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Abstract

:

Blackberries have gained considerable attention due to their high antioxidant content and potential health benefits. This study compared the metabolite profiles of six blackberry cultivars and investigated their biological activities. The metabolites extracted from blackberries were analyzed using metabolomics, and their biological activities and mechanisms were confirmed using in vitro models and network pharmacology. Among the cultivars examined, “Kiowa” ripe berries exhibited the highest antioxidant and anti-inflammatory activities. These effects were primarily attributed to the accumulation of flavonoids (quercitrin and luteolin) and anthocyanin (cyanidin 3-O-glucoside) in the phenylpropanoid pathway. Furthermore, our research identified 13 blackberry metabolites that interacted with 31 genes, including AKT1, CASP3, JUN, MAPK8, NOS3, NQO1, and HMOX1 which play roles in reducing oxidative stress, protecting cells from damage, and suppressing inflammation. These findings suggest that blackberry metabolites, such as quercitrin, luteolin, and cyanidin 3-O-glucoside, may exert therapeutic effects by modulating specific genes and pathways associated with antioxidant and anti-inflammatory responses. This research is promising not only for plant breeders but also for those interested in harnessing the health-promoting properties of blackberries.
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1. Introduction


Scientific investigations have unequivocally established the manifold health benefits of incorporating fruits and vegetables into human diet [1]. Among the numerous bioactive compounds found in these nutritional powerhouses, flavonoids, a type of polyphenolic compounds, have gained prominence due to their roles in conferring antioxidant, anti-inflammatory, and anticancer properties [2]. The inclusion of fruits and vegetables in the daily dietary practices has garnered strong recommendations from a plethora of studies. Notably, berries, which ranked among the top 50 antioxidant-rich foods, are particularly encouraged [3].



Blackberries, a delectable fruit produced by plant species within the genus Rubus in the family Rosaceae [4], have attracted attention due to their substantial nutritional values. The commercial production of blackberries is estimated to be approximately 154,578 tons annually in North America, Europe, Asia, South America, Oceania, Central America, and Africa [5]. Blackberry cultivation has rapidly increased because of the introduction of new and improved cultivars and consumers’ interest in its high nutritional and medicinal value [6,7]. Blackberry is a rich source of phenolic compounds such as anthocyanins, flavan 3-ols, and phenolic acids [4]. In particular, cyanidin 3-O-glucoside is consistently the predominant anthocyanin, which is responsible for the dark color of blackberries and has been reported to exert prominent bioactivity, including anti-inflammatory, antioxidant, anti-cancer, and anti-neurodegenerative activities [8,9]. A previous study reported that the antioxidant capacity of blackberries was higher than those of blueberries, raspberries, and cherries [10]. Moreover, blackberries have a higher inhibitory activity against free radicals than cranberries and strawberries [11]. The demand for high-quality blackberries has led to the development of numerous cultivars with varying levels of bioactive compounds and antioxidant capacities. Considering the rapid expansion of applications using various blackberry cultivars and the importance of their efficient use, it is essential to understand their nutritional profiles. Comparing different blackberry cultivars on the basis of their metabolite profiles and biological activities can help consumers, food processors, and health professionals in selecting the most appropriate cultivars for their specific needs. In addition, breeders can focus on selecting cultivars with the desired traits and genetic markers, thereby accelerating the development of blackberry varieties that satisfy both consumer preferences and industry demands.



In recent years, targeted and untargeted metabolomics approaches have emerged as powerful tools for the comprehensive analysis of the metabolic profiles of different plant species [12]. In general, targeted analysis aims to identify and quantify a limited number of known compounds using liquid chromatography–mass spectrometry or gas chromatography–mass spectrometry [13]. Untargeted analysis focuses on acquiring data for as many species of metabolites as possible, annotating them, and reviewing both known and unknown metabolic changes using principal component analysis (PCA) and partial least-squares-discriminant analysis (PLS-DA) [14]. The results can be used to make relative comparisons among sample groups and provide hypotheses that can be further investigated using targeted approaches. Several studies have used metabolomics to compare the metabolic profiles of blackberries [15,16]. These studies have identified differences in the levels of various metabolites, including sugars, organic acids, flavonoids, and anthocyanins [17]. A previous study investigated the levels of sugar and organic acid among 26 blackberry cultivars and found significant differences [18]. Some cultivars contained higher levels of sucrose and organic acid than others. Another study found that the levels of anthocyanins, which are responsible for the red, purple, and blue pigments in blackberries, varied widely among 11 blackberry cultivars, with certain cultivars possessing higher levels than the others [19]. These metabolic differences can affect the quality and health benefits of blackberries. For example, anthocyanin levels are typically linked to increased antioxidant potential, which may offer health advantages, including a reduced risk of cancer and cardiovascular diseases [20].



Network pharmacology is an advantageous approach for understanding the cellular mechanisms underlying specific diseases and uncovering potential targets and pathways [21]. In recent years, there has been a successful application of network pharmacology in constructing and illustrating networks involving diseases, genes, and targeted drugs [22]. Considering that foods consist of multiple compounds, and the network pharmacology approach focuses on the concept of “network target, multicomponent therapeutics”, similar to the holistic nature of complex matrices found in medicinal herbs, this strategy is deemed suitable for comprehending the mechanisms of action of diverse food materials [23]. In traditional research, the study of biological activity has been focused on identifying a single bioactive compound in each extract [24,25,26]. In this study, metabolic profiling, biological activity assessment, and network pharmacology approach were integrated to investigate the relationship between various metabolites and biological activities instead of identifying biological activities of a single compound. Once the compounds influencing biological activities are clearly identified and validated, the genes regulating the biosynthesis of these compounds can be found. This will enable the development of selection tools that empower breeders to modulate bioactive compounds more effectively. This study aimed to compare the metabolite profiles of six distinct blackberry cultivars and contribute to a deeper understanding of the relationship between blackberry metabolites and biological activities/mechanisms.




2. Materials and Methods


2.1. Materials


Acetonitrile, water (LC-MS grade), dimethyl sulfoxide, 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 2′7′-dichlorofluorescein diacetate (DCFH-DA), dibutyl hydroxy toluene, 1,1-diphenyl-2-picrylhydrazyl (DPPH), ferric chloride, ferrous sulfate, aluminum trichloride (AlCl3), Folin–Ciocalteu reagent, and sodium carbonate were purchased from VWR International (Suwanee, GA, USA). Phosphate buffered saline (PBS), Dulbecco’s modified eagle medium (DMEM), and fetal bovine serum (FBS) were obtained from Thermo Fisher Scientific (Waltham, MA, USA).




