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Callicarpa nudiflora (C. nudiflora) is widely used to treat inflammation-related diseases in China. C. nudiflora mainly contains phenylethanol glycosides, flavonoids, triterpenes, diterpenes, iridoid glycosides, volatile oils, and other small molecules. Therefore, it is necessary to screen out anti-inflammatory active substances from C. nudiflora. In this paper, high-performance liquid chromatography was used to establish the fingerprint of C. nudiflora extracts. The anti-inflammation of C. nudiflora extracts were evaluated by the experiment of toes swelling in inflammatory rats. Then, the spectrum–effect relationship between the fingerprints and anti-inflammatory activities was researched by Pearson analysis and orthogonal partial least squares analysis to identify a group of anti-inflammatory compounds of C. nudiflora extracts. The differences of extracts are illustrated by principal component analysis and cluster analysis in pharmacological effects. Finally, 12 compounds, including catalpol (P1), caffeic acid (P2), protocatechuic acid (P9), 3,4-dihydroxybenzaldehyde (P10), forsythiaside E (P12), protocatechualdehyde isomers (P14), forsythiaside B (P15), rutin (P16), alyssonoside (P21), verbascoside (P22), 2′-acetyl forsythoside B (P24), and isorhamnetin (P32) by HPLC-DAD and UPLC-Q-TOF MS/MS, were determined as potential compounds for anti-inflammatory activity in C. nudiflora. In particular, six compounds were identified as active substances with the greatest anti-inflammatory potential. Moreover, all compounds were tested for anti-inflammatory experiments or anti-inflammatory literature retrieval. In this study, a method for rapid screening of potential anti-inflammatory active ingredients of C. nudiflora was established, which can provide a reference for the future study of active compounds of C. nudiflora.
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INTRODUCTION
The dry leaves or leafy shoots of Callicarpa nudiflora Hook. et Arn., belonging to the family Verbenaceae, are used as medicine for treating inflammation-related diseases. There are about 190 species of Callicarpa nudiflora worldwide, of which 46 species grow in China. C. nudiflora was commonly used as traditional ethnic medicine in Hainan because of growing in Li nationality area, and was also called Li medicine (Cai et al., 2012). Its chemical composition has been reported to be mainly flavonoids, phenylethanol glycosides, terpenes, volatile oils, etc. (Yi et al., 2019; Yang et al., 2021), which had anti-inflammatory, detoxification, astringency, and hemostasis functions. It has been widely applied to treat purulent inflammation, acute infectious hepatitis, respiratory and digestive tract bleeding, and traumatic bleeding (Wang et al., 2008; Tu et al., 2013; Wang, 2014).
C. nudiflora has great anti-inflammatory potential. According to the reports, Wang et al. found that four new 3,4-seco-labdane diterpenoids and other four known compounds from C. nudiflora showed significant inhibitory effects against NO production compared to the positive control dexamethasone (Wang HG. et al., 2019). The crude extract and the separated parts of C. nudiflora were confirmed to possess good anti-inflammatory effects (Zhang et al., 2013; Yang et al., 2015). Liang et al. found that the total flavonoids may be the material basis for the anti-inflammatory effects of C. nudiflora (Liang et al., 2009). Moreover, the proprietary Chinese medicine—granules of C. nudiflora, sold on the market, was often used to treat inflammation-related diseases, such as acute tonsillitis, acute hepatitis, and bacterial pneumonia. Even so, due to the complexity of the chemical composition of C. nudiflora, the material basis of anti-inflammatory effect is difficult to clarify.
Chromatographic fingerprints reveal the chemical characteristics and evaluate the quality of traditional Chinese medicine (TCM) as a whole. The features of chromatographic fingerprints were characteristic, specificity, stability, and completeness. However, the fingerprint spectrum only elucidated the chemical composition, and internal connection between the chemical composition and efficacy was not clarified (Wei and Liu, 2019; Zhang et al., 2019; Zhu et al., 2019). Therefore, chemometrics were used to establish a relationship between fingerprints and efficacy, which is called spectrum–effect relationship research. Fingerprints provide information of the chemical components of TCM, while pharmacological research provides information of their activities. Then, the spectrum–effect correlation studies can illustrate the material basis of TCM more effectively (Zeng et al., 2015; Zhu et al., 2016). This method can quickly narrow the screening range of active substances in TCM, which has been confirmed by a large amount of literature. Liu et al. found three main active ingredients corresponding to the anti-inflammatory pharmacological effects of Farfarae Flos by using the spectrum–effect relationship (Yang L. et al., 2020). Four active compounds (caffeic acid, salvianolic acid B, hydroxysafflor yellow A, and lithospermate acid) have a good blood-activating effect, which is predicted by spectrum–effect relationship analysis (Wang YL. et al., 2019). In this paper, we will explore the possible material basis of the anti-inflammatory effect of C. nudiflora based on the spectrum–effect relationship.
