including 0.1% (v/v) formic acid/water–acetonitrile, 0.1% (v/v) formic acid/water–methanol, water–methanol, and water–acetonitrile, were studied to optimise the separation of the 16 analytes. The results showed that 0.1% (v/v) formic acid/water–methanol had a better effect on the separation and peak shape of the analytes, as shown in Figure 2. Sixteen analytes and IS were eluted within 12 min, and no interference peaks were observed.
[image: Figure 2]FIGURE 2 | Representative multiple reaction monitoring (MRM) chromatograms of 16 analytes and IS in rat plasma samples. (A) blank plasma sample, (B) blank plasma spiked with 16 analytes and IS, (C) plasma samples after oral administration of MF extract. 1. L-(-)-malic acid, 2.3,4-Dihydroxybenzaldehyde, 3. Protocatechuic acid, 4. Vanillic acid, 5. caffeic acid, 6. D-(-)-quinic acid, 7. citric acid, 8. ferulic acid, 9. syringic acid, 10. cryptochlorogenic acid, 11. neochlorogenic acid, 12. chlorogenic acid, 13. amygdalin, 14. maslinic acid, 15. corosolic acid, 16. rutin, 17. rosmarinic acid (IS).
The main MS parameters were optimised to obtain a better response. Compared with the positive ion mode, the negative ion mode showed a greater signal intensity. Therefore, the 16 analytes were quantitated using Agilent Jet Stream electrospray ionisation in the negative ion mode. In addition, the capillary temperature, atomiser pressure, drying gas flow, fragmentor, and collision energy were optimised to obtain the most appropriate electrospray ionisation parameters, as described in Section 2.2.
3.2 Sample preparation
In this study, three extraction methods, namely the methanol-precipitated protein, acetonitrile-precipitated protein, and ethyl acetate liquid–liquid extraction, were investigated to find a suitable method for the preparation of plasma samples. The results demonstrated that the acetonitrile-precipitated protein method had better extraction recovery for the 16 analytes. To solve the problem of the low extraction recovery of chlorogenic, cryptochlorogenic, neochlorogenic, and protocatechuic acids, two different acids (formic and acetic acids) were added to acetonitrile and compared. The results showed that the addition of formic acid had a better effect on the extraction recovery of the 16 analytes; thus, the protein precipitation method using acetonitrile containing formic acid was used for the sample preparation of 16 analytes. Furthermore, the effects of methanol, acetonitrile, 50% methanol, and methanol–acetonitrile (v/v = 1:1) reconstitution solvents were investigated, and the results showed that 50% methanol had the best redissolution effect.
3.3 Method validation
3.3.1 Specificity
MRM chromatograms of the blank plasma sample (A), blank plasma sample mixed with the 16 analytes and IS (B), and plasma samples collected after oral administration of the MF extract (C) are shown in Figure 2. The chromatograms of the samples without the reference substance solution were compared with the standard solution of specific concentration, as shown in Figure 2, where L-(-)-malic and citric acids were endogenous substances, and no obvious interfering peaks were observed in the retention period of the other 14 analytes.
3.3.2 Linearity and LLOQ
The regression equations, linear ranges, correlation coefficients, and LLOQ values of the 16 analytes are listed in Table 1. The calibration profiles of the 16 analytes showed good linearity within the corresponding concentration ranges (r2 > 0.994). The LLOQ values of L-(-)-malic acid, 3,4-dihydroxybenzaldehyde, protocatechuic acid, vanillic acid, caffeic acid, D-(-)-quinic acid, citric acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, amygdalin, maslinic acid, corosolic acid, and rutin were 20.0, 0.5, 2.0, 2.0, 2.0, 20.0, 40.0, 0.5, 1.0, 0.06, 0.1, 0.2, 1.0, 1.0, 1.0, and 0.2 ng/ml, respectively.
TABLE 1 | Calibration profiles, linear ranges, correlation coefficients and LLOQ of the 16 analytes.
[image: Table 1]3.3.3 Precision and accuracy