2.2. Plant Materials


Two commercial blackberry cultivars (“Caddo” and “Kiowa”) and three experimental cultivars (BL4, BL5, and BL7) grown at the University of Florida Gulf Coast Research and Education Center (GCREC) in Wimauma, FL, USA were selected for this study. In addition, the commercial blackberry (CM), “Navaho”, was purchased from the local Publix Super Markets. Blackberries at the GCREC research orchard were produced using a horticultural system that is commonly employed for blackberry production—plants were planted on raised mulched beds, supported on metal posts, irrigated with an automated drip irrigation system, and fertilized with liquid fertilizers through the drip tubes. Fully ripe blackberries that were shiny black with a plump, full, and slightly tender feel were collected manually on 18 May and again on 24 May 2022 (i.e., two harvests). The harvested berries were kept inside a cooler (approximately 10 °C) with ice packs for about 4 h before they were frozen. Standard industry practices were followed to handle the harvested berries, and they were not subject to additional washing or rinsing, similar to the purchased berry samples. All samples were flash frozen in liquid nitrogen and stored at −80 °C until processing. For each cultivar, three biological replicates were from three different field plots, with five plants per plot.




2.3. Sample Preparation


Blackberry samples were ground into fine powder under the protection of liquid nitrogen. Metabolites were extracted from frozen berry powder using 50% methanol. Genistein-d4, citric acid-2,2,4,4-d4, D-sorbitol-13C6, D-glucose-13C6, salicylic acid-d4, proline 2,5,5-d3, and hippuric acid-d5 were used as internal standards. Samples were prepared according to a previously described method [27]. To determine antioxidant content and anti-inflammatory effects, blackberries were extracted using 50% methanol without internal standards.




2.4. Untargeted Analysis Using LC-MS/MS


Chromatographic separation was performed on a Vanquish Flex Binary UHPLC (Thermo Fisher Scientific, Waltham, MA, USA). An Agilent InfinityLab Poroshell HPH-C18 column (150 × 2.1 mm, 1.9 μm) and an Agilent InfinityLab Poroshell 120 HILIC-Z (150 × 2.1 mm, 2.7 μm) column were used for separation. The column temperature was maintained at 40 °C. For the reversed phased C18 (RP-C18) separation system, the mobile phase was composed of water with 0.1% formic acid (phase A) and acetonitrile with 0.1% formic acid (phase B), and the gradient elution program was as follows: 0–28 min, 2–42% B; 28–32 min, 42–100% B; 32–33 min, 100–2% B; 33–37 min, 2% B. For the hydrophilic interaction liquid chromatography (HILIC) separation system, the mobile phase was composed of 10 mM ammonium acetate (pH 9.0) in water (phase A) and 10 mM ammonium acetate (pH 9.0) in water/acetonitrile 10:90 v/v (phase B), and the elution program was as follows: 0–20 min, 100–75% B; 20–22 min, 75–5% B; 22–25 min, 5% B; 25–27 min, 5–100% B; 27–37 min, 100% B. The flow rate was set at 0.4 mL/min. The conditions of the Q Exactive Plus Orbitrap mass spectrometer system (Thermo Fisher Scientific, Waltham, MA, USA) coupled with the UHPLC were described in a previous publication [27].




2.5. Targeted Analysis Using LC-MS/MS


The flavonoids and phenolic acids were analyzed using an Ultimate 3000 UHPLC system coupled to a TSQ Quantiva triple quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The column temperature was maintained at 30 °C and the flow rate was set at 0.3 mL/min. The flavonoids and phenolic acids were separated on an Agilent InfinityLab Poroshell HPH-C18 column (150 × 2.1 mm, 1.9 μm) using 0.1% formic acid in water (phase A) and 0.1% formic acid in acetonitrile (phase B). The gradient elution program was as follows: 0–4 min, 20–40% B; 4–5.5 min, 40–90% B; 5.5–8 min, 90% B; 8–8 min, 90–20% B; 8–10 min, 20% B. The optimum values for each scan, including retention time, polarity, precursor–product ion pairs, collision energies, and RF lens, are listed in Table 1. Flavonoids and phenolic acids were quantified using isotope-labeled internal standards (genistein-d4 and salicylic acid-d4) based on the peak ratio and concentration of the internal standards. The optimal scan parameters for the targeted compounds are shown in Supplementary Table S2.




2.6. Analysis Based on Network Pharmacology


The compounds identified through untargeted and targeted analyses were represented in the SMILES format. Target genes associated with the selected compounds were identified using the STITCH database ver. 5.0 (http://stitch.embl.de/; accessed on 11 November 2023). For functional annotation and the exploration of signaling pathways, biological processes, cellular components, and molecular functions closely related to anti-inflammatory and antioxidant target proteins, DAVID ver. 6.8 (https://david.ncifcrf.gov/; accessed on 18 November 2023) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (http://www.genome.jp/kegg/pathway.html; accessed on 18 November 2023) were used. The protein–protein interaction network (PPI network) was constructed using the STRING database (https://string-db.org/; accessed on 21 November 2023). The gene-pathway network was visualized using Cytoscape ver. 3.10.




2.7. Determination of Total Phenolic, Flavonoid, and Anthocyanin Contents and Antioxidant Activities


The total phenolic content (TPC) of blackberries was measured using the Folin–Ciocalteu colorimetric method [28]. The total flavonoid content (TFC) was confirmed using a colorimetric method described in a previous study [29]. TPC and TFC were expressed as gallic acid equivalent and catechin equivalent, respectively. The total anthocyanin content was determined using the pH differential method [28]. The results were expressed as cyanidin 3-O-glucoside equivalent. DPPH and ABTS radical scavenging activities and reducing power were determined according to a previously described method [30]. DPPH and ABTS radical scavenging activities were expressed as Trolox equivalents.




