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Non-alcoholic fatty liver disease (NAFLD) has been considered to be one of the most common chronic liver diseases. However, no validated pharmacological therapies have been officially proved in clinic due to its complex pathogenesis. The purpose of this study was to examine the protective effects of Corilagin (referred to Cori) against NAFLD in mice under a high fat diet (HFD) condition. Mice were fed either a normal control diet (NCD) or HFD with or without Cori (5 or 10 mg/kg body weight) for 15 weeks. In our results, Cori treatment significantly attenuated HFD-induced hepatic steatosis, high NAFLD activity score (NAD) and liver injury. Consistently, Cori treatment remarkably alleviated HFD-induced hepatic lipid accumulation (e.g., triglycerides (TG) and total cholesterol (TC) contents in liver), and improved plasma lipid concentrations (e.g., plasma TG, TC, low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c)). Moreover, Cori treatment ameliorated NAFLD associated metabolic disorders such as glucose intolerance and insulin resistance in HFD-fed mice. Additionally, Cori treatment dramatically changed HFD-induced liver gene expression profiles, and identified overlapped differentially expressed genes (DEGs) between NCD vs. HFD group and HFD vs. HCR (high fat diet plus treatment with Cori) group. With these DEGs, we observed a marked enrichment of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, which were closely associated with the metabolic balance in liver. Particularly, we found several potential hub proteins against NAFLD development with analyses of protein-protein interaction (PPI) network and qPCR assays. Collectively, our results revealed the important protective effects of Cori against the progress of NAFLD, which was probably mediated through improving dysregulated lipid metabolism and insulin resistance in HFD-fed mice. Additionally, Cori-dependent overlapped DEGs might serve as a featured NAFLD-associated gene expression signature for the diagnosis, treatment, as well as drug discovery and development of NAFLD in the near future.

KEYWORDS
NAFLD activity score (NAS), hepatic lipid deposition, insulin resistance, RNA-seq analysis, corilagin


Introduction

Non-alcoholic fatty liver disease (NAFLD) is an emerging metabolic disorder around the world, which is featured by excessive hepatic lipid deposition without preexisting liver diseases caused by alcohol abuse (1). Epidemiological surveys show that the annual prevalence of NAFLD has been increasing due to an oversupplied lifestyle, which reaches about 25% in adult globally (2, 3). As the most prevalent chronic liver disorder, NAFLD can further result in severe liver pathologies, such as fibrosis, cirrhosis and hepatocellular carcinoma (HCC), resulting in an increase in the risks for overall mortality (4). Importantly, with the interventions of lifestyle or nutrition modifications, the progress of NAFLD is potentially reversible at an early stage (5). However, pharmacological intervention is needed when the disease is serious. More alarmingly, no effective pharmacological therapies for its treatment have been officially approved in clinic yet, although several drugs are under evaluation (6). Therefore, there is an urgent necessity to develop the novel medical interventions for the treatment of NAFLD.

Recently, natural products play a pivotal role in drug discovery, which also provide new clues to molecular mechanisms of diseases (7, 8). A number of studies have demonstrated that natural compounds (e.g., indirubin, rutin) exert protective roles against the hepatic steatosis in vitro and in vivo (9, 10). Among these, Corilagin (referred subsequentlyto as Cori, β-1-O-galloyl-3, 6-(R)-hexahydroxydiphenoyl-D-glucose), a polyphenols tanic acid chemical, exists in several herbaceous plants, including Dimocarpus longana, Phyllanthus emblica, Phyllanthus reticulatus, and Geranium wilfordii (11–13). Of note, Cori displays multiple bioactive properties, including anti-tumoral, anti-oxidative, anti-inflammatory, anti-viral and hepatoprotective activities. Liao et al. and Feng et al. reported that Cori prevented acetaminophen-induced hepatotoxicity by inhibiting NF-κB and ERK/JK/MAPK signaling pathways and by stimulating the AMPK/GSK3β-Nrf2 signaling pathway, respectively (14, 15). Likewise, Zhou et al. and Li et al. demonstrated that Cori attenuated CCL4- and schistosome egg-induced liver fibrosis through blocking mir-21-mediated TGF-β1/Smad signaling pathway and through inhibiting M2 macrophage polarization via suppressing IL-13Rα1 signaling pathway, respectively (16, 17). Moreover, Yang et al. showed that Cori ameliorated α-naphthylissthipcyanate-induced intrahepatic cholestasis by regulating FXR-associated pathways (18). Additionally, Li et al. revealed that Cori exerted obvious therapeutic efficacy for the treatment of cholangiocarcinoma in vivo and in vitro by inhibiting Notch signal pathway (19).

The pathogenesis of NAFLD is complex, and multiple mechanisms may contribute to hepatic lipid deposition (20). In particular, our group previously revealed that Cori suppressed palmitic acid/oleic acid (PA/OA, lipids) -induced hepatic lipid deposition in AML12 cell line, which was associated with the improvement of metabolism adaption, including the diminished oxidative stress, restored autophagic flux, as well as improved mitochondrial function (11). Nevertheless, the protective roles and molecular mechanisms of Cori against NAFLD development largely remains to be elucidated. Therefore, the purpose of this study was to evaluate the protective effect of Cori against high fat diet (HFD)- induced NAFLD in mice.



Materials and methods


Animals and treatments

Male C57BL/6 mice (four-week-old) were purchased from Beijing SPF experimental animal Technology Co., Ltd. (Certificate number: SCXK2019-0010, Beijing, China). These mice were maintained under a standard environment (diet and filtered water ad libitum, 50 ± 5% humidity, 20 ± 2°C, 12:12-h light/dark cycle). All the experiments were approved by the ethics committee of the Medical School of Shanghai Jiao Tong University, Shanghai, China. After one-week acclimatization, the mice were then randomly separated into four groups (n = 8 per group) under indicated treatments for 15 weeks: (i) mice fed with normal control diet (NCD, D12450B, Research Diet); (ii) mice fed with high fat diet (HFD, D12492, Research Diet); (iii) mice fed with HFD and simultaneously treated with Cori (intraperitoneal injection, interval for 48 h) at a dose of 5 mg/kg/day (HCR-L); (iv) mice fed with HFD and simultaneously treated with Cori (intraperitoneal injection, interval for 48 h) at a dose of 10 mg/kg/day (HCR-H). Cori was obtained from BioPurify Phytochemicals Ltd. (Cat no. BP0393, Chengdu, China). Mice in NCD and HFD group were given corresponding vehicle as control. Body weight and food intake in indicated groups were determined every week. The index of Liver or epididymal fat index was calculated as the ratio of liver or epididymal fat weight to body weight, respectively. Following fasting overnight at the end of experiments, mice were sacrificed after anesthetized, and their blood samples were collected from the orbital venous plexus. Fresh liver and eppididymal fat were removed, weighted, fixed in 4% formaldehyde (Elabscience, China) in a 1.5 ml Eppendorf tube (NEST Biotechnology, China) or snap-frozen in liquid nitrogen and stored at –80°C for further research.



Histological evaluation

For liver pathological changes observation, the liver and epididymal adipose tissue in indicated groups were fixed with 4% paraformaldehyde, embedded, sectioned and cut into thin slices (5-μm thickness). The slices were further stained hematoxylin and eosin (H&E staining) and observed with a light microscope (Zeiss, Germany). Based on the results of H&E staining, NAFLD activity score (NAS) was evaluated as previously described (21). For hepatic lipid deposition analysis, the liver tissues were embedded in OCT-freeze medium, and cut into thin slices (12-μm thickness) (Procell Life Science & Technology Co., Ltd.). The slices were then stained with the work solution of Oil Red O (Oil Red O staining) (abs7049, Absin Bioscience, Inc., Shanghai, China). Images were observed and captured with a light microscope (Zeiss, Germany).



Hepatic and plasma biochemical analysis

Hepatic lipids such as triglycerides (TG) and total cholesterol (TC) were determined by commercial kits (Applygen Beijing, China and Solarbio, Beijing, China, respectively) according to manufacturer’s protocols. Briefly, the blood samples from indicated groups were kept for 30 min at room temperature, followed by centrifugation (3000 rpm/min) for 15 min at 4°C. The serum parameters of liver function such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), and plasma lipid concentration such as low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), triglycerides (TG) and total cholesterol (TC) were measured with an automatic chemistry analyzer (Hitachi Ltd., Japan). Plasma fatty acid binding protein (FABP4) and free fat acids (FFAs) were examined by using commercial ELISA Kits (Cusabio Biotech., Wuhan, China; Wako chem., Osaka, Japan, respectively).



Glucose tolerant test (GTT) and insulin tolerant test (ITT)

For glucose and insulin tolerance test, mice were fasted for 6 h with free access to water. The mice were intraperitoneally (i.p.) injected with D-glucose (1.2 g/kg body weight, Sigma, United States) or insulin (0.7 IU/kg body weight, Novolin, United States), respectively. Then, the blood glucose level of each mouse was recorded at 0, 15, 30, 60, 90, and 120 min using a glucose monitor (Accu-Chek, Roche, United States). The insulin resistant parameters were evaluated with homeostatic model assessment of insulin resistance (HOMA-IR), which were calculated with the calculator of HOMA2 model as previously descripted (22).



RNA sequencing (RNA-Seq) and data analysis

The RNA-Seq for liver samples from indicated groups were conducted in Personalbio technology Co. Ltd. (Shanghai, China). Briefly, Total RNA were extracted from liver tissues in indicated groups using TRIzol reagent (Invitrogen, United States). Then, RNAs were quantified (NanoDrop ND-2000), qualified (agarose gel electrophoresis), cDNA synthesized (Illumina kits), RNA-Seq libraries prepared and qualified (Agilent 2100 Bioanalyzer and qPCR method). RNA-Seq was subsequently performed on the Illumina HiSeq 2000 sequencing platform. Raw reads stored with FASTQ format were obtained from indicated groups. After filtering the low-quality data or data containing adapters, clean reads were mapped to the reference genome using HISAT2 software. Fragments Per Kilobase of exon model per Million mapped fragments (FPKM) was used to determine the gene expression abundance, and DESeq2 was used to further analyze these differential expression genes (DEGs) in indicated groups, respectively. Scatter plots, volcano lots, hierarchical clustering (Cluter software), Venn diagram, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (DAVID database) and protein-protein interaction (PPI) network (Cytoscape software) were performed and graphed for bioinformatics analysis of differentially expressed genes (DEGs) in indicated groups.



Quantitative real-time PCR (qPCR) assay

Total RNA extracted from liver tissues in indicated groups by using Fast Pure Cell/Tiss Total RNA isolation kit V2 (Vazyme Biotech, Nanjing, China). 500 ng of total RNAs in each sample were used to conduct reverse transcriptions with Q RT SuperMix kit of Vazyme HiScript II. qPCR analysis were performed by using qPCR SYBR Green Master Mix of Vazyme AceQ on a QuantStudio 6 Flex Real-Time PCR System (ABI). 18S was used as a control and the sequences of gene-specific primers are listed in Table 1.


TABLE 1    Sequence of primers used for qPCR.
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Statistical analysis

All data were indicated as mean ± SD, and analyzed using GraphPad Prism7.0 and Microsoft Excel. The statistical significance of differences was evaluated using the Student’s t-test (2-tailed), One-way analysis of variance (ANOVA), or two-way ANOVA as indicated. p value of less than 0.05 was considered to be a statistically significant difference.




Results


Cori attenuated HFD-induced high NAFLD activity score (NAS) and liver injury

To investigate the beneficial effects of Cori (CAS: 23094-69-1, Supplementary Figure 1A) on HFD-induced pathological process of NAFLD, we collected the liver tissues at the end of experiments and detected the severity grade of hepatic steatosis and NAFLD activity score (NAS) by hematoxylin and eosin (H&E) staining of the liver tissue samples. As shown in Figure 1A, we found that the liver gross morphology of the HFD group was obviously pale and enlarged compared to the normal control diet (NCD) mice, whereas the appearance of the livers in Cori-treated group was rescued to almost normalshape. Notably, we did not observed marked abdominal adhesions and peritionitis in mice. Moreover, pathophysiological examination revealed that the lipid accumulation was obvious in livers of mice fed on a HFD compared to the normal control diet (NCD) mice, whereas the number and size of lipid droplets were reduced after treating with Cori under HFD conditions, as evidenced by fewer vacuoles in H&E stained liver sections. Consistently, the steatosis score, inflammation score and ballooning score in mice on HFD feeding were significantly higher than NCD group, respectively (Figures 1B–D); However, Cori obviously reduced the high histological scores, indicating an improvement in the grade of hepatic steatosis, inflammation and ballooning degeneration (Figures 1B–D). As a result, in mice on HFD-induced NAFLD model, Cori treatment strikingly lowered total NAFLD activity score (NAS) in a dose-dependent manner (decreased by 1.75 in HCR-L group and 2.44 in HCR-H group, respectively), which is the sum of hepatic steatosis inflammation and ballooning scores, in a dose- dependent manner (Figure 1E). Moreover, the plasma ALT and AST levels, two common biomakers of hepatocellular injury, were significantly increased in HFD-induced mice, as compared to NCD mice, but the levels were both attenuated after Cori administration (Figures 1F,G). Additionally, we observed an inhibited body weight gain after treatment with Cori compared with HFD-fed only mice, although no differences in food consumption among mice in HFD, HCR-L and HCR-H group. (Supplementary Figures 1B,C). Interestingly, the liver weight and liver index (%, liver weight ratios) were dramatically increased in HFD-fed mice relative to NCD group (4.65% vs. 4.05%), whereas Cori treatment resulted in a significant reduction in their absolute liver weights (decreased by 0.38 in HCR-L group and 0.48 g in HCR-H group, respectively) and relative liver weights (decreased by 0.53% in HCR-L group and 0.64% in HCR-H group, respectively) in comparison to HFD-fed only group (Figures 1H,I). These results indicated that Cori inhibited the pathological development of HFD-triggered NAFLD by reducing the higher NAFLD activity score (NAS) and preventing the liver injury.
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FIGURE 1
Cori reduced the high NAFLD activity score (NAS) and inhibited liver damage in HFD-fed mice. (A) H&E staining of livers in indicated groups. As shown in high magnification image of HFD group, arrowhead (yellow color) indicates steatosis; arrow (blue color) indicates inflammatory cells infiltration; asterisk (red color) indicates a balloon-like change; cv indicates central vein. Bar = 50 μm. Liver gross morphology of indicated group was represented in the upper right corner. (B) Hepatic steatosis score, (C) inflammation score, (D) ballooning score, and (E) NAFLD activity score (NAS) were quantified from indicated groups. (F) Serum ALT and (G) AST levels were measured by biochemical analysis. (H) Liver weights of indicated groups. (I) Liver index (the ratio of liver weight to body weight) in indicated groups. NCD, normal chow diet; HFD, high fat diet; HCR-L, high fat diet plus treatment with low dose of Cori (5 mg/kg/2 days); HCR-H, high fat diet plus treatment with high dose of Cori (10 mg/kg/2 days). Values were means ± SD, and for statistical analysis, one-way ANOVA were performed between indicated groups.




Cori improved HFD-induced hepatic lipid deposition and plasma lipid concentration

To further confirm the protective role of Cori in HFD- mediated hepatic lipid accumulation, we determined liver total lipid contents via liver Oil Red O staining. Consistent with the H&E results, Oil Red Staining demonstrated that the livers of HFD-fed mice exhibited numerous red-stained lipid globules compare to NCD mice (Figure 2A and Supplementary Figure 1D). Notably, the lipid droplets intheliversofHFD model mice were of varying size, which clearly showed that HFD feeding resulted in hepatic lipid accumulation, exhibiting mixed micro-vesicular to macro-vesicular steatosis. Interestingly, Cori treatment substantially suppressed intrahepatic ectopic lipid deposition of mice with HFD feeding, as demonstrated by fewer red-stained lipid droplets and by quantitative analysis of the lipid positive area in their frozen liver sections (Figure 2A and Supplementary Figure 1D). More importantly, liver TG and TC contents were markedly higher in HFD mice than NCD mice, whereas Cori treatment dramatically reversed the HFD-induced TG and TC accumulation (Figures 2B,C). Additionally, by treating with Cori, we observed a marked reduction of epididymal fat weight (decreased by 1.05 g in HCR-L group and 1.92 g in HCR-H group, respectively) as well as epididymal fat index (%) (decreased by 1.88% in HCR-L group and 4.35% in HCR-H group, respectively) in HFD-fed mice (Supplementary Figure 1E), which might contribute to the decreased levels of FFAs and FABP4 in plasma. These results further confirmed that Cori could prevent HFD-induced hepatic lipid accumulation.
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FIGURE 2
Cori alleviated hepatic and plasma lipid concentrations in HFD-fed mice. (A) Oil Red O staining of liver in indicated groups. Bar = 50 μm. (B) TG and (C) TC levels in liver were detected. (D) Plasm TG, (E) TC, (F) HDL-c, (G) LDH-c were tested. (H) FABP4 in plasma was measured. (I) FFA in plasma was examined. Values were means ± SD, and for statistical analysis, one-way ANOVA were performed between indicated groups.


Hyperlipidemia, a typical feature in NAFLD conditions, is closely associated with the pathological development of hepatic steatosis (23). As shown in Figures 2D–G, biochemical analysis revealed that plasma levels of TG, TC, and LDH-c in HFD group were significantly increased, compared to NCD group. By contrast, Cori treatment abrogated the changes of plasma lipid concentrations caused by HFD. In addition, compared with the NCD group, plasm HDL-c levels were slightly but no significantly increased in HFD-fed mice, whereas Cori treatment further increased the HDL-c concentrations in plasma, leading to a statistically significant difference relative to NCD mice. Moreover, plasma fatty acid (FFA) and FFA-binding protein 4 (FABP4) were significantly elevated in HFD-fed mice, whereas Cori treatment remarkably alleviated the increase of plasm FFA and FABP4 contents under HFD conditions. These results indicated that Cori could inhibit HFD-induced hepatic lipid accumulation and improve plasma lipid concentrations, thus blocking the pathological process of NAFLD.



Cori ameliorated HFD-induced glucose intolerance and insulin resistance

As insulin resistance (IR) caused by HFD feeding is a crucial factor that affects the histological severity of NAFLD, we next considered in the analysis of the status of IR with parameters such as fasting blood glucose levels, fasting insulin levels, and homeostasis model assessment of insulin resistance (HOMA-IR) value. As shown in Figures 3A–C, when mice fed on a HFD, fasting blood glucose and insulin levels both were significantly increased, compared to NCD mice, thereby resulting in a higher HOMA-IR value (7.95 vs 5.14). Conversely, Cori treatment remarkably inhibited HFD-induced increase of fasting blood glucose and insulin concentrations, and strongly reversed the HOMA-IR value (decreased by 1.54 in HCR-L group and 2.23 in HCR-H group) (Figures 3A–C), exerting its ameliorating effects against insulin resistance.
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FIGURE 3
Cori improved glucose intolerance and insulin resistance in HFD-fed mice. (A) Levels of fasting blood glucose, and (B) levels of fasting insulin were detected in indicated groups. (C) HOMA-IR was calculated with the formula: [fasting glucose (mU/L)* fasting insulin (mmol/L)]/22.5. (D) Glucose tolerance test (GTT) was examined, and (E) the area under the curve (AUC) for GTT was calculated. (F) Insulin tolerance test (ITT) was tested, and (G) the area under the curve (AUC) for ITT was calculated.


To further investigate whether Cori treatment has an improvement effect on glucose intolerance and insulin resistance during the progressive development of NAFLD, we performed glucose tolerance test (GTT) and insulin tolerance test (ITT) assays. As shown in Figures 3D–G, comparing with NCD group, HFD feeding caused obvious glucose intolerance and insulin resistance in mice after glucose and insulin load (i.p.) (Figures 3D–G), and resulted in higher values of area under the curve (AUC) for GTT and ITT, respectively (Figures 3E,G). Interestingly, Cori treatment substantially improved their glucose disposal, as manifested by GTT and ITT assays and quantification of AUC values in mice under HFD conditions (Figures 3D–G). Taken together, these results indicated Cori treatment reversedHFD feeding-induced glucose intolerance and insulin resistance, which was also associated with NAFLD progression.



Cori altered HFD-induced gene expression profiles in live tissue

To investigate the potential genes and mechanisms that were associated with hepatic lipid and glucose metabolism, the liver samples from NCD, HFD, and HCR-H (represented by HCR) mice were used for RNA-Seq, respectively. The raw reads for sequencing quality were general high with Q30 (%) ≥ 91.9%. Differentially expressed genes (DEGs) were defined based on three criteria: a fold change ≥ 2 (i.e., log 2 fold change > 1), p value < 0.05, and a mean expression (minimum) > 0.5 for at least one group. Using these parameters, we identified 326 DEGs (231 up-regulated and 95 down-regulated) in mice fed HFD compared to NCD group, whereas 157 DEGs (59 up-regulated and 98 down-regulated) were identified between HCR and HFD group (Table 2). On this basis, we further identified 75 overlapped DEGs (58 up-regulated, 17 down-regulated) in the livers between NCD vs. HFD group and HFD vs HCR group (the former group serves as control), as displayed by Venn diagram (Figures 4A,C). Furthermore, we performed hierarchical cluster analysis for DEGs among three groups and displayed distinctly different patterns of gene expression, indicated as dendrograms (Figures 4B,D).


TABLE 2    The summary of DEGs by RNA-seq.
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FIGURE 4
Cori changed hepatic gene expression profiles in HFD-fed mice. (A) 58 down-regulated differently expressed genes (DEGs) by treatment with Cori, and (B) dendrograms of the corresponding DEGs in indicated groups. (C) 17 up-regulated differently expressed genes (DEGs), and (D) dendrograms of the corresponding DEGs by treatment with Cori in indicated groups. Group are shown in columns and genes in rows. Gene expression is indicated as a color, with brighter green and red for lower and higher values, respectively.


It was worthy of note that the expression patterns between NCD and HCR group were more similar than those between NCD and HFD group by using the hierarchical cluster analysis(Figures 4B,D). In contrast, most of DEGs in NCD vs. HFD group had the opposite expression patterns to HFD vs. HCR group. E.g., Cd36 and Cyp7a1 were up-regulated in HFD mice, whereas down-regulated in HCR group; Hsd3b5 and Cspg5 were down-regulated in HFD mice, while up-regulated in HCR group. The down-regulated and up-regulated Cori-mediated DEGs (overlapped DEGs, NCD vs. HFD and HFD vs. HCR) were list in Tables 3, 4, respectively. Taken together, the Cori-dependent overlapped DEGs could serve as a featured gene expression signature of NAFLD, among which the potential genes could play pivotal roles for protecting from NAFLD and its associated metabolic disorders.


TABLE 3    The down-regulated DEGs in livers by treatment with Cori.
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TABLE 4    The up-regulated DEGs in livers by treatment with Cori.
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Cori exerted obvious enrichment of GO terms and KEGG pathways for the overlapped DEGs.

To investigate the biological functions of the overlapped DEGs, the GO enrichment analysis was performed, and the categories in GO terms included cellular components (CC), molecular function (MF), and biological process (BP) were analyzed (Figure 5 and Table 5). As shown in Figure 5A, the major categories in cellular components (CC) were composed by nuclear outer membrane-endoplasmic reticulum membrane, endoplasmic reticulum membrane, endoplasmic reticulum part, endoplasmic reticulum, telomerase catalytic core complex, multivesicular body, internal vesicle lumen, TERT-RMPR complex, GABA-ergic synapse, organelle subcompartment. As for molecular function (MF), the overlapped DEGs were mainly enriched in steroid hydroxylase activity, monooxygenase activity, heme binding, tetrapyrrole binding, arachidonic acid epoxygenase activity, arachidonic acid epoxygenase monooxygenease activity, iron ion binding, oxidoreductase activity, acting on paired donors, and transition metal ion binding. Biological process (BP) analysis displayed that the critical genes were primarily enriched in long-chain fatty acid metabolic process, epoxygenase P450 pathway, cellular lipid metabolic process, lipid metabolic process, fatty acid metabolic process, exogenous drug catabolic process, monocarboxylic acid metabolic process, xenobiotic metabolic process, cellular response to chemical stimulus.


[image: image]

FIGURE 5
GO enrichment analysis was performed with the overlapped DEGs. (A) The categories in GO terms included cellular components (CC), molecular function (MF), and biological process (BP) were analyzed. (B) The top 20 significant GO terms of the overlapped DEGs in livers were chosen based on the order of p value from small to large.



TABLE 5    Top 20 significant GO terms of the overlapped DEGs in livers.
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Furthermore, the top 20 significant GO terms of the overlapped DEGs in livers were chosen based on the order of p value from small to large, and displayed in Figure 5B and Table 5. It was found that the overlapped DEGs were dominantly enriched in long-chain fatty acid metabolic process, steroid hydroxylase activity, steroid hydroxylase activity, monooxygenase activity, heme binding, epoxygenase P450 pathway, tetrapyrrole binding, arachidonic acid epoxygenase activity, cellular lipid metabolic process, lipid metabolic process, arachidonic acid monooxygenase activity, fatty acid metabolic process, etc. These functions were closely correlated with the physiological regulatory roles in liver metabolism, especially the metabolic homeostasis of lipids and cholesterols.

To explore the biological pathways of the overlapped DEGs, the KEGG enrichment analysis were subsequently conducted. As shown in Figure 6A and Table 6, the enriched KEGG pathways were generally clustered into four categories, including environmental information processing, human diseases, metabolism, and organismal systems, which were further divided into several subcategories, respectively. As for environmental information processing, the key genes were mainly enriched in calcium signaling pathway, ECM-receptor interaction, ErbB signaling pathway, PI3k-Akt signaling pathway. As for Human diseases, the key genes were mainly enriched in chemical carcinogenesis, hepatocellular carcinoma, fluid shear stress and atherosclerosis, Cushing’ syndrome, platinum drug resistance, proteoglycans in cancer, human papillomavirus infection, viral carcinogenesis, amebiasis, pathways in cancer, HTLV-I infection. As for metabolism, the key genes were mainly enriched in steroid hormone biosynthesis, retinol metabolism, metabolism of xenobiotics by cytochrome P450, drug metabolism- cytochrome P450 or other enzymes, arachidonic acid metabolism, linoleic acid metabolism, glutathione metabolism, primary bile acid biosynthesis. As for organismal systems, the key genes were mainly enriched in bile secretion, cholesterol metabolism, ovarian steroidogenesis, cortisol synthesis and secretion, PPAR signaling pathway, inflammatory mediator regulation of TRP channels.
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FIGURE 6
KEGG pathway enrichment analysis was performed with the overlapped DEGs. (A) The enriched KEGG pathways were clustered into four main categories, including environmental information processing, human diseases, metabolism, and organismal systems, which were further divided into several subcategories. (B) The top 20 significant KEGG pathways of the overlapped DEGs in liver were selected based on the order of p value from small to large.



TABLE 6    Top 20 significant enriched pathways of the overlapped DEGs in livers.
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Moreover, the top 20 significant KEGG pathways of the overlapped DEGs in liver were selected based on the order of p value from small to large, and displayed in Figure 6B and Table 6. It was found that overlapped DEGs were mainly enriched in steroid hormone biosynthesis, chemical carcinogenesis, retinol metabolism, bile secretion, metabolism of xenobiotics by cytochrome P450, drug metabolism-cytochrome P450, cholesterol metabolism, linoleic acid metabolism, arachidonic acid metabolism, etc. These metabolic pathways are tightly associated with liver metabolic balance, supporting the protective effects of Cori for the improvement of NAFLD.



Cori-dependent PPI network for the overlapped DEGs and hub proteins against NAFLD

To determine the Cori-mediated hub proteins (namely putative gargets) that may play protective roles against NAFLD, a visualized PPI network of the overlapped DEGs was constructed by Cytoscape software according to STRING database. As shown in Figure 7, the connections between nodes (referred to proteins) in the PPI analysis were tightly established and visualized, which indicate the interactions between the proteins encoded by the overlapped DEGs. The proteins with more connections located in the central node, which may play important roles in the regulation of NAFLD, and were selected as the hub proteins. Consequently, the visualization for Cori-mediated hub proteins (with PPI score > 0.9), in the analysis of STRING, were Cyp7a1, Hsd3b5, Cyp17a1, Cyp2c38, Cyp2b9, Egfr, Erbb4, Cyp2c40, Gna14, Chrm1, Cspg5, and Gpc1 (Figure 7).
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FIGURE 7
PPI network analysis was performed with the overlapped DEGs. The connections between nodes indicate the interactions between the proteins encoded by the overlapped DEGs (red nodes). The visualization for Cori-dependent hub proteins were selected with a PPI score over 0.9, such as Cyp7a1, Hsd3b5, Cyp17a1, Cyp2c38, Cyp2b9, Egfr, Erbb4, Cyp2c40, Gna14, Chrm1, Cspg5, and Gpc1.


Next, we further verified the mRNA expression of the hub proteins by using qPCR assays. As shown in Figure 8, Cori treatment could effectively increase the mRNA expression levels of Hsd3b5, Cyp2c40, Cspg5; whereas decrease the expression of Cyp7a1, Cpy17a1, Cyp2c38, Cyp2b9, Egfr, Erbb4, Gna14, Chrm1, and Gpc1. Additionally, we also analyzed the mRNA expression levels of several key factors that closely associated with lipid and cholesterol metabolism, although their PPI score less than 0.9. For example, Cd36, a fatty acid translocase, promotes the uptake of FFAs and cholesterol under HFD conditions, which may contribute to the pathogenesis of NAFLD and its related metabolic disorders (24, 25). Consistent with the RNA-Seq results and previous reports, we demonstrated that the hepatic CD36 expression was obviously induced in HFD-fed mice compared to NCD mice, whereas Cori treatment dramatically reversed its expression to a level similar to NCD group (Supplementary Figure 1F). Taken together, these results suggests that the overlapped DEGs aforementioned, especially the hub proteins, may play a key role on the Cori-mediated improvement of NAFLD.
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FIGURE 8
Relative mRNA expression of hub genes via qPCR analysis. Compared with HFD group, The mRNA expression of Hsd3b5, Cyp2c40, Cspg5 in HCR group were increased; by contrast, the mRNA expression of Cyp7a1, Cpy17a1, Cyp2c38, Cyp2b9, Egfr, Erbb4, Gna14, Chrm1, and Gpc1 in HCR group were decreased.





Discussion

In this study, we focused on the protective roles of Cori against the progression of NAFLD in mice under high fat diet feeding conditions. We found that Cori treatment significantly attenuated HFD- induced high NAFLD activity score (NAS) and liver injury. Moreover, by treatment with Cori, the hepatic lipid deposition and plasma lipid concentrations were remarkably improved in mice fed with high fat diet. Cori administration ameliorated NAFLD associated metabolic disorders such as glucose intolerance and insulin resistance in HFD-fed mice. More importantly, applying RNA-Seq analysis, we noticed that Cori treatment could dramatically change HFD-induced gene expression profiles in liver. Furthermore, by analysis of the overlapped differentially expressed genes (DEGs) obtained from NCD vs HFD group and HFD vs HCR group, we observed a marked enrichment of GO terms and KEGG pathways, which were closely associated with lipid metabolism and glucose homeostasis. Thus, the novel findings achieved in transcriptome provided valuable information for Cori deterrence of NAFLD. Particularly, PPI network analysis revealed the Cori-mediated potential hub proteins against NAFLD. Additionally, Cori-mediated overlapped DEGs could serve as a featured NAFLD-associated gene expression signature, and thus be used in diagnosis, treatment, as well as drug discovery and development for fatty liver disease and metabolic disorders.

We firstly constructed the NAFLD model in mice by feeding a high fat diet. NAFLD activity score (NAS) is a wide-accepted and standardized approach to histologically evaluate the severity of NAFLD, which indicates the general pathology scores for hepatic steatosis, inflammation, and ballooning degeneration (21). In our results, HFD-fed mice displayed an obvious increase in liver weight (and liver index), and developed severe hepatic steatosis along with high NAFLD activity score (NAS), which together indicated that we successfully established a NAFLD model. By treating mice with Cori, we observed an obvious improvement in phenotypic characteristics of NAFLD under HFD conditions in a dose-dependent manner, including reduced number and size of lipid droplets, and alleviated NAFLD activity score (NAS). It is known that elevated plasma ALT and AST levels are two common biomakers of hepatocellular injury (26). In this study, Cori significantly rescued HFD-induced increase of ALT and AST contents in plasma, clearly indicating its protective roles on liver function in the NAFLD progression.

We next assumed the protective roles of Cori in the regulating NAFLD-associated metabolic disorders of lipid and glucose. As a crucial metabolic organ, the liver regulates numerous physiological processes, such as the stability of lipid metabolism and glucose homeostasis between liver and blood (27). In the case of hypernutrition, hepatocellular lipotoxic injury mainly attributes to the abnormal metabolism of lipids such free fatty acids (FFAs) and cholesterols, and the injured steatotic hepatocyte may further accelerate the progression of NAFLD via a self-perpetuating vicious cycle (11). As expected, NAFLD model mice showed a remarkable increase in hepatic TG and TC contents, whereas Cori treatment blocked these effects, and ameliorated HFD-induced fatty liver. Also, hyperlipidemia is closely related to the pathological development of NAFLD. In our results, administration of Cori to HFD-fed mice led to an improved plasma lipid profiles mediated by NAFLD, as evidenced by decreased TG, TC and LDL-c levels, as well as elevated HDL-c content. Consistent with these, we observed a marked reduction of epididymal fat weight as well as epididymal fat index (%) in HFD-fed mice when their response to Cori, which might contribute to the decreased levels of FFAs and FABP4 in plasma. On the other hand, HFD-induced glucose intolerance and insulin resistance are pivotal factors, which are associated with the disorders of lipid metabolism, and may further accelerate the progression of NAFLD. In this study, Cori treatment attenuated HFD-induced increase of fasting blood glucose and insulin levels, and strongly reversed the HOMA-IR value, an index of systemic insulin resistance (28). Specifically, Cori- treated mice under HFD exhibited an obvious improvement of glucose tolerance and insulin sensitivity, as evidenced by GTT and ITT assays. Collectively, Cori supplement could play protective roles against hepatic steatosis, high NAFLD activity score (NAS), as well as liver injury in HFD-induced NAFLD mice, which might not only be involved in alleviating HFD-induced lipid metabolism disorders, but also be involved in ameliorating HFD-induced glucose intolerance and insulin resistance (Figure 9).


[image: image]

FIGURE 9
The protective roles of Corilagin against NAFLD development in HFD-fed mice. HFD feeding induced NAFLD, which was accompanied by hepatic steatosis, high NAFLD activity score (NAS), liver injury, abnormal lipid metabolism and glucose homeostasis; however, Cori treatment significantly attenuated the progress of NAFLD.


Further, we employed the RNA-Seq to explore the underlying genes and mechanisms that were associated the hepatic lipid and glucose metabolism. Interestingly, we observed an obvious altered gene expression profiles and identified 157 DEGs (59 up-regulated and 98 down-regulated) in mice with HFD feeding by intervention with Cori. Among these, we further identified 75 overlapped DEGs (58 up-regulated and 17 down-regulated) in the livers between NCD vs HFD group and HFD vs HCR group. Of note, we found that the liver samples of NCD and HCR group have more similar expression patterns than NCD and HFD group does, as depicted by dendrograms of hierarchical cluster analysis of the overlapped DEGs. Therefore, the overlapped DEGs might be considered as a NAFLD-related gene expression signature, which would promote research on molecular diagnosis, treatment, and drug development of NAFLD.

We next explored the biological functions and metabolic pathways of the overlapped DEGs by using GO and KEGG enrichment analyses, respectively. In our results, the top 20 significant GO terms of the overlapped DEGs were closely associated with metabolic balance, especially lipid and cholesterol metabolic homeostasis. These results further support results aforementioned that Cori treatment attenuates HFD-induced liver steatosis and high NAFLD activity score (NAS), which might be involved in rebuilding the balance of lipid homeostasis, and thereby blocks NAFLD development in HFD mice. Interestingly, we noticed that the bile biosynsthesis-related biological processes were largely enriched, as determined in the catergory of molecular function, suggesting that Cori might restored the dysregulated BA metabolisms mainly caused by hepatic lipid accumulation in livers of mice with HFD feeding (29). In our study, we did not detect bile acid content in each group, further studies regarding the role of Cori in regulating the conversion of cholesterol catabolism to bile acids need to be clarified. Consistent with the GO analysis, the top 20 significant KEGG pathways of the overlapped DEGs were mainly enriched in steroid hormone biosynthesis, lipid and cholesterol metabolism, bile secretion and retinol metabolism, etc. In particular, after clustered into indicated categories, the biological pathways were primarily enriched in lipid and cholesterol metabolism, bile biosynthesis and secretin, cortisol synthesis and secretion, hepatocellular carcinoma, PPAR signaling pathway, PI3K-AKT signaling pathway, etc. These results suggest that Cori might ameliorate HFD-induced NAFLD by the regulating these biological processes and metabolic pathways, which were closely associated with the hepatic lipid metabolism and glucose homeostasis.

We also conducted a visualized PPI network using the overlapped DEGs, which facilitated to discover the Cori-dependent hub proteins (namely putative targets) in livers regulating NAFLD. In our results, several proteins, in the analysis of STRING database, were selected as hub proteins (PPI score > 0.9), and their expression were subsequently verified by qPCR assays. These hub proteins may play pivotal roles in Cori-mediated improvement of NAFLD. For example, Hsd3b5, one was involved in steroid hormone metabolism, was negatively correlated with the severe grade of hepatic steatosis (30, 31). Consistent with this, Cori rescued the decreased Hsd3b5 expression in HFD-fed mice, which might be likely involved in its protective role against NAFLD development. Additionally, some differentially expressed proteins, e.g. Cd36, the PPI score of which does not met with our criteria (i.e., PPI > 0.9) for hub proteins, may still play a key role in regulating the progress of NAFLD. It has been reported that elevated hepatic Cd36 expression was closely associated with increased hepatic and plasma triglyceride contents in both humans and rodents, which could contribute to the progression of NAFLD (32, 33). In this study, the elevated hepatic Cd36 expression observed in mice fed a HFD was effectively suppressed by treatment with Cori, which was recovered to a level similar to NCD group. Therefore, we speculated that the decreased expression of Cd36 in liver might, at least in part, play a role in improving hepatic and plasma lipid contents under HFD conditions. Collectively, we developed a new characteristic gene expression signature related to NAFLD by applying the Cori-dependent DEGs aforementioned, especially the hub proteins in the analysis of PPI network, which thus would facilitates the diagnosis, treatment, as well as drug discovery and development for NAFLD in the near future.



Conclusion

In our results, Cori treatment exhibited beneficial protective effects against HFD-induced hepatic steatosis, high NAFLD activity score (NAD) and liver injury. Moreover, Cori ameliorated NAFLD associated metabolic disorders such as glucose intolerance and insulin resistance in HFD-fed mice. Furthermore, Cori dramatically changed HFD-induced liver gene expression profiles, and produced an overlapped differentially expressed genes (DEGs) ——Cori-dependent DEGs. The Cori-dependent DEGs were primarily enriched in GO terms and KEGG pathways associated with lipid and glucose metabolism. The novel findings achieved in transcriptome provided valuable information for Cori deterrence of NAFLD. Additionally, the Cori-dependent DEGs, especially the hub proteins in the analysis of PPI network, can serve as a featured NAFLD-associated gene expression signature for the diagnosis, treatment, as well as drug discovery and development of NAFLD in the near future.
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Food grade hydrogel has become an ideal delivery system for bioactive substances and attracted wide attention. Hybrids of whey protein isolate amyloid fibrils (WPF) and gliadin nanoparticles (GNP) were able to assemble into WPF-GNP hydrogel at a low protein concentration of 2 wt%, among which WPF and GNP were fabricated from the hydrolysis of whey protein isolate under 85°C water bath (pH 2.0) and antisolvent precipitation, respectively. Atomic force microscope (AFM) images indicated that the ordered nanofibrillar network of WPF was formed at pH 2.0 with a thickness of about 10 nm. Cryo-SEM suggested that WPF-GNP hydrogel could arrest GNP within the fibrous reticular structure of the partially deformed WPF, while the hybrids of native whey protein isolate (WPI) and GNP (WPI-GNP hybrids) only led to protein aggregates. WPF-GNP hydrogel formed at pH 4.0 (85°C, 3 h, WPF:GNP = 4:1) possessed the largest elastic modulus (G’ = 419 Pa), which far exceeded the elastic modulus of the WPI-GNP hybrids (G’ = 16.3 Pa). The presence of NaCl could enhance the strength of WPF-GNP hydrogel and the largest value was achieved at 100 mM NaCl (∼105 mPa) in the range of 0∼500 mM due to electrostatic screening. Moreover, WPF-GNP hydrogel showed a high encapsulation efficiency for curcumin, 89.76, 89.26, 89.02, 85.87, and 79.24% for pH 2.0, 3.0, 4.0, 5.0, and 6.0, respectively, which suggested that the formed hydrogel possess good potential as a delivery system. WPF-GNP hydrogel also exhibited a good protection effect on the photodegradation stability of the loaded curcumin with the retention of up to 75.18% after hydrogel was exposed to ultraviolet radiation for 7 days. These results suggested that the viscoelasticity of WPF-GNP hydrogel was tunable via pH-, ion-, or composition-adjustment and the hydrogel showed excellent protection on the thermal and photodegradation stability of curcumin.
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Introduction

Hydrogel, a soft material that often contains three-dimensional networks and large contents of aqueous fluid has been widely applicated in many areas, including biomedicine, material science, cosmetics, and food industry, in which they are often used as food additives (1), drug carriers (2), biosensors (3), biomaterials in tissue engineering (4), and 3D printing (5). Furthermore, hydrogels are also common delivery systems that can protect, deliver, and enhance the stability and bioavailability of drugs, antibodies, and bioactive ingredients (6–9) owning to their good biocompatibility and drug loading capability. In recent years, stimuli-responsive hydrogels, also called smart hydrogels, have attracted extensive attention due to their accurate response behavior to the variation of external processing conditions, such as pH values, ionic strength, temperature, UV irradiation by changing their conformation, solubility, and hydrophile-lipophile balance (10–12). Stimuli-responsive hydrogel could exhibit a sol-gel transition based on the changes in acid-labile bond, photocleavable moiety, or enzyme-substrate with a variety of physical, chemical, or biological stimuli, which can be used to modulate the mechanical or functional properties of the resulted hydrogels or achieve good control of local or duration of drug release. However, the application of stimuli-responsive hydrogels in the food industry is often limited by the raw materials and preparation processes which often involve organic reagents or sophisticated chemical reactions and may cause potential risk to the consumers. Herein, there is a broad space for the development of food-grade stimuli-responsive hydrogel based on natural biopolymers to enhance the digestion and absorption of bioactive substances by regulating the structure of carriers and controlling the release process, which would have huge potential development in the food industry.

For the past few years, there have been intensive research focused on the hydrogels assembled from the interactions of natural biological macromolecules (13–16). However, the formation of protein- or polysaccharide-based hydrogel requires a relatively high concentration (usually higher than 5% w/v) and the native gelatinous properties of the raw materials (17–19). Therefore, researchers have devoted a lot of efforts to preparing hydrogel using the hybrid interactions of composite ingredients, and large number of studies have reported the successful formation of hydrogel through the interactions between biopolymers (proteins and polysaccharides) and inorganic ions (Ca2+, poly-sulfobetaine, etc…) (20, 21), which can effectively enhance the gelation properties or functional properties of hydrogels. However, few studies have reported the fabrication of food-grade hydrogel through the structural design of proteins, and the possibility of fabricating hydrogel through designing and rebuilding the structures of original biopolymers to obtain ideal properties expecting to be further explored up to now.

Amyloid fibrils are formed based on the self-assembly of β-sheet of native proteins into twisted or helical ribbons and sequentially possess a high aspect ratio and mechanical strength, which endows them with resistance to digestive enzymes and stability under environmental stresses (22). Amyloid fibrils have attracted great interest in functional materials, which sever as aerogel, catalytic scaffold, and delivery systems in recent years (23–25). The helical ribbons structures of protein fibrils make them easier to bond with other substances to form cross-linked structures. Interestingly, fibril-nanoparticle hybrid hydrogels with tunable gelation behavior could be achieved through the intermolecular interactions between amyloid fibrils and nanoparticles (26, 27). These stimuli-responsive hydrogels also exhibited excellent functional properties and capacity in protecting, loading, and delivering microelements or bioactive ingredients (28, 29). These researches mainly focused on the interactions between fibrils and inorganic nanoparticles (Fe3O4, SiO2, etc…), as well as the application of building functional synthetic materials. Whether naturally sourced fibrils and nanoparticles can achieve similar effects remains unclear and the possibility of preparing hydrogel based on the hybrid of fibrils and nanoparticles is still waiting for exploration. Therefore, the efforts toward the fabrication of hydrogel based on different structures and conformations of biopolymers and modulation of the interactions between different components may provide a new sight in the design and utilization of functional hydrogel in the food area.

Whey protein isolate fibril (WPF) is a super-molecule derived from the self-assembly process of globular whey protein isolate (WPI) under acidic and heat treatment (30). Compared with native WPI, this fibrous shape is composed of larger contents of β-sheet and is highly ordered, leading to higher viscosity and gelation properties, which makes it easier to interact with other substances. A previous study has reported that the Fe3O4-modified β-lactoglobulin fibrils could easily form reversible hydrogels at low protein contents (2 wt%) under certain external stimuli (27), which suggested that the presence of nanoparticles could contribute to the interactions between protein molecules and lead to the formation of stimuli-responsive hydrogels. Our previous works have shown that gliadin could be self-assembled into nanoparticles under the changes of solubility in water and could be used to co-stabilize stimuli-responsive pickering emulsion gels with WPI through electrostatic, hydrophobic, and covalent interactions due to the sensitivity of gliadin nanoparticles (GNP) (31, 32). GNP, therefore, was selected as another component to prepare a fibril-nanoparticle stimuli-responsive hydrogel in this work, for its extensive cysteine residues which may be prone to interact with other molecules through disulfide bonds, which makes gliadin an ideal material for preparing protein-based hydrogel. Subsequently, curcumin was selected as a model drug to evaluate the potential of the formed hydrogel as a new delivery system. The effect of the ratio of GNP and WPF, pH values, ionic strength, and temperature on the fabrication and properties of hydrogel were characterized. Finally, the protective effect of hydrogel on the thermal stability and photodegradation of loaded curcumin was measured to evaluate the potential of the fibril-nanoparticle hybrid hydrogel as food-grade delivery system.



Materials and methods


Materials

Gliadin was extracted from commercial wheat proteins (≥80% purity, Xunxian Tianlong flour Co., Ltd) with a protein content of 92.6% according to our previous work (31). WPI powders were purchased from Hilmer (90% purity), Co., Ltd., United States. All other chemical reagents, such as HCl, NaOH, and ethanol were analytical grade and purchased from Xilong Scientific Co., Ltd (Lanzhou, China).



Preparation of whey protein isolate fibril

Whey protein isolate powder was dissolved in deionized water under continuous stirring to obtain a 2% (w/v) WPI solution and then hydrated overnight at 4°C, and 0.01% (w/v) sodium azide was added to suppress microbial growth. The pH of the fully hydrated WPI was quickly adjusted to 2.0 with 6 M HCl and then subjected to heat in an 85°C water bath for 5 h with constant agitation. Whereafter, the stock solutions containing fibrils were cooled in an ice bath. Finally, the fibrils were collected for further experiments.



Fabrication of gliadin nanoparticles

An aliquot of 2 g gliadin powder was dissolved in 100 mL 70% (v/v) ethanol in water solution under constant stirring overnight to ensure complete dissolution, followed by centrifuged (4,800 g) for 20 min to remove the insoluble substances. Then, the supernatant was collected and dropped into 250 mL 1% (v/v) acetic acid solution accompanied by stirring for 1 h. The ethanol in the gliadin solution was removed by vacuum-rotary evaporation at 45°C. Finally, the volume of the gliadin dispersion was adjusted to 200 mL and treated with a high-pressure microfluidizer at 120 MPa for two cycles to obtain GNP.



Preparation of whey protein isolate fibril-gliadin nanoparticles hydrogel

Firstly, the pH values of WPI, WPF, and GNP solutions were adjusted to 2.0 with 6 M HCl for subsequent experiments. Secondly, the GNP solution was dropped into WPF or WPI solution under constant stirring and then incubated in an 85°C water bath for 3 h to form WPI-GNP hybrids and WPF-GNP hydrogel with a variety of volume ratios of these suspensions (WPF or WPI:GNP = 1:0, 1:1, 2:1, 3:1, 4:1, 0:1). Meanwhile, the effect of pH values (2.0–6.0) on the formation of WPI-GNP hybrids and WPF-GNP hydrogel was determined at a volume ratio of 4:1 (WPF or WPI:GNP) and 3 h heat treatment (85°C water bath). Native WPI-GNP hybrids were selected as a control group in the preparation of WPF-GNP hydrogel.



Particle size distribution and zeta potential

The particle size distribution and zeta potential of WPI-GNP hybrids and WPF-GNP hydrogel with various ratios of WPF or WPI:GNP at pH 2.0–6.0 were determined with a dynamic light scattering instrument (Zetasizer Nano ZSP, Malvern Instruments Ltd, Worcestershire, United Kingdom). The dispersions were diluted 100 times with deionized water of corresponding pH values before being measured. The scattering angle of the instrument was fixed at 90° and the wavelengths of the lasers were 633 and 532 nm, respectively. Each measurement was conducted at least three times.



Microstructures

The microstructures of WPF under different pH values were characterized using atomic force microscopy (AFM, Bruker, Germany). First, 2% (w/v) solutions were diluted 400 times to get a final concentration of 0.005% (w/v) fibril, sequentially 20 μL dispersion was dropped onto freshly prepared cleaved mica and equilibrate for 3 min. Then, the redundant samples were removed by rinsing with deionized water and dried under flow nitrogen. AFM tests were conducted with a Dimension edge (Bruker, Germany) using tapping mode at ambient temperature. The microstructures of WPF-GNP hydrogel and WPI-GNP hybrid (4:1, pH 4.0, heat for 3 h) were further detected by Cryo-scanning electron microscope (Cryo-SEM, SU8000, HITACHI); first, the samples were placed on a mental deck and then put into liquid nitrogen for a few seconds to solidify the samples. Second, the frozen samples were cut by a microtome (PP3010, Quorum Technologies Laughton, England) to obtain a flat surface and then do a gold sputtering. Third, the mental deck was transferred to a distillation device to sublimate the water (–95°C, 20 min). Finally, the microstructures of the samples were characterized.



Mechanical properties

The rheological properties of WPF-GNP hydrogel and WPI-GNP hybrid with different ratios (WPI or WPF:GNP = 1:1, 2:1, 3:1, 4:1) and pH values (pH 2.0–6.0) after 3 h heat treatment were characterized by a Rotary Rheometer (MCR302, Anton Par, Germany) with a circular plate rotor (pp-50, 50 mm diameter), and the gap between the pp 50 and sample stage was set as 1 mm. About 2 mL of freshly prepared sample was evenly coated on the stage and equilibrium at 25°C for 5 min before measurements. First, the linear viscoelastic region (LVR) was tested under strain sweep mode with the strain range of 0.1% to 100% at the fixed frequency of 1 Hz. Then, oscillatory sweep was conducted at 1% strain with the frequency increased from 0.1 to 100 rad/s. Subsequently, the impact of NaCl concentration (0–500 mM) on WPF-GNP hydrogel (WPF:GNP = 4:1) at pH 4.0 was characterized, and then the impact of pH values (2.0–6.0) on WPF-GNP hydrogel (WPF:GNP = 4:1, NaCl = 100 mM) was tested using frequency sweep (1–100 rad/s).



Encapsulation efficiency, thermal stability, and photodegradation of curcumin loaded in whey protein isolate fibril-gliadin nanoparticles hydrogel

First, 20 mg curcumin was dispersed in 2 mL pH 10.0 deionized water to obtain a 10 mg/mL stock solution. Curcumin was encapsulated in WPF using the pH-driven method, briefly, 0.25 mL curcumin stock solution was dropped slowly into pH 2.0 WPF dispersions under constant stirring, followed by 2 mL GNP added to the mixtures to form curcumin-loaded WPF-GNP hydrogel (WPF-GNP-C). The pH values of the hydrogels were adjusted to 2.0, 3.0, 4.0, 5.0, and 6.0, respectively. The encapsulation efficiency (EE) of curcumin was calculated as the following equation (33):
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About 0.05 g curcumin was dissolved in 50 mL ethanol and then diluted four times to obtain 0.25 mg/mL curcumin solution and then used as a control group, the final curcumin concentration was 0.25 mg/mL. The freshly prepared WPF-GNP-C hydrogel was immediately transferred to a sealed glass bottle and then subjected to 85°C water bath for 180 min, and 1 mL WPF-GNP-C hydrogel was taken for testing the curcumin retention every 60 min. On the other hand, the freshly prepared WPF-GNP-C hydrogel with 3 h heat treatment (85°C) was placed in a 15-mm plastic petri dish under the UV-irradiation for 7 days and 1 mL WPF-GNP-C hydrogel was taken for testing the curcumin photodegradation every 1 day. Each measurement was conducted three times and the averages were recorded.




Results and discussion


Formation of whey protein isolate fibril-gliadin nanoparticles hydrogel

In brief, the microstructures of WPF at various pH values were observed through AFM, and the formation of semiflexible fibrous structures of WPI through thermal hydrolysis under acidic conditions was shown in Figure 1. The ordered nanofibrillar network could be easily observed at pH 2.0 and 3.0 with a thickness of about 10 nm. With the pH values increasing to 3.0 and 4.0, partial deformation and little aggregates could be seen in the horizon, which may be attributed to the protein aggregation near neutral pH conditions. Especially in pH 4.0, WPF exhibited an extensive degradation and the diameter of fibrils showed a significant increase with some little aggregation appearing. These results suggested that the formed fibrils were quite sensitive to pH values and possessed different micromorphologies in response to acidic conditions.
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FIGURE 1
Atomic force microscope images of whey protein fibrils (WPF) at pH 2.0–4.0.


To investigate the gelation process of hydrogels, the effect of a series of protein volumes (WPI or WPF: GNP = 0:1. 1:1, 2:1. 3:1, 4:1, 1:0, pH 4.0) and pH values (2.0. 3.0, 4.0, 5.0, 6.0, WPI or WPF: GNP = 4:1) on the formation of hydrogels were studied, of which the hybrids of native WPI and GNP used as control. After being heated in an 85°C water bath for 3 h, there were intensive sediments in the bottom of the glass bottle of WPI-GNP hybrids (Figure 2A), and the content of the sediments increased with the increase of WPI concentration, which may be ascribed to the unfolding and aggregation of globular WPI molecules induced by thermal treatment (34). On the contrary, in the case of after WPI being converted to fibrils, there were upside-down hydrogels at the bottom of the bottle at the ratio of 1:1 to 4:1 (WPF:GNP), while the individual GNP or WPF solutions remain liquid-like. This phenomenon could be owing to the formed disulfide bonds and electrostatic interactions between GNP and WPF under thermal processing (32). Figure 2B shows that the complex of WPI and GNP were quite sensitive to the changes in pH values and prone to aggregate near their isoelectric point (pH 5.0–6.0), besides thermal treatment could accelerate this process. For the complex of WPF and GNP, the sediments immediately appeared at pH 5.0 and 6.0, and the aggregates tend to grow obviously after heat treatment. There were weak gels in the samples at pH 2.0 and 3.0 in the bottle of WPF and GNP, while larger gel strength of WPF-GNP hydrogel was present at pH 4.0 (Figures 2A,B). These results suggested that the formation process of hydrogel had strong pH-dependency and temperature-dependency, which may be attributed to the interactions of GNP and the partial deformed WPF.
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FIGURE 2
(A) Visual appearances of WPI-GNP hybrid and WPF-GNP hydrogel at various ratio and pH 4.0 before and after incubation at 85°C for 3 h; (B) The influence of pH values on the WPI-GNP hybrids (WPI: GNP = 4:1) and WPF-GNP hydrogel (WPF: GNP = 4:1) before and after incubation at 85°C for 3 h.


The impact of protein ratio and pH values on the formation of hydrogels were further investigated by measuring the changes in particle size distribution and zeta potential of WPI-GNP hybrids and WPF-GNP hydrogel (Figure 3A). The zeta potential of native WPI or GNP was slightly larger than WPI-GNP complex, suggesting that there were interactions between WPI and GNP, which caused the changes in zeta potential. There was a slight decrease in the average zeta potential of WPI-GNP with the increase of WPI level, suggesting the electrostatic properties of the complex were mainly dominated by WPI. However, the magnitude of zeta potential of WPF-GNP hydrogel presented a noteworthy increase after the formation of protein fibrils and the absolute values tended to decrease first and then increase, and finally, the zeta potential of hydrogel was quite close to only WPF. This phenomenon illustrated that the thermal treatment of the WPI under acidic conditions could lead to the exposure of internal charged groups of WPI and the electric charges of WPF-GNP hydrogel had fibril concentration-dependency. Unlike the gentle change in zeta potential, the variation in the particle size distribution of hydrogels formed by WPF and GNP was quite significant, which may be attributed to the unfolding of globule protein molecules and the formation of filamentous structure (Figure 3B). Interestingly, there was a slight descend in the ratio of 4:1 (WPF:GNP), which may be attributed to the formation of structures that particles packaged in fibrils, leading to the curl of fibrils. The influence of pH values on the particle size distribution and zeta potential of hydrogel are shown in Figures 3C,D, the value of zeta potential of WPF-GNP and WPI-GNP decreased from 34.2 ± 3.15 mV and 28.8 ± 1.20 mV to –13.1 ± 0.436 mV and –12.2 ± 0.557 mV with the pH values increased from 2.0 to 6.0, with the isoelectric point turned out around pH 5.0. Consequently, there were extensive sediments at pH 5.0 and 6.0 in both the samples, and the changes in particle size distribution (Figure 3D) were also confirmed in this conclusion and is constant with Figure 2B, suggesting a total collapse of the hydrogel structures. Especially in pH 5.0, the sharp rise in particle size can be attributed to the decrease in electrostatic repulsion around the isoelectric points of the two protein molecules (5.0 and 6.8, respectively) (32).
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FIGURE 3
(A,B) Zeta potential and particle size distribution of WPI-GNP hybrids, WPF-GNP hydrogel at various ratio (pH 4.0); (C,D) Zeta potential and particle size distribution of WPI-GNP hybrids, WPF-GNP hydrogel at ratio of 4:1 with pH values ranging from 2.0 to 6.0.


The microstructures with different magnifications of the WPI-GNP hybrid and WPF-GNP hydrogel (4:1, pH 4.0) formed after 3 h heat treatment were characterized using cryo-SEM and AFM and is shown in Figure 4. The WPI-GNP hybrid presents an agglomerative behavior, suggesting the formation of aggregates or sediments between WPI and GNP under heating conditions, which was consistent with the macroscopical image (Figure 2A). From the three-dimensional image (Figure 4B), a few protein aggregates can be seen in the horizon and the diameter of fibrils broaden while the length shortens. After the addition of GNP, a spherical complex of proteins uniformly filled in the field of view, and several larger aggregates formed due to the interaction of GNP and WPI. As for WPF-GNP hydrogel, a fibrous network structure can be observed and some particles can be seen captured in the scaffolding of WPF (Figure 4A). There was also an obvious structure of the nanoparticle-filled-in-fibril network in the two-dimensional images (Figure 4B), which suggested that the presence of GNP could bond with fibrils and then promote the formation of hydrogel.


[image: image]

FIGURE 4
(A) Cryo-SEM images of WPI-GNP hybrids and WPF-GNP hydrogel at ratio of 4:1 and pH 4.0; (B) AFM images of WPI-GNP hybrids and WPF-GNP hydrogel at ratio of 4:1 and pH 4.0.




Characterization of whey protein isolate fibril-gliadin nanoparticles hydrogel


Rheological properties of whey protein isolate fibril-gliadin nanoparticles hydrogel

The pH and heat conditions are important factors that affect the structural properties of the formed WPF-GNP hydrogels and their application in the food industry, thus the impact of pH values and heating process on the rheological properties of WPF-GNP hydrogels were evaluated using rotary rheology. First, the influence of the ratio of WPI or WPF to GNP was determined by monitoring the changes of elastic modulus (G′) and loss modulus (G″). Figure 5A suggest that the value of G′ increased with the increasing of contents of WPF and the maximum figure for G′ showed at the ratio of 4:1 (WPF:GNP), which indicated that the hydrogel formed at 4:1 under 3 h heat treatment possessed the largest strength. Heating could promote the unfolding of globular proteins and the exposure of internal hydrophobic sulfhydryl groups, leading to the formation of disulfide bonds and hydrophobic interactions between protein molecules, which subsequently induced the partial aggregation of protein fibrils and reinforced the gel strength of hydrogels (32). Figure 5B shows that G′ of WPF-GNP hydrogels at pH 4.0 to 6.0 exhibited a steady tendency while the G′ of WPF-GNP hydrogels at pH 520 and 3.0 exhibited a chaos variation, which may be attributed to the aggregates of sediments formed around the isoelectric point of whey protein isolate. When it comes to the changes in the WPI-GNP hybrid, the figures for G′ and G″ were quite close to each other and irregular (Figure 5C), indicating that there were almost no obvious gel structures in all the systems, which can be attributed to the aggregation and structural collapse of globular protein molecules and under heat treatment. Similar to WPF-GNP hydrogel, pH values were also an important factor that affect the rheological properties of the WPI-GNP hybrid (Figure 5D), but interestingly, the WPI-GNP hybrid at pH 5.0 possessed the largest elastic modulus, which may be explained by the formation of large deposits of WPI around its isoelectric point. These results suggested that the interactions between nanoparticles and protein fibrils could be remarkably strengthened by the ratio of proteins and pH environments. All in all, pH conditions and protein ratio are useful approaches to preparing and adjusting the formation and characteristics of nanoparticle-fibril hydrogels.
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FIGURE 5
Frequency sweep of WPF-GNP hydrogel at various protein ratio (A) and pH values (B); Frequency sweep of WPI-GNP hybrids at various protein ratio (C) and pH values (D).


The impacts of ionic strength and pH conditions combined without the heating process on the native WPF-GNP hydrogels are present in Figure 6. In general, the addition of NaCl could improve the gel strength of WPF-GNP hydrogel (Figure 6A). For the original hydrogel formed by GNP and WPF without heat treatment (NaCl = 0 mM), the dynamic frequency profile indicated that the values of G′ and G″ were quite disordered at a low-frequency range (1–10 Hz) but G′ gradually exceeded G″ at the following testing frequency range (Figure 6A), suggesting a weak gel structure in the mixture of GNP and WPF. In the presence of NaCl, the magnitude of elastic modulus of WPF-GNP increased with the growth of NaCl concentration, except for hydrogel containing 100 mM NaCl (Figure 6A), which possessed the highest elastic modulus (G′). This phenomenon may be ascribed to the electrostatic shielding of the salty ions, which weakened the electrostatic repulsion of the system and thus the interactions between protein molecules would be reinforced, cold-set WPF-GNP hydrogels with 100 mM NaCl can be macroscopically inverted and still stayed in the bottom of the tubes (data not show). However, the figures for G′ at 200 mM and 500 mM were smaller which may be owing to the aggregation formed between GNP and WPF. Our previous study suggested that the net charge of WPI and GNP decreased at 200 and 500 mM NaCl (32), leading to the decline of the interactions and an increase in the extent of aggregation in the WPF-GNP hydrogel system. In the presence of NaCl, the influence of pH values on the gelation properties was investigated (Figure 6B). The WPF-GNP hydrogel exhibited the largest elastic modulus at pH 4.0, followed by hydrogels at pH 5.0 and 6.0, while the elastic moduli at pH 2.0 and 3.0 were relatively smaller and showed a liquid-like state, which suggested that pH conditions is also a vital factor during the formation of hydrogel and could regulate the gel strength of hydrogel through altering the electrostatic interactions between protein molecules. Previous research also suggested that the variation of pH values could induce changes in protein molecular conformation and lead to changes in the type of interaction forces, such as noncovalent interaction or covalent interactions (35).
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FIGURE 6
Frequency sweep of WPF-GNP hydrogel (WPF: GNP = 4:1) at various NaCl concentration (0–500 mM) (A) and pH values (2.0–6.0, NaCl = 100 mM) (B).





Encapsulation efficiency, heat stability, and photodegradation stability of curcumin loaded in whey protein isolate fibril-gliadin nanoparticles hydrogel

To investigate and evaluate the performance of hydrogels serving as a delivery system, curcumin was selected as a model bioactive ingredient to conduct further experiments. There were no significant differences in the visual appearance, colloidal properties, and microstructures of the hydrogel-loading curcumin except the gel strength which was slightly weakened at the ratio 1:1 of WPF to GNP (Supplementary Figures 1–3), which indicated that the addition of curcumin caused few effects on the characteristic of the hydrogel. First, the encapsulation capacity of hydrogel was characterized by the index of encapsulation efficiency (EE). As suggested in Figure 7A, WPF-GNP hydrogel showed a high EE for curcumin at all tested pH values, 89.76, 89.26, 89.02, 85.87 and 79.24%, for pH 2.0, 3.0, 4.0, 5.0, and 6.0, respectively, which suggested that the formed hydrogel possess good potential as a delivery system. The EE of the hydrogel at pH 5.0 and 6.0 was lower than other groups, which may be attributed to the sediments formed at pH 5.0 and 6.0 (around the isoelectric point of WPI and GNP), and the structure of hydrogel was partially destroyed, resulting in the decrease of EE. Moreover, the stability of the delivery system to various environmental stresses was also an important index to evaluate the quality of delivery systems; herein, heat and UV were selected as two representative environmental stresses to conduct further experiments. The heat stability of curcumin at various pH values was explored and the curcumin retention is shown in Figure 7A. There were slight losses of curcumin during the encapsulation process on WPF-GNP hydrogel, especially for hydrogel at pH 5.0, which may be attributed to the partial degradation of curcumin under rapid changes of acid-base environments. After being exposed to an 85°C water bath for 180 min, the curcumin retention in WPF-GNP hydrogel nearly remain at the original level at pH 2.0, while the degradation amount reached a minimum value (54 ± 1.45%) at pH 5.0 which can be due to the formation of aggregates or sediments in the hydrogel, leading to the reduction in loading capacity of hydrogel, hence the curcumin degradation after exposure to environmental stress (e.g., oxygen). With the increase in pH conditions, curcumin retention declined to 76.09 ± 1.65% at pH 3.0, 64.82 ± 1.40% at pH 4.0, and 58.11 ± 2.41% at pH 6.0 after heating at 85°C for 180 min, respectively, suggesting that the protective capability of WPF-GNP hydrogel on curcumin may decrease with the increasing in pH values, which may be ascribed to the gel-like structures formed at higher pH values that prevent curcumin from binding to the protein molecules. Compared to the control groups, WPF-GNP hydrogel showed obvious better protective effects on curcumin at most pH values except for pH 5.0 and 6.0, which may be attributed to the partial aggregation of hydrogel, thus hindering the encapsulation process of curcumin. Chen et al. reported a similar result of curcumin loaded in soy soluble polysaccharide nanoparticles that the retention of curcumin could reach a figure of nearly 80% after heating at 80°C for 2.5 h (pH 4.0), while the degraded ratio of free curcumin exceeded 30% (36). Previous studies also suggested that the phenolic hydroxyl groups of curcumin were easily ionized under acidic conditions, which avoid being oxidized; while in neutral conditions, the H+ of phenolic hydroxyl groups tend to lose and leaves curcumin in an unstable status, resulting in the oxidation of curcumin (37). Furthermore, the aqueous solubility of curcumin could be enhanced through complexation with whey protein fibrils in acidic conditions (38).


[image: image]

FIGURE 7
Curcumin retention of WPF-GNP-C hydrogel (4:1) after heated at 85°C for 3 h (A) and after ultraviolet radiation for 7 days (B) at various pH values in the absence of NaCl.


The photodegradation stability of curcumin loaded on WPF-GNP hydrogel at pH 2.0 to 6.0 for 7 days is present in Figure 7B. After exposure to ultraviolet radiation for 7 days, the amount of curcumin gradually decreased with the extent of exposure time and curcumin retention in different hydrogels were vastly different; WPF-GNP hydrogel exhibited better protection on curcumin under lower pH values and the retention could reach 75.18% at pH 2.0 and 74.10% at pH 3.0, which may due to the incorporation of curcumin into protein molecules. Hu et al. reported that hydrophobic polyphenols could bind to protein fibers and induce the formation of hydrogels through self-assembly of hybrid super-molecules (29). With the pH increased to 4.0, the degradation rate and amount of curcumin increased, which may be due to the deformation of WPF and subsequently the increased gel strength of hydrogels inhibiting the binding process of curcumin to protein; therefore, curcumin tends to disperse in the aqueous solution and hydrogels could not screen the effect of the ultraviolet light. When it comes to pH 5.0 and 6.0, the curcumin retention declined to 43.52 and 48.50%, respectively, and nearly half of the curcumin degraded after 7 days of UV irradiation, suggesting that the aggregates and sediments of hydrogels reduced its protective effect on curcumin, for curcumin could not bind to the fibrils tightly but only disperse in the mixture. Iurciuc et al. reported that the degradation of free curcumin exposed for 7 days to natural light and air reached a figure of 30% and the degradation half-time (t1/2) of free curcumin was 6.8 ± 0.3 h at pH 3.0 and 6.2 ± 0.3 h at pH 6.8 (39). A previous study reported that an increased gel strength of the delivery system usually means better protection from bioactive substances (40), which was opposite to our results. We speculated that the regular fibrous structure at lower pH values could encapsulate curcumin more tightly and shield it from external stimuli, while the partially deformed fiber structures at higher pH values would increase the exposure of curcumin to UV irradiation. These results indicated that the microstructures of WPF-GNP hydrogel could be effectively modulated by adjusting pH values, and this pH-responsive property of hydrogels could effectively regulate the photodegradation stability of curcumin.




Conclusion

In this work, fibril-nanoparticle hybrid hydrogels were successfully prepared through the interactions of GNP and WPF at a low protein concentration of 2 wt%; the gel strength and fluid nature of which could be easily modulated by altering pH, ionic strength, or composition. Compared to native globular proteins, amyloid fibrils generated from WPI were easier to bind and capture GNP to form a gel network with improved strength. The largest gel strength was achieved at the WPF:GNP ratio of 4:1 and pH 4.0 after 3 h heat treatment, indicating that the partial deformation of WPF is more apt to bind with nanoparticles. The introduction of NaCl could further enhance the strength of WPF-GNP hydrogel, and the highest strength was reached in the presence of 100 mM NaCl. Moreover, the WPF-GNP hydrogel could effectively load and protect curcumin from thermal degradation and photodegradation. In particular, a higher strength of hydrogels did not result in higher resistance stability of incorporated curcumin to the environmental stresses, which may be ascribed to polyphenols that were more readily interacted with amyloid fibers in lower acidic media and curcumin was prone to degrade under higher pH conditions. These findings may provide a new insight in developing food hydrogels with tunable characteristics through the interactions between fibril and nanoparticles to enlarge the application of hydrogels in food ingredients or functional foods.
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The objective of the research was to investigate and compare the bioactivities and bioaccessibility of the polyphenols (PPs) from Dendrobium officinale (DO) and probiotic fermented Dendrobium officinale (FDO), by using in vitro simulated digestion model under oral, gastric and intestinal phases as well as colonic fermentation. The results indicated that FDO possessed significantly higher total phenolic contents (TPC) and total flavonoid contents (TFC) than DO, and they were released most in the intestinal digestion phase with 6.96 ± 0.99 mg GAE/g DE and 10.70 ± 1.31 mg RE/g DE, respectively. Using high-performance liquid chromatography (HPLC), a total of six phenolic acids and four flavonoids were detected. In the intestinal phase, syringaldehyde and ferulic acid were major released by DO, whereas they were p-hydroxybenzoic acid, vanillic acid, and syringic acid for FDO. However, apigenin and scutellarin were sustained throughout the digestion whether DO or FDO. As the digestive process progressed, their antioxidant ability, α-amylase and α-glucosidase inhibitory activities were increased, and FDO was overall substantially stronger in these activities than that of DO. Both DO and FDO could reduce pH values in the colonic fermentation system, and enhance the contents of short-chain fatty acids, but there were no significantly different between them. The results of the 16S rRNA gene sequence analysis showed that both DO and FDO could alter intestinal microbial diversity during in vitro colonic fermentation. In particular, after colonic fermentation for 24 h, FDO could significantly improve the ratio of Firmicutes to Bacteroidetes, and enrich the abundancy of Enterococcus and Bifidobacterium (p < 0.05), which was most likely through the carbohydrate metabolism signal pathway. Taken together, the PPs from DO and FDO had good potential for antioxidant and modulation of gut bacterial flora during the digestive processes, and FDO had better bioactivities and bioaccessibility. This study could provide scientific data and novel insights for Dendrobium officinale to be developed as functional foods.
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 fermentation, Dendrobium officinale, bioaccessibility, in vitro digestion, fecal fermentation, gut microbiome, short-chain fatty acid


Introduction

Dendrobium officinale Kimura et Migo (Dendrobium officinale, DO), which belongs to the family Orchidaceae, is a perennial epiphytic herbal plant and has been widely used in many Asian countries because of its high nutritional and medicinal value (1, 2). As a well-known homologous medicine and food worldwide, DO has been reported to contain abundant active ingredients such as alkaloids, polysaccharides, phenanthrenes, anthrones, sesquiterpenoids, polyphenols, etc., and demonstrate many biological activities including antioxidant, antitumor, hypoglycemic, and immunomodulatory activities (3). However, most of the studies focused on the common bioactive component in DO such as polysaccharides and alkaloids, whereas minimal studies were carried on its polyphenols (PPs), another kind of important secondary metabolites (4–6). Previous studies reported the abundant PPs in DO, such as rutin, quercitrin, hyperoside, and quercetin, that were classified as flavonoids. In addition, phenolic acids and their derivatives including syringic acid, dihydro ferulic acid tyramine, p-hydroxybenzoic acid, ellagic acid, and gallotannins were also discovered in DO. These PPs were shown to have various biological activities, such as antioxidant, hypoglycemic, anticancer, antimicrobial, and immunomodulatory activities (7, 8).

However, large numbers of polyphenol-rich foods, including DO, are still underutilized due to their low bioavailability. The bioavailability of PPs depends on their bioaccessibility, which is defined as the fraction of these phenolic compounds released in the gastro-intestinal tract, not only just the mere phenolic content in the food. Many factors such as food matrix, solubility, digestibility, molecular structures, or metabolizing enzymes can greatly influence bioaccessibility (9). For example, PPs complexation with fiber, starch, pectin, proteins may significantly influence the bioaccessibility and activity of PPs (10). Therefore, fermentation appears to be an effective method to strengthen the physiological activities of PPs in DO (11). Microbial-mediated fermentation can degrade the macromolecules in food which later promote the release of active substance, to be better absorbed and utilized by the body (12, 13). It has been shown that the biological activities of PPs can be promoted through microbial fermentation, such as anti-inflammatory and antioxidative stress effects, while the effects of fermentation on the bioaccessibility of PPs in DO during gastrointestinal digestion were still unknown (14).

In general, human digestion is a multistep process that can be divided into four major stages: oral phase, gastric phase, small intestine phase, and colonic fermentation phase. During the oral process, food could be fragmented after chewing and digested by digestive enzymes, especially carbohydrates. Then the oral content flows, including protein, fiber, and fat, through the esophagus into the stomach and is digested by gastric acid and enzymes. After digestion in the stomach for several hours, the contents enter the small intestine and large intestine where it is retained and undergoes digestion and absorption (15, 16). During the intestinal phase, the gut microbiota promotes digestion and food absorption for host energy production, whereas in the colon, complex carbohydrates are fermented and converted by the microbiota into short chain fatty acids (SCFAs), a kind of microbial metabolites beneficial to host immune system and energy metabolism, such as n-butyrate, acetate, and propionate (17).

There is growing evidence that the gut microbiota plays a key role in modulating the production, bioavailability, and biological activities of PPs (18), and the inter-individual differences in the composition of gut microbiota have different effects (19). Conversely, PPs also can modulate the colonic microbial population composition or activity (20, 21). Therefore, it is highly necessary to investigate the efficacy in the absorption through the gastrointestinal tract of PPs and the interrelation between PPs and gut microbiota. Although in vivo digestions best represent the digestion of food in real conditions, in vitro digestion models and continuous colonic culture fermentation models are widely utilized owing to their advantages such as low price, speed, less labor-intensive, and no restrictions on humanities and morality (22). Nevertheless, to date, there is a limited report on the digestion stability of PPs from DO and FDO, and their bioaccessibility at in vitro digestion traits.

In this study, we fermented DO with a probiotic (Lactobacillus delbrueckii subspecies bulgaricus), then investigated the release of bioactive compounds, antioxidant activities, and bioaccessibility of PPs from DO and fermented DO (FDO) under gastrointestinal digestion and colonic fermentation. In addition, the influence of DO and FDO on human fecal microbiota and SCFAs were also evaluated. We expect that our results could provide new insights into the application and further development of DO.



Materials and methods


Chemicals and reagents

The Dendrobium officinale (DO) under the forest for 3–4-year-old was collected in Wenshan County, Kunming City, Yunnan Province, China, in June 2021.

Chemicals and reagents such as potassium chloride (KCl), dipotassium hydrogen phosphate (K2HPO4), magnesium chloride hexahydrate (MgCl26H2O), sodium chloride (NaCl), hydrochloric acid (HCl), and ammonium carbonate (NH4)2CO3, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), vitamin C (Vc), and 2,6-di-tert-butyl-4-methylphenol (BHT) were purchased from Sinopharm Chemical Reagent (Beijing, China). Acetonitrile (chromatographic grade) was purchased from Merck (Darmstadt, Germany). Other reference standards were supplied by Yuanye Bio-Technology (Shanghai, China). The pancreatin (from porcine gastric mucosa), and pepsin (from porcine gastric mucosa) were from Ruijin Medical Devices Co. Ltd (Jiangxi, China). The α-glucosidase (from Saccharomyces cerevisiae), α-amylase (from hog pancreas), acarbose, P-nitrophenyl-α-D-glucopyranoside (pNPG), and short-chain fatty acids standards (acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, valeric acid, and caproic acid) were purchased from Sigma-Aldrich (St.Louis, MO, USA).



Material preparation and fermentation

Fresh stems of Dendrobium officinale (100 g) were rinsed with water and pressed to juice at a 1:4 (w/v) ratio with the water. Then, the sample was sterilized at 121°C for 15 min. After cooling to room temperature, the sample was inoculated with 2% (v/v, 1 × 109 CFU/mL) Lactobacillus delbrueckii subspecies bulgaricus (GIM 1.155), which was provided by the Guangdong Institute of Microbiology (Guangzhou, Guangdong, China). The sample was placed in a warm air incubator to ferment culture at 37°C for 48 h, and the unfermented sample was used as a control. Lastly, the samples were freeze-dried to obtain crude Dendrobium officinale (DO) and fermented Dendrobium officinale (FDO) before storing at −20°C until further use.



In vitro gastrointestinal digestion

In vitro gastrointestinal digestion was simulated according to the main components of human gastrointestinal digestive juice and digestive environment as described by Xie et al. (23). A human gastrointestinal digestion simulation system is in sequence with healthy gastrointestinal conditions that covered oral, gastric, and small intestinal phases. Firstly, a 4 g sample was mixed with distilled water (45 mL) and simulated saliva fluid stock solution (45 mL, with α-amylase, pH = 6.5) for 2 min under agitation at 37°C. After centrifuging, the supernatant (5 mL) was obtained. After that, the sediment was dispersed with deionized water (40 mL), then simulated gastric fluid (40 mL, with pepsin, pH = 2) was added, and the mixture was stirred for 2 h at 37°C, followed by centrifugation and the supernatant (80 mL) was collected. For the final intestinal phase, the sediment was mixed with distilled water (40 mL) and simulated intestinal fluid stock solution (40 mL, with 800 U/ml pancreatin, and bile salt, pH = 7.0) followed by 2 h incubation at 37°C under constant agitation at 300 rpm. After the digestion was complete, it was centrifuged for 15 min and the supernatant was collected (100 mL). The residues were lyophilized and stored at −80°C prior to the next progress of colon fermentation.



In vitro colonic fermentation

The human fecal fermentation protocols were reviewed and approved by the Academic Committee of Southwest Forestry University (ethical approval number SWFU-2021015). The medium used for fermentation had the following composition (24): 0.005 g FeSO4·7H2O, 0.08 g CaCl2, 0.4 g bile acid, 0.5 g K2HPO4, 0.69 g MgSO4·H2O, 0.8 g L-cysteine, 1 g guar gum, 1.5 g NaHCO3, 2 g arabinogalactan, 2 g pectin, 3 g casein, 4 g mucoprotein, 4.5 g KCl, 4.5 g NaCl, 4 mL resazurin (0.025%, w/v), and 1 mL Tween 80. The final volume was made up to 1 L with distilled water and then autoclaved for 20 min at 121°C. Fecal samples were obtained from 3 healthy Chinese volunteers (20–25 years old) who had not taken antibiotics at least 6 months before the study and with no history of gastrointestinal disease or surgery. Fresh stool samples (100 g) were obtained from participants at the same time, and then promptly passed into an anaerobic chamber. Immediately, the fecal slurry was prepared by homogenizing fecal samples with 10% (w/v) phosphate-buffered saline (PBS, 0.01 M, pH = 7.2), and was stirred using a sterile glass rod. After filtering the homogenate through two layers of cheesecloth and the filtrate was collected, and stored at −80°C for standby. Eventually, the fecal slurry (50 mL) was mixed in a fermentation medium (50 mL) with the residues (2 g) after gastrointestinal digestion for the experimental groups. The medium with inoculum only was added as the blank group to the plate. Every fermentation step was carried out under anaerobic conditions and continuously stirred at 37°C for 48 h. The reaction was halted by immersing the tubes in an ice bath and collected at 0, 6, 12, 24, and 48 h. The reaction mixtures were then stored at −80°C. The pH of each solution at different time points was measured with a pH meter (Mettler Toledo LE438, China).



Extraction of phenolic compounds in supernatants

The filtrate (5 mL) of the supernatant collected from each digestion stage was acidified with HCl to pH 1.8–2, and subjected to liquid-liquid extraction with ethyl acetate (3 × 30 mL). The extraction solution was evaporated to dryness at 40°C under reduced pressure. Finally, the volume is made up to 3 mL with ethanol (70%) (23).



Total phenolic and flavonoid content

The Folin-Ciocalteu method was used to evaluate total phenolic content (TPC) in the different in vitro digestion stages (25). Briefly, in a 96-well microplate, the extracts (50 μL) were mixed with 25 μL freshly prepared Folin-Ciocalteu reagent (10%), and 200 μL of sodium carbonate (7.5%, w/v). After 25 min of incubation in the dark, the absorbance was read at 765 nm. Ethanol (70%) was used as a blank sample. All assays were done in triplicate and mean values were averaged. Gallic acid (20–100 μg/mL) was used as the standard curve and results were expressed as milligrams of gallic acid equivalents per gram of dry extract (mg GAE/g DE).

The total flavonoid content (TPC) was estimated using the previously reported method (26). First, 40 μL suitable concentration of sample solution and 15 μL of 5% (w/v) NaNO2 were mixed onto a 96-well plate. After 6 min, 20 μL of AlCl3 (6%, w/v), 140 μL of NaOH (4%, w/v), and 60 μL of 70% ethanol were added. After incubation for 15 min, the absorbance was determined at 510 nm. Rutin (20–100 μg/mL) was used as standard, and results were expressed as mg of rutin equivalents per g of dry extract (mg RE/g DE).



The HPLC analysis

The HPLC analysis was performed by an Agilent LC 1260 system (Agilent Technologies, CA, USA) (27). All samples were dissolved in 1,000 μL of methanol and then were filtered by a 0.22-μm membrane. The injection volume was 20 μL. The mobile phase consisted of (A) acetonitrile and (B) water with 0.1% formic acid with the gradient elution programmed as follows: 0 min, 5% A; 5 min, 5% A; 7 min, 10% A; 52 min, 30% A; 65 min, 100% A, following by washing with 100% A for 15 min and re-equilibration of the column with 5% A for 10 min. The chromatogram scan range was set to 200–400 nm. p-Hydroxybenzoic acid, vanillic acid, syringic acid, syringaldehyde, ferulic acid, epigallocatechin gallate, salicylic acid, cinnamic acid, apigenin, and scutellarin were used as standards. The identification was done by comparing the retention time of the corresponding standard at 280 nm, whereas quantification of the compounds was done using five-point calibration curves made by peak area of the standards. The results were expressed as μg per 100 grams of dry extract (μg/100 g DE).



Antioxidant assay

DPPH radical scavenging activity was assessed as described earlier 22. In total, 100 μL diluted samples solution was mixed with 125 μL of DPPH working solution (0.15 mmol/L) in a 96-well microplate. After 30 min incubation in the dark at room temperature, the absorbance was measured at 517 nm (AS), the 70% (v/v) ethanol solution was used instead of the sample as a negative control (Ac), and DPPH% was calculated as the following Equation (1). Trolox (4–20 μg/mL) was used as antioxidant standard curve (y = 3.0857x + 24.15, R2 = 0.9998) and the radical-scavenging activity of digested and fermented samples was expressed milligram Trolox equivalents per gram of sample dry extract (mg TE/g DE).
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The ABTS radical scavenging activity was measured by a previously described method (28). A 50 μL of the sample with various concentrations was mixed with 200 μL of ABTS·+ working solution in a 96-well plate and then the absorbance was measured at 734 nm after 6 min of incubation in the dark at 25°C. ABTS% was calculated using the same equation as Equation (1). The calibration curve was prepared by Trolox (10–60 μg/mL) with the following: y = 1.711x - 2.8472 (R2 = 0.9907). The final result was expressed as milligrams Trolox equivalent per grams of dry extract (mg TE/g DE).

The antioxidant capacity of samples was also measured by ferric reducing antioxidant power (FRAP) assay (29). A 20 μL of appropriately diluted sample and 300 μL of FRAP fresh solution (10 mmol/L TPTZ, 20 mM FeCl2, and 300 mM acetate buffer were prepared in the ratio of 1:1:10) were mixed in a 96 well plate. The absorbance was read at 593 nm using a microplate reader after incubation for 10 min at 37°C. FRAP values were calculated using a standard curve (y = 0.0084x - 0.0343, R2 = 0.991) of FeSO4 (4–20 μg/mL), which were expressed in terms of milligram of FeSO4 per gram of dry extract (mg FeSO4/g DE).



α-Amylase inhibitory activity assay

The α-amylase inhibitory activity was determined by the dinitrosalicylic acid (DNS) method (30). First, a 20 μL properly diluted sample solution and 20 μL of α-amylase (0.1 U/mL, pH 6.9) were added into a 96-well plate and then incubated at 37°C for 10 min. Subsequently, 40 μL soluble starch (0.25%, w/v) was added and the reaction mixture was incubated at 37°C for 5 min, followed by the immediately adding of 20 μL 3,5-dinitrosalicylic acid (DNS) color reagent to stop the reaction. Finally, the micro-well plates were placed in a boiling water bath for 10 min. After cooling at room temperature, 100 μL distilled water was added, and the absorbance was measured at 540 nm (As). The groups without the α-amylase (Ac) and without the samples (Ab) were used as a negative control and blank control, respectively. The α-amylase inhibitory activity was calculated according to Equation (2). Acarbose (20–200 μg/mL) was used served as the standard inhibitor to plot curve (y = 0.003x + 0.2013, R2 = 0.9944), and results were expressed as milligram acarbose per grams of dry extract (mg acarbose/g DE).

[image: image]

Where, As were the absorbance value of the reaction system with samples, Ab and Ac were the absorbance of blank and control, respectively.



α-Glucosidase inhibitory activity assay

The α-glucosidase inhibitory activity was measured based on the slightly modified method (31). 50 μL of suitably diluted sample and 50 μL of α-glucosidase solution (1 U/mL, pH = 6.9) were incubated on 96-well plates at 25°C for 5 min. After that, 50 μL of 5 mM p-nitrophenyl-α-d-glucopyranoside (p-NPG) solution was mixed to incubate at 25°C for 25 min. Finally, 100 μL of 0.2 M Na2CO3 solution was added to stop the enzymatic reaction, and the absorbance at 405 nm was measured (As). Seventy percent ethanol was used as the blank (Ab) and a group without the α-glucosidase as the negative control (Ac). The inhibitor drug acarbose (20–100 μg/mL) was used as reference standard (y = 0.0043x + 0.0845, R2 = 0.9935), and the inhibition ability was expressed as milligram acarbose per grams of dry extract (mg acarbose/g DE). The inhibition rate was calculated using Equation (2).



SCFA analysis

Gas chromatography-mass spectrometry (GC-MS) analysis of SCFAs composition and production in the fecal samples was performed as previously described (32). Briefly, 2 mL of sample was thawed at room temperature, followed by addition of 50 μL of phosphoric acid (w/v%, 5%), a 100 μL of isocaproic acid solution (125 μg/mL) and 400 μL diethyl ether were then added to homogenate on ice for 1 min. Finally, the supernatants were collected following centrifugation at 12,000 rpm for 15 min at 4°C for further GC-MS analysis. MS condition: an electron bombardment ion (EI) source (70 eV), and the data collection method was selective ion monitoring (SIM) mode. Helium was the carrier gas with a flow rate of 1 mL/min. All injections were 1 μL with a split injection ratio of 10:1. The capillary GC-MS column is HP-Innowax (30 m × 0.25 mm × 0.5 μm, Agilent Technology, USA). The ion source temperature was set at 200°C, and the injection port and transfer line temperature were kept at 250°C. The GC temperature program: start with an initial temperature of 90°C, after which the column was increased to 120°C at a rate of 10°C/min, followed by 150°C at a rate of 5°C/min, and finally 10 min at 250°C (maintained for 2 min).



16S rRNA gene sequencing analysis

Total genomic DNA from samples was extracted using the previously method (33). DNA concentration and purity were detected with 1 ng/μL sterile water. PCR amplification was performed at the variable region (V3-V4) of the 16S rRNA genes using Barcarole specific primers and High-Fidelity DNA Polymerase. The forward primer was 341F (CCTAYGGGRBGCASCAG), and the reverse primer was 806R (GGACTACNNGGGTATCTAAT0). The PCR products were mixed with an equal volume of 1 × loading buffer (containing SYB green) and were examined by 2% agarose gel electrophoresis for detection. Then, the mixture of PCR products was purified by using AxyPrepDNA Gel Recovery Kit (Axygen, China). Referring to the preliminary quantitative results of electrophoresis, the PCR products were quantified with a QuantiFluor™-ST blue fluorescence quantitative system (Promega, United States). The library quality and average fragment sizes were assessed on the Agilent Bioanalyzer 2100 system and Qubit@ 2.0 Fluorometer (Thermo Scientific). Subsequently, the libraries were sequenced with Illumina Miseq/HiSeq2500 and 250/300 bp paired-end reads were generated.

Paired-end reads were assigned to each sample based on their unique barcode, which was used for bioinformatic processing. Sequences with ≥ 97% similarity were assigned to the same Operational Taxonomic Units (OTUs), and the richness and species of Alpha diversity were assessed. Linear discriminant analysis effect size (LEfSe) was conducted for quantitatively analyzing biomarkers in different groups, and KEGG pathway enrichment analysis was performed.



Statistical analyzes

Each experiment was performed at least three times, and all numerical data are expressed as the mean ± standard deviation. Statistical analyses were performed using Origin 2018 software, and significant differences among the groups were analyzed using SPSS Version 22.0. Correlations were determined by the Pearson correlation coefficient. Differences in operational taxonomic units (OTUs) were evaluated using the raw data reads. LEfSe was performed using the LEfSe tool (https://www.omicstudio.cn/tool/60). The least significant difference (LSD) test was adopted to analyze the significant differences among multiple groups. The KEGG analysis was performed by KEGG Mapper (http://www.genome.jp/kegg/mapper.html).




Results


Total phenolic and flavonoid contents analysis

The changes in the TPC and TFC of DO and FDO during the simulation of gastrointestinal digestion and colonic fermentation are shown in Table 1. For DO, the undigested control sample contained approximately 2.16 ± 0.26 mg GAE/g DE of TPC, and no significant change was found in the oral phase (2.64 ± 0.11 mg GAE/g DE), while there were substantial increases in the gastric and intestine phases with values of 3.74 ± 0.19 and 5.74 ± 1.06 mg GAE/g DE (p < 0.05), respectively. The release of TPC in FDO showed a similar trend for DO. The intestine phase was the highest (6.96 ± 0.99 mg GAE/g DE), which was 2.48-fold of the undigested phase (2.80 ± 0.14 mg GAE/g DE), followed by the gastric phase (4.40 ± 0.29 mg GAE/g DE), and the oral phase (3.01 ± 0.24 mg GAE/g DE). After fermentation in the colonic for 24 h, both for DO and FDO, the released amount of TPC increased slightly, and declined thereafter, but not significant (p > 0.05).


TABLE 1 TPC and TFC values of DO and FDO in vitro gastrointestinal digestion and colonic fermentation.
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Similar to TPC, the gastrointestinal phase also led to a substantial increase in TFC of the DO and FDO. Of which, the TFC of the undigested DO was found to be 2.14 ± 0.34 mg RE/g DE, and there was no significant change after oral digestion (2.51 ± 0.62 RE/g DE). While in gastric and intestine, their TFC were 3.39 ± 0.62 and 3.48 ± 0.85 RE/g DE, which was a statistically significant increase of 58 and 62%, respectively, in comparison with the undigested control (p < 0.05). During the colonic fermentation stage, the TFC also first increased and then decreased, and it was highest after colonic fermentation for 24 h (2.45 ± 0.39 RE/g DE). When compared to DO, FDO demonstrated the surprising TFC values: 6.84 ± 0.34 mg RE/g DE for the undigested sample, 8.56 ± 0.58 mg RE/g DE for the oral phase, 10.61 ± 0.35 mg RE/g DE for the gastric phase, and 10.70 ± 1.31 mg RE/g DE for the intestine phase. The TFC values of FDO were even 3.2 times higher than that of DO during the whole digestion. A similar trend was observed for the TFC in colonic fermentation with that of DO, and the highest value was found after colonic fermentation for 24 h (2.80 ± 0.26 RE/g DE).