The accuracy and intra- and inter-day precision of QC samples at low, medium, and high concentrations are listed in Table 2. The intra- and inter-day RSD values were less than 14.8%, the intra-day RE ranged from –9.4–9.9%, while the inter-day RE ranged from –8.5–9.4%. These results suggest that this method has acceptable limits of precision and accuracy.
TABLE 2 | Precision and accuracy of 16 analytes in rat plasma (n = 6).
[image: Table 2]3.3.4 Extraction recovery and matrix effect
The extraction recovery rates and matrix effects of the analytes at low, medium, and high concentrations are summarised in Table 3. The extraction recovery rates of all analytes ranged from 80.86 to 109.44% (RSD <10.3%). The matrix effects of L-(-)-malic and citric acids at different concentrations ranged from 49.25 to 69.04% (RSD <10.7%). However, the matrix effects remained similar at different concentrations (low, medium, and high), and the consistency was good; thus, the matrix effects of L-(-)-malic and citric acids did not affect the experimental measurements. Moreover, the matrix effects on other analytes ranged from 70.02 to 109.28% (RSD <11.2%). These results demonstrate that the extraction recovery rates and matrix effects of this method are precise and acceptable.
TABLE 3 | Extraction recovery and matrix effects of 16 analytes in rat plasma (n = 6).
[image: Table 3]3.3.5 Stability
The stability of the QC samples under different conditions are presented in Table 4. The analytes were found to be stable for 4 h at room temperature, for 12 h in an autosampler after preparation, for three freeze-thaw cycles, and for 7 days at -80°C. The RSD values of all tested analytes were below 13.7%, suggesting that all analytes were reasonably stable under different conditions and that the developed UPLC-MS/MS method could be used to determine the 16 analytes in rat plasma.
TABLE 4 | Stability of 16 analytes in rat plasma (n = 6).
[image: Table 4]3.4 Pharmacokinetic study
The validated method was applied to the pharmacokinetic study of the 16 plasma components after intragastric administration of the MF extract. After oral administration of the MF extract, 3,4-dihydroxybenzaldehyde, caffeic acid, corosolic acid, maslinic acid, and rutin in rat plasma were only detected at the first few plasma sampling points, which made it difficult to obtain a complete pharmacokinetic profile. Therefore, we excluded these analytes from our results. The mean plasma concentration-time profiles of the other 11 components are shown in Figure 3, and the relevant pharmacokinetic parameters are summarised in Table 5.
[image: Figure 3]FIGURE 3 | Mean plasma concentration–time profiles of L-(-)-malic acid, protocatechuic acid, vanillic acid, D-(-)-quinic acid, citric acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid and amygdalin in rats after oral administration of MF extract.
TABLE 5 | Pharmacokinetic parameters of 11 analytes in normal administration and model administration groups of rats. (Mean ± SD, n = 6).
[image: Table 5]As shown in Table 5, the Tmax values of L-(-)-malic acid, protocatechuic acid, vanillic acid, D-(-)-quinic acid, citric acid, ferulic acid, syringic acid, cryptochlorogenic acid, neochlorogenic acid, chlorogenic acid, and amygdalin were 0.22, 0.21, 0.15, 0.92, 0.24, 0.19, 0.28, 0.29, 0.28, 0.29, and 0.42 h, respectively. These results indicate that the organic acids were rapidly absorbed in the body. The Tmax values of cryptochlorogenic, neochlorogenic, and chlorogenic acids were similar to those previously reported (Shen et al., 2019; Sun et al., 2018). The T1/2 values of L-(-)-malic acid, citric acid, D-(-)-quinic acid, and amygdalin were 3.09, 2.74, 5.04, and 3.86 h, respectively, which revealed that these four analytes are eliminated shortly after oral administration. Similar pharmacokinetic trends for amygdalin have been reported in previous studies (Yang et al., 2021). The T1/2 values of