2.8. Cell Culture and Cell Viability


RAW 264.7 cells were derived from mouse macrophage and were acquired from ATCC (Manassas, VA, USA). These cells were cultivated in a humidified environment of 5% CO2 at 37 °C using 10% FBS/DMEM supplemented with 100 U/mL penicillin and 100 mg/mL streptomycin. Cell viability was assessed using the MTT assay. The cells were seeded into 96-well plates at a density of 1.5 × 105 cells/well and incubated for 24 h before replacing the culture medium with serum-free medium containing blackberry extracts. The cells were then incubated for 24 h before adding the MTT reagent (1 mg/mL) to each well, followed by a 2 h incubation period. The medium was then removed, and DMSO was used to dissolve the blue crystallized formazans. The absorbance at 550 nm was measured using a FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices, Silicon Valley, CA, USA).




2.9. Measurement of Nitric Oxide (NO), Tumor Necrosis Factor-α (TNF-α), Protective Effect, and Intercellular Reactive Oxygen Species (ROS) Levels


To confirm nitric oxide production, the cell culture supernatant was mixed with Griess reagent, and absorbance was recorded using a microplate reader. To determine the nitrite concentration, the mixture’s absorbance was compared to sodium nitrite dilutions that served as a standard. Additionally, Invitrogen™ TNF alpha Mouse ELISA kits (Invitrogen, Carlsbad, CA, USA) was used to detect and quantify mouse TNF-α concentrations in the culture supernatants, following the manufacturer’s instructions. The protective effect was measured using an MTT assay. The ROS generation level was confirmed by measuring fluorescence intensity with DCFH-DA, and a microplate reader was used to analyze this intensity over a 2 h period.




2.10. Data Processing and Statistical Analysis


To analyze the untargeted metabolomics data, an empirical workflow was performed using Compound Discoverer v3.3 (Thermo Fisher Scientific, Waltham, MA, USA). This involved aligning retention times, detecting and grouping peaks, deducing molecular formulas, and searching a database for identification. A systematic strategy was used to annotate compounds. First, a formula predictor was used to determine the elemental composition of each peak based on the protonated molecular ion and isobaric ions, with a maximum mass accuracy error of ±3 ppm. Then, known compounds were recognized by matching them with the in-house KEGG pathway metabolites database. The annotations were manually confirmed by MS/MS fragmentation patterns. As for the targeted metabolomics, the data processing was performed using Xcalibur 4.0 (Thermo Fisher Scientific, Waltham, MA, USA). The raw data were normalized by mean centering and dividing by the standard deviation of each variable. MetaboAnalyst (https://www.metaboanalyst.ca; accessed on 7 October 2023) was used for PLS-DA. Cytoscape ver. 3.10. was used for network visualization. Pearson correlation analysis was performed using PASW Statistics 18.





3. Results and Discussion


3.1. Metabolite Profiling of Six Blackberry Cultivars


Metabolomics analysis using LC/MS has been applied to various studies of fruit, such as cultivar selection, phytochemical analysis, metabolic regulation, and stress response [31,32,33]. In this study, we conducted untargeted metabolomics analysis on six different blackberry cultivars to explore their comprehensive metabolic profiles. The features were tentatively annotated on the basis of the MS2 fragmentation patterns and MS database. A total of 178 metabolites (Supplementary Table S1) were screened by PLS-DA with a model prescribed by component 1/component 2, accounting for 35.5% of the variance in compositional makeup among the different blackberry cultivars (Figure 1A). “Caddo”, “Kiowa”, and CM blackberries were clearly separated from the three BL experimental cultivars. As shown in Figure 1B, sinapyl alcohol and lariciresinol had high variable importance in projection (VIP) scores (2.18 and 2.13, respectively) among the top 15 metabolites (VIP > 1.0). “Caddo” and “Kiowa” cultivars showed the highest levels of 3-propylmalate and quercitrin, which also indicated relatively high VIP scores.



We noticed that some compounds known to be abundant in blackberries, such as anthocyanins and flavan-3-ols, were not detected by untargeted metabolomics analysis. These results emphasize the limitations of untargeted metabolomics in analyzing specific compounds of interest. To confirm these flavonoids and phenolic acids, we performed a targeted analysis. The contents of flavonoids and phenolic acids in the analyzed blackberries are shown in Table 1. Significant differences were found in the flavonoid composition of six blackberry cultivars. The level of cyanidin-3-O-glucoside was between 1201.7–3530.8 µg/g DW and the level of cyanidin-3-O-rutinoside was between 4.3–620.5 µg/g DW. “Kiowa” and “Caddo” cultivars were characterized by the highest amount of cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside, respectively. Cyanidin-3-O-glucoside is the chief anthocyanin, comprising 92% of all anthocyanins in blackberries [34]. A previous study has shown that concentrations of cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside in “Thornless Evergreen” cultivar were 405.1 and 29.3 µg/g fresh weight, respectively [34]. These differences in the content are believed to be due to variations in blackberry varieties and moisture contents. The beneficial health effects of blackberries may be due to the bioactivity of anthocyanins. The cultivars BL4 and BL5 were characterized by the highest epicatechin concentration. Epicatechin is consistently the most abundant flavan-3-ol in blackberry and has been reported at concentrations of 448.4 μg/100 g DW [35,36]. The level of epicatechin gallate was between 0.021–0.256 µg/g DW and the level of epigallocatechin gallate was between 0.072–0.342 µg/g DW. There were roughly similar amounts of gallic acid, vanillic acid, coumaric acid, ferulic acid, and sinapic acid in these blackberry cultivars. In previous studies, a low amount of phenolic acids including ferulic acid (2.99–3.51 mg/100 g fresh weight), coumaric acid (0.40–2.08 mg/100 g fresh weight), caffeic acid (1.38–3.64 mg/100 g fresh weight), and gallic acid (3.4–6.4 mg/100 g fresh weight) was detected in blackberries [37,38]. The anthocyanin content of blackberries was higher than that of phenolic acids and flavan-3-ols, which implies that anthocyanins are the most important subclass of phenols among compounds individually identified.



Our analysis highlights the inherent limitations of untargeted metabolomics, particularly in detecting specific compounds of interest such as anthocyanins and flavan-3-ols, which are known to be abundant in blackberries. To overcome this, targeted analysis was employed, confirming the presence and quantifying the levels of these flavonoids and phenolic acids. This approach underlines the significance of combining both untargeted and targeted methods for a comprehensive metabolite profiling.