Overall, during digestion simulation, there was a progressive increase in the TPC and TFC of both DO and FDO, which means that the digestion could promote the release of phenols and flavonoids. Bound phenolic compounds were conjugated with macromolecules such as proteins, carbohydrates, and pectin through covalent bonds and non-covalent bonds before being released from the food matrix by various digestive enzymes and acid-base environments in intestine time, and the remaining phenolics will then directly move to the colon (34). The TPC and TFC of DO and FDO reached the highest peak at 24 h colonic fermentation, it was probably demonstrated that a large number of polyphenols bound with DO or FDO were subjected to colonic fermentation, then slowly and continuously released under the influence of gut microbe (24). The colon fermentation decreases after 24 h, which may be because some of the bound polyphenols could be degraded and transformed as the activity of microbe present in the human gut (35). On the other hand, the FDO almost had higher TPC and TFC values than DO nearly for each phase (p < 0.05), which indicated fermentation could also significantly increase the release of the phenols and flavonoids in DO, and, subsequently, promotes the bioaccessibility of PPs. The reason might be that probiotic fermentation could consume the macromolecules bound with phenolics or flavonoid, which led to the release of phenolics and flavonoid (36).



HPLC analyzes

The contents of phenolic compounds of DO and FDO before and after in vitro digestion and colonic fermentation are tabulated in Table 2. According to the previous studies, 16 standards were selected (37–39). These standards and compounds were identified and quantified using HPLC-DAD by comparing the retention times and peak area with their authentic standards. The chromatograms of the samples are illustrated in Figure 1. A total of six phenolic acids and four flavonoids were identified in the DO and FDO during in vitro digestion. To begin with, we have detected seven phenolics including vanillic acid, syringic acid, syringaldehyde, ferulic acid, epigallocatechin gallate, apigenin, and scutellarin in the undigested DO. In the undigested phase, the contents of phenolic compounds of FDO were generally higher than that of DO except for ferulic acid and epigallocatechin gallate, while three new phenolic acids were emitted in FDO: p-hydroxybenzoic acid, salicylic acid, and cinnamic acid. For the oral phase, the content of PPs were enhanced significantly compared to that of the undigested one, the released salicylic acid (11.21 ± 3.90 mg/100 g DE) and apigenin (11.22 ± 3.91 mg/100 g DE) from FDO were about 3.4 and 1.8 times higher than the undigested FDO, respectively.


TABLE 2 The content of individual phenolics from DO and FDO released in vitro gastrointestinal digestion.

[image: Table 2]


[image: Figure 1]
FIGURE 1
 HPLC-DAD chromatogram of DO (A,B) and FDO (C,D) in vitro gastrointestinal digestion and colonic fermentation. mAU: milli-arbitrary units. Detection at 280 nm: (1) Gallic acid, (2) P-hydroxybenzoic acid, (3) Protocatechuic acid, (4) Vanillic acid, (5) Syringic acid, (6) Epicatechin, (7) Dihydromyricetin, (8) Syringaldehyde, (9) Ferulic acid, (10) Epigallocatechin gallate, (11) Ellagic acid, (12) Salicylic acid, (13) Cinnamic acid, (14) Apigenin, (15) Hesperetin, (16) Scutellarin.


Moreover, a new phenolic compound of cinnamic acid (0.28 ± 0.01 mg/100 g DE) was released in the DO during the oral phase, perhaps because amylase could enhance the release of phenolics from the food matrix. Interestingly, the majority of PPs were decreased stepwise from oral to gastric digestion, and even less in the intestinal phase, but some PPs were released after gastrointestinal digestion. In gastric digestion compared with oral digestion, the released ferulic acid, apigenin, and scutellarin in DO were increased by 68.3, 8.3, and 72%, respectively, while the released syringic acid decreased. However, ferulic acid, epigallocatechin gallate, salicylic acid, and cinnamic acid in FDO of the gastric phase were not detected, whereas the concentrations of vanillic acid, apigenin, and scutellarin in the gastric phase were slightly increased, respectively, 1.31, 1.18, and 1.73 folds of that in oral phase. For the DO sample, only apigenin and scutellarin were released at the end of the intestinal phase, and the intestinal phase was the only process seen to promote the release of salicylic acid. While for the FDO sample, the contents of apigenin and scutellarin were lower than that of DO in the intestinal, and they were present throughout the in vitro gastrointestinal digestion. Surprisingly, vanillic acid was detected only in FDO at the intestinal phase (4.88 ± 0.07 mg/100 g DE). It presumably because of the release degree of PPs during digestion was greatly affected by alkaline and acidic conditions, flavonoids have been reported to be more stable under acidic conditions, however, in neutral or alkaline environments, such as in the intestine, they degrade which produces simpler phenolic acids (40).

The release of these active compounds during colon fermentation was shown in Figure 2. Both for DO and FDO, the contents of apigenin and scutellarin were all the highest at 24 h of colonic fermentation, where FDO were respectively 1.36 and 1.2 times greater than DO. Moreover, compared with DO, p-hydroxybenzoic acid was only released in FDO during colon fermentation, which might be due to the action of Lactobacillus fermentation, causing the release or production of new compounds.
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FIGURE 2
 The content of apigenin (A) and scutellarin (B) from DO and FDO at different time point of colonic fermentation. DO, Dendrobium officinale; FDO, fermented Dendrobium officinale. Means with different letters are significantly different (p < 0.05), * Mean values indicated the significantly different in the same indicator at the same time point between DO and FDO (p < 0.05).




Antioxidant activity

Several beneficial effects of PPs have been attributed to their antioxidant capacity as well as their stability and availability during the digestion process. Thus, we further investigated the effect of digestion on the antioxidant capacities of DO and FDO PPs along the in vitro simulated gastrointestinal digestion. Antioxidant capacities were measured by the DPPH and ABTS radical scavenging activity, and ferric reducing antioxidant power (Figure 3). The DPPH values during the intestinal digestion phase in the FDO were up to 4.67, 4.40, and 2.04 times higher than those measured for the undigested, oral, and gastric digestion phase, respectively (Figure 3A). From Figure 3D, the FDO after 6 h to 24 h of colonic fermentation showed increased DPPH radical scavenging capacity of 3.10 ± 0.42 to 3.21 ± 0.46 mg TE/g DE, and further decreased to 3.06 ± 0.20 mg TE/g DE after 48 h. In addition, the DPPH radical scavenging activity of FDO overall was also stronger than that of the DO in digestion and colonic fermentation.
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FIGURE 3
 Antioxidant activity of DO and FDO during in vitro digestion and colonic fermentation processing. (A,D) DPPH radical scavenging activity, (B,E) ABTS radical scavenging ability, (C,F) Ferric reducing antioxidant power. DO, Dendrobium officinale; FDO, fermented Dendrobium officinale. Means with different letters are significantly different (p < 0.05), * Mean values indicated the significantly different in the same indicator at the same time point between DO and FDO (p < 0.05), while no letters mean no significant difference (p > 0.05).


Similar behavior was observed when ABTS was evaluated (Figure 3B). The intestinal digestion product of the FDO processed by fermentation displayed the highest ABTS scavenger radical capacity (92.37 ± 1.76 mg TE/g DE) followed by gastric digestion (48.71 ± 0.25 mg TE/g DE) and oral digestion (26.36 ± 3.86 mg TE/g DE), which was higher than that of undigested fractions with 25.74 ± 0.83 mg TE/g DE. In terms of ABTS scavenging activity after colonic fermentation, DO and FDO samples showed a steady trend with no significant difference (Figure 3E, p > 0.05). This is understandable because the number of PPs was not only lesser in the colonic fermentation stage but also reduced in the content.

After undergoing the oral phase compared to those undigested, a significantly larger FARP value was observed in the DO and FDO samples (Figure 3C), with values of 4.06 ± 0.08 and 6.81 ± 0.28, respectively. The gastric phase was more striking, with an increase in FRAP of DO and FDO of 16 and 10%, respectively. In the intestinal phase, the FRAP values of DO and FDO maintained the increasing trend and reached a maximum of 6.21 ± 0.04 mg FeSO4/g DE and 8.86 ± 0.15 mg FeSO4/g DE, respectively. Additionally, for each DO and FDO sample, there were significant differences in the FRAP colonic fermentation phase (Figure 3F, p < 0.05), and the values of FRAP were 4.81–5.59 and 5.3–5.64 mg FeSO4/g DE, respectively. Interestingly, the FRAP values of FDO are overall significantly stronger than DO (p < 0.05). In summary, a comparison of the DO and FDO groups revealed that the intestinal phase had elevated significant antioxidant activity when compared with the non-digested ones (p < 0.05) during the entire digestion. It might be relevant to the release content, biological activity, stability, and bioavailability of PPs after digestion. The same finding occurred in the gastric and intestinal digestion process of apple and mango fruit, which showed higher polyphenol content and antioxidant activities after the in vitro digestion (41, 42).

The correlation analysis showed good correlations between the DPPH and ABTS with TPC in DO (Figure 4A), and the correlation coefficients were 0.71 and 0.74, respectively. Significant positive correlations were also found FRAP with TFC (r = 0.87, p < 0.01) in FDO (Figure 4E), which were even higher than their correlations with TPC. In all, a linear relationship was found between the TPC/TFC and functional activity indicators that were positively correlated to different degrees in the digestion, which suggested that the content of released PPs contributed significantly to the antioxidant capacity of the DO and FDO. To exclude the effects of other factors on the results, we further plotted the principal coordinates analysis (PCoA) about seven functional activity indicators (Figures 4C,E) and principal component analysis (PCA) about different digestion stages in DO and FDO (Figures 4D,H), the results exhibited that each group can be well-differentiated.
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FIGURE 4
 Heatmap graph of correlation analysis and principal component analysis (PCA) of different samples and indicators. (A,E) Correlation heatmap of DO and FDO. (B,F) Correlation network of DO and FDO. (C,G) Principal coordinates analysis (PCoA) of 7 functional activity indicators in DO and FDO; (D,H) Principal component analysis of different digestion stages in DO and FDO. P-value (ranging from 0 to 1) and corresponding color (red to blue) represented the magnitude of the Pearson correlation. TFC, total flavonoid content; DPPH, DPPH· scavenging activity; ABTS, ABTS·+ scavenging ability; FRAP, ferric reducing antioxidant power; α-amylase, α-amylase inhibitory; α-glucosidase, α-glucosidase inhibitory.




α-Amylase and α-Glucosidase inhibitory ability

Inhibition of α-amylase and α-glucosidase enzymes delays the digestion of carbohydrates and glucose absorption in the small intestine, resulting in reduced postprandial plasma glucose levels, thereby delaying postprandial hyperglycemia (43). In the last few years, various α-glucosidase inhibitors from natural products have been widely used as they are safe and have minimal side effects (44). Acarbose is the drug that is most commonly and extensively used as α-amylase and α-glucosidase inhibitors (45), hence, the enzyme inhibition potency in this study was indicated by mg acarbose/g DE. The α-amylase inhibitory activity of DO and FDO at different phases of in vitro gastrointestinal digestion (Figures 5A,C) and colonic fermentation (Figures 5B,D) were measured. The α-amylase inhibitory activity of FDO was higher than that in DO during the whole digestion process, and the inhibitory activity of FDO was primarily shown in the small intestine, which reached the highest (15.43 ± 0.27 mg acarbose/g DE), but there was no significant difference between DO and FDO at this phase (p > 0.05). Nevertheless, Figure 5B shows that the α-amylase inhibitory activity of DO was significantly higher than the FDO with colonic fermentation at 6 h to 48 h, indicating some bioactive substances in DO at this stage were involved in controlling α-amylase activity.
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FIGURE 5
 The α-amylase (A,B) and α-glucosidase (C,D) inhibitory activities of released from DO and FDO after in vitro gastrointestinal digestion and colonic fermentation. DO, Dendrobium officinale; FDO, fermented Dendrobium oficinale. Means with different letters are significantly different (p < 0.05), * Mean values indicated the significantly different in the same indicator at the same time point between DO and FDO (p < 0.05).


The inhibitory activities of α-glucosidase showed no significant difference among the DO and FDO (p > 0.05) at the oral digestion phase, indeed the DO in most stages of gastrointestinal digestion has significantly higher inhibitory effects against α-glucosidase than FDO (p < 0.05), and illustrated the strongest α-glucosidase inhibitory activity in the intestinal phase, with the value of 4.29 ± 0.3 mg acarbose/g DE. However, all samples showed a weaker α-glucosidase inhibitory activity after colonic fermentation when compared with those of intestinal digestion. It was interesting to note that DO has shown a higher inhibition of α-glucosidase (p < 0.05) than FDO at 6 h of colonic fermentation. Surprisingly, the α-glucosidase inhibitory activity of FDO drastically increased and even reached the highest at 24 h (2.63 ± 0.17 mg acarbose/g DE) during the progress of colonic fermentation, and relatively declined at 48 h (1.37 ± 0.17 mg acarbose/g DE).

In order to further analyze the correlations among 10 metabolites and seven functional activities in DO and FDO, the correlations were evaluated by Spearman's method and displayed as network diagrams and heat maps (Figure 6). For DO, three PPs of scutellarin, salicylic acid and apigenin were significantly positively correlated with TFC, antioxidant activity and α-glucosidase inhibitory ability (p < 0.05), while four metabolites (syringic acid, syringaldehyde, epigallocatechin gallate, and vanillic acid) showed significantly negatively correlated with all activity indicators. An unexpected finding of this study was that compared with DO, only vanillic acid and scutellarin in FDO were significantly positively correlated with all functional activity indicators (p < 0.05). Apigenin in FDO was not significantly correlated with α-glucosidase inhibitory ability, but there was a significant positive correlation in DO, which explained the stronger inhibition of glucosidase by DO than FDO during the intestinal phase. The network diagrams demonstrated that the complex relationships and interaction between the abundant metabolites and functional activities indicators for DO (Figure 6A) and FDO (Figure 6D), a functional index may be regulated by a variety of active substances.
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FIGURE 6
 Associated network diagram and correlation heat map of spearman's analysis shows the correlation between metabolites and functional activities. (A,C) Associated network of DO and FDO. (B,D) Correlation heat map of spearman's analysis of DO and FDO. Red lines represent positive correlations while green lines represent negative correlations between compounds (green circle) and functional activities (red circle). *p < 0.05, **p ≤ 0.01, and ***p < 0.001, respectively.




Effects of DO and FDO on pH values in colonic fermentation

A human fecal inoculum simulated fermentation model was used to assess the performance of DO and FDO. During the colonic fermentation, the pH values are an important factor, which can reflect the fermentation process and degree. From Figure 7, the initial pH values for all groups were approximately 6.99 to 7.05, then reached 6.30 for DO and 5.99 for FDO after fermentation for 6 h, while the control group remained 7.02. When the fermentation time was 12 h, these pH values significantly decreased to 5.33, 5.03, and 6.23, respectively (p < 0.05). Then, that continuously declines until it stabilizes at fermentation for 24 h. Altogether, the pH value of the colonic culture significantly changed over time, of which the FDO group was lower during the entire fermentation, and demonstrated the highest decrement (from 7.0 to 5.0) when compared to DO and control groups (p < 0.05). The results indicated that DO and FDO could decrease the pH of the to the contents of colonic fermentation, with FDO being more potent. The decrease in colonic pH might be related to the consumption of microbial carbon sources during fermentation and the production of organic acids (46).
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FIGURE 7
 The changes in pH values of fermented cultures added with DO or FDO at different time point of 0, 6, 12, 24, and 48 h. DO, Dendrobium officinale; FDO, fermented Dendrobium officinale. Means with different letters are significantly different (p < 0.05), *Mean values indicated significantly different (p < 0.05).




Effects of DO and FDO on SCFAs in colonic fermentation

SCFAs, as a major class of key microbial metabolic products in the large intestine and colon, is an important indicator of intestinal homeostasis and have a significant relation to human health. In addition, bacterial fermentation dietary fibers may lower the pH of the colon through the production of SCFAs, which influence the fermentation environment of the colon. According to Section 4.5, the pH value maintained a decreased trend after colon fermentation for 6 h and then remained stable at 24 h, therefore we chose the colon fermentation 6 h and 24 h for SCFAs analysis. A total of 7 samples were divided into fermentation 0 h (BL0h), fermentation 6 h (BL6h, DO6h, and FDO6h), and fermentation 24 h (BL24h, DO24h, and FDO24h). Based on this, seven SCFAs and total SCFAs in these samples were subsequently investigated, including butyric, caproic, acetic, isobutyric, isovaleric, propionic, and valeric acids. From Figure 8, the amounts of SCFAs produced in vitro fecal fermentation with DO and FDO are generally higher than those of the control without them. The fermentation of 24 h in group FDO produced significantly higher concentrations of acetic acid (517.94 ± 74.33 μg/mL) and butyric acid (305.61 ± 6.53 μg/mL) compared with the blank (p < 0.05). At the same time, the fermentation of 6 h and 24 h in DO groups generated more acetic acid, propionic acid, and total SCFAs than blank, but remained substantially below FDO groups. Furthermore, the concentrations of caproic, isobutyric, isovaleric, propionic, and valeric acid were not notably increased in the fermentation of all groups (p > 0.05).


[image: Figure 8]
FIGURE 8
 Concentrations of butyric acid (A), caproic acid (B), acetic acid (C), isobutyric acid (D), isovaleric acid (E), propionic acid (F), valeric acid (G), and total SCFAs (H) in fermentation products of DO and FDO compared to blank group. Different letters are used to denote mean values that are significantly different between treatments (p < 0.05).


Among these seven SCFAs, the total content of acetic acid and butyric acid represent 90–95% of the total SCFAs present in the colon, another five SCFAs comprise 5% of the total. Compared with the other six acids, higher amounts of acetic acids were produced in fecal fermentation with DO and FDO, suggesting the change in the pH is mainly affected by acetic acid. Previous studies have suggested that acetic acid showed bactericidal activity, which inhibited the number of harmful bacteria, thereby maintaining the balance of gut flora (47). This finding suggested that DO and FDO, especially FDO, might have beneficial effects on human gut health through promoting acetic acid production.



Effect of DO and FDO on fecal microbial

The species and number of the gut microbiota were reported to correlate with some of the diseases in human health (48). To assess the effect of DO and FDO on fecal bacterial microbiota, 16S rRNA high throughput sequencing was further used to analyze the diversity and change in the composition of human fecal microbial community during colon fermentation. In general, sequences with at least 97% similarity were clustered into OTUs, which can represent the community richness. The same 7 samples as in Section 4.6 were carried out for OTUs analysis, and there were 189, 180, 177, 147, 54, 99, and 103 OTUs for the BL0h, BL6h, DO6h, FDO6h, BL24h, DO24h, and FDO24h, respectively (Figure 9A). There was a steady decrease in the OTU richness of the entire community as the fermentation time increased, of which the number of OTUs for the FDO24h was more than BL24h. The principal coordinate analysis (PCoA) plots using weighted distance were performed and a clear separation between each experimental group was observed (Figure 9B). According to the alpha diversity analyses (Figures 9C,D), colon fermentation could significantly alter the microbiota profile of the fecal microbial community, and decrease its diversity and richness. Interestingly, both DO and FDO could improve the diversity and richness of fecal microbial community, and the effect of FDO at colon fermentation 24 h was more obvious. In short, ingestion of FDO that more effectively improved gut flora diversity.


[image: Figure 9]
FIGURE 9
 Alpha diversity indices boxplot among groups. (A) Upset plot and petal diagram; (B) PCoA analysis; (C) Chao index; (D) Observed species; (E) PD whole tree; (F) Simpson index; (G) ACE index; (H) Shannon index; BL, group of fermentation in vitro without DO and FDO; DO, Dendrobium officinale; FDO, fermented Dendrobium officinale. Boxes with different letters are used to denote mean values that are significantly different (p < 0.05).


At the phylum level, Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes were the main phyla for each group (Figure 10A). Of which, the BL0h group was dominated by Firmicutes and Actinobacteria. After fermentation for 24 h, the concentrations of Proteobacteria in all groups were increased. In the BL24h group, Proteobacteria became the dominant flora with a proportion of 92.89%. Compared with BL0h, a relative increase in abundance of Firmicutes in the DO24h (by 30.58%) and in the FDO24h (by 29.12%). Similarly, there were exhibited a large increase relative abundance of Actinobacteria in the DO24h and FDO24h (by 53.54 and 56.49%, respectively). In contrast, fermentation in colon for 24 h, a significant reduction was observed for Proteobacteria with a decrease rate of 85.44% in DO and 87% in FDO (p < 0.05). This was consistent with the results reported previously (49).


[image: Figure 10]
FIGURE 10
 Effects of DO and FDO on the structure of the gut microbiota composition in vitro fecal fermented at different times. (A) Microbial composition at phylum level during in vitro fecal fermentation; (B) The heatmap of the gut microbiota in all groups at the genus level; Histogram (C) and cladogram (D) from LEfSe analysis. BL, group of fermentation in vitro without DO and FDO; DO, Dendrobium officinale; FDO, fermented Dendrobium officinale.


The overall microbiota structure for each group at the genus level is shown in Figure 10B as a heat map. For the blank sample, Escherichia-Shigella, one of the most common pathogenic bacteria, was significantly increased after fermentation of 24 h (BL24h group vs. BL0h group, p < 0.05). While for a series of beneficial bacteria such as Anaerostipes, Collinsella, Blautia, and Subdoligranulum, they were decreased. After fermentation for 24 h, the dominant bacteria for the DO and FDO groups were Enterococcus, Romboutsia, and Bifidobacterium. They belong to lactic acid bacteria, and could convert carbohydrates to lactic acid or acetic acid, which in turn help to sustain a healthier intestinal microbiota. In addition, the relative abundance of Clostridium sensu stricto, a beneficial microorganism in gut microbiota (50), was significantly increased in the FDO6h group (p < 0.05). The above results exhibited that DO and FDO could improve the diversity of intestinal flora to some extent, which exerted beneficial regulatory effects.

Taxonomic cladogram produced from LEfSe analysis shows the significant differences in microbiota communities among seven groups, and the enrichment degree of bacterial taxa from phylum to family level (Figure 10C). The LDA effect size analysis identified a total of 135 species-level taxa with significantly differential abundance (Figure 10D). The diversity of the dominant bacteria increased in the FDO group, such as Firmicutes, Actinobacteria, etc.

The predicted microbial metabolic functions present against the KEGG database from metagenomic sequences were profiled via PICRUSt. The heatmap of clustering for KEGG pathways (Figure 11A) revealed metabolic pathways for all groups at different time points during fermentation. Taken as a whole, most functions were significantly decreased after colonic fermentation (p < 0.05). From Figure 11C, the 24 h fermentation in FDO was primarily mediated by the amino acid metabolism, translation, replication and repair pathway. Of those, the carbohydrate metabolism was the most significant difference in the metabolic pathway between FDO and blank at 24 h, which was related to sucrose and propionate (Figure 11B) (51).


[image: Figure 11]
FIGURE 11
 KEGG pathway analysis. (A) The heatmap of clustering for KEGG pathways. (B) Analysis for KEGG pathway using STAMP. (C) Analysis for KEGG pathway using Lefse.





Discussion

As a famous medicinal and edible plant throughout the world, DO is enriched with various biologically active substances, and has great economic value and multiple physiological functions. However, research on the PPs in DO is still scarce. An important factor that limits the functional activity and research use of PPs is its low bioavailability, which strictly depends on its bioaccessibility. Gratifyingly, probiotic fermentation is an effective and green method for improving the bioactivities and bioaccessibility of PPs (52). In addition, the in vitro digestion and colonic fermentationmodel also offers a simple, safe, economical, and controllable tool for investigating ways to increase the bioaccessibility of PPs (53).

Our study showed that both in vitro digestion and probiotic fermentation could promote the release of phenols and flavonoids in DO. Where the highest PPs levels were found in the intestinal digestion stage among the three stages, which probably was caused by following multiple factors acting singly or in combination: the actions of digestive enzymes, and changes in gastrointestinal pH. Almost during the whole digestion process, FDO processed significantly higher TPC and TFC compared to unfermented samples (p < 0.05). Thus, it was indicated that probiotic fermentation also is an effective treatment to improve the bioaccessibility of PPs (54).

Of the ten compounds examined by HPLC analysis, syringic acid, ferulic acid, epigallocatechin gallate, apigenin, and scutellarin were the main five compounds. The number of these compounds gradually decreased from the oral to the intestinal phase but their contents increased in the gastrointestinal phase. Interestingly, p-hydroxybenzoic acid was only identified in FDO during gastrointestinal digestion. While apigenin and scutellarin were major released in colon fermentation, with a maximum level at colon fermentation of 24 h. The above results were attributed to the actions of digestion and fermentation, including formation, transformation, and degradation (55).

To evaluate the effects of probiotic fermentation on the functional activity of DO, the antioxidant activities, α-amylase and α-glucosidase inhibitory activities evaluation were performed. Overall, these bioactivities were found to be strongest in the intestinal phase. When fermented and unfermented groups were compared, FDO showed significantly stronger antioxidant activities and α-amylase inhibitory activity during the digestion process, but there were no obvious rules in the other indexes, that FDO was always stronger or weaker during the whole digestion and colon fermentation process. Considering that probiotic fermentation could result in the increasing and decreasing of the active compound and the production of new compounds in DO (52), and these compounds work together to influence the functional activity of DO, thus, the actions of probiotic fermentation might affect the different bioactivities of DO both in a positive and a negative way. However, in the present study, due to the limiting of experimental conditions, these actions on PPs were not investigated, further relevant in-depth studies such as metabolomics analysis and searching for the key active metabolite were desirable.

Both DO and FDO, especially FDO, could regulate the composition of microbial flora, they could improve the intestinal environment by increasing the populations of lactic acid bacteria, including Enterococcus, Romboutsia, and Bifidobacterium, and inhibit the growth of pathogenic bacteria. Of those, Bifidobacterium could produce short-chain fatty acids to decrease the gut pH and form biological barriers, and secrete anti-microbial compounds to attenuate harmful bacteria (56, 57). Besides, they could increase the output of SCFAs, such as acetic acid and butyric acid, which in turn reduce the intestinal pH value, and improve the intestinal digestive enzyme activities, thus promoting digestion and absorption, and maintaining intestinal environmental stability in colonic fermentation (58). Overall, probiotic fermentation could impact PPs in DO and their metabolites, in turn modulating the colonic microbial composition, and finally improve the digestive stability and bioavailability of PPs in DO.



Conclusions

Taken together, this study evaluated the effects of probiotic fermentation on the bioactivities and bioaccessibility of PPs in DO under in vitro simulated gastrointestinal digestion and colon fermentation, and explored the influence of PPs in DO on fecal microbial diversity. The results showed that probiotic fermentation could increase the release of PPs in digestion, which improved their bioaccessibility. The biological activities of PPs, including antioxidant ability and α-amylase inhibitory activity, were also enhanced after fermentation, and were found to be strongest in the intestinal phase. The PPs in DO could strikingly alter the richness and diversity of fecal microbiota, and probiotic fermentation further promoted this improvement effect. In addition, the PPs both in DO and FDO, especially in FDO, was effective in promoting colonic fermentation, and increasing the concentration of SCFAs. The work revealed potential health benefits of the PPs in DO, and could provide a novel insight into the further utilization of Dendrobium officinale by using probiotic fermentation. As the next step, it can be considered to investigate the key polyphenols in Dendrobium officinale and their detailed transformation mechanisms during fermentation and digestion further.
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A comparative study was conducted among the flesh (SOF) and pericarp (SOP) of Stauntonia obovatifoliola, a wild edible fruit in China. The nutrient composition of both these tissues was firstly quantified, and liquid-liquid extraction was then used to separate their methanolic extracts to get petroleum ether, chloroform, ethyl acetate, n-butanol, and residual aqueous fractions, which were evaluated for their total phenol content (TPC), total flavonoid content (TFC), antioxidant capacities, and α-glucosidase and acetylcholinesterase inhibition abilities. Finally, high-performance liquid chromatography (HPLC) was used to analyze their phytochemical composition. The results revealed the excellent nutritional properties of both SOF and SOP, especially SOP (total dietary fiber, 15.50 g/100 g; total amino acids, 0.80 g/100 g; vitamin C, 18.00 mg/100 g; Ca, 272.00 mg/kg; K, 402.00 mg/100 g). For both tissues, their ethyl acetate fractions showed the highest TPC (355.12 and 390.99 mg GAE/g DE) and TFC (306.58 and 298.48 mg RE/g DE). Surprisingly, the ethyl acetate fraction of SOP exhibited the strongest DPPH and ABTS radical scavenging capacity with 1046.94 and 1298.64 mg Trolox/g, respectively, which were higher than that of controls Vc and BHT. In contrast, their chloroform fractions exhibited the strongest ferric reducing antioxidant power (1903.05 and 1407.11 mg FeSO4/g DE) and oxygen radical absorbance capacity (951.12 and 1510.21 mg Trolox/g DE). In addition, the ethyl acetate fraction of SOF displayed superior α-glucosidase inhibition ability with the IC50 value of 0.19 mg/mL, which was comparable to control acarbose. In comparison, the ethyl acetate fraction of SOP had the best acetylcholinesterase inhibition ability with the IC50 value of 0.47 mg/mL. The HPLC analysis results demonstrated that the ethyl acetate fraction of SOP showed significantly higher phenolic content, particularly for phenolic acids (p-hydroxybenzoic acid, 8.00 ± 0.65 mg/g) and flavonoids (epicatechin, 28.63 ± 1.26 mg/g), as compared to other samples. The above results suggest that Stauntonia obovatifoliola, especially its pericarp, had excellent nutrient compositions, bioactive properties and phytochemical characteristics, and had the potential to be developed as natural functional food.
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Introduction

Reactive oxygen species (ROS) are the highly reactive products of cellular oxygen metabolisms in humans (1), and excessive ROS accumulation may stimulate the cells to produce large amounts of free radicals, which further leads to oxidative stress (OS) related diseases, such as cardiovascular, cancer, diabetes, inflammation, obesity, and Alzheimer's (2). Many studies have indicated that antioxidants could inhibit or prevent OS-induced damage through scavenging free radicals (3, 4). As reported, a range of plants, including fresh fruits, vegetables, nuts, and grains, have shown favorable anti-oxidative stress effects, which are mainly attributed to the abundant active components such as phenols, flavonoids, and alkaloids (5). Compared with synthetic antioxidants, antioxidant ingredients obtained from these plants have the advantage of being natural, safe, and effective, and perform numerous functions for human health. Thus, they have been widely applied in food, medicine, cosmetics, agriculture, and other fields (6, 7).

Stauntonia obovatifoliola (SO), which belongs to the genus Akebia Decne (Family Lardizabalaceae), is a perennial woody vine mainly distributed in China (8). SO fruit is composed of the pericarp (SOP) and flesh (SOF), and SOF is the most frequently edible part with yellow color and sweet taste, which accounts for about 60% of the whole fruit (9). It has been documented that SO fruit is a rich source of proteins, pectin, vitamins, phenolics, flavonoids, triterpenoids, and minerals, which confers its excellent medicinal, edible, and ornamental value (10, 11). Especially in the field of folk medicine, SO has shown antipyretic, diuretic, dredge meridians, analgesic, and lactogenic effects, and could be used in the treatment of many diseases, such as rheumatism, beriberi, axillary carbuncle, cystitis, traumatic injury, trigeminal neuralgia, and sciatica (12, 13). Although there are various positive effects on health, SO is still underutilized, only a tiny amount has been consumed as a fruit. Research on the chemical composition and biological activity of SO is also sparse, and its pericarp is normally discarded, which restricts its further application and development.

Generally, the fruit consists of flesh and pericarp. Despite the main edible part of the fruit being flesh, the pericarp also has excellent nutrient composition and bioactivity, which is not inferior to the flesh. As reported by Inoue et al. (14), the pericarp of kiwifruit contains more polyphenols than the flesh. Besides, Zhang et al. (15) also pointed out that the peel of red-fleshed apple had more potent antioxidant activity and a higher total phenolic content than the flesh and whole apple. However, no literature is available on the comparative study between SOP and SOF.

Hence, this study first compared the nutritional composition between SOF and SOP. Then various SO extracts (SOEs) with different polar fractions were obtained by using ultrasound-enzyme-assisted extraction and sequential extraction, and their bioactive properties were investigated, including the total phenolic content, total flavonoid content, antioxidant properties, α-glucosidase and acetylcholinesterase inhibition abilities. Finally, the phytochemical characteristics of SOEs were quantified by using high-performance liquid chromatography (HPLC).

To our knowledge, this is the first study to compare the nutrient composition, bioactive properties, and phytochemical characteristics between SOP and SOF, in special for studies comparing their different polar solvents extracts. This work may provide a scientific basis for finding naturally occurring antioxidants and the further utilization of SO resources.



Materials and methods


Standards and reagents

2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1,1-diphenyl-2-picrylhydrazylradical (DPPH), 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), 2,2′-Azobis(2-amidinopropane) dihydrochloride (AAPH), fluorescein sodium, acetylthiocholine iodide (ATCI), galantamine (GLTM), 5,5′-dithiobis-2-nitrobenzoic acid (DNTB), vitamin C (Vc), 2,6-di-tert-butyl-4-methylphenol (BHT) were obtained from Aladdin Biotechnology (analytical grade, China). While petroleum ether, chloroform, ethyl acetate, and n-Butanol, were purchased from the national medicine group chemical reagent Co., Ltd. (China). Acarbose, 4-methylumbelliferyl-β-D-glucuronide (4-MUG), electric eel acetylcholinesterase (AChE, C3389), and α-glucosidase (G5003) from Saccharomyces cerevisiae (EC 3.2.1.20) were purchased from Sigma-Aldrich (USA). All HPLC standards were purchased from Yuanye Bio-Technology (Shanghai, China). Chromatographic grade reagents, such as acetonitrile, methanol, acetonitrile, and formic acid were purchased from Merck (Darmstadt, Germany).



Preparation of SO extracts

The Stauntonia obovatifoliola (SO) fruits were collected from Ganzhou City of Jiangxi Province (114°94′02′′ N, 25°85′07′′ E), China in November 2020, and were identified by Dr. Ling Feng from the College of Forestry, Southwest Forestry University, China. The mature undamaged SO were selected, and the pericarps (SOP) were carefully separated from the flesh (SOF). A portion of each sample was stored at −80°C directly for subsequent nutritional composition analysis and the rest portion of this sample was freeze-dried and ground into fine powder. The powders were filtered with a 40-mesh sieve, and then immediately stored at −80°C. Before extracting, 100 g fine powders of SOP and SOF were weighed, respectively, and mixed with 70% ethyl alcohol solution (w/v) to obtain a material-liquid ratio of 1:20. Then the pH values of the mixtures were adjusted to 5 ± 0.5, followed by the addition of 0.67% cellulose enzyme (3 U/mg) and 0.05% pectinase (40 U/mg). Ultrasonic extraction was performed for 60 min at 50°C (60 kHz, 500 W), subsequently, the supernatants were collected by centrifugation twice at 2,200 × g for 15 min (TGL-20M, Xiangyi Centrifuge Instrument Co., Ltd., Changsha, China). Afterward, the supernatants were rotating evaporated and made up to 5 L with 70% ethyl alcohol solution (crude extract, CE), while the precipitate was vacuum-dried for later use (residue, RD). The crude extracts were successively extracted with solvents of different polarities, finally obtained petroleum ether (PE), chloroform (CF), ethyl acetate (EtOAc), n-Butanol (n-BuOH) fractions, and aqueous phase residue (AQ), then the extractions were concentrated in vacuo. All SO extracts (SOEs) were stored at −20°C before use.



Nutrient and non-nutrient composition analyses

Moisture, ash, proteins, fat, carbohydrates, total dietary fiber, amino acids, vitamins, and minerals in the SOF and SOP were determined using accepted analysis methods of the GB5009–2016 of China National Food Safety Standard.


The basic nutrients analyses

Moisture was assessed by the oven-drying (16), and ash content was analyzed by incineration technique (17). Fat and dietary fiber contents were determined using the soxhlet extraction method (18) and enzymatic–gravimetric (19), respectively. The %carbohydrate content was calculated by difference method: percentage (%) carbohydrate = 100 – (%Moisture + %ash+ %protein + %crude fiber).



Total amino acid and protein contents analyses

The amino acids were determined by national food safety standards (GB 5009.124–2016) (20). Briefly, the SOF and SOP sample was accurately weighed and hydrolysed with hydrochloric acid (6 M) at 110°C for 22 h, after dried under reduced pressure, dissolved in sodium citrate buffer (0.2 M, pH 2.2). Finally, filtered through 0.22 μm membrane and injected into an amino acid analyzer (Hitachi L-8900, Hitachi Ltd., Tokyo, Japan) fitted with sulfonic cation exchange resin. The separated amino acids generated color reaction with ninhydrin solution, absorbance was measured at 440 and 570 nm. The concentration of amino acids was calculated on the basis of standard peak area.

The content of total protein estimated by the Kjeldhal method (GB 5009.5–2016) (21). Briefly, the sample was catalytic heated until fully digested to release ammonia, then connected with sulfuric acid resulting in ammonium sulfate. Ammonia was dissociated by alkalization distillation, boric acid was absorbed and titrated with hydrochloric acid standard solution. Total protein content is calculated based on acid consumption as follows:
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X: the total protein amount in sample, g/100 g; V1: hydrochloric acid consumption volume of samples, mL; V2: hydrochloric acid consumption volume of blank control, mL; V3: absorption volume of the digestive liquid, mL; c: concentration of hydrochloric acid; m: mass of the sample, g; F: conversion coefficient of nitrogen to protein.



Vitamins and minerals analyses

Vitamin B1, B2, and vitamin C were determined using the high performance of liquid chromatography (HPLC-2030C plus 3D, Shimadzu, Kyoto, Japan), the quantification was performed by external calibration (GB 5009.84/85/86–2016) (20). The mineral elements of calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), zinc (Zn), iron (Fe), manganese (Mn), and copper (Cu) were determined by atomic absorption spectrometer (Beijing Pu Analysis General Instrument Co., Ltd, Beijing, China) equipped with flame atomization (GB 5009–2016) (19).




Determination of total phenolic content

The total phenolic content (TPC) was determined according to the Folin-Ciocalteu method (22). Briefly, 50 μL gallic acid solutions (10 to 100 μg/mL) were loaded onto a 96 well microtiter plate, followed by the addition of 125 μL Folin-phenol reagent and 100 μL Na2CO3 (7.5%, w/v) each well. After incubation at room temperature protected from light for 30 min, the absorbance was read at 760 nm using SPECTRAmax Plus384 microplate Reader. The absorbance was assayed as described above, and the TPC was calculated against a gallic acid standard and was expressed in mg gallic acid equivalents per g dry extract (mg GAE/g DE).



Determination of total flavonoid content

The total flavonoid content (TFC) was determined by the sodium nitrite-aluminum method (23). 40 μL sample solution and 20 μL NaNO2 (3%, w/v) were loaded onto a 96 well microtiter plate, after 6 min of incubation in darkness, 20 μL Al (NO3)3 solution (6%, w/v) was added and reacted for 6 min, followed by the addition of 140 μL NaOH (4%, w/v) and 60 μL methanol, then the absorbance was measured at 510 nm after 15 min incubation. TFC was calculated against a rutin standard and was expressed in mg rutin equivalents per g dry extract (mg RE/g DE).



Analysis of antioxidant activity
 
DPPH radical scavenging activity

The DPPH radical scavenging activity was measured by DPPH scavenging assay (24). A 100 μL properly diluted sample solution was mixed with 100 μL of DPPH solution (0.15 mmol/L) on a 96-well plate for 30 min at room temperature in the dark, then the absorbance value was read at 517 nm (As). Methanol was used to replace the sample as a negative control (Ac), the scavenging rate was calculated by the following formula (1), Trolox (0–25 μg/mL) was used as the standard. Vc and BHT were used as positive controls. The DPPH radical scavenging activity was expressed as mg Trolox equivalents per gram of dry extract (mg Trolox /g DE).
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ABTS radical scavenging activity

The ABTS radical scavenging activity was estimated following the reported method (25). A 50 μL appropriate concentration of sample solution was mixed with 200 μL of ABTS solution on a 96-well plate for 6 min at room temperature in the dark, the scavenging rate was the same as formula (2), and the results were expressed as mg Trolox equivalents per gram of dry extract (mg Trolox /g DE). Vc and BHT as positive controls.



Ferric reducing antioxidant power

The ferric reducing antioxidant power (FRAP) analysis was performed according to method (26). A 30 μL sample solution with suitable concentration and 240 μL FRAP working solution were loaded onto a 96-well plate, then the absorbance was measured at 593 nm after incubation in darkness for 10 min at 37°C. The FRAP value was calculated by a standard curve using FeSO4 as a standard, Vc and BHT as the positive controls, the FRAP value was expressed as mg FeSO4 per gram of dry extract (mg FeSO4/g DE).



Oxygen radical absorbance capacity

The oxygen radical absorbance capacity (ORAC) was carried out as suggested following the reported method (27). A 25 μL sample solution was mixed with 150 μL of fluorescein (8 × 10−5 mol/L) on a 96-well plate with a 5 min shaking, after incubated for 10 min at 37 °C, the reaction was initiated with the addition of 50 μL AAPH, then the fluorescence was immediately measured at excitation 485 nm and emission 535 nm excitation every 1 min for 2 h. The ORAC value was calculated using the Area Under the Curve (AUC) with that of the Trolox standard curve and expressed as mg Trolox equivalents per gram of dry extract. Vc and BHT were used as positive controls.




Enzyme inhibitory ability
 
Inhibitory of α-glucosidase

The α-glucosidase inhibitory activity was measured according to the previous method (28). A 50 μL suitably diluted sample solution was added to 20 μL of α-glucosidase (0.175 U/mL, pH 6.8) mixed well on a black 96-well microplate, followed by addition of 50 μL 4-MUG (0.84 μM, pH 6.8) and incubation 20 min at 37°C. Afterward, a 100 μL glycine (100 mM, pH 10.6) was added to terminate the reaction with a 30 s shaking. The fluorescence was measured at excitation 355 nm and emission 460 nm (As), acarbose as the positive control, methanol in place of the sample was used as a reagent blank (Ab), and potassium phosphate buffer in place of acetylcholine was used as a negative control (Ac). The inhibitory rate of α-glucosidase was calculated by the following formula (3), and the inhibitory capacity expressed as IC50 value (mg/mL), which was obtained by plotting scavenging percentage against extract concentration.
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Inhibition of the acetylcholinesterase

The acetylcholinesterase enzyme (AChE) inhibitory activity was evaluated using Ellman's method (29). A 50 μL appropriate diluted sample solution was added to 90 μL Ellman's reagent (containing 15 μL of 15 mM ATCI and 75 μL of 3 mM DTNB) on a 96-well plate, after incubated for 10 min at 37°C, 20 μL of acetylcholine (0.1 U/mL, in pH 8.0 PBS containing 0.1% bovine serum albumin) was added to initiate the reaction, then absorbance was read at 405 nm after incubation for 5 min in darkness, and galanthamine as positive control. The inhibition rate was calculated in accordance with Equation (3).




HPLC analysis

The High-performance liquid chromatography with diode array detection (HPLC-DAD) analysis was performed by an Agilent LC 1260 system (Agilent Technologies, CA, USA) (30). All samples redissolved in 1,000 μL of methanol, then were filtered by a 0.22-μm membrane and the injection volume was 20 μL. The gradient elution of the mobile phase contained (A) acetonitrile and (B) water with 0.1% formic acid, and the gradient elution was programmed as follows: 0 min, 5% A; 5 min, 5% A; 7 min, 10% A; 52 min, 30% A; 65 min, 100%A, following by washing with 100% A for 15 min and re-equilibration of the column with 5% A for 10 min. The chromatogram scan range was set to 200–400 nm. The calibration curve was obtained by plotting the peak areas of the standards against their concentrations, five-point calibration curves were prepared using protocatechuic acid (y = 9.4793x - 43.031, R2 = 0.996), p-hydroxybenzoic acid (y = 19.622x + 14.703, R2 = 0.996), vanillic acid (y = 42.899x - 808.49, R2 = 0.995), syringic acid (y = 41.199x - 316.19, R2 = 0.999), epicatechin (y = 7.0346x + 58.821, R2 = 0.997), dihydromyricetin (y = 16.512x + 6.3045, R2 = 0.999), syringaldehyde (y = 41.199x - 316.19, R2 = 0.999), ferulic acid (y = 9.1787x +1.345, R2 = 0.992), epigallocatechin gallate (y = 22.222x + 208.9, R2 = 0.999), ellagic acid (y = 6.4055x - 154.78, R2 = 0.992), salicylic acid (y = 5.2213x - 61.888, R2 = 0.997), cinnamic acid (y = 80.95x - 127.56, R2 = 0.995), hesperetin (y = 34.508x - 1.145, R2 = 0.999), scutellarin (y = 34.83x - 85.123, R2 = 0.999), all standards were monitored at 280 nm. Further, the identification and quantification of compounds were made by comparing the retention time and peak area of corresponding standard. The results were expressed as mg equivalents of the standard per g of sample.




Data analysis and statistics

All tests were repeated 3 times in parallel, and the results were represented as mean ± standard deviation (mean ± SD). Statistical analysis was performed using variance tests analysis of variance (ANOVA) and correlation analysis (p < 0.05) with Statistical Package for the Social Sciences (SPSS) 22.0.



Results


Nutrient and non-nutrient composition

From Table 1, the nutrition and non-nutrient components of SOF (100 g) were as follows: moisture 82.9 g, ash 0.44 g, protein 0.81 g, fat 0.505 g, carbohydrate 12.91 g, and total dietary fiber 3.4 g. While the SOP (100 g) content was: moisture 79.1 g, ash 0.44 g, protein 0.81 g, fat 0.51 g, and carbohydrate 12.91 g. It could be found that the fat content was reported as the lowest (0.49 g) in SOP, in contrast, which consists of a higher amount of total dietary fiber (15.5 g). Amino acids are the basic units of protein and growth factor and vital nutritional elements in the human body. In terms of amino acid composition (Table 1), the content of total and essential amino acid compositions of SOP was higher than that of the SOF. Moreover, vitamin C (18 mg/100 g) was particularly abundant in SOP, which was an important and frequent antioxidant that could promote collagen regeneration and iron absorption, and prevent scurvy (31).


TABLE 1 The nutrient and non-nutrient composition of SOF and SOP.
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In the present study, both SOP and SOF had abundant essential macro-elements (Ca, Mg, K, Na) and trace elements (Zn, Fe, Mn, Cu). Among them, SOP had a significantly higher concentration of Ca (272 mg/kg, p < 0.05), while a higher amount of Mg was observed for SOF (264 mg/kg, p < 0.05). For K, there were no significant differences between the two. SOF showed higher levels of Fe and Mn, two vital trace elements for normal function and development of the human body (32), but Zn and Cu were not detected in either SOF or SOP.

This study was similar to what had been reported by Wang et al. (33) but more comprehensive. Overall, both SOF and SOP demonstrated considerable nutritional values, such as well-balanced amino acid composition and minerals, when compared to other common fruits peach apple, pear, quince and apple (31, 34). Of which, SOF had higher energy, and SOP was a good source of dietary fibers. Surprisingly, SOP showed excellent content of Vitamin C, and its content was much higher than that of Synsepalum dulcificum berry (20). This revealed that SOP might be a potential source of natural antioxidants and warranted a deeper examination.



Total phenolic content and total flavonoid content

As described in the Methods Section Preparation of SO extracts, there were 7 SO extracts (SOEs) for SOF and SOP, respectively, which were in turn crude extract (CE), extract residue (RD), petroleum ether fraction (PE), chloroform fraction (CF), ethyl acetate fraction (EtOAc), n-Butanol fraction (n-BuOH), and aqueous phase residue (AQ). According to Table 2, all SOEs of SOP showed higher total phenolic content (TPC) than that of SOF, while the EtOAc fractions were significantly highest in both groups with values of 390.99 ± 3.72 and 355.12 ± 10.39 mg GAE/g DE (p < 0.05). That was proposed to be related to the abundant tannin in SOP (12, 35).


TABLE 2 Total phenolic content and total flavonoid content of SOEs.
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Similar to TPC, the highest total flavonoid contents (TFC) were also observed in the EtOAc fractions, whether SOF or SOP, and these values were 306.58 ± 8.77 and 298.48 ± 3.59 mg RE/g DE. Interestingly, with the exception of CE and CF (SOP > SOF, p < 0.05), no significant variation was observed for other SOEs. These results were in accordance with the research that the SOP contained significantly more phenolic and flavonoid compounds than SOF overall (10).



Antioxidant properties

Due to the different action mechanisms, the antioxidant capabilities of SOEs were evaluated by four assays (radical scavenging capacity for DPPH and ABTS, FRAP, and ORAC) (36). Furthermore, the CF, PE, RD, and CE fractions of SOF and SOP also showed strong DPPH inhibitory activities compared with BHT (Figure 1A).
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FIGURE 1
 The antioxidant activities of the SOEs and its fractions. (A) DPPH· scavenging activity (DPPH), (B) ABTS·+ scavenging ability (ABTS), (C) Ferric reducing antioxidant power (FRAP), (D) Oxygen radical absorbance capacity (ORAC). SOEs, Stauntonia obovatifoliola extracts; SOF, Stauntonia obovatifoliola flesh; SOP, Stauntonia obovatifoliola pericarp. CE, crude extract; PE, Petroleum ether fraction; CF, chloroform fraction; EtOAc, ethyl acetate fraction; n-BuOH, n-Butanol fraction; AQ, aqueous phase residue; RD, residue. The superscript letters indicate the statistical difference in rows in significant, p < 0.05.


Similar to DPPH radical scavenging activities, the EtOAc fractions of SOF and SOP also exhibited the highest ABTS radical scavenging activities (Figure 1B), with the values of 1237.41 ± 3.30 and 1298.64 ± 3.56 mg Trolox/g, which were lower than Vc (1479.39 ± 52.27 mg Trolox/g DE, p < 0.05) and stronger than BHT (922.84 ± 23.12 mg Trolox/g DE, p < 0.05). Overall, there is little difference between SOF and SOP, but varied markedly between different extraction solvents.

The ferric reducing antioxidant power (FRAP) of all samples were illustrated in Figure 1C. Interestingly, the highest FRAP values were reported for the CF fractions of SOF and SOP (1903.05 ± 20.07 and 1407.11 ± 9.33 mg FeSO4/g DE), than that of the EtOAc fraction of SOF or SOP. The CF fraction of SOF was stronger than VC (1741.74 ± 23.19 mg FeSO4/g DE, p < 0.05), even reached 2-fold of BHT (781.91 ± 9.47 mg FeSO4/g DE). Among all of the SOEs, the n-BuOH fraction of SOF or SOP exhibited the lowest activity (37.38 ± 0.54 and 44.21 ± 0.87 mg FeSO4/g DE).

The oxygen radical absorbance capacity (ORAC) assay is a widely accepted method of measuring the antioxidant capacity of different biological samples, and is considered to be associated with health benefits (27). As shown in Figure 1D, the CF extracts of SOP and SOF possessed the highest ORAC with the values of 1510.21 ± 60.39 and 951.12 ± 120.58 mg Trolox/g DE, followed by the PE fraction of SOP (831.65 ± 41.27 mg FeSO4/g DE), and the above three SOEs were significantly higher than Vc (519.69 ± 21.89 mg Trolox/g DE). Overall, SOP displayed stronger ORAC than SOF for each fraction, and the CE, EtOAc, AQ, and RD fractions of SOP all exhibited higher ORAC values than BHT (41.62 ± 8.31 mg Trolox/g DE).

Further, we performed the correlation analysis among the various indicators of SOF and SOP separately (Figure 2). Overall, all four antioxidant activities were positively correlated with TPC and TFC. This also supported the view that, in many cases, the antioxidant activities of plant extracts were correlated with their total phenolics and flavonoid contents (37). Compared to SOF, these activities of SOP processed higher association with TPC (0.61 < r < 0.83, p < 0.05) and TFC (0.63 < r < 0.84, p < 0.05), while the correlation coefficients between these antioxidant activities of SOF and TPC were 0.28 to 0.74, and 0.34 to 0.84 with TFC. Among these four antioxidant activities, FRAP and ORAC displayed more significantly correlated with other indicators, which illustrated that these two assays could give a broader antioxidant characterization to SO. Together with the results shown in earlier section Total phenolic content and total flavonoid content, our data indicated that pericarp tissues contained a larger number of phenolics and flavonoids than flesh, which might be the main contributors to these antioxidant activities.
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FIGURE 2
 The correlational analyses of experiment. (A) Heatmap of SOF correlation. (B) Heatmap of SOP correlation. The color represents the magnitude of correlation (−1 to 1). TPC, total phenolic content; TFC, total flavonoid content; DPPH, DPPH·scavenging activity; ABTS, ABTS·+ scavenging ability; FRAP, the ferric reducing antioxidant power; ORAC, oxygen radical absorbance capacity; α-glucosidase, the IC50 value for α-glucosidase inhibitory; AChE, the IC50 value for acetylcholinesterase inhibitory.


Further principal component analysis (PCA) revealed the relationships between different SOEs, and the distances between the samples in the principal component coordinates reflected the difference and correlation between them. From Figures 3A,B, the EtOAc and CF fractions were far from other fractions, and all fractions were also easily distinguishable, which verified the experimental results of antioxidant assays that EtOAc and CF fractions showed more excellent antioxidant activity compared to other SOEs. Principal coordinates analysis (PCoA) showed the clustering results between different indicators (Figures 3C,D). We observed the close distances between TPC, TFC, and four antioxidant activities at PC1, but they were clearly separated across PC2, and SOP was better separated. This was also consistent with the above results of correlation analysis.
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FIGURE 3
 Principal component analysis (PCA) of different samples and indicators. (A,B) PCA of seven SOEs and fractions; (C,D) principal co-ordinates analysis (PCoA) of eight indicators of active ingredient content and biological activity; SOEs, Stauntonia obovatifoliola extracts; SOF, Stauntonia obovatifoliola flesh; SOP, Stauntonia obovatifoliola pericarp. CE, crude extract; PE, Petroleum ether fraction; CF, chloroform fraction; EtOAc, ethyl acetate fraction; n-BuOH, n-Butanol fraction; AQ, aqueous phase residue; RD, residue; TPC, total phenolic content; TFC, total flavonoid content; DPPH, DPPH· scavenging activity; ABTS, ABTS·+ scavenging ability; FRAP, the ferric reducing antioxidant power; ORAC, oxygen radical absorbance capacity; α-glucosidase, the IC50 value for α-glucosidase inhibitory; AChE, the IC50 value for acetylcholinesterase inhibitory.




Inhibitory of α-glucosidase

It is well known that α-glucosidase inhibitors, such as acarbose, could restrict the oligosaccharides and disaccharides in the food to be hydrolyzed into monosaccharides, and, in turn, improve fasting glucose and postprandial blood glucose (38). As shown in Figure 4, the SOEs inhibited α-glucosidase in a dose-dependent manner. Among these, the EtOAc fraction of SOF and SOP showed excellent inhibitory activities with the IC50 values of 0.19 ± 0.01 and 0.22 ± 0.09 mg/mL, which were close to the antidiabetic drug acarbose (0.12 ± 0.11 mg/mL). Furthermore, the PE and CF fractions of SOP exhibited strong α-glucosidase inhibitory activity, and these IC50 values were 0.41 ± 0.02 and 0.42 ± 0.02 mg/mL. These results proved that SOF and SOP had certain effects, especially their EtOAc fractions, which could be developed into α-glucosidase inhibitor drugs.
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FIGURE 4
 The α-glucosidase inhibitory activities of the SOEs. (A,C) The inhibition ratio of α-glucosidase incubated with different concentrations of SOF and SOP; (B,D) The IC50 values of SOF and SOP for α-glucosidase inhibition. SOEs, Stauntonia obovatifoliola extracts; SOF, Stauntonia obovatifoliola flesh; SOP, Stauntonia obovatifoliola pericarp. CE, crude extract; PE, Petroleum ether fraction; CF, chloroform fraction; EtOAc, ethyl acetate fraction; n-BuOH, n-Butanol fraction; AQ, aqueous phase residue; RD, residue; ND, not detected; IC50, half maximal inhibitory concentration. The superscript letters indicate the statistical difference in rows in significant, p < 0.05.


From Figure 2, correlation analyses revealed that the phenolics and flavonoids compounds in SOF and SOP were the major contributing factors for the α-glucosidase inhibitory activity, of which the α-glucosidase inhibitory activities of the SOEs of SOF showed the highest coefficient correlations with TPC and TFC (r = −0.85 and−0.94, p < 0.01). Interestingly, although the α-glucosidase inhibitory activities in SOF and SOP both exhibited significant correlations with the antioxidant activities (p < 0.01), an obvious difference was found between SOF and SOP. These results indicated that the active ingredients which play critical roles in the inhibition of α-glucosidase and antioxidation were not the same in SOF and SOP, and this also explained the differences in these indicators between them.



Acetylcholinesterase inhibitory ability

Alzheimer's disease (AD) is the most common progressive neurodegenerative brain disorder featuring memory loss and cognitive impairments in older people with no effective treatment available currently (39). There is a widespread notion that inhibition of AChE could prevent the metabolic processes of acetylcholine (ACh), a neurotransmitter that supports cognitive function in the cerebral cortex and hippocampus, which in turn enhances the ACh levels and delays cognitive decline. Therefore, AChE inhibitors have been the main strategy followed for the treatment of AD (40).

The AChE inhibitory activities of SOF and SOP were shown in Figure 5. Similar to the α-glucosidase inhibitory activity, the AChE activity was significantly inhibited by all SOEs in a dose-dependent manner, and SOP processed stronger inhibitory ability compared to SOF.
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FIGURE 5
 The AChE inhibitory activities of the SOEs. (A,C) The inhibition ratio of AChE incubated with different concentrations of SOF and SOP; (B,D) The IC50 values of SOF and SOP for AChE inhibition; SOEs, Stauntonia obovatifoliola extracts; SOF, Stauntonia obovatifoliola flesh; SOP, Stauntonia obovatifoliola pericarp. CE, crude extract; PE, Petroleum ether fraction; CF, chloroform fraction; EtOAc, ethyl acetate fraction; n-BuOH, n-Butanol fraction; AQ, aqueous phase residue; RD, residue; GLTM, galantamine; IC50, half maximal inhibitory concentration. The superscript letters indicate the statistical difference in rows in significant, p < 0.05.


Among these, the EtOAc fractions of SOP and SOF had the best AChE inhibitory abilities with the IC50 values of 0.47 ± 0.02 and 1.04 ± 0.05 mg/mL. Although the inhibitory abilities were lower than that of the positive control galantamine (1 ± 0.01 μg/mL), they were stronger than that of Chamaerops humilis L. (40) and Corchorus depressus (37). Furthermore, the CE and CF fractions of SOP also showed certain inhibitory ability, and their IC50 values were 1.56 ± 0.07 and 2.76 ± 0.13 mg/mL, respectively.

Next, we conducted a correlation analysis. For SOP, its AChE inhibitory was strongly correlated to TFC and TPC (r = −0.86 and −0.85, p < 0.01), DPPH radical scavenging activity (r = −0.75, p < 0.01), and α-glucosidase inhibitory (r = 0.83, p < 0.01), while SOF was relatively low correlated to these indicators, and was clearly distinct from SOP. The correlation analyses above were consistent with the above conclusion of α-glucosidase inhibitory, that the active ingredients in SOP and SOF are not consistent, resulting in differences in their activities such as α-glucosidase and AChE inhibitory abilities (41).



HPLC analyses

The qualitative and quantitative analyses were carried out using HPLC-DAD, and the results were presented in Figure 6 and Table 3. Figure 6 showed the similar shapes of the HPLC chromatogram for SOF and SOP, and revealed the differences in their peak intensities. It can be found that the peak intensity for all SOEs was higher for the SOP compared with the SOF group. In addition, the EtOAc fractions of SOF and SOP both had the most chromatographic peaks and the most intense peaks, followed by the n-BuOH and CF fractions.
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FIGURE 6
 HPLC-DAD chromatogram of SOEs. (A) The HPLC chromatogram of SOF extraction phase. (B) The HPLC chromatogram of SOP extraction phase. SOEs, Stauntonia obovatifoliola extracts; SOF, Stauntonia obovatifoliola flesh; SOP, Stauntonia obovatifoliola pericarp; mAU, milli-arbitrary units. Detection at 280 nm: (1) Gallic acid, (2) Protocatechuic acid, (3) P-hydroxybenzoic acid, (4) Vanillic acid, (5) Syringic acid, (6) Epicatechin, (7) Dihydromyricetin, (8) Syringaldehyde, (9) Ferulic acid, (10) Epigallocatechin gallate, (11) Ellagic acid, (12) Salicylic acid, (13) Cinnamic acid, (14) Apigenin, (15) Hesperetin, (16) Scutellarin. CE, crude extract; PE, Petroleum ether fraction; CF, chloroform fraction; EtOAc, ethyl acetate fraction; n-BuOH, n-Butanol fraction; AQ, aqueous phase residue; RD, residue.



TABLE 3 The content of individual phenolics from SOF and SOP different fractions.
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By comparing retention times and the UV absorbance spectra with the chemical standards, a total of 14 compounds were confirmed and annotated in those chromatograms. Among these, seven phenolic acids were identified in the EtOAc fraction of SOF (Table 3), including epicatechin (7.09 ± 0.82 mg/g), ellagic acid (3.58 ± 0.05 mg/g), salicylic acid (2.15 ± 0.06 mg/g), protocatechuic acid (1.01 ± 0.08 mg/g), cinnamic acid (0.86 ± 0.07 mg/g), syringic acid (0.83 ± 0.04 mg/g), and p-hydroxybenzoic acid (0.47 ± 0.10 mg/g), respectively. While no compounds were detected in the PE and RD fraction of SOF (Figure 6A).

For SOP, nine phenolic acids and five flavonoids were quantified in the EtOAc fraction, and the most abundant phenolic was epicatechin (28.63 ± 1.26 mg/g), which was significantly higher than that in the SOF (p < 0.05). Overall, the CE, CF, EtOAc, and n-BuOH fractions of SOP contained more epicatechin, and the PE fraction was most abundant in terms of P-hydroxybenzoic acid, while the AQ and RD fractions were richer in syringic acid (Figure 6B). Interestingly, ferulic acid was only detected in the EtOAc fraction of SOP, but not the EtOAc fraction of SOF, whereas scutellarin appeared only in the EtOAc fraction of SOF but not the EtOAc fraction of SOP. Our result was consistent with the previous literature that pericarp contained more flavonoids as compared to the flesh (42).

Our results indicated that both SOF and SOP are the potential sources of phenolics, in particular the EtOAc fraction of SOP. To understand the relationship between these compounds and biological activities more clearly, a radial network diagram was plotted (Figures 7A,C). The network diagram indicated that these bioactive activities of SO were differentially affected by multiple compounds, and this is further evidenced by the heat maps (Figures 7B,D). For SOF, its TPC, TFC, and antioxidant capacities were significantly and positively correlated with hesperetin, epigallocatechin gallate, ellagic acid, cinnamic acid, and scutellarin. In addition, the IC50 values of α-glucosidase and AChE inhibitory activities of SOF were significantly correlated with all of the active substances (p < 0.01), which meant that these compounds all contributed significantly to α-glucosidase and AChE inhibitory activities. Of these, it was found that nearly all active indicators in SOP were highly and positively correlated with syringaldehyde, a lignin-derived aromatic compound that was reported in some plant species such as Manihot esculenta and Magnolia officinalis, and showed antioxidant and anti-inflammatory activities (43, 44).
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FIGURE 7
 The correlation with compounds from crude extracts and fractions of SO and their biological activities. (A) Correlation heat map of SO flesh; (B) Correlation network diagram of SO flesh; (C) Correlation heat map of SO pericarp; (D) Correlation network diagram of SO pericarp. Each line connects the bioactivity or interphase of the compound p < 0.05. P-value (ranging from −1 to 1) and corresponding color (blue to red), p < 0.05 was considered as significant (*), p < 0.01 as highly significant (**), and p < 0.001 as very significant (***). SO, Stauntonia obovatifoliola; TPC, total phenolic content; TFC, total flavonoid content; DPPH, DPPH· scavenging activity; ABTS, ABTS·+ scavenging ability; FRAP, the ferric reducing antioxidant power; ORAC, oxygen radical absorbance capacity; α-glucosidase, the IC50 value for α-glucosidase inhibitory; AChE, the IC50 value for acetylcholinesterase inhibitory.





Discussion

It is well known that the nutritional value and biological activities differed between the various plant parts, and the biological activities such as antioxidant activity were strongly dependent on the extraction solvent (45). The SO's current research mostly focuses on its germplasm resources and medicinal value, studies on its nutrient and chemical components and bioactivities of different solvent extracts or prepared from various parts of SO were scarcely evaluated.

In this study, we firstly compared the nutritional composition of SOF and SOP, then they were extracted using methanol solution and isolated by liquid-liquid partitioning, respectively. Finally, the bioactive properties and phytochemical characteristics of these fractions were investigated.

Results showed that both SOF and SOP had excellent nutritional properties, including a large amount of dietary fiber, amino acids, vitamins, and minerals, especially SOP. Considering that SOP was often discarded in the harvesting process, it was necessary to be further researched and developed.

The analysis of the chemical compositions and biological activities revealed the substantial variation between these fractions of SOF and SOP. Overall, SOP contained higher TPC and TFC, and it possessed stronger bioactivities, including DPPH and ABTS radical scavenging activities, ORAC, and α-glucosidase inhibitory ability, while SOF performed better in FRAP and AChE inhibitory ability. The reason may be that SOP had more kinds and higher abundances of active compounds than SOF overall, so the majority of the functional activities of SOP were more active (45). But not all functional activities were determined by these compounds, some other compounds which were significantly correlated with FRAP and AChE inhibitory ability, such as hesperidin, epiallocatechin gallate, elliptic acid, cinmic acid, and scutellarin, were found to be higher in SOF, thereby resulting in the difference in these abilities between SOF and SOP.

Of these fractions, the EtOAc fractions of SOF and SOP had the highest TPC and TFC, and possessed the strongest DPPH and ABTS radical scavenging activities, and α-glucosidase and AChE inhibitory abilities. Besides this, the CF fractions of SOF and SOP exhibited the strongest FRAP and ORAC. We attributed this to the following reasons. Firstly, ethyl acetate is proved to be the best extraction solvent to enrich the phenolics and flavonoids compounds, which are the main contributors to these activities (46). In addition, the polarities of EtOAc and CF are closer, while the solvent with similar polarity is easier to get compounds with similar structures, which tend to have similar biological properties. This explains why the CF fraction also possesses good activity (47).

Due to the high concentration of active compounds present in SO, the above fractions even exhibited stronger antioxidant capacity than the positive controls Vc and BHT in some of the indicators, or the inhibitory ability comparable to the commercial drug acarbose. Thus, in contrast to some common plants or fruits such as grape skin (48) and hawthorn fruit (49), SO, especially the EtOAc fraction of SOP, demonstrated the potential strengths of antioxidation, and prevention and treatment of diabetes and AD in vitro.

The contents of the major phenolic acid and flavonoid compounds in SO were determined via HPLC analysis, and the results indicated that both SOF and SOP are the potential sources of phenolics, in particular the EtOAc fraction of SOP. Overall, SOP contained many more compound kinds and higher compound amounts compared to SOF, this might also explain their bioactivity divergence. Correlation analysis further confirmed the key active compounds for SO, such as hesperetin, epigallocatechin gallate, ellagic acid, cinnamic acid, scutellarin, and syringaldehyde. They were significantly positively correlated with DPPH and ABTS radical scavenging activities, FRAP, and ORAC, which were attributed to the antioxidant activities of phenolic acids and flavonoids. Further, many compounds in SO showed a significant correlation with the α-glucosidase and AChE inhibitory activities, suggesting its hypoglycemic potential and the feasibility of treating AD (21). This could provide further insights into future research on SO.

In conclusion, although there have been some reports on the active substances in SO, such as flavonoids, sterols, phenols, and saponins (9), this is no report to compare the bioactive compounds of its fractions with different polarities. Due to the HPLC detection limit, structural characterization by mass spectrometry is needed for in-depth analysis.



Conclusions

This study is the first comparative study on the nutrient composition, bioactive properties, and phytochemical characteristics of SOF and SOP. The results showed that both of these possessed excellent nutrient compositions, and SOP had higher nutritional value. Among their different fractions by solvent-solvent extraction, the EtOAc fraction of SOP exhibited excellent bioactive properties and phytochemical characteristics, which demonstrated that Stauntonia obovatifoliola had the potential to be developed as natural functional food. However, there are currently insufficient studies on Stauntonia obovatifoliola, further comprehensive analysis of its chemical components, in vivo bioactivity, and the mechanism of action are needed.
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Mulberry leaf is an important medicinal food plant, which is rich in polyphenol compounds. Mulberry leaf polyphenols (MLP) possess significant lipid-lowering and antioxidant effects, and healthcare functions. In this study, the polyphenol content of mulberry leaf ethanol extract was measured using HPLC. The analysis of mulberry leaf extract resulted in the identification of 14 compounds, of which Chlorogenic acid and Quercitrin were the highest. A high-fat diet (HFD)-induced obese mouse model was developed and treated with MLP for 12 weeks to explore their effect on lipid metabolism in HFD-induced obese mice. The results showed that the MLP could inhibit the weight gain and fat cell volume increase in the HFD-induced obese mice in a dose-dependent manner. Further analysis revealed that the MLP decelerated the fatty acid composition in the adipose tissues of HFD-induced obese mice, and significantly increased the polyunsaturated-to-saturated fatty acid (PUFA/SFA) ratio. The real-time quantitative PCR (RT-qPCR) results indicated that the MLP significantly inhibited the down regulation of uncoupling protein (UCP) 1 (UCP1), UCP3, and PR domain zinc finger protein 16 (PRDM16) caused by the HFD. These beneficial effects of MLP on HFD-induced obese mice might be attributed to their ability to change the fatty acid composition of adipose tissue and increase the expression of thermogenesis genes. Overall, the study results suggested that the MLP could serve as potential lipid-lowering and weight-loss functional food and healthcare products.
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Introduction

Mulberry leaf, the dried leaf of Morus alba L., is widely acknowledged as a traditional Chinese herbal medicine (1). Mulberry leaf is rich in vitamins, minerals, and active ingredients, such as alkaloids, flavonoids, polysaccharides, and polyphenols, with the potential benefits of lowering blood sugar and blood lipids and antiaging, anticancer, and antibacterial effects (2, 3). Of the active ingredients, polyphenols are the fundamental compounds in mulberry leaves, contributing to their antioxidant effects (4).

Obesity has emerged as a global pandemic, eroding human health; thus, making it a major public health concern (5). Obesity is a chronic metabolic disease that disrupts physical health, such as the normal functions of the digestive and endocrine systems, and is often associated with various diseases, such as cardiovascular diseases, dyslipidemia, hyperlipidemia, and hypertension (6, 7). Obesity is mostly caused by high-calorie food intake, lack of physical exercise, and incorrect eating habits. Although the most effective approach to reducing obesity is to control diet and increase exercise (8), the application of weight loss drugs is the most favored method of weight loss for obese people (9). Therefore, finding effective drugs without apparent side effects, especially from natural products, has become the area of research interest in the field of weight loss (10).

Numerous studies have revealed that plant polyphenols may contribute to the prevention of obesity and metabolic syndrome. Chlorogenic acid and caffeine combination regulated the mRNA and protein levels of lipid metabolism-related genes in mice liver, and then inhibited fat synthesis and promoted lipid oxidation to achieve a slimming effect (11). Rutin improves the impaired insulin tolerance in SAMP8 mice fed a high-fat diet (HFD) (12). Quercetin and resveratrol in plant polyphenols are good SIRT1 agonists that can enhance PGC-1α and promote oxidative metabolism and mitochondrial genesis (13).

Mulberry leaf extract contains chlorogenic acid and its isomers, rutin, quercetin, resveratrol, quercetin, p-hydroxycinnamic acid, and caffeic acid (14). The role of MLP in anti-obesity has received increasing attention. A previous study reported that mulberry leaf ethanol extract decreases weight by acting as a melanin-concentrating hormone-1 antagonist in diet-induced obese mice (15). Mulberry leaf ethanol extract inhibited adipogenesis and the expression of adipogenesis-related factors in 3T3-L1 adipocytes (16). Therefore, MLP could be considered as potential weight loss and healthcare drugs. The anti-obesity mechanisms of MLP are multifaceted, which are not completely clear at present, and need to be further studied.

The mulberry leaf is also a high-quality domestic animal feed (17). Fatty acid composition is one of the effective indicators of the nutritional value of food (18). Will there be changes in the composition of the tissues of animals eating MLP? Is this change beneficial to the health of humans who use these animal products as food? With these questions in mind, the present study sought to explore the effects of MLP on HFD-induced obese mice and to analyze their potential value in improving animal products by evaluating their effects on fatty acid composition.



Materials and methods


Instrumentation and materials

The instruments used were AGILENGT 1260 High-efficiency liquid chromatography (Agilent Technologies, CA, United States), GC-MS 7890B-5977A (Agilent Technologies, CA, United States), and Milli-Q ultra-pure water purification system (Millipore, MA, United States). Gallic acid, gentisic acid, chlorogenic acid, vanillic acid, caffeic acid, syringic acid, epicatechin, rutin, hyperoside, benzoic acid, quercitrin, quercetin, kaempferol, and resveratrol were purchased from Beijing Solabao Technology Co., Ltd. (Beijing, China); with puritygreater than 98%. Quality spectrometer pure methanol (swedish Oceanpak, GOT, Sweden), mass spectrometry pure acetamin and methampite (Fisher, MFL, United States), and other reagents were all of analytical grade.



Mulberry leaf polyphenol extraction

Approximately 1 kg of mulberry leaf powder was weighed and mixed with 70% ethanol according to the material concentration of 0.04 g/ml. The solution was subjected to ultrasonic extract for 60 min at 400 W and filtered with suction. The filtrate was concentrated under reduced pressure at 55°C and stored at 4°C. MLP samples were diluted 10 times in pure methanol before high-performance liquid chromatography (HPLC) analysis.



High-performance liquid chromatography conditions

The mulberry polyphenol appraisal and detection methods used by Shen et al. (19) were modified. HPLC analysis was performed on an Alltima C18 column (4.6 mm × 250 mm, 5 μm). The flow phase A was acetylene and B was 0.2% acetic acid solution. The elution procedures were 0–10 min, 5% A; 10–40 min, 5–25% A; 40–45 min, 25–35% A; and 45–50 min, 35–50% A. The flow velocity was 1 ml/min, the running time was 55 min, the column temperature was 30°C, the amount of inlet was 5 μl, and the detection wavelength was 280 nm.



Ethics statement

A total of 40 C57BL/6 healthy male mice (23.95 ± 0.81) g were procured from the Hunan SJA Laboratory Animal Co., Ltd., Chengdu, China. All the procedures and animal care were carried out in accordance with the requirements of the British Animal (Scientific Procedures) Act 1986. The experimental protocol was approved by the Animal Care and Ethics Committee of Chongqing Academy of Animal Sciences (No. cqaa2020007).



Animals and treatment

All the experimental animals were housed in a dedicated animal room at (22 ± 3)°C with a 12-h light/12-h dark cycle and allowed to eat and drink freely. After 1 week of adaptation, the experimental animals were randomly divided into 4 groups, with 10 animals in each group. The NC group was fed with a normal diet; the HFD group was fed with special feed containing 40% fat; the HFD-H group was fed with special feed containing 40% fat and gavage of 200 μl of highly concentrated mulberry leaf polyphenol extract (the liquid from 1 kg mulberry leaves was concentrated after suction filtration and diluted in 500 ml water); the HFD-L group was fed with special feed containing 40% fat and gavage of 200 μl of low concentrated mulberry leaf polyphenol extract (half of the high concentration mulberry leaf extract). Gavage was administered at 10 a.m. every day, and normal saline was administered to the NC and HFD groups only.



Organ index and Lee’s index
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The unit of organ weight and body weight is g, and the unit of body length is cm.



Blood test and tissue sectioning

The concentration of total cholesterol (TC) and triglyceride (TG) in the serum was determined using a kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The fasting blood glucose concentrations were measured using a blood glucose meter (Accu-Chek Active, Roche, Ireland) (20). After sectioning, the adipose tissue was fixed with 4% paraformaldehyde, dehydrated by ethanol, infiltrated and embedded in paraffin, and stained with hematoxylin and eosin (H&E) to analyze the cell size.



Fatty acid composition analysis

The fatty acid composition test was performed according to the previously reported method (21). Gas chromatography-mass spectrometry (GC-MS 7890B-5977A, Agilent, United States) was used to detect the fatty acid composition. Then, 100 mg of adipose tissue was homogenized, 2 ml of n-hexane added, and it was shaken for 30 min at 50°C. Next, 3 ml of methanol solution (0.4 moL/L) was added and then shaken for 30 min at 50°C. Lastly, 1 ml of water was mixed with 2 ml of n-hexane and shaken for 20 min at (22 ± 3)°C. Afterward, the solution was allowed to stand for stratification, and the upper layer was separated for gas injection detection. Chromatographic column: DB-23 (30 m × 320 μm × 0.25 μm), the carrier gas was helium, inlet temperature was 250°C; the split ratio was 1/5; injection volume was 1 μl, detector temperature was 230°C, the column oven temperature was 50°C for 1 min, 25°C/min to 175°C, 4°C/min to 230°C for 24.75 min.



Real-time quantitative polymerase chain reaction

Total RNA was extracted from mouse fat using TRIzol reagent (Invitrogen, Guangzhou, China). After reverse transcription, the mRNA level was detected using an RT-qPCR SYBR premixed Dalian kit (TaKaRa, Dalian, China) and a real-time PCR detection system (Bio-Rad, Richmond, CA, United States). ACTB was used as the mRNA internal control. The primer sequences are listed in Supplementary Table 1.



Statistical analysis

All the data were expressed as mean ± standard deviation (SD). The analysis of variance (ANOVA) and significance of differences among the means were tested using a one-way ANOVA test and SPSS 20.0 software (SPSS Inc., NY, United States). P ≤ 0.05 was considered significant.




Results


Analysis of polyphenol monomer compounds in mulberry leaf polyphenols

The HPLC method was used to qualify and quantitatively analyze MLP. The following compounds were identified in mulberry leaf extract: dragon gallic acid, gentisic acid, chlorogenic acid, vanillic acid, caffeic acid, syringic acid, epicatechin, rutin, hyperoside, benzoic acid, quercitrin, quercetin, kaempferol, and resveratrol (14) polyphenol monomer compounds (Table 1).


TABLE 1    The polyphenol content of mulberry leaf polyphenols (MLP).

[image: Table 1]



Effect of mulberry leaf polyphenols on body weight in obese mice

The weights of the HFD-induced mice were significantly higher than those of the control group from the second week (Figures 1A,C). The gavage of MLP did not affect the feeding and drinking habit of mice (Figure 1B). However, the gavage of MLP significantly reduced the weight gain (Figure 1A), fasting blood glucose (Figure 1D), and Lee’s index (Figure 1E) of the HFD-induced mice.
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FIGURE 1
Mulberry leaf polyphenols (MLP) alleviated the weight gain induced by the high-fat diet (HFD) in mice. (A) Mouse body weight change curve. (B) The average daily food intake and water intake of the mice throughout the whole period. (C) Images of mouse body shapes after 12 weeks of different treatments. (D) Fasting blood glucose of mice fasted for 12 h. (E) The Lee’s index of mice after 12 weeks of different treatments. *P ≤ 0.05, n = 10.




Effects of mulberry leaf polyphenols on organ development in high-fat diet-induced obese mice

In addition to inducing obesity in mice, the HFD significantly increased the weight of the liver (Figure 2B) and kidneys (Figure 2F) in mice, but it had no significant effect on the weight of the heart (Figure 2A), gastrocnemius muscle (Gas muscle, Figure 2C), lungs (Figure 2E), and spleen (Figure 2G). Additionally, the HFD significantly increased the liver index of mice and significantly reduced the heart index, gastrocnemius index, and lung index (Figures 2D,H).
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FIGURE 2
Effect of mulberry leaf polyphenols (MLP) on the organs of obese mice. (A–C) The weight of the heart (A), liver (B), and gastrocnemius (C) of mice after 12 weeks of MLP and high-fat diet (HFD) treatments. (D) Mice heart, liver, and gastrocnemius organ index after 12 weeks of MLP and HFD treatments. (E–G) The weight of the lungs (E), kidney (F), and spleen (G) of mice after 12 weeks of MLP and HFD treatments. (H) Mice lung, kidney, and spleen organ index after 12 weeks of MLP and HFD treatments. *P ≤ 0.05, n = 6.




Effect of mulberry leaf polyphenols on the adipose tissue of high-fat diet-induced obese mice

High-fat diet significantly increased the weight of scapular, inguinal, and gonadal fats in the mice, while low-dose and high-dose MLP significantly inhibited fat gain in different parts of the mice (Figures 3A–C,E). For the fatty organ index, only a high concentration of MLP significantly alleviated the increase in fatty organ index induced by the HFD (Figure 3D). Moreover, the H&E staining of adipose tissue and fat cell size determination results showed that a high concentration of MLP significantly inhibited the increase in fat cell volume in different parts of the mice induced by the HFD. In contrast, low-concentration MLP significantly inhibited the inguinal and gonadal fats (Figures 3F,G).
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FIGURE 3
Mulberry leaf polyphenols (MLP) reduced fat gain in obese mice. (A–C) The scapular (A), inguinal (B), and gonadal (C) fat weights of mice after 12 weeks of MLP and high-fat diet (HFD) treatment. (D) The fat index after 12 weeks of MLP and HFD treatment (contains scapular, inguinal, and gonadal fats). (E) Images of adipose tissue in different parts of a mouse. (F) The size distribution of fat cells in different parts of the adipose tissues in mice. (G) H&E staining of scapular, inguinal, and gonadal fats. *P ≤ 0.05, compared with the NC group; #P ≤ 0.05, compared with the HFD group, n = 6.




Effect of mulberry leaf polyphenols on the fatty acid composition of adipose tissues in mice

The low concentration of MLP had no significant effect on the fat organ index and scapular fossa fat cell morphology (Figures 3D,F). Therefore, we analyzed the fatty acids in the adipose tissues of mice in the NC, HFD, and HFD-H groups and found that the fatty acid composition of the three groups was clustered separately (Figure 4A). Further analysis indicated that the HFD significantly promoted SFA and MFA content, but significantly reduced the PUFA content and PUFA/SFA ratio (Figures 4B–F). Compared with the HFD group, a high concentration of MLP significantly reduced the SFA content and increased the PUFA/SFA ratio (Figures 4B,F).
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FIGURE 4
Mulberry leaf polyphenols (MLP) changed the fatty acid composition of the adipose tissues in obese mice. (A) The heat map shows the fatty acid composition of the adipose tissues in mice with different treatments. (B–D) The composition of saturated fatty acids (SFA, B), monounsaturated fatty acids (MUFA, C), and polyunsaturated fatty acids (PUFA, D) in mice adipose tissues. (E) SFA, MUFA, and PUFA composition distribution stacking diagram of mouse adipose tissues. (F) Mice adipose tissue PUFA/SFA ratio. *P ≤ 0.05, compared with the NC group; #P ≤ 0.05, compared with the high-fat diet (HFD) group. n = 3.




The effect of mulberry leaf polyphenols on the expression of characteristic genes in the adipose tissues of obese mice

The HFD significantly promoted the serum TC and TG levels. The MLP significantly inhibited the serum TC level induced by the HFD but did not significantly inhibit the serum TG level (Figures 5A,B). The expression of genes related to fat deposition and adipose tissue browning in the adipose tissues was detected using RT-qPCR. The results indicate that HFD significantly promoted the expression of PPARγ and C/EBPα, but significantly inhibited the expression of browning-related genes, such as UCP1, UCP3, and PRDM16 (Figures 5C,D). Compared with the HFD group, high concentrations of MLP significantly inhibited the expression of FASN and significantly promoted the expression of UCP1, UCP3, and PRDM16 (Figures 5C,D).
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FIGURE 5
Mulberry leaf polyphenols (MLP) promoted the expression of thermogenesis genes in the adipose tissues of obese mice. (A,B) Mice serum total cholesterol (TC, A) and triglyceride (TG, B) content of mice with different treatments. (C) Expression of genes related to fat deposition in the adipose tissues of mice with different treatments. (D) The expression of browning-related genes in the adipose tissues of mice with different treatments. *P ≤ 0.05, compared with the NC group; #P ≤ 0.05, compared with the high-fat diet (HFD) group. n = 3.





Discussion

Obesity has become a worldwide public health concern. The imbalance in energy intake and output is the primary cause of obesity, leading to excessive body fat accumulation (22). Moreover, factors, such as genetics, physiology, nutrition, and environment, may also contribute to the occurrence of obesity (23). Obesity often leads to various chronic diseases, such as hypertension, dyslipidemia, type 2 diabetes, cardiovascular disease, insomnia, and apnea (7). According to reports, the global rate of overweight and obesity has increased to 40%, affecting more than 2 billion people (24). Therefore, obesity intervention has become a key concern of the whole society. The increasing changes in lifestyle, increased work pressure, and the safety and tolerance of drug treatments have influenced increasingly more people to opt for functional foods with anti-obesity effects (25). Phytochemical ingredients are recognized as safe because they have no side effects within a certain concentration range, and hence, are favored by most researchers and consumers. ML Pare one of the natural products with potential effects of lipid-lowering, antioxidant, and weight loss (26). In this study, the effects of MLP on fat deposition in obese mice were assessed.

In recent years, many polyphenols have been extracted from various plants, such as apples, tea, grapes, and blueberries (27–29). Polyphenols are characterized by antioxidant, antibacterial, and antiviral activities. Regarding the treatment of metabolic diseases, MLP have the characteristic effects of lowering blood sugar, lowering blood pressure, and preventing cardiovascular diseases (30). Our study results proved that both low and high concentrations of MLP could significantly reduce the level of fasting blood glucose in HFD-induced obese mice. Additionally, they could reduce serum triglycerides and total cholesterol levels in obese mice.

Stimulating the body’s heat production and accelerating energy consumption are effective approaches to losing weight (31). Studies have reported that the anti-obesity effect of polyphenols might be attributed to the heat production stimulation in the body (25). Previous studies have found that green tea extract could increase and prolong sympathetic nerve stimulation and heat production, and effectively reduce body weight and fat deposition in the body organs (32). The results of the present study indicated that MLP could significantly upregulate the expression of brown fat thermogenesis-related genes, such as UCP1, UCP3, and PRDM16 (33, 34).

The results of this study revealed that MLP could change the fatty acid composition of adipose tissues in obese mice. Obesity leads to increased fat deposition and affects the composition of fatty acids in tissues (35). Studies have reported that in children and adolescents, 16:0 and 18:0 are positively correlated with obesity, while 20:4n-6 and 22:6n-3 are negatively correlated with obesity (36). In this study, the MLP downregulated 16:0 and 18:0 in obese mice and upregulated the 20:4n-6 and 22:6n-3 content. The fatty acid composition of food also affects the occurrence of obesity, while a higher SFA is not conducive to body health (37–39). This study found that MLP could downregulate the SFA content of obese mice. The PUFA/SFA ratio is also closely related to health, with an approximate ratio of 1 (40). The current results show that the PUFA/SFA ratio of obese mice was only 65%, and MLP significantly increased the PUFA/SFA ratio of obese mice. Therefore, using MLP to feed domestic animals might improve the quality of livestock products by changing their fatty acid composition (41).



Conclusion

The results of this study show that MLP could alleviate HFD-induced obesity in mice fat deposition reduction. Moreover, MLP could reduce the expression of fat synthesis-related genes and increase the expression of browning-related genes in the adipose tissues of HFD-induced obese mice. In addition, this study found that MLP may also affect the health of obese mice by changing the fatty acid composition of adipose tissue. Overall, MLP could be potential weight-loss drugs. This study provides a reference for developing animal feed additives using MLP.
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Cyclocarya paliurus leaves, which possess various bioactivities, have been widely used in dietary supplements or as ingredients in functional foods. However, limited information is available about the toxicity or safety concerns. In the present work, the maximum tolerated dose (MTD) and potential toxicity of the aqueous extracts of C. paliurus leaves (AECPL) were evaluated. Our results indicated that AECPL was rich in phenolics, flavonoids, and polysaccharides, which might be responsible for the health benefits of C. paliurus leaves. The MTD of AECPL was considered to be > 10,000 mg/kg BW in both male and female rats. The acute toxicity study was carried out by a 14-day repeat dose oral toxicity study. The results showed that the rats were all well-tolerated. No treatment-related mortality, abnormal clinical signs, body weight, or food consumption changes were reported during the study. Moreover, AECPL showed no adverse changes in the hematology, serum chemistry, urinalysis parameters, organ weights, gross finding, and histopathology. In this study, the non-observed-adverse-effect level of AECPL was 5,000 mg/kg BW/day, indicating AECPL was safe and can be used in the food industry.
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Introduction

Cyclocarya paliurus (Batalin) Iljinskaja (C. paliurus), belonging to the genus of Cyclocarya Iljinskaja, is a well-known edible herbal medicine that is grown in southern China (1, 2). C. paliurus is commonly named as “sweet tea tree” due to the flavor of its leaves (3). Traditionally, the leaves of C. paliurus are used for drug formulations with the curative effects of eliminating phlegm-turbid stasis and dampness-heat obstruction in traditional Chinese medicine (4). Recently, they have also been used in folk medicine for the treatment of anti-hypertensive, diabetes, hypertension, and hyperlipoidemia (5). Moreover, C. paliurus leaves have been widely used as dietary supplements or ingredients in functional foods in China. A series of C. paliurus leaf-derived products, for example, teas, beverages, and so on, have been developed (6). It is worth noting that C. paliurus leaves are the first officially approved health tea in China since 1999 (7).

To date, a larger number of bioactive components, including flavonoids (such as quercetin, isoquercitrin, quercetin-3-O-β-d-glucuronide, kaempferol, kaempferol-3-O-β-d-glucuronide, and kaempferol-7-O-α-l-rhamnoside), polysaccharides, triterpenoids, saponins, and steroids have been identified in C. paliurus leaves (1, 8, 9). Additionally, various biological activities, including cholesterol-lowering, hypoglycemic, hypolipidemic, antioxidant, antihypertensive, anti-inflammation, and immunomodulatory effects have been reported for C. paliurus leaves (10). At present, scientists have paid more attention to C. paliurus leaves due to the presence of abundant numerous bioactive phytochemicals and their health benefits (11). It is necessary to ensure the oral safety of C. paliurus leaves. However, limited information is available about the acute toxicity of extracts from C. paliurus leaves. Therefore, an oral dose toxicity study of C. paliurus leaves extract in rats, including male and female, was carried out in the present work. Moreover, the chemical compositions of C. paliurus leaves extract were investigated as well. The results may help to provide a security basis and quality standard of C. paliurus leaves as a functional food ingredient with various bioactivities.



Materials and methods


Plant materials and chemicals

Dried leaves of C. paliurus, provided by Guangdong Tiansheng Pharmaceutical Co., Ltd. (Foshan, China), were milled into powder to obtain a fine powder of about 60 mesh, and were stored under –20°C until used. Gallic acid, Folin-Ciocalteu reagent, and rutin were purchased from Sigma Chemical Co. (St. Louis, MO, United States). Sodium carbonate (NaCO3), aluminum nitrate (AlNO3), sodium nitrite (NaNO2), sodium hydroxide (NaOH), and ethanol were obtained from Guangzhou Reagent Co. (Guangzhou, China).



Tested animals

Rats (Rattus norvegicus)/Crl:CD® [SD] VAF/Plus® (5–6 weeks of age), including male and female, were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Before treatment, all animals were quarantined/acclimated per facility SOPs. The rats were group housed (up to three animals of the same sex and same dosing group together) in solid bottom cages. All the animals were kept under standard conditions (temperature, 22 ± 2°C; humidity, 40–70%; 12-h light/dark cycle), and were supplied with distilled water ad libitum and a standard diet (Rodents Irradiated Maintenance Feed ad libitum) throughout the experiment period. All the experimental protocols and/or procedures involving the animal’s test in the present work had been reviewed and approved by the WuXi AppTec Institutional Animal Care and Use Committee before the initiation of such procedures.



Extraction

The bioactive components from C. paliurus leaves were extracted by hot water according to the previous report (6) with some modifications. In brief, the milled leaves were mixed with distilled water at a ratio of 1:10 (w/v), then the mixture was extracted at 100°C for 60 min. After centrifugation (5,000 × g, 10 min), the supernatants were collected, and the residues were further extracted with distilled water at 100°C for 40 min. All the supernatants were combined and concentrated to a concentration equivalent to 1 g/ml (leaves/water) under vacuum at 90°C. The aqueous extracts of C. paliurus leaves (AECPL) were obtained after free-drying and were stored at –20°C until use.



Chemical compositions determination

The compositions of AECPL were determined in this study. For the content of polysaccharides, AECPL was dissolved in 80% ethanol to remove ethanol-soluble chemicals, then the residues were dissolved in distilled water and the polysaccharides content of AECPL was measured by the phenol-sulfuric acid method as described previously (12). The final result was expressed as gram glucose equivalents (GE) per 100 grams of AECPL (g GE/100 g AECPL). The protein content of AECPL was measured by automatic Kjeldahl assay according to a previous report (13), and the final result was expressed as gram per 100 grams of AECPL (g/100 g AECPL). The total phenolic content of AECPL was determined by Folin–Ciocalteu colorimetric method as described previously (14), using gallic acid as the standard. The final result was expressed as a gram of gallic acid equivalents (GAE) per 100 grams of AECPL (g GAE/100 g AECPL). The total flavonoid content of AECPL was measured by aluminum chloride colorimetric assay as described by Wen et al. (14), using rutin as the standard. The final results were expressed as a gram of rutin equivalents (RE) per 100 grams of AECPL (g RE/100 g AECPL).