protocatechuic, vanillic, ferulic, syringic, cryptochlorogenic, neochlorogenic, and chlorogenic acids were 8.60, 8.56, 8.51, 10.95, 9.16, 8.14, and 8.62 h, respectively, suggesting that these analytes are present in the body for a relatively long period and may exert a sustained therapeutic effect. The AUC(0-tn) and AUC (0-∞) values of L-(-)-malic, citric, and D-(-)-quinic acids were much higher than those of the other components, indicating that these three components had a higher level of plasma exposure, which was related to their high MF content. Moreover, the Cmax values of L-(-)-malic and citric acids were 4,526.22 and 76716.35 ng/ml, respectively. Combined with their high extent of in vivo exposure, L-(-)-malic and citric acids could be the main effective substances in the MF extract, which is consistent with previous reports (Chen et al., 2006; Wang et al., 2010; Lin et al., 2013).
As shown in Figure 3, the concentration-time curves of ferulic and vanillic acids exhibited a double-peak phenomenon, which can be attributed to enterohepatic circulation (Wang et al., 2014). In addition, the duration of drug stay in the stomach and intestine largely depends on gastric emptying and gastrointestinal motility, which affect the rate and extent of drug absorption after oral administration. Compared with the small intestine, drugs are rarely absorbed in the stomach, as they are retained in the stomach until they are delivered to the small intestine and subsequently absorbed again, resulting in the double-peak phenomenon (Godfrey et al., 2011).
4 CONCLUSION
In this study, an UPLC-MS/MS method was established and validated for the simultaneous determination of the 16 components in rat plasma after oral administration of the MF extract. This method had excellent specificity, precision, recovery and stability. More importantly, the analytical method was the first pharmacokinetic study on the extract of MF, which provides valuable information for the development and clinical application of MF.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethic Review Committee of Tianjin University of Traditional Chinese Medicine (TCM-LAEC20210052).
AUTHOR CONTRIBUTIONS
JH and HO contributed to conception and design of the study. YZ analyzed the data and wrote the first draft of the manuscript. SJW, XC, and SRW wrote sections of the manuscript. JH revised this manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by National Natural Science Foundation of China (82274091, 81673824).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.954692/full#supplementary-material
ABBREVIATIONS
AUC, area-under-the-curve; Cmax, concentration maximum; IS, internal standard; LLOQ, lower limits of quantitation; MF, Prunus mume fructus; MRM, multiple reaction monitoring; MRT, mean residence time; QC, quality control; RE, relative error; RSD, relative standard deviation; S/N, signal-to-noise ratio; Tmax, concentration maximum; T1/2, plasma half-life; TCM, raditional Chinese medicine; UPLC-MS/MS, ultra-high performance liquid chromatography/tandem mass spectrometry.
REFERENCES
 Chen, Z. G., En, B. T., and Zhang, Z. Q. (2006). Simultaneous determination of eight organic acids in Fructus mume by RP-HPLC. China J. Chin. materia medica 31, 1783–1786.
 Cheng, W., Wu, S., Yuan, Z., Hu, W., Yu, X., Kang, N., et al. (2022). Pharmacokinetics, tissue distribution, and excretion characteristics of a radix polygoni multiflori extract in rats. Front. Pharmacol. 13, 827668. doi:10.3389/fphar.2022.827668
 Chinese Pharmacopoeia Commission (2020). Pharmacopoeia of the People’s Republic of China, part 1. Beijing: China Medical Science Press. 
 Choi, H. J., Kang, O. H., Park, P. S., Chae, H. S., Oh, Y. C., Lee, Y. S., et al. (2007). Mume fructus water extract inhibits pro-inflammatory mediators in lipopolysaccharide-stimulated macrophages. J. Med. Food 10, 460–466. doi:10.1089/jmf.2006.198
 Ding, C. (2012). Changes of color and volatile flavor compounds of Fructus Mume during the smoking process and its application. Guangzhou, China: South China University of Technology. 