Our findings contribute valuable insights into the metabolite composition of different blackberry cultivars, particularly in terms of their flavonoid and phenolic acid content. These findings are crucial for the selective breeding of blackberry varieties, enabling the development of cultivars with enhanced nutritional and functional attributes, tailored to meet specific health benefits and consumer preferences.





 





Table 1. Flavonoid and phenolic acid contents of blackberries.
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BL4

	
BL5

	
BL7

	
F31 (Caddo)

	
F6 (Kiowa)

	
CM (Navaho)






	
Flavonoid content (µg/g dry weight)

	

	

	

	




	
Cyanidin-3-glucoside

	
1201.7 ± 47.4 e

	
1688.1 ± 171.5 d

	
2245.6 ± 80.5 c

	
2672.5 ± 197.7 b

	
3530.8 ± 197.8 a

	
2595.2 ± 71.5 b




	
Cyanidin-3-rutinoside

	
5.8 ± 0.3 c

	
4.3 ± 0.2 c

	
9.3 ± 1.1 c

	
620.5 ± 43.2 a

	
444.7 ± 104.5 b

	
397.1 ± 31.3 b




	
Epicatechin

	
551.6 ± 119.3 b

	
1006.2 ± 35.4 a

	
1041.2 ± 75.6 a

	
419.3 ± 117.2 b

	
713.8 ± 409.3 ab

	
28.8 ± 3.0 c




	
Epicatechin gallate

	
0.114 ± 0.010 c

	
0.106 ± 0.025 c

	
0.162 ± 0.030 b

	
0.115 ± 0.019 c

	
0.253 ± 0.042 a

	
0.021 ± 0.001 d




	
Epigallocatechin gallate

	
0.342 ± 0.037 a

	
0.103 ± 0.025 c

	
0.072 ± 0.011 c

	
0.335 ± 0.019 a

	
0.203 ± 0.070 b

	
0.193 ± 0.017 b




	
Phenolic acid content (µg/g dry weight)

	

	

	

	




	
Gallic acid

	
0.012 ± 0.003 b

	
0.029 ± 0.015 a

	
0.019 ± 0.008 ab

	
0.013 ± 0.004 b

	
0.007 ± 0.003 b

	
0.006 ± 0.001 b




	
Vanillic acid

	
0.014 ± 0.005 b

	
0.017 ± 0.008 b

	
0.010 ± 0.004 b

	
0.047 ± 0.026 a

	
0.021 ± 0.006 b

	
0.044 ± 0.005 a




	
Coumaric acid

	
0.057 ± 0.005 a

	
0.021 ± 0.004 c

	
0.027 ± 0.005 c

	
0.024 ± 0.004 c

	
0.020 ± 0.006 c

	
0.042 ± 0.005 b




	
Ferulic acid

	
0.060 ± 0.002 a

	
0.041 ± 0.012 b

	
0.042 ± 0.005 b

	
0.026 ± 0.004 c

	
0.028 ± 0.009 c

	
0.057 ± 0.002 a




	
Sinapic acid

	
0.029 ± 0.004 b

	
0.018 ± 0.004 c

	
0.057 ± 0.006 a

	
0.027 ± 0.006 bc

	
0.019 ± 0.006 c

	
0.022 ± 0.003 bc








Different letters in the same row indicate significant differences according to Duncan’s test (p < 0.05).












3.2. Antioxidant Contents and Activities of Six Blackberry Cultivars


Blackberries have attracted attention for their abundant phytochemicals and health benefits [35]. To compare the antioxidant contents and activities of six blackberry cultivars, we measured total phenolic content (TPC), total flavonoid content (TFC), and total anthocyanin contents (TAC) and antioxidant activities (Figure 2). The TPC of the blackberry extracts was 13.45–22.49 mg gallic acid equivalent/g DW; TFC of the blackberry extracts was 2.67–6.14 mg catechin equivalent/g DW; TAC of the blackberry extracts was 2.91–8.78 mg cyanidin-3-O-glucoside equivalent/g DW (Figure 2A–C). “Kiowa” cultivar contained more than three times TAC compared to the BL4 cultivar. The ABTS and DPPH radical scavenging activities, as well as the reducing power, were in the range of 135.10–207.46, 55.51–102.58, and 136.54–217.10 µM trolox equivalent/g DW, respectively (Figure 2D–F). Previous studies have investigated the TPC in commercial blackberries, including “Triple Crown”, “Thornless”, and “Choktaw”, which ranged from 12.1 to 23.5 mg gallic acid equivalent/g DW [39,40,41]. In another study, the TAC of the blackberry cultivar “Tupy” was estimated to be 3.40 mg cyanidin-3-O-glucoside equivalent/g DW, which was comparable to that of the BL7 cultivar (4.56 mg cyanidin-3-O-glucoside equivalent/g DW) evaluated in our study [42]. A recent study reported that the ABTS and DPPH radical scavenging activities and reducing power of blackberries were 178.35, 156.95, and 111.63 µM trolox equivalent/g DW, respectively, which is similar to our results [43]. These differences in antioxidant content and activity, depending on cultivars, may be attributed to the varying phytochemical compositions of the six blackberry cultivars. In our study, the CM cultivar (“Navaho”) did not exhibit higher levels of TPC, TAC, ABTS, and DPPH than the other cultivars, as previously reported in another study [44]. Among the six blackberry extracts, “Kiowa” extract showed the highest antioxidant activity, followed by the “Caddo” and BL5 blackberry extracts. The high antioxidant capacity of “Kiowa”, observed in all assays, as compared to the other five blackberry cultivars, could be attributed to its high TPC, TFC, and TAC levels, specifically luteolin, quercitrin, and cyanidin-3-O-glucoside. Hence, our results demonstrate the potential of “Kiowa” blackberry cultivar, with its high levels of antioxidant components and activities, as a candidate material for future functional foods.