In this study, firstly, the fingerprints of the six extracts of C. nudiflora were established. Secondly, the rat inflammation model was used to evaluate the anti-inflammatory effect. Next, Pearson correlation analysis, orthogonal partial least squares (OPLS) analysis, principal component analysis (PCA), and cluster analysis were used to study the correlation between the HPLC fingerprints of six extracts and their anti-inflammatory activities. Finally, we conducted inhibition experiments of COX and anti-inflammatory literature searches on the selected compounds.
MATERIALS AND METHODS
Instruments
The following instruments were used: Type 1260 high-performance liquid chromatography (Agilent, Santa Clara, CA, United States), Waters Acquity UPLC/Xevo®G2-XS QTOF ultra-high performance liquid chromatography tandem quadruple time-of-flight mass spectrometer (Waters Corp., Milford, MA, United States), SPSS 22.0 statistical analysis software, FA1004 electronic balance (Shanghai Jingke Balance Factory, Shanghai, China), thickness gauge (Shanghai Liuling Instrument Factory, Shanghai, China), 96-hole blackboard (Corning Inc., Corning, NY, United States), imported gun head (Axygen, Union City, CA, United States), and Biotek Synergy H1 microplate reader (Agilent).
Materials and Reagents
C. nudiflora, harvested from July to September in Baisha and Wuzhishan of Hainan Province, China, was purchased from Jiangxi Puzheng Pharmaceutical Co., Ltd., Jiangxi, China, and identified as Callicarpa nudiflora Hook. et Am. by researcher Wu Yongzhong. Sodium chloride was purchased from Nanjing Chemical Reagent Co., Ltd., Jiangsu, China (batch number: 140709); dexamethasone acetate tablets, from Zhejiang Xianju Pharmaceutical Co., Ltd., Zhejiang, China (batch number: 150317, 0.75 mg/tablet); granules of C. nudiflora, from Jiangxi Puzheng Pharmaceutical Co., Ltd. (batch number: 150512, 3 g/bag); carrageenan, from Sigma-Aldrich, St. Louis, MO, United States (batch number CAS9000-07-1); Cox fluorescent inhibitor screening assay kit, from Cayman Chemical (Ann Arbor, MI, United States); and verbascoside (batch number M-001-170315), forsythiaside B reference substance (batch number L-013-170421), and luteolin reference substance (batch number PRF8030242) from Chengdu Refines Biotechnology Co., Ltd., Chengdu, China. All quality control scores were greater than 98%.
Acetonitrile and phosphoric acid (chromatographically pure) were obtained from ACS, Washington, DC, United States; ethanol and methanol (analytically pure), from Shanghai Titan Technology Co., Ltd., (Shanghai, China). Water was self-made double-distilled water.
Animals
SD rats (180–220 g), male and female half, were purchased from the Experimental Animal Center of Nantong University (Hunan, China). All rats were housed under standard conditions of temperature and humidity with a 12-h light and dark cycle and fed a standard pellet diet and water ad libitum. The animal study was performed according to the international rules considering animal experiments and the internationally accepted ethical principles for laboratory animal use and care. Animal welfare and experimental procedures were carried out following the ethical regulations of Gannan medical university [certificate number: SYXK (Gan) 2014-0001].