UHPLC-MS-MS analysis was applied for the phytochemicals profile of AECPL by using an UltiMate 3000 UHPLC DGLC Systems equipped with a Q EXACTIVE QE mass spectrometer (ThermoFisher Scientific) and a Phenomenex C18 column (4.6 × 250 mm, 5.0 μm, Phenomenex, United States). The samples were eluted with a gradient system consisting of solvent A (H2O with 0.1% formic acid, v/v) and solvent B (acetonitrile), which were used as the mobile phase, with a flow rate of 0.4 ml/min. The column temperature was kept at 35°C and the injection volume was 1 μl. Gradient elution program was applied for analysis and set as follows: 0–10 min with 3–9% solvent B, 10–12 min with 9–10% B, 12–16 min with 10–13% B, 16–30 min with 13–19% B, 30–60 min with 19–35% B, 60–70 min with 35–97% B, 70–79 min with 97% B, 79–80 min with 97-3%B, and kept 3% B for 8 min. MS analysis with an electrospray ionization (ESI) source was operated in a negative ion model. MS data were collected in a full-scan model with a mass range of 100–1,500 Da. The capillary and heater temperatures were 350°C. The sheath gas flow rate and aux gas flow rate were 40 and 10 L/h, respectively. The cone voltage was 20 kV. The tentative identification and structural characterization of major compounds were based on MS and MS/MS spectra and were confirmed by the previous report.



Animals’ treatment

A sighting study was performed to determine the maximum tolerated dose (MTD) of AECPL through oral gavage administration (15). After acclimation for 6 days before experimentation, 10 rats (5 males and 5 females) were randomly assigned to two groups (group A: 5 males and group B: 5 females). As shown in Figure 1, all the tested animals received AECPL in distilled water at ascending doses (1,000, 2,000, 5,000, or 10,000 mg/kg BW for once) at approximately 48 h intervals through oral gavage administration. Then, the rats were observed for 14 consecutive days before the final sacrifice, following the last dose (Figure 1). The mortality and clinical observations of the tested animals were recorded for 21 days. On the 22nd day, rats were dissected and evaluated for macroscopic lesions after sacrificing by cervical dislocation.
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FIGURE 1
Scheme of animals’ treatment.


The acute toxicity study was carried out by a 2-week repeated oral dose toxicity study. After acclimation for 6 days before experiment, 40 rats (20 males and 20 females) were randomly assigned to 4 groups, which included 5 each of males and females. The tested animals were administered by oral gavage AECPL in the doses of 0 (NC group, normal control), 1,000 (LD group, low-dose), 2,000 (MD group, middle-dose), and 5,000 mg/kg BW/day (HD group, high-dose), respectively, for 14 consecutive days. The rats were euthanatized a day after the last dose. Rats with AECPL treatment received the same volume of AECPL solution at the above-mentioned dose, while the animals in the NC group received the same volume of vehicle solution (distilled water). The mortality and clinical observations of the tested animals were recorded for 15 days.



Clinical observations and body weight measurement

For both the sighting study and repeated oral toxicity study, all the tested animals were observed two times daily for mortality and morbidity. Clinical signs, including abnormal behavioral and physical changes, as well as changes in the fur, skin, eyes, breathing, and excretion were recorded. For a single dose toxicity study, the body weights were measured on 1, 3, 5, 7, 10, 14, 17, and 21-day. For repeated oral dose toxicity study, the body weights were measured on 1, 4, 8, 11, and 14-day.



Clinical pathology

At the end of the experiment period (day 15), all the tested animals in the repeated oral dose toxicity study were anesthetized with isoflurane, and the blood samples were collected from the abdominal aorta and centrifuged immediately for 5 min at 14,000 g at 4°C to obtain serum for biochemical analysis. In addition, the whole blood samples were collected using sodium citrate as the anticoagulant. Urine was collected overnight by placing the rats in metabolic cages where animals had access to water without food. After the collection of blood and urine samples, hematology, clinical chemistry, and urinalysis were performed. The tested rats were fasted overnight before blood/urine collection.



Histopathology

A detailed gross necropsy, including a comprehensive gross observation of external surfaces of the body, orifices, cranial, thoracic, and abdominal cavity were conducted on all tested animals in both sighting and repeated oral dose toxicity studies. The adrenal glands (AG), brain, heart, kidneys, liver, ovaries/testes, spleen, and thymus of all animals were trimmed of any adherent tissues. Their wet weight was recorded. Tissues or organs were fixed in 10% neutral buffered formalin or other appropriate fixative and then prepared for histopathological examination from the NC group and HD group animals.



Statistical analyses

All data were expressed as means ± standard deviations of each measurement. Statistical analyses were carried out in male and female groups, respectively. The homogeneity of the group variances was evaluated using Levene’s test at the 0.05 significance level. If differences between group variances were not significant (p > 0.05), then a parametric one-way analysis of variance (ANOVA) was performed. When significant differences among the means were indicated by the ANOVA test (p ≤ 0.05), Dunnett’s test was used to perform the group mean comparisons between the control group and each treated group.




Results and discussion


Chemical compositions of aqueous extracts of Cyclocarya paliurus leaves

The chemical compositions of AECPL, including polysaccharides, total phenolics, total flavonoids, protein, and quercetin, contents were determined. Our results indicated that the polysaccharides content was 15.84 ± 1.54 g GE/100 g AECPL. The total phenolic content was 28.15 ± 1.95 g GAE/100 g AECPL. The total flavonoid content was 16.99 ± 0.83 g RE/100 g AECPL. Additionally, the content of protein was 3.35 ± 0.34 g/100 g AECPL. UHPLC-MS/MS, which has been proven to be a sensitive method in detecting and characterizing trace constituents (14), was used to distinguish phytochemicals in AECPL. As shown in Table 1, 15 phenolic compounds, including 6 phenolic acids (protocatechuic acid, 4-dicaffeoylquinic acid, chlorogenic acid, neochlorogenic acid, caffeic acid, and 4,5-di-O-caffeoylquinic acid) and 9 flavonoids were identified. Among the nine flavonoids, seven were flavonoid-O-glycosides, which included quercetin-O-galactoside, isoquercitrin, quercetin-O-glucuronide, kaempferol-O-glucuronide, kaempferol-O-glucoside, quercetin-O-rhamnoside, and kaempferol-O-rhamnoside; two were flavonols including kaempferol and quercetin.


TABLE 1    The identified phenolics compounds of aqueous extracts of Cyclocarya paliurus leaves based on the UHPLC-ESI-MS/MS analysis.
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Different types of chemical compounds, including proteins, polysaccharides, phenolics, and triterpenoids were observed in C. paliurus (16). Among them, polysaccharides are one of the major bioactive components presented in C. paliurus leaves (1, 5). A previous report reviewed that the monosaccharides, such as rhamnose, arabinose, galactose, glucose, mannose, galacturonic acid, xylose, and glucuronic acid were found in the polysaccharides from C. paliurus leaves. Among these monosaccharides, rhamnose, arabinose, galactose, and galacturonic acid were the most dominant ones, implying the presence of pectin-like polysaccharides in C. paliurus leaves (11). Moreover, a novel pectin-like polysaccharide with high water solubility was purified from the dried leaves of C. paliurus (17). In addition, polysaccharides from C. paliurus showed various biological activities, which included anticancer, antioxidant, antimicrobial, antidiabetic, and anti-hyperlipidemic activities, as well as immunomodulatory effects (11). Phenolic acids and flavonoids are the major phenolic compounds present in C. paliurus leaves. A chemical fingerprint analysis by Cao et al. (18) showed that three phenolic acids (4,5-di-O-caffeoylquinic acid, and esters of caffeic acid and quinic acid) and eight flavonoids (quercetin-3-glucuronide, quercetin-3-galactoside, isoquercitrin, quercetin-3-rhamnoside, kaempferol-3-glucuronide, kaempferol-3-rhamnoside, and kaempferol-3-glucoside) were identified in C. paliurus leaves. These phenolic acids and flavonoids were considered to be the marker compounds of C. paliurus leaves. Our results indicated that phenolic acid and flavonoids were the major phytochemicals in C. paliurus leaves, which is in accordance with a previous study, in which quercetin-3-glucuronide, kaempferol-3-glucuronide, kaempferol-7-rhamnoside, and kaempferol were found to be the main flavonoids in C. paliurus leaves (8). C. paliurus extract rich in quercetin, kaempferol-3-glucuronide, isoquercitrin, and kaempferol-3-rhamnopyranoside could ameliorate the imbalanced intestinal microbiota induced by circadian rhythm disorder (19). Previous study also indicated that total flavonoids from C. paliurus leaves showed hepatoprotective effect against carbon tetrachloride-induced acute liver injury in vivo (20). All these results indicated that the polysaccharides, phenolics, and flavonoids presenting in C. paliurus leaves extract might contribute to their bioactivities.



The maximum tolerated dose of aqueous extracts of Cyclocarya paliurus leaves

The MTD, a dose in which there is no mortality of animals after administration with the tested samples, was determined using a sighting study in both males and females Sprague-Dawley (SD) rats. Dosing of AECPL started at 1,000 mg/kg BW in rats through oral administration, and sequential higher doses of 2,000, 5,000, and 10,000 mg/kg BW were administered to animals, and no sign of mortality was observed within 7 days. Then, the animals were observed for 14 consecutive days. No associated mortality and adverse clinical symptoms were observed within 14 days of post-administration. The body weight and feed intake of tested animals were recorded as well. As shown in Figure 2A, the body weight was increased in a time-of-day-dependent manner from day 1 to day 17 after administration, in both male and female groups, and remained constant from day 17. Similarly, the feed intake was increased from day 1 to day 9, and remain constant from day 11 (Figure 2B). All the changes were in accordance with those of other unadministered rats in the lab (data not shown), suggesting that no adverse effects on the body weight and feed intake were caused by AECPL. Additionally, no sighting lesions were found in the tested rats at necropsy. All these results indicated that AECPL was well-tolerated in SD rats when administered once by oral gavage at doses varied from 1,000 to 10,000 mg/kg BW. Therefore, the MTD of AECPL was considered to be more than 10,000 mg/kg BW in both male and female rats. Similarly, Deng et al. (6) found that AECPL was well-tolerated in Kunming mice after oral gavage at a dose of 10,000 mg/kg BW. Moreover, the genotoxicity and teratogenicity study of AECPL indicated that administration with AECPL at 10,000 mg/kg BW showed non-mutagenic and non-teratogenic effects in SD rats, suggesting the safety of AECPL at 10,000 mg/kg BW.
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FIGURE 2
The effects of AECPL on the body weights (A) and food consumption (B) of Sprague-Dawley (SD) rats during the sighting study. “*, **, and ***” refers to a significant difference from the 1st day at p ≤ 0.05, 0.01, and 0.001, respectively.




Effects of aqueous extracts of Cyclocarya paliurus leaves on the body weights and feed intake of Sprague-Dawley rats in repeated oral dose toxicity study

Considering the results of the sighting study, a repeated oral dose toxicity study was performed at a series of doses of 1,000, 2,000, and 5,000 mg/kg BW for 14 days. Similar trends of body weight, which increased gradually were found in the groups administrated with AECPL, in both male (Figure 3A) and female (Figure 3B) rats. And the body weights of the treated rats were not significantly different (p ≥ 0.05) as compared to the untreated rats. Similar results were observed for food intake (Figures 3C,D). Additionally, no associated mortality and adverse clinical symptoms were observed during this study. All these results suggested that administration with repeated doses of AECPL did not cause observable toxicity in SD rats. A previous study mentioned that the ethanol extract of the stems and leaves of C. paliurus did not cause any mortalities or body weight changes at the doses of 1,000 and 2,000 mg/kg BW in male Swiss Webster mice (21). However, the raw data for the acute toxicity study were not provided in the reports.
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FIGURE 3
The effects of AECPL on the body weights and feed intake on Sprague-Dawley (SD) rats in acute toxicity study. (A,B) refer to the body weights of males and females, respectively; (C,D) refer to the feed intake of males and females, respectively.




Effects of aqueous extracts of Cyclocarya paliurus leaves on the clinical pathology of Sprague-Dawley rats in repeated oral dose toxicity study

Post dosing period, the clinical pathology, including hematology, serum biochemistry, and urinalysis, parameters were measured. And the results are presented in Tables 2–4. As shown in Table 2, leukocyte counts (WBC), erythrocyte count (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), RBC distribution width (RDW), platelet count (PLT), mean platelet volume (MPV), reticulocyte count (RET), and the absolute values and percent of different WBC classification, including neutrophils (NEUT), eosinophils (EOS), basophils (BASO), monocytes (MONO), and lymphocytes (LYMP), in the blood samples were determined. Compared with the NC group, no significant differences (p ≥ 0.05) were observed for all the parameters in male rats, regardless of the tested doses. Whereas, in females, the RET and EOS in the LD group were significantly different (p < 0.05) from the NC group, and no significant differences (p ≥ 0.05) were found in other parameters.


TABLE 2    Effects of aqueous extracts of Cyclocarya paliurus leaves on the hematology of Sprague-Dawley (SD) rats in the acute toxicity study.
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TABLE 3    Effects of aqueous extracts of Cyclocarya paliurus leaves on the serum chemistry of Sprague-Dawley (SD) rats in the acute toxicity study.
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TABLE 4    Effects of aqueous extracts of Cyclocarya paliurus leaves on the urinalysis parameters of Sprague-Dawley (SD) rats in the acute toxicity study.
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To investigate the effects of AECPL on serum biochemistry, the contents of alanine aminotransferase (ALT), aspartate aminotransferase (AST), total protein (TP), albumin (ALB), total bilirubin (TBIL), alkaline phosphatase (ALP), γ-glutamic acid aminotransferase (GGT), serum glucose (sGLU), urea, creatinine (CRE), total cholesterol (TCHO), triglyceride (TG), globulin (GLB), creatine kinase (CK), calcium (Ca), phosphorus (P), potassium (K), sodium (Na), and chlorine (Cl) in serum samples were measured. The results, presented in Table 3, showed that no significant differences (p ≥ 0.05) were found in male rats within all the intragastric doses, compared with the NC group. A similar phenomenon was observed in female rats, expect for the contents of TG and P, which were significantly different (p < 0.05) from the NC group when administered with a high dose of AECPL (5,000 mg/kg BW/day) for 14 days.

The effects of AECPL on the urinalysis parameters were evaluated as well. The color and clarity of the urine were yellow or light yellow and clear, respectively, in all the tested rats. As displayed in Table 4, there were no significant (p ≥ 0.05) differences in the pH value, specific gravity (SG), and volume between the AECPL-treated groups and the NC group. Parameters such as epithelium, casts, mucus, sperm, trichomonad, RBC, WBC, glucose, bilirubin, occult blood, and urobilinogen were negative in the urine of all the tested animals. The levels of other parameters, which included crystal, bacterium, yeast, ketones, and protein in the AECPL-treated groups were similar to the NC group, and no significant differences found.

Clinical chemistry and hematological parameters have been considered to be important indicators in determining toxicity (22). The decrease of RET in females of the LD group might be an indicator of anemia (23). However, the number of RBC, HGB, WBC, and PLT in females of the LD group was normal, suggesting that the significant changes might be due to biological variation. The absolute value of EOS in females of the LD group was significantly higher than that of the NC group, whereas there was no significant difference in the percent of EOS, implying that no adverse effect of AECPL on EOS of SD rats. A significant increase in TG was observed in high-dose-treated females. However, a 13-week oral gavage toxicity study conducted by our company showed that a TG-lowering effect was induced by a higher dose (10,000 mg/kg BW) AECPL treatment (0.44 mmol/L), in comparison with vehicle treatment (0.53 mmol/L) in females. Similar to a previous in vivo study, C. paliurus leaves extract could reduce TG content in hyperlipidemic mice (4). All these results suggest that the higher TG content induced by AECPL treatment in HD group females might be due to biological variation. In addition to TG, other parameters like TCHO related to lipids profile were not affected by AECPL treatment. ALT, AST, TP, ALB, GLB, TBIL, ALP, and GGT are important parameters related to liver prolife (24). And no significant differences were observed among the tested groups. All these results indicated that no side effects on liver function were induced by AECPL in the repeated oral dose toxicity study.



Effects of aqueous extracts of Cyclocarya paliurus leaves on the organ weights of Sprague-Dawley rats in repeated oral dose toxicity study

The gross necropsy included examination of the carcass and musculoskeletal system, all external surfaces and orifices, cranial cavity, and external surface of the brain, and contents of the thoracic, abdominal, and pelvic cavities. There were no gross lesions visible in all the tested rats. Additionally, the organs or tissues were weighted. The final results were expressed as the ratio of organ or tissue weight to BW. As shown in Table 5, the values of AG/BW, brain/BW, heart/BW, kidneys/BW, liver/BW, testes/BW, spleen/BW, and thymus/BW in AECPL-treated male rats were not significantly different from that of vehicle treatment males. Similarly, no significant difference was observed for these values except for the ratio of liver/BW in high-dose-treated female rats, in comparison with the females from the NC group. All these results indicated that treatment with AECPL did not cause any abnormalities for the organs like AG, brain, heart, kidneys, liver, testes, spleen, and thymus. However, by comparing with the vehicle-treated females, significantly higher relative liver weight was found in high-dose AECPL-treated females. Previous reports indicated that polysaccharides and/or flavonoids showed protective effects against liver injury in vitro (25, 26), suggesting that AECPL might possess health benefits for the liver. The effects of AECPL on the liver need further investigation like pathology analysis.


TABLE 5    Effects of aqueous extracts of Cyclocarya paliurus leaves on the organ weights of Sprague-Dawley (SD) rats in the acute toxicity study.
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Effects of aqueous extracts of Cyclocarya paliurus leaves on the histopathology of Sprague-Dawley rats in repeated oral dose toxicity study

The organs such as heart, kidney, liver, lungs, and spleen for histopathological evaluation from the NC and HD groups were processed with hematoxylin and eosin (H&E) staining and microscopic examination (15). The results are shown in Figure 4. As for the liver in high dose-treated females, no visible lesion and inflammatory cell infiltration was observed, similar to female rats in the NC group. All these results implied that the increase in liver weight induced by high-dose AECPL in female rats might be due to biological variation as no significant changes were observed for histopathology. However, slight inflammatory cell infiltration was visible in one of five high-dose-treated male rats, which might result from biological variation as no other abnormities were observed. Additionally, no visible lesion, inflammatory cell infiltration, and necrosis were observed for the organs such as the heart, kidney, and lungs in all the tested animals. However, in the case of the spleen, a lower density of spleen cells in the red pulp was visible in one of the five male rats in the NC group, when compared with those of males in the HD group. While comparing with the females in the NC group, some spleen corpuscles were atrophied or disappeared in the spleen of one of the five females of the HD group, as well as the decreased area ratio of white pulp to a red pulp. However, all the structures of spleen cells were intact without any obvious rupture, suggesting no significant effects on the spleen of tested rats. Additionally, polysaccharides from C. paliurus leaves showed a positive effect on mouse spleen lymphocytes, indicating immunomodulatory activities of C. paliurus leaves extract (27). All these results indicated that no adverse effects were observed in high-dose-administered SD rats, suggesting that the non-observed-adverse-effect level (NOAEL) of AECPL was 5,000 mg/kg BW/day, the highest level tested in SD rats. However, the effects of AECPL on sub-chronic toxicity were not included in this work, and further study will be conducted in our future work.
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FIGURE 4
Photomicrograph of heart, kidney, liver, lungs, and spleen of NC and HD groups after H&E staining in acute toxicity study. The photomicrographs of the liver in a male rat of HD group, spleen in a male rat of NC group, and spleen in a female rat of HD group were chosen as abnormities were observed, and other photomicrographs were selected randomly. IC, LDSC, and ASC refer to inflammatory cells, lower density of spleen cells, and atrophied spleen corpuscles, respectively.





Conclusion

In summary, AECPL was rich in phenolics, flavonoids, and polysaccharides, which have been proven to possess various bioactivities which were responsible for the health benefits of C. paliurus leaves. The MTD of AECPL was considered to be more than 10,000 mg/kg in SD rats, including male and female rats. After administration once daily for 14 days by oral gavage at dosages of 1,000, 2,000, or 5,000 mg/kg BW/day, the rats were well-tolerated and did not result in any treatment-related mortality and any adverse effects in clinical signs. Moreover, AECPL showed no significant effects on the body weights, food consumption, hematology, coagulation, serum chemistry, urinalysis parameters, organ weights, gross finding, and histopathology. Based on the above results, the NOAEL for AECPL in the present work was considered to be 5,000 mg/kg BW/day for the tested rats.
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Dietary phytochemicals including plant-derived alkaloids, carotenoids, organosulfur compounds, phenolics, and phytosterols, are health-promoting bioactive compounds that help in the prevention and mitigation of chronic diseases and microbial infections beyond basic nutrition supply. This article covers recent advances in the extraction, chemical composition, therapeutic potential (nutraceutical and antimicrobial), and delivery of black and green cardamom-derived phytochemicals. In recent years, advance extraction techniques (e.g., enzyme- assisted-, instant controlled pressure drop-, microwave- assisted-, pressurized liquid-, sub- critical-, supercritical fluid-, and ultrasound-assisted extractions) have been applied to obtain phytochemicals from cardamom. The bioactive constituents identification techniques, specifically GC-MS analysis revealed that 1,8-cineole and α-terpinyl acetate were the principle bioactive components in black and green cardamom. Regarding therapeutic potential, research findings have indicated desirable health properties of cardamom phytochemicals, including antioxidant-, anti-hypercholesterolemic, anti-platelet aggregation, anti-hypertensive, and gastro-protective effects. Moreover, antimicrobial investigations revealed that cardamom phytochemicals effectively inhibited growth of pathogenic microorganisms (bacteria and fungi), biofilm formation inhibition (Gram-negative and Gram-positive bacteria) and bacterial quorum sensing inhibition. Encapsulation and delivery vehicles, including microcapsules, nanoparticles, nanostructured lipid carriers, and nanoliposomes were effective strategies to enhance their stability, bioavailability and bioefficacy. In conclusion, cardamom phytochemicals had promising therapeutic potentials (antioxidant and antimicrobial) due to polyphenols, thus could be used as functional additive to increase shelf life, inhibit oxidative rancidity and confer pleasant aroma to commercial edibles as well as mitigate oxidative stress and lifestyle related chronic diseases (e.g., cardiovascular and gastrointestinal diseases). A future perspective concerning the fabrication of functional foods, nutraceuticals and antibiotics to promote cardamom phytochemicals applications as biotherapeutic agents at large-scale requires thorough investigations, e.g., optimum dose and physical form of supplementation to obtain maximum health benefits.
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Introduction

Cardiovascular disparities, foodborne pathogens and microbial recurrent infections have motivated the researchers to discover effective food-based biomedicines and antimicrobials to attenuate diseases and inhibit growth of pathogenic microorganisms. Various potent medicines are available to counter diseases and pathogens, nevertheless, side effects on human health are often associated with their applications. Therefore, physiological dysfunctions and foodborne diseases treatment through phytochemicals has gained tremendous research attention due to their safe nature along with nutritional perspectives, instead of pharmaceuticals. Applications of dietary phytochemicals in food, cosmetic, nutrition, and pharmaceutical industries have seen an emerging trend due to their health-enhancing traits such as antiradical, antimicrobial, cardio-protectant, and gastro-protective properties (1–4).

Dietary phytochemicals include plant-derived alkaloids such as caffeine, carotenoids (e.g., carotene, cryptoxanthin, lutein, and lycopene), organosulfur compounds (e.g., isothiocyanates, indoles, and sulforaphane), phenolics (e.g., coumarins, flavonoids, phenolic acids, stilbenes, and tannins), phytosterols (e.g., avenasterol, campesterol, campestanol, citrostadienol, stigmasterol, stigmastanol, sitosterol, and sitostanol), tocols (e.g., tocopherols and tocotrienols), fatty acids, and volatile compounds. These are health-promoting bioactive compounds that help in preventing and mitigating physiological disorders and risk of chronic infections. Such phytochemicals are rich sources of organic antioxidants and antimicrobials that possess health benefits, including boosting antioxidant enzymes (glutathione and superoxide dismutase), decreasing malondialdehyde contents, microbial communication and biofilm formation inhibition, and prevention and mitigation of various chronic diseases (1, 4–6).

Cardamom, a perennial herbaceous plant belongs to the family Zingiberaceae, and green cardamom (Elettaria cardamomum) and black cardamom (Amomum subulatum) are two major cultivars. These are grown in different regions of the world, including Bhutan, India, Mexico, Nepal, Peninsula, Sri Lanka, Tanzania, Thailand, and Vietnam. Regarding yearly production, India is the leading producer contributing 4000 metric tons followed by Nepal and Bhutan with 2500 metric tons and 1000 metric tons, respectively (2, 7, 8). To date, different extraction techniques including conventional extraction methods (e.g., hydrodistillation and Soxhlet apparatus) and advance procedures (e.g., ultrasound- assisted-, microwave- assisted-, supercritical fluid-, sub- critical-, pressurized liquid-, enzyme- assisted-, instant controlled pressure drop-, and solar energy-based extractions) have been used for the extraction of dietary phytochemicals. Among the various extraction techniques, supercritical fluid extraction (SFE) has the potential advantages of controlled operative conditions (time, temperature and pressure), less sample degradation, accelerated mass transfer, and no further sample clean-up (1, 6, 9, 10).

After phytochemicals extraction, various chromatographic techniques are being used to characterize and quantify the bioactive constituents. For example, different fractions of fatty acids and phytosterols, tocopherols, and lipids present in the sample can be identified by gas chromatography, high performance liquid chromatography and column chromatography, respectively (4). The chromatographic analysis of cardamom phytochemicals indicated α-terpinyl acetate and 1,8-cineole (potent antioxidant) were the major bioactive constituents in green and black cardamom, contributing pleasant and pungent aroma, respectively. In addition, various other bioactive constituents, including sabinene, linalool acetate, nerolidol, thujene, pinene, cymene, limonene, geranial, and myrcene were also present in cardamom (2, 3).

In recent years, the desirable health-promoting properties of cardamom phytochemicals have been reported, including antioxidative-, antimicrobial-, anti-ulcer (gastrointestinal protective), anti-hypercholesterolemic, anti-platelets aggregation, and anti-hypertensive activities (1, 6, 11). Nagashree et al. (12) reported that cardamom phytochemicals significantly decreased the levels of low-density lipoproteins, very low-density lipoproteins and triglycerides in rats nourished with a high-fat diet. Abdullah et al. (2) described that cardamom phytochemicals inhibited the growth of foodborne fungi (Candida albicans) and bacteria (Bacillus cereus, Streptococcus mutans, Staphylococcus aureus, and Listeria monocytogenes), biofilm formation in Gram-positive (Salmonella Typhimurium) and Gram-negative bacteria (Escherichia coli) and quorum sensing phenomena (Chromobacterium violaceum). Qiblawi et al. (13) indicated that cardamom substantially inhibited the aspirin-induced gastric lesions in rats, when different cardamom phytochemicals were applied such as methanolic extract (100-500 mg/kg) and essential oil (12.5-50 mg/kg).

This article covers recent advances in the extraction, chemical composition, therapeutic perspectives, and encapsulation and delivery of cardamom phytochemicals (Figure 1). The various extraction techniques, including conventional- (e.g., hydrodistillation and Soxhlet extraction) and advance extraction techniques (e.g., enzyme- assisted-, instant controlled pressure drop-, microwave- assisted-, pressurized liquid-, solar energy- based-, sub- critical-, supercritical fluid-, and ultrasound-assisted extractions), and bioactive constituents identification techniques [e.g., gas chromatography (GC), GC-mass spectrometry (GC-MS) and GC-flame ionization detection (GC-FID)] were briefly summarized. Moreover, the health-promoting characteristics with a special emphasis on the anti- oxidative-, antimicrobial-, cardio-protectant and hypo- cholesterolemic-, gastro- protective-, and biosafety and non-mutagenic properties were discussed. In addition, future perspectives focusing nutrition-related disorders, foodborne pathogens and microbial infections were highlighted, i.e., dietary phytochemicals as a green alternative to chemical preservatives, pharmaceuticals and conventional antibiotics.
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FIGURE 1
An overview diagram elaborating the main cardamom phytochemicals, extraction techniques, identification techniques, therapeutic potential, encapsulation and delivery, and future perspectives.




Phytochemicals extraction techniques

To obtain phytochemicals, the extraction method, sample pre-treatments, sample pulverization, extraction solvent, and extraction time are important factors. The type of solvent (i.e., polar, non-polar, lipophilic, hydrophilic, liquid, volatile, non-volatile, solid, or gas) and particle size (pulverization degree) of sample material are critical factors. Extraction solvent must be selected based on extraction methods, especially, SFE- and enzyme-assisted extractions combining co-solvent like hexane and acetone is advantageous for combined non-polar and polar effects (14). For extracting polar bioactive molecules using SFE, a polar modulator (ethanol as co-solvent) may be introduced in a small amount (15). For example, hexane extract contained only 0.3% α-terpinyl acetate when compared to supercritical extract that contained 42.3%. The obvious reasons include organic solvent pollution, the presence of cuticular wax and thermal degradation of α-terpinyl acetate (16). The particle size is also considered a compelling factor in SFE to obtain higher yield of phytochemicals as the length of diffusion path may control the internal mass transfer mechanism (16). Size reduction or pulverization degree reduces or exploits the surface area that makes it a critical factor as the desired components within tissues and cells are exposed. An ultrasound sound extraction from almonds reported enhanced ultrasonic action with greater yield with greater pulverization degree (17). Similarly, Balachandran et al. (18) reported enhanced diffusivity and yield of gingerols with reduced particle size. Thus, pulverization degree is an important experimental parameter that greatly influences extraction yield (15, 19).

Various extraction procedures have been used to obtain phytochemicals, and can be classified as conventional- (e.g., hydrodistillation, steam distillation and Soxhlet extraction) and advance extraction methods (e.g., enzyme- assisted-, instant controlled pressure drop-, microwave- assisted-, pressurized liquid-, solar energy- based-, sub- critical-, supercritical fluid-, and ultrasound-assisted extractions) (2, 9, 10, 20–25). Conventional extraction methods have wider applicability in the extraction of phytochemicals due to ease of operation, however, they require more time and huge amount of solvents, and give less extraction yield, thus making up-scaling difficult. Importantly, the conventional methods are also not suitable for thermolabile phytochemicals due to their adverse extraction conditions. Therefore, advance extraction techniques, specifically, hybrid approach, i.e., combination of two extraction methods has been practiced due to their potential advantages of less extraction time, low amount of solvents consumption, higher extraction yield, and improved quality and physical stability of phytochemicals. Table 1 compares the conventional and advance extraction techniques in terms of extraction time, solvents consumption, instrumentation cost, sample size, and extraction yield and quality.


TABLE 1    A comparison between conventional and advance extraction methods being used for phytochemicals extraction.
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Conventional extraction methods

Hydro- or steam distillation is still a widely used extraction method despite being conventional and using a large amount of solvent (water) due to wider applicability and ease of operation (21). In this method, extraction is based on the principal that combined vapor pressure equals the atmospheric pressure at their boiling temperatures. The steam is charged and encounters a narrow vessel chilled by an external source (cold water). Subsequently, the condensed steam is collected in a vessel with oil being less dense on the top (25, 26). An 8 h steam distillation was used to extract 3.5% volatile oil from black cardamom fruits (27). Oil from the fruits of two varieties of green cardamom from Thailand was also extracted by steam distillation (28). Noleau et al. (29) used a simultaneous distillation extraction apparatus for 1 h with dichloromethane to redistill volatiles, which resulted a yield of 3.68% for green cardamom capsules. Large cardamom seed oil was extracted by steam distillation with 2.50% yield (30). Black cardamom seeds (60% moisture, locally dried, and 5% moisture) presented 1.60, 2.70, and 2.40% hydrodistilled oil respectively (31). The black cardamom pericarp (husk) was also extracted for its oil contents by Clevenger hydrodistillation, which gave 0.18% yield (32). Kumar et al. (33) also isolated the oil from seeds and fruit coat of green cardamom from Indian region. They used 6 h hydrodistillation in Clevenger-type apparatus and 6.0 and 1.40% oil yields were obtained from seeds and fruit coat, respectively. Marongiu et al. (16) extracted cardamom seed oil by 4 h hydrodistillation with 5% yield in a Clevenger-type circulatory apparatus with 100 g material.

The black cardamom fruit was hydrodistilled for its oil contents using 500 g sample and all glass apparatus, which yielded 1.80% oil (34). Four predominantly used varieties of green cardamom from the Indian vicinity were sequentially extracted for their seed oils using solvents like hexane, methanol, water, dichloromethane, and ethyl acetate. The yield obtained by hydrodistillation varied from 7.90 to 8.79% (35). Black cardamom seed and rind (110 and 110 g pulverized sample) gave 4.50 and 1.00% yield when extracted using Likens-Nickerson hydrodistillation apparatus for 4 h with dichloromethane as an extracting solvent (36). The black cardamom was collected from six different altitudes and a 2 h hydrodistillation in all glass Clevenger-type apparatus having 20 g pulverized black cardamom seeds with 400 mL distilled water was used to extract their oil fraction. The yield varied from 0.98 to 1.95% (37). A 24 h hydrodistillation was carried out with 20 g sample (green cardamom seeds) and 500 mL of water which yielded approximately 66.43 mg extract/g sample (26). Jaramillo-Colorado et al. (38) extracted cardamom seed oil from three species by 2 h hydrodistillation with 500 g plant material and a 5 L-round flask and reported the presence of α-terpineol acetate and 1,8-cineol as predominant phytochemicals. Eikani et al. (22) used 10 g green cardamom sample (35 mesh size) to extract the oil using Clevenger-type hydrodistillation with 3.80% yield. The Iranian dried green cardamom sample (20 g) was completely submerged in water and hydrodistilled for 4 h in a Clevenger-type full glass apparatus with 3.10% yield (39). Cardamom seed powder was hydrodistilled for 5 h using 300 mL distilled water and 25 g sample size using Clevenger apparatus. Approximate yield was 45 mg extract/g dry seed (40). Morsy used 40 g cardamom seed powder (sieved thru 0.5 mm screen) to extract seed oil by hydrodistillation for 6 h by Clevenger-type apparatus oil according to the European Pharmacopoeia with approximate yield of 7.05% (41). The oil from dried aerial parts of green cardamom was hydrodistilled in all glass Clevenger-type apparatus for 3 h with 5.70% yield (42). Four different cultivars of black cardamom from Indian regions were used for oil extraction by hydrodistillation which presented 1.2–2.8% oil yield (43). Govindarajan et al. (44) used modified Clevenger-type hydrodistillation apparatus to extract oil (0.73% yield) from fresh leaves of black cardamom for 3 h. Noumi et al. (45) obtained green and black cardamom seed oils by hydrodistillation technique. Two varieties of Chinese black cardamom (CBC-Amomum tsao-ko) were compared for their oil composition from Indian green and black cardamom. All varieties were hydrodistilled for their oil fraction. Chinese black cardamom yield ranged from 0.7 to 1.8% while black cardamom yielded 0.9–1.5% (46). Wang et al. (47) also used hydrodistillation (5 h) to extract black cardamom oil with varying temperatures to optimize extraction yield. The maximum oil yield was 3.71% when black cardamom was dried at 55°C for 32 h. Sontakke et al. (48) obtained 2.6% extraction yield by steam distillation (5 h) using 150 g sample. A study reported cardamom essential oil extraction from 22 accessions in Clevenger apparatus (hydrodistillation) with a 3 h optimized time and average yield of 4.5–9.5% (three replicates, 20 g sample, 500 mL distillation flask) (49). Green cardamom was extracted for its seed oil by hydrodistillation with a yield of 2.52% (25). Despite few confines, hydrodistillation is among the most utilized extraction method among the conventional approaches.

Soxhlet (solvent) extraction also continued to be an option amongst conventional approaches: the Soxhlet assembly uses a sample thimble, heating mental, condenser, and a receiving flask. The most commonly used organic solvents are hexane, petroleum ether, alcohol, acetone, methanol, chloroform, and ethanol (40, 48, 50, 51). Cardamom seeds were extracted through solvent extraction for their oil contents using hexane by Marongiu et al. (16). The extraction was carried out using 12 g sample at 25°C for 24 h with 7.6% yield. For comparative purpose, as a control treatment, 45 g cardamom sample was extracted twice by 1,2-dichloroethane-methanol-acetone (2:1:1). Constant shaking for 1 h with 200 mL solvent resulted an approximate yield of 7.63% (20). Leblebici et al. (26) also used Soxhlet method to extract cardamom seed oil using 5-7 g sample, 200 mL ethanol, and 7 h, which resulted a yield of 88.64 mg/g sample. The standard Soxhlet extraction (24 h) using n-hexane (200 mL; 2 g 35 mesh size particle green cardamom) was carried out at 69°C (22). The shake flask-solvent method with constant rotary shaking (190 rpm) using ethanol was also used to extract cardamom seed oil with approximate yield of 40 mg/g dry seed (40). Cardamom seed oil extraction was carried out using petroleum ether (Soxhlet extraction) for 24 h using w/v ration of 1:2 with 7.3% yield (48).



Advance extraction techniques

For efficient extraction of bioactive phytochemicals and essential oils, there is a dire need to develop efficient, novel and robust methods since conventional methods contain many flaws. Regarding phytochemicals extraction from cardamom, advance techniques such as enzyme- assisted-, instant controlled pressure drop-, microwave- assisted-, pressurized liquid-, solar energy- based-, sub- critical-, supercritical fluid-, and ultrasound-assisted extractions have been developed (2, 10, 20–25). In recent years, practice of employing advanced extraction techniques in combination with conventional procedures to isolate bioactive phytochemicals from black and/or green cardamom has surged. For instance, ultrasound assisted extraction (UAE) as a pretreatment was carried out with subsequent hydrodistillation. The mixture with a solid to water (1:12) ratio was subjected to ultrasonication as a pretreatment to extract cardamom oil from seeds. Ultrasound generator was equipped with 19 mm tip, and probe was directly immersed at an approximate depth of 5 mm into the oleaginous mixture. Process parameters were as follows; maximal power output was 10 and 20% [from 30 W for 15 min (technique 2) and 30 min (technique 3) and 60 W 10 min (technique 4) and 15 min (technique 5) respectively]. Process was carried out at room temperature with 27, 36, and 54 KJ for all respective extraction techniques. Immediately after UAE, the mixture was submitted to hydrodistillation (41).

Microwave-assisted extraction (MAE) approach was used to obtain oil from green cardamom (Elettaria cardamomum L.). To ensure equal distribution of microwaves, a rotating microwave diffuser was used, and temperature monitoring was carried out by shielded thermocouple (ATC-300). For extraction, 100 g sample was soaked in water and then placed in the multimode microwave reactor. The obtained essential oil yield ranges between 1 and 2.27% based on the moisture contents, extraction time and microwave power (52). Recently, MAE was performed using 100 g black cardamom in the flask along with 100 mL water using microwave variables in 80W coupled with the Clevenger apparatus. MAE lasted for 70 min compared to 4 h hydrodistillation resulted a yield of 3.35% vs. 3.0% (24).

Supercritical fluid extraction is an advance extraction method with potential benefits, including less sample degradation, efficient material transfer, low risk of thermal denaturation of bioactive compounds, no sample clean-up, and its eco-friendly nature. Besides, it’s an efficient extraction technique because of easy control on operative conditions to liquefy carbon dioxide as the supercritical fluid through optimization of time, temperature, and pressure conditions (1, 6). Recently, Abdullah et al. (2) obtained cardamom phytochemicals by SFE using 99.8% pure carbon dioxide as a solvent (supercritical fluid) at a constant temperature (30°C) and pressure (300 bar) for a period of 60 min. Sub-critical extraction (SE) is also an advance procedure to extract phytochemicals using propane as an extracting solvent (20). In this procedure, 45 g pulverized seeds packed were placed in the extractor and propane pumped up at 1-1.5 L/min flow rate using a membrane pump. The extraction was carried out at 2-5 MPa pressure and 298 K. These researcher have also extracted oil using super- and sub-critical carbon dioxide (20).

The pressurized liquid extraction (PLE) approach was used to extract lipid fraction of green cardamom using response surface methodology. The influences of temperature (90-150°C), flow rate (1-4 mL/min), and ethanol-water concentration (25-75 wt.%) on essential oil yield were examined. Response surface equation revealed that the maximum yield was predicted at 90°C, 4 mL/min flow rate, and 75 wt.% ethanol. The PLE yield was the highest when compared to Soxhlet or hydrodistillation extractions (22).

The enzyme pre-treatment helps in disrupting the integral structure of cell walls for an improved liberation of free bioactive molecules. This treatment is still unable to completely isolate and release molecules because of reduced aqueous solubility (53). The super- or sub-critical solvents do not easily penetrate into multiple layers of cell membrane/wall thus extracting only free bioactive particles (23). The critical factors supposed to be optimized for sequential extraction (enzymatic pre-treatment followed by SFE) involves temperature, pressure, co-solvent, enzyme type, pressure, and exposure time (15). Chandran et al. (21) reported enzyme assisted hydrodistillation (EAHD), 100 g cardamom seed powder was pretreated with lumicellulase (mixture of four enzymes) with varying incubation time and concentrations. Citric acid was used to adjust mixture pH in the range of 5-5.5. Two hours incubation with enzyme concentration of 4 mg/mL/100 g of the substrate followed by hydrodistillation was optimized that resulted a yield of 2.5%. This corresponds to a marked increase in α-terpinyl acetate from 38.91 to 48.60% in enzyme-treated samples as compared to untreated one (21). Baby and Ranganathan (54) also used EAHD, and green cardamom sample (100 g) with 10% moisture was treated with Protease, Viscozyme L., Celluclast 1.5 L., and Pectinex Ultra SP-L. These enzymes (0.5-2%) were dissolved in 10 mL water and uniformly sprinkled on cardamom seeds. The pH was adjusted by citric acid between 4 and 5.5, incubation time and temperature varied from 30 to 120 min and 45-60°C. Afterward, the treated samples were subjected to hydrodistillation. The maximum yield was obtained at pH 5, 50°C, and 90 min. The highest yield (7.83%) was obtained with Viscozyme followed by Pectinex, Celluclast, and Protease respectively (7.68, 7.40, and 7.23%). The hydrodistillation of untreated cardamom seeds resulted in an oil yield of 6.75% (54).

Recently, the instant controlled pressure drop (DIC) technique as a pre-treatment before hydrodistillation to extract oil from green cardamom has also shown an increased oil yield of 4.40% (30 s, 140°C, 0.36 MPa) compared to 2.52% for control treatment (25). Moreover, a recent study also reported the potential of an eco-friendly, green and clean solar energy-based extraction (SEE) technique to extract green cardamom essential oil. SEE when compared to traditional hydrodistillation, extraction time was increased by 0.45 h with an optimized solar radiation of about 1000 W/m2. Further analysis revealed that SEE was 23-34% greener than the traditional hydrodistillation based on plant material type (9).

Conclusively, different extracting solvents were used to extract phytochemicals from different parts of black and green cardamom. The yield percentage varied depending upon extraction approach (intensity/power), extraction solvent, extraction time, raw material (plant parts), and moisture content of raw material, etc. Regarding the comparison of extraction time, HD and solvent extraction generally require 3-8 h, whereas Soxhlet needs even more time. The most abundantly used traditional extraction approach is HD followed by solvent or Soxhlet extraction (Table 2). The maximum oil fraction is supposed to be contained in the seeds of black and green cardamom. The maximum yield obtained from black cardamom was 3.71% from seeds using the HD approach (47). Regarding green cardamom, the maximum oil percentage (9.5%) was obtained from seeds using the HD approach (49). Leblebici et al. (26) obtained 8.8% oil from green cardamom fruits by Soxhlet extraction using ethanol as an extracting solvent. The solvents like petroleum ether, ethanol, and dichloromethane-acetone-methanol mixture seemed to be a promising option. The seeds in comparison to leaves, pericarp, whole pods/fruit, etc. contained maximum oil contents. Advanced extraction methods like MAE, EAE, SFE, PLE, or DIC have shown promising niches to be used as possible future strategies for extraction of phytochemicals from plant material. Moreover, the quality of cardamom phytochemicals extracted using greener (advanced) techniques was found superior in comparison to traditional methods.


TABLE 2    Comparative analysis of black and green cardamom: plant part, oil yield (%), extraction method, and extraction solvent.
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Identification techniques


Characterization and quantification of phytochemicals

The characterization and quantification of black and green cardamom-derived phytochemicals varies depending upon genotype, growing area, extraction method, moisture content, maturity levels, and identification or quantification protocol. To date, high-performance liquid chromatography coupled with photodiode array detector, gas chromatography (GC), GC-mass spectrometry (GC-MS), GC-flame ionization detection (GC-FID), and liquid chromatography-electrospray ionization quadrupole time-of-flight mass spectrometry have been used to characterize and quantify bioactive compounds present in phytochemicals (2, 6, 55). The following section presents reference studies focusing on the identification of cardamom-derived phytochemicals.

Among chromatographic techniques, GC-MS is an advanced analytical technique widely applied for quantification of bioactive compounds present in cardamom phytochemicals (Figure 2 and Table 3). The GC-MS analysis of green cardamom-derived sample showed that it contains α-terpinyl acetate (34.95%), 1,8-cineole (25.30%), linalool acetate (8.13%), sabinene (5.48%), limonene (2.80%), α-terpineol (2.79%), α-pinene (1.81%), myrcene (1.76%), nerolidol (1.57%), cis-sabinene hydrate acetate (1.02%), geranyl acetate (1.02%), n-hexadecanoic acid (0.79%), α-farnesene (0.54%), geranial (0.45%), β-pinene (0.36%), geraniol (0.24%), α-thujene (0.20%), linalool oxide (0.15%), p-cymene (0.14%), and g-elemene (0.11%) phytochemicals (3). Likewise, GC-MS quantification of black cardamom sample obtained by SFE demonstrated 1,8-cineole (44.24%), α-terpinyl acetate (12.25%), nerolidol (6.03%), sabinene (5.96%), g-terpinene (4.30%), α-pinene (3.41%), methyl linoleate (3.11%), α-terpineol (2.85%), β-pinene (2.82%), n-hexadecanoic acid (2.74%), and limonene (1.02%), were the bioactive compounds along with some others present in minor quantity (2). The difference in the chemical composition of these two cardamom cultivars may be due to several factors, including genetics, origin, growth-, storage-, processing-, and experimental conditions.
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FIGURE 2
Chemical structures of major bioactive phytochemicals identified in cardamom.



TABLE 3    Major bioactive compounds identified in green and black cardamom by GC-MS (2, 3).
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The seed and rind of black cardamom of Nepal origin were hydrodistilled and obtained essential oils characterized using GC and GC-MS. Both oils contained 87 compounds making up 99.1 and 99% of the oils with 1,8-cineole, α-terpineol, β-pinene, and α-pinene as predominant monoterpenoids. Their respective concentrations were 60.8, 39.0, 9.8, and 8.3% and 17.7, 12.3, 6.4, and 4.8% in seed and rind essential oils (36). Joshi et al. (37) characterized black cardamom essential oil grown at various altitudes in Indian region (Himachal Pradesh) using GC-MS and GC-olfactometry (GC-O). Chemical profiling revealed 55 compounds making up 98% of essential oil. Predominant constituents include 1,8-cineole, nerolidol, β-myrcene, α-terpineol, α-terpinene, δ-3-carene, 4-terpineol, germacrene D, δ-terpineol, DL-limonene, and longifolenaldehyde. Out of 35 compounds responsible for aroma, 34 were identified using aroma extract dilution analysis. The most intense flavoring constituents were α-pinene, α-basabolol, DL-limonene, β-myrcene, and 1,8-cineole. They also reported presence of α-terpinyl acetate, a principal constituent of green cardamom in black cardamom (37).

Phytochemical profiling of green cardamom essential oil of Italian origin was accomplished by GC-MS, which identified 43 constituents. The compounds with significant concentrations were linalool (5.4%), linalyl acetate (8.2%), α-terpinyl acetate (42.6%), limonene (5.6%), and 1,8-cineole (21.4%) (16). Green cardamom seed- and fruit coat essential oils were characterized by GC-FID and GC-MS, which confirmed 25 constituents accounting for 95.28 and 96.58% of the seed- and fruit coat oils, respectively (33). The predominant phytochemicals in seed- and fruit coat oils include α-terpinyl acetate (56.87% vs. 51.25%), 1,8-cineole (15.13% vs. 23.74%), α-terpineol (4.67% vs. 5.25%), and limonene (4.05% vs. 3.82%), respectively (33). Green cardamom was also reported to have linalool, terpin-4-ol, α-terpineol, linalyl acetate, α-terpinyl acetate, and 1,8-cineole as predominant essential oil constituents (52). Chandran et al. (21) used GC-MS and GC-FID to characterize and quantify green cardamom essential oil constituents. Out of 18 identified compounds, α-terpinyl acetate and 1,8-cineole found in maximum concentration (48.6 and 32.8%). The green cardamom essential oil of Turkish origin was also quantified by GC-MS and GC-FID. Qualitative and quantitative analysis recognized 67 compounds accounting for 96.9% of the oil with 6.3% linalool, 40.7% α-terpinyl acetate, and 25.6% 1,8-cineole Savan and Kuçukbay (56).

Most recently, synthetic receptors with capability of specific molecular recognition which retain a targeted compound were designed namely molecular imprinting polymers or molecularly imprinted polymer (MIPS) (57). Debabhuti et al. (58) developed a sensor called quartz crystal microbalance (QCM) to detect β-pinene in cardamom essential oil using olive oil. It was suggested that Ω-9 and oleic acid found in olive oil had tendency to bind β-pinene. The developed sensor had shown notable selectivity for β-pinene as compared to other volatile constituents in cardamom. Similarly, QCM coated with MIPs having polymethacrylic acid was tailor-made to detect α-terpinyl acetate from cardamom. It was demonstrated that the sensor was extremely selective and sensitive toward α-terpinyl acetate detection (58).




Therapeutic perspectives


Antioxidant potential

In recent years, the role of oxidative stress on the pathophysiology of chronic diseases, including Alzheimer’s disease, cardiovascular disparities (atherosclerosis), cancer, diabetes, hypercholesterolemia, hypertension, immune deficiency, and Parkinson’s disease has been conferred. Briefly, the cellular metabolism of oxygen produces reactive oxygen species prompting an imbalance (between antioxidants and pro-oxidants), and subsequently developing an oxidative stress. Resultantly, an excessive production of reactive oxygen species had a negative effect on the cell aging and other cellular processes by a direct macromolecular damage or negatively affecting the regulation of cellular signaling pathways (2, 59–61).

Antioxidants can protect the biological systems against deteriorative oxidative processes by scavenging free radicals and help in the prevention and cure of physiological disorders. These functional substances are usually phytochemicals (polyphenols) which mainly include phenolics, phytosterols, tocols, and carotenoids (5). Research studies have reported that cardamom-derived phytochemicals proved helpful in boosting the antioxidant defense mechanism due to the presence of phenolics (kaempferol, quercetin, luteolin, and pelargonidin), phytosterols, and tocopherols (4). The antioxidants found in phytochemicals can scavenge and inactivate free radicals, offering protection to cells against deleterious effects of oxidative processes (Figure 3). Besides, cardamom-derived phytochemicals can significantly enhance glutathione and superoxide dismutase (antioxidant enzymes) and decrease malondialdehyde levels in the body (6).
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FIGURE 3
Therapeutic applications of cardamom phytochemicals, including anti-oxidative (cell image indicating free radicals deterioration vs. protection by the antioxidants), anti-microbial (petri-plate showing bacterial growth inhibition), cardio-protective (heart and arteries elaborating their beneficial effects), and gastro-protective properties (digestive system symbol signifying their stomach health-promoting activities).


Chowdhury and Islam (62) evaluated the anti-oxidative properties of methanolic extract of green cardamom leaves by measuring scavenging ability of 2,2 Diphenyl-1-picrylhydrazyle (DPPH) free radicals responsible for oxidative reactions. In this study, the IC50 value observed with DPPH assay against leaves extract was 594.47 μg/mL, indicating remarkable anti-oxidative potential due to substantial presence of flavonoids, phenols, saponins, terpenoids, and triterpenes phytochemicals. Saeed et al. (63) reported the anti-oxidative effects of aqueous and methanolic extracts obtained from green cardamom seeds and pods. Purposely, total phenolic compounds and antioxidant activity were determined by the Folin–Ciocalteu phenol reagent, DPPH and linoleic acid peroxidation inhibition methods. The results indicated that total phenolic compounds ranges 27.75-126.35 mg gallic acid equivalent (GAE)/g dry weight, DPPH scavenging ability 46-91% with the extract concentration of 5 mg/L and linoleic acid peroxidation inhibition of 34-83%.

Ramadan et al. (4) determined total phenolic compounds in cardamom and olive oils by Folin-Ciocalteu reaction, and reported that cardamom had 3.9 ± 0.02 mg GAE/g oil, higher than olive oil 3.5 ± 0.01 mg GAE/g oil. Furthermore, cardamom phytochemicals antiradical activity was evaluated by DPPH⋅ and galvinoxyl stable free radicals assays. DPPH assay showed that cardamom had promising radical scavenging activity; after 30 min and 60 min of incubation, 26 and 32% free radicals were scavenged by cardamom phytochemicals. Moreover, antiradical activity tested by electron spin resonance spectrometer apparatus showed that cardamom phytochemicals quenched 22 and 33% free radicals after 30 and 60 min of incubation with galvinoxyl radicals, respectively. The authors reported remarkable antioxidative- and antiradical properties were due to phytochemicals such as tocopherols, phenolic compounds and phytosterols found in cardamom.



Antimicrobial potential

Foodborne pathogens and especially microbial recurrent infections occurred due to biofilm formation have attracted attention of researchers, dietitians and chemists to explore organic bioactive compounds as safe alternative to conventional antibiotics. “Biofilm is a three-dimensional structure produced by mono- or multi-microbial communities embedded into an excreted extracellular matrix providing protection/resistance to pathogens against the immune systems, antimicrobials, and harsh environmental conditions.” The process of bacterial biofilm formation involves five stages, including microbial adhesion by bacterial flagella/pili, exopolysaccharide secretion, spatial three-dimensional structure formation, maturation of biofilm, and cellular detachment to expand the microbial community. This process of biofilm formation is governed by bacterial communication system called quorum sensing that plays role in the synthesis, release and detection of signaling molecules (2, 64, 65). Thus, inhibition of quorum sensing is crucial to inhibit biofilm formation to eradicate persistent infections as bacteria causing different hospital-acquired infections (60-70%) and human infections (∼80%) had revealed biofilm-origin (66).

Cardamom-derived phytochemicals exhibited antimicrobial properties and effectively inhibited the growth of pathogenic microorganisms i.e., bacterial growth-, biofilm formation- and quorum sensing inhibition ascribed to alkaloids, flavonoids, phenolics, tocols, terpenes, tannins, sterols, steroids, and saponins (2, 3, 8). Numerous studies have reported the growth inhibitory activities against Gram-negative and Gram-positive bacteria and foodborne fungi. Ramadan et al. (4) reported that cardamom phytochemicals exhibited antimicrobial activities against dermatophytic fungi (i.e., Trichophyton mentagrophytes and Trichophyton rubrum), and foodborne pathogens such as Escherichia coli ATCC 25922, Listeria monocytogenes ATCC 15313, Staphylococcus aureus ATCC 8095, and Salmonella enteritidis ATCC 13076. Briefly, antimicrobial properties measured against pathogens in terms of clear zones diameter were 32, 30, 17, 15, 18, and 20 mm for T. mentagrophytes, T. rubrum, S. aureus, E. coli, S. enteritidis, and L. monocytogenes, respectively.

Abdullah et al. (3) reported that green cardamom-derived phytochemicals extracted by SFE effectively inhibited Escherichia coli O157:H7 and Salmonella Typhimurium JSG 1748 biofilm formation by 64.29, 65.98, 70.41, and 85.59%, and 6.13, 45.50, 49.45, and 100%, respectively at 0.015, 0.031, 0.062, and 0.125% (v/v) concentrations, respectively. In regards to quorum sensing inhibition, the 0.031 and 0.062% concentrations inhibited the production of violacein (an indicator of inhibition/enhancement) without significant impact on growth of Chromobacterium violaceum ATCC 12472. Likewise, black cardamom-derived phytochemicals obtained through SFE prevented Escherichia coli O157:H7 and Salmonella Typhimurium JSG 1748 biofilm formation by 47.31, 54.15, 76.57, 83.36, and 84.63%, and 33.67, 34.14, 38.66, 46.65, and 50.17%, respectively at 0.031, 0.062, 0.125, 0.25, and 0.5% (v/v) concentrations (2). Furthermore, a concentration of 0.5% suppressed production of violacein without affecting growth of Chromobacterium violaceum ATCC 12472, whereas 1% concentration resulted in complete inhibition of violacein (100%) along with growth inhibition (30%). Alam et al. (67) reported that aqueous and ethanol extracts of green cardamom at concentrations of 200 and 100 mg/mL revealed anti-inflammatory potentials. Shukla et al. (68) indicated that methanolic and ethyl extracts of black cardamom at dose of 100-300 mg/kg and 200-400 mg/kg presented significant analgesic effects.



Cardio-protectant and hypo-cholesterolemic potential

Worldwide, unhealthy-lifestyle, poor and imbalanced dietary habits are the leading causes of chronic maladies, including atherosclerosis, hypercholesterolemia, and hypertension. Cardiovascular disparities may occur due to high levels of bad-cholesterol and sugar in blood, inflammation of blood vessels, increased platelets aggregation, and smoking (6, 69). Furthermore, oxidation of low-density lipoproteins initiates the endothelial dysfunction leading to the formation of complex-plaques and causing substantial resistance to arterial blood flow. When these plaques rupture, the platelet cells stick on the injury site and form clumps and subsequently develop blood clots. These blood clots can narrow the coronary arteries and lead to the progression of angina, and ultimately cause heart attacks upon worsening of angina (70, 71). For a healthy person, the total cholesterol should be less than 200 mg/dl, including high-density lipoproteins greater than 40 mg/dl in men and 50 mg/dl in women, while low-density lipoproteins less than 130 mg/dl (72).

Lahlou et al. (73) conducted an animal study to investigate the cardiovascular function of 1,8-cineole, a main bioactive phytochemical found in cardamom. The study’s results showed that intravenous bolus injections of 1,8-cineole at concentrations of 0.3-10 mg/kg caused reduction in aortic pulse pressure in a dose-dependent manner. Goyal et al. (74) reported that experimental rats treated with cardamom for a period of 30 days showed high antioxidants contents and observed less heart damage after a heart attack due to antiradical and anti-oxidative activities. Furthermore, cardamom supplementation presented cardio-protective properties against isoproterenol-induced myocardial infarction by mitigating left ventricular and hemodynamic weakness, and augmenting antioxidant defense led to the preservation of cardiomyocytes demonstrated by decreased leakage of myocytes injury marker enzymes. The aforementioned facts suggest that cardamom had potential as a cardio-protectant to attenuate oxidative stress-mediated cardiovascular and heart damages or dysfunctions attributed to phenolics (phenolic acids and flavonoids) and sterols (74, 75).

Nagashree et al. (12) investigated the hypocholesterolemic effects of cardamom phytochemicals in Wistar rats and reported that oral administration significantly decreased total-, low- density-, very low-density lipoproteins, and triglycerides levels contributing cardiovascular diseases. Abdullah (6) conducted a bio-evaluation study on Sprague Dawley rats, and investigated the hypocholesterolemic effects of encapsulated essential oils of green and black cardamom. Interestingly, the encapsulated oils exhibited significant affects in reducing body weights of experimental rats, however, black cardamom caused maximum reduction in body weight. Briefly, black cardamom phytochemicals caused reduction in total cholesterol by 12.53% and low-density lipoproteins by 14.08%. Furthermore, this intervention improved the serum antioxidant status since glutathione contents increased and thiobarbituric acid reactive substances decreased. Conclusively, phytochemicals imparted beneficial effects by boosting serum antioxidant enzymes, increasing high-density lipoproteins and substantially decreasing triacylglycerides, total cholesterol, phospholipids, low-density lipoproteins, and very low-density lipoproteins levels (6, 12, 75).




Gastro-protective properties

Among gastrointestinal illnesses, gastric-ulcer is one of the chronic gastrointestinal disease. In recent years, extensive efforts have been made to explore phytochemicals as nutraceuticals to encounter gastrointestinal disorders with a special focus on gastric-ulcer. In this regard, herbaceous plants such as ginger and cardamom derived phytochemicals have reported their remarkable potentials with promising gastroprotective activities. For instance, 1,8-cineole a major phytochemical found in cardamom had gastro-protective properties and helped in the prevention and cure of colitis and gastric injuries (Figure 3). Santos and Rao (76) conducted a bio-evaluation study in which rats were fed on 1,8-cineole at a concentration of 50-200 mg/kg, an hour prior to the consumption of 1 mL of pure ethanol. The study results indicated that 1,8-cineole exhibited gastro-protective effects against ethanol-induced mucosal damage and significant reduction was observed in ethanol-induced gastric injury. In another study, Santos et al. (77) described that rats pretreated with 1,8-cineole imparted gastro-protective effects by causing significant reduction to gross damage scores and wet weights (mg/cm) of colonic segments in trinitrobenzene sulfonic acid-induced colitis.

Several other studies have also reported the gastro-protective properties of cardamom especially its main bioactive constituent 1,8-cineole. For example, different cardamom-derived phytochemicals such as methanolic extract (100-500 mg/kg), essential oil (12.5-50 mg/kg), petroleum ether soluble (12.5-150 mg/kg), and insoluble fractions (450 mg/kg) of the methanol extract have effectively inhibited gastric lesions in rats induced by aspirin and ethanol. These cardamom phytochemicals offered gastro-protective effects through substantial inhibition of gastric lesions attributed to antioxidative, antiradical and antiinflammatory activities of bioactive constituents (13). Bhaswant et al. (78) described that male Wistar rats were fed on trans-fats for 16 weeks to induce metabolic syndrome, and diet supplementation of 3% dried black cardamom for the last 8 weeks effectively reversed the signs of metabolic syndrome. Besides, black cardamom supplementation also increased the amount of complex carbohydrates in the body which significantly improved the gastrointestinal functions because dietary fiber attenuates obesity (79).



Biosafety and non-mutagenic properties

The U.S. Food and Drug Administration does not strictly regulate the phytochemicals (herbs and spices) applications as they were applied as biomedicine to treat ailments since ancient times. The cardamom-derived phytochemicals use for pharmaceutical and food applications is suggested as a safe alternative to conventional anti-infective agents and chemical preservatives because of its proved biosafety on the human health. Recently, the non-mutagenic activity and biosafety of green cardamom-derived phytochemicals have been confirmed through Ames test (3, 80). A phytochemical can be appraised mutagenic only “if after the incubation period of Ames test, the number of positive-wells (produce yellow, partial yellow, or turbid colors) with the phytochemical are higher than twice of positive-wells with negative control plate (standard mutagens being used to induce mutation, e.g., potassium dichromate and sodium azide)” (81). Abdullah et al. (3) investigated the mutagenic activity of green cardamom-derived phytochemicals extracted via SFE. It has been observed that tested samples had non-mutagenic activity because they did not cause mutation in Salmonella Typhimurium TA98 and Salmonella Typhimurium TA100, selected as representative mutant bacterial strains. Previously, Saeed et al. (63) also investigated the mutagenic potential of aqueous and methanolic extracts obtained from green cardamom which exhibited strong non-mutagenic potential toward mutant strains Salmonella Typhimurium TA98 and Salmonella Typhimurium TA100.



Encapsulation and delivery strategies

Phytochemicals low solubility in aqueous medium restrict their applications in food and pharmaceutical products, thus, encapsulation is a tool to enhance their stability, bioavailability and bio-efficacy by protecting them against adverse environmental conditions, improving retention time and controlled release at target sites (82, 83). In this regard, delivery techniques and wall materials are the key strategies enabling dietary phytochemicals applications as effective biotherapeutic agents against various physiological disorders and pathogens. The different types of wall materials being used in the encapsulation include proteins (casein, whey, and zein), carbohydrates (starches, dextrin and sucrose), gums (sodium alginate, agar, gum arabic, and guar gum), and lipids (waxes, hardened oils and fats) (6, 84, 85). The significance of encapsulation and efficient delivery vehicles in terms of carriers of cardamom phytochemicals (e.g., microcapsules, nanoparticles, nanostructured lipid carriers, and nanoliposomes) in improving the physical stability as well as preserving the antioxidant and antimicrobial properties are reviewed in the following section (Figure 4).
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FIGURE 4
Different encapsulation and delivery strategies, including; microcapsules (enhanced stability and controlled release), nanoparticles (higher absorption and bioactivity), nanostructured lipid carriers (improved physicochemical stability), and nanoliposomes (higher solubility and bioavailability) with their unique properties being employed as efficient carriers of cardamom phytochemicals.




Microcapsules

“Microcapsule is a hollow reservoir system consists of a core and a wall (matrix shell) encapsulating bioactive substances, and the average particle size varies from 1 to 1000 μm.” Microcapsule application as a delivery vehicle possesses attractive advantages such as enhanced stability, degradation inhibition, transportation convenience, slow release characterization, and targeted efficient delivery as well as protection against the harsh external environment to the bioactive molecules. These characteristics making them potential delivery vehicles for food, cosmetic, nutraceutical, and pharmaceutical applications (86).

Zandi et al. (87) fabricated microcapsules comprising alginate and whey protein concentrates containing cardamom phytochemicals through emulsification/internal gelation technique. The formed microcapsules had particle size of 15–110 μm and high encapsulation efficiency of 83.67%. The study’s findings demonstrated that the release from the microcapsules was through the classical Fickian diffusion mechanism at all conditions, including pH, release media temperature and shear force. The authors suggested that microcapsules not only protected the encapsulated cardamom essential oil for a longer time in the aqueous phase; but also presented better release profile at high temperatures. Mehyar et al. (88) produced freeze-dried microcapsules from emulsions constituting (w/w): whey protein isolate (15 or 30%); guar gum (0.1%), and carrageen (0.2%) as wall material, and cardamom essential oil as core material (10% of biopolymers concentration). The obtained cardamom essential oil-loaded microcapsules comprising 30% whey protein isolate were found most effective in entrapping oil and exhibited the highest microencapsulation efficiency (98.56%) due to good emulsification properties of whey protein isolates and their ability to produce thicker and less porous microcapsules. Moreover, whey protein isolates and whey protein isolates:guar gum formulations were effective in retaining the flavor volatile compounds such as 1,8-cineole and D-limonene (the t1/2 of 1,8-cineole and D-limonene increased by 15.36 and 13.03 weeks) during 16 weeks storage at 20°C and 35°C. The addition of guar gum increased the surface porosity and decreased shape regularity, therefore, 30% whey protein isolates was the best formulation as wall material in improving the stability and flavor retention (88). Likewise, Krishnan et al. (84) reported that microencapsulation of cardamom oleoresin in ternary complexes (gum arabic/maltodextrin/modified starch: 74.50%:12.75%:12.75%) by spray drying significantly enhanced the storage stability and flavor retention properties. During storage at 25°C, the t1/2 of 1,8-cineole, α-terpinyl acetate and volatiles increased from 27.72, 60.78, and 47.79 weeks to 231, 223.54, and 173.25 weeks compared to non-encapsulated cardamom oleoresin (84).



Nanoparticles

“A nanoparticle is a nano entity with all the dimensions and structures in the nanoscale range (1-1000 nm).” In recent years, applications of nanoparticles have emerged as efficient delivery vehicles due to their properties including, high surface to volume ratio, ultra-small sized dimensions, easy penetration and absorption, and bioactivity enhancement (89).

Ouerghi et al. (90) designed green cardamom essential oil loaded titanium dioxide nanoparticles prepared by the classical sol-gel method with a hydrodynamic diameter of 335.6 nm. The obtained nanoparticles exhibited significant antibacterial activities against Gram-positive (Bacillus subtilis), and Gram-negative bacteria (Escherichia coli) with a minimum inhibitory concentration (MIC) of 18.75 μg/mL. Furthermore, the results demonstrated that essential oil loaded nanoparticles exhibited better bactericidal effects against human pathogenic bacterial strains compared to non-encapsulated cardamom essential oil (18.75 μg/mL vs. 25 μg/mL), demonstrating efficiency of the novel biotherapeutic agent. Likewise, Singh et al. (91) synthesized black cardamom oil loaded silver nanoparticles (20-30 nm) via a simple one step mechanism (oxidation of 1,8-cineole and reduction of silver ions). It has been reported that size and shape of the nanoparticles could be tuned by varying concentration of black cardamom oil. Briefly, a lower concentration produced spherical and monodispersed nanoparticles of smaller-sized, whereas, a higher concentration produced larger-sized and polydispersed particles because of slower and faster reactions, respectively. Moreover, a thin film comprising silver nanoparticles and gelatin (composite film) was prepared and its antibacterial effectiveness was tested against Gram-positive and Gram-negative bacteria. The results revealed a complete growth inhibition in the case Escherichia coli and Salmonella Typhimurium (Gram-negative bacteria) at a concentration of 100 μL, however, this concentration could not completely suppressed the growth of Gram-positive bacteria (Streptococcus pneumonia and Staphylococcus aureus). The aforementioned results have shown remarkable antibacterial properties of cardamom phytochemicals loaded nanoparticles which could be used in developing biotherapeutic agents such as organic antibiotics and films for industrial applications.



Nanostructured lipid carriers

“Nanostructured lipid carrier is a spherical nanoparticle with a lipid core formed by the mixture of solid and liquid lipids surrounded by a lipophilic bilayer membrane that exhibits potential of incorporating both lipophilic and hydrophilic bioactive substances.” Nanostructured lipid carrier offers special advantages, including high loading and encapsulation efficiency, minimized expulsion, enhanced local deposition of bioactive compounds, higher colloidal stability due to higher density of solid lipids, and good physicochemical stability (less mobility of bioactive substance in its solid matrix) (92, 93). Therefore, rational design of nanostructured lipid carrier has great influence on the physical and functional properties as well as release behavior of encapsulated compounds.

Nahr et al. (94) developed cacao butter-based nanostructured lipid carrier containing cardamom essential oil via low energy emulsification equipped with high shear homogenization and sonication. The obtained nanostructured lipid carrier showed particle size of 118.7 ± 1.2 nm, entrapment efficiency more than 90%, and high storage stability (94). In addition, nanostructured lipid carrier remarkably preserved the antimicrobial property of cardamom essential oil (MIC = 1100 lg/mL toward E. coli and S. aureus) during a storage of 30 days compared to non-encapsulated oil (MIC = 2200 lg/mL and 4400 lg/mL against E. coli and S. aureus). Recently, Nahr et al. (93) fabricated cardamom essential oil-loaded round-shaped nanostructured lipid carrier using cocoa butter and olive oil, and formed nanoparticles size remained under 150 nm and entrapment efficiency greater than > 90%. In vitro release study revealed that 40-55% of cardamom essential oil was released from nanostructured lipid carriers in 40 days, and also protected its antioxidant potential compared with cardamom essential oil emulsion as 5.7 and 12.32% reduction was observed after 30 days, respectively (93). In summary, nanostructured lipid carriers are advanced generation delivery vehicles that could be used to control release, prolong residence time and enhance permeability to maximize the health-promoting benefits of phytochemicals.



Nanoliposomes

“A liposome is a spherical structure formed by the interactions of phospholipids such as phosphatidylcholine with the plant-derived bioactive compounds in an appropriate solvent.” When a liposome is dispersed in an aqueous solution, the phospholipids immediately produce vesicles having bilayer membrane that work as carriers of hydrophobic and hydrophilic bioactive compounds. Moreover, bilayer membrane increases the water solubility of lipophilic compounds and also acts as a strong barrier against adverse environmental conditions (e.g., pH, oxygen, and light). When the size of liposome is in the nanoscale range (1-1000 nm), its water solubility enhances due to increased surface area of the particles produced in new dispersed phase, bioavailability increases because of efficient crossing from permeability barriers, and subsequently improved delivery (82, 95, 96).

Nahr et al. (96) fabricated nanoliposomes using lecithin to encapsulate cardamom essential oil via thin layer hydration method coupled with homogenization and sonication. Dynamic light scattering revealed that the obtained nanoliposomes had particle size less than 150 nm, and zeta potential values (–10.9 to –17.4 mV) remained constant during a storage of 30 days. Moreover, the cardamom essential oil-loaded nanoliposomes showed high encapsulation efficiency (>60%), remarkable physical stability even after 30 days and also protected antimicrobial and antioxidant activities. The authors suggested that cardamom essential oil-loaded nanoliposomes have potential as natural food preservative and antioxidant for a wide range of application in the food, cosmetic, nutrition, and pharmaceutical industries. Paul et al. (97) formulated biotherapeutic PEGylated nanoliposomes using soya phosphatidylcholine and Tween 80 by probe-sonication to protect and enhance the therapeutic potential of green cardamom essential oil to attenuate type 2 diabetes and hypercholesterolemia. The in vitro investigations of the resultant nanoliposomes showed an entrapment efficiency of 84% and significant antioxidant activity (DPPH scavenging potency was 59%) due to antioxidant substances present in cardamom phytochemical. Moreover, in vivo therapeutic bioefficacy study revealed that an oral administration of loaded liposomes to Wistar albino rats at a concentration of 550 mg/kg of body weight for 35 days successfully restored their normal fasting blood glucose and serum lipid profile levels by up-down regulations of the related key enzymes.



Conclusion and future perspectives

Dietary phytochemicals (e.g., alkaloids, carotenoids, organosulfur compounds, phenolics, and phytosterols) are health-promoting bioactive moieties that help in the prevention and mitigation of physiological disorders and microbial infections. Researchers have designed and applied various extraction procedures, including conventional- (e.g., hydrodistillation, steam distillation and Soxhlet extraction) and advance extraction techniques (e.g., enzyme- assisted-, instant controlled pressure drop-, microwave- assisted-, pressurized liquid-, solar energy- based-, sub- critical-, supercritical fluid-, and ultrasound-assisted extractions) to extract cardamom phytochemicals. Different identification techniques such as GC, GC-MS, and GC-FID revealed that 1,8-cineole and α-terpinyl acetate were the principle bioactive constituents in black and green cardamom. Regarding therapeutic potential of cardamom phytochemicals, studies have shown their effective role in mitigating foodborne pathogens, oxidative stress, cardiovascular-, and gastrointestinal diseases. Encapsulation and delivery of phytochemicals through microcapsules, nanoparticles, nanostructured lipid carriers, and nanoliposomes were effective strategies with promising advantage, including increased stability, permeability, controlled release, bioavailability, and bioefficacy of embedded bioactive substances.

The inclusion of cardamom in food should be promoted due to its polyphenols profile which may help in improving the antimicrobial status, shelf life, and quality of products as well as alleviating oxidative stress and various lifestyle related disorders. The literature review indicated that cardamom phytochemicals had biotherapeutic potential, however, certain important aspects should be taken into consideration for future research. For example, the optimum dose of cardamom-derived bioactive compounds required to obtain health benefits, the physical form for supplementation to ensure maximum bioavailability at target sites, and potential health risks associated with any bioactive component, issues need thorough investigations.
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Cyanidin-3-O-glucoside (C3G) is the most widely distributed anthocyanin and it can reportedly reduce the risk of osteoporosis, but the molecular mechanism by which C3G promotes bone formation is poorly understood. In the current study, RNA sequencing (RNA-seq) was used to investigate the mechanism of action of C3G in osteogenesis. MC3T3-E1 mouse osteoblasts were divided into a C3G (100 μmol/L)-treated group and a vehicle-treated control group, and differentially expressed genes (DEGs) in groups were evaluated via RNA-seq analysis. The functions of the DEGs were evaluated by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses, and the genes were validated by quantitative real-time PCR. The RNA-seq analysis identified 34 genes that were upregulated in C3G-treated cells compared to vehicle-treated cells, and 17 that were downregulated GO and KEGG pathway analyses indicated that these genes were highly enriched in functions related to lysosomes and glycolipid biosynthesis, among others. The differential expression of ATPase H+-transporting V0 subunit C (Atp6v0c), chemokine (C-X3-C motif) ligand 1 (Cx3cl1), and lymphocyte antigen 6 complex, locus A (Ly6a) genes was validated by quantitative real-time-PCR. Because these genes have been previously implicated in osteoporosis, they are potential target genes of C3G action in MC3T3-E1 cells. These results provide molecular level evidence for the therapeutic potential of C3G in the treatment of osteoporosis and other disorders of bone metabolism.
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Introduction

Osteoporosis is a disorder of bone metabolism characterized by reduced bone mineral density and a high risk of bone fracture (1). It is a global public health problem (2) that will worsen with the increasing life expectancy of the human population. Osteoblasts and osteoclasts are responsible for bone remodeling, which maintains the integrity of the skeleton (3, 4). Primary cause of osteoporosis is dysfunctional osteoblasts and osteoclasts activity (5). Promoting the proliferation and differentiation of osteoblasts is an effective way to enhance bone mineral density and prevent osteoporosis (6).

Cyanidin-3-O-glucoside (C3G) is an anthocyanin that is widely distributed in nature (7, 8). C3G evidently has antioxidant and anti-inflammatory effects, therapeutic effects on disease, such as obesity, type 2 diabetes mellitus, and prostate cancer (9, 10), and promotes bone formation and reduces bone loss (11–16). In a study conducted in the United Kingdom, women with high dietary anthocyanin intake had higher bone mineral density (11, 12). In rodents, C3G supplementation can reportedly improve bone quality and reduce bone loss (13, 17, 18), and in other studies it has enhanced osteoblast differentiation and mineralization (19, 20). C3G may be a natural product supporting the prevention and treatment of osteoporosis (21).

To date most studies investigating the molecular etiology of osteoporosis have focused on components of signaling pathways related to bone development such as mitogen-activated protein kinase (MAPK) (22, 23), nuclear factor kappa B (NF-κB) (22), bone morphogenetic protein (BMP) (24), and Wnt (25) pathways. Recent studies have also revealed roles for the chemokine (C-X3-C motif) ligand 1 (CX3CL1)/chemokine (C-X3-C motif) receptor 1 (CX3CR1) signaling axis (26) and glycosylphosphatidylinositol-anchored proteins (27).

Anthocyanins from black rice, which is enriched in C3G (28) and blackberry (29) were shown to affect osteoblast proliferation and differentiation by modulating the expression of target genes including alkaline phosphatase (Alp), osteopontin (Opn), osterix (Osx), and bone gamma-carboxyglutamic acid-containing protein (Bglap) (20). C3G increased the mineralization capacity of osteoblasts via the extracellular signal regulated kinase 1/2 (ERK1/2) signaling pathway (19). Several molecular mechanisms of C3G have been investigated in bone cells, but its effects on gene regulation involved in bone formation remain largely unknown.

RNA sequencing (RNA-seq) technology combined with bioinformatics have enabled the large-scale identification of genes associated with normal biological processes and pathogenic processes (30). In current study, gene expression profiles of ME3T3-E1 osteoblast-like cells with and without C3G treatment were investigated by RNA-seq and a functional analyses of differentially expressed genes (DEGs) was conducted to identify those that potentially mediate the protective effects of C3G in osteoporosis.



Materials and methods


Chemicals and reagents

C3G with the purity over 98% was purchased from Meilunbio (Dalian, China). TRIzol reagent, primers of quantitative polymerase chain reaction (qRT-PCR), a reverse transcription kit and SYBR Green MasterMix were purchased from Takara Bio (Ostu, Japan). Pancreatin were purchased from Hyclone (Logan, UT, USA). Dimethylsulfoxide (DMSO), phosphate buffered saline (PBS), and other chemicals were purchased from Sigma-Aldrich (Sigma, USA).



Cell culture

Murine preosteoblast MC3T3-E1 cells obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China) were cultured in alpha-minimal essential medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (all from Hyclone, Logan, UT, USA) at 37°C and 5% CO2. In a previous study, 100 μmol/L C3G promoted cell proliferation of MC3T3-E1 cells (19), therefore, 7*105/ml MC3T3-E1 cells were seeded in 6-well plates in the present study. After the cells had adhere, the cells were synchronized for 24 h using serum-free medium. After completion of the synchronization treatment, the serum-free medium was replaced with complete medium with or without 100 μmol/L C3G, and the cells were culture for a further 24 h.



RNA-seq analysis

Total RNA was extracted from cells using TRIzol reagent and RNA integrity was evaluated via agarose gel electrophoresis and spectrophotometry using a NanoDrop ND-1000 instrument (Thermo Fisher Scientific, Waltham, MA, USA). An RNA library was constructed with the KAPA Stranded RNA-seq Library Prep Kit (Illumina, San Diego, CA, USA), and the quality of the library was assessed using 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Quantification of the library was performed via quantitative real-time PCR (qRT-PCR). Sequencing was performed over 150 cycles using the Xten/NovaSeq system (Illumina). Raw RNA-seq data were submitted to NCBI Gene Expression Omnibus (accession number. GSE149731).



Functional analysis of identified genes

FastQC v0.11.8 was used to analyze the raw RNA-seq data (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (31). Fragments per kilobase of gene/transcript model per million mapped fragments values for gene and transcript levels were calculated with the Ballgown package (https://www.bioconductor.org/packages/release/bioc/html/ballgown.html) of R v2.10.0 software. R was used to generate volcano plots and heatmaps to further analyze gene expression profiles.

Gene Ontology (GO) functional enrichment analysis of DEGs (www.geneontology.org/) was performed, and genes involved in biological process, cellular component, and molecular function GO categories were identified (32, 33). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (www.genome.jp/kegg/) was conducted to identify signaling pathways associated with the DEGs. All pathways were based on the KEGG database (33).



Quantitative real-time PCR

RNA was extracted from C3G-treated and untreated MC3T3-E1 cells (n = 3 replicates each) using TRIzol reagent. cDNA was synthesized using a reverse transcription kit, and SYBR Green MasterMix was used for qRT-PCR in a reaction volume of 20 μL. qRT-PCR was performed on a real-time PCR machine (ABI 7500, Applied Biosystem, Foster, California, USA). The primer sequences used are shown in Table 1. The glyceraldehyde 3-phosphate dehydrogenase (Gapdh) gene was used as the internal control to calculate target gene expression levels via the cycle threshold (2−ΔΔCt) method.


TABLE 1 Primer sequences used in the study.
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Statistical analysis

Data are presented as mean ± standard deviation. Statistical analyses were performed using SPSS v22.0 software (SPSS Inc, Chicago, IL, USA). Comparisons between two groups were performed with the student's t-tests, and p < 0.05 was deemed to indicate statistical significance.




Results


Identification of DEGs

Expression profiles of 11,238 genes in C3G-treated and untreated MC3T3-E1 cells were determined by RNA-seq, which yielded 51 DEGs (p < 0.05, fold change ≥1.2). A heatmap (Figure 1A) and a volcano plot (Figure 1B) were used to represent the abundance of these different transcripts, with expression levels ranging from high (red) to low (green), and there were 34 upregulated and 17 downregulated DEGs. Details of all DEGS are shown in the Supplementary Table 1.


[image: Figure 1]
FIGURE 1
 Heatmaps and volcano plot of DEGs in C3G-treated vs. untreated control MC3T3-E1 cells. (A) Heatmap of 34 upregulated and 17 downregulated DEGs. (B) Volcano plot of upregulated (red dots) and downregulated (green dots) DEGs and genes expressed at a normal level (gray dots).




GO analysis of DEGs

The top 10 biological process terms from the GO analysis of DEGs are presented in Table 2. All biological process terms are listed in Supplementary Table 2. The top three biological process terms for upregulated DEGs were lysosomal lumen acidification (GO:0007042; Atp6v0c, Ccdc115), regulation of lysosomal lumen pH (GO:0035751; Atp6v0c, Ccdc115), and lysosome organization (GO:0007040; Atp6v0c, Ccdc115). The top three biological process terms for downregulated DEGs were cellular responses to stress (GO:0033554; Adprhl2, Faap24, Gm20521, Ppp1r15a, Rad1), response to stress (GO:0006950; Adprhl2, Camk2g, Cx3cl1, Faap24, Gm20521, Ppp1r15a, Rad1), and vacuolar acidification (GO:0033135; Ppp1r15a, Smad7) for downregulated DEGs. Several significantly enriched entries were related to cellular responses to stress [GO:0033554; ADP-ribosylhydrolase-like 2 (Adprhl2), FA core complex-associated protein 24 (Faap24), Gm20521, protein phosphatase 1 regulatory subunit 15A (Ppp1r15a), Rad1], cell–cell junction organization [GO:0045216; Nectin1, Mothers against decapentaplegic homolog 7 (Smad7)], and cellular responses to DNA damage stimuli (GO:0006974; Faap24, Gm20521, Rad1). With respect to cellular components (Supplementary Table 3), the most significant terms were ATPase for upregulated DEGs (Figures 2A,B) and outer organelle membranes for downregulated DEGs (Figures 2C,D). The most significant terms pertaining to molecular function (Supplementary Table 4) were ubiquitin-like protein ligase binding for upregulated DEGs (Figures 2A,B) and cell adhesion molecule binding for downregulated DEGs (Figures 2C,D). Other significant GO terms included lipoprotein metabolic process [GO:0042157; lysophospholipase-like 1 (Lyplal1), phosphatidylinositol glycan anchor biosynthesis class C (Pigc), Pigk]; glycosylphosphatidylinositol (GPI) anchor biosynthetic process (GO:0006506; Pigc, Pigk); glycolipid biosynthetic process (GO:0009247; Pigc, Pigk); GPI-anchor metabolic process (GO:0006505; Pigc, Pigk); glycolipid biosynthetic process (GO:0009247; Pigc, Pigk); glycolipid metabolic process (GO:0006664; Pigc, Pigk); protein lipidation (GO:0006497; Pigc, Pigk); and lipoprotein biosynthetic process (GO:0042158; Pigc, Pigk).


TABLE 2 Top 10 enriched BP terms of up-regulated and down-regulated DEGs.
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FIGURE 2
 GO analysis of DEGs in C3G-treated MC3T3-E1 cells and untreated control MC3T3-E1 cells. Enriched GO terms corresponding to DEGs in the biological process (BP), cellular component (CC), and molecular function (MF) categories are shown. (A–D) GO terms based on upregulated (A,B) and downregulated (C,D) DEGs.




KEGG pathway analysis of DEGs

KEGG pathway analysis revealed five significantly enriched signaling pathways (Table 3). Four were upregulated including GPI-anchored protein (GPI-AP) biosynthesis signaling pathway (mmu00563; Pigc, Pigk), tuberculosis [mmu05152; Atp6v0c, Fc receptor, IgG, low affinity IV (Fcgr4), nuclear transcription factor Y subunit alpha (Nfya)], Systemic lupus erythematosus [mmu05322; Fcgr4, histone H2B (Hist1h2bq)], and Phagosome (mmu04145; Atp6v0c, Fcgr4) (Figure 3), and one was downregulated protein processing in endoplasmic reticulum [mmu04141; Ppp1r15a, thioredoxin domain-containing 5 (Txndc5)] (Figure 3).


TABLE 3 Signaling pathway enrichment of up-regulated and down-regulated DEGs.
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FIGURE 3
 Enriched KEGG pathways of upregulated DEGs and downregulated DEGs. (A,B) Dot plots showing the enrichment score (–log10[p-value]) of significantly enriched pathways (A) and the gene ratio of the top 10 most significantly enriched pathways (B). (C) Bar plot showing the top 10 enrichment scores (–log10[p-value]) of significantly enriched pathways. (D,E) Dot plots showing the enrichment score (–log10[p-value]) of the significantly enriched pathways (D) and the gene ratios of the top 10 most significantly enriched pathways (E). (F) Bar plot showing the top 10 enrichment scores (–log10[p-value]) of significantly enriched pathways.




qRT-PCR analysis of DEGs

Among the top 10 upregulated genes identified by RNA-seq, seven [lymphocyte antigen 6 complex, locus A (Ly6a); centromere protein X (Cenpx), defensin beta 125 (Defb25), Pigc, Atp6v0c, UDP glucuronosyltransferase family 1 member A7 (Ugt1a7c), and Nfya] exhibited significant differences in expression in comparative qRT-PCR analysis of C3G-treated and untreated MC3T3-E1 cells, whereas LSM12 homolog (Lsm12), forkhead box P1 (Foxp1), and Ccdc115 mRNA levels did not differ significantly between the groups (Figure 4A). Among the top 10 downregulated DEGs, four [Cx3cl1, ADP-ribosylserine hydrolase 12 (Adprh12), Txndc5, and calcium/calmodulin-dependent protein kinase II gamma (Camk2g)] were expressed at significantly lower levels in C3G-treated MC3T3-E1 cells as determined by qRT-PCR, whereas phosphatidylinositol-4,5-bisphosphate 4-phosphatase (Tmem55b), Gm20521, Nkieas2, and testis expressed 2 (Tex2) were upregulated. There were no significant differences in Ppp1r15a or IQ motif-containing D [Iqcd] expression between treated and untreated cells (Figure 4B).


[image: Figure 4]
FIGURE 4
 qRT-PCR validation of top DEGs. (A,B) Expression levels of top 10 upregulated (A) and downregulated (B) DEGs evaluated by qRT-PCR (n = 3 replicates). *p < 0.05, **p < 0.01.





Discussion

Osteoblasts are specialized fibroblasts that secrete and mineralize bone matrix and play a critical role in osteoporosis. MC3T3-E1 cells can be induced to differentiate into osteoblasts and are used as in vitro models to investigate the molecular mechanisms of osteogenesis (34). In current study, RNA-seq of MC3T3-E1 cells treated with the anthocyanin C3G revealed many DEGs as well as GO terms related to lysosomes—e.g., lysosomal lumen acidification, regulation of lysosomal lumen pH, and lysosome organization. This is consistent with previous report that lysosomes play an important role in biogenesis, mineralization, and trafficking of nanovesicles in osteoblasts (35).

GPI metabolism and lipidation were implicated in the effects of C3G on osteoblasts, as revealed by functional enrichment analyses of DEGs. Phosphorylation of ERK1/2 in osteoblasts promotes the expression of GPI-anchored proteins that maintain cell membrane integrity, which affects osteoblast proliferation (27). Other biological processes including cellular responses to stress (36), cell–to-cell junction organization (19) and cellular responses to DNA damage (37) have been linked to the effects of C3G on osteoblasts. The most significantly enriched KEGG pathways were involved in GPI-anchored protein biosynthesis (upregulated), lupus erythematosus (upregulated), and phagosome (upregulated), and protein processing in endoplasmic reticulum (downregulated). GPI is a ubiquitous glycolipid in eukaryotes (38) that anchors proteins to cell surfaces (39). To date, more than 150 GPI-APs have been identified in mammals (40) including some that are related to bone formation such as ALP, acetylcholinesterase (AChE) (41), and Ly6a (42). The related enzymes PIGC and PIGK play critical roles in GPI synthesis (43). One of the functions of GPI-anchor biosynthesis signaling is to synthesize GPI-Aps. Whether C3G can influence the proliferation and differentiation of osteoblasts by promoting the production of GPI-APs warrants further investigation.

ATP6V0C is a member of the V-ATPase family of enzymes that plays an important role in osteogenesis. Loss of function of V-ATPases results in an osteopetrorickets phenotype due to reduced bone formation (44), and Atp6v1h+/− mice exhibit impaired osteoblast growth as well as abnormal ALP levels (45). V-ATPase deficiency also inhibits osteogenic differentiation and stimulates adipogenic differentiation (46). The CX3CL1/CX3CR1 axis—which has been linked to various diseases including rheumatoid arthritis, spinal cord injury, and osteoarthritis (47)—was identified as a possible target for osteoporosis immunotherapy (48). Cx3cr1 is expressed in osteoclast precursors, implying that CX3CL1/CX3CR1 signaling can regulate osteoclast differentiation and thus affect the development of osteoporosis (49). Ly6a is involved in skull development, fat formation, osteogenesis, and chondrogenesis (50). Ly6a-deficient mice exhibit reduced bone formation and osteoclast counts and increased mineralization of trabecular bone, and develop features of consistent with age-related osteoporosis in humans including low bone mass, brittleness, and changes in the mechanical properties of bone (51). Inspired by the results described above, we will perform further studies of investigating the roles of the genes identified in present study,for example via the generation of stable osteoblastic cell lines lacking or overexpressing specific genes. That will be necessary to clarify the molecular mechanisms underlying osteoblast mineralization.

However, the present study had several limitations. Firstly, we did not examine the expression profile of long non-coding RNAs or microRNAs that may be involved in the effects of C3G on osteogenesis. Secondly, while qRT-PCR validation of RNA-seq results is essential, the methods used differ in terms of sensitivity and specificity, which may explain the differences in DEGs that were observed in our two datasets. In order to identify more sensitive targets, we did not use a higher concentration of C3G but instead selected the minimum concentration that was shown to promote MC3T3-E1 cell proliferation in previous experiments. This may be the reason why Runx2 and other known osteoporosis-related genes were not identified as DEGs in our RNA-seq analysis (34). In future work, immunoblotting and other experimental approaches should be used to validate biological targets of C3G in MC3T3-E1 cells.



Conclusion

In summary, we identified 51 genes and 5 signaling pathways (GPI-anchor biosynthesis, tuberculosis, systemic lupus erythematous, phagosome, and protein processing in the endoplasmic reticulum) via RNA-seq that may mediate the effects of C3G in osteogenesis. Based on their known involvement in osteoporosis, Atp6v0c, Cx3cl1, and Ly6a are the most promising targets of C3G action in osteoblasts. These findings provide evidence for the therapeutic potential of C3G in the treatment of osteoporosis and other disorders of bone metabolism.
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Lotus (Nelumbo nucifera Gaertn.) is a well-known food and medicinal plant. Lotus seedpod (Receptaculum Nelumbinis) is the by-products during lotus products processing, which is considered as waste. Numerous studies have been conducted on its phytochemicals, biological activity and industrial application. However, the information on lotus seedpod is scattered and has been rarely summarized. In this review, summaries on preparation and identification of phytochemicals, the biological activities of extracts and phytochemicals, and applications of raw material, extracts and phytochemicals for lotus seedpod were made. Meanwhile, the future study trend was proposed. Recent evidence indicated that lotus seedpods extracts, obtained by non-organic and organic solvents, possessed several activities, which were influenced by extraction solvents and methods. Lotus seedpods were rich in phytochemicals categorized as different chemical groups, such as proanthocyanidins, oligomeric procyanidins, flavonoids, alkaloids, terpenoids, etc. These phytochemicals exhibited various bioactivities, including ameliorating cognitive impairment, antioxidation, antibacterial, anti-glycative, neuroprotection, anti-tyrosinase and other activities. Raw material, extracts and phytochemicals of lotus seedpods could be utilized as sources for biochar and biomass material, in food industry and as dye. This review gives well-understanding on lotus seedpod, and provides theoretical basis for its future research and application.
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Introduction

Nelumbo nucifera Gaertn. (also named as lotus), belonging to the mono-generic family Nelumbonaceae, is widely distributed in Asia, Americas and Oceania (1). Lotus has been cultivated as vegetable, functional food, and herb medicine for over 2,000 years (2). According to the phytomorphology, it can be divided into different parts, such as leaf, flower, stamen, rhizome, seed, seedpod and plumule (2). Almost every part can be used, and most of them are recorded in the “Chinese Pharmacopeia” (3). Among them, rhizome and seed are the main edible parts, which are popularly consumed as vegetables or functional foods due to their delicious taste and great nutritive and non-nutritive values (2).