3.3. Anti-Inflammatory Activity of Six Blackberry Cultivars


Excessive ROS and NO levels can lead to oxidative stress, which is associated with the development of inflammation-related diseases [45]. Antioxidants derived from natural products protect cells against inflammatory conditions and help maintain the balance of the redox state in the body [46]. Polyphenols, which are abundant in fruits, vegetables, and teas, suppress the production of pro-inflammatory cytokines, such as TNF-α [47]. Blackberries may provide a preventive effect to minimize oxidation and maintain the critical ratio of pro- and anti-inflammatory cytokines and other redox parameters because of its high antioxidant activities [35]. In this study, we compared the protective effect of six blackberry extracts in RAW 264.7 macrophages. Treatment with six blackberry extracts at 400 µg/mL did not result in the cytotoxicity of macrophages (Figure 3A). LPS treatment revealed significant increases in inflammatory mediators such NO and TNF-α in the medium (Figure 3B,C). However, treatment with “Kiowa” blackberry extract markedly reduced the production of the inflammatory mediators. We also confirmed ROS generation in response to treatment with blackberry extracts. Our findings indicate that six blackberry extracts reduced ROS levels by 19.4% (BL4), 23.0% (BL5), 21.4% (BL7), 25.2% (F31), 29.9% (F6), and 15.0% (CM) compared with LPS-treated cells (Figure 3D,E). Our results showed that “Kiowa” blackberry extract was the most effective in reversing the increase in NO, TNF-α, and ROS production. A previous study reported that epicatechin gallate reduced TNF-α-induced activation of NF-κB and consequently secretion of pro-inflammatory cytokine [24]. Quercitrin exerts anti-inflammatory activity by reducing TNF-α production [26]. The anthocyanins present in blackberries are natural antioxidants with strong free radical scavenging capacity and exert anti-inflammatory activities by reducing the release of pro-inflammatory factors and suppressing the activation of the MAPK signaling pathway [20,48]. Furthermore, cyanidin 3-glucoside has been reported to significantly inhibit p-p65 and IkBα degradation levels by suppressing the NF-κB signaling pathway [49]. In addition to anthocyanins, blackberries also contain other polyphenols such as syringin, taxifolin, and luteolin, which have been shown to possess anti-inflammatory activities [26,50,51,52]. The “Kiowa” blackberry extract exhibited significantly higher biological activity than extracts from other blackberry cultivars, suggesting its potential to play a pivotal role in the development of functional foods and medicinal applications involving blackberries.




3.4. Correlation between Blackberry Metabolites and Biological Activities and Significant Pathway of Metabolites


Our findings show that “Kiowa” blackberry extract exhibits excellent antioxidant and anti-inflammatory properties. To investigate which metabolites may influence these characteristics, a correlation network was constructed to analyze the biological activity-related compounds. Among the blackberry metabolites with VIP > 1.0, the correlation of 24 compounds was visualized in Figure 4. These correlations include compounds that exhibit a positive correlation with antioxidant activity and compounds that show a negative correlation with anti-inflammatory activity. Positive correlations of relatively high significance (p < 0.01) were found between antioxidant activities and N-acetylornithine, 3-propylmalate, quercitrin, syringin, and luteolin. Significant negative correlations (p < 0.01) were observed between TNF-α production and the following metabolites: N-acetylornithine, 3-propylmalate, and quercitrin. In addition, quercitrin was indicated to have a significant negative correlation with ROS level (p < 0.01). Previous studies reported that quercitrin directly participates in ROS scavenging and possesses anti-inflammatory activities by suppressing TNF-α [53,54]. Zhao et al. (2023) showed that syringin administration significantly decreased the pro-inflammatory cytokines and ROS levels in animal and cell models [52]. Luteolin effectively alleviated the LPS-induced TNF-α release in serum and exerted the ABTS and DPPH radical scavenging activities in vitro [55,56].



To determine the significant pathway in blackberry metabolites, all metabolites from untargeted and targeted analyses were used for potential pathway selection by enrichment analysis. The biosynthesis of the phenylpropanoids pathway showed a high number of matched/total metabolites, along with low adjusted p-values (3.96 × 10−7) and false discovery rate values (4.20 × 10−5). A simplified version of the phenylpropanoids biosynthesis pathway was presented for clarity in Figure 5. Among the identified blackberry metabolites, 17 metabolites were recognized in the KEGG database. “Kiowa” blackberry exhibited higher concentrations of cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, quercitrin, luteolin, and dihydroquercetin (taxifolin) compared to the other blackberry cultivars. This suggests that “Kiowa” blackberry cultivar may harbor genetic traits enabling it to produce higher quantities of flavonoids or employ efficient mechanisms for their accumulation. Previous studies have well documented that the upregulation of specific genes can lead to the activation and accumulation of flavonoids in plants. Several genes, such as PAL (phenylalanine ammonia lyase) and TAL (tyrosine ammonia lyase), are responsible for the activation of the phenylpropanoid pathway for phenolic biosynthesis [57]. Recent studies have reported that the increased activity of PAL and TAL enzymes in plant materials not only leads to the accumulation of flavonoids but also enhances the protective effects on various cells [58,59,60]. Therefore, the higher levels of flavonoids in “Kiowa” blackberry cultivar suggest that it may exhibit stronger biological effects than the other blackberry varieties. Further research into the underlying genetic mechanisms responsible for these differences may yield valuable applications in breeding and cultivation practices to enhance the nutritional and functional qualities of blackberries. Meanwhile, our study provides valuable insights into the correlation between metabolites and biological activity in six tested blackberry varieties. However, the small sample size limits the generalizability of our results. Future studies should aim to address this limitation by testing a larger and more diverse range of blackberry varieties to obtain more reliable and comprehensive results.