HPLC-DAD and UPLC-Q-TOF MS Conditions
HPLC-DAD analysis was performed on the Agilent LPLC-1260 system. Chromatographic separation was conducted on a Welch Material C18 column (4.6 mm × 250 mm, 5 μm); the mobile phase consists of 0.5% phosphoric acid (A) and acetonitrile (B) with a gradient elution as –follows: 0–10 min, 82% A; 10–20 min, 80% A; 20–30 min, 76% A. The flow rate was maintained at 1 ml/min and the column temperature was set at 35°C. The detector belongs to UV-DAD. The detection wavelength was set at 330 nm. The injection volume was set at 10 μl.
The UPLC-Q-TOF-MS analysis was performed on the Waters Acquity UPLC/Xevo®G2-XS QTOF ultra-high performance liquid chromatography tandem quadruple time-of-flight mass spectrometer (Waters). The chromatographic column was 1.8 μm Ultimate XB-C18 column (100 mm × 2.1 mm i.d.). The mobile phases were water (A) and acetonitrile (B) with a gradient as follows (Li et al., 2020): 0–8 min, 98% A; 8–13 min, 80%; 13–23 min, 55%; 23–36 min, 2% A; 36–40 min, 98% A. The flow rate was maintained at 0.25 ml/min and column temperature was set at 30°C. The MS spectrometry conditions were as follows: ESI ion source, negative ion detection mode; detection conditions were as follows: capillary voltage, 2 kV; cone voltage, 30 V; extraction cone voltage, 6 V; ion source temperature, 120°C; dissolvent gas temperature, 500°C; cone gas flow velocity, 50 L/h; dissolvent airflow velocity, 900 L/h; collision energy, 6.0 V. Data were collected and analyzed with UNIFI software (v 18.2.0, Waters Corp.). Furthermore, the fragment information of the obtained secondary mass spectrometry was compared with related literature and mass spectrometry database websites for in-depth identification. Related mass spectrometry databases are as follows: Chemspider (http://www.chemspider.com/), HMDB (http://www.hmdb.ca/), METLIN (http://metlin.scripps.edu/), and chemical components of Traditional Chinese medicine database (http://unpd.chem960.com/).
Preparation of Sample Solutions
The dry leaves of C. nudiflora were crushed into powders and sieved through No. 4 sieves.
Sample solution 1: Three copies C. nudiflora medicinal materials were extracted with 10 times amount of water, 60% ethanol, and 95% ethanol by the heat reflux extraction within 1 h, repeated two times. The combined filtrate was recovered under reduced pressure to dryness to obtain extract 1 (1 g extract powder was equivalent to 3.62 g of the raw herbs), extract 2 (1 g extract powder was equivalent to 2.82 g of the raw herbs), and extract 3 (1 g extract powder was equivalent to 3.85 g of the raw herbs). Part of the extract two was dissolved in an appropriate amount of water, passed through an AB-8 macroporous adsorption resin column, first eluted with water until the eluent was clear, then changed to 40% ethanol to continue elution until the eluent was clear, and then continued with 60% ethanol to after elution until the eluate was clear. The combined eluates were collected separately and recovered to dryness under reduced pressure to obtain extract 4 (1 g extract powder was equivalent to 7.17 g of the raw herbs), extract 5 (1 g extract powder was equivalent to 7.07 g of the raw herbs), and extract 6 (1 g extract powder was equivalent to 55.56 g of the raw herbs). The extract powder of the six extracts (equivalent to 1 g of the raw herbs) was accurately weighed in an eggplant-shaped bottle and added with 50 ml 50% methanol by shaking well. Then, they were respectively filtered and collected.
Sample solution 2: The medicinal powder of C. nudiflora was accurately weighed for 1 g in eggplant-shaped bottle and added with 50 ml 50% methanol, then extracted by refluxing for 1 h and cooled; 50% methanol was used to make up for the lost weight after re-weighing. The sample was obtained by filtering and collecting the filter fluid.
Establishment of Fingerprint
Software Similarity Evaluation System for Chromatographic Fingerprint of TCM (2012 version) was used to obtain fingerprints and verify their precision, repeatability, and stability. At the same time, it was also used to provide the relative retention time and relative peak area of the chromatographic peak. The fingerprint pattern generated by Sample Solution 2 was used as a reference fingerprint pattern. The fingerprints of the six extracts were derived from Sample Solution 1. Then, all the fingerprints were automatically matched by the median multipoint correction method. Precision testing: six consecutive sample injections using the same method; repeatability testing: samples are repeatedly measured six times; stability: samples are measured at 0, 2, 4, 6, 12, and 24 h.