Lotus seedpod (Receptaculum Nelumbinis) is the mature receptacle of lotus house (seen in Figure 1), and is usually regarded as by-products during lotus seed processing. As one of the non-edible parts of lotus, its production is almost equivalent to the edible parts (4). In the Traditional Chinese medicine, lotus seedpod can be used for treating excessive menstrual bleeding and as hemostatic (5). According to the 2015 edition of “Chinese Pharmacopeia,” lotus seedpod charcoal (a processed product of lotus seedpod) has the usage in treating hemorrhage, urine blood, hemorrhoids bleeding, postpartum stasis, lochia, etc. However, this charcoal has gradually faded out of the market as the progress of medical science and technology. On account of lack adequate understanding on lotus seedpods, most of them are generally considered as wastes and are thrown away in the open or incinerated. This not only causes significant wastes of resources, but also brings heavy pollutions to environment. In this light, reusing the sources lotus seedpods into high value-added products is of great value.


[image: image]

FIGURE 1
Photographs of planted lotus (A), fresh lotus seedpod (B) and sun-dried lotus seedpod (C) taken by Jian-Lin Shen in August, 2022.


In the past decades, more and more attention has been paid to phytochemicals, biological activity and industrial application of lotus seedpods. A variety of phytochemicals have been derived and identified from lotus seedpods, including proanthocyanidins (6), oligomeric procyanidins (7), polyphenols (8), flavonoids and others (9). Numerous studies have demonstrated that extracts and phytochemicals of lotus seedpods possessed various biological activities, such as ameliorating cognitive impairment (10–12), antioxidation (8, 9, 13, 14), antibacterial (15–17), anti-glycative (7, 18, 19) and anti-diabetes (20). Due to the good biological activities and superior physicochemical property, raw material, extracts and phytochemicals of lotus seedpods have been increasingly applied in food and other industries (21–23). Despite of multiple researches have been carried out to lotus seedpods, the information concerning it was scattered. In contrast, summary on other parts of lotus like seeds (1, 24) and leaf (25) have been reported. However, the review on lotus seedpods is rare.

Hence, in this article, the information on phytochemicals, biological activity and industrial application of lotus seedpods was systematically summarized. Meanwhile, the future study trend about lotus seedpods was proposed. This work gives well-understanding on lotus seedpod, and provides theoretical basis for research as well as exploitation and application of it, which is helpful to the protection of lotus seedpod sources.



Preparation and identification of phytochemicals from lotus seedpods

Extracts of lotus seedpods can be mainly obtained by water (9, 14, 26–29) and organic (ethanol, methanol, glycerol, n-hexane, chloroform, ethyl acetate, butanol, acetone-water, etc.) (8, 13, 29–37) solvents. However, these traditional organic solvents methods have the limitations as low efficiency, low yield and potential environmental hazards, and water is not effective in extracting moderately polar and non-polar compounds (14). Subcritical water might be a good choice to overcome the drawback of water extraction. Anyway, water and ethanol are widely used as the extraction solvents. Chemical component analysis indicated that contents of total phenolics, flavonoids and proanthocyanidins in lotus seedpods extracts were in the range of 32.1∼607.6, 42.8∼ 862.7 and 10.6∼331.0 mg/g extract, respectively (35). In order to increase the recovery rate of phenolic compounds from lotus seedpod, ultrasound- and gas-assisted extraction methods can be applied (13, 36). Among them, the proanthocyanidins can be sequentially extracted by organic reagent like ethyl acetate to obtain the oligomeric procyanidins, which includes 10.9% catechin, 9.1% epicatechin, 53.6% dimer, 19.5% trimer and 1.9% tetramer (38, 39).

Before phytochemicals identification, the above-mentioned lotus seedpods extracts are usually purified by organic solvent (n-BuOH or ethyl acetate) fractionation (8, 35, 39–44), column (silica gel column, AB-8 macroporous resin or S8 resin column) adsorption (14, 35, 39, 40, 42–47), and Sephadex LH-20 column chromatography (35, 40, 46, 47). The lotus seedpods extracts before and after purification can be identified by electrospray ionization-mass spectrometry (ESI-MS) (34, 35, 46), nuclear magnetic resonance spectrometer (NMR) (34, 35, 47, 48), high-performance liquid chromatography (HPLC)/electrospray ionization tandem mass spectrometry (ESI-MS-MS) (9), HPLC-diode array detector (DAD)-ESI-MS (8), HPLC-ESI-MS (14, 49), LC-MS (38, 44), HPLC-DAD (40), HPLC-DAD-MS (50), ultra-performance liquid chromatography triple-time of flight/MS (UPLC-TOF/MS) (45, 51) and/or UPLC-quadrupole (Q) TOF-MS (41) methods. However, the analyses of phytochemicals might be limited by the capacity of the identification database, as above-mentioned detection methods depended deeply on standard secondary spectra database (41). Having considerding that used standards and the compounds in the database are limited, the completeness and accuracy of identification of phytochemicals by these methods are a little insufficient. The combination of targeted/untargeted metabolomics analysis and comparison with standards might be applied to improve this.

Up to date, more than 94 compounds have been well-identified from lotus seedpods, as summarized in Table 1. Except the most reported two phytochemicals (proanthocyanidins and oligomeric procyanidins), the identified compounds can be generally classified into flavonoids, alkaloids, terpenoids, organic acids, steroids, esters and others (8, 14, 35, 40, 41, 45, 46). According to Table 1, the flavonoids are mostly identified in lotus seedpods. Meanwhile, Lee et al. (9) have found that the contents of 8 flavonoids included myricetin-3-galactoside, quercetin-3-glucuronide, isoquercitrin, isorhamnetin-3-glucuronide, isorhamnetin-3-glucoside, quercetin, kaempferol and isorhamnetin, were 11.52, 122.44, 29.44, 30.27, 29.73, 0.42, 2.01, and 0.80 mg/100 g respectively in lotus seedpod water extracts. Moreover, chemical structures of some compounds identified in lotus seedpods have been proposed, as illustrated in Figure 2.


TABLE 1    Some identified compounds from lotus seedpods (Receptaculum Nelumbinis).
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FIGURE 2
Chemical structures of some compounds identified in lotus seedpods. These chemical structures are redrawn on the basis of previous studies (8, 34, 35, 38, 39, 41, 44, 47).


Different preparation methods produced differences in the chemical structures of phytochemicals from lotus seedpods. In the study taken by Wu et al. (35), five compounds have been respectively obtained from n-BuOH extracts of lotus seedpods by silica gel column chromatography with different CH2Cl2-MeOH elution ratios and Sephadex LH-20 column chromatography. These five compounds have different chemical structures, which have been identified to be hyperoside, isoquercitrin, quercetin-3-O-β-D-glucuronide, isorhamnetin-3-O-β-D-galactoside and syringetin-3-O-β-D-glucoside. On the other hand, extracts of lotus seedpods from different production places have been found to contain different chemical compositions. Another study of Wu et al. (40) has indicated that 50% ethanols of 20 lotus seedpods samples, collected from different regions (Fujian, Jiangxi, Zhejiang, Beijing, Jiangsu, Hubei, Hebei, and Hebei) of China, showed different contents of these five compounds. An investigation conducted by Liu et al. (50) has demonstrated that hyperoside and isoquercitrin in methanol extracts of 11 lotus seedpods samples, from different localities of Jianning County, Fujian province, China, exhibited different chemical fingerprints. Otherwise, different sources of lotus seedpods also contained different chemical compositions. The research of Limwachiranon et al. (45) has implied that lotus seedpods from three commonly consumed cultivars (Shilihehua, Jianlian and liyebailian) showed differences in phenolic, flavonoid, and proanthocyanidins contents.



Biological activity of lotus seedpods extracts

Lotus seedpods extracts have been demonstrated to possess antioxidation (8, 9, 13, 14, 29, 34–36), anti-cancer (8, 14, 32), anti-melanogenic (27, 33), anti-inflammatory (28, 31), anti-irradiation (37), cardioprotection (30) and hepatoprotection (26) bioactivities, as displayed in Figure 3A and Supplementary Table 1.
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FIGURE 3
Biological activities of extracts (A), proanthocyanidins (B), and oligomeric procyanidin (C) from lotus seedpods.



Biological activity of water extracts from lotus seedpods

Water extracts from lotus seedpods have been proven to exert antioxidation (9, 14, 29), anti-cancer (14), anti-melanogenic (27), anti-inflammatory (28) and hepatoprotection (26) activities.

In terms of the antioxidation activity, chemical assays have indicated that water extracts from lotus seedpods had scavenging effects on DPPH, ABTS and NO2– radicals, and ferric reducing ability (14, 29). A cell experiment has demonstrated that the extracts could dose-dependently improved the survival and function of rat pancreatic RIN-m5F cells induced by H2O2 through down-regulation of apoptosis and up-regulation of autophagy, revealing as increasing protein expressions of LC3II, Atg5/12, p62, class III PI3K, Beclin-1 and p-Bad/Bad, and decreasing protein expressions of active-caspase-3 and cleavage PARP-1 along with Bax/Bcl-2 ratio (9). Regarding to anti-melanogenic effect, water extracts of lotus seedpods could inhibit melanin synthesis in α-melanocyte stimulating hormone-induced B16F10 cells and in UVB-induced mice, which involved both PKA and p38 signaling pathways (27). In the cell experiment, the extracts decreased protein expressions of p-PKA/PKA, p-p38/p38, p-CREB/CREB and MITF, and protein and mRNA expressions of tyrosinase, TRP-1 and MC1R of B16F10 cells. In the animal experiment, the extracts reduced protein expressions of tyrosinase, TRP-1, TRP-2, p-PKA/PKA and p-p38/p38 in ears of mice. As to anti-inflammatory action, water extracts of lotus seedpods exerted protective effects against LPS-induced HepG2 cells and LPS-induced mice via NF-κB and p38 signaling pathways (28). In the cell experiment, the extracts could lessen mRNA expressions of IL-6, COX-2 and iNOS, and protein expressions of COX-2, iNOS, NF-κB, IKK, p-IκB/IκB, p-p38/p38, TLR4 and MyD88 of HepG2 cells. In the animal experiment, the extracts could decrease protein expressions of COX-2, iNOS, NF-κB, IKK, p-IκB/IκB and p-p38/p38 in liver of mice. To hepatoprotection effect, water extracts of lotus seedpods reduced lipid accumulation and lipotoxicity in oleic acid-induced HepG2 cells through anti-apoptotic and anti-autophagy mechanisms, showing as adding Bcl-2 protein expression, and lowering protein expressions of LC3-II/LC3-I, Atg5/12, active-caspase-3/8/9, cleaved PARP, Bax and mitochondrial membrane depolarization, as well as Bax/Bcl-2 ratio (26). Additionally, water extract from lotus seedpods had anti-proliferation effect on HepG2 cells (14).

On the other hand, subcritical water extracts from lotus seedpods have been determined to reveal antioxidation activity, showing as scavenging DPPH, ABTS and NO2– radicals and ferric reducing ability, and anti-cancer effect against cell proliferation of HepG2 cells (14).



Biological activity of ethanol extracts from lotus seedpods

Ethanol extracts from lotus seedpods have been indicated to exhibit antioxidation (8, 29, 34, 35), anti-cancer (8, 32), anti-melanogenic (33) and anti-inflammatory (31) actions.

With regard to antioxidation effect, chemical assays have demonstrated that ethanol extracts from lotus seedpods exhibited scavenging effects on DPPH, ABTS, OH, O2– and H2O2 radicals, ferric reducing ability and metal ion chelating activity (8, 29, 34, 35). A cell experiment has shown that the ethanol extracts revealed cytoprotection on H2O2-induced RAW264.7 cells and reduced MDA level (34). In terms of anti-cancer activity, ethanol extracts from lotus seedpods exerted anti-proliferation effect on HepG2, LNcap, A549 and H460 cells (8, 32). Thereinto, the extracts induced cell apoptosis of A549 and H460 cells via downregulation of Axl, illustrating as increase of cleavage PARP and γ-H2AX protein expressions, and decrease of PARP protein expression as well as Axl protein and mRNA expressions (32). Regarding to anti-melanogenic effect, inhibition of the extract on melanin synthesis in α-melanocyte stimulating hormone-induced B16F10 cells was related to downregulation of activity and protein expression of tyrosinase (33). As to anti-inflammatory action, MAPKs, NF-κB and Nrf2/HO-1 pathways were regulated by the extracts to LPS-induced RAW264.7 cells, which showing as increasing protein expressions of Nrf2 and HO-1, and decreasing protein expressions of iNOS, COX-2, p-p38/p38, p-ERK/ERK, p-JNK/JNK, p65 and p-p65 (31).



Biological activity of other extracts from lotus seedpods

Methanol, glycerol, n-hexane, chloroform, ethyl acetate, butanol and acetone-water extracts from lotus seedpods have been shown to possess antioxidation (13, 29, 36), anti-irradiation (37) and cardioprotection effects (30). The extracts obtained by these solvents (except acetone-water) exerted antioxidation activities in scavenging DPPH and ABTS radicals and ferric reducing ability (13, 29, 36). Acetone-water extract of lotus seedpods showed anti-irradiation effect against 60Co irradiation-induced mice, behaving as increments of survival time, activities of SOD, CAT and GPX in liver, levels of white blood cells, red blood cells, platelets and hemoglobin, and spleen weight and index, and reduction of LPO level in liver and chromosomal aberrations in the bone marrow, to mice (37). 100% methanol extract had cardioprotection effect on Ang II-induced H9c2 cells through suppression of PKC-ERK signaling pathways, which exhibiting as declinations of protein expressions of NFATc-1, ANP, BNP, MLC2, NOX2, NOX4, p-NF-κB/NF-κB, AT1R, RAGE, PKC, p-PKC and p-ERK1/2 (30).



Comparison on biological activities of different extracts from lotus seedpods

Extracts from lotus seedpods acquired with different solvents and methods had distinctions in biological activities. Antioxidation activities of 80% ethanol, n-hexane, chloroform, ethyl acetate, butanol and water extracts from lotus seedpods have been investigated in the study of Kim and Shin (29). The results suggested that these extracts had different flavonoid and proanthocyanidin contents, and the scavenging activities on DPPH and ABTS radicals and ferric reducing ability for them were 94.319, 33.387, 85.263, 76.099, 93.944% and 94.587, 92.937, 9.781, 93.940, 85.755, 93.184% and 93.184%, and 1.551, 0.410, 0.905, 1.099, 1.431, and 1.448 respectively, at the concentration of 0.8 mg/mL. The findings of Yan et al. (14) have manifested that subcritical water extract (SWE) and hot water extract (HWE) from lotus seedpods contained different polyphenol (815.4 and 785.6 mg GAE/g DW, respectively) and flavonoid (1012.05 and 932.56 mg RE/g DW) contents. The SWE showed significantly higher scavenging activities of DPPH, ABTS and NO2– radicals and ferric reducing ability, along with antiproliferative activity on HepG2 cells, as compared to the HWE.

Moreover, the study taken by Bao et al. (36) has made comparisons on the antioxidant activities of extracts from lotus seedpods by four extraction means, including ultrasonic coupled with glycerol (UG), ultrasonic using water (UW), water bath incubation with glycerol (WG) and water bath incubation using water (WW). The results displayed that the extract gained by UG had the relatively highest scavenging activities on DPPH and ABTS radicals and ferric reducing ability. Another investigation of them implied that extract from lotus seedpods obtained by gas-assisted combined with glycerol approach exhibited obvious higher scavenging effets on DPPH and ABTS radicals along with ferric reducing ability than that acquired by WG (13).




Biological activity of phytochemicals from lotus seedpods

Phytochemicals from lotus seedpods have been determined to reveal a variety of biological activities, including ameliorating cognitive impairment (10–12, 52–61), antioxidation (4, 5, 62–64), antibacterial (15–17, 65), anti-glycative (7, 18, 19), neuroprotection (48, 66), anti-tyrosinase (46, 47), retinal protection (6), anti-insomnia (67), anti-cancer (68), immunomodulatory (69), ameliorating intestinal injury (70), anti-diabetes (20), regulating lipid homeostasis (38), anti-inflammatory (71) and α-glucosidase inhibitory (4) activities.


Biological activity of proanthocyanidins from lotus seedpods

Recently, proanthocyanidin is one of the mostly investigated phytochemicals from lotus seedpods. They have been implied to possess ameliorating cognitive impairment (11, 12, 52–61), antioxidation (62–64), neuroprotection (10, 48, 66), retinal protection (6), anti-insomnia (67), anti-cancer (68) and immunomodulatory (69) activities, as displayed in Figure 3B and Supplementary Table 1.

Animal studies have indicated that proanthocyanidins from lotus seedpods ameliorated cognitive impairment of D-galactose- (12), extremely low frequency electromagnetic fields- (11, 56, 57), scopolamine- (52–55) or alcohol-induced mice (52), senescence-accelerated mice (61), and aged rats (58–60). In terms of D-galactose-induced mice model, the ameliorating cognitive impairment action of the proanthocyanidins correlated with reverse of oxidative damage, prevention of Aβ overproduction and suppression of NO production, appearing as enhancements of SOD and GPX activities in brain, reductions of Aβ1–42, NO and MDA levels and AchE, MAO-B, tNOS and nNOS activities in brain, and declinations of nerve cell apoptosis and p53 protein expression in hippocampus (12). Regarding to extremely low frequency electromagnetic fields-induced mice model, Ca2+/CaMK II/CREB/BDNF and DG/PKC/MAPK signaling pathways involved in the ameliorating cognitive impairment effect of the proanthocyanidins (11, 57). The proanthocyanidins increased protein expressions of CaMKII, PKCα, BDNF and p-ERK1/2, and decreased concentrations of Ca2+, IP3, DAG, glutamate, GABA and [Ca2+]i and protein expressions of Gi, PKA, PKCβ, PP2B, ASK1, NR2B, p-CREB and p-JNK1/2, in hippocampus of mice. Moreover, the action was also related to improvement of antioxidant status, showing as increasing activities of SOD, CAT and GPX, and decreasing levels of MDA and NO and activity of NOS, in serum and hippocampus of mice (56). As to scopolamine- or alcohol-induced mice model, the ameliorating cognitive impairment action of the proanthocyanidins was correalted with improvement of antioxidant ability and cholinergic activity, exhibiting as elevating T-AOC level and activities of SOD and GPX, lessening levels of MDA, MAO-B, AchE and NO, activities of MPO, AchE, tNOS, nNOS and iNOS, and nNOS mRNA expression, in hippocampus, brain, serum and/or colon (52–55). For senescence-accelerated mice model, the ameliorating cognitive impairment effect of the proanthocyanidins was in connection with boost of antioxidant level, reflecting as enhancing GSH level and SOD and GPX activities, and reducing NO and MDA levels and nNOS and total NOS activities in brain and/or serum (61). To aged rats model, the ameliorating cognitive impairment effect of the proanthocyanidins correlated with changes of NO system (60), activation of hippocampal CREB through ERK-mediated signaling pathway (59) and rejuvenation of antioxidant and cholinergic systems (58). The proanthocyanidins elevated levels of GSH, T-AOC, AchE and Ach, activities of CAT and GPX, protein expressions of p-CREB, BDNF, p-ERK42/ERK42, p-ERK44/ERK44 and iNOS, and mRNA expressions of iNOS and BDNF, and declined levels of NO and MDA and activities of tNOS and iNOS in hippocampus and/or cerebral cortex of rats.

A chemical assay has shown that proanthocyanidins of lotus seedpods exhibited antioxidation activity in scavenging DPPH and ABTS radicals along with ferric reducing ability (62). A further cell experiment has suggested that the proanthocyanidins could relieve oxidative damage in H2O2-induced HUVECs, appearing as increasing activities of SOD and GPX and production of NO, and decreasing levels of MDA and ET-1 (62). Animal experiments have proven that the proanthocyanidins exerted antioxidation action in aged rats (64) and extremely low frequency electromagnetic fields-induced mice (63). In terms of aged rats model, the proanthocyanidins promoted the activities of SOD, CAT and GPX and level of GSH, and lessened TBARS content, in serum, heart, liver, kidney, lung or muscle (64). Regarding to extremely low frequency electromagnetic fields-induced mice model, the proanthocyanidins aggrandized activities of SOD, CAT, GPX, GR and GST, and lowered MDA level, in serum and cerebral cortex (63).

Cell experiments have revealed that proanthocyanidins of lotus seedpods possessed neuroprotection activity against amyloid-β-induced PC12 cells (10), extremely low frequency electromagnetic fields-induced primary cultured rat hippocampal neurons (66) and methyl mercuric chloride-induced neuron/astrocyte co-cultured cells (48). The activity was realized through inhibitions of oxidative stress and mitochondrial apoptotic pathway, and activation of CREB/BDNF signaling pathway. The proanthocyanidins raised levels of GSH, T-AOC and mitochondrial membrane potential, activities of SOD and GPX, protein expressions of p-CREB/CREB, BDNF, p-AKT/AKT, p-ERK/ERK, Bcl-xl, Bcl-2, SOD1/SOD2, Bcl-xl, Nrf2, HO-1, nuclear Nrf2, β-III-Tubulin, SYN and Arc and mRNA expression of BDNF, and down-regulated concentrations of LDH, MDA, Ca2+ and ROS, and protein expressions of Bad, Bax and caspase-3/-9 along with Bax/Bcl-2 ratio (10, 48, 66).

Animal experiment has demonstrated that proanthocyanidins of lotus seedpods reflected retinal protection against light exposure-induced rats through anti-oxidative stress, anti-apoptosis and neuroprotective effects, displaying as improving activities of SOD and GPX and mRNA and protein expressions of Bcl-2, and lowering retinal apoptosis, mRNA expressions of caspase-3, p53 and Bax, and protein expressions of pro-caspase-3, cleaved caspase-3, p53 and Bax (6). The proanthocyanidins exerted anti-insomnia effect to rats by regulating NO/ADMA/DDAH pathway, showing as increasing levels of 5-HT, GABA and NO, and protein and mRNA expressions of DDAH1, DDAH2 and nNOS, and decreasing levels of NE, Glu, ADMA and 8-isoprostane, in brain (67). Proanthocyanidins from lotus seedpods exhibited immunomodulatory effect against extremely low frequency electromagnetic fields-induced mice, and increased protein expressions of IL-2, IL-6, IL-10, INF-γ and Bcl-xl, and DNA contents, and decreased protein expressions of TNF-α and caspase-3/9 along with Bax/Bcl-2 ratio and apoptotic splenocytes in spleen (69). Otherwise, cell experiment has showed that proanthocyanidins from lotus seedpods possessed anti-cancer activity in HepG2 cells through inducing autophagy and ROS generation (68).

In addition, there are some connects between the different bioactivities of proanthocyanidins from lotus seedpods. The retinal protection of proanthocyanidins against light exposure-induced rats was realized partly through their antioxidation and neuroprotection activities (6). Ameliorating cognitive impairment action of proanthocyanidins was reported to be related to their antioxidation effects in D- galactose-, scopolamine-, alcohol and scopolamine, senescence-accelerated or extremely low frequency electromagnetic field exposure-induced mice (12, 52–54, 56, 61) as well as cognitively impaired aged rats (58). The neuroprotection of proanthocyanidins was associated with their antioxidation action in extremely low frequency electromagnetic field-induced primary cultured hippocampal neurons (66) and methyl mercuric chloride-induced neuron/astrocyte co-cultured cells (48).



Biological activity of oligomeric procyanidins from lotus seedpods

Oligomeric procyanidin is another one of the mostly studied phytochemicals from lotus seedpods. They have been demonstrated to show antibacterial (15–17, 65), anti-glycative (7, 18, 19), ameliorating intestinal injury (70), anti-diabetes (20), antioxidation (5) and regulating lipid homeostasis (38) activities, as indicated in Figure 3C and Supplementary Table 1.

Oligomeric procyanidins of lotus seedpods showed antibacterial activity in vitro and in vivo. The oligomeric procyanidins had the minimal inhibitory concentrations on Escherichia coli K88ac, F18ac, 10899 and BL21 as 0.80, 1.20, 1.25, and 1.25 mg/mL, respectively (17, 65). Moreover, synergistic effect was observed between the oligomeric procyanidins and water-soluble Poria cocos polysaccharides or carboxymethyl pachyman in inhibitory effect on Escherichia coli (16, 17). The antibacterial mechanism of oligomeric procyanidins on Escherichia coli has been disclosed to be increments of extracellular alkaline phosphatase, ROS production, activities of SOD and CAT and mRNA expressions of sodA, soxR, oxyR and oxyS (15). Further study has indicated that the oligomeric procyanidins reflected antibacterial activity against high-lactose diet-induced mice by enhancing abundances of Lactobacillus and Bifidobacterium, and lessening populations of Escherichia coli and Enterococcus in feces (15). On the other hand, the oligomeric procyanidins ameliorated intestinal injury against enterotoxigenic Escherichia coli-infected diarrhea mice (70). This effect was related to the modulation of TLR4-MAPK signaling pathway, reflecting as increasing protein and mRNA expressions of ZO-1, claudin-1 and occludin, and decreasing protein expressions of p-p38, p-JNK1/2 and p-ERK1/2 and RNA expressions of TNF-α, IL-8, IL-1β, IL-6, CD14, TLR4, p38 and NF-κB in jejunum/ileum.

Oligomeric procyanidins from lotus seedpods exerted anti-glycative activity on Caco-2 cells treated with digestive fluid (19), high-AGEs diet-induced mice (7) and high-fat diet-induced rats (18). RAGE-p38MAPK-NF-κB signaling pathway was involved in their activities. In the animal experiments, the oligomeric procyanidins decreased protein expressions of NF-κB, p38MAPK, p-p38MAPK, RAGE and p65NF-κB, and mRNA expressions of TNF-α, IL-6, NADPH, COX and RAGE in liver of mice or rats induced by high-AGEs diet or high-fat diet (7, 18). In the cell experiment, the oligomeric procyanidins reduced protein expressions of RAGE, p-p38MAPK, p65NF-κB and p-p65NF-κB, and mRNA expressions of NADPH, TNF-α, IL-6, ICAM-1 and VCAM-1 of Caco-2 cells treated with digestive fluid (19). Moreover, absorption and metabolism of oligomeric procyanidins from lotus seedpods have been investigated in the study of Wu et al. (72). Eight metabolites, including (+)-catechin, caffeic acid, syringic acid, 3-hydroxybenzoic acid, 3-hydroxyphenylacetic acid, 3-hydroxyphenylpropionic acid, ferulic acid and m-coumaric acid, have been detected in in urine of rats after 24 h post-administration of 300 mg/kg body weight of the oligomeric procyanidins. Among them, (+)-catechin had much better inhibition activity on AGE formation and methylglyoxal scavenging effect, while syringic acid showed the best scavenging ability on DPPH radical. Furthermore, Wu et al. (49) have compared the inhibitory effects of oligomeric procyanidin from lotus seedpods and its three main monomers [(+)-catechin, (-)-epicatechin and (-)-epigallocatechin gallate] on releases of AGE and CML formation in simulated gastrointestinal digestion, for studying the structure-activity relationship. The results indicated that (-)-epigallocatechin gallate exhibited the strongest activities.

Animal experiment has shown that oligomeric procyanidins from lotus seedpods possessed anti-diabetes action against streptozotocin-induced mice by attenuating mTOR signaling and enhancing glucose homeostasis (20). This action was related to enhancement of protein expressions of GLUT2, GK, p-AKT, UCP-1 and GLUT4 and mRNA expressions of HK II, PFK and PK, and reduction of protein expressions of mTOR, p66Shc, PKCβ, FoxO1a, p-FoxO1a and GLUT1 and mRNA expressions of PEPCK, G-6-Pase, SREBP-1c, ACL, ACC1, FAS, SCD1 and S6K1, in liver, skeletal muscle, white adipose tissue and/or brown adipose tissue. Chemical assays have revealed that the oligomeric procyanidins had antioxidation action in scavenging ⋅OH, O2– and H2O2 radicals (5). Animal investigation has suggested that the oligomeric procyanidins regulated the lipid profile of high fat/sucrose diet-induced rats by suppressing the lipogenesis-related gene expressions, such as SREBP-1c, FAS, ACC1, PPARγ and CD36, and elevating phase II drug metabolism enzyme SULT2B1b gene expression (38).

Additionally, some connects between the different bioactivities of oligomeric procyanidin could be found. Wu et al. (7, 18, 19, 72) have argued that anti-glycative activity of oligomeric procyanidins from lotus seedpods is positively correlated to their antioxidant capacities. The study taken by Tang et al. (70) has indicated that the antioxidant mechanism involved the ameliorating intestinal injury activity of oligomeric procyanidins from lotus seedpods on Enterotoxigenic Escherichia coli infected diarrhea mice.



Biological activity of others phytochemicals from lotus seedpods

Others phytochemicals like β-sitosterol, quercetin, kaempferol and polysaccharides from lotus seedpods have been indicated to have anti-tyrosinase (46, 47), anti-inflammatory (71), antioxidation (4) and α-glucosidase inhibitory (4) effects. β-sitosterol, quercetin 3-O-β-D-galactopyranoside and kaempferol 3-O-β-D-glucopyranoside from lotus seedpods have been determined to be tyrosinase inhibitors (46, 47) as shown in Supplementary Table 1. A (E)-9-Octadecenoic acid ethyl ester from lotus seedpods showed anti-inflammatory effect against LPS-induced RAW264.7 cells, and the effect was realized through regulating MAPKs and NF-κB signaling pathways, which displaying as up-regulations of NF-κB nuclear translocation, protein expressions of ERK, p38 and JNK, and protein and mRNA expressions of iNOS and COX2 (71). Flavonol glycosides fractionated from extracts of lotus seedpods, namely hyperoside, isoquercitrin, quercetin-3-O-β-D-glucuronide, isorhamnetin-3-O-β-D-galactoside and syringetin-3-O-β-D-glucoside, appeared scavenging activities on ABTS and DPPH radicals (35). Our previous study has indicated that water-extracted polysaccharides from dried lotus seedpods possessed good scavenging effects on ABTS, DPPH and ⋅OH radicals, and an obvious inhibitory effect on α-glucosidase activity (4).




Applications of raw material, extracts and phytochemicals of lotus seedpods


Applications of lotus seedpods

Lotus seedpods can be applied as sources for biochar (21, 73–76) and biomass material (22, 77–80).

As a source of biochar, lotus seedpods can be used to constitute sensor (74), absorber (21, 73, 75, 81) and detector (76). A portable, flexible, outdoor and inexpensive sensing platform for hyperin has been established by lotus seedpods biochar and molybdenum disulfide, using a green co-hydrothermal approach (74). Lotus seedpod-derived biochar can be used for producing available and effective biosorbents for cadmium (73), methylene blue (81) and 17 β-estradiol (21), along with Co3O4 microwave absorbent (75). Otherwise, a carbon quantum dots was synthesized on the basis of lotus seedpod by hydrothermal synthesis method, which could be utilized for Fe(III) detection (76).

In terms of using for biomass material, lotus seedpod is high-stable electrode material for supercapacitors (22, 78, 80). Meanwhile, lotus seedpod-derived hard carbon with hierarchical porous structure is a stable anode for sodium-ion batteries (79). Otherwise, an efficient metal-free catalyst derived from lotus seedpod exhibited excellent oxygen reduction reaction (77).



Applications of lotus seedpods extracts and phytochemicals

Lotus seedpod extracts (8, 82), proanthocyanidin (83, 84) and oligomeric procyanidin (5, 19, 23, 43, 44, 49, 72, 85, 86) can be used in food industry. Lotus seedpod extracts can inhibit lipid oxidation. 80% ethanol extract and water extract reduced the acid value, peroxide value and TBARS level of lard (82). 50% ethanol extract decreased the peroxidation level of linoleic acid (8). Moreover, conjugate complexes produced by lotus seedpod proanthocyanin and whey protein have potential applications in emulsions (83, 84). Lotus seedpod proanthocyanidin-whey protein complexes improved the chemical stability of β-carotene nanoemulsions (84). Lotus seedpod proanthocyanidin was grafted to whey protein isolate for creating nature-derived antioxidant emulsifiers, which had good DPPH radical scavenging activity and ferric reducing ability (83).

Inhibition of AGEs formation is an important application for lotus seedpod oligomeric procyanidin in food systems, such as bovine serum albumin-glucose (43, 72), lactose-lysine (44) and yogurt (86) systems. Meanwhile, addition of lotus seedpod oligomeric procyanidin increased the growth of Lactobacillus plantarum, titratable acidity, DPPH scavenging effect, solid-like properties, hardness, adhesiveness, gumminess and chewiness of yogurt (86). Moreover, lotus seedpod oligomeric procyanidin and its three monomers including catechin, epicatechin and epigallocatechin gallate could inhibit AGEs release from glycated casein during gastrointestinal digestion (49). At the same time, lotus seedpod oligomeric procyanidin and catechin could also enhance the scavenging effects of digestive fluid on DPPH, OH and ABTS radicals and its ferric reducing ability (19). On the other hand, lotus seedpod oligomeric procyanidin is beneficial to the storage and process of food. Lotus seedpod oligomeric procyanidin could decline the peroxide values of lard or soybean oil (5). Lotus seedpod oligomeric procyanidin possessed inhibitory effect on the retrogradation property of rice starch (23).

Beside, oligomeric procyanidin extracted from lotus seedpod has been used to dye the tussah silk fabric (87).




Conclusion and perspectives

Lotus seedpod is a promising food and medicine source. Extracts of lotus seedpods obtained by non-organic and organic solvents exerted antioxidation, anti-cancer, anti-melanogenic, anti-inflammatory, anti-irradiation, cardioprotection and hepatoprotection activities. Meanwhile, extraction solvents and methods have influences on the activities. Diversity phytochemicals are responsible for these bioactivities, such as proanthocyanidins, oligomeric procyanidins, flavonoids, alkaloids, terpenoids, organic acids, steroids, esters and others. Some of phytochemicals have been well-identified by modern analytical techniques, and chemical structures of some phytochemicals have been proposed. Moreover, chemical assays as well as cell and animal experiments have demonstrated that phytochemicals (especially proanthocyanidins and oligomeric procyanidins) from lotus seedpods exhibited broad-spectrum biological activities, including ameliorating cognitive impairment, antioxidation, antibacterial, anti-glycative, neuroprotection, anti-tyrosinase, retinal protection, anti-insomnia, anti-cancer, immunomodulatory, ameliorating intestinal injury, anti-diabetes, regulating lipid homeostasis, anti-inflammatory and α-glucosidase inhibitory effects. Furthermore, raw material, extracts and phytochemicals of lotus seedpods have been applied as sources for biochar and biomass material, in food industry, and as dye. In contrast, other parts of lotus like seeds, stems, leaves, flowers, epicarps, plumules, stamens, petals and rhizomes have been reported to contain phytochemicals included flavonoids, glycosides, alkaloids, monosaccharides, essential oils, organic acids, chlorophylls, sesquiterpenoids, steroids, sapogenins, etc (2). Biological activities of these parts of lotus have been summarized as anti-obesity, antioxidant, cardiovascular, hepatoprotective, hypoglycemic, antimicrobial, lipolytic, anti-amnesic, anti-inflammatory, antithrombotic, anti-proliferative, memory-improving, sedative, immunoregulatory and antiviral activities (2). These parts of lotus can be applied in health food industry and medicine (2). Therefore, to lotus industry, lotus seedpods are worth exploiting for acquisition of novel phytochemicals, enrichment of more biological activities and new attempts of industrial applications.

However, there are some issues should be resolved in future: (1) the phytochemicals from lotus seedpod is mainly prepared using conventional solvent method, more attempts should be made to novel means; (2) although many phytochemicals with small molecular weight have been isolated and identified from lotus seedpods, the exploitations of those (like proteins and polysaccharides) with large molecular weight have been rarely done; (3) there is little information on digestion, absorption, distribution, structure-activity relationship, metabolism of phytochemicals from lotus seedpod, which need to be disclose with more work; (4) the current researches on biological activities of phytochemicals from lotus seedpods mostly foucused on proanthocyanidins and oligomeric procyanidin, the biological activities of other phytochemicals from lotus seedpod; (5) biological activities of extracts and phytochemicals from lotus seedpods have been indicated in chemical assays as well as cell and animal experiments, but have not been demonstrated by clinical research; (6) the action mechanisms about the relevant activities of extracts and phytochemicals from lotus seedpods are unclear as they have been preliminarily explored.
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Childhood obesity is observed not only in developed countries but also in some developing countries in Asia, where low physical activity and poor physical fitness have been reported. The primary goal of weight loss is to reduce body fat mass, thereby reducing the risk of metabolic syndrome. Unfortunately, a concomitant decrease in lean mass, including muscle mass, is often observed when weight is lost. This study aimed to clarify the nutritional status and physical fitness of local elementary school children and to investigate the factors associated with nutritional status. This study evaluated measures that can reduce the tendency toward obesity and recommends exercise that can reduce weight while maintaining or increasing muscle strength. A total of 911 elementary school children were recruited for this study. All the participants completed anthropometric measurements, dietary surveys, and physical fitness tests. Compared with the Chinese obesity criteria, the proportions of obese and overweight subjects were generally high [22 (rural girls) to 47% (urban boys)], and urban children had a higher obesity rate than rural children. Overall, rural children had better physical fitness test results than urban children did. Skipping rope was correlated with muscle mass. Exercise time (β = −0.31, p < 0.01), skipping rope (β = −0.25, p < 0.01), screen time (β= 0.23, p < 0.01); sit-ups (β = −0.20, p < 0.01); 400-m run (β = −0.19, p < 0.01); urban or rural area (β = 0.18, p < 0.01); oil intake (β = 0.15, p < 0.01), family income (β = 0.11, p < 0.05); and sex (β = −0.10, p < 0.05) were significant predictive factors for overweight and obesity, respectively. The diet of schoolchildren can be improved by reducing the intake of grain and edible oils. Physical fitness of schoolchildren can be improved by increasing exercise time and selecting exercises with higher metabolic equivalents. Rope skipping appears to be the best option because it can ameliorate obesity by increasing muscle strength. The results of this study can provide a reference for the development of obesity intervention methods for children in China and worldwide.
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Introduction

Global childhood obesity rates have considerably increased (1). From 1975 to 2016, the prevalence of obesity among children aged 5–19 increased from 0.7 to 5.6% in boys and from 0.9 to 7.6% in girls (2). In 2016, an estimated 12.4 million children were classified as obese (2). With economic development, the obesity problem in Chinese children cannot be ignored. From 1995 to 2014, the rate of overweight and obesity among Chinese children increased from 4.4 to 21.1% (3).

Poor physical fitness in children deserves further attention. According to a review of 137 studies conducted in 19 countries, cardiorespiratory fitness in children aged 9–17 decreased significantly in most countries between 1981 and 2014, as measured by the 20-m shuttle run test (4). A strong tendency toward obesity/overweight has also been observed in Asian children, and levels of physical activity and strength have been reported to be low (5–7). The 20-m shuttle-run test results of Chinese elementary school students were lower than the normative reference values that were developed based on 1,142,026 children from 50 countries (8).

Previous studies have found that poor physical fitness and obesity are important factors for high blood pressure, coronary heart disease, and stroke (9, 10). Although the symptoms usually manifest in midlife, these diseases develop progressively over time, with some signs appearing as early as childhood or adolescence (10). It is important to establish high fitness potential and sustainable lifestyle habits during childhood and adolescence. A recent prospective study showed that moderate and vigorous physical activity levels can be predicted for up to 6 years by physical fitness and fundamental movement skills developed in early adolescence (11). Additionally, it is important to establish baseline measurements of body composition and physical fitness at a young age to monitor and prevent obesity and poor physical fitness.

Exercise is an important means to ameliorate obesity. Several studies have confirmed the effectiveness of exercise in ameliorating obesity (12–14). However, many studies considered only the change in weight and ignored muscle mass (12–14). The primary goal of weight loss is to reduce body fat mass, thereby reducing the risk of metabolic syndrome (15). Unfortunately, a concomitant decrease in lean mass, including muscle mass, is often observed when weight is lost (15). Because declining muscle mass can promote poor physical fitness, weight loss that maintains or increases muscle strength is desirable for the development of an effective weight-loss and physical fitness program.

The purpose of this study was to explore the factors associated with nutritional status and provide a theoretical basis for the formulation of obesity intervention programs for primary school students.



Materials and methods


Participants

This cross-sectional study selected one of eight urban elementary schools and two of three rural elementary schools with the largest number of students in one district of Benxi City, Liaoning Province, in Northeast China. Two of the four classes from each grade were chosen randomly from the urban elementary schools. All the classes were chosen from the two rural elementary schools. As the population of students aged 5 and 12 years was minimal, these students were excluded from the study. A total of 911 students (262 urban boys, 250 urban girls, 214 rural boys, and 185 rural girls) aged 6–11 years were included in the study conducted from May to July 2021.



Anthropometric measurements

Height was measured at 0.1 cm precision using a portable stadiometer (Seca 213, Germany). Weight was measured at 0.1 kg precision using a digital scale (Tanita BC-610, Japan). Upper arm circumference (AC) was measured at 0.1 cm precision a using fiberglass tape measure. Triceps skinfold thickness (TFS) was measured at 0.5 mm precision using a skinfold adipometer (PZJ-01, China) (16). All measurements were completed by nurse BL.

Body mass index (BMI; kg/m2) was calculated using height and weight measurements. BMI-for-age z-scores (BMI-AZ) were calculated using World Health Organization (WHO) reference data for sex and age (17). Overweight and obesity were defined using the WHO BMI classification (18).

The arm muscle area (AMA) was calculated using the AC and TFS as follows: AMA (cm2) = [AC (cm) – π × TSF (mm) × 10]2/4π. BMI-AZ was quantified using Cole's Box-Cox transformation, calculated as follows: BMI-AZ = [(BMI/M) L – 1]/S*L, where M is the median of the parameters, S is the generalized coefficient of variation, and L is the power in the Box-Cox transformation.



Physical fitness

All subjects completed the Chinese Physical Fitness Test (19), which consists of the following activities: 50- and 400-m runs, sit-and-reach test, skipping rope for 1 min, and performing sit-ups for 1 min. Fitness testing was conducted in rural and urban elementary schools in May 2021. Fitness scores were calculated based on the Chinese Physical Fitness Test (19).



Diet and nutrition

Parents' meetings, including those with children, were held at the schools so that children could complete a food frequency questionnaire with help from their parents. Daily, weekly, monthly, and yearly dietary intake was recorded using the Chinese Food Frequency Questionnaire (12). Images of food appearing in the Standard Tables of Food Composition in China were used to estimate portion size (20). Energy intake and the intake of three major nutrients and nine food groups (grains, vegetables, fruit, meat products, eggs, fish, bean products, milk, and edible oils) were calculated using standard Chinese food composition tables (20).



Lifestyle

Using a questionnaire, students were asked to record their average daily exercise time (min/day), screen time (min/day), and sleep time (min/day) in the last week. Exercise time was defined as the sum of the time spent exercising or playing sports. Adolescent students were asked to separately report the time spent in physical activities at school (i.e., during physical education class) and sports clubs and during their free time. To estimate screen time, adolescent students were asked to separately report the time spent watching TV, playing video games, playing mobile games, and using a computer. Sleep time included sleeping overnight and during naps.



Sociodemographic characteristics

Information regarding education level and family monthly income was collected from the parents using a questionnaire.



Statistical analysis

An independent t-test was used to verify differences in the participants' mean body composition and physical fitness test results by area (urban or rural) and sex. Pearson's correlation coefficients were calculated to assess the relationship between AMA and physical fitness test scores. Multiple regression analysis was performed using BMI-AZ as the dependent variable. The 50-m run time (seconds), long-seat body anteflexion (cm), skipping rope (times/min), exercise time (min/day), screen time (min/day), sleeping time (min/day), intake values for nine food groups (g/day), three major nutrients (g/day), energy (kcal/day), education level of the father and mother, family income (yuan/month), area, and sex were used as predictor variables. Variables were selected using the stepwise increase-and-decrease method, and a threshold p-value of 0.20, calculated using the likelihood ratio test. JMP Pro 16.0.0 (SAS Institute Inc.) was used to perform statistical analyses, with a significance of p < 0.05.




Results


Nutritional status of local primary school students

The prevalence of underweight among children in both rural and urban areas was <10% (Table 1). Both urban and rural children had a high overweight and obesity rate: 47% in urban boys, 33% in urban girls; 36% in rural boys, and 21% in urban girls (Table 1).


TABLE 1 BMI category, 5 items of physical fitness and food consumption for urban and rural children†.
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Physical fitness test results

The means and standard deviations for the physical fitness test results by area are shown in Table 1. Overall, rural children had better physical fitness test results than did urban children (Table 1). The scores for the five physical fitness test items are presented in Figure 1. Except for the skipping rope score, the mean scores exceeded the cutoff values for passing marks for urban boys. Mean scores for skipping rope and long-seat body anteflexion differed significantly between rural and urban boys, and mean scores for skipping rope and 50-m run time differed significantly between rural and urban girls. The failure rate of rural children was lower than that of urban children. In particular, the proportion of urban children with failing scores for skipping rope was 47%, which was much higher than that of other groups (Figure 1).


[image: Figure 1]
FIGURE 1
 The average score of physical fitness test. *Urban vs. rural, t-test, and p < 0.05; ***Urban vs. rural, t-test, and p < 0.001.


To clarify the relationship between muscle mass and physical fitness, we examined the correlations between AMA and individual physical fitness test scores. There was a significant positive correlation between skipping rope and AMA in all groups (r = 0.17–0.25, p < 0.05; Table 2).


TABLE 2 Correlation between results of 5 items of physical fitness test and arm muscle area (AMA).
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Diet and nutrition of primary school students

Energy, protein, and fat intakes of urban children were significantly higher than those of rural children (Table 1). The intakes of the nine food groups were determined by area and sex (Table 3). Compared with the Chinese recommended dietary allowance (21), the intake of grains, meat, eggs, beans, and edible oils of local children was higher, whereas the intake of fruit, fish, and milk was lower. Milk intake was extremely low among rural children (15.4% in boys and 10.1% in girls; Table 3) relative to the recommended dietary allowance of 300 g. The intake of vegetables was within the recommended range. In urban children, the mean intake values for all food groups were higher than those in rural children, but significant differences were observed only for meat and milk (p < 0.05; Table 3).


TABLE 3 Daily intake of nine food groups (g).

[image: Table 3]



Lifestyle of primary school students

The reported means and standard deviations (min/day) for daily exercise time, screen time, and sleep time by area and sex are shown in Table 4. There was no significant difference in sleeping time between urban and rural schoolchildren, but exercise time and screen time were significantly longer in rural children than in urban children (p < 0.05; Table 4). The mean daily exercise time was less than the Chinese recommended exercise time of 1 h for both urban boys and girls (22). In contrast, daily exercise time was longer than the Chinese recommended daily exercise time (22) for both rural boys and girls. Screen time was longer in urban children than in rural children for both boys and girls (p < 0.05).


TABLE 4 Daily exercise time, screen time and sleeping time for urban and rural children.
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Factors associated with nutritional status

Table 5 shows the results of the multiple regression analysis of the factors that contributed to BMI-AZ. Physical fitness (five items), dietary habits (three items), lifestyle (three items), education level of the father and mother, family income (yuan/month), area, and sex were included as predictor variables. Exercise time (β = −0.31, p < 0.01), skipping rope (β = −0.25, p < 0.01), screen time (β = 0.23, p < 0.01), sit-ups (β = −0.20, p < 0.01), 400-m run (β = −0.19, p < 0.01), area (β = 0.18, p < 0.01), oil intake (β = 0.15, p < 0.01), family income (yuan/month) (β = 0.11, p < 0.05), and sex (β = −0.10, p < 0.05) were significant predictive factors (Table 5).


TABLE 5 Factors that contributed to the tendency toward obesity†.

[image: Table 5]




Discussion

The results of this study showed that the overweight and obesity rates of children in northern China are relatively high. Compared to the other groups, rural girls had the lowest proportion of overweight and obesity (Table 1). However, the overweight and obesity rate of rural girls reached 22%, higher than the national average of 21% (23).

The physical fitness of children in local areas was poor (Table 1) compared to that of 89,949 children from the 32 provinces of China in 2016 in a previous study, who performed better in all of the physical fitness tests, except for the 400-m run (24). In addition, compared with the physical fitness test results in Japanese children (25), children in Northeast China had poorer results in the 50-m run and long-seat body anteflexion (Table 1). Furthermore, the present study found that rural children performed better in physical fitness tests than urban children, supporting similar surveys in China (24) and other developing countries (26, 27).

The energy intake of urban children was higher than that of rural children, which was confirmed by the fact that the intake of nine food groups of urban children was higher than that of rural children (Tables 1, 3). This may be related to the fact that the obesity rate in urban children is higher than that in rural children (Table 1). Overweight and obesity were associated with an excessive intake of grains and edible oils (Table 5). Based on the results of the multiple regression analysis, BMI-AZ increased as the intake of grains and edible oils increased (Table 5). Traditional Chinese meals contain large amounts of grains and vegetables (28) and tend to include fried dishes. A survey of Chinese adults revealed that the intake of edible oils increases with vegetable consumption, thereby promoting obesity (29). Therefore, traditional vegetable preparations are considered to be a cause of childhood obesity.

Boys and children from high-income families were more likely to be obese (Table 5). Socioeconomic status (SES) influences food selection and physical activity and has been reported as a factor in childhood obesity (30). In developed countries, low-SES groups experience higher rates of overweight and obesity in children, whereas in developing countries, higher-SES groups experience higher rates of overweight and obesity in children (30). Individuals in China with a higher SES consume more high-calorie foods such as meat (which tends to be costlier than vegetables) than individuals with a lower SES (31). Supporting previous studies, the multiple regression analysis results showed a positive correlation between household income and overweight and obesity in children (Table 5).

The one-child policy has been considered one of the causes of the increasing childhood obesity problem in China (32). This study (Table 1) and a previous study found that the obesity rate in boys is higher than that in girls in China (33). The male/female birth ratio has increased since the one-child policy commenced in 1978, and many Chinese prefer boys (32). The culture of the paternal authority system in traditional Confucianism in China allocates more domestic resources to boys than to girls (34), and this could be one reason for the higher proportion of obese boys than girls. In Chinese society, boys' obesity may also be considered a symbol of wealth, which may reduce parents' active intervention on boys' obesity (35). At the same time, boys are less likely to participate in family work (33).

Short exercise and long screen times were risk factors for obesity (Tables 2, 5). Physical activity has been demonstrated to help children control weight and reduce behaviors linked to health problems such as cardiovascular disease, diabetes, and hypertension (36); however, screened devices are used as a dominant recreational activity for all ages, especially children (37). Regardless of participation in physical activity, screen time has a negative influence on health and is associated with health-related risk factors including obesity, cardiovascular disease, and type 2 diabetes (38). Increasing exercise time and decreasing screen time are important to reduce obesity.

Exercise is effective in reducing fat and enhancing lean body mass in children, resulting in positive effects on ameliorating obesity (39). Our results showed a significant positive correlation between the skipping rope test and BMI-AZ (Table 5). The metabolic equivalent (MET) of the skipping rope was 11.7–12.5 from the different fluctuation frequencies (40), which is ~3 times that of jogging (MET: 4.5) (40). Therefore, skipping rope could produce, in less time, the same effect on metabolic rate as jogging, making it an efficient exercise for reducing obesity. Exercise-based weight loss programs (including skipping rope) have proven effective in reducing childhood obesity (41–43), and therefore, skipping rope as an exercise can be expected to reduce obesity.

Furthermore, this study indicated that skipping rope can increase muscle mass, which is expected to increase with the amount of exercise performed (Table 2). Skeletal muscle is an important site of lipid oxidation and is the most significant contributor to basal metabolism (44). Skipping rope can increase muscle mass and therefore basal metabolism, which can contribute to the prevention of obesity. Moreover, skipping rope has been shown to increase upper and lower body strength (45). A previous study in Germany demonstrated that 5 months of skipping rope training increased whole-body coordination and complex eye-hand-leg coordination, endurance, and shoulder mobility in elementary school children (46). Therefore, skipping rope can be expected to prevent obesity, increase muscle mass, improve strength, and increase athletic performance.



Limitations

We selected only one city, Benxi, as the study area. Therefore, it is difficult to generalize the results to other cities in Liaoning Province and northeastern China. Because this was a cross-sectional study, it was not possible to determine the causal relationships between nutritional status, diet, lifestyle, exercise performance, and the factors affecting them in elementary school children.



Conclusion

Rural children had a better nutritional status and physical fitness than urban children. However, both urban and rural children showed high rates of obesity and poor physical fitness. Diet can be improved by reducing the intake of grains and edible oils. Physical fitness can be improved by increasing exercise time and selecting exercises with higher metabolic equivalents. Rope skipping appears to be the best option because it can ameliorate obesity by increasing muscle strength.
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In order to study the effects of the compound preservatives (curcumin and piperine (CP)) and vacuum packaging (VP) on the quality of salmon during cold chain logistics suffered from temperature abuse, the physiochemical indexes (texture, water holding capacity (WHC), total volatile basic nitrogen (TVB-N), thiobarbituric acid reactive substances (TBARS), free amino acids (FAA) contents), microbial indicators (total mesophilic bacteria count (MBC), total psychrotrophic bacteria count (PBC), H2S-producing bacteria count (HSBC)) were determined, and the moisture changes were explored by near-infrared (NIR) spectroscopy and low-field nuclear magnetic resonance (LF-NMR). The results showed that the treatment of curcumin and piperine in combination with vacuum packaging could maintain the quality of salmon suffered from temperature abuse most effectively. At the end of storage, the MBC of VP+CP was only 4.95 log CFU/g, which was about 1 log CFU/g lower than the control sample stored at the same condition. The combined treatment also retarded the increase of TVB-N, TBARS, and the decrease of hardness, springiness, and a* value, as well as water migration in salmon, contributing to higher water holding capacity and better appearance. Besides, VP+CP retarded the decrease of free glutamate, which contributed to umami taste. Due to the biological activity and safety of the preserves, the combined treatment could be a promising method for preservation of seafood.
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plant-resource preservatives, temperature abuse, temperature fluctuation, near-infrared spectroscopy, low-field nuclear magnetic resonance, free amino acid, texture profile analysis


Introduction

Natural extracts from plant attract much interest from scientists and consumers for their various biological activities, such as anticancer, anti-obesity, antispasmodic effects, etc. (1, 2). The use of these extracts for food preservation is also a trend followed by both consumers and food manufacturers as a replacement of synthetic preservatives regarding to the health concern (3). Compared to synthetic chemicals, natural preservatives are Generally Recognized as Safe (GRAS) (4–6). The present knowledge shows that the plant extracts display antibacterial, antiviral, antifungal, and antioxidant effects, which can strongly reduce pathogenic and spoilage microorganisms in foods (7–9). However, these extracts can be very complex, which are composed of at least 50 components, making it difficult to predict the susceptibility of a microorganism to a kind of plant extracts (10). Therefore, it is necessary to study the effect of the extracts on different food products individually. Curcumin is a natural pigment mainly extracted from the rhizomes or tubers of various ginger plants, which has been widely used in the medical field because of its anti-inflammatory properties (11), promoting wound healing (12), regulating protein and metabolic pathways (13), inhibiting tumor growth and other pharmacological effects (14). Curcumin is also a food additive known for its antibacterial and antioxidant activity (15). In recent years, as a natural and effective biological preservative, the effect of curcumin on the preservation of many raw and processed food products, such as sturgeon (16), surimi (17), millet fresh noodles (18), and kiwi fruit (19) has been proven. Piperine is another bioactive ingredient extracted from pepper, which possesses hot and pungent characters (20). This compound has attracted the attention of scientists due to its numerous benefits including its antioxidant activity, anti-inflammatory activity, and bio-enhancing ability (21, 22). It not only has therapeutic effects but also can be used as a functional ingredient in food (23, 24). Studies have shown that the use of composite preservatives on aquatic products is better than that of single preservative, mainly due to the enhanced synergistic effect (25).

Salmon (Salmo salar) is favored by consumers for its nutritional value and culinary properties, whose global market size is growing constantly (26). At present, salmon is mainly produced in Norway, followed by Chile, UK, North America, the Faroe Island, etc. Since salmon is rich in moisture, protein, and polyunsaturated fatty acids, it is highly perishable during storage, transportation, and sales processes with a shelf life as short as several days even at chilling environment (27, 28). To make things worse, it is very difficult to keep the temperature stable during cold chain logistics, especially when the cargos are exposed to outdoors in the loading and uploading process (29). In recent years, the effect of temperature abuse during cold chain logistic has been concerned by researches (30–32).

In our previous study, the effectiveness of curcumin and piperine on inhibiting bacteria and prolonging the shelf life of salmon were illustrated and the optimal formula was settled (33). However, the preservatives seem to have a much greater sensitivity to Gram-positive than Gram-negative bacteria (34), and the dominant spoilers of salmon are Gram-negative bacteria (35). Therefore, to enhance the effect of curcumin and piperine, a combined technique should be employed.

Packaging is a commonly applied technology to maintain the quality of aquatic products during refrigeration. Studies have shown that the combination of vacuum packaging and low-temperature refrigeration can inhibit the growth of aerobic microorganisms (36), so that the proportion of anaerobic bacteria such as lactic acid bacteria can increase (37). Therefore, it is hypothesized that the vacuum packaging may have a synergistic effect with curcumin and piperine. To our knowledge, little research has illustrated the efficacy of vacuum packaging in combination with curcumin and piperine at unsuitable temperatures that can be common during the whole distribution period. Based on this, the objective of this study is to determine the changes of microbial growth, physiochemical indicators, texture properties and water distribution of salmon suffered from temperature abuse, and provide a potential method to prolong the shelf life of salmon.



Materials and methods


Materials and reagents

Plate count agar (PCA) and iron agar medium were purchased from Qingdao Hope Bio-Technology Co., Ltd. (Qingdao, Shandong, China). Magnesium oxide, boric acid, sodium chloride, and 2-thiobarbituric acid were purchased from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). Other agents of analytic grade were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).



Samples preparation

The chilled salmon filets were purchased from local market (Pudong District, Shanghai, China) and transported to the laboratory within 30 min in an incubator with some ice chips (about 0∼4°C). The salmon were divided equally and randomly into five groups (18 pieces for each treatment, about 120 g each piece). Each group was marked and treated according to the schematic overview of the key stages of the experimental study (Figure 1). For the preservative treatment (CP), a combined solution (5% ethanol) composed of 0.5 mg/mL curcumin and 0.5 mg/mL piperine was prepared beforehand according to the previous study (33). The treatments and storage conditions for each group were demonstrated as follows:


[image: image]

FIGURE 1
A schematic overview of the designation and process of this study.



(1)CK-TFT: The salmon was soaked in 5% ethanol solution for 30 s and then stored under fluctuation conditions of 0 °C and 4°C to simulate the temperature fluctuation during cold chain logistics.

(2)CK-CON: The salmon was soaked in 5% ethanol solution for 30 s and then stored at a constant temperature (0°C).

(3)VP: The salmon was soaked in 5% ethanol solution for 30 s, then vacuum-packed, and stored under temperature fluctuation conditions.

(4)CP: The salmon was soaked in 0.5 mg/mL curcumin + 0.5 mg/mL piperine compound solution for 30 s and then stored under temperature fluctuation conditions.

(5)VP+CP: The salmon was soaked in 0.5 mg/mL curcumin + 0.5 mg/mL piperine compound solution for 30 s, then vacuum-packed and stored under temperature fluctuation conditions.



During the 10-day experimental period, the sampling was carried out every two days.



Microbial analysis

The total mesophilic bacterial counts (MBC), total psychrotrophic bacteria count (PBC), and H2S-producing bacterial counts (HSPBC) of salmon filets were determined according to Yu et al. (28). In brief, 25 g meat sample were taken from each group under sterile condition and homogenized with 225 mL of 0.85% sterilized saline water with a stomacher blender for 1 min. From this dilution, a series of dilutions (1:10) were prepared in 0.1% peptone, and 0.1 mL of each dilution was dispensed onto the appropriate medium. Plate count agar (Qingdao Hope Bio-Technology Co., Ltd., Shandong, China) was used for determining total mesophilic bacteria count (MBC) (48 h incubation at 30 °C) and total psychrotrophic bacteria count (PBC) (10 d incubation at 4 °C). The H2S-producing bacteria count was determined by counting black colonies on Iron agar (Qingdao Hope Bio-Technology Co., Ltd., Shandong, China) after incubation at 25°C for 72 h. Each dilution was performed in three parallels.



Determination of total volatile base nitrogen

Total volatile base nitrogen (TVB-N) content was determined using a Kjeldahl automatic distillation apparatus (Kjeltec™ 8400, FOSS, Denmark) according to the method reported by Holman et al. (38). The TVB-N value is calculated according to the consumption of hydrochloric acid (0.1 mol/L) and expressed in mg/100g fish sample. The experiments were carried out in triplicate.



Determination of water-holding capacity

The water-holding capacity of fish meat was carried out according to the method of Gudjónsdóttir et al. (39) with some modifications. Briefly, fish meat (approximately 2 g, M1) was accurately weighed and the sample was accurately weighed again (M2) after centrifugation at 5,000 g for 10 min at 4°C. The experiments were carried out in triplicate. The WHC was calculated according to the following formula:
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Determination of thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances (TBARS) content was measured according to the method reported by Wang et al. (40). In brief, the salmon meat (5 g) was homogenized with 25 mL of 20% (w/v) trichloroacetic acid (Sinopharm Chemical Reagent Co., Ltd., Shanghai, PR China). After incubation at 0°C for 1 h, the mixture was centrifuged at 8,000 g at 4°C for 10 min. The supernatant was mixed with 0.02 M 2-thiobarbituric acid and heated at 100°C for 20 min. Then, the absorbance was measured at 532 nm, and the results were expressed as mg malondialdehyde per kg fish sample (mg/kg). The experiment was conducted in triplicate.



Texture profile analysis

The hardness and springiness were performed using a TA.XT Plus texture analyzer (Stable Micro Systems Ltd., Surrey, UK). The fish samples were quickly cut into 10 mm × 10 mm × 10 mm squares at a constant temperature of 20°C. The test conditions were settled according to Wang, Xiang, Fan, Xie, Qian (40). The sample was compressed using a cylindrical probe of 6 mm in diameter (P/6) on the platform under the following conditions: pre-test speed, 3 mm/s; constant test speed, 1 mm/s; post-test speed, 1 mm/s, sample deformation, 50%. Six measurements for each group were carried out.



Colorimetric measurement

The L*, a*, and b* values of salmon samples were measured by a CR-400 type colorimeter (Konica Minolta Investment Ltd., Tokyo, Japan) according to the protocols, and six parallel experiments were performed for each group.



Determination of free amino acids

The contents of free amino acids was determined using the method of Tavakoli et al. (41) with slightly modifications. Briefly, a minced sample (1.0 g) was homogenized with 10 mL of 5% trichloroacetic acid and centrifuged at 8,000 g for 10 min at 4°C. The precipitate was centrifuged again. The two supernatants were combined and diluted to 25 mL with deionized water. A 1 mL extract was obtained by filtration using a disposable filter and analyzed by a LA-8080 ultra-high-speed amino acid automatic analyzer (©Hitachi, Ltd., Tokyo, Japan). The experiment was performed in triplicate.



Near-infrared spectroscopic analysis

Each fillet (2 cm × 2 cm × 2 cm) was measured by an NIR instrument (NIRFlex Solids N-500 spectrophotometer, Büchi Labor-technik AG, Flawil, Switzerland) in reflectance mode. The spectra from 4,000 to 10,000 cm–1 were recorded and digitalized with ca. 8 cm–1 intervals in the Fourier transform. Both air reference and the sample spectra were measured with scan number 64. The temperature range was 20 to 25°C. The experiment was conducted in triplicate and the average spectrum of each sample was recorded.



Low-field nuclear magnetic resonance

The measurements were determined using an low-field nuclear magnetic resonance (LF-NMR) analyzer (PQ 001, Shanghai Niumag Electronic Technology Co., Ltd., Shanghai, China) following the method reported by Yu et al. (28). The transverse relaxation time of each fillet (2 cm × 2 cm × 2 cm) was determined using the Carr-Purcell-Meiboom-Gill sequence at 32°C. The parameters applied were proton resonance frequency = 24 MHz, sampling interval time (TW) = 2,000 ms, echo number (NECH) = 8,000, Pre-amplifier gain (PGR) = 1, cumulative number (NS) = 4, echo time = 0.5 ms, pulse width at 90° (P1) = 18.00 μs, and pulse width at 180° (P2) = 34.00 μs. The signals were collected to obtain the transverse relaxation time T2 spectrum by software (NMI20-030H-1 NMR analyzer: Suzhou Niumag Analytical Instrument Co., Suzhou, China). Magnetic resonance imaging (MRI) was performed with the same LF-NMR analyzer and a spin-echo sequence, and the gray-scale map of the proton density distribution was obtained. The gray-scale image was altered to be pseudocolor images by MATLAB software (MathWorks Inc., Natick, MA, USA).



Statistical analysis

All samples were conducted at least in triplicate. To investigate the difference among different variables, an ANOVA (one-way analysis of variance) followed by the least significant difference (LSD) test were performed by SPSS 20.0 (SPSS Inc., Chicago, IL, USA) (P < 0.05). The correlation analysis was carried out using Pearson’s method, using the listwise method to exclude missing values. It assigns a value between −1 and 1, where 0 is no correlation, 1 is total positive correlation, and −1 is total negative correlation. Differences were considered significant if P < 0.05. Diagrams were performed by Origin 2021 (OriginLab Corporation, Northampton, MA, USA).




Results and discussion


Changes of microbial counts

The changes in MBC of the salmon filets are presented in Figure 2A. The initial TVC of the untreated fresh salmon samples was 3.48 log CFU/g, indicating the fillet was in a fresh state. The MBCs of the fresh salmon samples treated with different vacuum-packaging and preservatives were slightly lower than the untreated sample, i.e., 3.28 log CFU/g, 3.04 log CFU/g, and 2.85 log CFU/g on day 0, respectively. It indicated that the VP and CP treatment could inhibit the bacteria immediately after treatment, and CP was more effective than VP. With the increase storage time, the MBC in all groups increased with varied rates, but none of the groups exceeded the maximum acceptable limit (>7 log CFU/g) during the whole storage period (42). The MBC and PBC in CK-TFT were significantly higher than those in the other four groups, indicating that temperature fluctuation could promote the proliferation of bacteria (28). At the end of storage, the MBC of the CK-TFT reached 5.98 log CFU/g, while VP+CP was only 4.95 log CFU/g, which was even lower than CK-CON sample stored at constant 0°C. Therefore, the combined treatment with preservatives and vacuum packaging could inhibit the growth of bacteria most effectively. It is reported that curcumin and piperine display a higher inhibitory effect against Gram-positive bacteria than Gram-negative bacteria (34), while vacuum packaging was favored by lactic acid bacteria, which are Gram-positive bacteria (37, 43). The result confirmed our hypothesis that curcumin and piperine could complement the inhibition effect of vacuum packaging.
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FIGURE 2
Changes of microbiological and physiochemical indicators of salmon treated by curcumin and piperine combined with vacuum packaging during cold chain logistics: (A) Total mesophilic bacteria count (MBC); (B) total psychrotrophic bacteria count (PBC); (C) H2S-producing bacteria count (HSPBC); (D) TVB-N; (E) WHC; (F) TBARS; (G) hardness; (H) springiness.


The growth trend of PBC was similar to the change of MBC (Figure 2B). At the end of storage, PBC in groups CK-TFT and CK-CON reached 5.99 log CFU/g and 5.41 log CFU/g, and PBC in treatment groups was 5.39 log CFU/g, 5.05 log CFU/g and 4.92 log CFU/g, respectively. This showed that psychrotrophic bacteria were predominant bacteria of salmon during cold chain logistics. The curcumin and piperine combined with vacuum packaging could effectively inhibit the growth and reproduction of microorganisms, followed by preservative treatment and vacuum treatment alone. The antibacterial effect of curcumin and piperine was confirmed by the results in this study. It is demonstrated that curcumin and piperine can inhibit bacteria by targeting the bacterial cell membrane, cell wall, protein, DNA, and/or by inhibiting bacterial growth through the quorum sensing (QS) system (44, 45).

H2S-producing bacteria are one of the most important spoilage bacteria in aquatic products, mainly Shewanella species, which can produce trimethylamine (TMA), H2S, and biogenic amines (46). As shown in Figure 2C, the H2S-producing bacteria count in the five groups increased with the increasing storage time, but the value was lower than MBC. The initial H2S-producing bacteria count in the fresh salmon samples of the CK groups was 2.72 log CFU/g. At the end of storage, the H2S-producing bacteria count in groups CK-TFT and CK-CON reached 5.67 log CFU/g and 5.20 log CFU/g, while the treatment groups were only 5.15 log CFU/g, 5.09 log CFU/g, and 4.77 log CFU/g, respectively. It was found that both preservative treatment and vacuum packaging could reduce the HSPBC to a certain extent, and the combined treatment showed the highest effectiveness.



Changes of total volatile base nitrogen

Total volatile base nitrogen is one of the most important indicators for the freshness of seafood, which is produced by endogenous and bacterial enzymes (47, 48). As shown in Figure 2D, the TVB-N of the five groups of samples under different storage conditions gradually increased with the extension of storage time. The initial TVB-N of the salmon samples in the control group was 14.96 mg N/100g, indicating that the salmon samples were fresh. During storage, the TVB-N values of all groups increased continually. At the later stage of storage, the TVB-N of VP+CP was lower than the control groups, indicating that vacuum packaging and preservative treatment could reduce the formation of spoilage products and delay the spoilage of salmon. The inhibition effect of the treatments on TVB-N should be contributed to the antibacterial activity of vacuum packaging and the preservatives.



Changes of water holding capacity

Water holding capacity can be used to reflect the ability of aquatic products to retain water during storage (49). The WHC of salmon samples in the cold chain logistics process under different treatment conditions is shown in Figure 2E. During storage, the WHC of each treatment group showed a downward trend, but the WHC of the treatment groups was higher than that of CK-TFT, especially in VP+CP. The WHC of fresh salmon after compound preservative combined with vacuum packaging was 87.58% on day 0, and decreased to 79.62% at the end of storage. The initial WHC of the CK-TFT and CK-CON was 83.52% on day 0, but decreased to 75.94% and 76.45% on day 10, respectively. It is hypothesized that vacuum packaging helped the fish muscle to retain more moisture due to the compression of the normal atmosphere after immersing treatment of preservative solution. During the whole period, the WHC of the combined treatment was also obviously higher than all other four groups, indicating that VP+CP could conquer the negative effect of temperature abuse, and had a synergetic effect on retaining moisture in comparison with VP or CP alone. CP also had higher WHC than CK-CON and CK-TFT, which could be contributed to its action against muscle denaturation and myofibril structures destruction (50).



Changes of thiobarbituric acid reactive substances

Salmon is rich in unsaturated fatty acids, which degrade to volatile compounds including aldehydes, ketone, alcohols, etc., leading to off-odors and color changes (51, 52). The secondary oxidation product of the lipids was determined by TBARS (53), and the results are displayed in Figure 2F. The TBARS of all groups increased in the early stage and then decreased after the peak. The TBARS of CK-TFT increased more rapidly than other groups, and reached the peak (0.69 mg/100g) on day 6, while the other four groups reached the lower maximum values on day 8. The TBARS values of VP, CP, and VP+CP were even lower than CK-CON, which indicated that the treatments could inhibit the lipid oxidation effectively and eliminate the adverse effect of temperature abuse. The polyphenols in CP and limited oxygen in VP should contribute to this phenomenon (21, 54). The decrease of TBARS after the peak in all groups might be due to the further degradation of malondialdehyde.

. With the increase of storage time, drip loss can be explained by the water loss in muscle, which may be due to the gradual increase in the water-holding properties of muscle proteins with the loss of protein degradation, which is manifested in the decrease of muscle hardness and springiness.



Changes of hardness and springiness

During the cold chain logistics process, the hardness and springiness of salmon decreased with the increasing time (Figures 2G,H). The initial hardness and springiness of the fresh samples increased to a certain extent after treatment, which might be due to the increase of moisture in the muscle after immersing treatment, and slight pressure by normal atmosphere after vacuum packaging. During simulated cold chain logistic, the hardness and springiness decreased due to the proteolytic degradation of protein and drip loss (55). Among the treatment groups, the hardness and springiness of VP+CP were maintained at a highest level, followed by CP and VP, indicating that the vacuum packaging combined with the compound preservatives could retard the degradation of protein most effectively.



Changes of colorimetric properties

Color is an important factor affecting consumer acceptance of aquatic products (56). The L*, a*, and b* values of salmon in the process of simulating cold chain logistics are shown in Table 1. After treatment by CP, the b* value increased slightly in comparison with CK on day 0, which might be due to curcumin. But the differences were not significant (P > 0.05). Therefore, the treatment did not bring adverse effect on appearance. The L* (lightness) values of all groups were fluctuating upward, and VP+CP was generally lower than other groups. The changes in L* values can be contributed to the oxidation and denaturation of proteins (57). Thus, VP+CP might inhibit the denaturation and oxidation of proteins due to the antioxidant compounds and anaerobic atmosphere.


TABLE 1    Effects of different treatments on L*, a*, and b* of salmon in cold chain logistics.
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The changes of a* value (redness) during the whole period is shown in Table 1. Salmon fillet displays typical orange-red color due to the richness of astaxanthin, which is an antioxidant. The a* value of CK-TFT and CK-CON slightly decreased due to the oxidation process (58). The results displayed that the treatments of VP, CP, and VP+CP could maintain the a* value by preventing the oxidation of astaxanthin (59).

In this study, the value of b* (yellowness) in all treatment groups increased slightly during the storage (Table 1), but there were no significant differences between groups (P > 0.05). An increase of b* values of catfish during storage were also reported by Peterman et al. (60).



Changes of free amino acids concentrations

Free amino acids not only provide the umami, bitterness, and sweetness of aquatic foods, and they are also precursors of biogenic amines, ammonia, methanthiol, and other toxic or off-odor compounds by bacteria and endogenous enzymes (61). The changes of FAA contents in salmon during the cold chain logistics are shown in Table 2. The changes of FAAs contents are very complicated, which depends on the balance between the proteolytic hydrolysis rate from protein or peptide and their degradation rate by bacteria and endogenous enzymes.


TABLE 2    Effects of different treatments on free amino acid content (mg/100 g) of salmon in cold chain logistics.
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The total FAAs contents of VP, CP, and VP+CP were higher than CK on day 0. During the simulated logistics, the total FAAs contents increased first and then decreased slightly. Among them, VP had the highest level of total FAAs contents. It showed that lysine was the most abundant FAA in salmon, followed by alanine and glutamate. The content of lysine in all groups increased first and then decreased, and its decrease could be contributed to the formation of cadaverine by decarboxylase activity from bacteria (62). On day 10, VP had the highest content of lysine, and the differences between the other groups were not significant (P > 0.05). Glutamate can provide umami taste, which is also one of the precursors of putrescine (63). The contents of glutamate in all groups decreased during the period, but VP+CP had the highest content, indicating that VP+CP could inhibit the degradation of glutamate and maintain the umami taste most effectively.



Near-infrared spectroscopic analysis

Figures 3A-C show the original NIR spectra of salmon filets different treatment groups in the early, middle, and late stages of cold chain logistics. These spectra had similar shape with the main features, in which several broad absorption maxima centered around 5,200 cm–1 (1,923 nm) and 7,000 cm–1 (1,428 nm). Absorption at these wavenumbers should be attributed to the first overtone of OH–NH stretching and a combination of OH stretching (64). The major differences among the spectra of the different treatments involved a baseline drift, which should be contributed to the different levels of moisture content. The reflectance of CP, VP, and VP+CP at typical wavenumbers of water were much lower than CK-TFT and CK-CON, indicating that they retained more moisture is the muscle, in accordance with the results of WHC. Similar drift pattern was also found in pork that the baseline drifted higher after the fresh pork meat suffered through freeze-thaw circles, due to the proteins relaxation and proteolysis (65).
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FIGURE 3
Original reflectance spectra of salmon treated by curcumin and piperine combined with vacuum packaging on day 0 (A), day 4 (B), and day 10 (C); typical LF NMR T2 relaxation times (D) and MRI (E) of salmon treated by curcumin and piperine combined with vacuum packaging during cold chain logistics.




Low-field nuclear magnetic resonance

Figure 3D Shows the T2 transverse relaxation time of salmon under different treatment conditions during the cold chain logistics process, and shows that there are three peaks in the salmon meat, corresponding to three different moisture states (28). T21 is related to strongly bound water with the shortest relaxation time of 0.4-1.6 ms. T22 is related to trapped water, and its relaxation time is mainly concentrated in 49-55 ms, which is mainly trapped in the highly organized protein-dense myofibril network and the water in the tertiary and quaternary protein structures. T23 is related to free water outside of myofibrils, and its relaxation time is about 376-905 ms. The signal intensity of T22 in the control groups decreased rapidly in the later storage period, which might be mainly due to the destruction of the myofibril structure, leading to the transition from the trapped water to free water (T23). The appropriate cross-linking of amino acids and the prevention of myosin denaturation could be to account for the lower increase in water mobility (66). The myosin denaturation generated by the oxidative alterations might also affect the water mobility in protein molecules, as reported by Zhang et al. (67). It showed that the compound preservative combined with vacuum packaging has a certain effect on maintaining the moisture content of salmon samples, thereby delaying the spoilage of salmon.

Figure 3E Shows the MRI of salmon under different treatments in the cold chain logistics process, in which the different colors represent the moisture content. The redness means higher moisture content, and the blueness represents the low moisture content (68). With the increasing storage time, all groups showed a color change from red to blue, and the color of CK-TFT was significantly bluer and darker than the other groups, indicating that CK-TFT had the most severe water loss. It is demonstrated that temperature abuse might accelerate the protein degradation. VP+CP had higher yellowness and redness than other groups, indicating lower water loss. This result was also corresponding to the results of WHC, NIR and T2 relaxation time, indicating that VP+CP could maintain the water in the salmon sample more effectively, which meant lower degree of protein relaxation, degradation, and oxidation.



Correlation analysis

Figure 4 shows the correlation of various quality indicators of salmon filets. The positive/negative value of the data indicates that there is a positive or negative correlation between the indicators. The absolute value of each data represents the strength of the correlation between the two chemical indicators. The closer the data is to 1, the stronger the correlation between the two indicators. The correlation coefficients between TVB-N value and TVC, PBC and HSPBC were 0.9, 0.92 and 0.9, respectively, showing a strong positive correlation. The results indicated that bacterial metabolic activity could be the major reason for the increase of TVB-N. The correlation coefficients between the TVB-N value and WHC, hardness, and springiness were −0.84, −0.76, and −0.85, respectively. The correlation coefficients between WHC and TVC, PBC, and HSPBC were −0.89, −0.87, and −0.87, respectively, showing a strong negative correlation. WHC was strong positively corelated with hardness and springiness. To sum up, various quality indicators of salmon do not exist independently. As TVB-N is the major products of protein degradation, it is hypothesized that the degradation of protein process caused the loosening of muscle fibers, leading to the decrease of hardness, springiness, and WHC. Therefore, a technology which is capable of retarding the protein degradation and bacterial growth would be helpful to maintain the physiochemical quality of salmon filets.
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FIGURE 4
Correlation analysis of the quality indicators of salmon filets during cold chain logistics.





Conclusion

In this experiment, the effects of vacuum packaging, and the compound preservatives containing curcumin and piperine on the microbial growth, physiochemical indicators, texture properties, and water distribution of salmon during cold chain logistics suffered from temperature abuse were studied. The results showed that the hardness, springiness, and water holding capacity of different samples decreased to varying degrees, while the bacterial counts and TVB-N increased to a certain extent. The TBARS value and free amino acid contents first increased and then decreased during the whole period. Generally, the VP+CP had the highest levels of WHC, hardness, springiness, and lowest TBARS values. According to the result of NIR and LF-NMR analysis, the combined treatment VP+CP had higher moisture contents and lower moisture migration, in accordance with the changes of WHC, hardness, and springiness. The results highlighted that the temperature abuse was harmful to the quality of salmon, and VP+CP treatment could conquer the adverse effect of temperature abuse, and maintained the freshness of salmon most effectively, indicating that they had a synergistic effect. As spice recourse components, curcumin and piperine in combined with vacuum packaging could be a promising method for preservation of seafood.
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This study aimed to establish a bidirectional fermentation system using Tremella fuciformis and Acanthopanax trifoliatus to promote the transformation and utilization of the synthesized antioxidant metabolites from fermentation supernatant. The effect of fermentation conditions on the total phenolic content was investigated using response surface methodology in terms of three factors, including temperature (22–28°C), pH (6–8), and inoculum size (2–8%, v/v). The optimized fermentation parameters were: 28°C, pH 8, and an inoculum size of 2%, which led to a maximum total phenolic content of 314.79 ± 6.89 μg/mL in the fermentation supernatant after 24 h culture. The content of total flavonoids and polysaccharides reached 78.65 ± 0.82 μg/mL and 9358.08 ± 122.96 μg/mL, respectively. In addition, ABTS+, DPPH⋅, and ⋅OH clearance rates reached 95.09, 88.85, and 85.36% at 24 h under optimized conditions, respectively. The content of total phenolics, flavonoids and polysaccharides in the optimized fermentation supernatant of T. fuciformis–Acanthopanax trifoliatus increased by 0.88 ± 0.04, 0.09 ± 0.02, and 33.84 ± 1.85 times that of aqueous extracts from A. trifoliatus, respectively. Simultaneously, 0.30 ± 0.00, 0.26 ± 0.01, and 1.19 ± 0.12 times increase of antioxidant activity against ABTS+, DPPH⋅, and ⋅OH clearance rates were observed, respectively. Additionally, the metabolite composition changes caused by fermentation were analyzed using ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) based on untargeted metabolomics and the phytochemical profile of fermentation supernatant differentiated significantly based on unsupervised principal component analysis (PCA) during fermentation from 24 to 96 h. Furthermore, a significant increase in antioxidant phenolic and flavonoid compounds, such as ellagic acid, vanillin, luteolin, kaempferol, myricetin, isorhamnetin, and (+)-gallocatechin, was observed after fermentation. Thus, these results indicated that the fermentation broth of T. fuciformis and A. trifoliatus had significant antioxidant activity, and may have potential application for health products such as functional beverages, cosmetics, and pharmaceutical raw materials.
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Introduction

As one of the secondary metabolites of many species from the plant kingdom, phenolic compounds have become a hot spot in the field of food chemistry and food health due to their unique properties (1). The prevention of cardiovascular and neurodegenerative diseases, diabetes, or obesity due to the consumption of fruits and vegetables has been attributed to their large content of phenolic compounds (2, 3), and may be related to the strong anti-oxidative stress ability of phenolic compounds (4). Inflammation is expected to result in the occurrence of various chronic diseases. Inflammation reaction increases the production of reactive oxygen species (ROS), which have been shown to intensify inflammation (5). Phenolic compounds can inhibit the activity of inflammatory factors, such as cyclooxygenase (COX) and NO synthase (NOS), and downregulate the expression of the transcription factor NF-κB, which is involved in the oxidative stress pathway (6). Therefore, phenolic compounds have the potential to prevent chronic disease.

Acanthopanax is a genus of Araliaceae, and there are 37 species of Acanthopanax plants worldwide. This genus has the reputation of being a “ginseng-like herb” due to the specific active ingredients of Panax (7). Acanthopanax trifoliatus is a kind of Acanthopanax, also known as Goose’s tendon or trifoliate, that is widely distributed in China, Vietnam, Thailand, Japan, and other countries (8). As a member of this genus with homology for those used in medicine and food, A. trifoliatus has functions in traditional Chinese medicine (TCM) including clearing heat and detoxifying, dispelling wind and benefiting dampness, relaxing the body, and promoting blood circulation. In traditional folk therapies, A. trifoliatus is often used in the treatment of diabetes, gout, and weak constitutions (9, 10). According to previous studies, A. trifoliatus contains a variety of compounds, among which polysaccharides, polyphenols, and volatile oils are the main active components (11). It is worth noting that phenolic compounds from A. trifoliatus have strong antioxidant activities (10, 12). In terms of product application, the leaves of A. trifoliatus are often used, such as in high-quality teas from the Guangdong province of China, although the production of tea leads to the waste of rhizomes and other parts of this plant. In this paper, we utilized the stem of A. trifoliatus as a research object to explore the possibility of expanding the uses of this plant in new applications.

Tremella fuciformis is the fruiting body of a fungus of the genus Tremella, also known as white fungus. It has high nutritional value and can also be used for both medicines and in food, and it is known as the “crown of fungi.” Studies have shown that T. fuciformis exhibits unique biological activities and has a positive regulatory effect on inflammation, tumor growth, hyperglycemia, and other diseases (13–15). As is well known, T. fuciformis polysaccharides are among the most studied and widely used active ingredient from T. fuciformis (15, 16). Some studies have indicated that the phenolic acids, catechins, flavonoids, and other active ingredients of T. fuciformis have strong antioxidant and anti-inflammatory effects (17–19). However, the phenolic compounds from T. fuciformis are often underestimated in practical applications due to their relatively low concentrations. Based on this, it seems that there is a good prospect to expand research on T. fuciformis.

Bidirectional fermentation refers to a situation when a preferred medicinal bacteria is used as a fermentation strain, and TCM materials or medicinal residues with certain active ingredients are used as fermentation substrates instead of traditional nutrients. The advantages of bidirectional fermentation are that it better promotes the extraction of active ingredients, increases the efficacy of fermentation, and can even produce new active substances (20). In our recent work, exopolysaccharide yields and antioxidant activities were significantly improved using Schizophyllum commune fermented products by bidirectional fermentation with Radix Puerariae (21), and these metabolites could extend the lifespan and health-span of Caenorhabditis elegans (22).

It is well known that cellulase can degrade plant fibrous tissue, causing cell rupture and efflux of intracellular nutrients during fermentation (23). Therefore, the extraction rate of active ingredients can be improved using cellulose (24). It should be noted that T. fuciformis has little ability to decompose cellulose, and needs to cooperate with extracellular enzymes from companion fungi or other enzymes (25). The combination of enzymatic pre-treatment before bidirectional fermentation may promote the synthesis of more antioxidant metabolites, which is also discussed in this work. Thus, liquid fermentation was carried out with a stem of A. trifoliatus pre-treated with cellulase as a fermentation substrate and T. fuciformis as an additive fermented strain, which could not only make full use of plant resources but also produce valuable active ingredients. The fermentation products with high content of phytochemical and strong antioxidant capacities were generated by optimizing fermentation conditions. Furthermore, untargeted metabolomics analysis using ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) was used to elucidate the changes in active phenolic components during fermentation.



Materials and methods


Materials and chemicals

Tremella fuciformis was obtained from Sanming Mycology Research Institute of Fujian province, and A. trifoliatus, which was identified by Associate Professor Liu Jizhu of Guangdong Pharmaceutical University as the Araliaceae plant (A. trifoliatus (L.) Merr), was purchased from Enping, Guangdong. These specimens were preserved in the Herbarium of the School of Traditional Chinese Medicine, Guangdong Pharmaceutical University. Cellulase, Folin phenol, ABTS, and DPPH were purchased from McLean Technology Co., Ltd. (Guangdong, China) Gallic acid and rutin were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). Sodium nitrite, salicylic acid, glucose, and potassium persulfate were purchased from Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China). Liquid chromatograph mass spectrometer (LC-MS)-grade methanol (MeOH) was purchased from Fisher Scientific (Loughborough, UK). The 2-chloro-L-phenylalanine was obtained from Aladdin (Shanghai, China). LC-MS-grade acetonitrile (ACN) was purchased from Fisher Scientific (Loughborough, UK). Formic acid was obtained from TCI (Shanghai, China). Ammonium formate was obtained from Sigma-Aldrich (Shanghai, China). All other reagents and chemicals were of analytical grade.



Material pre-treatment and fermentation procedures

The stems of A. trifoliatus were collected and cut into 2-cm pieces, pulverized using a pulveriser (YB-1000A, Yun bang, Zhejiang, china), and sieved through a 35-mesh sieve to obtain an A. trifoliatus fine powder. After distilled water at a solid-liquid mass ratio of 1: 20 (v/v) was added to the fine powder, the solution containing the medicinal powder was kept in a boiling water bath (HHS-2S, Yichang, Shanghai, China) at 100°C for 2 h. Aqueous extracts were then collected using a vacuum filtration device (power of 180 W, voltage of 220 v/50 Hz, and flow rate of 60 L/min) (SHZ-III, Yarong, Shanghai, China), then the same volume of distilled water was added to the powder and the boiling water bath extraction and collection procedure was repeated. The two aqueous extracts were then mixed, and aqueous extracts of A. trifoliatus (AE-AT) were finally obtained (26).

The method described by Tao et al. (27) was slightly modified, and AE-AT was enzymatically pre-treated with cellulase. Cellulase buffer was prepared at a mass ratio of 1: 85 (v/v) using PBS phosphate buffer solution (pH = 4.8). The pH of AE-AT was adjusted to the optimum working pH of 4.80 for cellulase using hydrochloric acid (4.5%, v/v). After AE-AT and cellulase buffer were separately pre-heated in a 55°C water bath (HHS-2S, Yichang, Shanghai, China) for 10 min, the enzyme solution (1.2% V/V) was added to AE-AT and continually reacted in a water bath (HHS-2S, Yichang, Shanghai, China) at 55°C for 2 h. The final enzymatic hydrolysis solution was incubated in a boiling water bath (HHS-2S, Yichang, Shanghai, China) for 10 min to inactivate cellulase in the hydrolysis solution. After standing and cooling to room temperature, the enzymatic hydrolyzate was filtered with Whatman NO.1 filter paper and finally enzymatic hydrolyzate A. trifoliatus (EH-AT) was prepared.


Strain activation

A small amount of marginal hyphae from T. fuciformis stored at 4°C was scraped and inoculated onto a solid medium plate commonly used for bacterial activation, passaged and the colony characteristics were observed, followed by activation at 25°C for 4 days, and the above passage procedure was repeated once. Then, the strains were inoculated into a liquid culture flask as the bacteria and nutrients in the liquid medium will be fully mixed, which was grown rapidly and was used for fermentation experiments. Furthermore, each flask was incubated in a shaking incubator (ZQPW-70, Labotery, Tianjin, China) at 25°C and 120 r/min for 4 days.



Supplementary medium

During this step, 8 g glucose, 0.4 g MgSO4⋅7H2O, 0.2 g KH2PO4, and 2.0 g yeast extract were dissolved in 400 mL of EH-AT solution. The pH of the EH-AT solution was adjusted for one-factor experiments or to the response surface experimental setpoint and then divided into 100-mL Erlenmeyer flasks, which were then sterilized at a high temperature of 121°C for 25 min.



Fermentation procedure

Tremella fuciformis in the liquid medium was first inoculated into EH-AT solution. After culture for 96 h, the obtained fermentation broth was filtered with eight layers of gauze because different specifications of filter paper easily block the fine mycelium of T. fuciformis. The mycelia were removed using centrifugation at 16,099 × g for 10 min to obtain the fermentation supernatant of T. fuciformis–A. trifoliatus (TF-AT). A 10 mL sample of fermentation broth was taken every 24 h and the supernatant was prepared using centrifugation at 16,099 × g for 10 min, with the supernatant solution finally being stored at −20°C until analysis.




Design of single-factor experiments

Three regular factors for different inoculum amounts (2, 5, 8, and 11%, v/v), temperature (22, 25, 28, and 31°C), pH (5, 6, 7, and 8) were selected to increase the phenolic content. While one of the variables was being evaluated, the other fixed parameters were set to an inoculum size of 5% (v/v), a temperature of 25°C, and an initial pH of 6.0. The results of the single factor screening were then used as a reference for the response surface.



Design and optimization of response surface methodology

A Box–Behnken design (BBD) in response surface methodology (RSM) was selected to determine the optimal fermentation conditions for TF-AT. Based on the principles of BBD experimental design and the data obtained from our single-factor experiments, the total phenolic content of the fermentation broth was selected as the response value. Three factors (A of temperature, B of inoculum, and C of pH) that had a significant impact on the total phenolic content of the fermentation broth were selected as dependent variables to optimize the process parameters of this fermentation system. Table 1 presents the factor and level design.


TABLE 1    Factors and levels of the Box–Behnken design.
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Determination of total phenolics

The Folin–Ciocalteu colorimetric method was used to measure the total phenolic content in fermentation broth according to the method described in Darikvand et al. (28) with minor modification. Briefly, 0.1 mL of the sample solution was mixed with 0.1 mL of Folin–Ciocalteu reagent. The resulting mixture was left at room temperature for 6 min. Then, 1 mL of 7% (v/v) sodium carbonate solution and 0.8 mL of pure water were added to the mixture. After mixing, the reaction mixture was kept at room temperature for 60 min in the dark. Finally, the resulting mixture was measured at 510 nm, and gallic acid (50–300 μg/L) was used as a standard to quantify the total phenolic content.