3.5. Identification of Target Proteins of Selected Blackberry Metabolites Using Network Pharmacology


Additional research was conducted through network pharmacology analysis to thoroughly investigate the intricate mechanisms through which blackberry metabolites actively participate in diverse biological processes. A total of 80 metabolites were used for the analysis: 70 with VIP scores greater than 1 from untargeted analysis and 10 from targeted analysis. These metabolites were employed to construct the compound–target (C-T) network. The results indicated that 35 metabolites formed networks with 210 genes sourced from the STITCH database (Supplementary Figure S1). The STITCH 5.0 database assigns a “combined score” to interactions between compounds and genes, with stronger interactions corresponding to higher scores. Only metabolites with interaction scores exceeding 0.700 were retained in this study (Table 2). Additionally, we constructed another C-T network to elucidate the interaction mechanism between blackberry metabolites and genes associated with inflammation and oxidative regulation. From the 210 genes, a subset related to inflammation and antioxidant properties was filtered using keywords “anti-inflammation” and “antioxidant” on GeneCards. The results revealed that 13 metabolites interacted with a network of 31 genes (Figure 6A). Among them, AKT1, CASP3, JUN, MAPK8, NOS3, NQO1, and HMOX1 were the most enriched genes. AKT1 is known to suppress the activation of immune cells and the release of proinflammatory cytokines [61]. It has also been shown to have substantial anti-inflammatory effects via suppression of NF-kB-mediated transcription. CASP3 may be involved in the process of inflammation by cleaving cytokines [62]. NQO1 and HMOX1, which play important roles in cell defense by enhancing the elimination of ROS [63]. Furthermore, NOS3 protects against systemic inflammation and myocardial dysfunction [64]. JUN is a crucial regulator of skin inflammation in the epidermis [65]. As shown in Figure 6B, the larger the degree, the stronger the relationship between the genes corresponding to the node. This indicates that the target gene, such as AKT1, MAPK8, JUN, and STAT3, plays a key role and is an important target in the whole network. These target gene were centrally located in the PPI network, indicating that these genes are involved in the process of inflammation or oxidation.




3.6. GO and KEGG Enrichment Analysis


To elucidate the biological functions of 31 potential targets for 13 blackberry metabolites, the targets were characterized by GO and KEGG pathway enrichment analyses. GO enrichment analysis of target proteins that act with their corresponding ingredients was performed by DAVID. In the GO analysis, a total of 67 GO terms were found, including 45 of BP, 9 of CC, and 13 of MF (p < 0.01). The main GO terms of BP were related to regulation of apoptotic process, response to xenobiotic stimulus, cellular response to reactive oxygen species, cellular response to lipopolysaccharide, inflammatory response, etc. (Figure 7A). CC was mainly enriched in nucleus, cytoplasm, nucleoplasm, extracellular space, etc. MF was significantly enriched in protein binding and enzyme binding, etc. The important signaling pathways related to anti-inflammation and antioxidant were shown by KEGG pathway enrichment analysis. A total of 87 pathways were identified. The common signaling pathways mainly focused on the pathways in cancer, lipid and atherosclerosis, IL-17 signaling pathway, TNF signaling pathway, MAPK signaling pathway, PI3K-Akt signaling pathway, etc. (Figure 7B). Therefore, our findings suggest that blackberry metabolites may exert therapeutic effects by activating specific genes and modulating key pathways associated with antioxidant and anti-inflammatory responses.





4. Conclusions


This study compared the metabolites, antioxidant activity, and anti-inflammatory activity among six blackberry cultivars. Our correlation analysis between metabolites and biological activities enabled the prediction of influential metabolites. Notably, the “Kiowa” blackberry cultivar exhibited the highest levels of antioxidant contents and activities, as well as anti-inflammatory activities, attributed to differences in flavonoid accumulation via the phenylpropanoid pathway. Furthermore, our research utilized network pharmacology analysis to elucidate the likely mechanisms of blackberry metabolites related to anti-inflammation and antioxidant effects. This study not only deepens our understanding of the molecular mechanisms contributing to the health benefits of blackberries but also sets the stage for future research and the development of targeted interventions for conditions associated with inflammation and oxidative stress. Our findings hold the potential to influence advancements in blackberry breeding and cultivation practices, aiming to enhance their nutritional and functional qualities. However, further research is essential to fully elucidate the complicated mechanisms of these metabolites.
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Figure 1. PLS-DA scores plot and VIP scores from untargeted metabolomics (A,B) and targeted metabolomics (C,D) of ripe berries from six blackberry cultivars (F31 = “Caddo”, and F6 = “Kiowa”). 
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Figure 2. (A) TPC, (B) TFC, (C) TAC, (D) ABTS, (E) DPPH, and (F) reducing power of the six blackberry cultivars (F31 = “Caddo”, F6 = “Kiowa”, CM = “Navaho” from a commercial market). Each value was expressed as the mean values ± standard error (n = 3). The different lowercase letters represent significant differences according to Duncan’s multiple-range test (p < 0.05). Total polyphenolic content is expressed as gallic acid equivalent mg/g dry weight. Total flavonoid content is expressed as catechin equivalent to mg/g dry weight. Total anthocyanin content is expressed as cyanidin-3-glucoside equivalent to mg/g dry weight. ABTS radical scavenging activity is expressed as trolox equivalent mg/g dry weight, and DPPH radical scavenging activity is expressed as trolox equivalent mg/g dry weight. Reducing power is expressed as trolox equivalent mg/g dry weight. 
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Figure 3. Effect of ripe fruit extract from six blackberry cultivars (F31 = “Caddo”, F6 = “Kiowa”, CM = “Navaho” from a commercial market) on (A) cytotoxicity, (B) nitric oxide production, (C) TNF-α generation, and (D,E) ROS formation. Each value was expressed as the mean values ± standard error (n = 3). ### p < 0.001 versus non-treated cells. ** p < 0.01 and *** p < 0.001 versus LPS treated cells. Blackberry extracts (400 μg/mL) and quercetin (10 μM) were used for cell analysis. 
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Figure 4. Correlation network visualization between blackberry metabolites and biological activities. A pink edge represents a positive correlation and a blue edge represents a negative correlation. The thicker the edge, the stronger the correlation. ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid radical scavenging activity; DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; RP, reducing power; NO, nitric oxide; TNF, tumor necrosis factor-α; ROS, reactive oxygen species. 






Figure 4. Correlation network visualization between blackberry metabolites and biological activities. A pink edge represents a positive correlation and a blue edge represents a negative correlation. The thicker the edge, the stronger the correlation. ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid radical scavenging activity; DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; RP, reducing power; NO, nitric oxide; TNF, tumor necrosis factor-α; ROS, reactive oxygen species.