 Dogan, H., Ercisli, S., Temim, E., Hadziabulic, A., Tosun, M., Yilmaz, S. O., et al. (2014). Diversity of chemical content and biological activity in flower buds of a wide number of wild grown caper (Capparis ovate Desf.) genotypes from Turkey. C R. Acad. Bulg. Sci. 67, 1593–1600. 
 Fang, Y., Zhu, M., and Xiang, J. (2018). Study on the health complex drink with mung bean and Fructus Mume. North. Hortic. 10, 191–193. 
 Godfrey, K. R., Arundel, P. A., Dong, Z., and Bryant, R. (2011). Modelling the double peak phenomenon in pharmacokinetics. Comput. Methods Programs Biomed. 104, 62–69. doi:10.1016/j.cmpb.2010.03.007
 He, S. (2013). Screening of active fractions in Suanzaoren decoction according to endogenous substance and study on pharmacokinetic in rats. Shenyang, China: Shenyang Pharmaceutical University. 
 Imahori, Y., Takemura, M., and Bai, J. (2008). Chilling-induced oxidative stress and antioxidant responses in mume (Prunus mume) fruit during low temperature storage. Postharvest Biol. Technol. 49, 54–60. doi:10.1016/j.postharvbio.2007.10.017
 Kim, J. H., Won, Y. S., Cho, H. D., Hong, S. M., Moon, K. D., and Seo, K. I. (2020). Protective effect of prunus mume fermented with mixed lactic acid bacteria in dextran sodium sulfate-induced colitis. Foods 10, 58. doi:10.3390/foods10010058
 Lin, T. H., Huang, S. H., Wu, C. C., Liu, H. H., Jinn, T. R., Chen, Y., et al. (2013). Inhibition of Klebsiella pneumoniae growth and capsular polysaccharide biosynthesis by fructus mume. Evid. Based. Complement. Altern. Med. , 2013621701. doi:10.1155/2013/621701
 Liu, F., Zeng, Y., Dai, P., Huang, K., Zhang, K., Tao, T., et al. (2022). Comparative pharmacokinetics of three bioactive diterpenoids of rabdosia serra extract in normal and con A-induced liver injury rats using UPLC-MS/MS. Front. Pharmacol. 13, 944949. doi:10.3389/fphar.2022.944949
 Liu, Y. X., Bai, J. X., Li, T., Fu, X. Q., Guo, H., Zhu, P. L., et al. (2019). A TCM formula comprising Sophorae Flos and Lonicerae Japonicae Flos alters compositions of immune cells and molecules of the STAT3 pathway in melanoma microenvironment. Pharmacol. Res. 142, 115–126. doi:10.1016/j.phrs.2019.02.020
 Luo, W., Tappi, S., Wang, C., Yu, Y., Zhu, S., and Rocculi, P. (2018). Study of the effect of high hydrostatic pressure (HHP) on the osmotic dehydration mechanism and kinetics of wumei fruit (prunus mume). Food bioproc. Tech. 11, 2044–2054. doi:10.1007/s11947-018-2165-7
 Ma, N., Zhang, Y., Sun, L., Zhao, Y., Ding, Y., and Zhang, T. (2021). Comparative studies on multi-component pharmacokinetics of polygonum multiflorum thunb extract after oral administration in different rat models. Front. Pharmacol. 12, 655332. doi:10.3389/fphar.2021.655332
 Ou, J., Wang, R., Li, X., Huang, L., Yuan, Q., Fang, C., et al. (2020). Comparative analysis of free amino acids and nucleosides in different varieties of mume fructus based on simultaneous determination and multivariate statistical analyses. Int. J. Anal. Chem. 2020, 4767605. doi:10.1155/2020/4767605
 Park, J. C., Ma, J., Jeon, W. K., and Han, J. S. (2016). Fructus mume extracts alleviate cognitive impairments in 5XFAD transgenic mice. BMC Complement. Altern. Med. 16, 54. doi:10.1186/s12906-016-1033-0
 Saran, P. L., Singh, S., Solanki, V., Choudhary, R., and Manivel, P. (2021). Evaluation of Asparagus adscendens accessions for root yield and shatavarin IV content in India. Turk. J. Agric. For. 45, 475–483. doi:10.3906/tar-2006-42
 Shen, J., Jia, Q., Huang, X., Yao, G., Ma, W., Zhang, H., et al. (2019). Development of a HPLC-MS/MS method to determine the 13 elements of semen cuscutae and application to a pharmacokinetic study in rats. Evid. Based. Complement. Altern. Med. 2019, 6518528. doi:10.1155/2019/6518528
 Shi, T., Luo, W., Li, H., Huang, X., Ni, Z., Gao, H., et al. (2019). Association between blooming time and climatic adaptation in Prunus mume. Ecol. Evol. 10, 292–306. doi:10.1002/ece3.5894