Experiments of Pharmacodynamic Effects
In this paper, six extracts of C. nudiflora were used to conduct anti-inflammatory experiments on inflammation model rats.
Preparation of Gavage Reagent
The concentration of dexamethasone acetate tablets was prepared at 0.1 mg/ml (prepared for current using). The concentration of granules of C. nudiflora was prepared at 0.4 g/ml. The concentrations of six extracts all were prepared to 0.2 g/ml. All the above reagents were 20 times the clinical human dose (4 g/kg) and administered by intragastric administration of 1 ml/100 g.
Grouping and Methods of Experiment
All rats were normally fed for 7 days. After that, they were divided into control group (saline), positive control drug group 1 (dexamethasone acetate tablet), positive control drug group 2 (granules of C. nudiflora), and groups of six extracts with 10 rats in each group (n = 10). All drugs were administered through gavage once daily for 7 consecutive days; 0.1 ml of 1% carrageenan suspension was subcutaneously injected into the left hind limb of the rats in 0.5 h after the last administration. After inflammation, the thickness of the toe was measured with a thickness gauge every 1 h for six consecutive times, calculating the swelling inhibition rate.
The Spectrum–Effect Relationship Study
Pearson Correlation Analysis
Pearson correlation analysis is a method of parameter, which is widely used to measure the linear relationship between variables. In this study, the chromatographic data and anti-inflammatory efficacy data of six extracts were imported into the SPSS 22.0 analysis software, and then their correlations were analyzed by this method. In addition, the correlation of scatter plot based on the data obtained from the peak area of the chromatogram peak and the efficacy was made for the significantly correlated chromatographic peaks that have been screened out.
Orthogonal Partial Least Squares Analysis
OPLS is a variant of partial least squares (PLS) which uses orthogonal signal correction to maximize the explained covariance between X and Y on the first latent variable, and components >1 capture variance in X which is orthogonal (or unrelated) to Y. It is emphasized that OPLS does not change predictive power compared with PLS, given that the model complexity is the same. It is often used when attempting to understand the relationship between the raw data and the process. In this case, chromatographic peak variables (X) and efficacy data variables (Y) were imported into SIMCA 14.1 (Umetrics, Sweden) for OPLS analysis.
Principal Component Analysis
PCA is a widely used data dimensionality reduction algorithm. It uses orthogonal transformation to convert multiple variables into a set of new variables, thereby displaying the characteristics of the data in smaller latitude. When the research has multiple indicators or variables, it is usually used because there are some correlations and data overlaps between them and it is difficult to study the distribution of samples in high-dimensional space. PCA adopts a dimension reduction method to find a set of comprehensive factors to represent the original variables, thus simplifying the analysis. In this paper, the 22 correlation peaks of the six extracts were imported into SPSS 22.0 for PCA.
Cluster Analysis
Cluster analysis is classifying similar research objects while maximizing the sameness between similar objects and the difference between heterogeneous objects. In this paper, the relevant data of the six extracts were imported into SPSS 22.0 for cluster analysis.
Effect on Activity of Cyclooxygenase (COX-1 and COX-2)
According to the instructions on the kit, the six extracts, the granules of C. nudiflora, and the active compounds were detected in cyclooxygenase (COX-1 and COX-2) activity and detected at Ex: 530–540 nm and Em: 585–590 nm, respectively. The samples to be tested were formulated into different concentration gradients. The inhibition rate and IC50 of different samples for COX-1 and COX-2 were obtained by detecting the changes of fluorescence intensity after adding the samples.
RESULTS
HPLC Fingerprints
Sample solution 2 was regarded as a control fingerprint though the methods of median multipoint correction and the chromatographic peaks automatically matched, as shown in Figure 1. Sample solution 1 was compared with the control fingerprints, processed in the same way. Thirty-four fingerprint peaks were screened out, as shown in Figure 2. Then, 22 peaks with a matching number greater than 2 were extracted from these for spectral efficiency correlation analysis (as shown in Supplementary Table S1).
[image: Figure 1]FIGURE 1 | The chromatogram of the total extract obtained by conventional decocting (water) of C. nudiflora leaves.