[image: Antioxidants 13 00319 g004]







[image: Antioxidants 13 00319 g005] 





Figure 5. Metabolite mapping on the phenylpropanoids biosynthesis pathway for ripe blackberries. 
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Figure 6. (A) Blackberry metabolite–target interaction network. The blue circle represents the target protein of blackberry metabolites. (B) Protein–protein interaction (PPI) network of identified anti-inflammation and antioxidant-related targets. 
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Figure 7. (A) Gene ontology enrichment analysis of anti-inflammation and antioxidant-related targets was conducted using the DAVID database. Biological processes, cellular components, and molecular functions are represented by green, purple, and blue bars, respectively. (B) KEGG pathway clusters generated from DAVID database. The significance of enrichment, including the p-value, is indicated by the orange line. 
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Table 2. Potential protein targets of the blackberry constituents.
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Gene ID

	
Protein Names

	
Interacting Compounds

	
Combined Score






	
ABCA1

	
Phospholipid-transporting ATPase ABCA1

	
Mevalonic acid

	
0.832




	
ABCB1

	
ATP-dependent translocase ABCB1

	
Gallic acid

	
0.824




	
ADIPOQ

	
Adiponectin

	
trans-Cinnamic acid

	
0.800




	
AHR

	
Aryl hydrocarbon receptor

	
Cyanidin-3-glucoside

	
0.700




	
AKT1

	
RAC-alpha serine/threonine-protein kinase

	
Epigallocatechin gallate

	
0.964




	
Luteolin

	
0.856




	
ATM

	
Serine-protein kinase ATM

	
Gallic acid

	
0.824




	
CASP3

	
Caspase-3 subunit p12

	
Gallic acid

	
0.745




	
Luteolin

	
0.947




	
CXCL2

	
C-X-C motif chemokine 2

	
Isoferulic acid

	
0.657




	
CYCS

	
Cytochrome c

	
Ferulic acid

	
0.819




	
CYP3A4

	
Cytochrome P450 3A4

	
Quercitrin

	
0.800




	
EGFR

	
Epidermal growth factor receptor

	
Luteolin

	
0.869




	
GATA3

	
Trans-acting T-cell-specific transcription factor GATA-3

	
Gallic acid

	
0.800




	
HMOX1

	
Heme oxygenase 1

	
Epicatechin

	
0.838




	
Genipin

	
0.840




	
IL6

	
Interleukin-6

	
Epicatechin

	
0.800




	
JUN

	
Transcription factor Jun

	
Gallic acid

	
0.823




	
Luteolin

	
0.946




	
MAPK1

	
Mitogen-activated protein kinase 1

	
Caffeic acid

	
0.800




	
MAPK8

	
Mitogen-activated protein kinase 8

	
Caffeic acid

	
0.818




	
Epigallocatechin gallate

	
0.961




	
Luteolin

	
0.951




	
MIF

	
Macrophage migration inhibitory factor

	
Caffeic acid

	
0.958




	
MMP1

	
Matrix metalloproteinase 1

	
Genipin

	
0.800




	
MMP2

	
Matrix metalloproteinase 2

	
Gallic acid

	
0.951




	
MMP9

	
Matrix metalloproteinase 9

	
Luteolin

	
0.949




	
NOS1

	
Nitric oxide synthase 1, neuronal

	
Epicatechin

	
0.813




	
NOS2

	
Nitric oxide synthase 2, inducible

	
Epicatechin

	
0.794




	
NOS3

	
Nitric oxide synthase 3, endothelial

	
Cyanidin-3-glucoside

	
0.816




	
Epicatechin

	
0.818




	
Epigallocatechin gallate

	
0.958




	
NQO1

	
NAD(P)H dehydrogenase [quinone] 1

	
Genipin

	
0.849




	
Taxifolin

	
0.700




	
SERPINE1

	
Plasminogen activator inhibitor 1

	
Gallic acid

	
0.800




	
STAT3

	
Signal transducer and activator of transcription 3

	
Genipin

	
0.800




	
TP53

	
Cellular tumor antigen p53

	
Epigallocatechin gallate

	
0.958




	
TTR

	
Transthyretin

	
Epigallocatechin gallate

	
0.961




	
VEGFA

	
Vascular endothelial growth factor A

	
Epigallocatechin gallate

	
0.959

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Component 2 ( 18 %)

15

10

-5

-10

Scores Plot

&

-10

| |
-5 0

Component 1 ( 17.5 %)

(A)

|
5

10

O 0O O0O0O0O0

Sinapyl alcohol

Lariciresinol

3-Propylmalate

Acanthoside B

Benzyl 2-methyl-3-oxobutanoate
beta-Cymaropyranose
Quercitrin

L-Pipecolate

Homogentisic acid

Benzyl alcohol

o
o
]
1 | l
1.8 19 2.0 2.1
VIP scores

(B)

P NBE
BEECOEEC
EECOEEC
BOO0EN
OmCmOa
EECOECN
EECCOEN
BOOOEE
BO00EE
|
OmCO0.

High

Low





media/file8.jpg
-]
i

Nk oxide o

janaay

i
HE- (gt

Fri i i






media/file13.png





media/file12.jpg





media/file3.jpg
‘Scores Plot

Comonsssi ZUAN:

°
©
%
% &
°
% e
°

)

i

&





media/file18.jpg





media/file14.jpg
Weayaituasle of phvenplpeopemsids

f—— . - - e
| ! o [
s _pcomusna — __ocrs nis |~ __somoss _ — _ sttt

1 1
oo oh = pCommoiCoh - Nangsincuons — Naingon - Aogren - lssin
| ! i
oot — _pcoumsienss Ol — el
I

Oemertn - Qertn - Quiin

|

e —_Lgee,

1

tnsocote — GdnsOnsboste






media/file10.png
—_

w

~
-
(4]

=
= 10+
Q
T
X
(o]
(&)
= 5+
b —
2

LPS 10 ng/mL -

HitH

o kg 12nCnn

*
*

400

+
BL4

LPS 10 ng/mL -

150-
2 9 100 piln
O = P
X 5 i
oo ]
O u= S
+ 0O e
> e
0- s I T

400 400 400 400

+ + + +
BL5 BL7 F31 F6

400

+
CM

400 400 400 400 400 10

+ + + + + +
BL5 BL7 F31 F6 CM Q

€) 15
-

£ 1.0
f=

£

P

L 0.5
|

0.0- i Il e

LPS 10 ng/mL -

*
*

400

+
BL4

NN\

1 KIZHI

400 400 400 400 400 10

+ + + + + +
BLS5 BL7 F31 F6 CM Q





media/file5.png
Component 2 ( 23.4 %)

Scores Plot

Component 1 ( 33 %)