 Sun, M., Yin, Y., Wei, J., Chen, X., Ouyang, H., Chang, Y., et al. (2018). Development and validation of a HPLC-MS/MS method for simultaneous determination of twelve bioactive compounds in epimedium: Application to a pharmacokinetic study in rats. Molecules 23, 1322. doi:10.3390/molecules23061322
 Tamer, C. E., Temel, S. G., Suna, S., Karabacak, A. O., Ozcan, T., Ersan, L. Y., et al. (2021). Evaluation of bioaccessibility and functional properties of kombucha beverages fortified with different medicinal plant extracts. Turkish J. Agric. For. 45, 13–32. doi:10.3906/TAR-2003-75
 Tu, X., Xie, C., Wang, F., Chen, Q., Zuo, Z., Zhang, Q., et al. (2013). Fructus mume formula in the treatment of type 2 diabetes mellitus: A randomized controlled pilot trial. Evid. Based. Complement. Altern. Med. 2013, 787459. doi:10.1155/2013/787459
 Turturica, M., Stanciuc, N., Bahrim, G., and Rapeanu, G. (2016). Effect of thermal treatment on phenolic compounds from plum (prunus domestica) extracts – a kinetic study. J. Food Eng. 171, 200–207. doi:10.1016/j.jfoodeng.2015.10.024
 Wang, L., Zhang, H., and Wang, L. (2010). Comparison of pharmacological effects of Fructus Mume and its processed products. J. Chin. Med. Mater. 33, 353–356.
 Wang, R., Cheng, H., Yang, Y., Ou, J., Song, Q., Zhou, H., et al. (2022). Ultra high performance liquid chromatography with quadrupole time-of-flight tandem mass spectrometry and liquid chromatography with tandem mass spectrometry combined with chemometric analysis as an approach for the quality evaluation of Mume Fructus. J. Sep. Sci. 45, 1884–1893. doi:10.1002/jssc.202101002
 Wang, Y., Yang, G., Guo, C., Pei, Q., Zhang, R., and Huang, L. (2014). Plasma double-peak phenomenon following oral administration. Chin. J. Clin. Pharmacol. Ther. 19, 341–345. 
 Xiang, J., Liu, X., Zhong, S., Fang, Z., Shen, S., Tang, J., et al. (2020). Fructus mume protects against cigarette smoke induced chronic cough Guinea pig. J. Med. Food 23, 191–197. doi:10.1089/jmf.2019.4423
 Xing, H., Zhang, L., Ma, J., Liu, Z., Song, C., and Liu, Y. (2018). Fructus mume extracts alleviate diarrhea in breast cancer patients receiving the combination therapy of lapatinib and capecitabine. Front. Pharmacol. 9, 516. doi:10.3389/fphar.2018.00516
 Xu, G. (1996). Chinese medicinal materials [M]. Beijing: China Medical Science and Technology Press, 1053. 
 Yan, X. T., Lee, S. H., Li, W., Sun, Y. N., Yang, S. Y., Jang, H. D., et al. (2014). Evaluation of the antioxidant and anti-osteoporosis activities of chemical constituents of the fruits of Prunus mume. Food Chem. 156, 408–415. doi:10.1016/j.foodchem.2014.01.078
 Yang, Y., Xie, B., and Huang, R. (2021). Tissue distribution and plasma pharmacokinetic of amygdalin in rats after oral administration. Chin. Manip. Rehabilitation Med. 12, 91–93+90. 
 Yi, L. T., Li, J., Su, D. X., Dong, J. F., and Li, C. F. (2012). Hypouricemic effect of the methanol extract from Prunus mume fruit in mice. Pharm. Biol. 50, 1423–1427. doi:10.3109/13880209.2012.683115
 Zhang, J., Liang, H., Wang, Y., Xi, W., and Li, Z. (2021). Research progress of pharmacological action of wumei (mume fructus). J. Liaoning Univ. traditional Chin. Med. 23, 122–126. doi:10.13194/j.issn.1673-842x.2021.08.025
 Zhang, K., Yan, G., Zhang, A., Sun, H., and Wang, X. (2017). Recent advances in pharmacokinetics approach for herbal medicine. RSC Adv. 7, 28876–28888. doi:10.1039/c7ra02369c
 Zhao, D. K., and Wang, T. (2010). The application of Wumei tang in the treatment of 60 patients with chronic cough (syndromes of viscera and Qi deficiency type). China Med. Eng. 18, 147. 
 Zhu, Y., Yi, X., Sun, W., and Liu, T. (2022). Research progress on pharmacological effects and clinical application of Wumei (Mume Fructus). J. Liaoning Univ. Chin. Med. , 1–8. 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhu, Wei, Cao, Wang, Chang, Ouyang and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-954692-t002.jpg
Compound