Determination of total flavonoids

Total flavonoid content was determined according to the protocol described in Gautam et al. (29) with minor modifications. In brief, 1 mL of fermentation supernatant and 150 μL of sodium nitrite 5% (v/v) were added to a 5-mL test tube. The mixture was allowed to stand for 6 min. Then, 150 μL of 10% (v/v) aluminum chloride solution was added to each tube, mixed and incubated for 6 min. Two milliliters of a 4% (v/v) sodium hydroxide solution was added to the test tube. Finally, absolute ethanol was added to each tube to bring the final volume to 5 mL and reactions proceeded at room temperature for 15 min in the dark. Each mixture was measured at 510 nm, and rutin (50–250 μg/mL) was used as a standard to quantify the total flavonoid content.



Determination of total polysaccharides

One mL of a phenol solution at a concentration of 6% (v/v) was added to 1 mL of fermentation supernatant. After vortexing, 5 mL of concentrated sulfuric acid was added to each mixture, which were then vortexed again, and then left to stand at room temperature for 30 min. Glucose (50–500 μg/mL) was used as a standard to calculate total sugar content.

Additionally, the above method was used to determine the total polysaccharide content, because glucose was added when supplementing the fermentation medium, and reducing sugars can also be produced during fermentation. Then the DNS method (30) for the determination of reducing sugars was used. After the reducing sugars were subtracted from the total sugar content, the total polysaccharide content was determined.



Antioxidant activity assays


Assay of ABTS+ radical scavenging capacity

The method described in Deng et al. (21) was used with simple modifications. ABTS+ reagent was prepared as follows: 1.5 mL of 7 mM ABTS+ solution was added to 0.75 mL of 7.35 mM potassium persulfate solution, mixed at a ratio of 2:1 (v/v), and the mixture was placed in the dark for 16 h. Each mixture was then diluted with phosphate buffer until the absorbance value reached 0.70 ± 0.02 before use.

Sample measurement: 50 μL of each sample was added to 3 mL of ABTS+ free radical solution, mixed well, and placed in the dark for 8 min. Each mixture was measured at 734 nm, distilled water was used as a blank control, and ascorbic acid was used as a positive control. Equation 1 was used to calculate the ABTS+ scavenging activity of each sample:
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where the absorbance value of a sample when ABTS+ was added is A1, the absorbance value when the ABTS+ solution was replaced by an equal volume of phosphate buffer is A2, and the absorbance value when the sample was replaced by an equal volume of phosphate buffer is A0.



Assay of DPPH⋅ radical scavenging capacity

The method described in Chen et al. (31) was used with minor modification. Briefly, 50 μL of fermentation supernatant was collected in a 5 mL brown centrifuge tube, and then 1.5 mL of 0.07 mg/mL DPPH⋅ was added to each centrifuge tube, the samples were mixed, and then placed in the dark for 30 min. Absolute ethanol was used as a blank control and ascorbic acid was used as a positive control. Each sample was measured in triplicate, then the resulting mixture was measured at 517 nm. Equation 2 was used to calculate the DPPH⋅ scavenging activity of each sample:
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where the absorbance value is Ai when the sample was added to DPPH⋅, the absorbance value is Au when the DPPH⋅ solution is replaced by 3 mL of anhydrous ethanol, and the absorbance value is AZ when the sample is replaced by an equal volume of anhydrous ethanol.



Hydroxyl radical scavenging activity

Using the method in Li et al. (32), 0.5 mL of fermentation supernatant was added to a mixture of 1 mL of 6 mM ferrous sulfate and 1 mL of 6 mM salicylic acid-ethanol. The mixture was mixed and then left to stand for 10 min. 0.5 mL of 8.8 mM hydrogen peroxide was then added to each mixture and samples were allowed to stand in the dark for 30 min. Each mixture was measured at 517 nm, and VC was used as a positive control. Equation 3 was used to calculate the OH radical scavenging activity of each sample:
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where the absorbance value is Ab when the sample is added, the absorbance value when H2O2 is replaced by an equal volume of distilled water is Ac, and the absorbance value when the sample is replaced by an equal volume of distilled water is Ad.




Analysis of untargeted metabolomics using ultra-high performance liquid chromatography-tandem mass spectrometry


Sample preparation

Experimental samples were thawed at 4°C, and the thawed samples were vortexed for 1 min. Two milliliters of each sample was pipetted into a centrifuge tube and concentrated to dryness. 500 μL of a methanol solution (stored at −20°C) was added to each centrifuge tube, and after 1 min of vortexing, each sample was centrifuged at 16,099 × g at 4°C for 10 min. The supernatant was completely removed and transferred to a new 2-mL centrifuge tube and then concentrated to dryness again. Next, 150 μL of a 2-chloro-L-phenylalanine (4 ppm) solution prepared with 80% methanol-aqueous (stored at −20°C) was added to each centrifuge tube to reconstitute each sample. The resulting supernatant was filtered through a 0.22-μm membrane, and the filtrate was added to a detection bottle as a sample to be tested using UPLC-MS/MS (33).



Liquid chromatography and mass spectrometry conditions

Liquid chromatograph analysis was performed on a Vanquish UHPLC System (Thermo Fisher Scientific, Waltham, MA, USA). Chromatography was carried out with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 μm) (Waters, Milford, MA, USA). The column was maintained at 40°C. The flow rate and injection volume were set at 0.25 mL/min and 2 μL, respectively. For LC-ESI (+)-MS analysis, the mobile phases consisted of (B2) 0.1% formic acid in acetonitrile (v/v) and (A2) 0.1% formic acid in water (v/v). Separation was conducted under the following gradient: 0–1 min, 2% B2; 1–9 min, 2–50% B2; 9–12 min, 50–98% B2; 12–13.5 min, 98% B2; 13.5–14 min, 98–2% B2; and 14–20 min, 2% B2. For LC-ESI (-)-MS analysis, the analytes were (B3) acetonitrile and (A3) ammonium formate (5 mM). Separation was conducted using the following gradient: 0–1 min, 2% B3; 1–9 min, 2–50% B3; 9–12 min, 50–98% B3; 12–13.5 min, 98% B3; 13.5–14 min, 98–2% B3; and 14–17 min, 2% B3 (34).

Mass spectrometric detection of metabolites was performed on an Q Exactive Focus instrument (Thermo Fisher Scientific, Waltham, MA, USA) with an ESI ion source. Simultaneous MS1 and MS/MS (Full MS-ddMS2 mode, data-dependent MS/MS) acquisition was used. The parameters were as follows: sheath gas pressure, 30 arb; aux gas flow, 10 arb; spray voltage, 3.50 and −2.50 kV for ESI (+) and ESI (−), respectively; capillary temperature, 325°C; MS1 range, m/z 100–1000; MS1 resolving power, 70000 FWHM; the number of data dependant scans per cycle, 3; MS/MS resolving power, 17500 FWHM; normalized collision energy, 30 eV; dynamic exclusion time, automatic (35).




Statistical analyses

Statistical analysis was performed using IBM SPSS 20.0. Significant differences between groups were determined using a one-way analysis of variance (ANOVA). p < 0.05 was considered statistically significant. Untargeted metabolomic analysis was performed by wekemo bioincloud on the website of https://www.bioincloud.tech/.




Results and discussion


Variation in the total phenolic content of the fermentation supernatant of Tremella fuciformis–Acanthopanax trifoliatus in single factor experiments


Effects of different inoculum sizes

The range from 2 to 11% (v/v) was selected to explore the effect of inoculum size on total phenolic content, while other fixed parameters were set as a temperature of 25°C, and an initial pH of 6.0. As shown in Figure 1A, with the increase in the inoculation amount, the total phenolic content of the fermentation broth showed an overall trend of increasing first and then decreasing without significance (p > 0.05). The total phenolic content reached a maximum value of 291.93 ± 13.11 μg/mL with a 5% inoculum size. Ojo et al. (36) found that the total phenolic content increased with increasing inoculum size (5–15%, v/v) of Rhizopus oligosporus during solid-state fermentation of cassava stems. The total phenolic content decreased gradually when the inoculation amount was larger than 5% (v/v). A lower level of 262.17 ± 17.04 μg/mL was shown at the inoculum amount of 11% (v/v). As it is important to achieve a balance between inoculum size and available nutrients, too high of an inoculum size might result in the nutrient competition of strains on limited substrates (37). Here, an inoculum size of 2–8% (v/v) was selected for further response surface analysis.
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FIGURE 1
The effect of every single factor on the total phenolic content of fermentation broth: (A) Inoculum size, (B) Fermentation temperatures, and (C) Initial pH. Data are expressed as mean ± SD, n = 3. Values with no letters in common are significantly different (p < 0.05).




Effects of different fermentation temperatures

A range from 22 to 31°C was chosen to study the effects of temperature on the total phenolic content, while other parameters were fixed, including an inoculum volume of 5% (v/v), and an initial pH of 6.0. As shown in Figure 1B, when the temperature reached 28°C, the total phenolic content of the fermentation broth reached its highest level of 343.60 ± 10.26 μg/mL, which was significantly different from the three other temperature gradients (p < 0.05). The total phenolic content showed a downward trend at 31°C, which might be related to the optimum growth temperature of T. fuciformis (38). Considering that the growth of T. fuciformis will be inhibited by a high temperature, 22–28°C was selected for subsequent analyses.



Effects of initial pH in culture medium

An initial pH range from 5 to 8 was chosen to investigate the effects of pH on the total phenolic content. An inoculum volume of 5% (v/v), and a temperature of 25°C were used as fixed parameters. As displayed in Figure 1C, with an increase in initial pH, the total phenolic content of the fermentation broth showed a trend of decreasing first and then increasing, reaching a peak value of 306.45 ± 14.67 μg/mL at pH 8. Cho et al. (39). showed that maximum cell growth and exopolysaccharide content formation were achieved at an alkaline pH of 8.0–9.0 in a submerged culture of T. fuciformis. It was also speculated that weak alkali conditions were suitable for the growth of T. fuciformis, which was closely related to the total phenolic yield of the fermentation broth in this study. Considering the comprehensive experimental results, pH values from 6 to 8 were selected for additional analyses.

It should be noted that no significant differences were observed of the pH, inoculum size and temperature in our test even though we select wide ranges for these parameters, such as an inoculum size from 2 to 11% (v/v). However, complex interactions could possibly exist between these parameters, which was addressed by the following RSM study. One possible reason for the insignificant univariate analysis was total content of polyphenol content changed only slightly during 24–96 h culture (Figure 3), but the varieties of polyphenols changed significantly, which was consistent with our subsequent analysis of untargeted metabolomics results.
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FIGURE 2
Response surface optimization of total phenolics with different fermentation conditions. (A,B) 3D and contour plots of the interaction between fermentation temperatures and inoculum size, (C,D) 3D and contour plots of the interaction of fermentation temperatures with initial pH, (E,F) 3D and contour plots of the interaction of inoculum size with initial pH. (A) Fermentation temperatures, (B) Inoculum size, (C) Initial pH.
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FIGURE 3
Content comparison of (A) total phenolics, (B) total flavonoids, and (C) total polysaccharides among different groups. Data are expressed as mean ± SD, n = 3. Values with no letters in common are significantly different (p < 0.05). AE-AT: aqueous extracts–Acanthopanax trifoliatus; EH-AT: enzymatic hydrolyzate–Acanthopanax trifoliatus; TF-AT: fermentation supernatant of Tremella fuciformis–Acanthopanax trifoliatus. TF-AT-24, 48, 72, and 96 mean samples with related fermentation time (h).





Response surface methodology optimization results and analysis


Response surface methodology model linear fitting analysis

Table 2 displays the response surface optimization test plan and results. Multiple regression fitting was analyzed using Design Expert 11, and a multivariate quadratic regression model equation between (A) fermentation temperatures, (B) inoculum size, (C) initial pH, and the response value (total phenol content) was obtained as (4):
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TABLE 2    Box–Behnken design matrix used in RSM with experimental responses.
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where A = Fermentation temperature, B = Inoculum size, and C = Initial pH. The equation of this established model showed that factor C was positively correlated with the total phenolic content of the fermentation supernatant, while factors A and B were negatively correlated.

As shown in Table 3, R2 and AdjR2 were 0.9779 and 0.9496, respectively, both of which were close to 1, indicating that the model correlation was good. The signal-to-noise ratio obtained using Adeq Precision = 20.0481 (>4), indicating that the model was relatively undisturbed by external factors. Moreover, the C.V.% = 0.9865, indicating that the model had a very small degree of dispersion. The comprehensive situation showed that the model had high reliability and strong stability, and could be used for simulation prediction of fermentation test results.


TABLE 3    Analysis of variance (ANOVA) for Box–Behnken design.
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Model interaction analysis

Table 3 also demonstrates that our model, with an F = 34.47 and p < 0.001, was extremely significant. The lack of fit items with F = 1.08 and p > 0.05 was not significant, indicating that the model fit well. Our precise analysis and prediction of the total phenolic content of the fermentation broth showed that the results were statistically significant. Judging from the F-value, the order of the influence of every single factor on the total phenolic content was as follows: (C) Initial pH > (B) Inoculum size > (A) Fermentation temperatures. The order of the influence of the interaction factor on the total phenolic content was: AC > BC > AB. The order of the influence of the quadratic factor on the total phenolic content was A2 > B2 > C2.

Figure 2 shows the 3D and contour maps of the response surface of the RSM. The effect of two interaction variables on the total phenolic content of TF-AT can be observed from these two maps. From the effect of the interaction between fermentation temperatures and inoculum size on the total phenolic content in Figures 2A,B, with increasing inoculum amount (2–8%, v/v), the total phenolic content decreased significantly (from 320.26 to 293.60 μg/mL), while the total phenolic content presented a trend of decline first and then increase from low to high temperature (22–28°C). Overall, the AB interaction graph was relatively flat, and the contour graph was approximately elliptic, but the overall effect on total phenolic content was not significant, indicating that the interaction between fermentation temperatures and inoculum size was weak. Similarly, Figures 2C,D illustrate that with an increase of pH from 6 to 8, the total phenol content increased (303.12–312.41 μg/mL). The slope of the 3D map was steep, and the contour map was approximately elliptical, indicating that the interaction between fermentation temperatures and initial pH was strong. Furthermore, the overall effect on the total phenolic content was significant (p < 0.05), which was consistent with the results of variance analysis. Figures 2E,F were relatively flat. The contour lines tended to be circular, and the interaction between the two variables was weak. In conclusion, these results indicated that fermentation temperatures, inoculum size, and initial pH had critical effects on total phenolic content.



Optimal fermentation processes

Our model predicts that the optimal conditions for TF-AT fermentation were a fermentation temperature of 27.78°C, an inoculum size of 2.52%, and an initial pH of 7.84, resulting in the predicted 321.70 μg/mL of total phenolics in the fermentation broth. For the controllability of the actual fermentation parameters, the optimal conditions were adjusted to fermentation temperatures of 28°C, and inoculum size of 2%, and initial pH of 8. Under these conditions, the total phenolic content was 305.02 μg/mL, and the error value from the predicted value was 5.5%. The results showed that the model obtained in this test was feasible.




Bioactive components of Tremella fuciformis–Acanthopanax trifoliatus under optimal fermentation conditions


Analysis of total phenolic content

To further explore the effects of adding cellulase and T. fuciformis on the total phenolic content of AE-AT, the total phenolic content of AE-AT, EH-AT, and the fermentation supernatant from TF-AT were measured, respectively. TF-AT was divided into four groups (24, 48, 72, and 96 h) in chronological order. Figure 3A shows that the total phenolic content of AE-AT was at a low level of 167.88 ± 1.49 μg/mL. The total phenolic content of the EH-AT group with cellulase added was significantly improved (p < 0.01) to 216.93 ± 2.14 μg/mL, which increased 0.29 ± 0.00 times that of AE-AT. It is worth noting that in the TF-AT group supplemented with T. fuciformis, the total phenolic content was also significantly increased (p < 0.01). The total phenolic content of TF-AT-24 fermented for 24 h (314.79 ± 6.89 μg/mL) increased 0.45 ± 0.03 and 0.88 ± 0.04 times compared with that from EH-AT and AE-AT, respectively.

Previous studies have shown that phenolic compounds usually exist in various plants in the form of hydroxyl groups and sugars or glycosides through conjugation (40). In addition, β-glucosidase, α-amylase, cellulase, among others, could effectively eliminate ether bonds between phenolic compounds and cell walls (41, 42). According to Juan et al. (43), in the solid-state fermentation of black soybean, Bacillus subtilis BCRC 14715 produced a substance of β-glucosidase that acts to hydrolyze the ether bond, thereby releasing more phenolic compounds. Xin et al. (44) studied the wood flour degradation ability of T. fuciformis and its associated cellulase and found that they had a strong synergistic effect, and the degradation ability was significantly improved by 5-fold. Interestingly, Zhang et al. (45) found that the total phenolic content obtained from the co-fermentation of compound enzymes and lactic acid bacteria was much higher than that obtained by single enzyme decomposition. These results were similar to this study, that is, the total phenolic content of EH-AT obtained by enzymatic pre-treatment was higher than that of AE-AT, and the total phenolic content of TF-AT obtained by the combined action of enzymatic hydrolysis and T. fuciformis was much higher than that of AE-AT, showing a strong ability to enrich biological activity. In addition, cellulose is the main carbon source in the biosphere, and after being degraded by cellulase, the carbon source in it will be exposed and used by microorganisms (46).



Analysis of total flavonoid content

To ensure the uniformity of our experiments, we measured the flavonoid content of AE-AT, EH-AT, and the fermentation supernatant from TF-AT, respectively. Figure 3B shows that the flavonoid content of EH-AT was 69.79 ± 1.08 μg/mL, while the flavonoid content of AE-AT reached 72.12 ± 1.79 μg/mL but with no significantly increase (p > 0.05) compared to the EH-AT group. However, the flavonoid content of TF-AT during 24–96 h culture all increased significantly (p < 0.05) compared to the AE-AT and EH-AT groups. In particular, the flavonoid content of the fermentation supernatant from TF-AT-24 obtained after 24 h culture reached 78.65 ± 0.82 μg/mL, which increased by 0.13 ± 0.02 and 0.09 ± 0.02 times that of EH-AT and AE-AT, respectively.

It is generally known that flavonoids in plants belong to the category of polyphenolic compounds, which also have a wide range of biological activities, and their benefits to human health should not be underestimated. In previous studies, more than 9,000 flavonoids have been discovered, which are highly exploitable (47, 48). Usually, when the ether bond between a bioactive ingredient and the cell wall is broken by cellulase, and many bioactive components leave a cell, the changes in flavonoid content and total phenolic content were consistent with the same upward trend (39, 40). Studies have shown that flavonoids are prone to oxidative decomposition (49) and are easily degraded or polymerized by certain oxidative enzymes (50). Additionally, compared to the solely cellulase degradation, cellulase degradation coupled with T. fuciformis fermentation showed much stronger increases in the promoting effect on the total flavonoid content in current study.



Analysis of total polysaccharide content

The polysaccharides of A. trifoliatus and T. fuciformis are important bioactive components, and have positive nutritional and therapeutic effects on diseases such as diabetes and hypertension (10, 15). Therefore, to ensure the integrity of our experiment, the total polysaccharide content in different groups was analyzed. Figure 3C indicates that the total polysaccharide content of the fermentation supernatant of TF-AT was very significantly increased (p < 0.01) at 24 h, reaching 9358.08 ± 122.96 μg/mL, which increase 33.84 ± 1.85 and 7.94 ± 0.61 times that of AE-AT and EH-AT, respectively. Fungi or enzymes can produce different carbohydrate enzymes that allow the cellulosic cell walls of plants or fruits and vegetables to be broken down into soluble polysaccharides, increasing the permeability of the cell walls and promoting the efflux of polysaccharides (51). However, as the fermentation progresses, polysaccharides may also be broken down into monosaccharides or oligosaccharides by various enzymes, and finally metabolized to short-chain fatty acids (52), which may explain why the total polysaccharide content of the fermentation supernatant of TF-AT showed a significant downward trend (p < 0.01) as the fermentation proceeded, and finally reached the low level of 1203.95 ± 11.47 μg/mL at 96 h, which was almost the same as that of EH-AT. However, further research is needed to infer the changing law of polysaccharide content and their chemical structures during the bidirectional fermentation of A. trifoliatus and T. fuciformis.




Analysis of antioxidant capacity

The fermentation supernatant of TF-AT can increase a variety of effective active ingredients. Many studies have shown that fermentation not only increases the active components but also increases the scavenging ability of free radicals (53). Different antioxidant assays were thus used to verify whether fermented TF-AT increased antioxidant capacity. Our scavenging experiments targeting free radicals such as ABTS+, DPPH⋅, and ⋅OH have been applied widely for in vitro antioxidant capacity determination. Figures 4A–C present the scavenging effects of these three free radicals, respectively. The ABTS+ clearance rate of AE-AT (Figure 4A) was 73.18%, while the EH-AT clearance rate obtained by adding cellulase enzymatic pre-treatment increased to 84.73%. After fermentation, the clearance rate of the fermentation supernatant of TF-AT at 24 h reached 95.09%, which increased for 0.12 ± 0.00 and 0.30 ± 0.00 times compared with EH-AT and AE-AT, respectively. The ABTS+ clearance ability of the TF-AT-24 sample was comparable to the positive control ascorbic acid at 0.45 mg/mL. With increasing fermentation time, TF-AT still showed a very high ABTS+ scavenging ability. Figure 4B shows the results of the DPPH⋅ free radical scavenging rate. The DPPH⋅ scavenging rate of AE-AT is 70.52%, while that of EH-AT has increased to 77.54%. The addition of T. fuciformis signaled the beginning of fermentation, the DPPH⋅ clearance rate reached 88.85% (take 24 h as an example), which increased for 0.15 ± 0.01 and 0.26 ± 0.01 times compared with EH-AT and AE-AT, respectively. The DPPH⋅ clearance ability of the TF-AT-24 sample was comparable to the positive control ascorbic acid at 0.20 mg/mL.
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FIGURE 4
In vitro antioxidant activity among different groups, (A) ABTS+ scavenging capacity, (B) DPPH⋅ scavenging capacity, and (C) ⋅OH scavenging capacity. Data are expressed as mean ± SD, n = 3. Values with no letters in common are significantly different (p < 0.05). AE-AT: aqueous extracts–Acanthopanax trifoliatus; EH-AT: enzymatic hydrolyzate–Acanthopanax trifoliatus; TF-AT: fermentation supernatant of Tremella fuciformis–Acanthopanax trifoliatus. TF-AT-24, 48, 72, and 96 mean samples with related fermentation time (h).


It can be seen from Figure 4C that the scavenging capacity of OH radicals of AE-AT and EH-AT were 39.05 and 44.24%, respectively. However, the OH radical scavenging ability of TF-AT after fermentation increased significantly (p < 0.01), reaching 85.36% (take 24 h as an example), which increased for 0.93 ± 0.06 and 1.19 ± 0.12 times compared with EH-AT and AE-AT, respectively. With the progress of fermentation, a high level of free radical scavenging ability was still maintained. In addition, the ⋅OH radical scavenging ability of TF-AT-24 was comparable to the positive control ascorbic acid at 0.25 mg/mL. Consequently, different free radical scavenging assays showed different antioxidant activity, which might be due to the different binding sites in the structures of phenolic compounds, furtherly they can eliminate specific free radicals through different mechanisms, and the different chemical reactions result in differential antioxidant capacities (54, 55).

The occurrence of many chronic diseases might be related to cell, tissue, and even organ damage caused by excessive free radical production (56). Thereby, the dynamic balance between antioxidants such as phenolic compounds or flavonoids, and the generation and elimination of free radicals in the body is particularly important (57). The phenolic compounds in A. trifoliatus can thus be considered to have good scavenging ability for DPPH⋅ and ABTS+ free radicals (10, 12), and fermentation can thus increase the content of total phenolic compounds, thereby increasing nutritional and health benefits.

Generally, the bioactive components from plants are closely related to their antioxidant capacities. Their mechanism of antioxidants often involves hydrogen atom transfer or transfer of a single electron, among other mechanisms (58). To this end, we explored the correlations between ABTS+ values, DPPH⋅ values, and ⋅OH values with total phenolics, total flavonoids, and total polysaccharides, between AE-AT, EH-AT, and the fermentation supernatant from TF-AT, respectively (Table 4). The ABTS+ free radical scavenging activity DPPH⋅ and total phenolics showed a strong correlation (r = 0.984, p < 0.01). Additionally, there were significant correlations between DPPH⋅ free radical scavenging activity and total phenolics (r = 0.958, p < 0.01), and total flavonoids (r = 0.814, p < 0.05). Moreover, the OH free radical scavenging activity showed a significant correlation with the level of total phenolics (r = 0.983, p < 0.01) and total flavonoids (r = 0.933, p < 0.01), respectively. However, the polysaccharide content and the three free radical scavenging rates all showed insignificant positive correlations (p > 0.05). It is well known that DPPH⋅ and ABTS methods have free radical scavenging activities. However, these two methods revealed different free radical scavenging activities and can be used to verify the antioxidant activity of the fermentation broth from different perspectives. Table 4 shows the differences in these two testing methods. Both total phenols and total flavonoids were significantly correlated with ⋅OH free radical scavenging activity (p < 0.01), which seemed to indicate that ⋅OH free radical scavenging experiments were suitable as an antioxidant evaluation standard for this experimental system. Similarly, Huang et al. (59) found through Pearson correlation analysis that the total phenolic and total flavonoid content of Rubus fruits were significantly positively correlated with the antioxidant activity. Our results indicated that the fermentation supernatant of TF-AT had good antioxidant potential, and could be used to further explore antioxidant effects in vivo.


TABLE 4    Correlation of total phenolics, total flavonoids, total polysaccharides, and antioxidant activity among AE-AT, EH-AT, and the fermentation supernatant of TF-AT.
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Analysis of untargeted metabolomics


Overall analysis of metabolites in different groups

We identified different groups of metabolites based on data from ultra-high performance liquid-mass spectrometry (UPLC-MS/MS) combined with the XCMS package in R, and further explored the effects of enzymatic pre-treatment and fermentation on metabolites. By comparing with mass-to-nucleus ratios, retention times, peak areas, and other information in our database, a total of 174 phenolic compounds were preliminarily identified (Supplementary Table 1), including 108 flavonoids. Additionally, the flavonoids included 24 isoflavones and nine flavonols.

To analyze the differences of metabolite in different groups from a macro perspective, we applied multivariate statistical techniques for analysis. The unsupervised principal component analysis (PCA) in Figure 5A shows that in the plane projection score map formed by the first principal component (PC1) and second principal component (PC2), (AE-AT and EH-AT), TF-AT-24, TF-AT-48, (TF-AT-72 and TF-AT-96) were well differentiated. There were significant differences between fermented TF-AT and unfermented AE-AT and EH-AT, whereas there was no significant difference between AE-AT and EH-AT.
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FIGURE 5
The plot of (A) PCA and (B) OPLS-DA scores for different groups. AE-AT: aqueous extracts–Acanthopanax trifoliatus; EH-AT: enzymatic hydrolyzate–Acanthopanax trifoliatus; TF-AT: fermentation supernatant of Tremella fuciformis–Acanthopanax trifoliatus. TF-AT-24, 48, 72, and 96 mean samples with related fermentation time (h).


In addition, we use a more precise supervised orthogonal partial least squares discriminant analysis (OPLS-DA) to improve the accuracy of our analysis. OPLS-DA filters out information that is not related to grouping (noise), which can maximize the difference between groups compared to PCA. As shown in Figure 5B, better separation was obtained between groups including (AE-AT and EH-AT). In our permutation test of OPLS-DA, Q2 and R2Y were 0.981 and 0.998, respectively, both of which were close to 1, indicating that this model was valid and the discriminative effect was good (Supplementary Table 2; Supplementary Figure 1).



Comprehensive analysis of differential metabolites in different groups

To further explore the differential metabolites between groups, we created volcano plots. Each point in our volcano map (Figure 6) represents a metabolite. The abscissa represents the fold of change, and the ordinate represents the p-value from a T-test. The larger the fold change, the smaller the p-value and the higher the log10(p) was. The figure shows the number of metabolites that were significantly upregulated (log2(FC) > 1) or significantly decreased (log2(FC) < 1) between groups, while in specific the significantly different metabolite numbers of EH-AT, TF-AT-24, TF-AT-48, TF-AT-72, and TF-AT-96 compared with AE-AT were 23 (eight up, 15 down), 114 (62 up, 52 down), 114 (61 up, 53 down), 116 (65 up, 51 down), and 104 (62 up, 42 down), respectively. Overall, the effect of fermentation on metabolites was obvious, and most of the metabolites of the fermentation supernatant of TF-AT were upregulated at different times, indicating that the transformation and generation of metabolites was the main internal mechanism of the fermentation process.
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FIGURE 6
Volcano maps: (A) AE-AT vs. EH-AT, (B) AE-AT vs. TF-AT-24, (C) AE-AT vs. TF-AT-48, (D) AE-AT vs. TF-AT-72, and (E) AE-AT vs. TF-AT-96. The left side of the dividing line represents downregulated metabolites, and the right side represents upregulated metabolites. AE-AT: aqueous extracts–Acanthopanax trifoliatus; EH-AT: enzymatic hydrolyzate–Acanthopanax trifoliatus; TF-AT: fermentation supernatant of Tremella fuciformis–Acanthopanax trifoliatus. TF-AT-24, 48, 72, and 96 mean samples with related fermentation time (h).


In addition, we performed grouped clustering heatmap analysis (Figure 7) for 174 phenolic compounds (Supplementary Table 1). As shown in the figure, the ordinate and abscissa are the metabolites, and group names, respectively. Red to blue represents the change in metabolite abundance from high to low. Two groups of AE-AT and EH-AT were closely distributed, and the difference between these two groups was not obvious. However, there was a clear dividing line between the above two groups and the fermentation supernatant of TF-AT after 24–96 h culture. In addition, (TF-AT-24 and TF-AT-48) and (TF-AT-72 and TF-AT-96) could be clearly distinguished. In particular, more than half of the metabolites after fermentation were higher than those before fermentation.
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FIGURE 7
Analysis of untargeted metabolomics clustering heatmap. AE-AT: aqueous extracts–Acanthopanax trifoliatus; EH-AT: enzymatic hydrolyzate–Acanthopanax trifoliatus; TF-AT: fermentation supernatant of Tremella fuciformis–Acanthopanax trifoliatus. TF-AT-24, 48, 72, and 96 mean samples with related fermentation time (h).




Important differential metabolites in different groups

During the above supervised OPLS-DA analysis (Supplementary Figure 2), we identified the most important metabolites involved using discriminant analysis (Value Importance in Projection), namely VIP. These metabolites could then be used as an important reference to distinguish different group objects. VIP > 1 and p < 0.05 were differential metabolites, and the higher the VIP value, the greater the contribution to the grouping. Combined with the general table of phenolic compounds (Supplementary Table 1), we screened out the metabolites with VIP > 1 and p < 0.05 (Supplementary Table 3) to obtain a total of 87 phenolic compounds, including 54 flavonoids.

In past studies, the phenolic compound ellagic acid has often been studied as a strong antioxidant (60). It can be seen from Supplementary Table 3 that the ellagic acid content increased significantly after fermentation. This result may have been due to the hydrolysis of ester bonds in polymer tannins by tannase or tannyl hydrolase, so that the small molecule ellagic acid active was released (61). The content of phenolic compounds with strong antioxidant activities, such as vanillin (62, 63), increased significantly after fermentation. In addition, the content of flavonoids in metabolites, such as luteolin, kaempferol, myricetin, isorhamnetin, and (+)-gallocatechin, were significantly increased, which have all been shown to play a crucial role in the process of antioxidation and scavenging free radicals (64). The increase in the content of these compounds may have been due to the decomposition of high-polarity conjugated glycosides into low-polarity flavonoids caused by fermentation (65). The rutin content decreased with the prolongation of fermentation time. Similarly, Zhang et al. (66) found that during the fermentation of Aspergillus niger, the rutin content in Tartary buckwheat leaves increased in the early stages of fermentation, while then gradually decreasing.

A total of seven special glycosylated metabolites were screened for key differential metabolites (VIP > 1), namely 2′,4′,6′-trihydroxydihydrochalcone 2′-glucoside, delphinidin 3-sambubioside, pelargonidin-3-sophoroside, cyanidin 3-sambubioside 5-glucoside, luteolin 7-glucoside, peonidin-3-glucoside, and quercetin-4′-glucoside. Some fungi possess specific glycosyltransferases, which can transfer glycosidic bonds to designated metabolites, thereby increasing the diversity and stability of target metabolites (67) and improving their antioxidant capacities (68). In addition, studies have shown that the modification of glycosylation structure can improve the bioavailability of compounds like quercetin (69).

In addition, cyanidin 3-sambubioside 5-glucoside, delphinidin 3-sambubioside, and pelargonidin 3-sophoroside among the seven glycosylated metabolites, as metabolites of anthocyanins, are well known for their strong antioxidant capacities (70, 71). Interestingly, when analyzing the metabolite differences in combination with Supplementary Table 1, we found that the content of the three glycosylated flavonoids luteolin 7-glucoside, quercetin 4′,7-diglucoside, and cyanidin 3-sambubioside were slightly higher in EH-AT than in AE-AT. This may explain why the total flavonoid content of EH-AT and AE-AT was not significantly different in Figure 3B (p > 0.05), but the antioxidant capacity of EH-AT was stronger than AE-AT in Figure 4 (p < 0.05).

As is well known, fermentation is a very complex biochemical process. Not only the content of bioactive components, but also the types of bioactive components, may vary during the fermentation process (72). No significant differences in the total phenolic content were observed with a change of the pH, inoculum size or temperature in the selected range of the single-factor experiments. However, the initial pH showed a positive correlation with the total phenolic content of the fermentation supernatant in a valid response surface model. We tried to use the free-radical scavenging activity of DPPH⋅ and ABTS as a response value in our previous study; however, the model was not statistically significant (data not present). Moreover, the phenolic profile (Figure 5) and the antioxidant activity of the fermented group (TF-AT) was significantly improved compared to the two unfermented control groups of AE-AT and EH-AT (Figure 4).

Taken together, these results illustrate the complex relationship between fermentation metabolites and antioxidant activity. Additionally, fermentation processes changed the phenolic profile significantly compared with the two unfermented controls based on our untargeted metabolomics analysis (Figure 5). Similarly, a total of 25 new compounds, including six phenolic compounds, were detected in liquid fermentation of Schizophyllum with added Pueraria in our previous work (21). Zhai et al. (73) used whole grain wheat and two mushrooms for solid-state fermentation and detected a total of 15 new phenolic compounds.

We established a bidirectional fermentation system of T. fuciformis and A. trifoliatus, preliminarily indicating the chemical profiles of phenolics, flavonoids, and polysaccharides, particularly phenolics, which varied, and antioxidant capacity determined in vitro. However, to clarify the detailed relationship between phenolic changes (quantity and varieties) and antioxidant activity needs further study, such as fraction of the fermentation supernatant, structure identification of metabolites and targeted metabolomics analysis.





Conclusion

In the current study, we selected the optimal fermentation conditions for T. fuciformis and A. trifoliatus (fermentation temperatures: 28°C, inoculum size: 2%, v/v, initial pH: 8) using a RSM. Under the optimal conditions, the content of total phenolics, flavonoids, and polysaccharides in the fermentation supernatant of T. fuciformis–A. trifoliatus were all significantly increased (p < 0.05), which increase by 0.88 ± 0.04, 0.09 ± 0.02, and 33.84 ± 1.85 times that of aqueous extracts of A. trifoliatus, respectively. Evaluating three different antioxidant mechanisms revealed that the fermentation supernatant from TF-AT had stronger antioxidant activity, of which the ABTS+, DPPH⋅, and ⋅OH clearance rates increased for 0.30 ± 0.001, 0.26 ± 0.01, and 1.19 ± 0.12 times compared with aqueous A. trifoliatus extracts, respectively. Interestingly, in our correlation analysis, phenolics from three different treatments (the aqueous extracts–A. trifoliatus, enzymatic hydrolyzate–A. trifoliatus, and the fermentation supernatant of T. fuciformis–A. trifoliatus) were found to be significantly correlated with the antioxidant capacities of ABTS+, DPPH⋅, and ⋅OH, as well as clearance rates. To further explore the endogenous mechanism leading to this phenomenon, we performed an untargeted metabolomic analysis based on UPLC-MS/MS. The results indicated that there were significant differences among the aqueous extracts–A. trifoliatus, enzymatic hydrolyzate–A. trifoliatus, and the fermentation supernatant of T. fuciformis–A. trifoliatus pre-treated with cellulase. The content of most monomeric metabolites after fermentation was higher than that before fermentation, which may be the key factor leading to the difference in antioxidant activity. The bidirectional fermentation of T. fuciformis–A. trifoliatus was shown to have good development prospects as an antioxidant and even should be involved in the research and development of functional products. To further explore the potential of the fermentation supernatant of T. fuciformis–A. trifoliatus, research on the mechanism and pharmacodynamics can be conducted in the future.
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In this study, we explored the effect of acid hydrolysis on the molecular, structural, rheological, thermal, and antioxidant characteristics of Qingke β-glucan. The acid hydrolysis reduced the molecular weights of β-glucans from 510 to 155 KDa. The results of the structural analysis by nuclear magnetic resonance (NMR) spectroscopy, X-ray diffraction, and fourier transforms infrared (FTIR) spectroscopy indicated that acid hydrolysis did not change the primary functional groups of β-glucans. The rheological behavior of β-glucan without and with acid hydrolysis can be described as pseudoplastic and Newtonian, respectively. The DSC curves of the β-glucans with high molecular weights showed the highest transition temperature. The 2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation scavenging activity and the reducing power of soluble β-glucans in Qingke showed a dose-dependent pattern. Meanwhile, the antioxidant activities of Qingke β-glucan of different molecular weights were similar. This study demostrated that the acid hydrolysis almost have no effect on antioxidant activity of Qingke β-glucans.
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Introduction

β-glucan is a homopolysaccharide of D-glucopyranose linked by (1→3) and (1→4) glycosidic linkages in cereals and (1→3) and/or (1→6) glycosidic linkages in fungal sources, respectively (1). Various β-glucans have been isolated from sources like fungus, barley, oats, and seaweed. Depending on the aspects of their main structure, such as the type of linkage, degree of branching, molecular weight, and conformation (2), β-glucans have different physicochemical properties. β-glucans of Qingke can prevent and manage type 2 diabetes (3), lower cholesterol (4), improve inflammation (5), and mediate metabolic disorders (6).

The primary food of the Tibetan people and an essential component of the diet of livestock in the Tibetan plateau is Qingke. Qingke is a type of hulless barley that is found at high altitudes (7). It is a crucial crop for global production, but the food industry only uses it as feed and malt (8). Qingke has attracted attention as a functional food past 10 years owing to its health benefits, mainly because Qingke flour is rich in soluble dietary fibers, particularly β-glucan. β-glucans are remarkable quality markers for the assessment of Qingke cultivars. β-glucan has potent antioxidant activities (9). The characteristics of β-glucan are significantly influenced by its molecular structure and several studies have shown that the antioxidant activities of the Qingke β-glucan can be effected by molecular structure or weight (10). In experimental animals model of lipopolysaccharide-induced chronic enteritis (11), oat β-glucan of high molecular weight is more effective to reduce stress oxidation. Moreover, Shah et al. (12) reported that gamma-irradiated barley produced low molecular weight β-glucan with high antioxidant activity. The degradation of the molecule can be facilitated by various chemical and physical processes, including thermal treatment, oxidative stress, enzymatic hydrolysis, and radiation (2). Meanwhile, Jia Wu et al. (13) reported that acid hydrolysis could reduce the molecular weights of oat β-glucan. In the previous study, the relationships between the different molecular weights of Qingke β-glucans by acid hydrolysis and binding properties in vitro, inhibition of digestive enzymes, anti-inflammatory activities, and anti-cancer activities were extensively investigated (7).

However, it is yet unclear if the acid hydrolysis had an impact on the physicochemical and antioxidant properties of Qingke β-glucan. In this research, we aim to compare the effects of acid hydrolysis on the molecular, structural, and antioxidant capacities of Qingke β-glucan. The β-glucan of different molecular weights by acid hydrolysis was obtained and further examined by molecular weight determination, methylation analysis, nuclear magnetic resonance (NMR) spectroscopy, fourier transforms infrared (FTIR) spectrometry, X-ray diffraction (XRD) measurement, thermal properties measurement, and apparent viscosity measurements. Additionally, the antioxidant capabilities of Qingke β-glucans were assessed in vitro. The results of this research indicated the β-glucan from Qingke as a novel antioxidant in the pharmaceutical and functional food-related industries and provided fundamental information about the composition and biological characteristics of Qingke β-glucans.



Materials and methods


Material and chemical reagents

Qingke was procured from regional research station, Tibet, China. The ABTS, dichloromethane, trichloroacetic acid, and iodomethane was bought from Shanghai Sigma-Aldrich Biotechnology Co. Other reagents were bought from Sinopharm Chemical Reagent Co., Ltd.



Preparation and purification of Qingke β-glucan

β-glucan was isolated from Qingke flour by the double-enzymatic method as reported by Lazaridou et al. (14), with some adjustments. The extraction process is as follows:

Qingke powder was refluxed with 82% ethanol for 3 h at 85°C (1:5, w/v). After centrifugation (4,000 rpm) for 10 min, ethanol (82%) washes were conducted on the pellet twice. After centrifugation again (4,000 rpm) for 10 min, the precipitate was kept and dried at 40°C for 24 h. Extraction of β-glucan was performed twice at 52°C in a water bath for 2 h (1:10, w/v). Then, centrifugation (4,000 rpm) was conducted for 30 min. The supernatant was concentrated to one-third by rotary evaporation at 60°C. Calcium chloride and thermostable α-amylase enzyme were added at 80°C for 30 min. The pH was adjusted to 8.0, and pancreatin digestion was performed at 38°C for 3 h. After centrifugation (5,000 rpm) for 30 min, the supernatant was obtained, the residue was removed, and the pH was adjusted to 7.0. A certain volume of 95% ethanol solution was added for 12 h twice and was centrifuged (5,000 rpm) for 30 min, and the precipitate was redissolved in distilled water at 85°C. The supernatant was further processed by ultrafiltration and centrifugation (molecular weight cut off: 5 kDa) and the sample was vacuum freeze-dried. Finally, purified Qingke β-glucan was obtained.



Partial hydrolysis with acid

Qingke β-glucans of low molecular weights were obtained by acid hydrolysis following the method described by Wu et al. (13). For preparing 1% original Qingke β-glucan (QBG) solutions, a certain amount of HCl was added, and the final mass fraction of HCl was 0.1 mol/L. The prepared solution was then stirred magnetically in a water bath at 80°C for 30 min (QBG30), 60 min (QBG60), and 90 min (QBG90). Then, the hydrolysate was immediately cooled to 25°C and neutralized with NaOH solution. A double volume of absolute ethanol was applied to precipitate the partially hydrolyzed Qingke β-glucan. Then, the precipitates were redissolved in water and was further processed by ultrafiltration and centrifugation (molecular weight cut off: 5 kDa). Finally, the sample was vacuum freeze-dried.



Molecular weight determination

Following the method described by Yang et al. (15), the molecular weight of Qingke β-glucan was measured using SEC-MALLS-RI. By a DAWN HELEOS-II laser photometer (Wyatt, USA) equipped with an SB-803 HQ and an SB-804 HQ column (Showa Denko, Japan), the molecular weight of Qingkes β-glucans was measured in a 0.1 mol/L NaNO3 aqueous solution, including 0.03% NaNO3, with a flow rate of 0.45 ml/min. The temperature was monitored at 45°C by a model column heater (Sanshu Biotech, Shanghai, China). The concentration of the Qingke β-glucans is 1 mg/ml. A differential refractive index detector (Wyatt, USA) was used to detect the dn/dc value. The refractive index increment (dn/dc) value of the fractions was set to be 0.142 ml/g. Chromatographic data was processed with software ASTRA 6.1.



Methylation analysis

The Qingke β-glucan samples were methylated using iodomethane following the method reported by Wu et al. (13). The methylated β-glucans were hydrolyzed with 100 μL 2 mol/L trifluoroacetic acid for 90 min at 121°C in a fan-forced oven, then add 50 μL 2 mol/L ammonium hydroxide and 50 μL 1 mol/L sodium borodeuteride to react at room temperature for 2.5 h and then were acetylated with 250 μL acetic anhydrid at 110°C for 2 h. Then, the product was dissolved in 500 μL dichloromethane, followed with linkage analysis by a gas chromatography-mass spectrometer (GC-MS) (7890B/5977A, Agilent, USA) connected with an HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm). Mass spectrometry analysis was preheated to a starting temperature of 150°C, held for 5 min, accelerated to 280°C at a speed of 6°C/min, then maintained for 5 min. Therefore, this experiment mainly calculates the ratio of the chromatographic peak area to the molecular weight of the corresponding derivative by GC-MS, and then calculated the relative molar ratio of various glycosidic linkages in the Qingke β-glucans.



Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy was recorded using the JEOL-ECZ600R NMR spectrometer (JEOL Japan, Japan). In total, 12 mg of β-glucan was dispersed in 0.6 ml dimethyl sulfoxide (DMSO-d6) for 1H spectra and 1H-1H correlation spectroscopy (COSY) at 80°C. Meanwhile, same samples was dispersed in 0.6 ml D2O for 13C NMR spectroscopy and 1H–13C heteronuclear single-quantum coherence spectroscopy (HSQC) at 25°C.



Fourier transform infrared spectroscopy

Under an infrared lamp, 2 g of KBr and a moderate amount of β-glucan samples were mixed and squeezed into a rounded tablet. The FT-IR spectroscopy was performed using a Nicolet IS50 FT-IR spectrometer (Thermo Scientific, USA) with a 400–4,000 cm–1 wavenumber range.



X-ray diffraction measurement

Using an X-ray diffractometer (Empyrean, Netherlands) equipped with Cu-Kα radiation, the Qingke β-glucan samples were scanned in the range of 4° < 2θ < 50° with a scanning speed of 0.5°/s and scanning 10 s per step. The technique was operated at a tube pressure and tube flow of 40 kV and 40 mA, respectively.



Measurement of thermal properties

Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) tests were conducted using a simultaneous thermal analyzer (Netzsch, STA449F5, Germany). The pans were sprayed with 5.5 mg of β-glucan, which was heated from 30 to 400°C at a speed of 10°C/min. Indium was used to calibrate the instrument, and an empty pan served as the reference.



Apparent viscosity measurement

Samples of Qingke β-glucans were dissolved in distilled water at a 2% concentration (w/w). The apparent viscosity of Qingke β-glucan solutions at 25°C was tested by a Physica MCR-302 rheometer (Anton Paar, Austria) with a 50 mm diameter cone plate (CP-60) according to a described method (13). There was an increase in shear rate from 0.1 to 1000 s–1.



Antioxidant activity in vitro


ABTS radical cation scavenging activity

We used a method reported by Bai et al. (16) with slight modifications, to explore the ABTS radical scavenging activity of Qingke β-glucans. The ABTS+ stock solution was prepared by combining 7.4 mmol/L ABTS solution (10 ml) with 2.5 mmol/L potassium persulfate (10 ml) and leaving it in the dark for 16 h at room temperature. When required, the phosphate-buffered saline (PBS)-diluted ABTS+ radical cation solution had the absorbance of 0.75 at 734 nm. Various concentrations (from 4, 6, and 8 mg/ml) of β-glucan solution (0.2 ml) were mixed with the prepared ABTS+ radical cation solution (2 ml) for 1 h in the dark. The mixture was centrifuged at 3,000 rpm for 10 min to remove the residue. The absorbance of the supernatants was measured at 734 nm. The ABTS radical cation scavenging activity was evaluated using the following equation:
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Here, A1 is the absorbance of the mixture of water and ABTS+ radical cation solution and A2 is the absorbance of the mixture of β-glucan and ABTS+ radical cation solution.



Reducing power

The reducing power of the Qingke β-glucan was reported as described by Zhu et al. (17) with few modifications. Each sample (QBG, QBG30, QBG60, and QBG90) of different concentrations (4, 6, and 8 mg/ml) was mixed with 0.25 ml potassium ferricyanide (1 g/100 ml), and 0.5 ml of the phosphate buffer (0.2 mol/L, pH = 6.6). The mixture was incubated at 50°C for 30 min and centrifuged for 10 min at 3,000 rpm after adding 0.5 ml trichloroacetic acid (10 g/100 ml). Then, 1 ml supernatant was combined with 0.2 ml ferric chloride (0.1 g/100 ml) and 1 ml distilled water. After letting the reaction for 10 min, the absorbance of the mixture was determined at 700 nm. The sample extract was not present in the blank control but it had all other reagents.



Statistical analysis

Each test was conducted at least three times, and IBM SPSS statistics version 21.0 was used to evaluate the results (IBM, Armonk, NY, USA). The significance level was defined at P < 0.05, and the pairwise multiple comparisons between treatments were made by performing Turkey’s HSD test after performing an analysis of variance (ANOVA).





Results and discussion


Purity and molecular weight of Qingke β-glucans

As presented in Table 1, the Qingke β-glucan content in all samples was above 85% and did not show any significant differences (P > 0.05), which indicated that the chemical components of QBG, QBG30, QBG60, and QBG90 were similar and the partial acid hydrolysis did not affect purity. The molecular weight of QBG was 510 (±18) KDa. Meanwhile, the molecular weights of QBG30, QBG60, and QBG90 were 280 (±18) KDa, 190 (±11) KDa, and 155 (±12) KDa, respectively. As the hydrolyzing time increased, the molecular weights decreased from 510 to 155 kDa. Additionally, the polydispersity index of QBG, QG30, QBG60, and QBG90 were shown to be 1.77 ± 0.03, 1.64 ± 0.04, 1.56 ± 0.05, and 1.69 ± 0.05, respectively.


TABLE 1    Molecular characteristics of Qingke β-glucan samples.
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Linkage analysis

The type and proportion of glycosidic linkages and other structural details on the Qingke β-glucan were determined by GC-MS (Table 2). The results showed that Qingke β-glucans mainly was composed of β-(1→3)-linked-D-glucopyranosyl and β-(1→4)-linked-D-glucopyranosyl, accounting for about 27 and 70% of the linkages, respectively. The ratio of β-(1→4)/β-(1→3) linkages of Qingke β-glucans ranged from 2.52 to 2.58. This indicated that the acid hydrolysis did not affect the chemical structures of Qingke β-glucans.


TABLE 2    Glycosidic linkage (mol%) of Qingke β-glucan samples.
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Nuclear magnetic resonance analysis

The typical mixed-linkage (1→3) and (1→4)-β-glucan structure of the Qingke β-glucans was confirmed by the 13C NMR spectra (Figure 1A), which were comparable to oat and barley β-glucans (13). As shown in Table 3, the assignments represented that the C1 of the →4)-β-Glcp(1→3) (4G3) residue developed a resonance at 102.6 ppm because of the action of the (1→3)-β-linkage. The C1 group had a resonance at 102.4 ppm and was involved in forming (1→4)-β-linkage in →3)-β-Glcp(1→4) (3G4) and →4)-β-Glcp(1→4) (4G4) residues. Only one (1→3)-β-linkage was present, according to the C3 singlet at 84.3 ppm in the 3G4 residue. When compared to the 3-O-substituted residues, the resonances of C4 in 4-O-substituted residues moved to a lower field. At 60.7 and 60.3 ppm, the resonances for the C6 in the 3-O- and 4-O-substituted residues were found, respectively. The ratio of β-(1→4)/β-(1→3) linkages were computed by combining the anomeric signals of the 4-O-substituted and 3-O-substituted residues. The ratios of all β-glucans sample were between 2.52 and 2.58 and the anomeric carbons are similar for all Qingke β-glucans.


[image: image]

FIGURE 1
Nuclear magnetic resonance spectra: (A) 13C NMR spectrum of Qingke β-glucan samples, (B) 1H NMR spectrum of Qingke β-glucan samples, (C) 1H–1H COSY spectrum of QBG30, and (D) HSQC spectrum of QBG30.



TABLE 3    Assignment of 13C NMR spectra of Qingke β-glucan samples.
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Based on the 1H NMR spectra (Figure 1B), additional assignments of proton signals were analyzed according to the associated signals through the 1H–1H COSY spectrum of QBG30 (Figure 1C). The chemical shift range of the anomeric proton was determined and similar for QBG, QBG30, QBG60, and QBG90. We found that 4.45, 3.17, 3.72/3.47, 4.40, 3.26, 3.62/3.80, 4.36, and 3.1 ppm were H1 of 4G3, H2 of 4G3, H-6 of 4G3, H1 of 3G4, H1 of 3G4–2, H-6 of 3G4, H1 of 4G4, and H2 of 4G4, respectively. The correlations of H1/H2 and H2/H3 were observed, but 3.62 and 3.80 ppm were H6 of 4G4. The H3 of 4G3, H4 of 3G4, and H4 of 4G4 heavily overlapped. These results were consistent with those of previous studies (13).

The typical 1H–13C HSQC spectrum of the QBG30 (Figure 1D) exhibited two cross-peaks that 4.45, 4.40, and 4.40 ppm were H1 of 4G3, H1-3G4-2 and H1-4G4, which was correlated with carbons and protons. Despite having different molecular weights, the other samples (QBG, QBG60, and QBG90) had similar COSY spectrum and HSQC spectrum, which indicated that they had a similar structure.



Fourier transforms infrared analysis

The IR bands of all the β-glucans were comparable (Figure 2A). The bands at 3,416 cm–1 were attributed to typical vibrational modes of asymmetric and symmetric stretching of O-H groups that were present in β-glucans. Additionally, the intensity of the peak increased about 3,416 cm–1, which might have exposed more hydroxyl groups (16). The vibrational modes in the asymmetric and symmetric stretches of C-H groups may be related to the bands at 2,923 cm–1 (16). The bands at 1,640 cm–1 were associated with the deformation vibration absorption peak of a crystalline water hydroxyl group in Qingke β-glucan. At 1,155 and 1,071 cm–1, the β-glucans revealed two significant peaks, which might due to the difference in the number of β-(1→3) and β-(1→4) bonds that can cause C-O-C group vibrations (18). Additionally, the peak at around 897 cm–1 demonstrated the presence of β-linkages of polysaccharides. Bai et al. (16) identified the distinctive “anomeric region” (894 cm–1) as the β-linkage of pyranose of Qingke arabinoxylan. The intensity of the peak at 897 cm–1 increased, indicating that there was a greater chance of forming stronger hydrogen bonds. In summary, we found three broad and strong peaks at 3,416, 1,071, and 897 cm–1. The positions of the above-mentioned peaks were similar in all the β-glucan samples, indicating that acid hydrolysis could not influence the basic functional groups of Qingke β-glucan. The FT-IR spectral characteristics of β-glucan were similar with previously described cereal β-glucan (13).
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FIGURE 2
The FTIR spectra (A) and XRD spectra (B) of Qingke β-glucan samples.




X-ray diffraction analysis

All samples had a similar XRD pattern (Figure 2B), indicating the presence of similar groups in Qingke β-glucan samples. The XRD pattern of Qingke β-glucan powder showed a broad diffraction peak and a typical high-molecular polymer diffraction pattern, revealing the presence of amorphous structure. The semicrystalline structure and characteristic peak of β-glucans at 2θ of 20.5 were similar to previous studies (16, 19). The large peak width indicated that the crystal forms were very similar. The peaks of the crystals of β-glucan were present in the crystalline part and lattice species, which suggested that they had macroscopic regularity and microscopic irregularity. The broad diffraction peaks of β-glucan implied that the spatial conformation of β-glucan had random coils. The large peak width indicated that the crystallization of β-glucan had macroscopic regularity and microscopic irregularity instead of a single or triple-helix structure.



Analysis of the thermal properties

Heating is a frequently used processing technique in the food processing industry. The heat processing denatures nutrients and the sensory quality because of the degradation of nutrients (20). Understanding the heat response of a polysaccharide is important for practical industrial applications. In this experiment, all β-glucan powders experienced the following similar two-stage heating process in an inert atmosphere. The first stage was the dehydration of physisorbed water molecules, and the second stage was the elimination and thermal degradation of surface-located functional groups of hydroxyl and oxygen. The effects of high-temperature treatment (30–400°C) on β-glucans were shown using DSC and TGA curves (Figure 3). Based on the TGA and DSC data, the β-glucans conjugate exhibited first-stage weight loss at 30–205°C, equivalent to the loss of moisture content by the destruction of inter-molecular and intra-molecular hydrogen bonds (21). At high temperatures (200°C), the chain structure of Qingke β-glucan changed, resulting in steady weight loss. Non-covalent bonds were broken, which was related to the large peak at 3,416 cm–1 (fourier transform infrared spectroscopy analysis) (16). The weight loss of QBG30, QBG60, and QBG90 conjugates in the first stage were similar to QBG. A larger mass loss of QBG is 55.04% at the second stage (206–360°C) (Figure 3A), with the mass loss of QBG30 (Figure 3B), QBG60 (Figure 3C), and QBG90 (Figure 3D) conjugated in the same stage was 46.53, 47.95, and 46.06%, respectively. At temperatures between 206 and 360°C, there was significant weight loss due to the degradation and carbonization of Qingke β-glucan (22). This might be due to the decomposition of β-glucan involved in the dissolution of chemical connections and breakdown of lengthy chains (23). Additionally, the peak temperature (Tp) of QBG was around 292.5°C while the Tp of QBG30, QBG60, and QBG90 were approximately 247, 253, and 247°C, respectively. Moreover, the Tp of DSC curves of QBG30, QBG60, and QBG90 shifted to lower temperatures, which indicated that the thermal stability of β-glucan increased with the raising molecular weight. When the temperature exceeded 360°C, the samples had lesser loss of mass and stabilized.
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FIGURE 3
The DSC and TGA curves of QBG (A), QBG30 (B), QBG60 (C), and QBG90 (D).




Apparent viscosity of the Qingke β-glucan solution

The changes in apparent viscosity of the Qingke β-glucan of different molecular weights were indicated in Figure 4. The viscosity of a 2% QBG solution displayed a second-order dependence on shear rate, with a Newtonian plateau at low shear rates and a shear thinning zone at higher shear rates, which was related to the normal behavior of a random coil (8). The behavior of QBG can be defined as pseudoplastic. The entangled structures constituted most of the aggregates in the 2% QBG solution, with tiny junction zones produced by succeeding cellotriosyl β-(1→3)-linked units. With increasing shear rate ranges, the β-glucans with low molecular weights (QBG30, QBG60, and QBG90) almost maintained their apparent viscosity. The viscosity of the Qingke β-glucan solution (QBG30, QBG60, and QBG90) remained constant with a Newtonian plateau. This was consistent with the findings of another study that the apparent viscosity of barley β-glucans and oat β-glucans showed Newtonian and pseudoplastic behavior (8).
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FIGURE 4
The apparent viscosity of β-glucan samples on shear rates at a concentration of 2%.


The apparent viscosity of QBG was bigger than the viscosity of QBG30, QBG60, and QBG90. According to the findings of another study (24), the apparent viscosity increased with the increase of molecular weights. As the starch in QBG30, QBG60, and QBG90 was partly hydrolyzed during hydrolysis process, the other components (such as starch) of samples was another significant factor of apparent viscosity. The viscosity of the Qingke β-glucan (QBG, QBG30, QBG60, and QBG90) solution varied although their chemical compositions were similar. According to the same source, the variations in the viscosity of β-glucans might also be attributed to the differences in the molecular size, fine structure and other components, which affect the apparent viscosity.



Antioxidant capacities of β-glucan

The characteristics of phytochemicals, such as the molecular weight, glycosidic linking arrangement, different sources, and conformation, affect their antioxidant capacities (25, 26). The ability of β-glucans of different molecular weights to scavenge ABTS radical cations and their reducing power is shown in Figure 5.
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FIGURE 5
The ABTS radical cation scavenging ability (A) and reducing power (B) of the Qingke β-glucan samples.


ABTS+ free radicals were as an indicator to assess the antioxidant activity of plant polysaccharides. According to Shah et al. (18), the presence of many anomeric hydrogen atoms that are primarily obtained by the active free radicals can be responsible for the average ABTS radical cation scavenging ability of β-glucan. Since they act as antioxidants by donating a hydrogen atom and inhibit the chain reaction. The anomeric hydrogen atoms are commonly associated with the scavenging ability. The ABTS inhibition of Qingke β-glucan is shown in Figure 5A. The average ability of the β-glucans to scavenge ABTS radical cations of soluble β-glucans in Qingke showed a dose-dependent pattern. The β-glucans from Dictyophora indusiata showed a comparable concentration-dependent increase in the scavenging activity (27). The inhibition efficiency of Qingke β-glucans was in the range of 8.6–14.6% for QBG, 8.20–14% for QBG30, 8.10–14.1% for QBG60, and 8.1–14.2% for QBG90, respectively with the concentration from 4 to 8 mg/ml. Additionally, β-glucan samples of colored Qingke cultivars displayed a 7–20% scavenging effect on ABTS hydroxyl at identical concentrations (28), which were similar with our findings. This result suggested that Qingke β-glucans have hydroxyl radical scavenging ability, and the average ABTS radical cation scavenging capacities of Qingke β-glucan do not change considerably with molecular weights from 510 to 155 kDa. Previous studies showed that although the molecular weight decreased by roughly 1/20–1/50, the antioxidant activity was lowered only by about half (29). It showed that molecular weight and antioxidant activity are not synchronized. However, Bai et al. (16) showed that the inhibition rate on the ABTS radical of β-glucan decreased by 66.11–179.62% with an increase in the molecular weight, which was higher than the values in our study. The results might be attributed to the various species and molecular weights of β-glucan. Another reason might be that there was no change in the anomeric hydrogen atoms and anomeric carbon atom of β-glucans of acid hydrolysis. The FTIR and NMR results also showed that the β-glucan samples by acid hydrolysis did not cause changes in the anomeric hydrogen atoms and anomeric carbon atom.

Antioxidants function by donating hydrogen atoms to stop the chain reaction that produces free radicals, which prevents the development of peroxide. Since the reducing power and the antioxidant capacity are correlated. The reducing capacity can be used as a predictor of its prospective antioxidant capabilities. The reducing power of the β-glucans is shown in Figure 5B. The increase of absorbance also predicts an increase in the reducing power (30). The absorbance increased with the concentration of the β-glucan (from 4 to 8 mg/ml). The lowest absorbance was shown by QBG (0.082 ± 001) at 4 mg/ml, followed by QBG30 (0.08 ± 0.002), QBG60 (0.081 ± 0.001), and QBG90 (0.08 ± 0.002), and the highest absorbance was shown by QBG (0.198 ± 0.002) at 8 mg/ml followed by QBG30 (0.195 ± 0.003), QBG60 (0.195 ± 0.001), and QBG90 (0.196 ± 0.002). Khan et al. (30) demonstrated that the reducing activities of β-glucans extracted from Agaricus bisporus and Pleurotus ostreatus increased with the concentration from 1 to 5 mg/ml. The various molecular weights of β-glucans at the same concentration showed no significant variance in the reducing power. These results showed that the four Qingke β-glucans do not differ considerably as electron donors and the ability to stop free radical chain reactions by converting free radicals into more stable compounds.




Conclusion

In this study, the QBG isolated from the hot water extract of Qingke by ethanol precipitation and ultrafiltration/centrifugation, and low-molecular-weight β-glucans (QBG30, QBG60, QBG60, and QBG90) produced by acid hydrolysis were investigated. The rheological behavior of β-glucan without and with acid hydrolysis can be described as pseudoplastic and Newtonian, respectively. The DSC curves of the β-glucans with high molecular weights showed the highest transition temperature. The antioxidant activities of Qingke β-glucans of different molecular weights were comparable because their functional groups did not differ from the results of FTIR and NMR. The findings of this study include details on the qualities and functions of Qingke β-glucan. In this study, we showed that Qingke β-glucan has nutraceutical potential that is significant for the development of functional foods and human health in general.
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An 8-week feeding trial was performed to assess the influence of a gradient of protein levels (14.38–45.23%) on flesh quality, skin color, amino acid profile, collagen, antioxidant capability, and antioxidant-related signaling molecule expression of the softshell turtle (Pelodiscus sinensis). Hardness, gumminess, chewiness, and yellowness values in the plastron and carapace, along with collagen, superoxide dismutase, catalase, total antioxidant capacity, and glutathione peroxidase, all improved with elevating dietary protein up to 26.19%, after which they leveled off. Additionally, total amino acids, flavor amino acids, essential amino acids, and non-essential amino acids in the muscle, as well as the expression of copper/zinc superoxide dismutase, glutathione peroxidase, catalase, manganese superoxide dismutase, NF-E2-related factor 2 were all enhanced by increasing the dietary protein level but not changed by higher protein levels. When dietary protein levels were less than 26.19%, the mRNA expression of Kelch-like ECH-associated protein 1, malondialdehyde, and redness values in the carapace and plastron were reduced, as was the lightness values of the carapace, all of which plateaued at higher protein levels. Using catalase activity and malondialdehyde as the indicators and applying a broken-line analysis, the optimal dietary protein level for P. sinensis was inferred to be 26.07 and 26.06% protein, respectively. In summary, an optimal protein input improved turtle flesh quality by strengthening antioxidant capacity in muscle tissue and by regulating the expression of antioxidant-related enzymes via the Nrf2/keap1 signaling pathway.
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amino acid profile, antioxidant capacity, flesh quality, Nrf2/keap1 signaling pathway, protein, softshell turtle


Introduction

Softshell turtles (Pelodiscus sinensis) have garnered mounting attention from researchers because of their delicious taste, and high nutritional and medicinal value. Feed comprises ca. 50–70% of the costs in softshell turtle cultivation (1). Protein, the most expensive nutrient in aquatic animals’ diets, has a prominent impact on maintaining and repairing damaged organisms, as well as the induction of various enzymes, hormones, and antibodies needed for many important bodily functions (2). Inadequate dietary protein leads to slowed or stunted growth (3), while extra dietary protein primarily results in an extra energy cost for improved nitrogenous production, which leads to depressed growth. Therefore, it is imperative to know the protein requirement in the feed for P. sinensis.

The flesh quality of cultured aquaculture is drawing greater attention as peoples’ living standards improve (4). Diets with unbalanced nutrition would substantially diminish the flesh quality of aquatic animals, entailing a reduction in nutritional values and more variation in texture parameters (5–7). The flesh quality of a product is linked to its degree of consumer acceptance and its market value (7). Texture is a vital attribute for measuring flesh quality that involves assessing hardness, springiness, gumminess, chewiness, cohesiveness, and adhesiveness (8). Flesh quality is often also associated with other biomarkers, i.e., amino acid profile, body color, and collagen. Collagen is the biomarker of quality in the calipash of softshell turtles and is largely contained in various connective tissues to sustain and defend this organism and its tissues (9). Body color is generally recognized as a crucial parameter that consumers rely upon to estimate how edible an aquatic animal is or its ornamental value.

Antioxidant ability is a pivotal function of aquatic animals’ immune defense system (10). Recent research has uncovered relationships between dietary protein and antioxidant enzyme activity and immunity indexes in whiteleg shrimp (Litopenaeus vannamei) (11), bighead carp (Aristichthys nobilis) (12), Nile tilapia (Oreochromis niloticus) (13), and grass carp (Ctenopharyngodo nidella) (14–17). The impact of dietary protein content on the flesh quality of grass carp Ctenopharyngodon idella (16) and blue shrimp Litopenaeus stylirostris is also reported (18). Although Wu et al. (19) showed the impact of protein and lipid inclusions on the growth, gene expression, and muscle quality biomarkers of P. sinensis, the protein levels in their study were limited to 40, 45, and 50%. The protein requirement of aquatic species is affected by many factors, including a feed’s ingredients, the age of cultured animals, and the breeding season, among others (1). Differences in dietary feed ingredients may result in different optimal protein levels. Not surprisingly, using the specific growth rate as the response parameter, dietary optimal protein levels for P. sinensis can be reduced to 27.11% as reported by our laboratory (20). Further, dietary protein levels were recently shown to increase the flesh quality of grass carp by enhancing its antioxidant capacity (16, 17). However, whether these dietary protein inclusions have a similar effect on P. sinensis remains unknown. Hence, this research was initiated to investigate the impact of various supplemented levels of dietary protein on the flesh quality, skin color, amino acid profile, collagen of the calipash, antioxidant capacity, and mRNA levels of antioxidant-related enzymes regulated by signaling molecules [Kelch-like ECH-associated protein 1 (Keap1); NF-E2-related factor 2 (Nrf2)] in the muscle of softshell turtles.



Materials and methods


Animals and experimental diets

Softshell turtles bought from a commercial farm in Guangzhou (China) were allowed to acclimate for 3 weeks. Ingredients were ground into powder, weighed, and mixed fully. Experimental diets were designed according to a previous study (1). Fish meal, wheat meal, and soybean meal were served as the protein sources, with corn oil as the lipid source. The wheat meal was used to adjust the protein levels accordingly. The diets consisted of 14.38, 20.41, 26.19, 32.23, 37.63, and 45.23% (control group) protein, respectively. The feeds were frozen at –20°C. Water was added to the feeds in a 1:1.2 (v/w) ratio to render them dough-like before feeding to the turtles.



Feeding trial

The turtles were deprived of food for 1 day and weighed before starting the feeding trial. The initial weight was 4.02 ± 0.06 g. The turtles were randomly divided into 18 plastic tanks (30 cm × 18 cm × 22 cm), each holding 15 turtles and including 20 L of water. Each group had three replicate tanks. The turtles were fed twice (9:00 and 17:00) daily. The water temperature was 30 ± 2°C, at pH = 8.1 during the feeding period.



Analysis and measurements


Sample collection

After finishing the feeding trial, the turtles were deprived of food for 1 day and weighed. Muscle from five turtles from each tank was collected and frozen at –80°C for later measurement.



Proximate composition analysis of muscle of softshell turtles

Proximate compositions of muscle in the sampled turtles were determined following our previously described methodology (1).



Muscle amino acid profile of softshell turtles

Muscle tissue samples of P. sinensis were hydrolyzed in a standardized way. The amino acids in muscle were identified and quantified by an Amino Acid Automatic Analyzer (L-8900, Hitachi Ltd., Japan).



Measurement of calipash collagen in softshell turtles

The collagen was removed from the calipash of turtles, by following a previous methodology (21). The content of hydroxyproline (Hyp) was estimated by the colorimetric method described in Messia et al. (22). The content of collagen was measured by multiplying the content of 4-hydroxyproline content (g/100 g sample) (23), whereby a ratio of nitrogen to protein of 6.25 corresponds to collagen connective tissue having12.5% 4-hydroxyproline.



Muscle and calipash flesh quality parameters

Muscles from limbs were sampled from three turtles per tank. The texture parameters of the turtle flesh, namely its adhesiveness, hardness, cohesiveness, chewiness, gumminess, and springiness, were quantified by an instrumental method-texture profile analysis (TPA) (TMS-PRO, FTC, America). The parameters were determined and assessed by following a previously described methodology (24). The measurement conditions include two consecutive compression cycles at a fixed speed of 30 mm/min, 60% deformation of the original length, and an initial force of 0.1 N.



Measurement of skin color

At the end of the experiment, the skin color of four turtles from each treatment was tested separately. Skin color was determined in the afternoon by a portable colorimeter (GEB-104 Pantone Color-Cue). This measurement was performed according to the methodology of Wang et al. (25).



Determination of antioxidant capacity

Muscle samples were homogenized on ice with ice-cold salt water (0.65%) at 1:5 (w/v) for 1–2 min. The supernatant solution was centrifuged (1,800 × g, 4°C) for 15 min and kept at –20°C. The analysis of muscle glutathione peroxidase activity (GPX), the content of malondialdehyde (MDA), total antioxidant capacity (T-AOC), superoxide dismutase activity (SOD), and catalase activity (CAT), were carried out using commercial analytical kits (Jiancheng Institute of Biotechnology, Nanjing, China).



Real-time PCR analysis

The muscle tissue of three turtles collected from each tank was pooled and the extraction of their total RNA was performed using an RNAiso Plus Kit (Takara, Dalian, China) by following the manufacturer’s recommendations. The levels of mRNA expression of CuZnSOD, CAT, MnSOD, GPX1, GPX2, GPX3, GPX4, Nrf2, and Keap 1 genes were determined. This analysis using a real-time PCR test used the same primers as in our previous study (10).




Statistical methods

All data were processed and analyzed in SPSS 19.0 for Windows. Differences among the means of treatments were processed by Tukey’s HSD range test at P < 0.05. To assess the relationships between CAT, MDA, and dietary protein content, a broken-line model analysis was used.




Results


Muscle proximate composition analysis of softshell turtles

The estimation of protein inclusions in the diets on the proximate composition of turtle muscle is presented in Table 1. Increasing the dietary protein concentration from 14.38 to 26.19% augmented the crude protein content of muscle in softshell turtles, but no significant change ensued for protein levels higher than 26.19%. The amount of moisture, ash, and crude lipid in the muscle of the turtles was not impacted by the dietary protein inclusions.


TABLE 1    Impact of a gradient of dietary protein levels on the muscle composition of softshell turtles, Pelodiscus sinensis (means ± SD, n = 15).
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Muscle amino acid profile of softshell turtles

The impact of dietary protein content on the muscle amino acid profile of softshell turtles is shown in Table 2. Increasing the dietary protein to 26.19% evidently led to an increase in essential amino acids (EAAs) in the muscle. But no further change was detected beyond this level. A similar pattern was found for total amino acids (TAA), non-essential amino acids (NEAAs), and flavor amino acids (FAA) of softshell turtles. Dietary protein concentrations negligibly impacted the ratio of EAA/NEAA or EAA/TAA (P > 0.05).


TABLE 2    Impact of a gradient of dietary protein levels on the muscle amino acid profile of P. sinensis, a softshell turtle (means ± SD, n = 15).
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Collagen in the calipash of softshell turtles

Figure 1 shows the effects of protein on the collagen in the calipash of softshell turtles. The collagen increased sharply with more protein in the diet until the latter reached 26.19%. When dietary protein levels ranged from 26.19 to 45.23%, the collagen in the calipash remained fairly constant.


[image: image]

FIGURE 1
Collagen in the calipash of juvenile softshell turtles fed a gradient of dietary supplementary protein levels for 8 weeks. Bars with different letters indicate significant differences among the groups (P < 0.05). The values shown are the mean ± SD for three replicates.




Calipash and muscle flesh quality parameters

The impact of dietary protein inclusions on the various parameters of flesh quality for the muscle and calipash of turtles are shown in Figures 2, 3. The gumminess, chewiness, hardness, cohesiveness, and springiness in the muscle and calipash of softshell turtles were significantly improved when the protein level was raised to 26.19%, after which they were stable. The adhesiveness of both the muscle and calipash of softshell turtles decreased with an increased dietary protein up to 26.19% and was largely unchanged at higher protein contents (P > 0.05).
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FIGURE 2
Flesh quality of the muscle from juvenile softshell turtles fed a gradient of dietary supplementary protein levels for 8 weeks. Bars with different letters indicate significant differences among the groups (P < 0.05). The values shown are the mean ± SD for three replicates.
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FIGURE 3
Flesh quality in the calipash of juvenile softshell turtles fed a gradient of dietary supplementary protein levels for 8 weeks. Bars with different letters indicate significant differences among the groups (P < 0.05). The values shown are the mean ± SD for three replicates.




Skin coloration

The influence of dietary protein on skin coloration is depicted in Figure 4. Plastron lightness of the six groups presented no pronounced variation (P > 0.05). The lightness (L*) and redness (a*) values of the carapace were reduced by higher dietary protein inclusions up to 26.19% after which they leveled off. The trend for yellowness was opposite to that of the redness (a*) and lightness (L*) values. The yellowness values (b*) of the carapace and plastron increased with greater dietary protein level until 26.19%, beyond which they were stable.
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FIGURE 4
Impact of dietary gradient protein levels on the skin color of juvenile softshell turtles after 8 weeks of feeding. (A) Lightness (L*) values in the carapace; (B) redness (a*) values in the carapace; (C) yellowness (b*) values in the carapace; (D) lightness (L*) values in the plastron; (E) redness (a*) values in the plastron; (F) yellowness (b*) values in the plastron. Bars with different letters indicate significant differences among the groups (P < 0.05). The values shown are the mean ± SD for three replicates.




Muscle antioxidant enzyme activity of softshell turtles

The activities of SOD, CAT, and GPX rose sharply in response to raising the dietary protein from 14.38 to 26.19% but did not respond further to higher protein concentrations (Figures 5A,B,F). The MDA content declined as the protein level rose from 14.38 to 26.19%, remaining stable when protein levels ranged from 26.19 to 45.23% (Figure 5D). According to the broken-line analysis of CAT and MDA vs. dietary protein levels, their corresponding optimum protein levels were 26.07 and 26.06%, respectively (Figures 5C,E).
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FIGURE 5
Antioxidant activity in the muscle of juvenile softshell turtles fed a gradient of dietary supplementary protein levels for 8 weeks. (A) Superoxide dismutase activity (SOD) and (B) catalase activity (CAT). (C) Plot presenting the correlation between catalase activity (CAT) and protein levels according to the fitted broken-line model. The breakpoint is 26.07% protein. (D) Malondialdehyde (MDA). (E) Plot presenting the correlation between malondialdehyde (MDA) and protein levels according to the fitted broken-line model. The breakpoint is 26.06% protein. (F) Glutathione peroxidase activity (GPX). Bars with different letters indicate significant differences among the groups (P < 0.05). The values shown are the mean ± SD for three replicates.




Antioxidant enzyme-related mRNA expression in the muscle of softshell turtles

For the genes CuZnSOD, CAT, MnSOD, GPX1, GPX2, GPX3, GPX4, and Nrf2, their mRNA expression levels improved with greater dietary protein so long as it was less than 26.19%; adding more protein beyond this level had little apparent effect, as demonstrated by the plateau-like responses (Figure 6). Gene expression of keap1 presented a trend opposite that of Nrf2 and was reduced when the protein levels were elevated from 14.38 to 26.19%, staying constant across higher protein levels (Figure 6).
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FIGURE 6
The muscle mRNA expression of antioxidant-related genes of juvenile softshell turtles a gradient of dietary supplementary protein levels for 8 weeks. Bars with different letters indicate significant differences among the groups (P < 0.05). The values shown are the mean ± SD for three replicates.





Discussion

From the results presented, it is evident that dietary protein levels influenced the amino acids, collagen, flesh quality, body color, antioxidant enzymes, and gene expression of antioxidant-related enzymes, Nrf2 and keap1, of the softshell turtle.

Amino acid retention is a key indicator of estimating the amino acid demand of aquatic animals (26). Softshell turtle is popular with consumers due to their high content, and balanced proportion, of amino acids. While EAAs are important amino acids for aquatic animals, FAA is a reliable indicator of tasty food. In our work, increased protein levels augmented the EAA, FAA, and TAA content of softshell turtles. Similar phenomena characterize crabs: when fed a diet with 31.6% protein, they presented lower EAAs and NEAAs than other groups, and the largest EAA and NEAA value was detected in response to 50.2% protein (27). However, dietary protein level did not influence the EAA/NEAA ratio of softshell turtles, whereas crabs supplied with 31.6% protein had a reduced EAA/NEAA ratio relative to other groups (27). This discrepancy may be due to the different aquatic species studied.

In turtles, collagen is a pivotal constituent of hard tissues of the body, such as scales, bones, and the carapace. Therefore, insufficient collagen formation will impair or inhibit the growth of these tissues (28). Collagen is mainly composed of hydroxyl amino acids, which are hydroxylated by lysine and proline (29). From our prior study’s results, both lysine and proline were promoted by more dietary protein to a certain point (1). This may explain why the collagen concentrations were likewise improved with increased protein content up to a certain range. Determining the relative proportion of connective tissue/collagen present is useful for assessing the quality of protein in meat products (30). Our results suggest that a low collagen content ensues when turtles are fed a diet with low protein levels. That is, optimal protein in the diet not only provides balanced nutrition for softshell turtles but also enhances the quality and flavor of their meat.

The texture of the flesh is determined by key freshness quality characteristics including hardness, springiness, chewiness, adhesiveness, cohesiveness, resilience, and the internal cross-linking in the muscle and connective tissue (8). It is generally accepted that hardness is an indispensable texture parameter that indicates the internal cohesion of the flesh. Flesh with low values of hardness generally has loose muscles and is less accepted by meat consumers (31), in part because soft flesh reduces recognition and is associated with low quality. For consumers, firmness of flesh is generally desired (32). According to our results, the gumminess, hardness, and chewiness of the muscle and calipash of softshell turtles increased due to higher protein levels in their feed. High collagen content leads to flesh firmness of Atlantic salmon (Salmo salar) (33). The improvement conferred by dietary protein to the hardness of aquatic animals’ flesh may arise from the influence of a suitable dietary protein concentration upon collagen synthesis. Our findings are consistent with a previous report, in which an optimal dietary protein inclusion progressively improved the muscle concentration of hydroxyproline in grass carp (16). This increase may be due to more collagen forming that resulted from the improved protein inclusion in the feed for softshell turtles. With more dietary protein ingested, the hardness of their muscle showed an upward trend, indicating that a higher protein level may improve the intermuscular binding force to render the muscle firmer. This result is consistent with the other findings for P. sinensis (19) as well as for Leiocassis longirostris Gunther (34). Another reason for this increase may be due to the greater protein content, which can foster tighter intermuscular connections. The correlation analysis of our findings presented a positive relationship between crude protein content in the muscle and P. sinensis muscle hardness (r = +0.934, P < 0.01), chewiness (r = +0.951, P < 0.01), gumminess (r = +0.932, P < 0.01), springiness (r = +0.955, P < 0.01), and resilience (r = +0.919, P < 0.01), indicating that optimal dietary protein content partly improved the flesh quality via elevating crude protein to improve flesh hardness, chewiness, gumminess, cohesiveness, and resilience in turtles. A negative correlation between crude protein and the muscle adhesiveness of P. sinensis (r = −0.933, P < 0.01) was found. Previous studies found that flesh quality can be improved by increasing the muscle’s anti-oxidant ability, which could prevent extra oxidative stress from occurring in the muscle of grass carp (15, 35). This also supports our findings that softshell turtles fed a diet richer in protein had stronger antioxidant capacity.

Body color is not only a pivotal trait for the classification of aquatic species but also a parameter for evaluating their health condition. Softshell turtles have a carapace and plastron, both of which are pliable and soft-shelled. The epidermis of the plastron and carapace is covered with a thick stratum corneum. Similar to other aquatic animals, the pigment cells in softshell turtles are generally distributed under the basal epidermis or in the superficial dermis (36). Although yellowness is one of the unique coloration traits of softshell turtles, the carapace and plastron show distinct coloration patterns: the color of the carapace is yellowish-green, while the plastron is yellowish (25). Softshell turtles with a yellow-like color pattern are recognized as healthier and safer meat products, of higher quality, and even ascribed higher commercial market value (25). Increased protein levels can improve the yellowness and lessen the lightness of the turtles. The mechanism of how the protein levels affect skin color is unclear and should be studied.

Previous papers have shown that antioxidant enzyme levels can serve as indicators of stress and immunological reactions in animals to estimate their general health (25). T-AOC comprehensively reflects the combined antioxidant effects of the enzymatic antioxidant and non-enzymatic systems. It lets one gauge the antioxidant ability of an aquatic organism, while the proportion of MDA can be used to infer the damage that an aquatic organism has incurred as a result of free radical oxidation (37). CAT, SOD, and GPX are pivotal antioxidant enzymes that shape antioxidant resistance to free radical attacks on body cells (38). A decreased flesh quality resulting from nutrition deficiency may be due to oxidative stress in the muscle of aquatic species. Research has indicated that the protein content, muscle hydroxyproline concentration, and protein (amino acid) metabolism may be reduced by protein oxidation (10). These phenomena are in line with findings for other aquatic animals. Tryptophan deficiency can cause muscle oxidative damage, resulting in a lower meat quality of grass carp (Ctenopharyngodon idella) (7). In our work, suitable protein levels decreased the oxidative stress and increased the muscle antioxidant capacity, in this way improving the flesh quality of softshell turtles.

Literature showed that the flesh quality of grass carp may be enhanced by elevating the antioxidant ability to prevent excessive muscle oxidative injury (35). Similarly, the correlation analysis of our results demonstrated that the P. sinensis muscle hardness was positively associated with SOD (r = +0.920, P < 0.01), CAT (r = +0.948, P < 0.01) and GPX(r = +0.924, P < 0.01); muscle gumminess was positive-associated with SOD (r = +0.938, P < 0.01), CAT (r = +0.920, P < 0.01) and GPX (r = +0.936, P < 0.01); chewiness was positively associated with SOD (r = +0.910, P < 0.01), CAT (r = +0.890, P < 0.01) and GPX(r = +0.915, P < 0.01); cohesiveness was positively associated with SOD (r = +0.861, P < 0.01), CAT (r = +0.936, P < 0.01) and GPX(r = +0.914, P < 0.01); adhesiveness was negatively associated with SOD (r = −0.899, P < 0.01), CAT (r = −0.823, P < 0.01) and GPX (r = −0.834, P < 0.01); resilience was positively associated with SOD (r = +0.939, P < 0.01), CAT (r = +0.960, P < 0.01) and GPX (r = +0.922, P < 0.01), demonstrating that appropriate protein content in the feed may partially increase flesh hardness, gumminess, chewiness, cohesiveness and resilience by increasing the activities of CAT, GPX, and SOD in turtles. The correlation analysis of our findings presented a negative correlation between MDA and the P. sinensis muscle chewiness (r = −0.922, P < 0.01), hardness (r = −0.932, P < 0.01), gumminess (r = −0.894, P < 0.01), springiness (r = −0.947, P < 0.01), cohesiveness (r = −0.905, P < 0.01) and resilience (r = −0.904, P < 0.01), indicating that optimal dietary protein content partly improved the flesh quality by decreasing MDA to improve flesh gumminess, hardness, chewiness, cohesiveness and resilience in turtles. In a word, optimal dietary protein content enhanced the flesh quality of P. sinensis to some extent through elevating antioxidant ability.

The mRNA expression of antioxidant-related enzymes can reflect the de novo synthesis of the antioxidant-related enzymes (6, 7). We found that both the mRNA level and activity of antioxidant-related enzymes in turtle muscle were impacted by dietary protein levels. A previous study proved that Nrf2/Keap1 is a pivotal signaling pathway that keeps the equilibrium between antioxidants and peroxide (24). Other reports revealed that greater Nrf2 expression could lead to higher mRNA levels of this antioxidant enzyme in young grass carp (7, 35). We found similar findings in the present paper. Increasing protein levels enhanced the mRNA expression of GPx, CAT, SOD, and Nrf2 in the muscle of turtles, and thus bolstered their flesh quality and collagen content. The increased nuclear translocation of Nrf2 and promoted expression of CAT, GPx1, GPx2, GPx3, GPx4, CuZnSOD, and MnSOD genes caused by optimal dietary protein inclusions might be due to down-regulating Keap1 gene expression in the muscle of softshell turtle. These findings suggest more Nrf2 mRNA and less Keap1 mRNA could improve CAT, CuZnSOD, MnSOD, GPx1, GPx2, GPx3, and GPx4 mRNA levels in softshell turtles.



Conclusion

Supplementing feed with optimal protein could increase the growth performance and amino acid content of softshell turtles, in addition to the amount of collagen in their calipash and their skin color and flesh quality parameters. Increased protein levels bolstered the activity of antioxidant enzymes, up-regulated the expression of antioxidant-related genes, and promoted the Nrf2/keap1 signaling pathways, thereby enhancing both antioxidant capacity and flesh quality. These findings will play a prominent role in exploring and elucidating the molecular mechanism responsible for the augmented flesh quality of softshell turtles driven by dietary protein. Therefore, extra or deficient protein in the diet may be harmful to P. sinensis and their cultivation. A broken-line model fitted to the measurements of CAT activity and MDA suggests the appropriate protein concentration for softshell turtles is 26.07 and 26.06% protein, respectively.
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Asparagopsis taxiformis is a significant source of phenolics. Owing to the incessant demand of green extraction procedures for phenolics from A. taxiformis, ultrasound-assisted extraction (UAE) using deep eutectic solvents (DESs) was optimized. Among the tested DESs, betaine-levulinic acid afforded the highest total phenolic content (TPC). Moreover, the optimal extraction conditions elucidated from single-factor and response surface methodologies comprised a 52.41°C ultrasonic temperature, 46.48% water content of DES, and 26.99 ml/g liquid-to-solid ratio. The corresponding TPC (56.27 mg GAE/100 g DW) and antioxidant ability fitted the predicted values. UAE afforded superior TPC and antioxidant abilities with DESs than with traditional solvents. Using UHPLC-MS, seven phenolic acids, 18 flavonoids, and two bromophenols were identified and quantified. DES-UAE afforded the highest phenolic compound number (26) and sum of contents. These results disclose the high extraction efficiency of DES-UAE for A. taxiformis phenolics and provide a basis for the higher-value application of this species.

KEYWORDS
 phenolic, ultrasound-assisted extraction, Asparagopsis taxiformis, deep eutectic solvent, antioxidant ability



[image: Figure 5]
Graphical Abstract


Introduction

Asparagopsis taxiformis, a red alga belonging to the Bonnemaisoniaceae family, has been utilized in local food and traditional Chinese medicine for many centuries (1). Recent studies have revealed that A. taxiformis contains substantial quantities of protein, fat, fiber, and phytochemicals including polysaccharides, halogenated compounds, and phenolics (2, 3). Accumulating studies have focused on the antimethanogenic, antibacterial, and antifungal activities of halogenated compounds from A. taxiformis (3, 4). However, A. taxiformis is also rich in phenolics and other phytochemicals, which have not been well studied to date (2, 5). Owing to the health-promoting effect of phenolics extracted from terrestrial plants, there has been a growing interest in phenolics from A. taxiformis. In particular, a few studies have recently attributed the antimicrobial and antifungal activities of A. taxiformis extracts to the phenolics present in this species (2, 5). However, to the best of our knowledge, phenolic profiles of A. taxiformis have not been reported.

Marine algae are distinguished by particular phenolic classes that are not identified in terrestrial plants. In particular, bromophenols, which contain different numbers of benzene ring, hydroxyl, bromine, and other groups in their structure. They have shown beneficial biological activities including antidiabetic and anti-obesity activities and thus gained significant attention in the fields of pharmaceutical and food agents (6, 7). Bromophenols were first isolated from red seaweeds and subsequently found in green and brown seaweeds too (7). Notably, phenolics common to terrestrial plants, including flavonoids and phenolic acids, have also been found in numerous seaweeds (6).

Owing to their diversity, the high-efficiency extraction of phenolics from seaweeds is highly challenging. One major issue encountered in this process is the choice of a suitable extraction solvent. Organic solvents, particularly methanol, acetone, ethanol, and their aqueous mixtures, have been commonly utilized for the extraction of phenolic compounds from seaweeds (5, 8). However, no unanimous consensus on the best solvent for the extraction of phenolics from A. taxiformis has been reached. Mellouk et al. (5) reported that the highest TPC was obtained from methanolic and aqueous extracts of A. taxiformis, followed by those attained using ethanolic, hydroethanolic, and hydromethanolic extracts. On the other hand, Nunes et al. (2) showed that the highest TPC, antioxidant ability, and antiproliferative activity were obtained from methanolic extracts of A. taxiformis, followed by those from the chloroform, petroleum ether, and ethyl acetate extracts. Additionally, the safety of organic solvents has posed a challenge to the widespread use of organic solvents for extracting phytochemicals. Thus, extraction methods using green solvents are gaining significant attention.

Deep eutectic solvents (DESs), which constituted by hydrogen-bond acceptors and donors, are showing great potential as new green solvents for extracting phytochemicals (9, 10). In contrast with organic solvents, DESs are not only eco-friendly but also have the benefits of easy synthesis, high stability, low volatility, and wide polarity (10). Various studies have reported that compared with conventional solvents, DESs show superior extraction capacities for phenolics from terrestrial plants including Corylus avellana, Morinda citrifolia, and Zingiber officinale (10, 11). UAE has been demonstrated to enhance the extraction efficiency of phenolics, utilizing acoustic cavitation to destruct the cell-wall structure (12). Moreover, the use of DESs instead of traditional organic solvents in this process was reported to further increase the extraction efficiency of phenolics from Moringa oleifera and Paederia scandens (11, 13). However, research focusing on phenolic extraction from A. taxiformis using DES-UAE remains scarce.

With these facts in mind, in this study we first elucidated the most suitable DES for extracting phenolics from A. taxiformis. We then proceeded to optimize the DES-UAE process through single-factor experiment and subsequent response surface methodology, using the elucidated optimal DES as the solvent to maximize the TPC and antioxidant ability of A. taxiformis. Finally, we evaluated the differences in the TPC, phenolic profiles (qualitative and quantitative analysis; UHPLC-MS), and antioxidant abilities of the extracts gained from A. taxiformis by UAE using the optimal DES and traditional solvents.



Materials and methods


Materials and reagents

Asparagopsis taxiformis was collected from Wuzhizhou island, Sanya, Hainan Province, China (109°45.494′E, 18°18.555′N), in May 2020, and characterized by Prof. Xiubao Li from Hainan University. The seaweed was rinsed in water to eliminate any visible surface contaminants, freeze-dried, and subsequently crushed through a 60-mesh sieve using a food grinder (Tianjin Taist Instrument Co., Ltd., Tianjin, China). It was then stored at −18°C until further use.

For the UHPLC-MS analysis, 4-bromophenol and 2,4-dibromophenol were purchased from Tanmo Quality Inspection Technology Co., Ltd. (Beijing, China). Quercitrin, apigenin, hesperidin, diosmetin, and acacetin were acquired from Qiyun Biotechnology (Guangzhou, China), leucocyanidin from Shanghai Pureone Biotechnology Co., Ltd. (Shanghai, China), aromadendrin from Shanghai Tauto Biotech Co., Ltd. (Shanghai, China), and all other phenolic standards from Sigma were acquired. The DES-related reagents and total antioxidant capacity assay kits were, respectively acquired from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China) and Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Preparation and physicochemical properties of the DESs

Sixteen DESs comprising choline chloride, L-proline, betaine, and citric acid as hydrogen-bond acceptors and different hydrogen-bond donors (polyalcohols and organic acids) were prepared according to previously reported methods (9). Briefly, the hydrogen-bond acceptors and donors (Table 1) were mixed at a specific molar ratio, as shown in Table 1. After a certain ratio of water (w/w) was added, the mixture was continuously stirred on a magnetic stirring apparatus (Eyelan-1100, Tokyo Physicochemical Instrument Co., Ltd., Tokyo, Japan), at 80°C, to form the transparent and homogeneous DESs. Subsequently, the density, polarity and viscosity of DESs were determined according to previously reported methods (14, 15). The density was determined by weighting 1 cm3 of DES at analytical balances at room temperature (14). The polarity was measured with Nile red as an indicator by scanning at the spectral range of 400–800 nm in a UV-Vis spectrometer and presented using the molar transition energy (ENR), calculated using the formula: ENR (kcal/mol) = 28,591/λmax (14). The viscosity was measured using TA Instruments Discovery HR-2 rheometer with the shear rate of 0.1/s at atmospheric pressure (15).