[image: Figure 2]FIGURE 2 | HPLC chromatogram overlay and feature peaks of six extracts.
In addition, the results of the methodological study demonstrated that RSD values of the relative retention of each common peak were less than 0.2%, and RSD values of the relative peak area were less than 1.8%, which indicates that the precision of the method is good. Besides, inspecting their repeatability and stability found that RSD values of the relative retention time of each common peak were less than 0.2%, and RSD values of the relative peak area were less than 2.3% and 2.7% respectively, which indicated that it has good repeatability of the method and stability of the sample solution; after analyzing the similarity of HPLC fingerprints of all batches of C. nudiflora, the similarities were higher than 0.9, which demonstrated that the quality of C. nudiflora was stable. So, the fingerprint of the herbs can be used as a control for the HPLC spectra of six extracts.
Anti-Inflammatory Activity
The thickness of the inflamed rats’ toes was measured at different time points as the anti-inflammatory indicators of all samples. We found that all six extracts showed inhibitory effects on the swelling of the feet of rats. However, extracts 1, 2, 3, and 5 had greater inhibition effects than the control group significantly, the effects of extracts 4 and 6 are relatively small, as shown in Table 1. At the same time, by calculating the inhibition rate of all samples to toe swelling of rats, as shown in Table 2, the difference in the efficacy of the six extracts may be caused by the difference in chemical composition between them. Therefore, it is necessary to study the relationship between the six extracts of C. nudiflora and the anti-inflammatory activity and to find the potential anti-inflammatory components through the spectrum–effect relationship analysis.
TABLE 1 | Effect of different C. nudiflora extracts on carrageenan-induced swelling of rats ([image: image]).
[image: Table 1]TABLE 2 | Effect of different C. nudiflora extracts on inhibition rate of carrageen-induced swelling of the foot in rats.
[image: Table 2]Pearson Correlation Analysis
The results of Pearson correlation analysis show that the chromatographic peaks 1, 2, 9, 10, 12, 14, 15 (forsythiaside B), 16, 21, 22 (verbascoside), 24, and 32 were significantly associated with swelling of the toes of rats but negatively correlated, as shown in Table 3. Among them, chromatographic peaks 10, 12, 14, 15, 16, and 32 were particularly related to swelling (p < 0.01). At the same time, the negative correlation can also be seen in the correlation scatter plot, as shown in Figure 3.
TABLE 3 | Pearson correlation analysis results.
[image: Table 3][image: Figure 3]FIGURE 3 | Scatterplot of some correlation peaks and drug efficacy data.
Identification of 12 Related Peaks by UPLC-DAD-Q/TOF-MS
The compound identification was based on the relative retention time, UV maximum absorption, and the comparison of the mass fragment information through the UNIFI software. In addition, the chromatographic retention time and mass spectrometry data of some substances are compared with existing reference substances, including the compounds of C. nudiflora and Callicarpa L. that were separated and identified in our previous study (Yang J. Q. et al., 2020; Li et al., 2020). We determined each component’s relative molecular weight and then obtained fragmentation information based on the secondary mass spectrum. The 12 related peaks could be identified as catalpol, caffeic acid, protocatechuic acid, 3,4-dihydroxybenzaldehyde, forsythiaside E, protocatechualdehyde isomers, forsythiaside B, rutin, alyssonoside, verbascoside, 2′-acetyl forsythiaside B, and isorhamnetin, as shown in Table 4.
TABLE 4 | Identification results of spectral efficiency related peaks by UPLC-DAD-Q/TOF-MS.
[image: Table 4]Orthogonal Partial Least Squares Analysis
OPLS is a regression modeling method of multiple dependent variables to multiple independent variables. It can remove the data variation in the independent variable X that is not related to the categorical variable Y, so that the categorical information is mainly concentrated on one principal component. Therefore, simplifying and visualizing the model the effect is more obvious. The OPLS results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | OPLS analysis results [(A) Score scatter Plot; (B) Loading Scatter Plot; (C) Coefficient overview Plot; (D) VIP value graph].