L-(-)-malic acid

34-Dihydroxybenzaldehyde

Protocatechuic acid

Vanillic acid

Caffeic acid

D-(-)-quinic acid

Citric acid

Ferulic acid

Syringic acid

Cryptochlorogenic acid

Neochlorogenic acid

Chlorogenic acid

Amygdalin

Maslinic acid

Corosolic acid

Rutin

Spiked concent-ration
(ng/ml)

40
400
8,000

10
200

800

40
800

40
800
40
400
8,000
400
4,000
80000

10
200

20
400

40
800

40
800

40

800

800

20
400

20
400

10
200

Intra-day

Inter-day

Measured (ng/ml)

4260 + 277
40332 % 41.18
8,298.08 + 241.90
091 005
933 £ 0.64
186.79 + 9.50
438 £029
39.51 + 163
81201 + 1624
413 £024
4082 + 3.13
827.29 + 265
404 £039
4155 + 6.14
805.06 + 23.25
42.83 + 3.39
40058 + 9.89
7,814.57 + 393.54
39235 + 24.29
4,148.58 + 284.96
79004.06 + 1,081.18
1.02 009
1092 + 0.65
20074 + 5.93
220 £0.12
19.86 + 1.38
41666 + 1854
434 £ 040
4071 +3.13
778.98 + 22.80
421 £ 040
39.38 £ 0.73
794.74 + 19.23
418 £025
3808 + 148
80530 + 18.09
4.18 £020
3897 + 119
787.23 + 24.20
204 £0.11
1851 + 121
37159 + 2298
1.96 +0.15
19.08 + 0.83
379.53 + 1099
1.05 + 008
933 £0.18
188.40 + 7.88

RE (%)

65
08
37
-94
-67
-66
95
-12
15
33
21
34
10
39
06
71
0.1
-23
-19
37
-12
16
92
04
2%

42
85
18
26
53
-15
-0.7
45
48
07
46
-26
-16
21
-75
-71
-20
-46
=51
45
-67
-58

RSD (%)

65
102
29
55
69
51
67
4.1
20
58
7.7
32
96
148
29
79
25
50
62
69
14
89
60
30
53
70
45
92
77
29
94
19
24
60
39
23
48
31
31
52
66
62
75
44
29
74
20
42

Measured (ng/ml)

41.79 + 2.66
40871 + 47.49
8,485.26 + 47891
0.95 % 0.03
9.65 + 059
18527 + 9.1
435+ 0.12
40.55 + 1.96
808.99 + 6.46
4.09 £ 031
39.03 + 1.96
811.25 + 2499
4.09 %023
42.58 + 2.87
81121 £ 2592
41.87 + 2.62
39316 + 6.42
8,232.43 + 289.12
40399 + 40.89
4,110.18 + 163.12
7944342 + 86691
1.09 % 0.09
10.66 + 0.68
20197 £ 7.36
1.97 £ 0.17
20.15 + 1.07
417.07 £ 1037
423£033
39.73 £ 3.06
808.44 + 37.23
4.11% 014
40.88 + 3.49
805.56 + 17.04
4.08 % 044
40.98 + 1.97
81087 £ 6.18
424+ 038
40.93 + 1.91
821.56 + 38.30
1.93 £ 0.09
18.29 227
39493 + 1294
2.07 £ 018
19.01 £ 1.73
406.96 * 16.16
0.97 £ 0.06
9.83 % 068
21195 £ 2020

RE (%)

45
22
6.1
-5.1
-35
-74
88
14
L1
24
-24
14
22
65
14
47
-17
29
10
28
0.7
94
66
10
-1.6
08
43
58
-0.7
L1
27
22
07
21
25
14
6.1
23
27
«35
-85
-13
33
-49
17
-29
-17
60

RSD (%)

64
116
56
34
6.1
49
28
48
08
75
50
31
56
68
32
63
16
35
101
40
i g
8.1
64
36
86
53
25
7.9
77
46
34
85
21
107
48
08
9.0
47
47
49
124
33
89
9.1
40
66
69
95





OPS/images/fphar-13-954692-t003.jpg
Compound

L-(-)-malic acid

34-Dihydroxybenzaldehyde

Protocatechuic acid

Vanillic acid

Caffeic acid

D-(-)-quinic acid

Citric acid

Ferulic acid

Syringic acid

Cryptochlorogenic acid

Neochlorogenic acid

Chlorogenic acid

Amygdalin

Maslinic acid

Corosolic acid

Rutin

Spiked concentration

(ng/ml)

40
400
8,000

10
200

40
800

40
800

40
800
40
400
8,000
400

4,000
80000

10
200

20
400

40
800

40
800

40
800

40
800

20
400

20
400

10
200

Extraction recovery
(%)