TABLE 1 DESs and their physicochemical properties.

[image: Table 1]



Extraction of phenolics
 
Screening of DESs

Asparagopsis taxiformis powder (1 g) was placed in glass tubes and blended with 10 ml DES containing 20% water (w/w) in triplicate. Subsequently, extraction was performed using an SB25-12DTD ultrasonic machine (40 kHz, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) at 320 W, for 10 min, at 30°C. The mixtures were centrifugated (10,000 rpm) for 15 min and then TPC of the supernatants was measured to evaluate the extraction efficiency.



Single-factor experiment

The single-factor experiment aimed to assess the effects of five factors—water content of DES (10 20, 30, 40, and 50%); liquid-to-solid ratio (10, 20, 30, and 40 ml/g); ultrasonic temperature (30, 40, 50, and 60°C); ultrasonic time (0, 5, 10, 20, 30, and 40 min); and ultrasonic power (240, 280, 320, 360, 400, 440, and 480 W)—on the TPC of the A. taxiformis extracts. The other parameters were kept constant: water content of DES (20%), ultrasonic temperature (30°C), liquid-to-solid ratio (20 ml/g), ultrasonic time (10 min) or ultrasonic power (320 W).



Response surface methodology

According to the single-factor experiment, the major influential variables—water content of DES (A, 30, 40, and 50%); liquid-to-solid ratio (B, 10, 20, and 30 ml/g); and ultrasonic temperature (C, 40, 50, and 60°C)—were applied to a Box-Behnken design using Design-Expert v. 8.0.5 to assess their influence on TPC, ABTS value, and FRAP value at a constant ultrasonic time (10 min) and ultrasonic power (360 W).



Verification and comparison experiments

Asparagopsis taxiformis powder (1 g) was mixed with 27.0 ml Bet-Lev (46.5% water; DES-UAE), water (Water-UAE), 70% methanol (MeOH-UAE), 70% ethanol (EtOH-UAE), or 70% acetone (Acetone-UAE). After ultrasound extraction (360 W) at 52.0°C for 10 min, the mixtures were centrifugated (10,000 rpm) for 15 min to acquire the supernatants.




Measurement of the TPC

After determination using the Folin-Ciocalteu colorimetric method (8), TPC was quantified using the standard curve of gallic acid (mg GAE/100 g DW).



Phenolic characterization and quantification using UHPLC-MS

The phenolic compounds were monitored using UHPLC-MS (Xevo TQ-S Micro, Waters, Milford, USA) according to our previously reported method with slight modifications (13). The Acquity UHPLC BEH-C18 column was eluted by water with 0.25% formic acid (A) and methanol with 0.25% formic acid (B) at a gradient elution program (0–1 min, 95% A; 8 min, 75% A; 11 min, 40% A; 13–16 min, 0% A; and 16.2–18 min, 95% A). The basic compound structures were then tentatively deduced according to the characteristic ions characterized using multiple reaction monitoring as well as the published mass spectral data (7, 16–27). Subsequently, the retention times and mass spectral data of the phenolic standards were compared to those of the aforementioned tentative basic structures to finally assign the phenolics. The contents were calculated using the standard curve of each standard and expressed in μg/g DW. The mass spectra were recorded using the following parameters: mass spectral range of 50–1,000 m/z, cone voltage of 30 V, capillary voltage of 2.0 kV, drying gas flow of 1,000 L/h, and drying gas (N2) temperature of 500°C.



Antioxidant activity

To determine the antioxidant activity, ABTS and FRAP assay kits were employed following the manufacturer's protocols, using Trolox and FeSO4 as the standards, respectively (13). Their calibration curves were then utilized to calculate the ABTS and FRAP values, which were respectively expressed in mM TE/g DW and mM Fe(II)E/g DW.



Statistical analyses

All data are shown as the mean values ± standard deviation (n = 3). Statistical analyses were conducted through one-way ANOVA and subsequent Duncan's post hoc test at p < 0.05 level using SPSS 16.0 software.




Results and discussion


Effects of the DESs on the TPC

The extraction effectiveness is attributed to the interaction between the solubilization ability of the solvent and relative solubility of the phenolic in the solvent, which resolves the distribution coefficient and extractability (28). DESs have shown excellent extractability for phytochemicals, including phenolic compounds, in terrestrial plants (9, 10). This extractability is mainly associated with the polarity and viscosity of the DES, which in turn depend on its constituents and their molar ratios (9). Alcohols, amines, organic acids, and amino acids have been commonly used to prepare DESs (10). In particular, DESs comprising choline chloride, L-proline, betaine, and citric acid as hydrogen-bond acceptors and polyalcohols and organic acids as hydrogen-bond donors show high extractability for phenolics (9, 11). Importantly, water is usually added to the DES to increase its polarity and reduce its viscosity (11, 13). In this study, marked differences were found among the TPC of A. taxiformis extracts obtained by UAE with various DESs (p < 0.05, Figure 1). Specifically, Bet-Lev afforded the highest TPC (18.67 ± 0.29 mg GAE/100 g DW), followed by Pro-Lev and ChCl-Lev, which afforded values that were 60.07 and 60.36% that of the TPC extracted by Bet-Lev (p < 0.05). ChCl-Xyl and ChCl-OA afforded the lowest TPC, which were 3.51 and 4.42% that of the TPC extracted by Bet-Lev (p < 0.05). Many studies have reported that different DESs show remarkably distinct extractabilities for phenolics (11, 13). Indeed, Bet-Lev (1:2) was more efficient than ChCl-Lev, Pro-Lev, ChCl-Xyl, and ChCl-OA in extracting phenolics from M. oleifera but far less efficient than Pro-Gly-2 (1:2.5) (11). Moreover, Bet-Lev (1:2) presented higher extraction yields for phenolics from strawberry and raspberry waste than those afforded by ChCl-Gly (1:2) and another four DESs (29). Liu et al. (13) showed that Bet-Lev (1:2) was less efficient than ChCl-TrG (1:4). However, it displayed a similar efficiency to that of ChCl-Xyl in the extraction of phenolics from P. scandens (13). In addition, when different DESs were used, significantly distinct phenolic profiles were obtained from strawberry and raspberry waste (29). The similarity in the polarity of the DES and phenolic compounds is a key factor of the extraction efficiency (9, 13). Moreover, a low DES viscosity results in high mass transfer and compound diffusion (10). Thus, in this study we supposed that the highest TPC was obtained with Bet-Lev because of the adequate viscosity of this DES together with its highly similar polarity to that of the phenolics in A. taxiformis. Therefore, we selected Bet-Lev as the DES for the subsequent experiments.
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FIGURE 1
 Total phenolic content (TPC) of Asparagopsis taxiformis extracts gained by UAE with different DESs. Different letters indicate significant differences (p < 0.05).




Single-factor experiment of DES-UAE

The properties of a phytochemical extraction method, including the extraction solvent, parameters, and type of assisted technology, all contribute to the extraction efficiency (28, 30). In addition, the water content significantly affects the DES polarity and viscosity, which in turn significantly affect the extraction efficiency (10). Moreover, both the ultrasonic conditions (power, time, and temperature) and liquid-to-solid ratio were reported to greatly affect the extraction efficiency (11, 13).

As expected (10, 13), there were marked differences in the TPC of the extracts obtained using Bet-Lev with different water contents (10, 20, 30, 40, and 50%) under identical UAE parameters (p < 0.05, Figure 2). With the growing water content of DES, TPC first raised markedly and subsequently more slowly until it reached the highest value at 50% water content of DES. Specifically, compared with the TPC extracted by Bet-Lev with 10% water content, the TPC extracted by Bet-Lev with 20, 30, 40, and 50% water contents increased 1.55-, 1.82-, 2.02-, and 2.10-fold, respectively (p < 0.05). Insignificant difference was found between the TPC extracted by Bet-Lev with 40 and 50% water contents (p > 0.05). Compared to that at the 10 ml/g liquid-to-solid ratio, the TPC increased by a significant 100.82% at 20 ml/g (p < 0.05). Conversely, there was no marked difference in the TPC extracted by Bet-Lev at 20, 30, and 40 ml/g liquid-to-solid ratios (p > 0.05). The increasing ultrasonic temperature also led to a significant increase in the TPC (p < 0.05), which reached a maximum at an ultrasonic temperature of 60°C. Notably, the TPC obtained at 60°C was 1.87-fold higher than that obtained at 30°C (p < 0.05).


[image: Figure 2]
FIGURE 2
 The effect of water content of DES, liquid-to-solid ratio, ultrasonic temperature, ultrasonic time and ultrasonic power on the TPC of Asparagopsis taxiformis extracts. Different letters indicate significant differences (p < 0.05).


The TPC increased from 10.06 ± 0.29 to 18.56 ± 0.36 mg GAE/100 g DW as the ultrasonic time was increased from 0 to 10 min, significantly decreased as the ultrasonic time was further increased to 20 and 30 min, and subsequently increased markedly to the level observed at 10 min (p < 0.05). Similarly, the TPC raised when the ultrasonic power was grew from 240 to 360 W, followed by a decrease as ultrasonic power further grew to 440 W and then an increase again as ultrasonic power finally grew to 480 W. These results were linked to acoustic implosion cavitation, which disrupts the structure of the plant cell wall, thereby promoting the dissolution of the phytochemicals present in the vacuoles and releasing the phytochemicals bound to the cell wall components (12, 31). Indeed, the increase in ultrasonic time and power has been widely reported to increase the extraction yield of phenolics (13, 28); however, the phenolics may be degraded if the ultrasonic power is too high or the ultrasonic time too low (12). The increase in the TPC at 40 min or < 480 W may be therefore attributed to the release of the bound phenolics from the cell wall components and their subsequent distribution in the solvent (31). Thus, water contents of DES (A) of 30, 40, and 50%; liquid-to-solid ratios (B) of 10, 20, and 30%; and ultrasonic temperatures (C) of 40, 50, and 60 °C were selected for the subsequent experiments at a constant ultrasonic time (10 min) and ultrasonic power (360 W).



Modeling and optimization of DES-UAE
 
Model fitting

The TPC, FRAP, and ABTS values varied within the ranges of 24.26–57.82 mg GAE/100 g DW, 1.30–4.60 mM Fe(II)/g DW, and 1.67–4.78 mM TE/g DW, respectively (Table 2). Moreover, a highly significant model (p < 0.001, Table 3) and insignificant loss of fit (p = 0.0995, 0.8433, and 0.6377 for TPC, ABTS and FRAP, respectively) were observed. Good model accuracy as well as a high correlation was also observed, as indicated by the high R2 (0.9915, 0.9668, and 0.9676 for TPC, ABTS, and FRAP, respectively) and adjusted R2 values (0.9763, 0.9070, and 0.9091 for TPC, ABTS, and FRAP, respectively) and verified by the low coefficient of variation.


TABLE 2 Box-Behnken design and experimental responses.
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TABLE 3 ANOVA for response surface quadratic model.
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Effects of the variables on the TPC

Apart from the linear terms (A, B, C), TPC was also remarkably influenced by the secondary (A2, B2, C2) and interactive (AB, AC) terms (Table 3). Among them, the liquid-to-solid ratio (B) and B2 exhibited a highly significant effect on the TPC (p < 0.0001). Numerous studies have reported that the liquid-to-solid ratio is one of the main factors that affects the extraction yield of phytochemicals including phenolics (9, 13). An increase in the liquid-to-solid ratio led to more than a twofold increase in the extraction yield (9). Equation 1 shows the relationship between the TPC and experimental variables:

[image: image]

The three-dimensional response surfaces plots (Figures 3A–C) show the interactive effect of the experimental variables on the TPC. Figure 3A illustrates the marked interactive effect of water content of DES (A) and liquid-to-solid ratio (B) on the TPC. Specifically, the TPC increased sharply with the growth of these variables and reached the highest value at ~46% (A) and 27 ml/g (B), after which it decreased slightly. It was recognized that a high liquid-to-solid ratio facilitates compound diffusion (11). The increasing water content of DES leads to an increase in the DES polarity, resulting in its high extractability for phenolics with relatively high polarity over those with weak polarity (9, 10). An increased water content of DES also contributes to a reduction in the DES viscosity, resulting in an increase in mass transfer and compound diffusion (10). The slight decrease observed may therefore be due to the strong influence of water content of DES on the TPC. The significant interactive effect of water content of DES (A) and ultrasonic temperature (C) on the TPC is illustrated in Figure 3B. The TPC gradually increases with the increase of these two variables, with the highest TPC value observed at ~27 ml/g and 52°C.


[image: Figure 3]
FIGURE 3
 Interactive effects of the variables on the TPC (A–C), FRAP (D–F) and ABTS (G–I) of Asparagopsis taxiformis extracts. Interactive effects of water content of DES and liquid-to-solid ratio on TPC (A); Interactive effects of water content of DES and ultrasonic temperature on TPC (B); Interactive effects of liquid-to-solid ratio and ultrasonic temperature on TPC (C); Interactive effects of water content of DES and liquid-to-solid ratio on FRAP (D); Interactive effects of water content of DES and ultrasonic temperature on FRAP (E); Interactive effects of liquid-to-solid ratio and ultrasonic temperature on FRAP (F); Interactive effects of water content of DES and liquid-to-solid ratio on ABTS (G); Interactive effects of water content of DES and ultrasonic temperature on ABTS (H); Interactive effects of liquid-to-solid ratio and ultrasonic temperature on ABTS (I).




Effects of the variables on the antioxidant ability

The FRAP value was markedly influenced by A, B, C, B2, and C2 (p < 0.01, Table 3). Meanwhile, the ABTS value was markedly influenced by B, A2, B2, and C2 (p < 0.01) and, to a lesser extent, AB and A (p < 0.05). Figure 3G shows the significant interactive effect between water content of DES (A) and liquid-to-solid ratio (B) on the ABTS value, which first sharply increased with the increase in these variables and then declined. Equations 2, 3 show the relationship between the antioxidant ability (FRAP and ABTS, respectively) and variables. Three-dimensional surface plots for FRAP (Figures 3D–F) and ABTS (Figures 3G–I) were constructed on the basis of these equations.
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Verification experiment based on the optimal extraction parameters

Based on the regression analysis achieved from the Box-Behnken design, we determined that the optimal conditions for extracting phenolics from A. taxiformis are water content of DES of 46.48%, ultrasonic temperature of 52.41°C, and liquid-to-solid ratio of 26.99 ml/g. To investigate the rationality of the Box-Behnken design, the verification experiment was conducted under water content of DES of 46.50%, ultrasonic temperature of 52.00°C, and liquid-to-solid ratio of 27.00 ml/g. As shown in Figure 4, the experimental values for TPC, FRAP, and ABTS (56.27 ± 1.08 mg GAE/100 g DW, 5.06 ± 0.33 mM Fe(II)/g DW, and 4.73 ± 0.32 mM TE/g DW, respectively) approached the predicted values, revealing the rationality of the Box-Behnken design.
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FIGURE 4
 TPC and antioxidant ability of Asparagopsis taxiformis extracts gained by DES-UAE and UAE with traditional solvents. Different letters indicated significant differences (p < 0.05). DES-UAE, Water-UAE, MeOH-UAE, EtOH-UAE, Acetone-UAE: ultrasound-assisted extraction with deep eutectic solvent (Bet-Lev), water, 70% methanol, 70% ethanol and 70% acetone, respectively. exp.: experimental value; pred.: predicted value.




Comparison of DES and traditional solvent extractants in UAE
 
TPC and antioxidant ability

UAE methods using traditional solvents (organic aqueous mixtures and water) have been commonly applied to extract phenolics from marine algae (30). To confirm the high efficiency of optimized DES-UAE process, traditional solvents (water, 70% methanol, 70% ethanol, and 70% acetone) were also utilized in the UAE to extract phenolics from A. taxiformis. From the comparative study, DES-UAE presented the highest TPC, FRAP, and ABTS values (Figure 4, p < 0.05), which were respectively 1.30–3.27-, 3.22–9.03-, and 6.03–7.79-fold greater than those extracted using the other listed methods. These results indicate the high efficiency of the DES-UAE process for extracting phenolics from A. taxiformis. This well agrees with the literature, which reports that DES-UAE is a highly efficient method to extract phenolics (10, 11, 13). For example, for extracting phenolics from M. oleifera, DES-UAE afforded remarkably higher total flavonoid content and antioxidant abilities than UAE using traditional solvents (11). Similar trends were also observed in the extraction of phenolics from Curcuma longa and P. scandens (9, 13).



Characterization of phenolics using UHPLC-MS

As shown in Table 4, seven phenolic acids (peaks 1–7), 18 flavonoids (peaks 8–25), and two bromophenols (peaks 26–27) were identified from A. taxiformis by UHPLC-MS, along with many unknown compounds. The precursor ion (m/z 152.99) of peak 1 generated fragment ions at m/z 138.0 [M + H–CH3]+, 125.0 [M + H–CO]+, and 93.0 [M + H–CO–CH3-OH]+, and thus, peak 1 was assigned as vanillin (16). Ethyl vanillin (peak 2), with its parent ion at m/z 164.95, was identified through the product ions at m/z 136.2 [vanillin–H–CH3]− and 92.05 [vanillin–H–CH3-CO2]− (17). Peaks 3–5, with precursor ions at m/z 137.0, 163.1, and 193.0, were identified as 2-hydroxybenzoic, p-coumaric, and ferulic acids through the loss of CO2, CH3, or/and C2H4 group/s, respectively (18, 19). Rosmarinic acid (m/z 358.96) generated fragment ions at m/z 196.96 and 161.0, which were assigned as the dihydroxyphenyl-lactic acid moiety and caffeic acid with a loss of one molecule of water, respectively (20). Trans-cinnamic acid (m/z 146.95) generated a fragment ion at m/z 118.94 through CO loss (18). With the same parent ions, catechin (peak 8) and epicatechin (peak 9) presented identical product ions [M–H−44]− (CO2 loss) and [M–H−152]− (RDA fragmentation), respectively, but with distinct retention times (18, 21). Peaks 10–12 were assigned as epigallocatechin, gallocatechin, and epigallocatechin gallate according to their parent ions at m/z 304.98, 304.98, and 456.9, respectively, and as products ions based on C6H6O3 loss or RDA fragmentation ([M–H−152]−) together with their retention times (21). Peak 13 was identified as quercetin based on its parent ion (m/z 301.0) and representative fragment ions derived from RDA fragmentation (m/z 179.0 and 151.0) (18–20). Peaks 14–18 were identified as myricitrin, quercitrin, quercetin-3-O-α-L-arabinoside, kaempferol-3-O-rutinoside, and hesperidin, respectively, through cleavage of the rhamnoside, arabinoside, or rutinoside group (11, 19, 22). Peaks 19 (acacetin) and 22 (diosmetin) displayed parent ions at m/z 301.0 and 285.0, respectively, with an identical fragment ion (m/z 153.0) resulting from RDA fragmentation (23, 24). With identical parent ions (m/z 271.0), peaks 20 and 21 were, respectively authenticated as baicalein and apigenin from their fragment ions, which corresponded to those previously reported in the literature (18, 22). Peak 23 (m/z 286.8) was assigned as aromadendrin through a fragment ion (m/z 258.97) resulting from CO loss, which was previously reported by Venditti et al. (25). Peak 24 (m/z 306.92) and peak 25 (m/z 286.91) produced fragments ions at m/z 155.1 [M–H−152]− and 126.99 [M–H−152–CO]− for leucocyanidin and 137.0 [M–H−150]− and 109.1 [M–H−150–CO]− for cyanidin (26, 27). Compounds 4-bromophenol (m/z 172.1) and 2,4-dibromophenol (m/z 250.7), respectively generated fragment ions at m/z 80.9 (peak 26) and m/z 81.4 and 78.5 (peak 27), which were consistent with previously reported mass spectral data (6, 7).


TABLE 4 Characterization of phenolic compounds from Asparagopsis taxiformis by UHPLC-MS.
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Although several studies have revealed the high TPC and total flavonoid content of A. taxiformis extract and the close relationship between them and the bioactivity (antioxidant, anti-inflammatory, and antiproliferative activities) (2, 5), the phenolic profile of A. taxiformis remains unknown. Asparagopsis armata, the sister species of A. taxiformis, has also shown strong antioxidant and antimicrobial activities together with high TPC and total flavonoid content (32, 33); however, studies focusing on its phenolic profile remain scarce. Notably, phenolic compounds have been reported in red, brown, and green algae (6, 30). Indeed, phenolic acids including ferulic, hydroxybenzoic, vanillic, salicylic, benzoic, gentisic, syringic, chlorogenic, caffeic, and protocatechuic acids were detected in red seaweeds including Acanthophora specifera and Jania rubens (34–36). Moreover, six flavonoids, including luteolin-5,7,3′,4′-tetramethyl ether, apigenin-7-O-glucoside, kaempferol-3-O-arabinoside, quercetin-3,7-dimethylether-4′-sulfate, catechin derivative, and dihydroxytrimethoxy flavone, were identified in the red seaweed Alsidium corallinum using LC-MS (37) Quercetin, vitexin-rhamnose, catechol, rutin, hesperidin, myricetin, and morin were detected in several red seaweeds, including A. specifera, using HPLC (35). Importantly, in brown algae, quercetin-O-hexoside, quercetin-O-glucoside, kaempferol-O-rutinoside, myricetin-O-rhamnoside, apigenin, baicalein, acacetin, diosmetin, and rosmarinic acid were identified by LC-MS (6, 8, 20, 22); notably, the first four compounds may be quercetin-3-O-α-L-arabinoside, quercitrin, kaempferol-3-O-rutinoside, and myricitrin, respectively, or their isomers. Flavan-3-ols, containing epigallocatechin, epicatechin, catechin, gallocatechin, epigallocatechin gallate, and catechin gallate, are abundant in brown seaweeds such as Sargassum polycystum, Saccharina japonica, Sargassum fusiforme, and Eisenia bicyclis (8, 38). Cyanidin, cinnamic acid, vanillin, p-coumaric acid, and other flavonoids (quercetin, apigenin, malvidin, kaempferol, lutein and myricetin) were detected in green seaweeds using LC-MS (39, 40). Furthermore, although the presence of leucocyanidin and aromadendrin (namely dihydrokaempferol) in seaweed has been scarcely reported, aglycone and glycoside forms of kaempferol and cyanidin were identified in both brown and green seaweeds (22, 39). Additionally, simple-structured bromophenols (e.g., 4-bromophenol and 2,4-dibromophenol) and relatively complex-structured bromophenols (e.g., nitrogen- and sulfur-containing bromophenols) were isolated and identified from diverse species of red seaweeds, such as Rhodomela confervoides, Symphyocladia latiuscula, and Polyopes lancifolia (6, 7).



Quantification of phenolics by UHPLC-MS

Following characterization, the phenolics were quantified using UHPLC-MS. Different extraction methods led to significant differences in the number and content of the individual phenolic compounds (Table 5). The numbers of individual phenolic compounds detected by the different UAE methods ranged from 11 to 26. DES-UAE detected 26 individual phenolic compounds, whereas only 11 phenolics were detected using Water-UAE. DES-UAE also gave the highest sum of the individual phenolic acid, flavonoid, and phenolic contents, which were respectively 6.74–153.11-, 1.17–4.62-, and 1.46–5.53-fold higher than the values attained with the other extraction methods (p < 0.05). DES-UAE and EtOH-UAE gave the highest sum of the individual bromophenol contents (p < 0.05). With respect to the ratio of the sum of individual flavonoid content to that of the individual phenolic content, Water-UAE and Acetone-UAE achieved values of 99.64 and 91.34%, respectively, whereas MeOH-UAE, EtOH-UAE, and DES-UAE achieved ratios of 81.82, 82.01, and 67.37%, respectively. These results revealed that flavonoids are the main components of A. taxiformis. This agrees with the results of Yoshie-Stark et al. (35), who reported that flavonoids are dominant in the phenolic profiles of several red seaweeds followed by phenolic acids.


TABLE 5 Quantification of individual phenolic compounds from Asparagopsis taxiformis by UHPLC-MS.
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Among the individual phenolic compounds extracted by DES-UAE, cyanidin, ferulic acid, 2,4-dibromophenol, vanillin, quercetin, quercitrin, trans-cinnamic acid, 4-bromophenol, p-coumaric acid, and leucocyanidin accounted for 62.60, 13.85, 10.38, 3.82, 2.30, 1.54, 1.16, 1.00, 0.98, and 0.79% of the sum of the individual phenolic content, respectively. Cyanidin was the main phenolic component in the extracts obtained by Water-UAE, and accounted for 98.62% of the sum of the individual phenolic content. However, the main phenolic components of the extracts acquired by MeOH-UAE were cyanidin, vanillin, 2,4-dibromophenol, and leucocyanidin, which accounted for 80.41, 15.60, 1.46, and 0.88% of the sum of the individual phenolic content, respectively. Similarly, the main phenolic components acquired by EtOH-UAE and Acetone-UAE were cyanidin, 2,4-dibromophenol, and vanillin, which accounted for 81.86, 16.24, and 1.50% (EtOH-UAE) and 90.94, 7.60, and 0.93% (Acetone-UAE) of the sum of the individual phenolic content, respectively. The cyanidin content (78.06–335.89 μg/g DW) was the highest among all the individual phenolic compounds, with DES-UAE affording the highest cyanidin content (p < 0.05). Meanwhile, the 2,4-dibromophenol content varied within the range of 0.23–59.80 μg/g DW. EtOH-UAE afforded the highest content, which was 1.07-fold of that acquired by DES-UAE (p < 0.05). In addition, among all the tested extraction methods, DES-UAE afforded the highest contents of the other main phenolic components, including ferulic acid, vanillin, quercetin, quercitrin, trans-cinnamic acid, 4-bromophenol, p-coumaric acid, and leucocyanidin. These results confirm the high extraction efficiency of DES-UAE for extracting phenolics from A. taxiformis. They also show the significant differences in the phenolic profiles of the extracts obtained by the different extraction methods, which are in accordance with previously reported data (11, 13).

It is generally accepted that extraction methods contribute to the phenolic profiles and extraction yield (28, 30). Indeed, there are significant differences in the TPC, phenolic profiles, and antioxidant ability of S. polycystum extracts acquired by various solvents (11). Similarly, the phenolic profiles of P. scandens and C. longa are greatly affected by the extraction solvents 9, 13). In this study, we observed that the different extraction solvents (Bet-Lev, water, 70% ethanol, 70% methanol and 70% acetone), under the same UAE and extraction parameters, contributed to the variations in TPC, phenolic profiles, and antioxidant activities of A. taxiformis. These results imply that the extraction solvent has a significant effect on the phenolic extraction efficiency that is primarily derived from the difference in the solvent polarity (28, 30). Among the extraction solvents used in this study, Bet-Lev may have the most similar polarity to those of the phenolic compounds in A. taxiformis. This DES also has the advantage of strong hydrogen-bond basicity, which improves the intermolecularly interactive effects between the cellulose strands and Bet-Lev (10). Finally, the assisted extraction technology employed also contributed to the phenolic extraction efficiency. As a commonly used assisted extraction technology, UAE has been widely reported to enhance the extraction efficiency of phytochemicals, utilizing acoustic cavitation to interrupt the cell-wall structure (9, 12). Thus, we concluded that UAE using Bet-Lev as the extracting DES solvent is efficient in phenolic extraction from A. taxiformis.





Conclusions

This study showed that UAE processes using different DESs afforded significantly different TPC, wherein UAE using Bet-Lev (1:2) as the extraction solvent afforded the highest TPC. The optimal extraction conditions obtained from the single-factor experiment and subsequent response surface methodology were as follows: water content of DES of 46.48%, ultrasonic temperature of 52.41°C, and liquid-to-solid ratio of 26.99 ml/g. Compared to the traditional solvent-based UAE, DES-UAE afforded the highest TPC and antioxidant ability and detected the most number of individual phenolic compounds and the highest sum of their contents. DES-UAE for phenolics from A. taxiformis is an efficient and environment-friendly method for the preparation of extracts rich in natural antioxidants, which may replace the synthetic antioxdants and widely be used in the fields of food processing, animal husbandry, and aquaculture.
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Introduction: Camellia oil (CO), a common edible oil in China, contains a variety of active ingredients. In this study, we explored the combining effect and optimal feeding time of CO and squalene on hyperlipemia-induced reproductive damage rats and probably provided supportive data for use of CO for health benefits.

Methods: We established the hyperlipidaemia-induced reproductive damage model, and then the successfully modeled rats were randomly classified into four groups including a model control (MC) group, a camellia oil (CO) group, a camellia oil + squalene (COS) group, and a sildenafil (SN) group, which were feeding with different subjects during days 30 and 60. The normal (NC) group was fed under the same conditions.

Results: Our results showed that compared with the MC group, the CO, COS, and SN groups could significantly decline the serum TG, TC and LDL-C levels, increase the serum testosterone levels, the sperm counts in epididymidis and organ coefficients of penises, and no pathological change in penis and testis at days 30 and 60. Compared with the pure CO, the mixture of CO and squalene could significantly enhance the effect of decreasing the concentrations of TG, TC, and LDL-C and increasing the serum testosterone level and sperm count of epididymal tail, and the results of day 30 were better than those of day 60.

Discussion: CO and squalene have a combining effect on lowering blood lipid, improving the level of testosterone and the number of epididymal tail sperm, and promoting the recovery of erectile and sexual function on hyperlipidemia-induced reproductive damage rats on day 30.
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camellia oil, squalene, hyperlipidemia model, improve erectile and sexual function, combining effect


Introduction

Hyperlipidemia, a common metabolic syndrome (1), the typical symptoms include the abnormal elevation of any or all lipids or lipoproteins in the blood (2). Hyperlipidemia is a critical damage-inducing factor for cardiovascular disease and frequently brings about many complications, such as cardiac damage (3), sexual dysfunction (4), cognitive impairment (5), inflammation, and insulin resistance (6). Strong associations are observed between hyperlipidemia and sexual dysfunction especially erectile dysfunction (ED). Experimental studies showed that the reduction in arterial blood flow induced by hyperlipidemia can directly affect the functions of cortical center, pituitary–testis axis, and corpus cavernosum penis (7) and inhibit the production of testosterone (8), which cause a decline in sexual function. Nowadays, many synthetic pharmaceuticals, like sildenafil (SN), are widely used for the management of ED. However, their long-term use always causes many serious side effects, including dizziness, headaches, heartburn, indigestion, stuffy nose, and vasodilatation (9). Given the potential risks and side effects associated with current treatments, it is important to explore more efficient and safe candidates.

Meanwhile, many promising sources can be used to regulate and manage ED (10). Some studies showed that black tea brew possessed marked aphrodisiac activity in terms of prolongation of latency of ejaculation shortening of mount- and intromission latencies and elevation of serum testosterone level (11). Moringa oleifera Lam. Leaf Tea could enhance sexual function and the male reproductive system (12). Camellia oil (CO), which obtain from the seeds of Camellia oleifera Abel, is a common edible oil in China and contains a variety of active ingredients (13, 14), such as Squalene, which can raise the activity of internal Superoxide Dismutase (SOD) and blood oxygen content (15), stimulate blood circulation (16), and improve sexual function (17). Vitamin E can promote the secretion of sex hormones and maintain the normal function of the Genital organs (18). Camellia Saponin can reduce serum cholesterol and prevent cardiovascular diseases (19, 20). The research group observed in a previous study is that CO can lower blood lipids, promote the secretion of the sex hormone testosterone, and improve sexual function (21). To further enhance the effectiveness of camellia oil, in this research, squalene, an active ingredient of CO, is proposed to be added to feed rats with hyperlipidemia-induced sexual dysfunction as a combining substance and observe the changes in blood lipid and testosterone levels, epididymal sperm count, and testis and corpus cavernosum tissue structures. This study aims to explore the combining effect and optimal feeding time of CO and squalene on hyperlipidemia-induced sexual dysfunction rats and provide supportive data for the health benefits of CO use.



Materials and methods


Materials and chemicals

High-purity CO purchased from Jiang Xi Qiyunshan Food Co., Ltd., (Ganzhou, China) contained 78.8/100 g monounsaturated fatty acid, 9.0/100 g linoleic acid, 2.3/100 g linolenic acid, 1.3/100 g stearic acid, 8.6/100 g palmitic acid, 0.0/100 g protein, 0.0/100 g cholesterol, and 0.0/100 g sugar.

Basal and high-fat feeds were provided by Guangdong Medical Laboratory Animal Center (Guangdong, China). High-fat feed (100 g) consisted of 78.8 g basal feed, 10.0 g lard, 10.0 g yolk powder, 1 g cholesterol, and 0.2 g cholate.

Squalene and SN were purchased from Beijing InnoChem Science and Technology Co., Ltd., (Beijing, China). Total cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C) test kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The testosterone ELISA kit was purchased from Cloud-Clone Corp., Wuhan (Wuhan, China). The hematoxylin–eosin (HE) dye was acquired from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., (Beijing, China). All other used reagents were analytical grade.



Animals

Specific pathogen-free male Sprague Dawley rats (weight = 150–180 g) (Certificate number SCXK [xiang] 2019-0004) were purchased from Hunan Slac Jingda Laboratory Animal Co., Ltd., (Hunan, China). Animals were housed in cages in a specific pathogen-free room with controlled temperature (18–26°C), relative humidity (40–60%), and 12/12 h of light–dark periods with ad libitum food and water prior to experiments. All procedures were approved by the Animal Experiment Ethics Committee, Gannan Medical University, China.



Animal experiment design

Rats were fed with a high-fat diet to establish a hyperlipidemia-induced reproductive damage model. Rats were randomly divided into the normal (NC, 12 rats) and model (MC, 48 rats) control groups and supplied with basal and high-fat feeds, respectively, for 4 weeks. Serum TC, TG, LDL-C, and testosterone levels of rats were measured using the corresponding kits in accordance with the manufacturer’s instructions. Compared with the NC group, the MC group showed significant increments in serum TC, TG, and LDL-C levels and prominent reduction in the serum testosterone content.

The successfully modeled rats were randomly classified into four groups (12 mice per group): Converted by recommended intake of oils and fats, squalene, SN of human and “equivalent dose ratio table of human and animal body surface area conversion.” The MC group received 3 mL/kg⋅bw⋅day of 0.9% normal saline. The CO group was treated with 3 mL/kg⋅bw⋅day of CO. The CO + squalene (COS) group was supplemented with 3 mL/kg⋅bw⋅day suspension solution (CO: squalene = 30:1) containing CO and squalene. The SN group was supplemented with 3 mL/kg⋅bw⋅day suspension solution (CO: sildenafil = 3:1) containing CO and sildenafil. Rats in the NC group were orally administered with 3 mL/kg⋅bw⋅day of 0.9% normal saline. During the experimental period, blood was collected at days 30 and 60. Half of the rats in each group were sacrificed at days 30 and 60. The testis, epididymis, and penis of rats were obtained.



Sexual organ index determination

The obtained testis, epididymis, and penis were rinsed with 0.9% normal saline, blotted dry using filter paper, and weighed. Organ indices were calculated using the equation: weight of organ/weight of rat.



Serum lipid and testosterone levels measurement

The blood of rats was centrifuged at 3,000 rpm and 4°C for 10 min to collect the serum. TC, TG, LDL-C, and testosterone levels of serum were detected using assay kits as specified by the manufacturer.



Sperm count metering in epididymidis

The cauda of epididymidis was cut off, placed into 4 mL of 0.9% normal saline, and cut. The cauda of the epididymidis was incubated at 37°C for 20 min to allow running out of sperm. Afterward, the supernatant was obtained through filtration by using 100-mesh strainer. The supernatant (10 μL) was transferred into the sperm count board, and the sperm number was counted under electron microscopy.



Hematoxylin–eosin staining observation of testis and penis

Parts of testis and penis were fixed in 10% formalin for over 24 h and embedded in paraffin. Then, paraffin sections (5 μm thick) were stained with HE dye and histopathologically observed using electron microscopy.



Statistical analysis

All data were presented as mean ± standard deviation. Statistical analysis was carried out using the SPSS 23.0 software (SPSS Inc., Chicago, IL, United States). One-way analysis of variance was adopted to compare significant differences among all groups by Tukey’s analysis. Two-tailed p < 0.05 was considered statistically significant.




Results


Hyperlipidemia-induced reproductive damage in high-fat diet model

The elevation of serum TC, TG, and LDL-C levels is the typical symptom of hyperlipidemia (22). As shown in Figure 1A, the TC, TG, and LDL-C levels of rats in high-fat diet treatment groups, including MC, CO, COS, and SN groups, were significantly elevated compared with those in the NC group. Results indicated that the hyperlipidemia model was successfully established. The serum testosterone levels of rats were determined as illustrated in Figure 1B to evaluate whether hyperlipidemia induced reproductive damage. Compared with the NC group, the hyperlipidemia group had prominently decreased serum testosterone level, and this finding was consistent with those of previous reports (21, 23, 24). This result suggested that hyperlipidemia-induced reproductive damage occurred in the high-fat diet model.
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FIGURE 1
Serum lipid (A) and testosterone (B) levels of rats at the 30th day in hyperlipidemia-induced reproductive damage modeling. TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; NC, normal control; MC, model control; CO, Camellia oil; COS, Camellia oil + squalene; SN, sildenafil. Different letters represent significant differences (p < 0.05).
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Sexual organ indexes of rats

The sexual organ (i.e., testis, epididymis, and penis) indices of rats are shown in Table 1. No significant difference was observed in the testis and epididymis organ indices of rats among NC, MC, CO, COS, and SN groups. Compared with the MC group, the NC, CO, COS, and SN groups had significantly increased penis organ indices at days 30 and 60, suggesting that the CO, COS, and SN groups could improve the relaxation and atrophy of corpus cavernosum penis in rats.


TABLE 1    Sexual organ indices of hyperlipidemia-induced reproductive damage rats.
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Serum lipid levels of rats

The serum lipid (i.e., TG, TC, and LDL-C) levels of normal and hyperlipidemia rats are shown in Figure 2. Compared with the NC group, the serum lipid levels of rats were notably increased in the MC group at days 30 and 60. The treatments of test substances (i.e., CO and COS) could reverse this phenomenon. As illustrated in Figures 2A,B), at day 30, the serum TG and TC levels of rats in CO, COS, and SN groups declined compared with those in the MC group. Meanwhile, the serum TG and TC levels of rats in COS group declined compared with those in the CO group, indicating that CO and squalene could significantly enhance the effect of decreasing the serum TG and TC levels of hyperlipidemia rats. At day 60, the serum TG and TC levels of rats in the CO and COS groups notably decreased, while there was no significant difference between CO and COS groups. Figure 2C reveals that the LDL-C levels of rats supplemented with the above test substances (i.e., CO and COS) were markedly lower than those in the MC group at days 30 and 60.
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FIGURE 2
After the end of modeling, serum lipid levels of hyperlipidemia-induced reproductive damage rats at the another 30th and 60th day by feeding test substance: (A) TG, (B) TC, and (C) LDL-C levels. TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; NC, normal control; MC, model control; CO, Camellia oil; COS, Camellia oil + squalene; SN, sildenafil. All values are expressed as mean ± SD. Different letters represent significant differences (p < 0.05).




Serum testosterone level of rats

The serum testosterone levels of rats were detected (Figure 3). Compared with those in the NC group, the serum testosterone levels of rats in the MC group significantly decreased at days 30 and 60. At day 30, the serum testosterone levels of rats in the COS and SN groups dramatically increased, whereas no outstanding increment was observed in the CO group. Results suggested that CO and squalene exerted combining effect against hyperlipidemia-induced reduction in the serum testosterone level of rats. At day 60, rats in the CO, COS, and SN groups showed significant elevation in serum testosterone levels in comparison with those in the MC group. At day 30, the serum testosterone level showed varying degrees of decrease in the COS and SN groups.
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FIGURE 3
After the end of modeling, serum testosterone levels of hyperlipidemia-induced reproductive damage rats at the another 30th and 60th day by feeding test substance. NC, normal control; MC, model control; CO, Camellia oil; COS, Camellia oil + squalene; SN, sildenafil. All values are expressed as mean ± SD. Different letters represent significant differences (p < 0.05).




Sperm count in epididymidis of rats

The sperm counts in the epididymidis of rats are shown in Figure 4. Compared with those in the NC group, the sperm counts in the epididymidis of rats in the MC, CO, COS, and SN groups were prominently reduced. The oral administration of CO, COS, and SN could significantly increase the sperm counts in the epididymidis of rats at days 30 and 60 compared with that of MC. The sperm counts in the epididymidis of rats in all groups at day 60 were not significantly different compared with those at day 30.
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FIGURE 4
Sperm counts in the epididymidis of hyperlipidemia-induced reproductive damage rats. NC, normal control; MC, model control; CO, Camellia oil; COS, Camellia oil + squalene; SN, sildenafil. All values are expressed as mean ± SD. Different letters represent significant differences (p < 0.05).




Histomorphologies of testis and penis

The histomorphologies of testis and penis are shown in Figures 5, 6. Compared with the NC group, the CO, COS, and SN groups had no pathological change in the corpus cavernosum penis and testes. In the MC group, the number of smooth muscle cells and cavernous sinus decreased significantly in the corpus cavernosum penis, and the smooth muscle of the cavernous body were distributed unevenly and arranged disorderly and loosely. At the same time, all levels of spermatogenic cells in the testis were arranged disorderly, and some spermatogenic cells showed necrosis, apoptosis, and nuclear pyknosis at days 30 and 60.
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FIGURE 5
Penis histomorphologies of hyperlipidemia-induced reproductive damage rats. Photomicrographs of penis tissue sections stained with hematoxylin and eosin (H&E) (× 200). NC, normal control; MC, model control; CO, Camellia oil; COS, Camellia oil + squalene; SN, sildenafil.
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FIGURE 6
Testis histomorphologies of hyperlipidemia-induced reproductive damage rats. Photomicrographs of testis tissue sections stained with hematoxylin and eosin (H&E) (× 200). NC, normal control; MC, model control; CO, Camellia oil; COS, Camellia oil + squalene; SN, sildenafil.






Discussion

Hyperlipemia is a prevalent, chronic condition that affects penile hemodynamics (25), Huang et al. found that hyperlipidemia could damage arterial endothelial cell function through cell adhesion molecule-1, cause inadequate blood supply to the penis and reduced blood flow to the Corpus cavernosum penis arteries, which could lead to erectile dysfunction and sexual dysfunction by causing of cavernosal fibrosis (26). At present, researches on tea mainly focus on the effect of tea polyphenols on hyperlipidemia (27) and reproductive system (19, 28, 29), Jiraporn et al. (12) reported that due to Moringa oleifera Lam. Leaf Tea containing rich total phenols, flavonoids, and antioxidants, it could enhance sexual function and the male reproductive system. However, the effect of Camellia oil and its active ingredient squalene on hyperlipidemia-induced sexual dysfunction rats has not been reported.

This study was designed to explore the combining effect and optimal feeding time of CO and squalene on hyperlipidemia-induced sexual dysfunction rats. As expected, the hyperlipidemia rat model was successfully induced by feeding with a high-fat diet for 4 weeks (30). The serum levels of TC, TG, and LDL-C of hyperlipidemic rats orally administered with CO and COS significantly decreased compared with those orally administered with MC at day 60. The results of our study indicated that CO can significantly reduce blood lipids that are rich in monounsaturated fatty, oleic, linoleic, and linolenic acids. This is in agreement with other studies (19, 30–32). Furthermore, we studied the effect of camellia oil on reducing blood lipids at different doses in our previous study (21), including very low (0.75 mL/kg⋅bw⋅day), low (1.5 mL/kg⋅bw⋅day), medium (3 mL/kg⋅bw⋅day) and high (4.5 mL/kg⋅bw⋅day) dose, and found that medium (3 mL/kg⋅bw⋅day) dose was optimal. Therefore, in this present study, we investigated this dose of camellia oil with its active ingredient squalene to observe their combining effect on reducing blood lipids. The results indicated that compared with CO group, COS group significantly reduced the level of blood lipids at day 30, suggesting that CO and squalene could play an enhancing role in combining the effect of reducing blood lipids, and this effect was better than that of pure CO. Studies showed that squalene probably plays a role in hindering the intestinal cholesterol absorption or restraining the activities of key enzymes, such as hepatic acyl-CoA oxidase, fatty acid synthase, and hydroxyl-3-methylglutarylcoenzyme A reductase in endogenous cholesterol biosynthesis (33, 34).

Testosterone, the main male hormone in the body, can promote the development of male reproductive organs and sperm and maintain sexual function (35). Wannasiri et al. (36) and Vigueras-Villaseñor et al. (37) induced hyperlipidemia in male Wistar or Sprague-Dawley rats by feeding with a high-fat diet, found that the testosterone level was decreased in the high-fat diet group. It is proposed that elevated estradiol levels derived from peripheral aromatization of androgen inhibits the hypothalamic-pituitary-gonadal axis, resulting in a reduction of testosterone level (38, 39). Our research indicated that the testosterone level and sperm count of epididymal tail were decreased in the MC group as well, which was probably due to hyperlipidemia. However, in the CO, COS, and SN groups were significantly higher than those in the MC group at day 60. We inferred that the three groups of test substances significantly increased the testosterone levels and sperm counts in the epididymal tail of male rats with hyperlipidemia. However, only COS and SN groups significantly increased testosterone levels at day 30, suggesting that CO mixed with squalene could play a role in combining the effect of promoting the level of testosterone and the number of epididymal tail sperm, and this effect was better than that of pure CO. This finding might be because squalene can participate in cholesterol biosynthesis and various biochemical reactions in the body; accelerate the synthesis of steroid hormones, such as testosterone (40, 41); increase the activity of SOD and blood oxygen content (15); promote blood circulation; and reduce blood lipid levels, which in turn improve sexual function. At day 60, the testosterone level and sperm count in the epididymal tail did not increase compared with the day 30, suggesting that the testosterone level and sperm count in the epididymis did not increase with feeding time. Therefore, we considered that the optimal feeding duration of CO and squalene on hyperlipidemia-induced sexual dysfunction rats was 30 days.

Current animal studies showed that hyperlipidemia can impair erectile function by changing the morphological structures of sexual organs, e.g., penile corpus cavernosum lesions. Li et al. (42) assessed erectile function by performing cavernous nerve electrostimulation followed by intracavernosal pressure/mean arterial pressure measurements, as well as plasma lipid profile assessment, and then pointed out that hyperlipidemia caused cavernous fibrosis by increasing plasma lipid levels, fibrosis and apoptosis, decreasing smooth muscle/collagen ratio and autophagy. The organ coefficient and pathological results of this study showed that the organ coefficient of penis decreased significantly and that the penis and testis showed pathological changes in different degrees in the MC group, such as the number of smooth muscle cells and cavernous sinus decreased significantly in the corpus cavernosum penis, and the smooth muscle of the cavernous body were distributed unevenly and arranged disorderly and loosely, all levels of spermatogenic cells in the testis were arranged disorderly, and some spermatogenic cells showed necrosis, apoptosis, and nuclear pyknosis. These findings were consistent with those of previous reports (42–44). Compared with the MC group, the CO, COS, and SN groups had significantly increased penile organ coefficient and no pathological change in penis and testis, suggesting that the three groups of test substances could improve the damage of penis and testis and promote the recovery of erectile function.

In conclusion, results demonstrated that the addition of squalene to CO as a combining substance to feed hyperlipidemia-induced reproductive damage rats for 30 days could play an important role in combining the effect of lowering blood lipid, promoting the level of testosterone and the number of epididymal tail sperm, improving the damage of penis and testis, and promoting the recovery of erectile and sexual function. However, further studies should be carried out to elucidate the molecular mechanisms of CO and squalene in lowering blood lipid and improving sexual function in vivo.
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Kaempferia elegans polysaccharide (KEP) was extracted using a high-voltage pulsed electric field-assisted hot water method. Its physicochemical properties, in vitro activity and hypoglycemic effect was investigated. Experiments were undertaken with diabetic mice models and the potential mechanism of KEP to improve blood glucose levels was unveiled through measurements of relevant indicators in the serum and liver of the mice. Results showed that KEP is mainly composed of glucose, rhamnose, arabinose, and galactose. It has certain DPPH and ABTS free radical scavenging ability and good α-glucosidase inhibitory ability, indicating that KEP has the potential to improve blood glucose levels in diabetes patients. The experimental results of KEP treatment on mice showed that KEP could control the continuous increase of fasting blood glucose levels. The potential mechanisms behind this blood glucose level control composes of (1) increasing the glucokinase and C peptide levels and decreasing Glucose-6-phosphatase content for improving key enzyme activity in the glucose metabolism pathway. This promotes the consumption of blood glucose during glycolysis, thereby inhibiting the production of endogenous glucose in gluconeogenesis pathway; (2) reducing triglyceride, total cholesterol, low density lipoprotein cholesterol, and increasing high density lipoprotein cholesterol content, for regulating blood lipid indicators to normal levels; and (3) by improving the activities of catalase, glutathione peroxidase, and antioxidant enzymes superoxide dismutase for further improving the antioxidant defense system in the body to reduce blood glucose.
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Introduction

The irrational lifestyle and unbalanced diet structure of modern society, underpinned by high sugar and fat intake, have led to diabetes becoming one of the major chronic diseases. In 2019, the International Diabetes Federation (IDF) reported that approximately 463 million adults have diabetes mellitus with 4.2 million deaths (1). Expert are predicting that the number of people with diabetes mellitus will rise to 700 million by 2045 (2). Diabetes is clinically classified into type 1 diabetes mellitus, type 2 diabetes mellitus, and gestational diabetes mellitus (3). It is thought that half of the world’s population is undiagnosed because some of the symptoms of type 2 diabetes are not obvious and the patients have become younger. Diabetes has become a hidden killer in modern society, especially in the elderly, as it often leads to a range of complications, such as eye and heart disease and kidney failure. Currently, insulin and some various oral hypoglycemic agents such as glibenclamide, metformin, sulfonylureas, and α-glucosidase inhibitors have been the primary treatment for diabetes mellitus. These drugs are, however, expensive and some of them have serious side effects, including hypoglycemia, liver problems, drug resistance, and so on (4–6). Therefore, the development of plant-derived biologics to lower blood glucose is of great value and significance.

Polysaccharides are biological macromolecules that are composed of multiple monosaccharides as the primary building blocks, and some plant polysaccharides in particular have been shown to exhibit antioxidant (7), hypoglycemic (8–11), immune regulatory, and other physiological activities with potential applications in food and pharmaceutical industries. It has been shown that red bean polysaccharide, cowpea polysaccharide (12), lucidum polysaccharides (13, 14), pumpkin polysaccharide (15), bitter gourd polysaccharide (16), Elaeagnus angustifolia polysaccharide (17) all have hypoglycemic effects. Studies reported that the main mechanisms of polysaccharide hypoglycemia include promoting insulin secretion; repairing damaged islet tissues (e.g., islet β cells); regulating glucose metabolism pathways such as gluconeogenesis, glycolysis, and pentose phosphate pathway key enzyme activity; improving antioxidant capacity of the body, inhibiting inflammation, enhancing cell glucose uptake capacity; and relieving lipid metabolism disorder and symptoms caused by hyperglycemia (18). Thus, some plant polysaccharides can be explored as a novel agent for the treatment of diabetes mellitus.

Kaempferia galanga (K. galanga) is an aromatic herb grown mainly in tropical and subtropical Asia (19) and is used in the treatment of cold, dry cough, toothaches, rheumatism, hypertension, and so on (20). Modern pharmacological investigations have revealed that the extracts and natural products identified from K. galanga exhibited comprehensive bioactivities, including antitumor, antioxidant, anti-inflammatory, and other health effects (21, 22). Studies on water-soluble polysaccharides extracted from K. galanga (KGPs) showed that fucose, arabinose, xylose, rhamnose, mannose, galactose, glucose, glucuronic acid, and galacturonic acid were the main components of KGPs (23). In vivo antitumor test showed that KGPs effectively protected the thymus and spleen of tumor-bearing mice from attack and enhanced cellular immunomodulation, finally leading to tumor suppression (24). In addition, it has been widely used as a spice since its highly aromas. Among the Kaempferia species, the one with lavender flowers is Kaempferia elegans (Wall.) Bak (K. elegans) (25). It is also a perennial herb with aromatic rhizomes and a pungent flavor. It is extremely valuable for exploitation because it is easy and fast to cultivate. Although extensive pharmacological studies have been conducted on K. galanga, little work has been done on K. elegans. Particularly, there are almost no studies on K. elegans polysaccharides.

Pulsed electric field is a non-thermal processing technology (26). The effect of electric field can induce plant cells electroporation and increase their permeability, which accelerates the diffusion of extracts of the cells leading to enhanced extraction efficiency (27). Li et al. (28) used pulsed electric field assisted hot water to extract Morinda citrifolia L. (Noni) polysaccharide. Under suitable PEF conditions, the polysaccharide extraction yield reached 11.13%, which was significantly higher than that of the hot water extraction method. The PEF-assisted extracted polysaccharides also exhibited better antioxidant activity and anti-proliferative capacity than those under hot water extraction conditions. Liu et al. (29) studied the chemical structure characterization, antiproliferative, and antitumor activities of a Morchella esculenta polysaccharide (MEP) extracted by pulsed electric field. The results showed a polysaccharide extraction rate of 56.03 μg⋅mL–1 and a preliminary effect of the major polysaccharide (M2) in MEP on HT-29 cells in vitro, with potential therapeutic use in chemotherapy.

In the present study, we extracted K. elegans crude polysaccharide (KEP) using a pulsed electric field-assisted hot water method, studied the physicochemical properties, in vitro activity and hypoglycemic effect of KEP. We investigated the hypoglycemic effect of KEP on streptozotocin-induced type 2 diabetic mice by measuring body weight, fasting glucose, glucose metabolism, lipid levels, and oxidative stress. As far as we know, the present study is the unprecedented report on K. elegans crude polysaccharide and provides a pathway for further research on the use of K. elegans polysaccharide for effective treatment of diabetes mellitus.



Materials and methods


Materials

Kaempferia elegans rhizomes were collected from the garden of the environmental horticulture research institute (23°23′N, 113°26′E) at the Guangdong Academy of Agricultural Sciences, Guangzhou, China. Male Kunming mice (5-week old, body weight 16–20 g) were purchased from the Hunan Slake Jingda Co., Ltd. (Changsha, China). Phenol, trifluoroacetic acid, trichloroacetic acid, potassium sulfate, and gelatin were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Ethanol, chloroform, nbutanol, sulfuric acid, and hydrochloric acid were purchased from Guangzhou Chemical Preparation Plant. Streptozotocin (STZ), metformin hydrochloride, glucose, and sodium citrate were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Reagent kits for the determination of the glucokinase (GCK), Glucose-6-phosphatase (G6-P), C peptide (C-P), triglyceride (TG), total cholesterol (TC), high density lipoprotein cholesterol (HDL), low density lipoprotein cholesterol (LDL), superoxide dismutase (T-SOD), catalase (CAT), glutathione peroxidase (GSH-Px) were from Jiancheng Bioengineering Institute (Nanjing, China).



Extraction of Kaempferia elegans polysaccharide

The rhizomes of K. elegans were washed, dried by hot air at 45°C, crushed with a universal high-speed crusher and then sieved to obtain the dried powdered form of the rhizomes. The powder was mixed with deionized water at a solid-liquid ratio of 1:18 and subjected to pulsed electric field treatment (electric field intensity of 31 kV/cm and number of pulses of 64). The model number of the pulsed electric field equipment is PEF-SY-500 (Guangzhou Paihu Technology Co., Ltd, Guangzhou, China). Thereafter, after hot water extraction at 98°C for 2.5 h, the supernatant was collected by centrifugation at 3000 rpm for 15 min, concentrated by rotary evaporator, and precipitated with 95% ethanol at 4°C (28). The precipitate was collected by centrifugation at 5000 rpm for 20 min, dried and redissolved with appropriate amount of deionized water, and the extract was frozen to remove the proteins by Sevage method to obtain the K. elegans crude polysaccharide (KEP).



Analysis of Kaempferia elegans polysaccharide

The polysaccharide content of KEP was examined using phenol-sulfuric acid method (30), protein content was analyzed with the Coomassie brilliant blue kit. The total phenol content was determined using the Folin ciocalteu assay with gallic acid as the standard. The sulfate content in the polysaccharide was determined with the barium sulfate turbidimetry method (31). The uronic acid content was determined from the sulfuric acid-carbazole colorimetry (32) and the molecular weight of KEP was evaluated by gelpermeation chromatography (33), while the monosaccharide composition was analyzed by high performance anion exchange chromatography (ICS-5000, Dionex Inc., USA) (34). The KEP sample solution was scanned with a UV spectrophotometer in the range of 190–400 nm with a scan interval of 0.5 nm. A certain amount of KEP sample was weighed and scanned in the wave number range of 400–4000 cm–1 using the KBr compression method and the infrared spectra were obtained using a Fourier infrared spectrometer. A scanning electron microscope (SEM) was used to observe the surface microstructure of the freeze-dried sample KEP (35). The polysaccharide samples were sprayed with gold under vacuum and the morphological images were observed using scanning electron microscopy.



Exploration of the in vitro activity of Kaempferia elegans polysaccharide

To evaluate the in vitro antioxidant activity of KEP, its DPPH, ABTS radical scavenging ability was assayed. The scavenging ability of DPPH and ABTS radicals was assessed spectrophotometrically. A certain amount of polysaccharide solution was mixed with DPPH solution or ABTS working solution, and the absorbance values of the solutions were measured at 517 and 732 nm, respectively, after the reaction for 30 min at room temperature and protected from light (36, 37).

The hypoglycemic activity of KEP in vitro was measured by assessing the α-glucosidase inhibition capacity. A certain amount of KEP solution with different concentrations was mixed with α-glucosidase and activated in a 37°C water bath for 10 min, then p-nitrophenyl-α-D-glucopyranoside (pNPG) substrate was added and mixed in a 37°C water bath for 20 min, and finally the reaction was terminated by the addition of sodium carbonate solution. The absorbance of the solution at 405 nm was measured after mixing (38, 39).



Establishment of diabetic mice model

In all the experiments, the mice were housed in a negative pressure laboratory at 20–24°C (relative moisture: 50–70%) with a light-dark cycle (12/12 h). Firstly, the mice were required to undergo 7 days of acclimatization and a 12-h starvation period before the experiment, allowing free access to water. Experimental approval for the care and use of experimental animals was obtained from the animal ethics committee of South China University of Technology, animal ethics number 202508. Forty mice were randomly selected and injected intraperitoneally with 130 mg/kg ⋅ bw (body weight) of streptozotocin (STZ) solution to induce type 1 diabetes mellitus, while the same amount of normal saline was administered intraperitoneally to 10 mice. After 5 days, the mice were fasted for 12 h before measuring blood glucose level, and blood samples were collected from the tail on the sixth day to assess fasting blood glucose values and to observe the model.



Experiment design and procedure

The animal modeling, dosing and grouping protocols are shown in Figure 1. Fasting blood glucose values higher than 11.1 mmol/L were used as an indicator of successful induction in diabetic mice. The successful model mice were randomly divided into four groups of nine mice each, and nine normal mice were randomly selected as the normal group control. The polysaccharide fraction was KEP solution for the low-dose group (KEP-L: 100 mg/kg ⋅ bw) and the high-dose group (KEP-H: 200 mg/kg ⋅ bw); the positive control group (PC) was gavaged with a dose of 300 mg/kg ⋅ bw metformin hydrochloride; the normal group (NC, non-diabetic mice) and the model group (MC, diabetic mice) served as blank controls and were gavaged with equal amounts of saline.
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FIGURE 1
Animal experimental protocol and design.


All the experimental groups were intragastrically administered at the same time every day and the basic situation of mice in each group was observed daily from three aspects: mental state and activity, fur color and gloss, and cage cleanliness. The fasting blood glucose of mice in each group was measured by blood glucose meter at the beginning of the experiment and at the same time every week (tail cutting blood was collected at day 7, 14, 21, 28, 35, and 42), while the body weight was recorded every 48 h.

At the end of the sixth week, the mice were sacrificed by cervical dislocation and the orbital blood was collected in capillary tubes. The light yellow supernatant from the orbital blood was collected after centrifugation at 2500 rpm for 20 min. The pancreas, liver, kidney, and spleen were also excised quickly, blotted dry, weighed, and the organ index was calculated according to the following equation:
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The liver and kidney tissues were homogenized with a biospecimen homogenizer under ice-cold saline solution, and the supernatant was collected by centrifugation at 3000 rpm for 20 min and used for subsequent analysis.



Effects of Kaempferia elegans polysaccharide on glucose metabolism, lipid levels, and oxidative stress-related enzymes in diabetic mice


Determination of glucose metabolism related enzymes

The contents of glucokinase (GCK) and glucose-6-phosphate (G6Pase) content in the liver and the C-peptide content in the serum were determined by enzyme-linked immunosorbent assay kit.



Determination of blood lipid profile

The content of triglyceride (TG) and total cholesterol content (TC) (16) in mice serum were determined with the GPO-PAP method within the range of 0–9.04 mmol/L, and with the COD-PAP method within the range of 0–10.34 mmol/L, respectively. The amount of high density lipoprotein-cholesterol (HDL-c) and low density lipoprotein-cholesterol (LDL-c) were determined by homogeneous direct assay kits.



Determination of oxidative stress related enzyme activity

The activity of superoxide dismutase (T-SOD) and catalase activity (CAT) in mouse liver were determined by xanthine oxidase and ammonium molybdate methods, respectively, while the activity of glutathione catalase was determined by the assay kit according to the manufacturers specification (40).




Statistical analysis

All the analyses were conducted in triplicates and the results were expressed as mean ± standard deviation (SD). Microsoft Excel 2019, ELISA calc, SPSS version 25 and Origin Pro version 9.1 were used for experimental data processing. Analysis of variance (ANOVA) was employed separating means at p < 0.05 using the Duncan multiple test.




Results and discussion


Composition of Kaempferia elegans polysaccharide

The extraction rate was 405.04 mg/g under the pulsed electric field intensity of 31 kV/cm, pulse number of 64, extraction temperature of 98°C, extraction time of 2.5 h, and solid-liquid ratio of 1:18. The extraction rate of polysaccharides by pulsed electric field assisted extraction was 53% higher than that by hot water extraction. The GPC profile of KEP (Figure 2A) showed that the molecular weight of one of the KEP subgroups was around 6 kDa, while the main fraction was concentrated at 1268 kDa.
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FIGURE 2
(A) Molecular weight of KEP. (B) Ion chromatogram spectra of crude polysaccharide (KEP) and monosaccharide mixture (STD). (C) UV spectrum analysis of KEP. (D) IR spectrum analysis of KEP. (E) Antioxidant activity of KEP. (F) Inhibition of α-glucosidase by KEP. Each value was represented as mean SD of three independent experiments.


As shown in Table 1, the total carbohydrate content of the crude polysaccharide was 88.8 ± 0.9%, which was similar to a previous report by Dwl et al. (41) with 0.5% protein, as it was only preliminarily purified. Derivatives with hydroxyl groups replaced by sulfuric acid groups in polysaccharides have been reported to exhibit prominent antiviral activity (34), thus, the sulfate content in KEP was determined as 27.86 ± 0.91 mg/g, with total uronic acid content of 75.54 ± 11.08 mg/g. Furthermore, the ion chromatograms of the crude polysaccharide and standard compound (Figure 2B) indicated that KEP is composed of six monosaccharides with glucose accounting for 84.44%, followed by rhamnose, arabinose, galactose, xylose, and fucose at 6.52, 3.38, 2.26, 1.97, and 1.41%, respectively, suggesting that KEP was a glucose-based polysaccharide, consistent with the main monosaccharide composition of polysaccharide report (42).


TABLE 1    Chemical composition and monosaccharide composition of KEP.
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A full-band scan of the KEP solution using a UV spectrophotometer showed a small absorption peak at 280 nm as shown in Figure 2C, indicating that the KEP contained a small amount of protein, which is consistent with the protein assay results; the deproteinization step has removed most of the protein. Figure 2D shows the infrared spectrum of KEP with a full band scan at 400–4000 cm–1. The two large peaks at 3396 cm–1 and 2929 cm–1 in the figure are the stretching absorption peak of hydroxyl group and the absorption peak of alkyl carbon-hydrogen bond (35), both characteristic of sugars. 1650 cm–1 represents the stretching vibration of carbon-oxygen double bond and 1411 cm–1 is the stretching vibration of carbon-carbon double bond, indicating the presence of glyoxalate in the polysaccharide, which is consistent with the previous results of glyoxalate detection. The absorption peak at 1238 cm–1 may be the stretching vibration of the oxygen-sulfur bond, indicating the presence of sulfate group in the polysaccharide, but the absorption peaks are both relatively small, indicating a low content, which is consistent with the previous results of sulfate group assay; in addition, the peaks at 855 cm–1 and 929 cm–1 indicate that the polysaccharide has α-glycosidic bond and the presence of α-glycoside (43).

The SEM images of the KEP are shown in Supplementary Figures 1a,b. The polysaccharide is mainly composed of spherical particles accumulated in flakes with the surface displaying obvious honeycomb-like large holes. Supplementary Figure 1c shows that the polysaccharide structure is loose, and a large number of spherical particles are connected by filamentous polysaccharides to form a loose and porous structure.



Exploration of the in vitro activity of Kaempferia elegans polysaccharide

The DPPH and ABTS radical scavenging ability of KEP is shown in Figure 2E. The DPPH radical scavenging capacity increased proportionally with increasing KEP concentration, indicating that the DPPH radical scavenging capacity of KEP has a dose effect, reaching 62% at 5 mg/ml with an IC50 value of 3.71 mg/ml. This is similar to the DPPH radical scavenging capacity of polysaccharides from ginger leaves and stems extracted by Chan et al. (44). The scavenging rate of ABTS radicals increased slowly with the increase of KEP concentration in the concentration range of 0.1–1.25 mg/ml, while the scavenging rate started to increase in the range of 1.25–5 mg/ml. This indicates that the polysaccharide has limited ability to capture ABTS free radicals and has obvious antioxidant ability only at a certain concentration.

By inhibiting α-glucosidase activity, glucose production can be delayed and postprandial blood glucose values can be lowered or fasting blood glucose values can be regulated, thus controlling the diabetic condition. The in vitro hypoglycemic effects of the KEP were investigated viaα-glucosidase inhibitory activity assays using acarbose as a positive reference. As shown in the Figure 2F, the inhibition of α-glucosidase by KEP at 2 mg/ml reached 91.47% with increasing concentration, indicating that the inhibition of KEP was effective and highly dose-dependent. In vitro antioxidant assay of KEP shows its potential to improve blood glucose in diabetic patients.



Effects of Kaempferia elegans polysaccharide on body weight and organ weight

Injecting 130 mg/kg-bw of STZ to mice, the success rate of the model after 5 days was high, reaching more than 95%. The effects of KEP on the body weights of diabetic mice is presented in Figure 3A, and data shows that the body weight of all mice increased within 6 weeks of intervention, while the body weights of the diabetic mice were significantly lower than the body weights normal mice. The increase of body weight indicated that all the mice were in the growth period, and the reduced weights of the diabetic mice indicated that diabetes can significantly reduce the body weight, which is consistent with the reported symptoms of weight loss in diabetic mice (45). During the intervention, the body weight of normal mice increased steadily from 43.29 to 49.62 g and was significantly higher than other groups. The weight of the positive group became significantly lower than the other groups during the fourth week and reached 38.99 g in the sixth week, attributed to the adverse effects of metformin hydrochloride (46). Compared with the model control group (MC), the body weight of mice in the two groups treated with polysaccharide increased at different degrees, but there was no significant difference in weight between the two groups.
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FIGURE 3
(A) Changes in the body weight of normal and diabetic mice models. (B) Changes in fasting blood glucose of normal and diabetic mice models. (C) Effects of different treatments on the GCK and G6Pase of normal diabetic mice models. (D) Effects of different treatments on urea nitrogen and C-peptide contents of normal diabetic mice models. a,b,cValues with different letters are significantly different (p < 0.05). *Value is significantly different from those of other groups in the same column (p < 0.05). Each value was represented as mean ± SD of three independent experiments.


The data for the organ weight was presented in Table 2. The results showed that the organ index of liver and kidney in the model control group (MC) were significantly higher than the normal control group (NC), indicating that the liver and kidney in the model control group were swollen and seriously damaged. Moreover, by comparison with the liver and kidney organ indexes of the normal control group (NC), the liver and kidney organ indexes of the other three groups, including the positive control group (PC), the low-dose group (KEP-L), and the high-dose group (KEP-H), were also significantly increased. However, the liver and kidney organ indexes in these three groups were significantly lower than the indexes in the model control group.


TABLE 2    Changes in the organ indexes of normal and diabetic mice models.
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The normal functioning of the liver and kidneys supports many important functions of life activity. The results indicated that both positive drugs and polysaccharides played a role in repairing organs during the intervention. There were also no significant differences in spleen organ index among different groups. For the pancreatic organ index, it was significantly decreased by 1.11% in the model control group when compared to the positive normal group. The higher organ indexes of the positive control group and the polysaccharide group, when compared to the indexes of the model control group, indicated the promising mitigating effects of KEP on pancreatic injury.



Effects of Kaempferia elegans polysaccharide on fasting blood glucose levels

Fasting blood glucose measurement is considered the most direct indicator for monitoring diabetes (45) and often represents the basic insulin secretion function and role. Human normal fasting blood glucose ranges between 3.9 and 6.1 mmol/L, and levels higher than 11.1 mmol/L can be diagnosed as diabetic. Mice fasting blood glucose concentrations above 11 mmol/L were also considered to be diabetic. Figure 3B shows a fluctuating trend in the fasting blood glucose values of mice in each group with large fluctuations observed in the group of mice with diabetic symptoms, compared with the smaller range of fluctuation in the group of normal mice. The fasting blood glucose of the normal mice were maintained at a low level (4.60–7.86 mmol/L), while the fasting blood glucose of the mice in the model group continued to increase, indicating aggravation of the disease. Significant differences were observed between the model control group and the positive control group from the fourth week, and the positive drugs played a significant role in reducing blood glucose, while the levels in the model control group reached the maximum value of 29.19 mmol/L at the sixth week. In addition, the fasting blood glucose values of the polysaccharide group and the positive control group decreased after the second week of gavage, indicating that KEP and metformin hydrochloride showed obvious hypoglycemic effects. However, there was a rebound in the fasting blood glucose value after the third week to fluctuate in the range of 15–22 mmol/L, with no significant differences between the groups. Specifically, metformin hydrochloride acted rapidly but mainly stabilized blood glucose in later period, while the low dose of crude polysaccharide mainly stabilized blood glucose at a slower rate. On the other hand, the high doses of crude polysaccharides acted rapidly and performed even better when compared with the positive control. At the latter stages, the rate remained stable, suggesting that KEP exhibited similar effects as metformin hydrochloride in controlling and stabilizing blood glucose.



Effects of Kaempferia elegans polysaccharide on glucose metabolism related enzymes

Glycolysis pathway is an important component of the overall glucose metabolism, converting glucose into energy. Glucokinase (GCK) is a hexokinase isoenzyme that catalyzes glucose phosphorylation in the liver of mammals and plays the role of “glucose sensor” in the regulation of blood glucose, because its synthesis is mainly induced by insulin which can provide timely feedback for regulating the synthesis and secretion of insulin. When the glucose concentration in the body increases, GCK can also control the reaction rate of glucose oxidative decomposition for promoting the generation of liver glycogen and maintaining the dynamic balance of blood glucose (47, 48). Figure 3C shows that the GCK content of the model control group (19.67 ng/mL) was significantly reduced when compared with the normal control group, indicating reduced utilization of blood glucose. At the same time, the GCK content after the intervention of the KEP (22.24 ng/mL) was higher when compared with the normal control group (21.78 ng/mL), indicating that KEP can promote blood glucose consumption and reduce blood glucose level by increasing GCK content. The GCK content in the positive control group reached 23.25 ng/mL, but there was no significant difference among the normal control group, positive control group, low-dose group and the high-dose group. Thus, the GCK regulating effect of KEP was not superior to that of the positive drug.

The effect of KEP on the content of G6Pase is also presented in Figure 3C. It can be seen that the activity of Glucose-6-phosphatase (G6Pase) in the normal control group was 6.55 ng/mL, while that of the model control group significantly increased to 9.45 ng/mL. The activity of G6Pase were 6.87 and 7.14 ng/mL after the intervention of KEP, and with the exception of the model group, the activity of G6Pase in the other groups were in the normal state. This indicated the potential of the KEP for reducing the activity of G6Pase and the production of endogenous glucose which could also regulate the blood glucose level. The gluconeogenesis pathway is the only way for the body to synthesize monosaccharides during long-term starvation and G6Pase is one of the key enzymes in gluconeogenesis that can hydrolyze glucose-6-phosphate to produce glucose. It exists mainly in the liver, so its content directly affects the glucose content in the liver, and studies have shown that the expression levels of catalytic subunit and mRNA corresponding to G6Pase in the liver under diabetes typically increases to varying degrees. Therefore, the improved activity of G6Pase after the intervention of KEP may reveal the potential hypoglycemic mechanism of KEP (49).

Furthermore, C-peptide (C-P) is a connecting peptide secreted by pancreatic islet β cells that is mainly derived from its precursor proinsulin. Under the catalysis of carboxypeptidase, proinsulin can decompose into insulin and C-peptide with the same molecular weight, but C-peptide is not decomposed by the liver and does not react with insulin antibody and other substances. C-peptide can accurately reflect the pancreatic islet beta cell function of the body in addition to indirectly reflecting the insulin and pancreatic damage level of the body (50). In this study, the content of C-peptide (C-P) was determined to explore the insulin level of mice in each group after 6 weeks of gavage. Figure 3D showed that the C-P concentration in the normal control group was 90.74 ± 9.87 ng/L, while the C-P concentration in the groups with mice pancreatic islet β cells injury induced by STZ were significantly reduced. Particularly, the values for the model control group, KEP-L group and KEP-H group were 62.07 ± 1.25, 76.82 ± 6.21, and 77.29 ± 2.15 ng/L, respectively. The concentration of C-P in the model control (MC) group accounted for 68.4% of the normal control (NC) group, which means that the insulin secretion is the least and the pancreas is seriously damaged. The concentration of C-P in the polysaccharide (KEP-H and KEP-L) group accounted for 84–85% of the normal control (NC) group, indicating that the crude polysaccharide intervention could improve the insulin level of the diabetic mice and repair the pancreas.



Effects of Kaempferia elegans polysaccharide on blood lipid levels

Blood glucose and blood lipid are the two major metabolic indicators in the body. Abnormal blood lipid level in patients with diabetes which typically manifests in triglyceride (TG), cholesterol (TC), high-density lipoprotein cholesterol (HDL-c) and low-density lipoprotein cholesterol (LDL-c) (51), can lead to aggravation of the disease. Therefore, observing the changes of blood lipid levels in diabetic mice can aid in exploring the hypoglycemic mechanism of KEP. Figures 4A–C shows the effect of crude polysaccharide on TG, TC, LDL-c, and HDL-c. The TG and LDL-c values of the model control group were significantly higher than the normal control group, but the positive drugs metformin hydrochloride and KEP significantly reduced the TG and LDL-c levels in diabetic mice. Although the average values for the model control group was slightly higher, there was no significant difference between the model control group and the normal control group. The results suggested that KEP had significant reducing effects on TG and LDL-c, but had no considerable dose effects. With regards to the TC, the model control group presented significantly higher values than the normal control group, while the positive control group presented significantly lower values than the model control group which decreased by 24.8%. There was also no significant difference between the positive control group and the normal control group, while reductions of up to 22.55 and 13.80% were observed for KEP-L and KEP-H, respectively; there was no significant difference between the high-dose group and the model control group. Thus, in terms of reducing the TC value, the positive control group presented better results than the low dose group. For the HDL-c, the model control group presented significantly lower values than the normal control group, but the values for the other groups increased significantly than the normal control group. Particularly, the positive control group and the high dose group increased significantly by 47.2 and 49.0%, respectively, with only 19.0% increased observed for the low dose group. Overall, the TG, TC, LDL-c in the model control group increased significantly in terms of blood lipid levels when compared with normal control group, which was consistent with a previous report (51). The positive control group and the polysaccharide group presented different degrees of improvement, indicating that the blood lipid indexes in diabetic mice were indeed abnormal. However, the positive drugs metformin hydrochloride and KEP could improve and regulate blood lipid levels in diabetic mice after 6 weeks of continuous gavage.
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FIGURE 4
Effects of different treatments on lipid levels of normal and diabetic mice models: (A) TG, (B) TC, and (C) LDL-c and HDL-c. Effects of different treatments on the oxidative stress related enzymes of normal and diabetic mice models: (D) CAT, (E) GSH-Px, and (F) T-SOD. a,b,cValues with different letters are significantly different (p < 0.05). *Value is significantly different from those of other groups in the same column (p < 0.05). Each value was represented as mean ± SD of three independent experiments.




Effects of Kaempferia elegans polysaccharide on oxidative stress related enzyme activity

Hydrogen peroxide is considered a kind of metabolic waste in biological metabolic system since its oxidative ability and secondary product of hydroxyl radical can cause harm to the body (52, 53). Catalase (CAT) is a key enzyme in the biological defense system and can promote the decomposition of hydrogen peroxide in the body for removing excesses and protection from hydrogen peroxide toxicity. CAT exists in animal liver and its enzymatic activity strengthens the antioxidant system of the body, which is of great significance to metabolic activities (54). Glutathione peroxidase (GSH-Px) is one of the catalases that can specifically catalyze the reactions of GSH and hydrogen peroxide for effectively removing free radicals, and it is a common indicator for evaluating the antiperoxidation ability of the body. Superoxide dismutase (T-SOD) is also an important member of the biological antioxidant enzyme system and can catalyze the disproportionation of superoxide anion radicals to produce oxygen and hydrogen peroxide, while playing a vital role in the oxidation and antioxidant balance of the body (55). Figures 4D–F shows the effects of KEP on CAT, GSH-Px, and T-SOD in the oxidative stress system of diabetic mice. Compared with the normal control group, the activities of CAT, GSH-Px, and T-SOD in the model control group were significantly decreased, indicating that STZ-induced destruction of pancreatic islet β cells also damaged the antioxidant system of the mice. The low activity of the oxidative stress-related enzymes corresponded to serious oxidative damage in the body. The activities of CAT, GSH-Px, and T-SOD in the KEP groups increased with varying degrees, suggesting that KEP, like positive drugs, could enhance the antioxidant system enzyme activity. However, the polysaccharide group presented significantly lower CAT activity than the normal control group, and there was no significant difference with the positive control group, indicating that KEP can only partially promote CAT activity. The order of the activity of GSH-Px was polysaccharide group > normal control group > positive control group, indicating the potential of KEP for promoting the activity of GSH-Px, while the order of activity for T-SOD enzyme was normal control group > high dose group > positive control group > low dose group. However, there was no significant difference among the four groups in T-SOD enzyme activity, indicating that KEP can significantly improve T-SOD enzyme activity in normal mice. Generally, long-term hyperglycemia and hyperlipidemia environment in diabetics can lead to the generation of a large amount of reactive oxygen species that can keep the body in a state of oxidative stress. The oxidative stress state and the blood lipid state of hyperglycemia can affect each other and form a vicious circle (56). Therefore, KEP can be used as an effective antioxidant to intervene the oxidative stress caused by hyperglycemia, inhibit lipid peroxidation, scavenge free radicals and improve antioxidant capacity. This breaks the vicious cycle and improves blood glucose regulation.




Conclusion

Kaempferia elegans polysaccharide is mainly composed of glucose, rhamnose, arabinose, and galactose. It has certain DPPH and ABTS free radical scavenging ability and good α-glucosidase inhibiting ability. The animal experiment results indicate that KEP was effective in improving the persistent increase in fasting glucose in diabetic mice, without side effects on the body weight. The organ indexes showed that the liver, kidney, and pancreas of STZ-induced diabetic mice were damaged to a certain extent, while KEP showed a potential repairing effect on the organs. The possible mechanisms of KEP for improving blood glucose in diabetic mice were observed from three aspects:


(1)Blood glucose regulation by increasing GCK and C-P content, reducing G6Pase, improving the content of key enzymes in glucose metabolism, promoting the consumption of blood glucose during glycolysis, inhibiting the production of endogenous glucose in gluconeogenesis and promoting the production of insulin.

(2)Preventing further deterioration of hyperlipidemia diabetes by reducing TG, TC, LDL-c content, increasing HDL-c content, and regulating blood lipid indicators to normal levels.

(3)Improving antioxidant defense system in the body for achieving hypoglycemic effect through good free radical scavenging ability and improving the activities of CAT, GAH-Px, and T-SOD.



Insights into the accurate mechanisms behind the glucose regulatory function of KEP will be required in the future, to illustrate the potential of KEP as a treatment agent for diabetes.
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Regular consumption of low-glycemic index (GI) foods is a common strategy for type 2 diabetes patients. To evaluate the potential application of adzuki beans in low-GI foods, the phenolic profile and alpha-amylase inhibitor (α-AI) activity of four varieties of adzuki beans (G24, Te Xiao Li No. 1, Gui Nong No. 1, and Qian Xiao Hei) were determined. The starch digestibility properties and in vitro glycemic index (IVGI) of these beans were also evaluated using the in vitro digestion model coupled with 3,5-dinitrosalicylic acid colorimetry. The results indicated that these adzuki beans, containing numerous phenolics, showed inhibitory activities to alpha-amylase with the α-AI activities between 1.760 ± 0.044 and 3.411 ± 0.186 U/g. The resistant starch (RS) contributed predominantly to the total starch with proportions between (69.78 ± 2.45%) and (81.03 ± 0.06%); Te Xiao Li No. 1 was the highest compared with the other varieties. The adzuki beans were categorized into low- or medium-GI foods, and the IVGI ranged from (39.00 ± 0.36) to (56.76 ± 4.21). These results suggested that adzuki beans can be used as a component of low-GI foods.
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GRAPHICAL ABSTRACT.




1 Introduction

Adzuki beans (Vigna angularis) are common legumes appearing in red, white, black, and green colors (1, 2). China is the largest cultivator and distributes these beans to Japan, Korea, the Philippines, and Malaysia (3). Owing to their delicious taste, these beans are widely used as ingredients in desserts and served at various celebrations, and processed adzuki beans are used more excessively compared with their raw counterpart (4). Adzuki beans contain an abundance of resistant starch (RS), which provides health benefits to type 2 diabetes patients (5, 6), and the RS contributes approximately 50% to the total starch (TS) in beans (7). RS presents resistance to gut digestive enzymes, and is fermented by anaerobic intestinal microbiota in the colon, producing short-chain fatty acids, which offer beneficial effects on type 2 diabetes (8). In addition, adzuki beans are an abundant source of phenolics, and gallic acid, p-hydroxybenzoic acid, ferulic acid, and catechin have been identified in beans (9, 10). These may inhibit the activities of α-amylase and α-glucosidase, frustrating the degradation of polysaccharides into oligosaccharides and monosaccharides (11–13). The α-AI is another dominant component which also inhibits the activities of alpha-amylase (14). Previous studies showed that beans containing functional components presented a lower glycemic index (GI), of which the bean containing total phenolics (61.50 ± 2.12 g/100 g) presented a GI of 55.23 (15), and the bean with RS proportion at 55.60% presented the GI at 60.0 (16), another study indicated that kidney beans classifying in low GI item contained abundant phenolics and RS, which also presented inhibitory activities to alpha-amylase with the specific activity range at 1.65 ± 0.05–4.16 ± 0.04 U/g (17).

Type 2 diabetes is one of the common chronic diseases, which is caused by a disorder of the human pancreas (β-cells). In normal human pancreatic β-cells, pancreatic insulin is stimulated by incretins, such as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP), which are responsible for glucose homeostasis (18). Previous studies have shown that adzuki beans are low-GI foods, which positively affects insulin sensitivity and resistance (19–21). In addition, an epidemiological study revealed that regular consumption of common beans can reduce the risk of type 2 diabetes (22). GI is defined as the response of blood sugar after consumption of foods that contain a definite quantity of carbohydrates compared with a reference food (white bread or glucose) (23, 24). Diets with elevated GIs are associated with a high risk of cancer (25), type 2 diabetes (26), and heart disease (27, 28).

Adzuki bean is a staple crop in Bijie city of Guizhou province, where the typical geography conditions are hilly topographic and changeable climate which induce the production of endogenous phytochemicals (29), and the adzuki beans were adopted as food supplements for hyperglycemic patients in the local area, the excellent varieties with a higher yield were selected for the functional evaluation, in which the phenolic profiles were determined using high-performance liquid chromatography (HPLC), the starch digestibility and inhibitory activities to the α-amylase were also determined, the potential GI was evaluated using in vitro digestion model, and the contribution of endogenous components to low-GI was also discussed. All of these results provide the fundamentals for the mechanism revealing that adzuki beans regulate the blood glucose content.



2 Materials and methods


2.1 Sample preparation

The four varieties of adzuki beans, namely G24, Te Xiao Li No. 1, Gui Nong No. 1, and Qian Xiao Hei (Figure 1), planted at the breeding base (27.32°N, 105.29°E, 1,640 m altitude), were supplied by He You Xun, Bijie Institute of Agricultural Science, Guizhou Province, China. In the growth cycle, the average temperature was 19°C, the precipitation was approximately 780.6 mm, and the sunshine duration was 667 h. The adzuki beans were ground into flour using a universal high-speed smashing machine (Dongguan Xinmeihua Electromechanical Equipment Co., Ltd., Dongguan City, P. R. China), and then screened using a 40-mesh sieve; the flours were stored at –20°C for further analysis.
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FIGURE 1
Four varieties of adzuki beans (G24, Te Xiao Li No. 1, Gui Nong No. 1 and Qian Xiao Hei).




2.2 Chemicals

Folin-Ciocalteu’s phenol reagent, pepsin (source: gastric mucosa of a pig), and gallic acid were purchased from Sigma-Aldrich Ltd. (St. Louis, MO, USA). 3, 5-Dinitrosalicylic acid (DNS) was purchased from Sinopharm Chemical Reagent Co., Ltd. Acetone and hydrochloric acid (36–38%) were purchased from Chongqing Chuandong Chemical Group Co., Ltd. (Chongqing, P. R. China). Sodium hydroxide was purchased from Chengdu Jinshan Chemical Reagent Co., Ltd. (Chengdu, P. R. China). Deionized water was purchased from Watsons Water Co., Ltd. (Guangzhou, P. R. China). HPLC grade acetonitrile and acetate were purchased from Aladdin company (Shanghai, P. R. China). Sodium carbonate was purchased from Yongda Chemical Reagent Co., Ltd. (Tianjin, P. R. China). Aluminum chloride hexahydrate was purchased from Kemio Chemical Co., Ltd. (Tianjin, P. R. China). Rutin, 2, 3, 4-trihydroxybenzoic acid, catechin, chlorogenic acid, p-hydroxybenzoic acid, and ferulic acid were purchased from Macklin Bioch. Co., Ltd (Shanghai, P. R. China). Alpha-amylase enzyme (type: pancreatic, source: Bacillus) was purchased from Solarbio Science & Tech. Co., Ltd. (Beijing, P. R. China). Hexane, ethyl acetate, acetic acid, petroleum ether, and methanol were purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, P. R. China).



2.3 Extraction of phenolics

Phenolic extracts were obtained using the method described by Adom and Liu (30) and De La Parra et al. (31). In brief, 4 g of whole adzuki beans powder was homogenized in 15 ml of chilled acetone (80%, v/v) for 15 min. These mixtures were centrifuged (CenLee16R, Hunan Cenlee Scientific Instrument Co., Ltd., Hunan, China) at 8,000 × g for 5 min to collect the supernatants. The residues were again subjected to phenolic extraction twice following the procedures mentioned above, and the collected supernatants were evaporated at 45°C using a rotary evaporator (Shanghai Yarong Biochemical Instrument Factory) and eventually reconstituted to 10 ml with deionized water. The phenolic extracts were stored at –20°C for further analysis, and the phenolic extraction was performed in triplicate.



2.4 Determination of total phenolics

Total phenolics (TP) were determined using the method described by De La Parra et al. (31). A volume of 100 μl of gallic acid standard and adzuki bean extracts were mixed with 400 μl deionized water and 100 μl of Folin-Ciocalteu phenol reagent. The mixtures were kept at room temperature for 6 min, and subsequently mixed with 1 ml of 7% Na2CO3 solution and 0.8 ml of deionized water. After 90 min of reaction in the dark, 200 μl of the reaction mixtures were pipetted into a 96-well microplate reader (SPECTRAMAX 190, Molecular Devices, Silicon Valley, USA) and determined at 760 nm, and the standard curves were plotted from the absorbances and concentrations of the gallic acid standards. The TP was calculated from the standard curve and expressed as mg gallic acid equivalents (GAE)/100 g DW.



2.5 Determination of total flavonoids

The total flavonoids (TF) were estimated using the methods described by Zhishen et al. (32) and Bakar et al. (33). Five hundred microliters of adzuki bean extracts or rutin standard was allowed to react with 2.25 ml of deionized water and 0.15 ml of 5% NaNO2 for 6 min; the mixtures were continuously reacted with 0.3 ml of 10% AlCl3.6H2O for 5 min. Afterward, 1 ml of 1 mol/L NaOH was vigorously mixed with the mixtures to terminate the reactions. After 15 min of reaction, 200 μl of the mixtures was pipetted into a 96-well microplate reader and determined at 510 nm. The standard curve was plotted from the absorbance and concentration of the rutin standards, and the TF was calculated from the standard curve and expressed as mg rutin equivalents (RE)/100 g DW.



2.6 Profile of phenolic compounds

The profile of the phenolic compounds of the adzuki beans was determined using HPLC (34, 35). The adzuki bean extracts were directly passed through a 0.45-μm filter film, and then the filtered extracts (20 μl) were injected into a 1260 HPLC device (1260 Infinity, Agilent Technologies, Santa Clara, CA, USA) equipped with a C-18 chromatography column (30°C) (Agilent ZORBBAX 250 mm × 4.6 mm, 5 μm). Acetonitrile (A) and 1% acetic acid (B) solutions were obtained using the gradient elution program: 0–5 min, 5–15% A; 5–35 min, 15–35% A; 35–40 min, 35–45% A; 40–50 min, 45–5% A, with a flow rate of 1 ml/min. These individual phenolic compounds were detected using an ultraviolet absorption detector at 280 nm. The individual phenolic compounds were identified and quantified according to the retention time and calibration curve of the corresponding standards. The individual phenolic compound contents were expressed as mg phenolics/100 g DW.



2.7 Determination of α-AI activity

Four grams of adzuki beans powder was adequately mixed with 20 ml of deionized water at 25°C for 1 h. Next, the mixtures were centrifuged (8,000 × g, 4°C) for 30 min to collect the water extracts, and then the volume was recomposed to 20 ml. The above process was performed in triplicate (23).

The α-AI specific activity was determined using the method described by Yang et al. (14), with minor modifications. First, the water extracts were appropriately diluted to keep the α-amylase inhibition rate (IR) under 50%. Second, 0.25 ml of diluted water extracts were adequately mixed with 0.25 ml of α-amylase solution (1 U/ml) and 0.5 ml of PBS (pH 6.9) in a water bath (37°C) for 10 min, and then a 5-min reaction was allowed after the addition of 0.5 ml of 1% (w/v) aqueous starch solution to the mixtures. Eventually, the mixtures were mixed with 1 ml DNS solution and subsequently heated in a boiling water bath for 10 min. After cooling to room temperature, the volume of the mixtures was reconstituted to 20 ml with deionized water and measured at 540 nm using a spectrophotometer instrument (L5S, Shanghai Yidian Analytical Instrument Co. Ltd., Shanghai, China).

The trial groups were estimated as (1) blank tube (no addition of water extracts), (2) blank control tube (addition of neither α-amylase solution nor water extracts), and (3) inhibition control tube (no addition of α-amylase solution). PBS was used to make up for the deficiency.

The inhibition rate of the α-AI in adzuki beans to α-amylase was calculated using formula (1):
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Where A1, A2, A3, and A4 are the absorbances of the blank tube, blank control tube, inhibition tube, and inhibitory control tube at 540 nm wavelength, respectively. The amount of α-amylase that catalyzes the formation of 1 mol glucose/min at 37°C and pH 6.9 was defined as an activity unit (U). The amount of α-AI that catalyzes the inhibition of 1 mol glucose formation per min in an α-amylase catalytic starch hydrolysis reaction at 37°C and pH 6.9 was defined as an activity unit (U), while the α-AI specific activity (U/g) is defined as the α-AI activity unit in 1 g of adzuki bean, and was calculated using formula (2):
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Where “1” represents the activity of α-amylase solution (U/ml), “n” is the water extract dilution times, “V” is the total volume of water extract (ml), and “m” is the mass of the adzuki beans powder (g).



2.8 Determination of total starch

The TS of adzuki beans was estimated by referring to the National Food Safety Standards of China GB 5009.9 (36). Adzuki bean powder was first processed in fat to remove sugar, and then it underwent continuous processes, such as gelatinization, saccharification, acid hydrolysis, and neutralization, to obtain the mixtures adopted for TS determination using the alkaline copper tartrate solution titration method.