From the OPLS results, extract 1 was distributed in a single area, which had the greatest effect on the toe swelling of rats. Extracts 2 and 3, which had a greater effect, were distributed in the same area. Although extracts 3 and 5 are distributed in different regions, they are very close together. The worst-performing extracts, 4 and 6, were distributed in the same area and mostly overlap (Figure 4A). Furthermore, all chromatographic peaks were negatively correlated with the toes swelling of rats at different points in time except for 2 and 6 h (Figure 4B). Individual peaks are positively correlated with swelling (Figure 4C). The peaks marked red (VIP >1) were significantly related to the toe swelling of rats, and they were peaks 1, 2, 9, 10, 12, 14, 15, 16, 21, 22, 24, and 32 (Figure 4D), which are consistent with the results of Pearson correlation analysis.
Principal Components Analysis
By means of extraction of the main ingredient, the contribution rate of the three main ingredients can be determined, which are 69.02%, 20.59%, and 7.22%, and the cumulative contribution rate of the three ingredients is 96.85%. This means that the cumulative total of these three main components explains 96.85% of the total variation.
In addition, in the component matrix, as shown in Table 5, ingredient 1 should be flavonoids and phenethyl alcohol glycosides based on luteolin and verbascoside, and ingredient 2 should be phenolic acid small molecule compounds with peak 2 (caffeic acid) and peak 5 as the main component; ingredient 3 should be iridoids with peak 1 (catalpol) as the main component. In conjunction with the results of Figure 4A, it found that many flavonoids, phenethyl alcohol glycosides, and phenolic acids were present in extracts 1, 2, 3, and 5. Differences in efficacy are caused by differences in the content or proportion of these three components. Many iridoids and other compounds were present in extracts 4 and 6, resulting in poor efficacy.
TABLE 5 | Composition matrix.
[image: Table 5]Cluster Analysis
The inter-group link clustering analysis method in SPSS 22.0 software was used to verify the PCA, and its result is shown in Figure 5. The more effective extracts, 1, 3, 2, and 5, are gathered in one group, and the less effective extracts, 4 and 6, are gathered in another group. These results are consistent with the PCA results, which can explain that the result of PCA is reliable.
[image: Figure 5]FIGURE 5 | Cluster diagram of six extracts.
Inhibitory Effect on Cyclooxygenase (COX-1 and COX-2)
The six extracts and their active compounds verbascoside, 2′-acetylforsythoside B, forsythoside B, and alyssonoside inhibited the COX-catalyzed prostaglandin biosynthesis with the stronger inhibitory effects of COX-2 than COX-1. However, the inhibitory activity of the monomer compound is stronger than the extracts, as shown in Table 6. From the IC50 value, it can also be found that the value of the monomer compound is less than or equal to the value of the extract. At the same time, the value of the extracts is less than the granules of C. nudiflora, as shown in Table 7.
TABLE 6 | Cyclooxygenase (COX-1 and COX-2) inhibition results.
[image: Table 6]TABLE 7 | IC50 effect on cyclooxygenase (COX-1 and COX-2).
[image: Table 7]DISCUSSION
The occurrence and development of many diseases are accompanied by the production of inflammation. Inflammation is not only related to diseases such as heart disease, atherosclerosis, and diabetes, but may also lead to tumors and brain diseases (Xu and Larbi, 2018). Many TCM has been reported to have good anti-inflammatory effects, for instance, Astragalus membranaceus (Fisch.) Bge.(Qi et al., 2017), Paeonia lactiflora Pallas. (Zhang and Wei, 2020), and so on. C. nudiflora has a nice anti-inflammatory effect (Lundgren et al., 1987) and is widely used in Hainan, China. However, the current research focuses on the extraction and separation of chemical components (Luo et al., 2015; Wang YL. et al., 2019), or the activity of monomer components (Huang et al., 2014; Wang HG. et al., 2019). These methods not only have the disadvantages of high cost and being time-consuming but also cannot reveal the multi-component effect of the C. nudiflora. TCM is a complex system with multiple components, multiple targets, and multiple pathways of action. The effect of TCM is usually due to the joint action of multiple ingredients. The spectrum–effect relationship is beneficial to find the main active ingredients of TCM. In this study, the spectrum–effect relationship between six extracts of C. nudiflora and the anti-inflammatory activity were explored through Pearson correlation analysis and the OPLS model.