89.09 + 4.72
88.83 + 3.06
87.63 £ 5.07
90.11 + 528
82,65 + 231
90.56 + 2.77
87.39 £ 8.15
89.07 + 749
88.39 + 5.00
89.44 + 834
92.14 + 9.07
92.16 + 626
95.04 + 141
9247 + 553
90.07 + 452
8525 +7.58
80.86 + 832
8593 + 329
63.59 £ 5.99
67.36 + 3.09
66.43 + 2.03
95.67 + 333
88.79 + 1.70
89.06 + 4.29
10944 £ 7.26
9143 +721
88.78 + 428
93.37 £ 477
80.60 + 3.09
89.21 + 262
84.36 + 7.84
90.81 +9.12
89.82 + 335
9244 + 841
89.05 + 232
86.23 + 321
9224 + 847
96.05 + 826
88.94 + 254
90.15 + 532
90.32 + 448
81.73  3.60
83.69 £ 3.65
92.17 + 5.09
86.06 + 3.57
89.72 + 427
8642 + 4.17
86.05 + 6.1

RSD (%)

53
35
58
59
28
31
9.3
8.4
57
9.3
9.8
6.8
L5
6.0
5.0
89
103
38
9.4
4.6
31
35
19
4.8
6.6
7.9
48
5.1
38
29
93
101
37
9.1
26
37
9.2
8.6
29
59
5.0
44
44
55
42
48
48
7.1

Matrix effect
(%)

56.13 % 556
55.17 + 2.26
49.25 + 148
91.73 + 7.88
91.27  3.85
10114 £ 2.88
75.69 + 8.10
79.69 £ 5.13
82.56 + 3.88
97.48 + 650
87.95 + 437
93.81 + 474
10125 £ 6.64
87.48 + 7.86
97.56 + 4.77
70.93 £ 7.91
7182 % 65
70.02 £ 2.04
65.53 + 6.99
69.04 + 2.84
6213 + 112
109.28 £ 11.90
90.87 + 8.18
91.73 + 343
94.93 + 6.85
95.51 +7.24
83.94 + 4.05
99.51 + 4.96
90.19 + 2.06
96.69 + 4.29
83.99 + 771
85.78 + 7.44
78.97 % 357
87.24 + 749
85.86 + 2.12
93.18 + 256
95.16 + 7.28
89.30 + 4.92
82.67 + 3.18
85.64 + 721
90.92 + 6.70
92.36 + 347
107.62 £ 8.13
10471 £ 531
87.84 + 245
87.15 + 8.16
89.31 + 6.89
95.66 + 2.53

RSD (%)

99
41
3.0
86
42
29
107
64
47
67
50
51
66
90
49
1.2
9.1
29
107
4.1
18
109
90
37
72
7.6
48
50
23
44
3
87
45
86
25
28
77
55
39
84
74
38
7.6
5.1
28
9.4
77
26





OPS/images/fphar-13-954692-g003.gif
e

L

zf”
i
U ¥ e






OPS/images/fphar-13-954692-t001.jpg
Compound Calibration curve Correlation coefficients (1) Linear range (ng/ml) LLOQ (ng/ml)
L-(-)-malic acid Y = 0.4212X+0.5209 09957 20.0-10000.0 200
3,4-Dihydroxybenzaldehyde Y = 1.7801X-8.4861 0.9987 05-250.0 05
Protocatechuic acid Y = 3.5217X-0.0019 0.9983 2.0-1,000.0 20
Vanillic acid Y = 0.1878X-1.5254 09972 20-1,000.0 20
Caffeic acid Y = 7.3240X-0.0036 09986 2.0-1,000.0 20
D-(-)-quinic acid Y = 0.0587X-6.9144 09956 20.0-10000.0 200
Citric acid Y = 0.3677X+6.4005 09952 200.0-100000.0 400
Ferulic acid Y = 0.9976X+3.1040 09958 05-250.0 05
Syringic acid Y = 0.6823X+3.7770 09973 1.0-500.0 10
Cryptochlorogenic acid Y = 2.7567X-0.0030 09972 2.0-1,000.0 0.06
Neochlorogenic acid Y = 6.4283X-0.0050 09969 20-1,000.0 0.1
Chlorogenic acid Y = 14.4709X-0.0156 09976 20-1,000.0 0.2
Amygdalin Y = 0.5475X-6.5412 0.9947 2.0-1,000.0 10
Maslinic acid Y = 11.5563X-0.0113 09971 1.0-500.0 10
Corosolic acid Y = 8.9094X+0.0315 0.9960 1.0-500.0 10
Rutin Y = 3.5615X-6.9727 0.9985 05-250.0 02
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