2.9 In vitro digestion and glucose content determination

In brief, an aliquot of bean powder comprising 50 mg of starch was mixed with 2 ml of deionized water, and then the mixture was heated for 10 min in a boiling water bath. In addition, 10 ml of HCl-KCl buffer (0.1 mol/L, pH 1.5) and 0.2 ml pepsin solution (1 mg/ml, dissolved in 0.1 mol/L of HCl-KCl buffer) were sequentially added to the gelatinized mixture, which was then agitated for 60 min in a water bath at 40°C. Furthermore, 15 ml of PBS (pH 6.9) and 5 ml of α-amylase solution (2.6 U/ml) (pH 6.9) were sequentially added to the mixture, which was then agitated for 180 min in a water bath at 37°C, and aliquots of the digested mixture (1 ml) were collected at intervals of 30 min (0, 30, 60, 90, 120, 150, and 180 min) for GI determination. The white bread was subjected to the above processes except for the gelatinization process (37). The other aliquots of the digested mixture (1 ml) were collected for 0, 20, and 120 min to determine the digestive properties of the starch (38). The adzuki beans were processed in triplicate. These mixtures were instantly heated to denature the α-amylase activity; eventually, the collected digestion mixtures were sequentially cooled and centrifuged (4°C, 8,000 × g, 10 min) before glucose content determination. The DNS colorimetry method was adopted to determine glucose content. The aliquots of the digestion mixture were equivalently mixed with DNS (200 μl). In addition, the mixtures were sequentially processed by heating in boiled water for 6 min and cooling in running water to room temperature before recomposing the volume to 2 ml using deionized water. The absorbances of the reacted mixtures were measured using a spectrophotometer at 540 nm.



2.10 Calculation of starch digestibility properties

The slowly digestible starch (SDS), rapidly digestible starch (RDS), and RS contents were calculated using formula (3), formula (4), and formula (5) (38, 39).
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Where C0 represents the initial glucose concentration (mg/ml) before the enzymatic hydrolysis reaction, “C20” and “C120” represent the glucose concentration (mg/ml) released within 20 and 120 min, respectively, “V” refers to the initial volume of the enzymatic hydrolysis, “0.9” is the conversion factor of glucose to starch, and “50” represents the starch content (mg) in the measured sample.



2.11 Calculation of the in vitro glycemic index

The IVGI of adzuki beans was computed as described in previous studies (23, 37). The starch hydrolysis curves were plotted, and the enzymatic hydrolysis time and starch hydrolysis rate were designated as the abscissa and ordinate, respectively.

The starch hydrolysis rate (SR%) was calculated using formula (6):
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“Ct” represents the glucose concentration at a time “t” (mg/ml), “C0” represents the glucose concentration at a time “0” (mg/ml), “32.2” represents the initial volume of the enzymatic hydrolysis reaction system (ml), “0.9” is the conversion factor of glucose to starch, and “50” represents the amount of starch in adzuki bean powder.

Formula (7) was used to calculate the enzymatic hydrolysis kinetic constant (k) and the infinite glucose content (C∞) (mg/ml).
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The area under the hydrolysis curve (AUC) was delineated using formula (8).
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Where “tf” and “t0” represent the last time point (180 min) and the initial time point (0 min) of the enzymatic hydrolysis reaction, respectively.

The IVGI was computed using formula (9).

[image: image]

The calcHI-starch hydrolysis index indicates the AUC sample/AUC white bread standard.



2.12 Statistical analysis

The values were expressed as means ± standard deviation (n = 3) and tested using the IBM SPSS (one-way ANOVA plus post-hoc Tukey’s b test) software (IBM, NY, USA). P-values less than 0.05 indicated a significant difference.




3 Results


3.1 Total phenolics, total flavonoids, and phenolic profile

The TP and TF of adzuki beans are shown in Table 1. The TP ranges from (137.11 ± 4.81) to (154.90 ± 4.45) mg GAE/100 g DW; Te Xiao Li No. 1 has the highest TP content, followed by Qian Xiao Hei, G24, and Gui Nong No. 1. The TF ranges from (279.78 ± 2.54) to (602.00 ± 10.23) mg RE/100 g DW; G24 has the highest TF content. In addition, gallic acid, 2, 3, 4-trihydroxybenzoic acid, chlorogenic acid, catechin, rutin, and p-hydroxybenzoic acid were identified in adzuki beans, as shown in Table 2 and Figure 2. The 2, 3, 4-trihydroxybenzoic acid, chlorogenic acid, and p-hydroxybenzoic acid contents range from (1.19 ± 0.13) to (7.46 ± 0.75) mg/100 g DW, (3.94 ± 0.27) to (7.15 ± 1.08) mg/100 g DW, and (5.96 ± 0.59) to (7.54 ± 0.16) mg/100 g DW, respectively. The catechin and rutin contents range from (12.63 ± 1.38) to (23.05 ± 1.60) mg/100 g DW and (2.41 ± 0.19) to (16.31 ± 2.09) mg/100 g DW, respectively. In Te Xiao Li No. 1, the rutin and catechin contents are dominant with 16.31 ± 2.09 and 23.05 ± 1.60 mg/100 g DW, respectively.


TABLE 1    Total phenolics (mg GAE/100 g DW), total flavonoids (mg RE/100 g DW), and moisture contents (%) of adzuki beans.
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TABLE 2    Phenolic compound profiles (mg/100 g DW) of adzuki beans.
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FIGURE 2
High-performance liquid chromatography (HPLC) chromatogram of individual phenolic compounds in adzuki beans. 1, gallic acid; 2, 2, 3, 4-trihydroxybenzoic acid; 3, chlorogenic acid; 4, catechin; 5, rutin and 6, p-hydroxybenzoic acid.




3.2 α-AI specific activity

The α-AI specific activity indicates the inhibitory efficiency of α-AI to α-amylase in the starch hydrolysis reaction. The α-AI specific activities of adzuki beans range from (1.76 ± 0.04) to (3.41 ± 0.18) U/g. G24 shows the highest activity and Te Xiao Li No. 1 and Gui Nong No. 1 show minor fluctuations; both are ranked intermediate, while Qian Xiao Hei shows the lowest α-AI specific activity (Figure 3).
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FIGURE 3
The α-AI specific activities of adzuki beans. Bars with no same letters indicate significant differences at the level of p < 0.05.




3.3 Starch digestibility properties

The starch digestibility properties can be categorized using the digestive process in which the RDS can be digested in 0–20 min, the SDS can be digested in 20–120 min, and the RS cannot be digested after 120 min (39). In adzuki beans, the proportions of RS to TS range from (69.78 ± 2.45%) to (81.03 ± 0.06%); Te Xiao Li No. 1 has the highest proportion of RS to TS, followed by Gui Nong No. 1, Qian Xiao Hei, and G24. The proportions of SDS to TS are between (11.02 ± 1.58%) and (15.57 ± 0.17%), and the proportions of RDS to TS are between (3.38 ± 0.12%) and (18.62 ± 1.81%) (Table 3).


TABLE 3    The in vitro starch digestibility of adzuki beans.
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3.4 In vitro glycemic index

The SR was determined using the in vitro digestion model coupled with DNS colorimetry, which was used to plot the starch hydrolysis curves (Figures 4A–D). Using the curves, the enzymatic hydrolysis kinetic constant (k) and the infinite glucose content (C∞) were obtained, and both were eventually used to calculate the GI; the parameters and IVGI are presented in Table 4. The SR of adzuki beans at 180 min ranges from (17.02 ± 0.33%) to (26.60 ± 1.81%). Qian Xiao Hei, Gui Nong No. 1, and Te Xiao Li No. 1 present a low SR in the whole hydrolysis period. The IVGI of adzuki beans ranges from (39.00 ± 0.36) to (56.76 ± 4.21), and Te Xiao Li No. 1 presents the lowest IVGI.
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FIGURE 4
Dynamic changes of starch hydrolysis rate of adzuki beans. Panel (A) exhibits the starch hydrolysis curves of G24 and white bread, panel (B) exhibits the starch hydrolysis curves of Te Xiao Li No. 1 and white bread, panel (C) exhibits the starch hydrolysis curves of Gui Nong No. 1 and white bread, and panel (D) exhibits the starch hydrolysis curves of Qian Xiao Hei and white bread. Bars in the same curves with no same letters indicate significant differences at the level of p < 0.05.



TABLE 4    In vitro glycemic index and involved parameters of adzuki beans.
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4 Discussion

Abundant phenolics were identified in the seed coats of beans, and intrinsic anthocyanins exist in colored beans (40, 41). Phenolic acids and flavonoids are the dominant subclasses of phenolic compounds; phenolic acids can be divided into two major categories, namely hydroxybenzoic acids and hydroxycinnamic acids (42). Flavonoids are polyphenolic-secondary metabolites containing a 15-carbon atom structure in which phenyl rings (A and B) are coupled with a heterocyclic ring (C) (43). Phenolic acids and flavonoids are the dominant phenolics in plant-based foods, and flavonoids existing in free and glycosidic forms are the most common type in plants (40). In the present study, the TP of adzuki beans was higher than that of red and black beans in a previous study (44). In the present study, the TP of adzuki beans was lower than their counterpart reported by previous studies (45, 46), while the TP of common beans (0.72–1.04 mg GAE/g) reported by a previous study (47) was lower than that reported by the present study. The TP and TF of various adzuki beans ranged from (2.11 ± 0.01) to (2.75 ± 0.04) GAE/g of DW and (59.17 ± 2.06) to (70.41 ± 1.32) RE/g of DW, respectively (48), which were higher than those of the present study. In addition, the TF of G24 was higher than that of green beans (49). Previous studies have suggested that the consumption of beans can provide numerous health benefits to humans, such as lowering the risks of cardiovascular disease, obesity, type 2 diabetes, and different types of malignant growths (50, 51). Thus, beans also possesses inhibitory activities to α-amylase and α-glucosidase (52, 53), which are positively associated with type 2 diabetes.

The 2, 3, 4-trihydroxybenzoic acid and chlorogenic acid contents of Te Xiao Li No. 1 were higher than those of legumes as reported by a previous study, in which gallic acid was the dominant phenolic with the contents between (0.39 ± 0.00) and (479.26 ± 10.40) μg/g (45), whereas the gallic acid content of Te Xiao Li No. 1 and Qian Xiao Hei was 0.71 ± 0.03 and 0.73 ± 0.04 mg/100 g DW, respectively. Moreover, gallic acid was not detected in a previous study (46). The variations may be attributed to the differences in varieties, genomics, geographical, and environmental conditions (54, 55). Previous studies have suggested that gallic acid, chlorogenic acid, p-hydroxybenzoic acid, and caffeic acid in beans have positive influences on type 2 diabetes (56, 57). In the present study, Te Xiao Li No. 1 presented the highest catechin and rutin contents; a previous study suggested that catechin in dietary beans presented an inhibitory response toward fungal amylase (58). Furthermore, catechin showed inhibitory activities to α-amylase, lipase, and α-glucosidase, which is directly linked with blood sugar content (10, 59, 60).

Alpha-amylase is the key enzyme that hydrolyzes carbohydrates to disaccharides and oligosaccharides in the gastrointestinal tract, both of which are further degraded into monosaccharides or simple sugars by α-glucosidase, resulting in an increased level of postprandial glucose (61). α-AI (α-AI-1, α-AI-2, α-AI-3, and α-AI-L) is a functional component of beans, which presents anti-hyperglycemic activities. The most common isoforms of α-AIs isolated from beans are α-AI-1, α-AI-2, and α-AI-L (62–66). α-AI is a glycoprotein containing active inhibitory subunits, which are named α- and β-chains; the α-chain lacks tryptophan and the β-chain lacks methionine, while cysteine is absent in both of them (67, 68). Previous studies have suggested that phenolics also show inhibitory activity to α-amylase (15, 69), which indicates that the α-AI specific activity of adzuki beans may be attributed to glycoprotein and phenolics. A previous study indicated that the water extract of adzuki beans presents an α-AI activity to α-amylases and α-glucosidases, providing health benefits to type 2 diabetes patients (70). Alpha-amylase contains an active site for digesting starch, which is completely blocked by α-AI (62); the quantity of the inhibitor that colonizes the active site should be defined. A certain amount of sample is required to maintain the inhibition rate of enzymes (71).

Alpha-D-glucopyranosyl linked with α-D- (1–4) or α-D- (1–6) linkages are the basic units of starches, which are composed of amylose and amylopectin (72, 73). Previous studies have shown that the abundant RS in legumes is associated with postprandial blood glucose content, contributing to a positive effect on type 2 diabetes (74, 75). In the present study, the proportions of RS to TS in adzuki beans ranged from (69.78 ± 2.45%) to (81.03 ± 0.06%), which was higher than the results reported by previous studies (38, 76, 77). RS can hardly be digested in the stomach and small intestine (8), and it is eventually fermented by gut microbiota (78), producing short-chain fatty acids in the colon, which impose positive effects on type 2 diabetes (21, 79).

GI indicates the sugar level in the blood after the consumption of certain foods, and can be classified into three categories, namely low GI (<55), medium GI (56–69), and high GI (70–100) (80). In the present study, adzuki beans can be classified as low- or medium-GI foods and the IVGI ranges from (39.00 ± 0.36) to (56.76 ± 4.21); Te Xiao Li No. 1 presented the lowest IVGI, and the IVGI of adzuki beans in ascending order is Qian Xiao Hei < Gui Nong No. 1 < G24. The GIs of these adzuki beans were lower than those of whole beans (81), mung beans (82), and adzuki beans (83). Previous studies have suggested that phenolics impose positive effects on postprandial blood glucose levels in aspects of inhibiting amylase activities, decreasing glucose absorption, and stimulating insulin secretion. Furthermore, phenolics may also reduce the glucose content by suppressing glucose release in the liver, which is regulated by the intracellular signal pathway (84). The IVGIs of these adzuki beans may be due to the whole effects of endogenous functional components. Phenolics, α-amylase inhibitors, and RS are the dominant contributors to the delays in blood sugar responses after the consumption of adzuki beans. In addition, the IVGI of Qian Xiao Hei (black-colored) was comparable with Te Xiao Li No. 1 (red-colored); however, the phenolic profile, α-AI specific activity, and RS proportion of Qian Xiao Hei were not close to those of Te Xiao Li No. 1. This finding indicates that Qian Xiao Hei may contain some unidentified endogenous components, which may contribute to low GI.



5 Conclusion

In the present study, adzuki beans contain numerous phenolics, including gallic acid, 2, 3, 4-trihydroxybenzoic acid, chlorogenic acid, catechin, rutin, and p-hydroxybenzoic acid; of which catechin is the dominant phenolic compound in Te Xiao Li No. 1 and G24 varieties. The TP of Te Xiao Li No. 1 is higher than that of the other varieties, and the TF of G24 is higher than that of the other varieties. In addition, α-amylase inhibitors and RS are also present in adzuki beans. These adzuki beans are classified as low- or medium-GI foods, which may be caused by the whole effects of endogenous functional components. Phenolics, α-amylase inhibitors, and RS are the dominant contributors to the delays in starch digestion. These results indicate that these adzuki beans can be used as components of low-GI foods.
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In order to demonstrate the effects of isorhamnetin (IH) on the symptoms of type 2 diabetes mellitus (T2DM) and the role of gut microbiota in this process, an T2DM mouse model was established via a high-fat diet and streptozotocin. After 6 weeks of IH intervention and diabetes phenotype monitoring, the mice were dissected. We detected blood indicators and visceral pathology. Contents of the cecum were collected for 16S rRNA sequencing and short chain fatty acid (SCFAs) detection. The results showed that after IH intervention, the body weight of type 2 diabetic mice was gradually stabilized, fasting blood glucose was significantly decreased, and food intake was reduced (P < 0.05). Isorhamnetin significantly increased the level of SCFAs and decreased the levels of blood lipids and inflammatory factors in mice (P < 0.05). 16S rRNA sequencing results showed that Lactobacillus were significantly decreased and Bacteroidales S24-7 group_norank were significantly increased (P < 0.05). Interestingly, gut microbiota was significantly correlated with inflammatory factors, blood lipids, and SCFAs (P < 0.05). Taken together, our data demonstrated that isorhamnetin could improve the diabetic effects in T2DM mice, which might be mediated by gut microbiota.

KEYWORDS
isorhamnetin, type 2 diabetes, fasting blood glucose, gut microbiota, lipid metabolism


1 Introduction

Type 2 diabetes mellitus (T2DM) is among the most common metabolic disorders and is mainly caused by defective insulin secretion by pancreatic β-cells and a loss of insulin sensitivity in target tissues (1). Nearly half a billion people are living with diabetes across the globe, and this number is predicted to reach 454 million (8.0%) by 2030 and 548 million (8.6%) by 2045 (2). Patients with T2DM are at an increased risk of developing various complications, such as cardiovascular disease, diabetic retinopathy, renal insufficiency, and leg ulcers, which have a major negative impact on their quality of life (3). Studies have shown that metabolic diseases, such as obesity and T2DM, are associated with chronic low-grade inflammation within adipose tissue, which eventually leads to adipose tissue dysfunction and an imbalance in systemic energy metabolism (4). Moreover, the gut microbiota are intricately implicated in the chronic low-grade inflammatory response, and barrier dysfunction is correlated with obesity, diabetes, and metabolic syndrome, exacerbating inflammation, which in turn leads to further barrier damage (5). Bidirectional regulation occurs between the gut microbiota and metabolic diseases, with microbiota-derived lipopolysaccharide causing low-grade inflammation, abnormalities in glycolipid metabolism, and subsequent development of metabolic syndrome (6). Of the 380 million patients with diabetes worldwide, about 120 million use metformin, which is among the most popular oral hypoglycemic agents and first-line treatment against T2DM (7, 8). However, it is inevitably linked to adverse side effects (9). Hence, there is an incentive to develop natural compounds for the prevention and treatment of diabetes without side effects.

As important secondary metabolites in plants, flavonoid compounds have a positive impact on human and animal health, preventing chronic disease and having significant anti-inflammatory as well as antioxidant activity (10). They can inhibit the expression of pro-inflammatory factors and hence, are considered natural inhibitors of inflammation (11). Isorhamnetin (IH) is a flavonoid predominantly found in sea buckthorn and ginkgo fruits, with a variety of pharmacological effects, including anti-inflammatory, anti-tumor, antioxidant, antibacterial, and antiviral effects (12). In addition, IH exerts protective effects against cardiovascular diseases (13) and a variety of tumors (14), and has potential preventive effects in neurodegenerative diseases, such as Alzheimer’s disease (15). Cactus extracts rich in IH glycosides were suggested to prevent the development of dietary-induced obesity-related metabolic abnormalities (16).

Several studies have used rodent models to study the anti-diabetic effects of IH. Matboli et al. found that treatment with IH at three different doses showed a significant decrease in m-TOR, IGF1-R, and LncRNA-RP11-773H22.4 and up-regulated the expression of Akt2 mRNA, miR-1, and miR-3163 in adipose tissue (17). IH can also inhibit the signaling activity of NF-κB, reduce the production of inflammatory mediators, reduce oxidative stress in diabetic rats, and improve the kidney injury caused by diabetes (18). Another study found that IH promotes glucose uptake and may have the beneficial function of maintaining glucose homeostasis by preventing hyperglycemia at physiological concentrations. However, the effect of IH on gut microbiota remains elusive. Hence, we aimed to determine the impact of IH on fasting blood glucose levels, body weight, water intake, food intake, serum lipid profile, and inflammation in mouse models of T2DM, in addition to changes in short-chain fatty acids and gut microbiota structure. Based on the above results, we also analyzed the correlation between gut microbiota and host metabolism.



2 Materials and methods


2.1 Experimental animals and treatments

Thirty-six healthy, male C57BL/6J mice (3 weeks old, specific-pathogen-free) were purchased from Shanghai SLAC Laboratory Animal, Co., Ltd. [License No.: SCXK (Shanghai) 2017-0005]. Animal experiments were carried out in the Laboratory Animal Center of Zhejiang Academy of Agricultural Sciences [Animal Experimentation License No.: SYXK (Zhejiang) 2020-0022]. The study was approved by the Zhejiang Ethics Committee for Animal Experiments (ethics approval number: 2021ZAASLA50). All experimental animals were given 7 days to adapt to the animal room conditions and were then randomly divided into the control NC group (6 mice) and the T2DM group. The NC group consisted of 6 C57BL/6J mice fed a general maintenance diet throughout the entire study period. The T2DM group (30 mice) mice were fed a custom high-fat, high-sugar diet (composition: 60% fat, 20% carbohydrate, 20% protein, diet type: D12492, supplied by Jiangsu Xietong Medical Biological Engineering Co., Ltd. China). Both the NC and T2DM groups were given purified water. After 6 weeks, the T2DM group mice received an intraperitoneal injection of streptozotocin solution (80 mg/kg in 0.1 M sodium citrate buffer, pH 4.2–4.5) daily, for 2 days (19). The NC group mice received injections of 0.1 M sodium citrate buffer. After 5 days, the FBG levels were measured following a 12-h fast. The diabetes mouse model was considered successfully established when the fasting blood glucose level was ≥11.1 mmol/L. These T2DM mice were switched to a Co60-irradiated maintenance diet until the end of the experiment. The T2DM mice were randomly divided (6 mice per group) into the T2DM group, metformin treatment positive control group (100 mg/kg administered by gavage, PC), IH low dosage group (75 mg/kg administered intragastrically, IH75), IH medium dosage group (150 mg/kg, IH150), and IH high dosage group (300 mg/kg, IH300).



2.2 Measurement of blood glucose level, body weight, and water and food intakes

After 12 h of fasting, body weight and FBG levels were measured at a fixed time each week. FBG levels were determined by tail blood sampling as required by the glucose meter and glucose test strip (20). Food intake and water intake for the week were measured at 9 p.m. the day before the fast.



2.3 Lipid profiling

Triglyceride (TG) levels, cholesterol (CHO) content, high density lipoprotein cholesterol (HDL-C) content, and low-density lipoprotein cholesterol (LDL-C) content were determined using the GPO-PAP/endpoint method, CHOD-PAP/endpoint method, direct method-selective inhibition method-endpoint method, and the direct method-surfactant removal method-endpoint method, respectively (21).



2.4 Measurement of serum IL-1β levels

Serum IL-1β concentrations were quantitatively determined via enzyme-linked immunosorbent assay. Whole blood samples were stored at room temperature for 2 h, then centrifuged at 2400 rpm for 15 min at 4°C, and the supernatants were collected. The IL-1β concentrations were measured using the elisa kit (Wuhan Saipei Biotechnology Co., Ltd., China) according to the manufacturer’s instructions.



2.5 Measurement of liver and kidney weight indices

After the mice were dissected, the liver and kidney tissues were weighed. The ratio of liver and kidney weight to body weight was calculated to obtain the liver and kidney indices.



2.6 Histopathological hematoxylin and eosin (H&E) staining

Mice received intragastric administration of IH for 6 weeks and were then dissected after anesthesia with isoflurane. The collected blood samples were centrifuged at 2400 rpm for 10 min at 4°C, and serum was obtained for further testing. Collected livers and kidneys were immersed in 4% paraformaldehyde tissue fixative, embedded in paraffin, and were sectioned using an RM2016 pathological (Hangzhou Servicebio Technology Co., Ltd. China) microtome to obtain 4 μm-thick sections. The sections were deparaffinized, stained with hematoxylin and eosin, dehydrated, and mounted. Histopathological changes were observed and imaged at 200× magnification using a Nikon Eclipse E100 high-power microscope and Nikon DS-U3 imaging system.



2.7 Measurement of SCFAs

Mouse cecal contents samples were removed after dissection and stored at −80°C for future use. The cecal samples were diluted (1:10) with sterile phosphate buffered saline solution and vortexed. The mixture was then centrifuged at 6000 rpm for 6 min, and the supernatant was collected and transferred to a sterile centrifuge tube. Two hundred fifty microliters of supernatant was pipetted into another sterile container, and 50 μL crotonic acid solution was added to the supernatant at a ratio of 1:5. The mixture was then filtered through a 0.22 μm membrane, acidified, and stored at −80°C for later use. The samples were then tested using a gas chromatograph (GC-2010 Plus; Shimadzu Corporation, Kyoto, Japan) equipped with a DB-FFAP column (Agilent Technologies, Inc., Santa Clara, CA, USA).



2.8 Gut microbiota analysis

After laparotomy was performed on the mice to collect blood samples, the cecum contents was quickly cut out, immersed in liquid nitrogen for rapid freezing, and stored at −80°C for later use. 16SrRNA sequencing was performed by Mingke Biotechnology Co., Ltd. (Hangzhou, China). The amplified regions were sequenced using the Illumina HiSeq platform, and QIIME2 software was used to analyze the sequencing results. The OTUs were demarcated from the non-repeating sequences at a similarity threshold of 97% and subjected to further analysis. Representative sequences of all OTUs were matched against the Silva and RDP databases to identify species. Principal component analysis (PCA) was performed to analyze inter-sample beta diversity.



2.9 Statistical analysis

SPSS 23.0 and GraphPad Prism 8 were used for data processing and data analysis. The study data are presented as the mean ± SEM. Multiple-group comparisons were performed using one-way ANOVA and non-parametric tests. The Student-Newman-Keuls method was used for multiple comparisons between the means of each group. Correlation was determined via Pearson’s linear correlation analysis. A P-value < 0.05 was considered to statistically significance.




3 Results


3.1 Impact of IH on the body weight, fasting blood glucose (FBG) levels, and food and water intake of mice

As shown in Figure 1A and Supplementary Figure 1A, the body weight of the T2DM group mice decreased gradually (P < 0.05) until the body weight stabilized starting from the third week (P < 0.01). In weeks 5–6, the body weight of the IH75 and IH150 groups showed an increasing trend (P > 0.05).
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FIGURE 1
Effects of isorhamnetin (IH) on body weight (A), fasting blood glucose (B), food intake (C), and water intake (D) in mice. All data are expressed as mean ± standard error of the mean (SEM). N = 6, P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).


Details on the FBG levels are shown in Figure 1B. There were significant differences in FBG levels between the NC and the other groups at week 0 (P < 0.01). In the first week, all the other groups except IH75 had significant differences in FBG levels compared with the NC group (P < 0.01). In contrast, IH75 treatment delayed the early rise in blood sugar. At the second week, there was no significant differences in FBG levels between the NC, T2DM, and IH75 groups. The FBG levels of the IH150 group was significantly lower than that of the PC group (P < 0.05). In the third week, there were significant differences in FBG levels between the NC group and the other groups (P < 0.01), and significant differences between the PC group and the IH and NC groups (P < 0.0001). Relatively speaking, the IH150 treatment had better hypoglycemic effects. At the fourth week, there were significant differences in the FBG levels between the NC group and other groups (P < 0.0001). At week 5, the FBG levels of the NC group had no significant difference from that of the PC and IH150 groups, but had significant difference from that of the other groups (P < 0.01). Compared with the T2DM group, the FBG levels in the PC and IH150 groups was significantly decreased (P < 0.05). At week 6, the FBG levels of the T2DM group was significantly higher than that of the NC group (P < 0.01). The NC group had no significant difference with the PC, IH75, IH150, and IH300 groups (P > 0.05) in their FBG levels. The FBG levels in the PC group were significantly decreased compared to that of the T2DM group (P < 0.05). The FBG levels of the IH75 and IH300 groups were significantly increased compared with that of the PC group (P < 0.01), but the IH150 group had no significant difference compared with that of the PC group (P > 0.05). In general, the PC and IH150 treatments had stronger hypoglycemic effects (P < 0.05).

As shown in Figure 1C, the food intake of the other groups was significantly higher than that of the NC group (P < 0.001). The food intake of the PC and IH150 groups were significantly lower than that in T2DM group (P < 0.05).

The water intake (Figure 1D) of the other groups was significantly higher than that of the NC group (P < 0.01). The water intake of the IH75 group was significantly higher than that of the IH150 group (P < 0.0001). In general, the PC and IH75 treatments have the potential to improve the polydipsia of T2DM mice.



3.2 Impact of IH on serum indices in mice and correlation analysis

As shown in Figure 2A, the TG levels of the IH75 and IH150 groups decreased significantly compared with that of the T2DM group (P < 0.01). There are also significant differences between the IH150 and NC groups. Serum CHO levels in the IH150 and IH300 groups (Figure 2B) were significantly lower than those in T2DM mice (P < 0.05). As shown in Figure 2C, the HDL-C levels in the IH75 group were significantly higher than that in the T2DM, PC, and IH300 groups (P < 0.05). The PC, IH75, IH150, and IH300 mice had significantly lower serum LDL-C levels than those of the T2DM group (P < 0.01) (Figure 2D). In addition, the IH150 group mice had significantly lower serum IL-1β levels than their T2DM group counterparts (P < 0.05) (Figure 2E).
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FIGURE 2
Effect of IH on serum triglycerides (TG) (A), cholesterol (CHO) (B), high density lipoprotein cholesterol (HDL-C) (C), low density lipoprotein cholesterol (LDL-C) (D), and interleukin (IL)-1β (E) in mice. All data are expressed as mean ± standard error of the mean (SEM). N = 6, P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).




3.3 Impact of IH on liver and kidney weight indices and pathological changes in experimental mice


3.3.1 Liver and kidney weight indices

The liver weight indices (Figure 3A) of the other groups were significantly higher than that of the NC group (P < 0.0001). Among them, the indices of the IH75, IH150, and IH300 groups were significantly lower than that of T2DM mice (P < 0.01). The kidney weight index (Figure 3B) of all the other groups was significantly higher than that of the NC group (P < 0.001).
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FIGURE 3
Effects of IH on liver weight index (A) and kidney weight index (B) in mice. All data are expressed as mean ± standard error of the mean (SEM). N = 6, P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).




3.3.2 Pathological changes

Granular degeneration in hepatocytes, in addition to a loose, lightly stained, and granular cytoplasm were observed around the central vein and portal area as well as in the liver parenchyma of mice from the NC group. No obvious inflammatory changes were observed. These alterations were also noted in mice of the T2DM group; however, these mice also exhibited occasional lymphocyte infiltration around blood vessels (red arrows, Figure 4A). Hepatocyte ballooning, centrally located nuclei, and a vacuolated cytoplasm were observed in the hepatic tissues of mice from the IH75 group (black arrows, Figure 4A), in addition to occasional focal inflammatory cell infiltration (red arrows, Figure 4A). The same alterations were noted in mice of the IH150 and IH300 groups, with the exception of the inflammatory cell infiltration. Representative images are shown in Figure 4A.
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FIGURE 4
Effects of IH on pathological changes in mice. Scale bar = 100 μm. Representative H&E staining of liver (A) and kidney (B) tissue sections.


Evenly distributed glomeruli and cells, and stroma within the glomeruli, in addition to closely arranged tubules and no obvious stromal hyperplasia nor inflammatory alterations were observed in mice of the NC group. Vacuolar degeneration in a small number of renal tubule epithelial cells and small, round cytoplasmic vacuoles were observed in mice of the T2DM group, with focal lymphocytic infiltrations around local blood vessels (red arrows, Figure 4B). The same structures were noted in IH75, IH300, and IH150 mice (black arrows, Figure 4B), with the exception of the inflammatory cell infiltration in the former two groups and some scattered inflammatory cells around vessels in the latter group. Representative images are shown in Figure 4B.




3.4 Impact of IH on the gut microbiota of experimental mice


3.4.1 Analysis of gut microbiota structure

As can be seen from the analysis of microbial community structure and the dendrogram, the dominant phyla in each group mainly consisted of Firmicutes, Bacteroidetes, Actinobacteria, Tenericutes, and Proteobacteria. However, mice in the T2DM group had higher proportions of Firmicutes and Bacteroidetes than the NC group mice. Low or medium doses of IH decreased the proportions of these two phyla (Figure 5A). Dominant genera mainly included Bacteroidales S24-7 group_norank, Erysipelotrichaceae_uncultured, Lactobacillus, Lachnospiraceae_uncultured, Allobaculum, Lachnospiraceae NK4A136 group, Turicibacter, and Lachnoclostridium. Low or medium doses of IH increased the proportion of Bacteroidales S24-7 group_norank and Lactobacillus, while lowering that of Erysipelotrichaceae_uncultured. Both Erysipelotrichaceae_uncultured and Lactobacillus increased in the T2DM group (Figure 5B). Overall, the above results suggested that IH can improve gut microbiota abundance and diversity in T2DM mice.
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FIGURE 5
Effect of IH on bacterial microbiota composition (A) dendrogram with bar graph of phyla; (B) relative abundance of genera.




3.4.2 Analysis of mouse gut microbiota alpha-diversity

Analysis of gut microbiome abundance indicated that the Chao index of the T2DM group was significantly lower than that of the NC (P < 0.05) and IH low dosage (P < 0.05) groups (Figure 6A). Gut microbiome diversity analysis revealed that the Shannon index of the T2DM group mice was significantly lower than that of mice from the NC, low dosage, and medium dosage groups (P < 0.01) (Figure 6B). The Simpson index of the T2DM group mice was significantly higher than that for all other groups (P < 0.01), indicative of lower gut microbiome diversity in these animals (Figure 6C).
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FIGURE 6
Effect of IH on alpha-diversity. Chao1 index (A), Shannon index (B), Simpson index (C). All data are expressed as mean ± standard error of the mean (SEM). N = 6, P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).




3.4.3 Analysis of beta-diversity

Principal component analysis (PCA) suggested that the T2DM group had significantly different clustering from all other groups. The IH low and medium dosage groups also had distinguishable clusters, similar to those of the NC group. Non-metric multidimensional scaling based on the beta-diversity distance revealed relatively significant inter-group differences, but the IH intervention groups were close to the NC group (Figure 7). Linear discriminant analysis effect size was used to analyze the statistically significant differences in species and biological correlation (Figures 8, 9). The non-parametric factorial Kruskal–Wallis (KW) sum-rank test was first performed to determine taxa with significantly differential abundance. Finally, linear discriminant analysis (LDA) was employed to estimate the impact of the abundance per component (species) on differences. LDA > 2 and P < 0.05 were adopted as a threshold for the screening of differentially abundant species, and a total of 137 species were identified. In the NC group, Firmicutes.c_Erysipelotrichia, Firmicutes.c_Clostridia, Firmicutes.c_Erysipelotrichia, Actino- bacteria.c_Coriobacteriia, and Bacteroidetes.c_Bacteroidia were the dominant classes of bacteria. In the T2DM group, Firmicutes.c_Bacilli, Actinobacteria, and Firmicutes.c_Clos- tridia were dominant. In the IH75 group, Bacteroidetes.c_Bacteroidia, Firmicutes.c_Clostridia, and Proteobacteria.c_Deltaproteobacteria were the most dominant. In the IH150 group, Firmicutes.c_Clostridia, Bacteroidetes.c_Bacteroidia, and Proteobacteria were the dominant classes of bacteria.
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FIGURE 7
Principal coordinate analysis (PCA) of the bacterial structure of the mouse cecal contents. (A–C) Are PCA from different perspectives.
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FIGURE 8
Clustering tree of cecal microbiota. The different color nodes represent different groups. The species names indicated by the English letters in the picture are shown in the legend on the right.
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FIGURE 9
Linear discriminant analysis (LDA) score of the statistically significant microbial groups in the two groups.





3.5 Impact of IH on short-chain fatty acids (SCFAs) levels in mice

Acetic acid levels in the T2DM group were significantly lower than that in the NC group (P < 0.05). Further, medium and high doses of IH induced a significant reduction in acetic acid levels relative to those in the NC group (P < 0.05). However, mice in the IH low dosage group exhibited significantly elevated acetic acid concentrations in their cecal contents, with no significant difference relative to the NC group (P > 0.05), while being significantly higher than that in the T2DM group (P < 0.05) (Figure 10A). Butyric acid levels in the cecal contents of mice from the T2DM model group were lower than those in the NC group (P < 0.05). However, the IH low and medium dosage groups experienced elevated butyric acid levels after treatment, without significant differences relative to the NC group (P > 0.05). High-dose IH induced a significant reduction in butyric acid levels compared to the NC group (P < 0.05) (Figure 10B). No statistically significant inter-group differences in the cecal propionic acid concentrations were noted (P > 0.05). The T2DM group had lower propionic acid levels, whereas the IH low dosage group exhibited significantly elevated propionic acid levels following treatment. Among the different dosages tested, higher IH doses contributed to less significant increases in propionic acid levels (Figure 10C). The cecal isobutyric acid levels of mice from the T2DM model group were significantly lower than those of NC group mice (Figure 10D). However, low-dose IH increased these levels, with no significant difference from the NC group (P > 0.05). More specifically, isobutyric acid levels in the T2DM, IH150, and IH300 groups were significantly lower than that in the NC group (P < 0.01), without significant inter-group differences in the levels of isovaleric acid (P > 0.05) (Figure 10E). The cecal isovaleric acid concentration of mice in each T2DM model group was lower than that in the normal group, with low-dose IH relatively increasing isovaleric acid levels. The cecal valeric acid concentration of mice from each T2DM model group was also lower than that in the NC group. Further, the valeric acid level in the NC group was significantly higher than that in the T2DM group (P < 0.05). Low-dose IH increased the cecal valeric acid levels of T2DM model mice, while levels in the IH high dosage group were significantly lower than that in the NC group (P < 0.01). Valeric acid levels in the IH75, IH150, and IH300 groups exhibited a decreasing trend with gradient variations (Figure 10F).
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FIGURE 10
Effect of IH on short-chain fatty acids in mice. Acetic acid (A), butyric acid (B), propionic acid (C), isobutyric acid (D), isovaleric acid (E), and valeric acid (F). All data are expressed as mean ± standard error of the mean (SEM). N = 6, P < 0.05 (*) and P < 0.01 (**).




3.6 Correlation between SCFAs and gut microbiota

Correlation analysis for the butyric acid level with the Shannon and Simpson indices revealed significant correlations (P < 0.05). Higher levels of butyric acid were associated with higher Shannon indices and lower Simpson indices. These results suggested that an increase in butyric acid is conducive to higher gut microbiome diversity. Acetic acid levels were not correlated with the Shannon index, but were correlated with the Simpson index (P < 0.05). Higher propionic acid levels were also correlated with higher Shannon and lower Simpson indices (P < 0.05). Overall, greater SCFA levels were conducive to intestinal health. Correlation analysis for Lactobacillus abundance with acetic, butyric, and valeric acid levels yielded significant results (P < 0.05). Furthermore, higher levels of Lactobacillus were associated with lower levels of all three SCFAs. Correlation analysis for the Bacteroidales S24-7 group_norank abundance with acetic and propionic acid levels yielded significant correlation (P < 0.05). Greater Bacteroidales S24-7 group_norank abundance was associated with higher acetic and propionic acid levels (Supplementary Figures 1, 2).



3.7 Correlation between gut microbiota and biochemical indices

Correlation analysis revealed that Bacteroidales S24-7 group_norank abundance had significant negative correlation with IL-1β and cholesterol levels (P < 0.05). That is, a higher abundance of Bacteroidales S24-7 group_norank was accompanied by lower IL-1β and cholesterol levels, which suggested that Bacteroidales S24-7 group_norank was conducive to the health of T2DM mice. The relative abundance of Bacteroidales S24-7 group_norank in the IH75 and IH150 groups was higher than that in the NC and T2DM groups (P < 0.05) (Supplementary Figures 1, 2).




4 Discussion

Type 2 diabetes mellitus is a metabolic disease characterized by insulin resistance or defective insulin secretion by pancreatic β-cells (16). Polydipsia, polyphagia, polyuria, and emaciation are considered typical symptoms of T2DM and their presence is among the diagnostic criteria (16). In mice, a fasting blood glucose ≥11.1 mmol/L is the diagnostic criterion for T2DM (22). T2DM can alter glycolipid metabolism in patients (23). Hence, we chose to assess water intake, food intake, fasting blood glucose, and body weight as relevant physiological indices, in addition to serum TG, CHO, HDL-C, and LDL-C levels as well as biochemical indices of the lipid profile. During the early stages of intragastric IH administration, the T2DM model mice developed severe polydipsia, polyphagia, and polyuria, exhibiting a sharp decrease in body weight relative to mice of the NC group. After intragastric administration of IH for 6 weeks, the T2DM symptoms of mice, including polyphagia and polydipsia, improved, contributing to an overall upward trend in body weight. This upward tendency was not observed in the high dosage group. As can be inferred from the FBG level data, IH ameliorated glycometabolism in T2DM mice. In contrast to mice of the T2DM group, the IH75 and IH150 group mice experienced a decrease in serum TG and LDL-C levels as well as an increase in HDL-C levels. The IH150 group mice exhibited a drop in serum cholesterol and IL-1β levels. Some studies have found that high-fat diet (HFD) and inflammation are key contributors to insulin resistance and T2DM. Interleukin (IL)-1β plays a role in insulin resistance and sensitivity through tumor necrosis factor-independent and dependent pathways (24). It is possible to reduce blood sugar by improving lipid distribution and regulating lipid metabolism (25). Inhibition of hepatic adipogenesis and gluconeogenesis can promote glycogen synthesis (26). IH can reduce the production of inflammatory mediators and improve the kidney damage associated with T2DM (18). IL-1β and insulin increased the uptake of glucose into macrophages, which identify a physiological role for IL-1β and insulin in the regulation of both metabolism and immunity (27). These results indicated that low or medium doses of IH might be conducive to lowering blood lipid indices and alleviation of inflammation in patients with T2DM. Pathological analysis of liver and kidney sections revealed that 6 weeks of IH intervention exerted protective effects in these organs in T2DM mice.

To date, the impact of gut microbiota on T2DM has increasingly attracted public attention, and changes in gut microbiota are believed to be associated with diabetes (28). Gut microbiota dysbiosis can lead to a decrease in beneficial bacterial groups and/or an increase in opportunistic pathogenic bacteria, thereby inducing chronic low-grade intestinal inflammation (29). Previous studies suggested that diabetic patients have a significantly reduced amount of Bifidobacteria, Bacillus fusiformis (30–32), and Bacteroidetes (33) among their gut microbiota when compared with healthy people. Gut dysbiosis can also lead to a greater number of operational taxonomic units (OTUs) and a higher percentage of Lactobacillus in the gut of obese, diabetic mice (34). Hence, improving the gut microbiota is conducive to the prevention and treatment of T2DM. Therefore, we evaluated the impact of IH on gut microbiota within the cecum of mice with T2DM induced by a high-fat, high-sugar diet and streptozotocin. It was previously suggested that T2DM is associated with chronic low-grade inflammation in adipose tissue (4) and the gut microbiota has an intricate relationship with this chronic low-grade inflammatory response (5). IL-1β is among the pro-inflammatory cytokines of the IL-1 family, and its levels can increase in hypertensive patients (35, 36). Hence, we also explored the impact of IH on serum IL-1β levels in T2DM mice and their association with blood biochemical indices and gut microbiota.

Growing evidence suggests that SCFAs play an important role in the maintenance of gut health and glycolipid metabolism. In the present study, butyric, isobutyric, and valeric acid levels in the cecal contents of the T2DM model group mice were lower than those of the NC group mice, while the IH75 and IH150 groups exhibited significantly higher levels of all three acids. These results suggested that IH can help restore the gut health of patients with T2DM. Correlation analysis between SCFAs and Lactobacillus revealed that higher levels of acetic, butyric, and valeric acid were accompanied by lower Lactobacillus abundance. A reason for this might be that the T2DM mice experienced a significant increase in Lactobacillus abundance, with IH intervention reversing this change. SCFAs are the end products of resistant starch or dietary fiber fermentation by intestinal microbiota and cannot be completely hydrolyzed by the human digestive system due to a lack of specific enzymes (37). SFCAs act as signaling molecules between the gut microbiota and pancreas either directly via receptors on pancreatic cells or through the gut-brain-pancreas axis, increasing glucagon-like peptide-1 levels that regulate pancreatic insulin and glucagon secretion and thereby improve glucose homeostasis and insulin sensitivity in patients with T2DM (38). The most abundant SCFAs in the human body are acetate, propionate, and butyrate (39). Butyrate is a well-known histone deacetylase inhibitor that promotes β-cell development, proliferation, differentiation, and function (40). Further, propionate and butyrate suppress inflammation by downregulating pro-inflammatory cytokines (i.e., TNF-α, IL-1β, and IL-6) (41) and can effectively inhibit NF-κB pathway activation as well as cytokine release in vitro (42). Hence, we explored the impact of IH on SCFA levels.

Further, IH can improve insulin resistance associated with T2DM (17). In a previous study (43), IH lowered the fasting blood glucose levels, renal condition, and blood lipid profile of T2DM rats by upregulating autophagy in renal tissues. A previous study suggested that cactus extracts rich in IH glycosides can prevent the development of dietary-induced obesity-related metabolic abnormalities (16). Further, IH at a concentration of 20 mg/kg reduced reactive oxygen species levels and macrophage apoptosis, inhibiting atherosclerotic plaque formation in mice (44). In another study, 100 mg/kg of IH inhibited the PI3K/AKT signaling pathway and reduced myocardial hypertrophy as well as fibrosis caused by pressure load (45). After considering the above findings, IH was selected as the intervention agent in our study, and three dosage groups, (low, medium, and high), were used to determine its therapeutic effects in a mouse model of T2DM. The results showed that the medium dose group had a better anti-diabetic effect on T2DM mice.

Animal studies on fecal microbiota transplantation suggested that the relative abundance of Firmicutes was greater in obese leptin-deficient mice compared to lean control mice (46). In the current study, intervention with low or medium doses of IH lowered the proportions of Firmicutes and Bacteroidetes, suggesting that IH may improve lipid metabolism in patients with T2DM. Correlation analyses revealed that increased Bacteroidales S24-7 group_norank abundance was associated with lower levels of the inflammatory cytokine IL-1β and cholesterol, suggesting that Bacteroidales S24-7 group_norank may protect mice against T2DM. In our experiment, all groups, excluding the NC group, exhibited significantly greater Lactobacillus abundance than the NC group, but the mechanism underlying this increase of Lactobacillus in T2DM remains unclear. Thus, further studies need to be conducted to elucidate the link between Lactobacillus abundance and lower levels of acetic, propionic, and butyric acids.

Principal component analysis is a technique for simplified data analysis that can be used to effectively identify the most dominant elements and structures in data, eliminate noise and redundancy, reduce the dimensionality of the original complex data, and reveal the simple structures hidden behind complex data. For example, the more similar the sample composition, the closer the distance reflected in the PCA plot (47). In our study, IH increased the abundance and diversity of gut microbiota in the T2DM model mice, improving community structure.

In conclusion, IH can improve dyslipidemia in T2DM mice, reduce the expression of inflammatory cytokines, and promote the health of type 2 diabetic mice. This improvement may be related to the decrease of Lactobacillus and the increase of Bacteroidales S24-7 group_norank and the SCFAs. However, mouse experiments are not enough, we still need more basic research to verify its pharmacological and toxicological effects before gradually move into clinical trials.
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γ-aminobutyric acid (GABA) is a non-protein amino acid which naturally and widely occurs in animals, plants, and microorganisms. As the chief inhibitory neurotransmitter in the central nervous system of mammals, it has become a popular dietary supplement and has promising application in food industry. The current article reviews the most recent literature regarding the physiological functions, preparation methods, enrichment methods, metabolic pathways, and applications of GABA. This review sheds light on developing GABA-enriched plant varieties and food products, and provides insights for efficient production of GABA through synthetic biology approaches.

KEYWORDS
GABA, environmental stress, microbial fermentation, neurotransmitter, anabolism, catabolism, biofortification breeding


1 Introduction

γ-aminobutyric acid (GABA), also known as 4-aminobutyric acid (Figure 1), is a non-protein amino acid that naturally and widely occurs in animals, plants, and microorganisms. Its empirical formula is C4H9O2N and the molecular mass is 103.12 g/mol (1). In 1949, GABA was first discovered in potato tubers by Steward et al. (2). GABA is involved in the regulation of growth, development, stress response and other important activities in the life circle of plants. GABA accumulation is mainly affected by environmental factors such as temperature, humidity, and oxygen content (3). In 1950, GABA was found in brains of mammalian mice and rats by Roberts and Frankel (4) and Awapara et al. (5) respectively, where Roberts and Frankel (4) confirmed that GABA in mouse brains was synthesized by α-decarboxylation under the action of glutamic acid decarboxylase (GAD) with glutamic acid (Glu) as substrate. In 1966, GABA was reported by Krnjević and Schwartz (6) as an essential endogenous inhibitory neurotransmitter in the mammalian brain which played a crucial role in maintaining the balance between excitation and inhibition of neural networks. The delicate balance between GABAergic inhibitory neurons and Glu excitable neurons in the brain is the key to the correct functioning of brain. The destruction of this balance is not only related to schizophrenia, autism, epilepsy, and other neuropsychiatric diseases (7) but also related to acquired immune diseases (8, 9). A newly published paper showed that GABAergic regulated the intestinal innate immune response which help to maintain immune homeostasis (10). In addition, GABA was reported to regulate physiological activities such as maintaining blood pressure (11), anti-aging (12), improving liver and kidney functions (13), and ameliorating the executive ability of animals with bidirectional affective disorder (14).


[image: image]

FIGURE 1
Structural formula of γ-aminobutyric acid (GABA).


In vivo synthesis of GABA is balanced in a healthy adult, however, GABA accumulation turns challenging upon senescence and pressure. Insufficient supply of GABA results in anxiety, fatigue and upset. Therefore, appropriate intake of GABA from diet is of great importance to human health. GABA is widely found in fruits and vegetables, cereals, and edible fungi (Table 1). Fresh strawberry fruit, and fresh lychee fruit, are among the fruits and vegetables, while pumpkin seeds and wheat germ are among the cereals which showed higher GABA content (≧1000 mg/kg). Edible fungi are type of natural healthy food with which are riched in nutrients with delicious taste. A study reported that GABA in the fruiting body of Flammulina velutipes (229.7 mg/kg dry base) was relatively riched among the other 20 edible fungi (15). The GABA content in the 11 dried edible fungi range from 15.4 to 4555 mg/kg dry base (16). In addition, the content of GABA in honey and milk was reported low (17). In the mid-1980s, Japanese scientists first developed Gabaron, a GABA-rich tea drink with blood pressure-lowering effect, it was sold as a functional food and attracted widespread attention (18). By 2021, Japan has recorded more than 270 GABA products, and GABA ranks the third place among Japan’s labeled functional food ingredients. In recent years, researchers all over the world are exploring the functional foods enriched with GABA.


TABLE 1    Natural γ-aminobutyric acid (GABA) content in foods.
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There are two highlighted mechanisms in the classical metabolic pathway of GABA: interaction with the GABA shunt (19) and the polyamine degradation pathway (PA pathway) (20), both pathway affected the mitochondrial function. In animals and plants, GABA is a metabolite of glutamate that involved in the conversion of α-ketoglutarate generated by the TCA cycle to produce succinate semialdehyde, which is called GABA shunt. On the other hand, GABA is also generated through PA pathway which involves putrescine and other polyamines (19). GABA in natural food sometimes failed to maintain the physiological needs of human beings. Traditional extraction technology is low efficiency with high cost, which is difficult to supply enough GABA for fortification in food. At present, GABA is mainly enriched through plant metabolism and microbial fermentation (21).

On 27 September 2009, the Ministry of Health of China approved GABA as a new resource food (22). On 31 July 2014, the first industrial standard of GABA was approved and released by the Chinese government. In recent years, GABA enrichment in food has become an industrial and research hotspot. Food-based dietary guidelines (FBDG) by WHO suggested that a healthy diet based on plant foods (cereals, vegetables, and fruits) provide plenty amount of GABA as a supply of natural phytochemical (17). More and more evidences suggest that GABA boosts plant development and exhibits health benefits in human. The physiological functions, metabolic pathways and preparation approaches are reviewed in this paper.



2 Effects of GABA on physiological activities in plants

γ-aminobutyric acid exists in plants as a nutrient and signal substance, which participate in regulating metabolism and other physiological activities (23). It can be detected in embryos, cotyledons, roots, stems, leaves, flowers, fruits, seeds, and other organs throughout the development of higher plants at various concentrations (24). GABA is one of the important resistance regulators produced by plants under stress such as crosscutting dynamic plant cell responses when plants are subjected to external environmental stress (25–27).


2.1 Effects of GABA on growth and development

As an exogenous additive, GABA improves plant yield and quality through enhancing growth and development. Plant cells produced and secreted GABA spontaneously. Upon the pop2 defect, GABA signaling is raised in pollen tubes. Different concentrations of GABA (0.99−2.09 μmol/g) promoted or inhibited the growth of Arabidopsis pollen tubes. During the research of GABA transaminase (GABA-T) in Arabidopsis found that increased levels of GABA caused POP2 activity decreased and pop2 pollen tubes aberrant growth (28). Similar results were observed in Picea glauca pollen tubes: addition of 10−100 mM GABA increased the growth rate of pollen tubes yet addition of over 200 mM GABA retarded the tube growth, indicating that tube elongation was only stimulated by specific concentration of GABA. The calcium-dependent homeostasis of GABA is required for pollen tube growth, where shortage of GABA associated with disorders in actin filament network formation, vesicle trafficking, and cell wall construction (29).

γ-aminobutyric acid restrained iron transportation from roots to shoots in rice seedlings by inducing aerenchyma formation. When treated with GABA or under iron deficiency, the transcription of genes such as OsIRT1 and OsNRAMP1 mediated Fe2+ transport in the plasma membrane which eventually intensified in roots (30). GABA negatively regulates the formation and growth of adventitious roots of poplar. To prove this assumption, Xie et al. (31) used three methods to increase the accumulation of endogenous GABA in poplar adventitious roots: overexpressing the key gene PagGAD2 for GABA synthesis; adding exogenous GABA; or inhibiting GABA degradation. The results suggested that root formation was regulated by both exogenous and endogenous factors, including hormones and carbon/nitrogen metabolism, which were associated with the GABA shunt (31). The ripening of plant fruit is highly associated with ethylene regulation (32). The expression of ethylene synthase genes MaACO1 and MaACS1 in bananas were up-regulated after GABA treatment, where the ripening period was shorter, indicating that GABA was involved in ethylene regulation (33). Due to the interaction with GABA shunt, tricarboxylic acid cycle (TCA) is affected by GABA concentration together with the activity change of related enzymes. Therefore, GABA serves as an important signal molecule in many pathways which may influence a series of physiological reactions in plants.



2.2 Effects of GABA on plant response against stress and adversity

γ-aminobutyric acid participates in direct and indirect defense responses during biotic or abiotic stress (34). A study on Arabidopsis found that, insect bite induced rapid local and systemic response of calcium ion cell cycle signal in plants, resulting in the increased of GABA content (35). As a nerve inhibitor, excessive intake of GABA affected the growth and development of insects. It was found that survival (28.57% and 40%) and developmental rates (62.5% and 88.89%) were reduced in larvae of Chordata rosea reared on synthetic diets containing GABA (1.6 and 11.6 μmol GABA/g fresh weight) as compared to the control group. This study suggested that the accumulation of GABA in plants may constitute the first line of defense against herbivores and directly affect the selectivity of insects (36).

The anabolic pathway of GABA in plants is a branch of the TCA cycle, which is sensitive to the oxygen content of the plant growth environment. A hypoxic environment will cause the up-regulated expression of gad, a key gene of the GABA synthesis pathway in plants, which promote the accumulation of GABA (37). Under anoxic stress conditions, Pyrus pyrifolia showed watercore symptoms where the metabolites succinic acid and GABA were significantly accumulated, accompanied with the up-regulated expression of PpGAD gene which indicates the enrichment of GABA (38). Nitrogen deficiency has adverse effects on tree growth. GABA plays a regulatory role at the crossroad of nitrogen metabolism and carbon metabolism. Under limitation of carbon and nitrogen, exogenous GABA affects the on metabolites and transcriptional profiles of Arabidopsis thaliana seedlings (39). Exogenous GABA under also increased the growth of poplar seedlings under low nitrogen conditions (1 mM NH4NO3) (40). Besides, salt stress inhibits the growth and yield of crops. Exogenous GABA significantly reduced the salt damage index of tomato plants under salt stress, and promoted plant growth, chlorophyll content, and weight gain. The specific mechanism is that GABA reduced the impact of Na+ on the growth and yield of tomato plants by preventing Na+ from flowing into roots and transporting them to leaves (41). Under excessive heating, the reproductive function of mung bean plants was improved when treated with GABA, indicating that GABA protected plants from heat stress (42). Ramesh et al. (24) interpreted that the mechanism of GABA receptor for regulating plant growth, development and resistance to stress by inhibiting the anion channel of aluminum activated malate transporter family.




3 Effects of GABA on physiological and immunity functions in animals

γ-aminobutyric acid functions as an important inhibitor of mammalian neurotransmission by binding to the corresponding receptors. Depending on the sensitivity to agonists and antagonists, GABA receptors are categorized into three types, GABAA, GABAB, and GABAC, where GABAA and GABAC are ionotropic receptors and GABAB is a metabolic receptor (43–45). In mammals, GABA plays a role as neurotransmitter after binding with the receptors, generating multiple effects such as lowering blood pressure, regulating blood glucose, anti-anxiety, and relieving insomnia. Recent studies also reported the function of GABA in tumor immune regulation (46, 47).


3.1 Effects of GABA on growth

γ-aminobutyric acid has been shown to be one of the earliest neurotransmitters regulates the nervous system development. Many features of GABA signaling are conserved across species and recapitulated during neurogenesis in the adult brain, indicating that this versatile metabolite is essential for cortical formation (48). Both GAD and GABAA receptors are also expressed in embryonic stem cells and neural crest stem cells in mice, like cortex development, where activation of GABAA downregulated the cell proliferation (49). In Manduca sexta, GABA processes olfactory signal in the antennal lobe and shapes development of the olfactory pathway, via both direct and glia- mediated effects (50). The body weight and body mass index of rats with polycystic ovary syndrome were declined when 100 or 500 mg/kg of GABA was added to the diet (51). However, body weight and specific growth rate of Jian carp (Cyprinus carpio var. Jian) were increased after fed with different concentrations of GABA (30−150 mg/kg), where treatment with 90 mg/kg of GABA resulted the optimal effect (52). GABA affects the feeding behavior of animals thus plays an important role in hypothalamus regulation. Injecting GABAA receptor agonist into different parts of hypothalamus increased the feed intake in animals, which associated with the expression of hypothalamus appetite-related factors, such as neuropeptide Y, cholecystokinin, leptin, and ghrelin (53).



3.2 Effects of GABA on blood biochemical indexes

Blood biochemical indexes are common indicators for human health and crucial tools in disease diagnosis (54). In poultry, heterophil-to-lymphocyte ratio is a stress indicator and GABA reported to mitigate the stress response. Study Zhong et al. reported that dietary GABA at 100 mg/kg decreased the corticosterone and heterophil-to-lymphocyte ratio in broiler chickens, but failed to reverse stocking density-induced growth depression (55, 56). Besides, diet supplemented with 100 mg/kg of GABA improved the growth performance of yellow-feathered broilers at 36−49 days of age, as well as downregulated serum intracellular enzyme activities, maintained the organs and intestinal morphology under the high temperature environment. The blood serum biochemical indicators include glucose, total cholesterol, low-density lipoprotein as well as the activities of aspartate-amino-transferase, lactate dehydrogenase and creatine kinase were lower compared to the control group (57).

Several studies shown that GABA-enriched foods contained antihypertensive effect in mammals (Table 2) where fermented products (Monascus fermented products) showed better reduction in blood pressure levels than directly obtained from plants. Edible fungi, Flammulina velutipes is riched in GABA and showed notable effect in lowering blood pressure. Study showed that a reduction of systolic blood pressure by about 30 mmHg in the hypertensive rats after administration of GABA-enriched F. velutipes powder (0.9 mg/kg GABA) (58).


TABLE 2    In vivo antihypertensive effects of GABA-enriched foods.

[image: Table 2]

The mechanism is linked to the GABA postsynaptic neuron receptors, GABAA and GABAB, which promotes vasodilation and inhibits sympathetic nerves, thereby reducing blood pressure levels (65–67).

In the cell plasma membrane, GABA activated two types of receptors, among which GABAA receptors open Cl– channels and GABAB receptors are classical G-protein-coupled receptors (GPCRs). Structurally, the GABAA receptors are homo- or hetero- pentamers formed from a selection of 19 known subunits isoforms, yet GABAB receptors are typically formed as a dimer composed of R1 and R2 components (68, 69). Type II diabetes is characterized by insulin resistance and β-cell dysfunction. Thus, β-cell deficit is a common feature in both type I and type II diabetes (70). Maintaining the function of islet cells is one of the key objectives of diabetes treatment. GABA and its substrate Glu mediate a bidirectional pancreatic paracrine signal system located in islet β-cells, and the GABAA receptor is located at islets α-cells excreting glucagon, which associate the GABA signal with islet function (71). Tian et al. (72) found that the combination of proinsulin and GABA alleviated the hyperglycemia symptoms of newly diabetic mice and restored euglycemia. Similarly, the blood glucose level of hypertensive mice treated with GABA-chitosan nanoparticle were significantly lower than control group, the mechanism was linked to the protection of pancreatic islet β-cells and maintaining glucose homeostasis (73). Besides, GABA reduced the blood glucose level of type II diabetes mice model after administration of high-fat diet in combination with streptozotocin, thus reduced the insulin resistance index (74). The GABA mediation over the islet cell network depends on its binding to specific receptors. The GABAA receptor participate in α-cell responses where the alteration in the membrane potentially inhibits the alpha cells’ electric activity by generating more negative potential and blocking the release of glucagon (75).



3.3 Effects of GABA on immune response

Activation of GABA receptors inhibits the T cell proliferation which linked to inflammatory diseases (76). Dietary GABA supplementation boosted the mucosal immunity in pathogenic enterotoxigenic Escherichia coli infected piglets by releasing the jejunal secretory immunoglobulin A and cytokines such as interleukin-4, interleukin-13, and interleukin-17. The mechanisms might be related to the T-cell-dependent pathway and altered gut microbiota structure and metabolism (77). GABA (100 mg/kg) found to reduce oxidative stress and possess protective effects by recovering ovarian cysts in polycystic ovary syndrome rats (51). When Jian carp (Cyprinus carpio var. Jian) fish were fed with GABA, their head kidney and spleen expressed higher levels of interleukin-2, interleukin 10, and interferonγ as well as lower levels of nuclear factor-kappa B, interleukin-1β, and tumor necrosis factorα, indicating that GABA involved in activation of immune signaling and prevention against stress (52). GABA supplementation reported to also boost the immune function in livestock, aquatic animals and mammal which could be potentially used as a novel feed additive to prevent stress and disease.

γ-aminobutyric acid is an immune regulatory factor that could improve immunity and to prevent cancer. Xu et al. (78) found that GABA-enriched Lactobacillus plantarum GA8 significantly improved the growth performance; promoted probiotic growth in the cecum; inhibited the proliferation of harmful microbe; and improved the serum antioxidant capacity in mice. Besides, GABA enhanced the immune system and alleviated the thermal damage of the 1-day-old Wenchang chicken under the heat stress environment (79). The administration of the mixture of ginseng and GABA alleviated allergic symptoms in the allergen-induced mouse model by reducing histamine and prostaglandin (80). GABA secreted by β-cells activated anti-inflammatory macrophages and inhibited the anti-tumor response of CD8 T cells through the GABAA receptor in colon cancer mice model (81). Lung and colon cancer cells could metabolize and synthesize GABA by abnormal expression of GAD1, a member of the glutamate decarboxylase family, which were shown in many clinical samples of tumor patients, mouse tumor models, and in vitro tumor cells. GABA significantly inhibited tumor growth by interfering the expression of GAD1 in tumor cells. The above studies revealed that GABA plays an important role in regulating tumor growth and immune escape which gives a new strategy for cancer immunotherapy (81). The GABA receptors are expressed in immune cells, thereby GABA interact with immune system and display immunoregulatory functions (77).



3.4 Anti-anxiety and insomnia relief effects of GABA

Due to the increasing work-related-stress and breakdown of self-tolerance, people nowadays often suffered from mental anxiety which may further developed into insomnia. GABA alleviated anxiety or depression through the neuroendocrine pathway thus improving sleep quality (82). GABA showed positive effects in soothing, compression resistance, and improving sleep quality through EEG detection tests (83). A study found that administration of GABA induced relaxation and reduced anxiety in human under stress conditions (84). Besides, administration of GABA-enriched (26.4 mg/days) defatted rice germ in a clinical study involved 20 female patients ameliorated the autonomic dysfunction and significantly reduced the anxiety symptoms (85). The regulation of GABA on nervous system is linked to mediated the pre-synaptic inhibition of primary afferent fibers in the motor system as well as post-synaptic inhibition of motor neuron.



3.5 Other functions

In addition to the above functions, GABA able to ameliorate asthma, mediate weight loss, and relieve alcoholism. A GABAA receptor antagonist-monocrotaline-inhibited the secretion of airway mucus in allergic asthmatic mouse, thereby improved pulmonary function and abated asthma (86). GABA enriched germinated brown rice was reported to promote weight loss, regulate lipid metabolism, relieve oxidative stress, and reduce the risk of cardiovascular disease, where the mechanism was linked to activation of peroxidase receptor γ gene (87). Lateral septum neurotensin neurons (LSNts) played a crucial role in controlling hedonic eating and study showed that GABA signaling mediated the inhibition of LSNts on excessive feeding which could contribute to treatment of obesity (88). GABA-enriched fermented Pueraria also showed anti-alcoholic activity in mice through the drunken latency test (89).




4 Enrichment preparation of GABA

γ-aminobutyric acid is a novel food ingredient approved by Ministry in Health of China for its application in food processing (90). Wide application of GABA leads to rapid growth of production to meet the market demand. Traditionally, GABA is extracted from natural plants but the supply is insufficient for fortified food demand. The large-scale production of GABA requires industrial set up. At present, GABA is mainly produced by the following three methods: chemical synthesis, plant enrichment, and microbial fermentation.


4.1 Chemical synthesis

There are many chemical approaches to synthesize GABA include the following four methods:


A.γ-Cyanogen chloride method (91): under the high-temperature of 180°C, potassium phthalimide (C8H4KNO2) and γ- cyanogen chloroprene (C4H6CIN) are used as raw materials to react with concentrated sulfuric acid and GABA is obtained through hydrolysis Figure 2A.
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FIGURE 2
Chemical synthesis methods for GABA. (A) γ-Cyanogen chloride method; (B) pyrrolidone ring-opening method; (C) butyric acid and ammonia water method; and (D) γ-butyrolactone and thionyl chloride method.



B.Pyrrolidone ring-opening method (92, 93): under alkaline conditions, pyrrolidone (C4N7NO) is used as the starting material, GABA is obtained by hydrolysis and ring-opening reaction under coexistence of calcium hydroxide and ammonium bicarbonate which later processed through decolorization, recrystallization, and purification Figure 2B.

C.Butyric acid and ammonia water method (94): GABA is obtained by using butyric acid (C4H8O2) and ammonia (NH3 ⋅ H2O) as raw materials under irradiation conditions Figure 2C.

D.γ-Butyrolactone and thionyl chloride method (91): GABA is synthesized by the reaction between butyrolactone (C4H6O2) and thionyl chloride (SOCl2), and later processed through chlorination, acylation, ammonolysis, and saponification Figure 2D.



The γ-cyanogen chloride method is a low-cost production but is limited to be popularized in modern manufacture due to the complex processing steps and generation of chemical residues. The pyrrolidone ring-opening method is a non-toxic process and the end products can be easily obtained using cheap raw materials. The polymerization process is mild and safe. However, the pure product is not originated from natural product and failed to be used as food additive. The butyric acid and ammonia water method required few process steps, nevertheless, the process-imposed hazard procedure. The γ-butyrolactone and thionyl chloride method achieves the highest yield, yet with high cost and residual raw materials. The synthesized GABA through the pyrrolidone ring-opening method as well as the γ-butyrolactone and thionyl chloride method were reported as to have purity of 97.1% and 99% with yield of 72.5% and 80%, respectively (91, 92). Yield of GABA produced from γ-cyanogen chloride method and butyric acid and ammonia water methods were barely reported. Although high purity and yield of GABA is obtained though chemical synthesis the limitations of such process involved high cost, safety quality concerns of raw materials, difficulty in controlling reaction conditions and hazard residual chemicals related environmental pollution.



4.2 Plant enrichment

γ-aminobutyric acid is synthesized primarily through the L-glutamate (L-Glu) by GAD catalysis in higher plants. This pathway is related to various internal and external stimuli to plant tissues, including high- or low-temperature stress, salt stress, hypoxia stress, and mechanical damage (95). The plant enrichment method is to increase GABA content in plants through environmental stress.

Studies showed that GABA content in grains (such as wheat, barley, and rice) or legumes (such as soybean) can be enhanced under the salt, soaking, and hypoxia stress treatment. Recent years, non-thermal processing technologies provide new safe and effective stress approaches to enrich GABA in plants, such as high static pressure, ultrasonic, and electrolytic water. Through the GABA content of stress- treated plants are in the ranged of reached 143−2850 mg/kg, where the rice germinated at 30°C for 20 days recorded the most significant enrichment effect with GABA 2850 mg/kg content (Table 3). At present, several GABA-enriched plant foods are available in the market include bread, bean sprouts, and rice vinegar.


TABLE 3    Different GABA enrichment approaches in plants.
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4.3 Microbial fermentation

Microbial fermentation of GABA typically use Glu, MSG, or substances rich in Glu as raw materials, and Saccharomyces, Lactobacillus, E. coli, and Aspergillus are the microbial strains commonly used for the fermentation (96). Early researches of microbial fermentation focus mainly using E. coli for the production of concentrated GABA. For example, Plokhov et al. (97) used E. coli with high GAD activity to produce GABA, and Zhao (98) immobilized E. coli in the cell immobilization system where embedded calcium alginate allows the transformation of intracellular Glu into GABA.

In recent years, safer microorganisms such as Lactobacillus, Aspergillus, and Saccharomyces are widely used in the production of GABA food. The content of GABA obtained by microbial fermentation is higher than plant enrichment with the range of 0.191−22.373 g/L, where Monascus fermentation recorded the highest yield (Table 4). At present, GABA produced through microbial fermentation has been further processed into foods such as bread, yogurt, lactobacillus beverage, and jelly in the market.


TABLE 4    Enrichment of GABA by microbial fermentation.
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5 Anabolism and catabolism of GABA

Similar to the secondary metabolites, the in vivo metabolism of GABA consists of anabolism and catabolism. There are two main metabolic pathways of GABA: GABA branched pathway and the polyamine degradation pathway. Among them, the GABA-branched pathway has been widely reported. Since the GABA metabolic pathways are closely related to the antioxidant system, metabolic shunting of GABA is considered as a necessary defense strategy when respiration and the TCA cycle are inhibited or impaired under stressful conditions.


5.1 Metabolic pathways of GABA

The metabolic pathway of GABA was first reported in rats by Bessman et al. (99). Because it is coupled with the TCA cycle, it is called GABA shunt and is accompanied by electron transmission of the respiratory chain. In the TCA cycle, α-Ketoglutarate is catalyzed by glutamate dehydrogenase (GDH) to produce Glu, and then under the action of GAD, an irreversible decarboxylation reaction takes place on the α site of Glu to generate GABA. This step is accompanied by the consumption of a proton and the release of one molecule of CO2. GABA generates succinic semialdehyde (SSA) under the action of GABA-T. SSA generates succinate (Suc) through the catalysis of succinic semialdehyde dehydrogenase (SSADH) and then enters the TCA cycle again. At the same time, NADP receives H+ and converts it into NAD+ (19). The GABA branch pathway is reported in microorganisms (100), mammalian brains [4,5], and most higher plants (101).

In Arabidopsis thaliana, there is another GABA metabolic pathway- the PA pathway. Polyamines are a category of small molecule ammonia-containing bases in plants, mainly including putrescine (Put), spermidine (Spd), and spermine (Spin). They exist in roots, stems, leaves, flowers, fruits, and other organs, participate in the whole process of plant growth and development, and are closely related to stress resistance. In the PA pathway, Glu is converted into α-Ketoglutarate by α-Ketoglutarate dependent GABA transaminase (GABA-TK) and ultimately provides ORN. ORN is transferred to the cytosol and subsequently converts to GABA via PA pathway (27). ORN is transferred to the cytoplasm and forms putrescine (Put) and other amines under the action of ornithine decarboxylase (ORD). Diamines or polyamines are respectively catalyzed by diamine oxidase (DAO) or polyamine oxidase (PAO) to produce 4-aminobutyraldehyde. Finally, GABA is generated through a dehydrogenation reaction catalyzed by 4-aminobutyraldehyde dehydrogenase (AMADH). PA pathway intersects with the GABA branch pathway, and then the metabolites enter the TCA cycle (102).

The GABA pathway and PA pathway mainly occur in mitochondria. In the PA pathway, the conversion of Put to 4-aminobutyraldehyde takes place in the cytoplasm. Suc and NADP are electron donors in the mitochondrial electron transport chain whose terminal product is ATP (103). The intermediate SSA of the TCA cycle can also be transported to the cytoplasm by subcellular organelles and is catalyzed by succinic semialdehyde reductase (SSR) γ to produce hydroxybutyric acid (GHB). In addition, calcium ions (Ca2+) located in the cytoplasm combine with calmodulin (CaM) to improve the activity of GAD. After Glu is transformed into GABA in the cytoplasm, it is transported to mitochondria and then enters the GABA branch pathway (104). In macro-fungi, the biosynthesis and storage of complex natural products are characterized by spanning multiple types of subcellular compartments, and even across different tissues and organs. Each subcellular compartment provides a unique physiological environment. Referring to the location where the metabolic processes take place, the metabolism of GABA (even as a small molecule with simple structure) also indicates the characteristics of compartmentalization (Figures 3, 4).
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FIGURE 3
Two metabolic pathways of GABA. [image: image], the TCA cycle; [image: image], the GABA shunt; [image: image], the PA pathway; [image: image], other pathways; [image: image], a transporter; [image: image], the electron transport chain.



[image: image]

FIGURE 4
Metabolic map of GABA synthesis and GABA degradation. [image: image], TCA cycle; [image: image], GABA shunt; [image: image], PA pathway; [image: image], Otherway.




5.2 Key enzymes in the GABA metabolic pathway

The GABA pathway is the most important pathway of GABA metabolism. Three key enzymes play an important role in this pathway: GAD, GABA-T, and SSADH (19). Among them, GAD catalyzing the decarboxylation of Glu to produce GABA is the most studied.


5.2.1 GAD

Glutamic acid decarboxylase belongs to the 5′−phosphate pyridoxal (PLP) dependent enzyme family, is the key enzyme of GABA synthesis which catalyze the decarboxylation of L-Glu to GABA. The process of GAD catalyze to GABA can be divided into three stages (105): (1) In the absence of substrates, ε-NH2 is covalently bonded with Schiff base to form an internal aldehyde imine structure; (2) When L-Glu enters the catalytic active pocket, PLP and α-NH2 combines to form an external aldehyde imine, thereby activating the decarboxylation reaction to form a quinone intermediate; (3) The quinone intermediate is structurally unstable, which immediately combines with PLP to form aldehyde imine structure and releases GABA.

Glutamic acid decarboxylase exists widely in animals, plants, and microorganisms. The structure and properties of GAD across species are different. The optimum pH for the catalytic reaction of GAD derived from microorganisms is usually 3.8−5.0. The enzyme activity is strong in an acidic medium, and it decreases or even disappears when the pH is neutral or alkaline; The optimum reaction temperature of GAD is related to the growth temperature of microorganisms, mostly at 30−50°C (106). Shirasaka et al. (107) studied the enzymatic properties of GAD in the fruiting body of F. velutipes. After separation and purification, the molecular weight of GAD obtained was 30 kDa under optimal pH value of 6, and optimal temperature at 28°C. The activity of GAD was stable below 50°C. Furthermore, Hua et al. (108) improved the thermal stability of Lactobacillus brevis GAD by consensus mutation technology to enhance the enzymatic properties.

With the development of molecular biology techniques, the gad gene in many plants and microorganisms, such as Arabidopsis thaliana, tomato, E. coli, and Lactobacillus, has been cloned and expressed, and the biochemical characteristics of the corresponding GAD protein have also been preliminarily clarified. Two gad genes were cloned from E. coli, gadA, and gadB, with the nucleotide similarity of 98%. Only five different amino acid residues were found between the two GAD proteins (109). Turano et al. (110) cloned and expressed the gad gene of Arabidopsis thaliana, and found that the two gad-encoded proteins were CaM-binding proteins, and their activities were regulated by Ca2+/CaM (111). The Lactobacillus K285 with high GABA production capacity was isolated and identified from Korean pickles, which could be overexpressed and purified in E. coli (112). A DNA fragment containing a complete gadA site with high GABA production capacity in Lactobacillus brevis NCL912 was successfully obtained by single primer PCR (113). In recent years, a famous study on GABA biosynthesis was conducted in tomatoes. A key factor of the GABA metabolic pathway in tomatoes−SlGAD3−was identified by RNAi technology. Overexpression of SlGAD3 increased the mRNA levels in 20−200 fold in mature green and red tomato fruits which in turns significant increased the GABA content, with no abnormality found during the development of fruits and vegetative organs (114). On this basis, the research team overexpressed the fruit-specific promoter with 87 nucleotides missing at the C-terminal and the coding sequence of SlGAD3. The results showed that, as compared with the mutant strain with single SlGAD3 overexpression, the new gene editing further improved the GABA content of red mature tomato fruits (115).



5.2.2 GABA-T

γ-aminobutyric acid-transaminase belongs to the class III pyridoxal phosphate-dependent aminotransferase family, which catalyzes the reaction of pyruvate and GABA to generate SSA and alanine and plays a key role in GABA catabolism (116). The GABA-T gene GabT was cloned from the Bacillus thuringiensis G03 strain, and its catalytic activity was confirmed by expression in E. coli (117). Under hypoxia conditions, the activities of GAD, DAO, and PAO in fresh tea increased significantly, while the activities of GABA-T decreased significantly, leading to the accumulation of GABA (118). Additionally, downregulated expression of GABA-T in rice by RNAi promoted the accumulation of GABA in rice (119). After the ultrasonic treatment, the expression of the gad gene in fresh coffee leaves was activated by, inhibiting the GABA-T activity, and increasing GABA content (120, 121). GABA-T enzyme has two isomers which are pyruvate-dependent GABA-T (GABA-TP) and α-ketoglutarate-dependent GABA-T (GABA-TK). Although there was a strong similarity between the two isomers, only GABA-TP was identified in tomatoes (122). Li et al. (123) selected GABA-TP1, GABA-TP2, GABA-TP3, CAT, and SSADH genes involved in GABA metabolism as target genes for editing, and found that most of the mutant plants were sterile, only GABA-2 (the mutant plant of GABA-TP1) and GABA-3 (the mutant plant of GABA-TP3) could bear fruits. The contents of GABA-2 and GABA-3 in green fruits recorded at 1028 mg/kg and 1097.2 mg/kg respectively, which were 1.34 and 1.43 times higher than those of wild type plants respectively. The contents of GABA-2 and GABA-3 in red fruits recorded at 758.3 mg/kg and 898.8 mg/kg, respectively which were 2.95 and 3.50 times higher than those of wild type plants. The activities of GABA-TP and GAD enzymes in fruits were significantly lower than those in wild type plants, indicating that the accumulation of GABA showed negative feedback to its anabolic pathway (123).



5.2.3 SSADH

Besides GABA-T, GABA catabolic enzymes also catalyze the oxidation of SSA to produce Suc. Jia et al. (124) studied the enzymatic properties of SSADH and the enzyme activity was greatly affected by Cu2+ under the optimal reaction temperature of 37°C with optimal pH of 7.5. Frank et al. (125) found that the peroxide content in the Arabidopsis thaliana SSADH mutant was increased and the growth development was affected, which could be associated the accumulation of SSA and GHB. According to a study focusing on GABA-T-SSADH coupling activity of the GabT-GabD protein, NCgl2515 participated in the catabolism and utilization of GABA with GABA-T activity except for GabT in Corynebacterium glutamicum (126).





6 Prospects

γ-aminobutyric acid attracted research and industrial interest due to its versatility over the last few decades with the multiple health benefits and promising applications in food industry. Besides, targeted nutrient enrichment is also becoming a popular goal of crop breeding (127). China launched the Harvest Plus China project in 2004 in order to meet the breeding demands of high-yield and high-quality crop varieties and a few new crop varieties have been successfully developed, such as zinc-fortified wheat and rice; iron-fortified wheat; rice and corn; vitamin A fortified wheat; corn and sweet potato; GABA-fortified rice; and sulforaphane-fortified Chinese cabbage. GABA-enriched plant and microorganism variety might become a new future direction for breeding.

γ-aminobutyric acid-enriched foods can be produced through biosynthetic microbial approach which is more effective, cost saving and eco-friendly. More research on the benefits of GABA in humans and microbes can be further explored in the future. GABA-rich fermented food offers a promising approach to better control of hypertension. Edible fungi are enriched in essential amino acids and a variety of bioactive compounds with high protein and low calories. To achieve the “nutrient enhancement” breeding goal in edible fungi, high-yield mechanism of GABA based on metabolic regulation network is recommended in order to provide effective strategy to optimize germplasm, efficiency of breeding program and facilitate nutrient-enhanced product development. The effects of GABA in edible fungi can be further explored by knocking out the GAD genes or blocking the GABA biosynthesis in the future.
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In this study, the physicochemical properties, thermal characteristics, and in vitro hypoglycemic activity of dietary fibers extracted from four bamboo shoots were characterized and compared. The results showed that Dendrocalamus brandisii Munro (C-BSDF) had the highest dietary fiber content (6.1%) and the smallest particle size (222.21 μm). SEM observations found that C-BSDF exhibited a loose and porous microstructure, while FTIR and XRD confirmed that C-BSDF had a higher degree of decomposition of insoluble dietary fiber components and the highest crystallinity, resulting in a better microstructure. Furthermore, C-BSDF exhibited excellent physiochemical properties with the highest water hold capacity, water swelling capacity, and preferable oil holding capacity. Thermal analysis showed that C-BSDF had the lowest mass loss (64.25%) and the highest denaturation temperature (114.03°C). The hypoglycemic activity of dietary fibers from bamboo shoots were examined in vitro and followed this order of activity: C-BSDF>D−BSDF>A−BSDF>B-BSDF. The inhibition ratios of GAC, GDRI and α-amylase activity of C-BSDF were 21.57 mmol/g, 24.1, and 23.34%, respectively. In short, C-BSDF display excellent physicochemical and functional properties due to its high soluble dietary fiber content, small particle size with a high specific surface area, and loose microstructure. Thus, D. brandisii Munro can be considered a promising new source of dietary fiber for hypoglycemic health products.
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1. Introduction

Dietary fibers have many physiological functions, such as lowering blood sugar and fat levels, inducing weight loss, regulating intestinal microorganisms, and preventing diabetes, and intestinal cancer (1, 2). These fibers are known as the “seventh nutrient” of human beings, and their role in maintaining body weight and regulating health has attracted increasing attention. Studies have found that consuming large quantities of dietary fibers can play a positive role in human health (3). Studies have shown that dietary fibers can reduce the risk of type 2 diabetes by reducing energy intake and controlling glycemia. Moreover, fibers can also reduce blood glucose fluctuations and reduce insulin response (4). Blood glucose control is mainly affected by delayed gastric emptying, small intestinal transit time, and digestion and absorption of large amounts of nutrients (5). Indeed, dietary fibers have been widely used in developing and utilizing health care products.

Plants are an important source of dietary fiber and are often characterized by high yield and low utilization rates. Plant dietary fibers mainly include cellulose, hemicellulose, lignin and galactomannan, derived from plant roots, stems (6), leaves (7), fruits (8, 9), and buds (10). The physicochemical properties of these fibers, such as their water-holding and oil-holding capacities have been widely investigated by numerous researchers. Moreover, their functional properties, such as reducing blood sugar and blood fat, improving intestinal flora, preventing constipation and colon cancer have been explored to clarify the mechanisms through which dietary fibers exert their beneficial effects. Therefore, there has been increasing interest over recent years in developing additional dietary fiber resources.

The use of natural sources of bioactive compounds, especially substances extracted from plants, for food fortification has attracted much attention (11, 12). Bamboo shoots are nutritious forest food, rich in dietary fiber, protein, vitamins, phenolic compounds, and phytosterols (13). The Bamboo shoot dietary fiber (BSDF) os mainly composed of cellulose, hemicellulose, lignin, and polysaccharides. It has better water and oil retention than other dietary fibers (14). However, the properties of BSDF vary in different regions, while many the physicochemical and functional properties of many BSDF remain unexplored. More importantly, the mechanism behind the differences in physicochemical properties and functions of different types of BSDF is still unclear.

The Yunnan province is located in southwest China, at the junction of three very different natural geographical regions (15). Yunnan creates favorable conditions for the collection, diffusion and differentiation of bamboo plants due to its unique environment. Indeed, it has become a region with abundant bamboo species, ecological types and natural bamboo forests, containing cold- and hot-temperature bamboo forests in high-altitude areas. The bamboo resources in Yunnan are characterized by a wide variety of bamboo shoots of good quality. Bamboo shoot resources development prospect is broad and their varieties have an irreplaceable market competitive advantage. Among the numerous bamboo species in Yunnan, more than half of them can be used as bamboo shoots and many are high-quality varieties unique to Yunnan or rare in other places, which are superior to other parts of the world in terms of quantity and quality (16). Therefore, it is necessary to study representative bamboo shoots in different regions of Yunnan, especially with regard to the physical and functional properties of BSDF to provide useful information for the development of high-quality bamboo shoot by-products in Yunnan.

Dietary fiber extracted from different sources has a different chemical compositions, structures, and functional properties (17). In this study, we aimed to evaluate the physicochemical and structural characteristics, as well as the hypoglycemic activity of different BSDF. First, BSDF were extracted from four bamboo shoots collected from four different regions of the Yunnan Province. Then, the composition, physicochemical properties, and microstructure of four different BSDF samples were analyzed. Finally, their hypoglycemic activity in vitro, including glucose adsorption capacity (GAC), α-Amylase activity inhibition ratio (α-AAIR), and glucose dialysis retardation index (GDRI), were compared. The results of this study can provide a scientific basis for the development of bamboo shoot products for food and nutrition applications.



2. Materials and methods


2.1. Materials

Four kinds of bamboo shoots with different families were collected from different regions of the Yunnan province, China (Figure 1A). Dendrocalamus brandisii Munro was collected from the Jinghong Dai Autonomous Prefecture of Xishuangbanna, Phyllostachy sulphurea was collected from the Yunnan Kunming Academy of Forestry and Grassland Sciences Arboretum, Qiongzhuea tumidinoda was collected from the Daguan County of Zhaotong, Pleioblastus amarus Keng was collected from the Xinping Yi Autonomous County.


[image: image]

FIGURE 1
Geographical locations of different bamboo shoot samples in Yunnan province of China (A), extraction process of bamboo shoot dietary fiber (BSDF) (B).


Sodium hydroxide, ethanol, phosphoric acid, sulfuric acid, hydrochloric acid, and boric acid were analytically purchased from Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China). Soybean oil and potato starch were purchased from local supermarkets at Kunming. The glucose detection kit was supplied by Solarbio Technology Co., Ltd. (Beijing, China). Protease, α-amylase, and glucosidase were obtained from Yingxin Laboratory Equipment Co., Ltd. (Shanghai, China).



2.2. Dietary fiber extraction procedure

Bamboo shoot dietary fiber was extracted according to the method of Zhang et al. (17) with modifications. Bamboo shoots were put into an electrothermal drying oven to dry, were crushed with a pulverizer, and passed through a 40-mesh sieve. Bamboo shoot powder (100 g) was soaked in 1 L 0.5 mol/L NaOH and heated at 50°C for 1 h in a water bath. After cooling to room temperature, the precipitate was collected by centrifugation at 6,800 g for 30 min to obtain insoluble dietary fiber. The supernatant was precipitated with four times the volume of 95% ethanol and allowed to stand at room temperature for 1 h. Then the suspension was centrifuged at 6,800 g for 15 min, and the precipitate was collected as soluble dietary fiber. Soluble and insoluble dietary fibers were mixed evenly and freeze-dried. The dietary fiber of P. sulphurea, Q. tumidinoda, D. brandisii Munro, and P. amarus Keng were named A-BSDF, B-BSDF, C-BSDF, and D-BSDF, respectively.



2.3. Composition analysis of extracted dietary fibers

The composition and content of BSDF were determined according to the following methods. Moisture and ash contents were determined using the AOAC method 925.40 (2005): samples were dried at 105°C (moisture) and 500°C (ash), respectively, until a constant weight was achieved. Crude protein content was determined by the Kjeldahl method. The nitrogen conversion factor was 6.25 according to the AOAC method 955.04 (2000). The crude fat content of fiber samples were estimated by Soxhlet extraction with petroleum ether as solvent according to the AOAC method 920.39 (2005). The contents of soluble dietary fiber and insoluble dietary fiber were determined by the AOAC method 991.43 (1994) (18), and the amount of total dietary fiber was calculated.



2.4. Particle size analysis

Particles were measured using a laser particle size analyzer (Mastersizer 2000, UK) and the method described by Wang et al. (19). The precipitation of different varieties of BSDF samples was adjusted to 0.01% (m/v) and tested at an ambient temperature of 25°C. The refractive indices of the dispersant and the sample were 1.33 and 1.53, respectively, and the shading parameter was 1–2%. The particle size distribution is represented as d0.1 (μm), d0.5 (μm), d0.9 (μm), and the Sauter mean diameter is represented as D [4,3] (μm) and D [3,2] (μm).



2.5. Scanning electron microscopy (SEM)

The microstructure of different BSDF was observed by a TM3030Plus SEM (Hitachi, Tokyo, Japan) at an accelerating voltage of 15.0 kV (20). A double-sided adhesive was adhered to the cylindrical aluminum table, and the sample was evenly coated on it. Subsequently, the sample was placed in the instrument for gold plating (10 min, 2 mbar). Finally, the surface morphology of the sample was observed. The picture scanning multiple was 200 ×.



2.6. Fourier transform infrared spectroscopy (FTIR)

Samples were analyzed using a fourier transform infrared spectroscope (FTIR, Thermo Scientific Nicolet iS50) as previously reported by Jiang et al. (21). The sample was ground with KBr (1:100, w/w) and pressed into slices. Then, the spectrum in the range of 4,000–400 cm–1 was obtained with a resolution of 1 cm–1. The chemical structure of each BSDF was obtained.



2.7. X-ray diffraction (XRD)

The crystalline region of BSDF was observed by X-ray diffractometer (X’Pert PRO MPD, PANalytical BV., the Netherlands). The specific conditions were set as: tube voltage of 40 kV, incident current of 40 mA and scan range of 5–70°. The step size and scan rate were 0.05 and 0.21°/s, respectively. The MDI Jade 5 software (Materials Data, Inc., Livermore, CA, USA) was employed to calculate the peak area and crystallinity of the dietary fiber (22) using the following formula:
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Where Ac is the area of the crystalline region in the XRD pattern, and Aa is the area of the amorphous region in the XRD pattern.



2.8. Chemical characteristics


2.8.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of fiber samples was carried out using (DSC/TGA Discovery SDT 650). The sample (10 mg) was heated from 20 to 800°C at a speed of 10°C/min.



2.8.2. Differential scanning calorimetry (DSC)

Samples were analyzed for differential scanning calorimetry as previously reported by Wen et al. (23). First, 10 mg samples were weighed and placed in a high-purity alumina crucible and the temperature of the thermo gravimetric analyzer was adjusted to 23∼600°C. The temperature was raised at a rate of 10°C/min under nitrogen protection. The flow rate of nitrogen was 100 mL/min during continuous heating.



2.8.3. Color measurement

The chromaticity was conducted according to the procedure used by Felisberto et al. (24). It was composed of: brightness (L*, where L* = 0 is black, L* = 100 is white) and redness (a*, where a* > 0 indicates red, a* < 0 means green) and yellowness (b*, where b* > 0 indicates yellow, b* < 0 indicates blue).




2.9. Physical properties


2.9.1. Water holding capacity

The water holding capacity was determined according to the method of Du et al. (25). Each BSDF sample was weighed (1 g) and mixed evenly in 30 mL of deionized water. Samples was stirred at room temperature for 24 h, centrifuged at 4,000 g for 15 min, and the pellet dried in an oven at 105°C. WHC was calculated according to the following equation:
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Where m2 is the weight of sample residue containing water after centrifugation (g); m1 is the weight (g) of the sample dried to constant weight.



2.9.2. Water swelling capacity

The water swelling capacity was determined by the method described by Huang et al. (26). Each BSDF sample was weighed (1 g), mixed with 20 mL of deionized water in a 25 mL graduated test tube and allowed to stand at room temperature for 20 h. The expansion volume of the sample was recorded as follows:
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Where v2 is the volume (mL) of the sample after water absorption; v1 is the volume of the sample before water absorption (mL); m0 is the mass of the sample before water absorption (g).



2.9.3. Oil holding capacity

The oil holding capacity was determined according to the method of Yu et al. (27). Each BSDF sample was weighed (0.5 g), mixed with 30 mL soybean oil in a centrifuge tube, and allowed to stand at room temperature for 20 h. After centrifugation at 4,000 g for 15 min, the upper layer of oil was poured out and OHC was calculated as follows:

[image: image]

Where m4 is the mass (g) after oil absorption saturation; m3 is the mass before oil absorption (g).




2.10. In vitro hypoglycemic activity


2.10.1. Glucose adsorption capacity (GAC)

Glucose adsorption capacity (GAC) was determined according to the method of Ma et al. (22). Each BSDF sample was weighed (1 g), mixed with 100 mL of 100 mmol/L glucose solution and water bathed at 37°C for 6 h. Samples were centrifuged at 5,000 g for 15 min. GAC represents the millimolar number of glucose retained per gram of BSDF:
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Where c0 is the glucose concentration (mmol/L) in the original solution before adsorption; c1 is the concentration of glucose in the supernatant (mmol/L) after adsorption equilibrium; v is the supernatant liquid volume (L); w is the weight of BSDF sample (g).



2.10.2. Glucose dialysis retardation index (GDRI)

The glucose dialysis retardation index (GDRI) was prepared according to the procedure used by López et al. (28). Each BSDF sample was weighed (0.5 g), put into a 15 mL 100 mmol/L glucose solution and fully mixed. The mixed solution was added to a dialysis bag with 14,000 Da molecules. Then the mixture was dialyzed with 200 mL distilled water and placed in a 37°C thermostatically controlled water bath. After 30, 60, 90, and 120 min, 1 mL of dialysate was collected and its glucose content was measured. A control experiment was conducted without adding BSDF. GDRI is calculated as follows:
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Where c2 is the glucose diffused from the sample; c3 is glucose diffused from the control group.