The results of PCA and cluster analysis found that extracts 1, 2, 3, and 5 may contain many flavonoids, phenethyl alcohol glycosides, and phenolic acid compounds, and extracts 4 and 6 may contain a large amount of iridoids and other compounds. Then, it can be basically determined that the anti-inflammatory components of C. nudiflora are mainly phenethyl alcohol glycosides, flavonoids, and phenolic acid, followed by iridoid. Through the UPLC-Q/TOF-MS component identification, we speculate that catalpol (P1), caffeic acid (P2), protocatechuic acid (P9), 3,4-dihydroxybenzaldehyde (P10), forsythiaside E (P12), protocatechualdehyde isomers (P14), forsythiaside B (P15), rutin (P16), alyssonoside (P21), verbascoside (P22), 2′-acetyl forsythoside B (P24), and isorhamnetin (P32) are the material basis for the anti-inflammatory effects of C. nudiflora. Particularly, six compounds were identified as active substances with the greatest anti-inflammatory potential. These results indicate that the anti-inflammatory activity of C. nudiflora in inhibiting toe swelling of rats is not dominated by one compound but dominated by a combination of multiple components. According to reports, catalpol (Bhattamisra et al., 2019; Hu et al., 2019; Bi et al., 2020), caffeic acid (Zaitone et al., 2019; Paciello et al., 2020), protocatechuic acid (Tsai and Yin, 2012; Winter et al., 2017), 3,4-dihydroxybenzaldehyde (Chang et al., 2011; Zhang et al., 2020), rutin (Selloum et al., 2003; Wang et al., 2018; Budzynska et al., 2019), and isorhamnetin (Nam et al., 2015; Tsai et al., 2019) had anti-inflammatory effects.
In the process of inflammation in the body, cyclooxygenase (COX) is a key enzyme that can convert arachidonic acid metabolites into prostaglandin (PG) and other inflammatory and pain-causing substances, thereby causing inflammation (Kawahara et al., 2015). In this study, we have conducted studies on the inhibition of the activity of COX-1 and COX-2 on some of the selected compounds and six extracts. Another part of the selected compounds was searched for anti-inflammatory-related literature. The results show that the different extraction processes and active compounds of C. nudiflora have active effects on the biosynthesis of prostaglandin by cyclooxygenase (COX), and the inhibition of COX-2 is stronger than that of COX-1. COX-2 plays an important role in regulating the pathophysiological process of inflammation and is related to multiple inflammatory signal pathways (Malhotra et al., 2012; Mahesh et al., 2021). This provides a basis for us to further explore the anti-inflammatory mechanism of C. nudiflora. Through literature search and experiments, it was determined that each compound screened out had an anti-inflammatory effect. At the same time, we believe that the treatment of inflammation by C. nudiflora may be the result of multi-component interaction, and the synergy between the multi-components is the direction of our next study.
The anti-inflammatory mechanisms of natural products refer to the conduction of upstream signals of inflammation, such as NF-κB (Hamalainen et al., 2007; Korkina et al., 2011; Jiang et al., 2012), MAPK (Wang et al., 2015; Chi et al., 2016; Yang C. et al., 2020), Keap1/Nrf2/HO-1 (Wu et al., 2020), and JAK-STAT (Gong et al., 2020) inflammatory signaling pathways, thus regulating the secretion of various cheetification factors and inflammatory cytokines, for example, the production of ROS, NO, TNF-α, IL-1β, COX-2, IL-8, and IL-6. The anti-inflammatory action mechanism of C. nudiflora may be related to these inflammatory regulators, and the other specific mechanism of action remains to be further studied.
CONCLUSION
In this study, the HPLC fingerprints of C. nudiflora were established, and 22 chromatographic peaks were selected. The spectrum–effect relationships between fingerprints and anti-inflammatory activities of C. nudiflora extracts were firstly studied. Twelve compounds from enethanol glycosides, flavonoids, iridoid, and phenolic acid compounds were determined to be the anti-inflammatory components of C. nudiflora. Particularly, six compounds were identified as active substances with the greatest anti-inflammatory potential. Moreover, some compounds were searched for anti-inflammatory literature, and the other parts were verified by experiments. This research helps to quickly screen the anti-inflammatory active ingredients of C. nudiflora, which can provide reference for the future study of active compounds of C. nudiflora.
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