(©)

OO0 O0O0OO0O0

Cyanidin 3-O-glucoside
Cyanidin 3-O-rutinoside °®
Ferulic acid )
Coumaric acid L
Vanilic acid @
Gallic acid ®
Epicatechin gallate ®
Epicatechin ®
Sinapic acid

Epigallocatechin gallate

[ I I
0.5 1.0 15

VIP scores

(D)

SN
BEECCOEE
= (mm [
BOOEEA
BEECOECON
([ (=] [
ONEE0A
OEEECN
OENEE0
EERCO=E

EORCEM

High

Low





media/file15.png
Biosynthesis of phenylpropanoids

Phenylalanine Tyrosine Vanilic acid o Syringin
 — Hydroxybenzoic acid I - .
I [

| | bt 1

Cinnamic acid — p-Coumaric acid ~ —* Caffeic acid — Ferulic acid — Sinapic acid — Sinapyl alcohol
[ | L [ | I [ - I . N [ - I
Cinnamoyl-CoA —+  p-Coumaroyl-CoA —— Naringenin chalcone ——  Naringenin — Apigenin — Luteolin
1 - o
Cinnamaldehyde -+  p-Coumaraldehyde .
T 020202 S - . Dihydrokaempferol ~ —  Kaempferol

!

Dihydroquercetin  —  Quercetin — Quercitrin
[ . [ S
Cyanidin —_— (-)Epicatechin
B
~ - o T h 1
N - T
| BL4 | BL5 | BL7 | cM | F31 | F6 | Cyanidin-3-0-glucoside —— Cyanidin-3-O-rutinoside






media/file19.png
Gene count

(B) B

[
O N & OO N & O ®

Gene count

(A)

= - N N w w
o u o wu o wu o wu
Lipid and atherosclerosis
cellular response to reactive oxygen species (u—— Relaxin signaling pathway
cellular response to cadmium ion (ue—— AGE-RAGE signaling pathway in diabetic complications (u—
; Pathways i
response to hypoxia (e SESERER DU PR,
- . ) HIF-1 signaling pathway @ —
pOSItIVG regulatlon Of apoptotlc process W — Kaposi sarcoma-associated herpesvirus infection
nitric oxide biosynthetic process G Fluid shear stress and atherosclerosis ¢ u—
negative regulation of apoptotic process Gu— Hepatitis B ¢
& sz e Bladder cancer ¢ n————
response to xenobiotic stimulus (ue—"
Colorectal cancer (u——
positive regulation of peptidyl-serine phosphorylation (s IL-17 signaling pathway (e—
cellular response to lipopolysaccharide (s Endocrine resistance (——
positive regulation of gene expression (e— L ‘P'g"a""g "a"“”aV:
o A S i ancreatic cancer (——
positive regulation of pri-miRNA transcription from RNA polymerase || promoter Qs Apoptosis (—
positive regulation of interleukin-8 production G Proteoglycans in cancer ( ——
positive regulation of transcription from RNA polymerase |l promoter @ue— Measles Quum—
G % & & Ch ical i is - cti i |
positive regulation of transcription, DNA-templated (e— R — '“Mi'::;’::::‘nsc":;'::
== —— 1
positive regulation of peptidyl-tyrosine phosphorylation {_ Human cytomegalovirus infection (pE————
negative regulation of blood pressure (s Chagas disease (uu—
response to nicotine * T Th17 cell differentiation (u—
) " Toxoplasmosis (u——
response to oxidative stress (e : E e
Epstein-Barr virus infection (=
angiogenesis (pum— Platinum drug resistance (m—
inflammatory response (ue— FoxO signaling pathway (e——
cell redox homeostasis (e Pertussis Qemm——
Chemical carcinogenesis - receptor activation ( u————————
response to hormone ! Estrogen signaling pathway e—"
positive regulation of cell migration (s EGFR tyrosine kinase inhibitor resistance (pu—
response to lipopolysaccharide Qs Non-alcoholic fatty liver disease (puu—
Hepatitis C O
cellular senescence (s i !
= i iy X Shigellosis € ——
positive regulation of smooth muscle cell proliferation G Tuberculosis Cm——
positive regulation of angiogenesis @ MAPK signaling pathway (e——
positive regulation of neuron apoptotic process (s Human immunodeficiency virus 1 infection §
& e . Human T-cell leukemia virus 1 infection @ E———————
cellular Lol Ll to xenobiotic stimulus Epithelial cell signaling in Helicobacter pylori infection (u—
| protein catabolic process Apelin signaling pathway (—
o positive regulation of protein phosphorylation I Non-small cell lung cancer (u—
o) signal transduction Alcoholic liver disease @ u—
g 2 A f f 2 Q P53 signaling pathway @e—
g negative regulation of cell proliferation 2 Cnoneiiiss dissase~LOVID 10 Samummmm
c xenobiotic metabolic process 3 Salmonella infection (pu———
'?'- glucose homeostasis § Cellular senescence @ —
. " . ErbB signaling pathway (u—
i negatlve regmat_lon Of EEREENRIEASH PD-L1 expression and PD-1 checkpoint pathway in cancer # —
negative regulation of inflammatory response Hepatocellular carcinoma (p—
o apoptotic process : Alzheimer disease (pu—
- 2 5 ; o
S regulation of cell proliferation 3 Small cell lung cancer  {JSES—=|—=-
c idvl . h —-— ® Rheumatoid arthritis (u—
® peptidyl-serine phosphorylation GnRH signaling pathway (pu—
in utero embryonic development Prostate cancer \u—
positive regulation of ERK1 and ERK2 cascade Choline metabolism in cancer Qu—m
regulation of cell cycle C-type lectin receptor signaling pathway Ky— 8
Sid . o 5 Insulin resistance W E—
positive regulation of cell proliferation Tollike receptor signaling pathway
cellular response to DNA damage stimulus Pathogenic Escherichia coli infection H——
extracellular space Focal adhesion NQNE—=—
nucleus Neurotrophin signaling pathway = —
Sphingolipid signaling pathway i —
nUCIEOpIasm Human papillomavirus infection
extracellular region Legionellosis mummmmn
cytoplasm Endometrial cancer WS —
I I | VEGF signaling pathway
macromoiecular compiex PI3K-Akt signalin