2.10.3. α–amylase activity inhibition ratio (α-AAIR)

The determination of α-amylase activity inhibition ratio (α-AAIR) referred to the method of Benitez et al. (29). Each BSDF sample was weighed (1 g), mixed with 4.0 mg α-amylase (40 U/mg) and 40 mL 4% starch solution, and incubated at 37°C for 1 h. Then, BSDF samples were centrifuged at 4,000 g for 20 min, and the glucose content in the supernatant was measured using a glucose detection kit. A control experiment was conducted without adding BSDF. α-AAIR is calculated using the following formula:
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Where c4 is the control glucose concentration; c5 is the glucose concentration of the BSDF sample.





3. Results and discussion


3.1. Composition and content analyses of different bamboo shoot dietary fibers

Basic components of BSDF extracted from P. sulphurea, Q. tumidinoda, D. brandisii Munro, and P. amarus keng are shown in Table 1. The protein content of extracted BSDF was significantly different across the bamboo varieties studied. There was no significant difference in fat content, except in D-BSDF. The ash content of different varieties of BSDF was classified from lowest to highest: C-BSDF < A − BSDF<D−<B-BSDF, in which the lowest value was 7.14% for C-BSDF. The moisture content of BSDF from highest to lowest was: A-BSDF> D−BSDF>B−BSDF>C-BSDF, in which the highest value was 13.53% ± 0.11% for A-BSDF. The highest protein content was found in C-BSDF (16.12% ± 0.18%), which was 1.93 times that of D-BSDF–the fat content of D-BSDF was 0.20% ± 0.01%. C-BSDF had the highest soluble dietary fiber content (6.1 % ± 0.19 %), followed by D-BSDF, B-BSDF, and A-BSDF, which were higher than values found for walnut powder (0.88–6.53%) (30) and rice bran (1.5%) (23). There was no significant difference between other varieties.


TABLE 1    Basal composition and content of different bamboo shoots.
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3.2. Particle size distribution of dietary fiber from different bamboo shoots

The particle size distribution is shown in Table 2 and Figure 2. The peak shape of A-BSDF, C-BSDF, and D-BSDF was sharper than that of B-BSDF (Figure 2), which indicated that the particle size distribution of A-BSDF, C-BSDF, and D-BSDF was more concentrated and uniform. Compared with B-BSDF, the main peak of A-BSDF, C-BSDF and D-BSDF shifted to the left and the particle size decreased. Table 2 shows the d0.1, d0.5, d0.9, D [4,3], and D [3,2] of BSDF. The d0.1, d0.5, and d0.9 represent the diameters corresponding to 10, 50, and 90% of the cumulative particle size distribution, respectively. D [4,3] and D [3,2] are the volume and surface area average diameter, respectively.


TABLE 2    Particle size distribution of different varieties of bamboo shoot dietary fibers.
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FIGURE 2
Size distribution chart.


The d0.1, d0.5, d0.9, D [4,3], and D [3,2] of C-BSDF and D-BSDF were lower than those of A-BSDF and B-BSDF, especially d0.1, D [4,3], and D [3,2], indicating that C-BSDF and D-BSDF have the smallest particle size among all samples. As depicted in Table 2, the difference between D [4,3] and D [3,2] of C-BSDF was the largest, indicating that the specific surface area of C-BSDF was the largest among groups. Dietary fiber has a larger specific surface area, which may yield a better effect on physical and chemical properties, such as WHC, OHC, and swelling capacity (26). Therefore, D. brandisii Munro or P. amarus keng have the potential to be candidates for obtaining high-quality dietary fibers for functional foods.



3.3. Structure characterization of different bamboo shoot dietary fibers


3.3.1. Microstructure of different bamboo shoot dietary fibers

The microstructure of dietary fiber is related to its pore characteristics and effective surface properties (31). The surface morphological characteristics of different varieties of BSDFs are shown in Figure 3. All samples showed irregular sheet distribution. It was obvious that there were many cracks and holes on the surface of the fibers. This may be because the sodium hydroxide solution used in the chemical extraction process destroyed the network structure of dietary fiber (32). Compared with other BSDFs, C-BSDF, which had the smallest particle size, also had a more porous and looser microstructure. The loose structure of dietary fiber may expose more groups, which is beneficial to its physicochemical properties. These results showed that different sources of origin may induce different functional properties of BSDF.
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FIGURE 3
Scanning electron microscopy images (200x) of dietary fiber from different bamboo shoots. A-BSDF (A), B-BSDF (B), C-BSDF (C), D-BSDF (D).




3.3.2. FTIR analysis of different bamboo shoot dietary fibers

Fourier transform infrared spectroscopy provides the group composition of the BSDF structure. Here we used FTIR to analyze BSDF prepared from different varieties of bamboo shoots and the results are shown in Figure 4A. The spectral profile and peak shape of all BSDFs were similar, while the chemical composition was the same. However, the absorbance and wavenumber of some characteristic bands changed.
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FIGURE 4
FT-I R of DF from different bamboo shoots (A), X-ray diffraction of dietary fiber from different bamboo shoots (B), TG of DF from different bamboo shoots (C), DTG of DF from different bamboo shoots (D), DSC of DF from different bamboo shoots (E), color index of dietary fiber in different bamboo shoots (F).


All BSDFs showed a broad absorption peak at about 3,286 cm–1, which can be attributed to the stretching vibration of -OH bond (21). Compared with other BSDFs, a blue shift of B-BSDF from 3,286 to 3,327 cm–1 was observed, which may be due to different degrees of hydrogen bond damage caused by the small specific surface area of B-BSDF (33). The wave number of C-BSDF decreased from 3,286 to 3,320 cm–1, and a red shift occurred. This may be because the structure of this dietary fiber was changed to some extent and the molecule was more stable (34, 35). This may be the reason for the formation of hydrogen bonds (36). At the same time, the absorption peak intensity of C-BSDF and D-BSDF at 3,286 cm–1 were stronger than those of A-BSDF and B-BSDF, indicating that there are more intramolecular hydrogen bonds between hemicelluloses.

The weak absorption band at 2,920 cm–1 originates from the vibration of the C-H group, indicating the existence of the typical structure of polysaccharide compounds. The peak near 1,634 cm–1 is related to the characteristic absorption of the C = O bond of uronic acid, indicating that samples contained uronic acid, while the weak characteristic peak may be because sodium hydroxide destroys the structure of uronic acid (37). The peak near 1,425 cm–1 is related to the vibration of COO-, while the peak at 1,566 cm–1 is the characteristic absorption peak of lignin in hemicellulose (38). In addition, the wavelength below 1,300 cm–1 is called the fingerprint region, where 950–1,200 cm–1 is the characteristic region of carbohydrates, 1,019 cm–1 is the vibration of oxygen-containing functional groups of C-O-C carbon skeleton (37). The peak located at about 880 cm–1 is related to the deformation vibration of β-CH of the β-glycosidic bond. The lower C-BSDF peak intensity at 880 cm–1 may be related to hemicellulose decomposition, exposing more dipole forms, which may result in a high hydration capacity (35). The change of characteristic peaks in C-BSDF may be related to increased water-soluble polysaccharides, which may contribute to the enhancement of functional properties (39).



3.3.3. XRD analysis of different bamboo shoot dietary fibers

The XRD patterns of A-BSDF, B-BSDF, C-BSDF, and D-BSDF are shown in Figure 4B. BSDF has a regular wide peak between 16 and 23°, indicating that there are amorphous or cellulose I crystals and amorphous structures in the crystal region of BSDF (17). The BSDF peaks of 14.98 and 24.44° disappeared, which may be attributed to the denaturation of cellulose by NaOH (40). In addition, the crystallinity of A-BSDF, B-BSDF, C-BSDF and D-BSDF were 33.07, 26.4, 35.63, and 32.2% respectively. The crystallinity of C-BSDF was slightly higher than that of other BSDFs. These results showed that the crystal structure of C-BSDF was stable, which was consistent with FTIR (Figure 4A).




3.4. Physicochemical properties of different bamboo shoot dietary fibers


3.4.1. Thermal characteristic analysis of different bamboo shoot dietary fibers

Thermogravimetric analysis results are shown in Figures 4C, D. The distribution process of pyrolysis products between gas and solid phases can be investigated by analyzing the curve trend. In Figures 3C, D, with the increase in temperature, BSDF had two obvious weight loss processes. The first weight loss process occurred at 25–150°C, which is due to dehydration. There was a rapid curve decrease, and the mass loss of BSDF exceeded 10%. The second weight loss process occurred at 215–450°C, which can be attributed to the decomposition of organic compounds (41). In this range, a significant peak appeared on the DTG curve (Figure 4D) near 250°C, indicating that the weight loss rate of the four samples was faster, which may be related to the pyrolysis of hemicellulose and soluble pectin, or the pre-carbonization process of cellulose (17). It can be clearly seen that the peak intensity of B-BSDF was the largest and its weight loss was the fastest. After 450°C there is a slow decomposition process, mainly involved in substances difficult to pyrolyze, such as lignin and other compounds, which is a thermal weight loss process that produces ash and other residues (42). According to Figure 4C, among the four BSDFs, C-BSDF showed the lowest mass loss (64.25%), followed by A-BSDF (65.03%), D-BSDF (66.31%), and B-BSDF (69.88%). The residual mass of C-BSDF was higher than that of A-BSDF, B-BSDF and D-BSDF, indicating that its thermal stability was better, which may be related to its high crystallinity of 35.63% (10) (Figure 4B).

In general, the mass change of the sample during thermal decomposition can be investigated by analyzing the TGA curve, and the energy change of the sample during thermal decomposition can be investigated by analyzing the differential scanning calorimetry (DSC) curve. Mass and energy changes often co-exist in the thermal decomposition process of the sample. However, crystal transformation and melting induce energy, but not mass, change. Therefore, more comprehensive information can be obtained by examining the DSC curve (43). It can be seen from the DSC curve (Figure 4E) that all samples had an obvious endothermic peak near 100°C, which may be due to water evaporation (38), and the endothermic peak transition range was 25–150°C. The endothermic peak of A-BSDF, B-BSDF, C-BSDF and D-BSDF were approximately 104.38, 102.73, 114.03 and 107.09°C, respectively, which were consistent with the results reported by Slavov et al. (44). C-BSDF showed the highest denaturation temperature at 114.03°C due to its high crystallinity (10) (Figure 4B), which indicated C-BSDF was relatively more stable. In the range of 220–270°C, an exothermic peak was observed, which is mainly caused by the oxidation of the molecular side chain (45, 46). In addition, FTIR results (Figure 4A) corroborate that C-BSDF contained more hydrogen bonds, thus more energy was needed to destroy its crystal structure.

Altogether, C-BSDF had smaller particles and showed better thermal stability than other BSDF.



3.4.2. Chromaticity analysis of dietary fibers from different bamboo shoots

Color is one of the main characteristics of food, and it is also the first evaluation index that consumers can get. Strong colors are widely used in food, and the application prospect is wide. The L*, a*, and b* of different varieties of BSDF are shown in Figure 4F. The values of L*, a*, and b* represent the brightness, redness, and yellowness of BSDF, respectively. The highest a* and b* values were found in D-BSDF, while the lowest were found in C-BSDF. L* of C-BSDF and D-BSDF were significantly lower than that of A-BSDF and B-BSDF. These results showed that the color of D-BSDF was darker than the other three bamboo shoots. Therefore, the use of D-BSDF in the animal food industry (including pet food) can increase the richness of food color and promote animal appetite and feed intake.



3.4.3. Water holding capacity

Evaluating the water holding capacity of dietary fibers is of great significance in maintaining human health. Increased the stronger the water holding capacity of dietary fibers means that a larger volume of feces is discharged after eating these fibers. Since dietary fibers can induce the penetration of intestinal microorganisms in food residues for fermentation, they reduce rectal and urinary system pressure and prevent constipation and colon cancer (47). As shown in Figure 5A, the water holding capacities of C-BSDF and D-BSDF were 13.04 and 12.58 g/g, respectively, which were higher than those of A-BSDF and B-BSDF. Such higher water holding capacity of C-BSDF and D-BSDF may be attributed to their smaller particle size and larger specific surface area (Table 2). These results are similar to those of Wuttipalakorn et al. (48). In summary, although the water holding capacity of extracted fiber samples was significantly different, it was higher than that of defatted cumin dietary fiber (7.28 g/g) (22), bamboo shoot shell dietary fiber (8.27 g/g) (49), and pear pomace (5.77 g/g) (8).
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FIGURE 5
Water holding capacity of dietary fiber in different bamboo shoots (A), water swelling capacity of dietary fiber in different bamboo shoots (B), and oil holding capacity of dietary fiber i n different bamboo shoots (C), GAC (D), GDRI (E), α-AAIR (F) of dietary fiber from different bamboo shoots. Different letters represent significant differences (p < 0.05).




3.4.4. Water swelling capacity

The swelling capacity refers to the ratio of the volume of dietary fiber to the actual weight of dietary fiber after immersion in water. Dietary fibers may interact with water through two mechanisms: water in the capillary structure due to the surface tension strength, and through the formation of hydrogen bonds and dipoles (26). Figure 5B summarizes the swelling capacity of four varieties of BSDF. Compared with other BSDF samples, the specific surface area of C-BSDF was larger, because it had smaller particles, ultimately resulting in more hydrophilic groups exposed and increased swelling capacity (50). Meanwhile, the swelling capacity of B-BSDF was the lowest, which was parallel with its water holding capacity.



3.4.5. Oil holding capacity

The ability of dietary fiber to retain oil is important for food applications. For example, dietary fibers with high oil holding capacity can reduce oil loss and absorb or bind cholesterol and bile acids during food processing, which helps reduce blood cholesterol (51). Figure 5C summarizes the oil holding capacity of four varieties of BSDF. The four BSDFs can be arranged as follows: B-BSDF >C−BSDF>A-BSDF>D-BSDF. In particular, B-BSDF had the strongest oil holding capacity (10.42 g/g), which was significantly higher than that of D-BSDF. It was reported that oil holding capacity is related to surface characteristics, hydrophobicity and total charge density of fiber particles (52). Interestingly, the oil holding capacity of all samples was higher than that of pear residue dietary fiber (2.77 g/g) (8), enzymatic modified potato powder (2.89 g/g) (6), bamboo shoot shell dietary fiber (5.79 g/g) (49), and Maca residue fiber (5.79 g/g) (53).




3.5. Effects of different varieties of bamboo shoot dietary fibers on in vitro hypoglycemic activity


3.5.1. Glucose adsorption capacity (GAC)

Previous studies have shown that dietary fiber from different sources adsorbs glucose in a dose-dependent manner (51). As shown in Figure 5D, the ability of four BSDFs to adsorb glucose can be ranked as: C-BSDF (21.57 mmol/g) > D-BSDF (19.48 mmol/g) > A-BSDF (15.24 mmol/g) > B-BSDF (13.97 mmol/g). The results showed that C-BSDF had a stronger hypoglycemic effect in vitro, which may be due to its small particle size and large specific surface area, resulting in an increased glucose adsorption (53). This is beneficial to select sources of high-quality BSDF that enhance the absorption of glucose during gastrointestinal transport, and inhibit hyperglycemia.



3.5.2. Glucose dialysis retardation index (GDRI)

The glucose retardation index is an important indicator to predict the reduction and delay of gastrointestinal glucose absorption of dietary fibers. As shown in Figure 5E, the maximum GDRI value of BSDFs appears at 30 min. The retardation of glucose molecules by fiber particles and the retention of glucose molecules in the fiber network may explain the delay in glucose diffusion (28). The results showed that the GDRI values of different varieties of BSDF were significantly different, which may be due to different particle sizes and the amount of SDF. C-BSDF showed a relatively high GDRI value likely because of its improved delay effect on glucose diffusion.



3.5.3. α–amylase activity inhibition ratio (α-AAIR)

α-amylase is a major enzyme in the process of starch digestion. It helps starch digestion and can cause postprandial hyperglycemia in diabetic patients. Inhibition of α-amylase can hinder the hydrolysis and digestion of carbohydrates in food, reduce the digestion of sugars and effectively control postprandial hyperglycemia. The inhibitory effect of four BSDFs on α-amylase is shown in Figure 5F. There were significant differences, in which C-BSDF showed the greatest α-AAIR probably due to its high dietary fiber content (Table 1) and increased specific surface area (29).





4. Conclusion

In this study, four different bamboo shoots were used to extract their dietary fiber, and analyze their physicochemical properties, structural characteristics, and in vitro hypoglycemic activity. Compared with A-BSDF and B-BSDF, C-BSDF showed the highest dietary fiber content, smallest particle size with a large specific surface area, and a porous and loose microstructure. This is consistent with FTIR and XRD data. Therefore, compared with other BSDFs, C-BSDF exhibited the best physiochemical properties, including thermal characteristics, water holding capacity, water swelling capacity and oil holding capacity, that translated into increased glucose adsorption and delayed diffusion.

Postprandial hyperglycemia is one of the main symptoms of type II patients. Strict control of blood glucose levels, especially postprandial blood glucose levels, is an effective measure to delay disease progression. Therefore, our findings unveil the potential hypoglycemic mechanism of BSDF and provide valuable information for exploring high-quality sources of BSDF. D. brandisii Munro may be a promising variety to obtain high-quality BSDF and has the potential to be added to food and hypoglycemic health products as a functional component.
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Chestnut is widely cultivated and has high nutritional value due to its richness in polysaccharides. In order to improve the antioxidant activity of chestnut polysaccharide, chestnut polysaccharide (CP) was extracted by ultrasonic-assisted water extraction and alcohol precipitation and purified by cellulose DEAE-52 exchange and Sephadex G-100 chromatography in this study. CP isolates were characterized by I2-KI reaction, three-strand helical structure analysis, infrared spectrum analysis, and nuclear magnetic resonance detection. The results showed that CP is a pyrylan sugar with triple helical structure and connected by α-glycosidic bonds, with sugar residues 1,4-α-D-Glcp, 1,6-α-D-Galp, 1,5-α-L-Araf, 1,4-α-L-Rhap, and 1,4-β-D-Glcp in the CP backbone. After purification, the branching structure, rod, and spherical structure were significantly increased, with reduced lamellar structure. The in vitro scavenging rates of CP at 10 mg·mL−1 against DPPH, hydroxyl radicals, and ABTS were 88.95, 41.38, and 48.16%, respectively. The DPPH free radical scavenging rate of purified polysaccharide fraction CP-1a was slightly enhanced, and the other rates showed a small decrease. Selenized chestnut polysaccharide (CP-Se) was prepared using nano-selenium method. The selenization method was optimized and stable Se-CP was obtained. When the concentration was 5 mg·mL−1, Se-CP had significantly higher scavenging abilities 89.81 ± 2.33, 58.50 ± 1.60, and 40.66 ± 1.91% for DPPH, hydroxyl radical, and ABTS radicals, respectively, than those of CP. The results of this study provide insight into the effects purification and selenization of chestnut polysaccharide on antioxidant activity, and also provide a theoretical basis for the development of chestnut polysaccharide for use in functional foods or health products.
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Introduction

Chinese chestnut (Castanea mollissima BL.) fruit is rich in polysaccharides, flavonoids, polyphenols, and other bioactive substances, enabling its use as medicine and food. China leads the world in both the planting area and yield of Chinese chestnut (1). Chestnut is primarily used as a food and a polysaccharide (2). Polysaccharides are natural chain-like polymer formed by glycosidic bonds with a stable structure that is maintained during processing. Polysaccharides are used as natural and non-toxic food additives, and allow emulsification, enhance water holding capacity of food, and improve food stability (3). Natural polysaccharides may have antioxidant, hypoglycemic, anti-aging, anti-tumor, antibacterial, and other biological activities (4). Chestnut kernels contain more than 15% polysaccharides. Recent work has described the extraction and purification of chestnut polysaccharides (5, 6), however, different extraction methods and varieties of chestnut result in different efficiencies of polysaccharide extraction (7). Studies of chestnut polysaccharide have mainly focused on optimization of the extraction, separation, and purification steps from the shell and coat of chestnut (8, 9), but despite the high abundance of polysaccharides in chestnut seeds, the best ways to extract polysaccharides from the seeds have not been determined. Further, although molecular modification can improve the activity and stability of polysaccharides, there have been few studies of the activity, structure, and chemical modification of chestnut seed polysaccharides.

Selenium is a trace element required for human survival and an important component of glutathione peroxidase, which promotes the oxidation and decomposition of glutathione and reduction of harmful peroxides (10). As the particle size of selenium decreases, the antioxidant and tumor inhibitory activities are improved (11, 12). Selenium-modified polysaccharides (Se-polysaccharides) retain the activity of original inorganic selenium and the physiological function of polysaccharides, with greater stability than the unmodified polysaccharide material. Free radicals produced during cell metabolism cause degenerative changes during the aging process. A variety of active substances in plants, such as polyphenols and polysaccharides, can play antioxidant roles (13). Se-polysaccharides can improve the activity of glutathione peroxidase for improved ability to remove free radicals and reduce damage from reactive oxygen species (14, 15). Se-polysaccharides can also protect B cells of pancreatic islets and improve insulin sensitivity (16). Overall, selenium polysaccharides have impressive antioxidant, anticancer, and hypoglycemic properties, suggesting a broad application prospect in the fields of medicine and health.

The goals of this work were to optimize the extraction of chestnut polysaccharides, test the effect of selenium modification of the polysaccharides, and investigate the antioxidant capacity and structure of the modified polysaccharides. The results showed that nano-selenium modification significantly and stably improved the antioxidant activity of chestnut polysaccharides, providing the scientific basis and theoretical support for further applications of this material.



2. Materials and methods


2.1. Materials and reagents

Chinese chestnut (Dandong Dafeng), Phenol, sulfuric acid, 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2'-azinobis-(3-ethyl-benzothiazolin-6-sulfonic acid) diammonium salt (ABTS), Congo red, and Iodine were obtained from Sinopharm Group, Dialysis tubing (3,000 kDa), Vitamin C, Potassium iodide, DEAE Cellulose DE-52, and Glucan gel G-100 were obtained from Solarbio. All reagents were obtained as analytically pure (AR).



2.2. Extraction of crude polysaccharides from Chinese chestnut

Dried powder of whole chestnut seeds was weighed and extracted three times with different material: liquid ratio, ultrasonic time, extraction time, and extraction temperature. Samples were centrifugated for 15 min at 9,500 r/min to get the supernatant, and then five times the volume of 95% ethanol was added into supernatant at 4°C and incubated for 24 h before centrifuging for 10 min at 9,500 r/min. The resulting precipitate was redissolved and added Sevag (Chloroform: n-butanol=4:1) to remove protein, dialyzed in ultrapure water for 3 days, and then dried to obtain dried Chestnut crude polysaccharide.



2.3. Optimization of ultrasonic extraction of chestnut crude polysaccharide
 
2.3.1. Single factor experimental design

Ultrasonic extraction of chestnut polysaccharide was performed. The main factors varied in the extraction of chestnut polysaccharide were solid-liquid ratio, ultrasonic time, extraction time, and extraction temperature. To explore the influence of these factors on the yield of chestnut polysaccharide, the extraction rate of chestnut polysaccharide was used as an index and the above factors were tested by single factor analysis. The factors and levels of the single factor experiment are shown in Supplementary Table 1.



2.3.2. Response surface experimental design

According to the single factor test results and Central Composite Design (CCD) principle, Design Expert 12.0 software was used for the orthogonal experimental design. Extraction temperature (A), solid-liquid ratio (B), ultrasonic time (C), and extraction time (D) were selected as investigation factors (Supplementary Table 2). A mathematical model between response value and influencing factors was established to screen parameters and optimize the extraction process of chestnut polysaccharide.



2.3.3. Validation experimentation

Chestnut dry powder was prepared according to the optimal conditions of the single factor and response surface experiments, and the chestnut polysaccharide content of the samples was determined by phenol-sulfuric acid method (17). Three parallel tests were conducted and the average value was calculated.




2.4. Chestnut crude polysaccharide purification

Gradient elution of polysaccharides was carried out by cellulose DEAE-52 column chromatography with NaCl concentrations of 0, 0.1, 0.3, and 0.5 mol·L−1, using a flow rate of 1.0 mL/min with 4 mL samples collected. The absorbance value at 490 nm was determined for each sample by sulfuric acid-phenol method, and the chromatographic elution curve was drawn. Eluents were combined and the resulting isolated chestnut polysaccharide was desalted and freeze-dried.

Sephadex G-100 column chromatography was used, with 0.1 mol·L−1 NaCl for elution at an elution rate of 0.25 mL·min−1, and 4 mL samples were collected. The absorbance value at 490 nm was determined by sulfuric acid-phenol method and the elution curve was drawn. According to the elution curve, the eluents were combined, and the resulting isolated chestnut polysaccharide was dialyzed, desalted, and freeze-dried.



2.5. Structural characterization
 
2.5.1. Determination of molecular weight of chestnut polysaccharide

The molecular weights of chestnut polysaccharides CP and CP-1a were determined by high performance gel permeation chromatography (HPGPC) as described.



2.5.2. Determination of monosaccharide composition of chestnut polysaccharide

The monosaccharide composition of chestnut polysaccharide was determined by ion chromatograph according to the method of Li et al. (18). Chromatographic analysis conditions: column, Dionex CarbopacTMPA20 (3*150); mobile phase, A: H2O, B: 250 mmol·L−1 NaOH, C: 50 mmol·L−1 NaOH and 500 mmol·L−1 NaOAC; flow rate: 0.3 mL·min−1; injection volume, 5 μL; column temperature: 30°C; detector, electrochemical detector.



2.5.3. NMR measurement

DRX NMR instrument was used to detect the polysaccharides according to the method of Liu et al. (19). 1H NMR, 13C NMR, HSQC, HMBC, 1H-1H COSY, and NOESY were analyzed on the 600 MHz NMR instrument at room temperature. Mestrenova-11.0.2 software was used to analyze and process the data.



2.5.4. I2-KI reaction

The I2-KI method was used to determine the relative amount of side chains of polysaccharides based on the method of Wang et al. (20) with some modifications. Solutions of CP, CP-1, and CP-1a were prepared at 2.0 mg·mL−1, 200 μL samples of chestnut polysaccharide solutions were added to the wells of a microplate, and 80 μL iodine reagent was added to each well. After 10 min at room temperature, the absorbance in the range of 300–700 nm was measured with a microplate reader.



2.5.5. Determination of triple helix structure

The chestnut polysaccharide conformation was determined by Congo red method according to the methods of Hu et al. (21) and Song et al. (22). First, 150 μL of 2.0 mg·mL−1 polysaccharide solution sample was transferred into a 2.0 mL centrifuge tube, and then an equal volume of 100 μmol·L−1 Congo red solution was added and mixed. Next, two volumes (600 μL) of NaOH solution with concentrations of 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5 mol·L−1 were added and incubated for 15 min at room temperature. Scanning was performed with a microplate reader (wavelength range: 400–600 nm).



2.5.6. Infrared spectroscopy

The infrared detection of polysaccharides was carried out using the KBr tablet pressing method, with treatment of the polysaccharide material according to the methods of Wu et al. (23). Briefly, air was used as a reference, and the blank slices were compressed with potassium bromide for interval scanning of 400–4,000 cm−1.



2.5.7. Determination of microstructure

Scanning electron microscopy (SEM) was used to observe the surface morphology of the crude and purified chestnut polysaccharides. According to the method of Huang et al. (24), appropriate amounts of freeze-dried polysaccharide samples (CP, CP-1, and CP-1a) were glued to the conductive adhesive of the test bed, and gold spraying was carried out under vacuum condition. The electron gun acceleration voltage was 15 kV, and the observation was carried out under 200, 500, 1,000, 2,000, and 5,000 multiples.




2.6. Assay of antioxidant activity

The scavenging activities of un-modified polysaccharide and nano-Se polysaccharide were determined for DPPH, hydroxyl, and ABTS radicals (25–28). The experiment included a blank group, sample experimental group, and sample control group. The polysaccharide concentrations tested were 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 mg·mL−1, and the Se-polysaccharide concentrations were 1.0, 2.0, 3.0, 4.0, and 5.0 mg·mL−1. The experiment was repeated three times with ascorbic acid (Vc) as the positive control and average values were calculated.

[image: image]

Where, A0 is absorbance of anhydrous ethanol as the blank group absorbance, A1 is the absorbance of the polysaccharide test sample, A2 is the absorbance of a control sample with anhydrous ethanol in place of DPPH, ultrapure water instead of hydrogen peroxide, or absolute ethanol instead of ABTS.



2.7. Selenization of chestnut crude polysaccharide

Selenization was performed according to the Wang et al. (29) method. Briefly, chestnut polysaccharide (50 mg·mL−1) was added to a beaker and mixed with sodium selenite solution (100 mg·mL−1). The same volume of ascorbic acid solution (305.5 mg·mL−1) was added, and then the volume of distilled water was adjusted to 5 mL. The reaction solution was mixed on a magnetic stirrer for 4 h at a certain temperature. The reaction was then centrifuged at 4,000 rpm/min for 20 min. After centrifugation, the samples were dialyzed with a 3,000 kDa dialysis bag in ultrapure water for 48 h (water was changed every 12 h), and the dialyzed nano-selenium polysaccharide solution was then lyophilized to obtain nano-selenium polysaccharides (Se-CP) (30, 31).



2.8. Stability determination of selenized chestnut polysaccharide

Nano-selenium polysaccharides have the basic properties of a colloid. For a colloidal solution, the stability is closely related to the size of the colloidal particle, that is, the smaller the particle size, the higher the stability. Therefore, the absorbance of Se-chestnut polysaccharides can be measured by the dual-wavelength method to assess a size change of nano-selenium particles (32–35).



2.9. Optimization of selenized chestnut polysaccharide
 
2.9.1. Single factor experiment

The four factors of ultrasonic time, chestnut polysaccharide concentration, sodium selenite concentration, and selenization temperature were tested for effects on yield of Se-CP. The DPPH clearance rate was used as the index, and the above factors were tested by single factor experiment, as shown in Supplementary Table 3.



2.9.2. Response surface test

According to the single factor test results and the Central Composite Design (CCD) Design principle, orthogonal experiment design was carried out using the Design Expert 12.0 software. The ultrasonic time, chestnut polysaccharide concentration, sodium selenite concentration, and selenization temperature were selected as the investigation factors, and the mathematical model between the response value and the influencing factors was established. The experimental design factors and levels are shown in Supplementary Table 4.



2.9.3. Validation experimentation

The single factor (stability) condition and the single factor (clearance rate) condition were used. Validation experimentation was conducted with the optimal conditions obtained from the response surface test. Three parallel tests were conducted and the average value was calculated.





3. Results and discussion


3.1. Optimization of crude polysaccharide extraction process
 
3.1.1. Analysis of single factor test results

For the single factor experiments, one factor was varied while the others were kept constant. The experimental results are shown in Figure 1. The single factor optimization conditions were as follows: extraction temperature, 70°C; solid-liquid ratio, 1:35 g·mL−1; ultrasonic time, 25 min; extraction time, 60 min. These parameters were used in subsequent optimization tests. With the improvement of the level of influencing factors, the extraction solvent might dissolve other substances at the same time. The structure of the chestnut polysaccharide chain could be destroyed or decomposed by high temperature and longtime ultrasonic wave and thermal effect, thus reducing the extraction effect.


[image: Figure 1]
FIGURE 1
 Effects of single factors on extraction yield of chestnut polysaccharide (A) extraction temperature, (B) solid-liquid ratio, (C) ultrasonic time, and (D) extraction time.




3.1.2. Response surface test analysis

To more carefully analyze the optimal conditions for chestnut polysaccharide extraction, response surface methodology was used to explore the relationships between the four explanatory variables and the extraction rate as the response variable. In the response surface test, extraction temperature (A), solid-liquid ratio (B), ultrasonic time (C), and extraction time (D) were tested at five levels with the experimental design established using CCD of Design-Expert 12.0 software. The response surface analysis scheme and results are shown in Supplementary Table 5. Multiple regression fitting was conducted on the experimental data in Supplementary Table 6 to obtain a regression equation with the extraction rate of chestnut polysaccharide as the response value:

[image: image]

The response surface analysis scheme and experimental results showed that the regression model was extremely significant (P < 0.01), and the misfit term was not significant (P > 0.05). The coefficient of determination of the regression model was R2 = 0.9778, and the adjustment coefficient was [image: image] = 0.9571, indicated a good fit of the regression model with the experimental data, suggested this model could be used for theoretical prediction of the extraction rate of chestnut polysaccharide. According to the significance, all four factors had extremely significant effects on the extraction of chestnut polysaccharide. The influence degree was in the order of solid-liquid ratio > ultrasonic time > extraction temperature > extraction time. The interaction terms AD, BC, and BD were extremely significant (P < 0.01) (<0.0001 in Supplementary Table 5). The quadratic terms B2 and D2 (P < 0.01) and C2 (P < 0.05) had significant effects on the extraction rate of chestnut polysaccharide.

The response surface of chestnut polysaccharide extraction process optimization is shown in Figure 2. AB, AD, AC, and BD showed highly significant interaction (P < 0.001) among the independent variables, with highly significant effects on the extraction of chestnut polysaccharide. Expert Design 12 software was used to analyze the experimental results, and the optimal extraction conditions of chestnut polysaccharide were obtained: extraction temperature, 75°C; solid-liquid ratio, 1:35 g·mL−1; ultrasonic time, 25 min; extraction time, 74.278 min; with a predicted extraction rate of chestnut polysaccharide of 21.246%. For practical operation, the extraction conditions were simplified as extraction temperature, 75°C; solid-liquid ratio, 1:35 g·mL−1; ultrasonic time, 25 min; and extraction time, 74 min.


[image: Figure 2]
FIGURE 2
 Effects of response on extraction yield of chestnut polysaccharides (A) ultrasonic time and sodium selenite concentration (B) polysaccharide concentration and selenization temperature (C) sodium selenite concentration and selenization temperature (D) sodium selenite concentration and selenization temperature.




3.1.3. Validation experimentation of the conditions for chestnut polysaccharide

The optimal conditions as determined by the single factor experiments and the response surface test were next validated, as shown in Supplementary Table 7. As shown in Figure 3, the optimal conditions as determined by single factor test gave an average chestnut polysaccharide extraction yield of 22.794% and the conditions determined by the response surface methodology gave an average extraction rate of 25.296%, significantly higher than the yield for the single factor optimization condition and better than the predicted value of Design Expert 12.0. Overall, the results demonstrate the successful optimization of the extraction process.


[image: Figure 3]
FIGURE 3
 Comparison of single factor and response surface. “**” means very significant difference (P < 0.01).





3.2. Purification of chestnut crude polysaccharide
 
3.2.1. Cellulose DEAE-52 chromatography of crude chestnut polysaccharide

The results of cellulose DE-52 column chromatography are shown in Supplementary Figure 1. The chestnut polysaccharide was eluted in ultrapure water and NaCl solutions of different concentrations (0.1, 0.3, and 0.5 mol·L−1) and four main polysaccharides components were obtained, named CP, CP-1, CP-2, and CP-3. The polysaccharides of each component were dialyzed, concentrated, and freeze-dried. CP-1 was the main component, while the content of CP-2 and CP-3 were very low.



3.2.2. Sephadex G-100 chromatography of crude chestnut polysaccharide

Since this fraction exhibited the best antioxidant activity and content, the CP-1 material was further subjected to Sephadex G-100 column chromatography and the results are shown in Supplementary Figure 2. CP-1 showed a single component absorption peak, but there was tailing phenomenon. After dialysis, concentration and freeze-drying, a white flocculent was obtained, which was named CP-1a.




3.3. In vitro antioxidant activity analysis of chestnut polysaccharide

Within the selected concentration range, the five (CP, CP-1, CP-2, CP-3, CP-1a) polysaccharides exhibited dose-dependent scavenging of DPPH, hydroxyl, and ABTS radicals as shown in Figure 4. When the concentration of CP was 4 mg·mL−1, the scavenging ability of DPPH radical reached 60.50 ± 2.78%, which was higher than the maximum value of lycium barbarum polysaccharide (50.12%) (36). The scavenging ability of hydroxyl radical reached 32.27 ± 1.07%, which was higher than the maximum value of sea cucumber polysaccharide (23.45%) (37). When the concentration of CP was 10 mg·mL−1, the scavenging ability of CP on ABTS radical reached 48.16 ± 2.26%, which was higher than the maximum value of sorghum polysaccharide (about 40.00%) (38). At this concentration, the scavenging ability of CP on DPPH radical reached 88.95 ± 1.22%, and the scavenging ability on hydroxyl radical reached 41.38 ± 6.03%.


[image: Figure 4]
FIGURE 4
 Antioxidant capacity of purified chestnut polysaccharide (A) DPPH free radical scavenging capacity (B) hydroxyl radical scavenging capacity (C) ABTS free radical scavenging capacity.


The CP-2 and CP-3 fractions exhibited poor activity. After purification, CP-1a had improved scavenging of hydroxyl radicals, but weakened scavenging of DPPH and ABTS free radicals. This may be caused by the removal of some other substances with antioxidant activity (such as polyphenols) or the destruction of some of the polysaccharide structure during purification (39–42). The ultrasonic treatment might oxidize the hydroxyl group, ultimately reducing activity (43–45).



3.4. Structure characterization of chestnut polysaccharide
 
3.4.1. Composition analysis of crude and purified chestnut polysaccharide

Compositional analysis of CP revealed a polysaccharide composition of rhenose (0.9): arabinose (4.1): (0.2): galactose (5.7): glucose (84.6): galacturonic acid (4.6), with a molecular weight of 1.6 × 105 Da. CP-1a polysaccharide is composed of arabinose (0.7): galactose (2.4): glucose (96.9) with a molecular weight of 1.3 × 105 Da. The results are shown in Supplementary Figures 3–5.

Ultraviolet analysis showed no absorption peaks at 260 and 400–700 nm, indicating that the sample does not contain nucleic acids or pigment. However, a small absorption peak was observed at 280 nm, indicating the presence of a small amount of protein, as shown in Supplementary Figure 6.



3.4.2. NMR analysis

1H NMR, 13C NMR, HSQC, HMBC, 1H-1H COSY, and NOESY were used to characterize the monosaccharide residues and heteromorphic carbon configurations in chestnut polysaccharides. The sugar residues and monosaccharide linkages in chemical structural features of CP were demonstrated from the analyses of 1D and 2D NMR spectroscopy. The prominent six carbon signals in 13C NMR at δC 99.6, 71.5, 73.3, 76.7, 71.1, and 60.4 suggested a glucopyranosyl group in CP through the data comparison with the literature (46, 47) (Table 1). According to HSQC spectrum analyses, these carbon resonances C-1 to C-6 are completely corresponding to δH 5.32, 3.56, 3.88, 3.57, and 3.76, which was attributed to H-1, H-2, H-3, H-4, H-5, and H-6, respectively (Figure 5). The small coupling constant value was showed in anomeric proton signal at δH 5.32, indicating the typical substituent of alpha-D glucopyranosyl moieties. A downfield shift of value + 6.1 ppm for C-4 (δC 76.7) was characteristic of → 4)-α-D-Glcp-(1 → (48, 49). In the heteronuclear multiple bond coherence (HMBC) spectrum of CP (Figure 5), the 1H-13C correlations from the anomeric protons H-1 (δH 5.32) to C-2 and C-3, and H2-6 (δH 3.76) to C-4 and C-5, demonstrated the prominent glycosidic linkages as → 4)-α-D-Glcp-(1 →. Furthermore, through anomeric terminal based signals C-1/H-1 at values of 99.7/5.28, 107.4/5.01, 97.4/5.31, and 104.3/4.56, and further detailed analyses of HSQC and HMBC spectra, the sugar residue moieties of → 6)-α-D-Galp-(1 →, → 5)-α-L-Araf-(1 →, → 4)-α-L-Rhap-(1 →, and → 4)-β-D-Glcp-(1 → were also documented in the backbone of CP (Table 1 and Figure 5). Thus, sugar residues 1,4-α-D-Glcp, 1,6-α-D-Galp, 1,5-α-L-Araf, 1,4-α-L-Rhap, and 1,4-β-D-Glcp were existed in the backbone of CP.


TABLE 1 1H and 13C NMR chemical shifts (ppm) for the polysaccharide of CP in D2O.

[image: Table 1]


[image: Figure 5]
FIGURE 5
 1H NMR (A),13C NMR (B), HSQC (C), HMBC (D), 1H-1H COSY (E), and NOESY (F) spectra of CP.




3.4.3. I2-KI reaction of chestnut polysaccharide

As shown in Figure 6, CP has a maximum absorption peak at 565 nm, and CP-1 and CP-1a lack absorption peaks at this position. Compared with CP, the purified polysaccharide has a relatively long sugar chain and more side chains, which may reflect the destruction of the original polysaccharides structure and the reduction of oligosaccharides in the crude sample during the purification process. Some of the original short chain structure may be destroyed, causing the relative amount of long fragments to increase.


[image: Figure 6]
FIGURE 6
 I2-KI reaction of CP, CP-1, and CP-1a.




3.4.4. Analysis of triple helix structure

The variation of the maximum absorption wavelength of polysaccharides and Congo red complex were determined and the results are shown in Figure 7. The crude and purified polysaccharide samples all bound Congo red, indicating that the samples maintain regular helical conformations. The red shift distance of CP was significantly larger than that of CP-1 and CP-1a, indicating the helical degree of CP was more complex. This may reflect the partial destruction of the original helical structure after purification, leading to a reduction of red shift distance (50).


[image: Figure 7]
FIGURE 7
 Triple helix conformation analysis of CP, CP-1, CP-1a, and Congo red.




3.4.5. Infrared spectrum analysis

The chemical bonds and functional groups of chestnut polysaccharides CP and CP-1a were determined by FT-IR technology (51, 52). Figure 8 shows that the absorption peak between 950 and 1,160 cm−1 is generated by the tensile vibration of pyranose ring (53–57). The characteristic absorption peak near 870 cm−1 showed linkage of chestnut polysaccharides by α-glycosidic bonds (58). Compared with CP, the infrared spectrum of CP-1a changed, with several weak signal peaks stretched by aliphatic C-H bonds split at 2,400–2,300 cm−1 and increased peak area at 1,400–1,000 cm−1. These results show that the purified polysaccharide material has different internal structure compared to the crude polysaccharide sample.


[image: Figure 8]
FIGURE 8
 Infrared spectra of CP (A) and CP-1a (B).




3.4.6. SEM analysis

SEM analysis was performed for CP, CP-1 and CP-1a (CP-2 and CP-3 were not included due to low antioxidant activity) and Figure 9 shows the 200 to 5,000 SEM magnification images of the three polysaccharide samples. At 1,000, 2,000, and 5,000 magnification, the surface structure of polysaccharides was observed as smooth, with increased rod-like structure, and the uneven distribution of smooth spherical particles.


[image: Figure 9]
FIGURE 9
 Scanning electron microscopy of CP, CP-1, and CP-1a.


The surface microstructure of CP-1 did not appear significantly different from that of CP-1a, but was significantly different from that of CP. This is mainly manifested in the reduced fragment layer structure of the purified polysaccharide sample, and is due to the damage caused by ultrasonic treatment (59, 60). The rod-like and spherical structures were significantly increased by ultrasonic treatment, due to the turbulent shear and instantaneous high pressure, which caused cell wall rupture.




3.5. Stability of selenized chestnut polysaccharide

To determine the stability of nano-Se polysaccharide, the absorbance values of the experimental group (chestnut polysaccharide+Na2SeO3+Vc) and the control group (chestnut polysaccharide, Vc, chestnut polysaccharide+Vc, and Na2SeO3+Vc) in the range of 200–800 nm were scanned by dual-wavelength colorimetric method, as shown in Figure 10. When the ratio of absorbance values at two wavelengths (A1/A2) was unchanged, the particle size of nano-selenium did not change. The larger the ratio, the smaller the particle size of nano-selenium, and the more stable the morphology. Therefore, the A410/A490 value was selected as the standard to evaluate the stability of Se-CP.


[image: Figure 10]
FIGURE 10
 Full wavelength scanning result chart.




3.6. Optimization of nano-selenium chestnut polysaccharide technology
 
3.6.1. Univariate experimental analysis

Single factor testing was performed to determine the effects on the preparation of selenized chestnut polysaccharide, as measured by stability of A410/A490 and DPPH scavenging ability. As shown in Figure 11, with the continuous increase of the four influencing factors, the corresponding stability and DPPH free radical scavenging ability of Se-CP showed a trend of first increasing and then decreasing. As the stability of Se-CP increased, its color gradually changed from orange to brown-red. Too long ultrasonic time, high temperature, and high concentration of polysaccharides can break the major chemical bonds in Se-CP, thus affecting its stability and leading to the decrease of DPPH clearance rate (61–64).


[image: Figure 11]
FIGURE 11
 Stability of selenated chestnut polysaccharide and DPPH free radical scavenging ability (A) ultrasonic time (B) polysaccharide concentration (C) sodium selenite concentration (D) selenation temperature.




3.6.2. Analysis of response surface data and determination of the optimum extraction process of Se-chestnut polysaccharide

According to the single factor test results, A410/A490 and the scavenging rate of DPPH free radicals were selected as the response values for a CCD experiment with four factors and five levels of ultrasonic time (A), chestnut polysaccharide concentration (B), sodium selenite concentration (C) and selenization temperature (D). The response surface analysis scheme and results are shown in Supplementary Table 8. Multiple regression fitting was performed on the experimental data using Design-Expert 12.0 software, and the regression equation with DPPH radical clearance rate as response value was obtained as follows:

[image: image]

[image: image]

As shown in Supplementary Table 9, analysis of the variance of A410/A490 regression equation shows that the regression model was extremely significant (P < 0.0001), and the misfit term was not significant (P > 0.05). The coefficient of determination of the regression model was R2 = 0.9846, and the adjustment coefficient was [image: image] = 0.9703, indicating that the regression model fitted well with the experimental data and could be used for theoretical prediction of the stability of Se-chestnut polysaccharide. The significance test of regression equation coefficient showed that the influence degree of each factor on the extraction yield of chestnut polysaccharide was in the order of selenization temperature > sodium selenite concentration > chestnut polysaccharide concentration > ultrasonic time. The sodium selenite concentration, chestnut polysaccharide concentration, and ultrasonic time had extremely significant effects on the stability of Se-chestnut polysaccharide (P < 0.01). The interaction terms AC, BD, and CD were extremely significant (P < 0.01). The quadratic terms C2 and D2 had significant effects on the stability of Se-chestnut polysaccharide (P < 0.01).

Supplementary Table 10 shows the results of variance analysis of regression equation of DPPH clearance rate. The regression model was extremely significant (P < 0.0001), and the misfit term was not significant (P > 0.05). The coefficient of determination of the regression model was R2 = 0.7927, and the adjustment coefficient was [image: image] = 0.5993, indicating that the regression model fitted well with the test, and could be used to predict the DPPH scavenging ability of Se-chestnut polysaccharide. The significance test of regression equation coefficient shows that the influence degree of each factor on DPPH scavenging ability is in the order of sodium selenite concentration > chestnut polysaccharide concentration > selenization temperature > ultrasonic time. Figure 12 lists the four items, AB, AD, BC, and BD, with highly significant interaction (P < 0.001) among the independent variables. The response surface analysis revealed the optimal extraction conditions of chestnut polysaccharide as 10 min, ultrasonic time; chestnut polysaccharide concentration of 10 mg·mL−1; sodium selenite concentration of 12 mg·mL−1; and selenide temperature of 50°C.


[image: Figure 12]
FIGURE 12
 Effects of response on extraction yield of selenized chestnut polysaccharides (A) ultrasonic time and sodium selenite concentration (B) polysaccharide concentration and selenite temperature (C) sodium selenite concentration and selenite temperature (D) sodium selenite concentration and selenite temperature.




3.6.3. Validation experimentation

The experiment to validate the selenization method was carried out according to the specifications listed in Supplementary Table 11. As shown in Figure 13, there was no significant difference in DPPH clearance rate between the response surface and single factor results. Although there was a significant difference between the response surface, single factor (clearance rate), and single factor (stability) results, the scheme single factor (stability) was excluded due to the low DPPH clearance. Comparison of the response surface and single factor (clearance rate) experiments revealed no significant differences, but the DPPH radical scavenging ability of Se-chestnut polysaccharides prepared according to the response surface scheme was slightly better than that prepared using the single factor optimization conditions and better than the predicted value of Design Expert 12.0. In terms of stability, there were significant differences in the response surface, single factor (clearance), and single factor (stability) results. The response surface solution stability of the prepared Se-chestnut polysaccharide was better than that of the material prepared according to the single factor optimization condition, illustrating these conditions are feasible in practice.
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FIGURE 13
 Comparison of selenization conditions of response surface, single factor (clearance rate), and single factor (stability).





3.7. Antioxidant activity analysis of chestnut nano-selenium polysaccharide

The analysis of the antioxidant activities of the polysaccharides materials is shown in Figure 14 CP and Se-CP exhibited dose-dependent removal activities of DPPH, hydroxyl, and ABTS radicals. The scavenging activities of Se-CP were similar to CP for hydroxyl and ABTS radicals at lower concentration, but significantly better than CP at higher concentration. Overall, the scavenging activity of Se-CP on DPPH radical was significantly higher than that of CP in the selected concentration range, and at concentration of 1–2 mg·mL−1, the scavenging activity of Se-CP on hydroxyl radical was significantly higher than that of Vc (P < 0.05). The main chemical bonds of selenated polysaccharides are C-O-Se and Se=O. The results suggest that selenation changed the structure of chestnut polysaccharide to improve its stability and improve its antioxidant ability (65, 66).


[image: Figure 14]
FIGURE 14
 Antioxidant activity of selenated polysaccharides (A) DPPH radical scavenging activity (B) hydroxyl radical scavenging activity (C) ABTS radical scavenging activity.





4. Conclusion

Chestnut polysaccharide (CP) was extracted and purified by ultrasonic assisted water extraction and alcohol precipitation, with an extraction rate of 25.296%. The structural characterization of the purified chestnut polysaccharide showed obvious changes, which might be caused by binding of the large lamellar structure to the cellulose column during the purification process. The in vitro scavenging rates of CP at 10 mg·mL−1 against DPPH, hydroxyl radicals, and ABTS were 88.95, 41.38, and 48.16%, respectively. The DPPH free radical scavenging rate of purified polysaccharide fraction CP-1a was slightly enhanced, and the other rates showed a small decrease. Se-CP had scavenging abilities of 89.81 ± 2.33, 58.50 ± 1.60, and 40.66 ± 1.91% for DPPH, hydroxyl radicals, and ABTS radicals, respectively, increases of 38.83, 72.73, and 68.19%, respectively, relative to un-modified CP. In conclusion, nano-selenium modification of chestnut polysaccharide can improve antioxidant activity, and there is potential use of this material in the field of food therapy for treatment of insulin resistance. The findings of excellent scavenging suggest a direction for further research on the mechanism of hypoglycemic activity.
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Hazel leaf, one of the by-products of hazelnut, which is widely used in traditional folk medicine around the world. In the present study, the profile of free, conjugated, and bound phenolic compounds from hazel leaf was detected and their antioxidant and anti-inflammatory activities were investigated. The potential health benefits of different phenolic compounds were also predicted. The results showed that the 35 phenolic substances of free, conjugated and bound forms were identified including phenolic acids, flavonoids and catechins. Most of the hazel leaf phenolics were presented in free form, followed by conjugated and bound form. All the fractions effectively inhibited the production of reactive oxygen species and malondialdehyde in TBHP-stimulated human umbilical vein endothelial cells by enhancing endogenous superoxide dismutase, and accordingly alleviated inflammatory cytokines (NO, IL-1β, TNF-α, and IL-6) in LPS-stimulated RAW264.7 cells, showing obvious antioxidant and anti-inflammatory capacity. Moreover, combined with network pharmacology, the potential therapeutic effects and functional pathways of hazel leaf phenolics were predicted, which provided value basis for exploring their treatment on diseases and developing health products in the future.

KEYWORDS
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Introduction

Hazel belongs to the birch family, which is native to southern Europe, Asia and the American continent and has become an important cash crop in many countries (1). As one of the most popular nuts in the world, hazelnuts are rich in fat, protein, fiber and vitamins, and are consumed in a variety of forms and presentation due to special flavor and sensory properties. Besides, hazelnut skins, hazelnut shells, hazelnut green mulch and hazel leaves are often used in traditional medicine around the world as a by-product from baking, cracking, husking, and harvesting separately (2). In traditional Iranian medicine, hazel leaves are mainly used in the form of infusions as a medicine for liver tonic. Now, they are also used in folk medicine to treat hemorrhoids, varicose veins, phlebitis, and mild edema due to their vascular protection and anti-edema properties (3). Galenic preparations of hazel leaves are also used to relieve ulcers and oropharyngeal infections, and include mild anti-dysentery, anti-fungal, and scarring properties (4). In traditional Swedish medicine, hazelnut leaf and bark are used to treat pain (5). The present studies show that these by-products contain a large amount of phytochemicals, mainly phenolic compounds, which have biological activities such as antioxidant, anti-inflammatory and antibacterial (6). LC-MS method is usually used to analyze the peptides, diarylheptanoids and flavonoids of Corylus species, such as hazelnut, bark, and involucres (7–9). The MS techniques also provide more possibilities for the identification of their constituents and metabolites (10, 11). Among them, the research on hazelnut shells is highly concerned, which contains a large amount of polyphenols, has strong antioxidant and anti-free radical activities, and has inhibitory effects on some tumor cells (12). However, there are few reports on other by-products such as hazel leaves.

Polyphenols are compounds found in plant foods that have potential health-promoting effects. It is found in some common plant foods such as beans, nuts, tea, soya, red wine, vegetables, and fruits (13). As a class of metabolites of natural origin and the largest natural antioxidants in the human diet, polyphenols have direct and indirect antioxidant and anti-inflammatory activities that help to reduce oxidative stress at the cellular level. It has been shown to have anti-bacterial, anti-cancer and other functions that can prevent a range of chronic diseases (14). The polyphenols of perilla leaves demonstrate the antioxidant, anticancer and antidiabetic activities (15). The polyphenolic components in bergamot fruits and leaves have been reported to have good antioxidant and anti-inflammatory properties (16). Oxidative damage and inflammatory are common features of all diseases, and the antioxidant effect of polyphenols extends their application.

Network pharmacology is a new discipline based on the theory of systems biology, which analyzes the network of biological system and selects specific signal nodes to design multi-target drug molecules. It mainly uses various omics, high-throughput screening, network visualization, network analysis and other technologies to analyze and construct drug-target-disease networks by bioinformatics methods, establish prediction models, and analyze the pharmacological mechanism (17). Nowadays, it has been rapidly used in the prediction of constituent targets, the search for active natural products and the discovery of new drugs (18). In many cases, individual food-sourced active compounds are present at very low levels and poor bioavailability, and their therapeutic effects may be limited to food. However, when compounds with similar or complementary effects are combined in the diet, a cumulative effect may occur, which may result in therapeutically effective doses that play an important role in disease prevention (19). Therefore, network pharmacology can also be used to discover which dietary compounds, alone or in combination, have preventive/therapeutic mechanisms for which diseases (20).

The flat-European hybrid hazelnut is a new variety of hazelnut with Corylus heterophylla Fisch. as female hazel, Corylus avellana L. as male parent since the 1980's (21). So far, the total planting area of flat-European hybrid hazelnut in China is about 50,000 hectares, accounting for more than half of the current planting area (22). This study focuses on flat-European hybrid hazel leaf polyphenols for the first time, investigating its antioxidant and anti-inflammatory effects and potential health benefits prediction. This may provide further insights into hazel leaf as functional food or pharmaceutical additives.



Materials and methods


Materials and reagents

The flat-European hybrid hazel leaves were harvested from 7-year-old hybrid hazel trees of local orchard in Jilin Province, China. HPLC-grade acetonitrile and formic acid were purchased from Fisher Scientific (Loughborough, UK). Leucine enkephalin (LE) was supplied by Waters (Milford, USA). All the ultrapure water was prepared with a MilliQ plus water system (Milford, USA).

Human umbilical vein endothelial cells (HUVEC) were purchased from Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China). Mouse mononuclear macrophages RAW264.7 were purchased from Guangzhou Saiku Biological (Guangzhou, China). DMEM high sugar medium, Lipopolysaccharide (LPS), 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-Tripyridyltriazine (TPTZ), (+)-Catechin, Gallic acid, Vitamin C, and 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were purchased from Shanghai Yuanye Biological (Shanghai, China). Mouse TNF-α ELISA Kit, Mouse IL-6 ELISA Kit, and Mouse IL-1β ELISA Kit were obtained from Boster Biological Technology (Wuhai, China). Nitrogen monoxide (NO), Malondialdehyde (MDA), and Total Superoxide Dismutase (SOD) were obtained from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China).



Sample preparation
 
Crude extraction of phenolics

Extraction method based on the previous protocol with minor modifications (23). Freeze-dried flat-European hybrid hazel leaves stored in a refrigerator at −80°C were lyophilized and crushed to obtain hazel leaf powder ready for further extraction operations. 1 g of powder was dissolved in 15 mL of 70% methanol solution containing 1% HCl (1–1 by volume), vortexed well and mixed well, and sonicated for 30 min. The mixture was then centrifuged at 1,800 × g for 10 min and the extraction was repeated twice. The supernatant was combined to obtain the crude extract. The bottom residue precipitate was stored in a refrigerator at −80°C. The crude extract was removed from the methanol using a vacuum rotary evaporator and the solution was freeze-dried to obtain the crude extract powder.



Extraction of free and conjugated phenolics

1 g of crude extract powder was weighed precisely, dissolved in 15 mL of 10 mmol/L hydrochloric acid, extracted with 5 mL of ether-ethyl acetate (1–1 by volume), extracted three times and the organic layers were combined to give free phenol (FP). The combined aqueous layers were subjected to conjugated phenolics extraction by adding an appropriate volume of 6 mol/L sodium hydroxide to a final concentration of 2 mol/L and stirring with a magnetic stirrer for 16 h at room temperature for alkaline hydrolysis. The hydrolysate was acidified to pH 2 with 12 mol/L hydrochloric acid, extracted with ether-ethyl acetate and the organic layers were combined three times to give base-hydrolyzed conjugated phenolics (BCP). The combined aqueous layers were adjusted to a final concentration of 2 mol/L with concentrated hydrochloric acid, hydrolyzed in a water bath at 85°C for 1 h to room temperature, extracted with ether-ethyl acetate and extracted three times to give the combined organic layers as acid hydrolyzed conjugated phenolics (ACP) (24).



Extraction of bound phenolics

The bottom residue obtained after centrifugation was freeze-dried, weighed exactly 1 g and redissolved in 15 mL of 2 mol/L of sodium hydroxide solution, mixed thoroughly, sonicated for 30 min and hydrolyzed to insoluble phenolic compounds by gyratory shaking at room temperature for 20 h. The hydrolysate was acidified to pH 2 with 12 mol/L hydrochloric acid, extracted with ether-ethyl acetate and the organic layers were combined three times to give base released bound phenolics (BBP). The remaining aqueous layer was added to an appropriate volume of concentrated hydrochloric acid to the final concentration of 2 mol/L, and hydrolyzed in a water bath at 85°C for 1 h. After cooling to room temperature, the diethylether/ethylacetate (1:1, v/v) was extracted three times and the combined organic layers were acid hydrolysis bound phenolics (ABP). All components are evaporated in portions under nitrogen and stored at −80°C.




Total phenolic and flavonoid contents

The five fractions were redissolved in 70% methanol (1 mL having 5 mg dry extract) and filtered through a 0.22 μm filter membrane. Total phenolic content (TPC) was determined using the forinol reagent with minor modifications (24). In a 96-well plate, 25 μL of sample or standard was mixed with 125 μL of 0.2 mol/L of forinol reagent for 10 min at room temperature and protected from light, respectively. Then 125 μL of 15% sodium carbonate solution was added and the reaction was carried out at 765 nm for 30 min at room temperature and protected from light for absorbance detection. A standard curve was established using gallic acid standards (50–500 μg/mL) and the TPC was mg gallic acid equivalent (GAE)/g dry weight powder (mg GAE/g DW).

In a 96-well plate, 25 μL of sample or standard was mixed with 110 μL of sodium nitrite (0.066 mol/L) for 5 min at room temperature, 15 μL of 0.75 mol/L aluminum chloride solution was added, followed by 6 min at room temperature. Then 100 μL of 0.5 mol/L sodium hydroxide solution was added and the absorbance was read at 510 nm. A standard curve was established using catechin standards (50–500 μg/mL) and the total flavonoid content (TFC) was given as mg catechin equivalent (CAE)/g dry weight powder (mg CAE/g DW) (25).



UPLC-TOF-MS/MS analysis

All solvents are filtered through a 0.22 μm filter membrane, five fractions (FP, BCP, ACP, BBP, and ABP) were analyzed in chromatographic fingerprint by the UPLC-TOF-MS/MS system (Waters Q-TOF Synapt G2 high resolution mass spectrometer and Waters ACQUITY UPLC system, Water, Milford, USA) with chromCore 120 C18 column (1.8 μm, 2.1 × 100 mm), equipped with electrospray ionization (ESI). The column temperature was maintained at 40°C, the flow-rate was 0.4 mL/min, and the injection volume was 6 μL. The mobile phase consisted of 0.1% aqueous formic acid (v/v) (A) and acetonitrile (B). Elution was performed with the following gradient: 0–1 min: 5–25% B, 1–5 min: 25–30% B, 5–12 min: 30–50% B, 12–15 min: 50–60% B, 15–20 min: 60–100% B, 20–25 min: 100–5% B. The ESI source was set to negative modes. Nitrogen was used as cone and desolvation gas. The mass spectrometry conditions included desolvation temperature of 500°C, source temperature of 100°C, capillary voltages of 3.0 kV, cone voltages of 35 V, extraction cone voltages of 5.0 V, volume flow rate of 900 L/h and cone gas 50 L/h. The MSE method was applied for MS2 analysis. Argon gas was used as collision gas with low collision energy of 5 eV and high collision energy of 25–35 eV.

All MS data were analyzed on the UNIFI platform (Waters, Milford, USA). Using the automatic matching function and database of UNIFI software, compounds can be quickly identified. The parameters were set as follows: the analysis time range is 1–25 min, the mass allowable error range is ±10 ppm, the mass detection range is 50–1,500 Da and the negative adducts containing H− and HCOO−. The integrated peak area of high resolution mass spectrometry was used for semi-quantitative analysis.



Antioxidant assays
 
DPPH assay

As slightly modified from previous practice (26), in a 96-well plate, a standard curve was established using Trolox (62.5–1,000 μmol/L) as the standard. 25 μL of standard or sample (FP, ACP, BCP, BBP, ABP, 1 mL having 5 mg dry extract) was mixed with 200 μL of 350 μmol/L DPPH methanol solution and the absorbance was read at 517 nm after 6 h at room temperature. Antioxidant activity was defined as micromolar Trolox equivalent/gram of dry weight powder (μmol TE/g DW).



FRAP assay

Combined the previous FRAP (Ferric-reducing antioxidant power) methods (26), in a 96-well plate, a standard curve was established using L-ascorbic acid (62.5–1,000 μmol/L) as the standard and 10 μL of the standard or sample (FP, ACP, BCP, BBP, ABP, 1 mL having 1 mg dry extract) was mixed with 300 μL of Fe-TPTZ reagent (300 mM acetate buffer: 10 mM TPTZ: 20 mM FeCl3- 6H2O = 10:1:1) and the reaction was carried out at room temperature for 2 h. The absorbance was read at 593 nm. FRAP values were represented by micromolar ascorbic acid equivalents/g dry weight powder (μmol AAE/g DW).




Cellular antioxidant activities
 
Cell culture and treatment protocols

Human umbilical vein endothelial cells (HUVEC) were cultured in DMEM with high glycemic complete medium containing 100 U/mL penicillin, 100 mg/mL streptomycin and 10% fetal bovine serum in a 37°C, 5% CO2 cell incubator. To elucidate the role of FP, ACP, BCP, BBP, ABP in HUVEC survival, cells were exposed to different FP (4, 8, 12, 16, 20, and 24 μg/mL), ACP (2.5, 5, 7.5, 10, 12.5, and 15 μg/mL), BCP (5, 10, 20, 40, and 80 μg/mL), BBP (5, 10, 15, 20, 25, and 30 μg/mL), and ABP (5, 10, 15, 20, 25, and 30 μg/mL) concentrations over for 24 or 48 h (Supplementary Figures 1A–E). To induce oxidative stress in vitro, cells were cultured with a range of concentrations of TBHP (0, 100, 200, 300, 400, and 500 μM), and cell toxicity was measured. After 24 h of administration of TBHP, the cell viability decreased, and 55.8 ± 1.38% of the cell viability was observed at 400 μM (Supplementary Figure 1F). HUVECs were exposed to different phenolics (10 μg/mL) and TBHP (400 μM), and worked together for 24 h to detect the antioxidant capacity.



Cell viability assay

The HUVECs were spread in 96-well plates at 10,000 per well. The MTT test was conducted after treatment, 20 μL of MTT (5 mg/mL) was added to each well, incubated for 4 h, carefully sucked out the culture medium, and 150 μL of dimethyl sulfoxide solution (DMSO) was added to each well. The absorbance was read at 490 nm after shaking with an enzyme marker for 10 min.



Intracellular reactive oxygen species (ROS) determination

The HUVEC cells were plated at 150,000/mL in 6-well plates, 2 mL per well and 24 h of incubation. TBHP (400 μM) was added to each group except the control group, and then added to the samples. After 24 h, the original medium was discarded for ROS assay. 2, 7-Dichlorofluorescein diacetate (DCFH-DA) was diluted 1:1000 with serum-free high-glucose DMEM medium (1 mL/well), incubated in the incubator for 20 min, washed three times with PBS, and detected by fluorescence microscopy. The fluorescence intensity per unit area calculated by the image analysis system represented the relative level of ROS in cells.



Intracellular antioxidant enzyme activities

Groups were cultured as described above. The supernatant of the cellular six-well plate was discarded and washed 2–3 times with phosphate buffered solution (PBS). Each well was added 500 μL PBS and removed the cells with a cell spatula for manual homogenization. The protein concentrations were determined with the BCA Protein Assay Kit, then superoxide dismutase (SOD) and malondialdehyde (MDA) assays were performed according to the kit instructions.




Cellular anti-inflammatory activities
 
Cell culture and treatment protocols

RAW264.7 mouse macrophages preserved in liquid nitrogen tanks were revived and cultured in DMEM with high sugar complete medium containing 10% fetal bovine serum in a 37°C, 5% CO2 cell incubator. To elucidate the role of FP, ACP, BCP, BBP, ABP in RAW264.7 survival, cells were exposed to different FP (10, 20, 30 and 40 μg/mL), ACP (5, 10, 20 and 40 μg/mL), BCP (20, 40, 80 and 160 μg/mL), BBP (6.25, 12.5, 25 and 50 μg/mL), and ABP (6.25, 12.5, 25 and 50 μg/mL) concentrations over for 24 or 48 h (Supplementary Figures 2A–E). RAW264.7 cells were exposed to different phenolics (20 μg/mL) and LPS (1 μg/mL) (27), and worked together for 24 h to detect the anti-inflammatory activities.



Cell viability assay

The RAW264.7 cells were spread into 96-well plates at 6,000 per well. After treatment, the MTT assay performed as above.



Intracellular anti-inflammatory enzyme activities

The RAW264.7 cells were spread in 96-well plates at the above concentrations and incubated for 24 h. LPS (1 μg/mL) was added to the each group except the control group, and then added to the corresponding samples. After 24 h, the supernatant was carefully aspirated and centrifuged at 2,500 r/min for 10 min. The supernatant was assayed for NO content according to the instructions of the kit, and the TNF-α, IL-6, and IL-1β levels in the cell supernatant according to the instructions of the ELISA kit.




Prediction of the therapeutic potential and functional pathways of phenolics

The hazel leaf phenolics were fed into the Swiss Target Prediction database for targets prediction. “Oxidative damage” and “inflammation” were filtered in the GeneCards database (https://www.genecards.org/) as disease targets (28). The obtained disease targets were plotted against the phenolics targets in Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/), and the intersecting targets were likely to be the key antioxidant and anti-inflammatory targets of hazel leaf phenolics. The key targets were entered into the STRING (http://string-db.org/cgi/input.pl) online website to construct the protein-protein interaction (PPI) network (28). Network was analyzed and visualized using the Cytoscape 3.9.0. To further understand these targets, the Metascape data platform (https://metascape.org/) was used to perform KEGG pathway enrichment analysis. KEGG enrichment bubble plots were then plotted by Microbiology online platform (http://www.bioinformatics.com.cn/) (29).



Statistical analysis

The results are presented as means ± SD. All data were analyzed using GraphPad Prism 7.0 software. Differences between groups were analyzed using One-way ANOVA. Tukey's multiple comparisons test analyses were used to calculate statistical differences between multiple groups. The p-value < 0.05 was considered statistically significant.




Results and discussion


Total phenolic and flavonoid contents

The TPC of the different fractions (FP, BCP, ACP, BBP, and ABP) of hazel leaf was shown in Figure 1A, ranging from 1.7 to 14.8 mg GAE/g DW (y = 0.0064x + 0.1517, R2 = 0.999). The fraction with the highest content was FP, up to 14.8 mg GAE/g DW. The average sum of TPC for all the different phenolic fractions was 24.5 mg GAE/g DW, indicating that hazel leaf are one of the precious options for natural phenolics. And the phenolic content obtained by acid hydrolyses was found to be higher in conjugated and bound phenols than in base hydrolyses extracts. Likewise, the highest TFC was found in FP at 4.76 mg CAE/g DW (Figure 1B). The TFC of five fractions ranged from 0.33 to 4.76 mg CAE/g DW (y = 0.0012x + 0.0403, R2 = 0.999). The amount of flavonoids released by acid hydrolysis is higher than that of base hydrolyses.
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FIGURE 1
 TPC (A) and TFC (B) in different fractions of hazel leaf, data are presented as means ± SD (n = 3), values not sharing a common superscript letter denote significant difference (p < 0.05).


Polyphenols are one of the main classes of plant secondary metabolites. According to their structure, they are divided into phenolic acids, flavonoids, lignans, stilbenes, and curcumins (30). Phenolic acids include benzoic acid derivatives (or hydroxybenzoic acid) and cinnamic acid derivatives (or hydroxycinnamic acid). Benzoic acid derivatives are mainly found in fruits and vegetables in conjugated form (esters or glycosides), but also in free form. Hydroxycinnamic acid rarely exists in free form, but mainly in conjugated form. The main dietary flavonoids are flavanols and proanthocyanidins, which are mostly in the form of monomers and polymers (31). Since they exist in different forms, either free or bound, this feature needs to be fully considered in the extraction process in order to improve the yield. The literature on TPC in hazelnut kernel and byproducts mainly focuses on hazelnut, hazelnut shell and hazelnut skin, and only a very limited amount has been isolated in hazel leaf (32–34). The hazel leaf used in this study was from hybrid hazelnut, which is the first report of different forms of phenolic compounds in this variety. Furthermore, considering the potential role of conjugated and bound phenolics in body health, especially gut health, it is important to closely examine the composition of different phenolic fractions.



Characterization of free, conjugated, and bound phenolics

In this study, the TOF-MS/MS method was used to characterize phenolic compounds in different parts of hazel leaf (FP, BCP, ACP, BBP, and ABP). Based on retention time, MS data, fragment ions, molecular weights, literature and databases, a total of 35 phenolic compounds had been tentatively identified in free, esterified and bound forms as shown in Table 1. In the FP fraction, FP1 was tentatively identified as gallic acid with a precursor ion at m/z 169.0128 and fragment ions at m/z 125.0236 ([M–H–CO2]−) (35). FP2 ([M–H]−, m/z 305.0641) was tentatively identified as gallocatechin based on fragment ions at m/z 109.0220 ([M–H–C9H8O5]−), 137.0241 ([M–H–C8H8O4]−), 179.0306 ([M–H–C6H6O3]−), 219.0535 ([M–H–C4H6O2]−), and 261.0735 ([M–H–CO2]−) as the reported MS/MS data (36). FP3 showed a precursor ion at m/z 153.0182 and a major fragment ion at m/z 109.0266 ([M–H–CO2]−), and was tentatively identified as 2, 5-dihydroxybenzoic acid (37). FP4 ([M–H]−, m/z 353.0846) with fragment ions at m/z 191.0518 ([M–H–C5H6O6]−), 192.0529 ([M–H–C5H5O6]−), and 161.0183 ([M–H–C11H12O3]−) was tentatively identified as chlorogenic acid (36). FP5 gave a precursor ion at m/z 463.0847 and a major fragment ions at m/z 300.9928 ([M–H–glycoside]−) corresponding to quercetin-3-O-beta-D-glucopyranoside (38). FP6 was tentatively identified as p-coumaric acid with a precursor ion at m/z 163.0388 and a major fragment ion at m/z 119.0476 ([M–H–CO2]−), and details were shown in Figure 2A (35). FP7 ([M–H]−, m/z 317.028) was tentatively identified as myricetin based on fragment ions at m/z 165.0543 ([M–H–C8H8O3]−), 179.0658 ([M–H–C7H6O3]−), 288.1270 ([M–H–CHO]−), and 315.0105 matching with data in the Pubmed databases. FP8 ([M–H]−, m/z 315.0492) showed fragment ions at m/z 271.0560 ([M–H–CO2]−), 301.0004 ([M–H–CH2]−), and 311.0933, and was tentatively characterized as pedalitin matching with data in the Pubmed databases. FP9 was tentatively identified as quercetin with a precursor ion at m/z 301.0333 and fragment ions at m/z 149.0549 ([M–H–C8H8O3]−) and 178.9954 ([M–H–C7H7O2]−) as shown in Figure 2B (37). FP10 ([M–H]−, m/z 447.0902) was tentatively identified as luteolin-7-O-glucoside with fragment ions at m/z 285.1414 ([M–H–C9H6O3]−) and 327.1232 ([M–H– C7H4O2]−) (39).


TABLE 1 Identification and relative content of individual phenolics in free, conjugated, and bound forms in hazel leaf.
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FIGURE 2
 MS/MS spectra and fragmentation patterns of selected phenolic compounds (A) p-coumaric acid, (B) quercetin, (C) gallic acid, (D) 2, 5-dihydroxybenzoic acid, (E) quercetin-3-O-beta-D-glucuronide, (F) resveratrol, (G) kaempferol-3-O-rhamnoside, and (H) luteolin.


In the BCP fraction, BCP1 was already detected and identified in the FP fraction as gallic acid (Table 1, Figure 2C). BCP2 ([M–H]−, m/z 153.019) was tentatively identified as 2, 5-dihydroxybenzoic acid with fragment ions at m/z 93.0343 ([M–H–C2H3O–HO]−), 109.0266 ([M–H–CO2]−), 110.0314 ([M–H–C2H3O]−), and 123.0461 ([M–H–CH2O]−) as shown in Figure 2D (37). BCP3 showed a precursor ion at m/z 179.0351 and a major fragment ion at m/z 135.0453 ([M–H–CO2]−), and was tentatively identified as caffeic acid (36). BCP4 ([M–H]−, m/z 477.0676) was tentatively characterized as quercetin-3-O-beta-D-glucuronide based on fragment ions at m/z 121.0314 ([M–H–C6H8O6-C8H6O4-CH2]−), 135.0453 ([M–H–C6H8O6-C8H6O4]−), 163.0385 ([M–H–C16H10O7]−), 201.0195 ([M–H–C6H8O6-C4H4O3]−) and 301.0004 ([M–H–C6H8O6]−), and the details were shown in Figure 2E (40). BCP5 ([M–H]−, m/z 227.0711) with fragment ions at m/z 120.0543 ([M–H–C7H7O]−), 153.0203 ([M–H–C3H6O2]−), 165.0543 ([M–H–C2H4O–HO]−), 183.0832 ([M–H–C2H4O]−), and 225.0572 was tentatively characterized as resveratrol matching with data in the Pubmed databases (Figure 2F).

In the ACP fraction, ACP1 and ACP5 were already detected and identified in the FP fraction as gallic acid and quercetin (Table 1). ACP2 ([M–H]−, m/z 163.0391) with fragment ions at m/z 119.0476 ([M–H–CO2]−), 120.0543 ([M–H–CH3-CO]−), 121.0266 ([M–H–CO–CH2]−), 135.0453 ([M–H–CO]−), and 145.0306 ([M–H–H2O]−)was tentatively characterized as p-coumaric acid (35). ACP3 ([M–H]−, m/z 317.028) was tentatively identified as myricetin with fragment ions at m/z 165. 0190 ([M–H–C8H8O3]−), 287.0119 ([M–H–CH2O]−), 288.9984 ([M–H–CHO]−), and 315.0183 matching with data in the Pubmed databases. ACP4 was tentatively identified as luteolin with a precursor ion at m/z 285.0401 ([M–H]−) and a major fragment ion at m/z 241.0591 ([M–H–CO2]−) (41). ACP6 ([M–H]−, m/z 300.9978) gave fragment ions at m/z 185.9775 ([M–H–C4H3O4]−), 257.0444 ([M–H–C2H3O]−), and 299.1262 corresponding to ellagic acid (36, 42).

In the BBP fraction, BBP1, BBP4, BBP6, and BBP7 were already detected and identified in the FP fraction as gallic acid, quercetin-3-O-beta-D-glucopyranoside, p-coumaric acid and luteolin-7-O-glucoside (Table 1). BBP2 showed a precursor ion at m/z 137.0245 and a major fragment ion at m/z 93.0343 ([M–H–CO2]−), and was tentatively characterized as hydroxybenzoic acid (38). BBP3 and BBP5 were already detected and identified in the BCP fraction as caffeic acid and quercetin-3-O-beta-D-glucuronide (Table 1). BBP8 with a[M–H]− ion at m/z 431.0993 and fragment ions at m/z 227.0676 ([M–H–C6H10O4-2CHO]−), 255.0311 ([M–H–C6H10O4-CHOH]−), and 285.0396 ([M–H–C6H10O4]−) was tentatively characterized as kaempferol-3-O-rhamnoside, and details were shown in Figure 2G (43).

In the ABP fraction, ABP1, ABP2, ABP3, ABP4, and ABP5 were already detected and identified in the FP, BCP and BBP fraction as gallic acid, 2,5-dihydroxybenzoic acid, hydroxybenzoic acid, myricetin, and quercetin (Table 1). ABP6 ([M–H]–, m/z 285.0405) showed fragment ions at m/z 175.0291 ([M–H–C6H6O2]−) and 241.0506 ([M–H–CO2]−), and was tentatively identified as luteolin (Figure 2H) (41).

Based on our preliminary identification and relative content analysis of phenolic compounds, FP had the most kinds of compounds, with 10 compounds. The component with the highest mass spectrum peak area was myricetin, followed by quercetin-3-O-beta-D-glucopyranoside and p-coumaric acid. The BBP had eight components, of which the highest peak area was luteolin-7-O-glucoside and kaempferol-3-O-rhamnoside. Both ACP and ABP had six components, among which quercetin had the highest peak area. The BCP had five components, of which the highest peak area was Quercetin-3-O-beta-D-glucuronide. The total peak area of FP polyphenols was 6.37 times that of BCP, and 5.02, 3.3, 3.22 times that of ACP, ABP, and BBP respectively. Gallic acid was found in all five fractions, which is consistent with the report that five phenolic acids (gallic acid, caffeic acid, p-coumaric acid, ferulic acid, and erucic acid) were identified and quantified from hazelnut leaves, and gallic acid was the most in free and esterified forms (2). Quercetin and myricetin were found in 3 fractions. Similarly, phenolic compounds including myricetin, quercetin, kaempferol, and related derivatives were also identified in a comparative study of the leaves of 10 different hazelnut varieties from northeastern Portugal (44). Differently, Rosmarinic acid, Hirsutenone 3-caffeoylquinic acid, caffeoyltartaric acid, and oregonin were detected in the leaves of Corylus avellana L. and Corylus maxima Mill. by LC-MS method (4, 45, 46). In addition, some amino acids including valine, alanine, GABA, aspartic acid and tyrosine were detected in Corylus avellana L. leaves by NMR method (47).



Antioxidant capacity
 
DPPH and FRAP assays

The phenolic extracts of hazel leaf were briefly tested for chemical redox capacity by in vitro chemical assays. DPPH and FRAP assays are commonly used in vitro chemical methods to assess antioxidant capacity. DPPH radical has a strong absorption capacity. When antioxidants are paired with the single electron of DPPH radical, the change of absorbance at 517 nm is often used as an indicator to measure the scavenging effect of DPPH radical (26). Fe-TPTZ is reduced to the ferrous form by reducing species, which has a maximum light absorption at 593 nm. The antioxidant activity intensity of the samples can be calculated based on the absorbance (26). As shown in Figures 3A, B, the DPPH and FRAP method were performed with Trolox and L-ascorbic acid as the standard and calibration curve y = −0.0022x + 1.2136, R2 = 0.999 and y = 0.002x + 0.0487, R2 = 0.998, respectively. According to the results, it was found that free phenolics had the highest radical scavenging activity, followed by conjugated phenolics (BCP and ACP) and bound phenolics (BBP and ABP). The antioxidant capacity of different fractions of hazel leaf was basically consistent with the contents of TPC and TFC, which also verified that phenolics were the main substances of antioxidant activity.
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FIGURE 3
 Antioxidant capacity of different fractions of hazel leaf (A) DPPH assay, (B) FRAP assay, data are presented as means ± SD (n = 3), values not sharing a common superscript letter denote significant difference (p < 0.05).





Cellular antioxidant capacity

Reactive oxygen species (ROS) are the main forms of free radicals present and are indicative of the extent of oxidative damage to cells, which include hydroxyl radicals, hydrogen peroxide radicals, and superoxide. Excess ROS can disrupt the balance between oxidative and antioxidant systems in cells, leading to oxidative stress, which further damage the structure and function of cells (48). The results of fluorescent microscope showed that compared with the control group, the green highlights in the TBHP group were significantly increased, indicating that the cell oxidative damage was established successfully. Compared with the TBHP group, the green highlights of phenolic extracts were significantly reduced, indicating that the different fractions of hazel leaf have antioxidant properties, but the BCP group was weaker. The intensity of green fluorescence was quantified based on image analysis system. The results showed that the fluorescence intensity of each fraction group was significantly lower than the TBHP group, and the FP and ACP groups was close to the control group relatively, indicating a strong antioxidant capacity. Moreover, the other three groups also had good antioxidant capacity, which was consistent with the fluorescence microscope observation (Figures 4A, B).


[image: Figure 4]
FIGURE 4
 Influence of hazel leaf phenolics on ROS (A, B), SOD (C), and MDA (D) in TBHP-stimulated HUVEC cells, values are expressed as mean ± SD, ##p < 0.01 vs. Control, **p < 0.01 vs. TBHP, *p < 0.05 vs. TBHP.


The level of SOD activity indirectly reflects the body's ability to scavenge oxygen free radicals, while the level of MDA reflects the severity of free radical attack on the body's cells (48). As shown in Figures 4C, D, compared with the control group, the SOD level in the TBHP group decreased significantly (p < 0.01). Compared with the TBHP group, FP, ACP, BBP, and ABP increased significantly (p < 0.05, p < 0.01), and BCP was slightly higher but not statistically significant. Meanwhile, the MDA content in the TBHP group was markedly higher than the control group (p < 0.01). The content of FP, ACP, and BBP group were markedly lower than the TBHP group (p < 0.05, p < 0.01), and BCP and ABP were slightly lower but not statistically significant. The results indicated that phenolic extracts could alleviate oxidative damage by improving SOD activity and MDA content in cells, among which FP, ACP, and BBP were quite effective.



Cellular anti-inflammation capacity

Exogenous LPS stimulation makes cells produce NO, and the accumulation of excess NO stimulates neutrophils and macrophages to release pro-inflammatory factors such as TNF-α, IL-1β, and IL-6. These proinflammatory factors have a wide range of biological effects and also induce the expression of other proinflammatory factors, which play an important role in the initiation of inflammation and immune responses (49). As shown in Figures 5A–D, compared with the control group, the levels of NO, IL-1β, TNF-α, and IL-6 in the LPS-stimulated group were significantly increased (p < 0.01). Compared with the LPS group, the NO, IL-1β, TNF-α, and IL-6 level of FP, ACP, BBP, and ABP group reduced clearly (p < 0.01). For the BCP group, compared with the LPS group, the intracellular IL-6 level was significantly decreased, and the NO, IL-1β, and TNF-α decreased but no significant difference. The results showed that phenolic extracts could alleviate the inflammatory response by reducing the accumulation of NO in LPS-induced cells and inhibiting the release of inflammatory factors TNF-α, IL-1β, and IL-6. Among the different forms of phenolic extracts, FP, ACP, BBP, and ABP were quite effective, which were basically consistent with the antioxidant capacity.
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FIGURE 5
 Influence of hazel leaf phenolics on NO (A), IL-1β (B), TNF-α (C), and IL-6 (D) in LPS-stimulated cells, values are expressed as mean ± SD, ##p < 0.01 vs. Control, **p < 0.01 vs. LPS.




Prediction of the therapeutic potential of phenolics

The phenolic compounds of hazel leaf obtained by UPLC-TOF/MS were screened by the Swiss ADME platform, and 17 active constituents were retained and imported into the Swiss Target Prediction database to obtain the targets. After screening and deduplication, a total of 591 targets were obtained. The active ingredients and targets data above were imported into Cytoscape 3.9.0 for network construction. Base on the components-targets network analysis, the closer the relationship between active ingredients and targets with higher degrees of freedom, the more likely they have potential therapeutic effects. The top three active ingredients were Quercetin-3-O-beta-D-glucopyranoside, luteolin and Quercetin, with degree values of 191, 164, and 118 respectively, which are presumed to be important components of hazel leaf phenolics (Table 2).


TABLE 2 Active ingredients of hazel leaf phenolics.

[image: Table 2]

In the Genecards database, 402 oxidative damage-related targets and 397 inflammation-related targets were obtained. They were intersected with 591 targets of the hazel leaf phenolics, resulting in 70 and 85 intersecting targets, respectively, as shown in Venn diagrams (Figures 6A, B). The common targets of oxidative damage and inflammation were interacted through the PPI network and visualized by Cytoscape 3.9.0, with a total of 77 nodes and 210 edges for oxidative damage, and 53 nodes and 141 edges for inflammation. In the PPI network, the importance of the targets was shown by the size of the degree value normally. The eight targets with degree values ≥10 were HSP90AA1, AKT1, EP300, ESR1, JUN, MDM2, CASP3, and VEGFA in the oxidative damage PPI network (Figure 6C). The six targets were RELA, JUN, AKT1, PIK3CA, MAPK14, and SYK in the inflammation PPI network as well (Figure 6D). It was hypothesized that these targets might play an important role in the antioxidative and anti-inflammation of hazel leaf phenolics.


[image: Figure 6]
FIGURE 6
 Component—oxidative damage (A)/inflammation (B) target distribution map and PPI network of oxidative damage (C)/inflammation (D).


KEGG enrichment analysis was performed for these intersecting targets. A total of 162 signaling pathways related to oxidative damage (P < 0.01) and 150 signaling pathways related to inflammation (P < 0.01) were obtained. Among them, the top 20 pathways with the highest probability were selected for visualization. As shown in the bubble enrichment diagram, the more genes enriched in the pathway, the bigger the bubble, the smaller the P-value and the redder the color. The oxidative damage-related targets were mainly involved in cancer, lipid and atherosclerosis, diabetic complications, chemical carcinogenesis, and neurodegenerative disease pathways (Figure 7A). The inflammation-related targets were mainly involved in cancer, lipid and atherosclerosis, coronavirus disease, herpesvirus infection, and diabetes complications pathways (Figure 7B). Based on the network pharmacological prediction of antioxidant and anti-inflammatory effects of hazel leaf phenolics, three important core targets were the same, namely JUN, AKT1, and VEGF. KEGG enrichment analysis also showed that they shared functional pathways targeting cancer, lipids and atherosclerosis, as well as diabetes complications. These results indicated that hazel leaf phenolics may have potential therapeutic effects on cancer, obesity, cardiovascular disease and diabetes through the signaling pathways involved in the above key targets, such as the MAPK pathway (50, 51). It narrowed the potential therapeutic scope of hazel leaf phenolics and the corresponding mechanism, which would be helpful for its in-depth understanding and utilization. However, the definite conclusion still needs further experimental and clinical confirmation.


[image: Figure 7]
FIGURE 7
 KEGG pathway enrichment of oxidative damage (A)/inflammation (B).





Conclusion

This study investigates comprehensive information on phenolics in free, conjugated and bound forms of flat-European hybrid hazel leaf. Our results provide the first detailed analysis of hazel leaf phenolics and confirm that hazel leaf phenolics are mainly present in free form. Gallic acid is the most distributed phenols, which has been identified in all forms of components. Pedalitin, chlorogenic acid, and gallocatechin were only found in free phenols, resveratrol and ellagic acid were only found in conjugated phenols, and kaempferol-3-O-rhamnoside and hydroxybenzoic acid were only found in bound phenols. As determined by chemical and cell viability, the FP fraction had the highest antioxidant and anti-inflammatory activities, followed by ACP, BBP, ABP, while BBP had the weakest activity. Combined with polyphenol content and characterization analysis, this result may be positively correlated with the composition of phenolic components. Furthermore, with network pharmacology, we predicted the potential therapeutic effects of hazel leaf polyphenols on cancer, lipids, atherosclerosis and diabetic complications, and detected the corresponding functional pathways. This work provides an overall picture of phenolic profile in hazel leaf, expand the plant sources of dietary polyphenols and facilitate the further design functional food formulations.
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Introduction: Oxidative stress is closely related to the development of many diseases. Essential oils (EOs) show potent antioxidant activity from natural sources. Kaempferia galanga L. is an important medicine rich in high-value essential oil (KGEO). However, the antioxidant activity of KGEO remains to be fully studied.

Methods: Chemical composition of KGEO was analyzed using gas chromatography-mass spectrometry (GC-MS). The antioxidant activity was determined using the DPPH, ABTS, hydroxyl radical scavenging assays and reducing power assay in vitro. A zebrafish model was used to evaluate the protective effect of KGEO against H2O2-induced oxidative stress damage in vivo.

Results: The major components of KGEO were found to be trans ethyl p-methoxycinnamate (32.01%), n-pentadecane (29.14%) and trans ethyl cinnamate (19.50%). In vitro pharmacological results showed that KGEO had good free radical scavenging capacity in DPPH, ABTS, and hydroxyl radical scavenging assays (IC50 values: 19.77 ± 1.28, 1.41 ± 0.01, and 3.09 ± 0.34 mg/mL, respectively) and weak reducing capacity in the reducing power assay (EC50 value: 389.38 ± 4.07 mg/mL). In vivo zebrafish experiments results indicated that the survival rate and heart rate increased, and ROS generation, cell death, and lipid peroxidation were attenuated after KGEO treatment. In addition, a decrease in malondialdehyde (MDA) levels and increases in superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) activities were observed in the KGEO-treated groups.

Discussion: This study validated the in vitro and in vivo antioxidant activities of KGEO, which provides a theoretical basis for a profound study of KGEO and its application in the pharmaceutical, food and cosmetic industries.
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GRAPHICAL ABSTRACT
The chemical composition of KGEO was determined by using GC-MS. The antioxidant activities of KGEO were evaluated through various experiments in vitro and in vivo.




1. Introduction

Oxidative stress is associated with the development of many diseases, such as cancer, diabetes, aging, inflammation, and Parkinson’s disease (1). Oxidative stress is induced due to an imbalance between reactive oxygen species (ROS) and antioxidants in the human body (2–4). Normally, the production and clearance of ROS such as hydrogen peroxide (H2O2), hydroxyl radicals (OH⋅), and superoxide anion radicals (O2⋅–) are balanced in the processes of normal cellular metabolism and the antioxidant system (2). However, abnormal ROS production caused by excessive environmental stimulation results in oxidative stress and related diseases (3), and the accumulation of excessive ROS causes irreversible oxidative damage (4). Synthetic antioxidants have been used to inhibit the oxidative damage caused by the generation of excessive ROS. However, they are suspected to have side effects, such as digestive problems. Thus, new natural antioxidants without toxicity have become the focus of numerous studies.

Essential oils (EOs) are an important class of compounds with diverse pharmacological activities, including antioxidant, antimicrobial, and anti-inflammatory activities. They are extracted from plant materials and are mainly composed of monoterpenes and sesquiterpenes (5–6). Kaempferia galanga is an important herbal medicine and is widely used in India, China, Myanmar, Bangladesh, and Thailand (7). It has been used in folk medicine to treat indigestion, rheumatism, toothaches, asthma, piles, and wounds (8). Pharmacological studies have shown that K. galanga possesses antimicrobial (9), antioxidant (10), anti-inflammatory and analgesic (11), vasorelaxant (12), and antitumour (13) activities. As the main component of K. galanga, K. galanga essential oil (KGEO) also plays an important medicinal role and is used to treat indigestion, rheumatism, asthma, coughs, and skin issues (8).

Excessive free radicals induce oxidative stress, which is harmful to the human body (14). Novel antioxidants from plants and their underlying mechanisms have attracted much attention because of the side effects of synthetic drugs (15). As a free radical scavenger, EO can prevent various types of damage to the body caused by free radicals.

However, the antioxidant activity of KGEO remains to be fully studied. The aim of the study was to investigate the chemical composition characteristics of KGEO by using gas chromatography-mass spectrometry (GC-MS). Furthermore, the antioxidant activity of KGEO were systematically evaluated in vitro and in vivo. The findings of this study indicated its potential to develop as novel antioxidant in the pharmaceutical, food, and cosmetic industries.



2. Materials and methods


2.1. Materials


2.1.1. Plant material

Kaempferia galanga rhizomes were purchased from Qingping Chinese medicinal herbs market (Guangdong Province, China), and were identified by deputy chief pharmacist Junbiao Wu (The Second Clinical Medical College, Guangzhou University of Chinese Medicine, Guangzhou, China). Prior to use, the rhizomes were ground into powder.



2.1.2. Solvents and chemicals

The reference standard of n-alkanes (C8−C20) was received from ANPEL Laboratory Technologies (Shanghai) Inc. (Shanghai, China). 2,2-diphenyl-1-picrylhydrazyl (DPPH, 98%), 2,2′-amino-di(2-ethyl-benzothiazoline sulfonic acid-6) ammonium salt (ABTS, 98%), ascorbic acid (≥ 99%), 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA), and acridine orange were acquired from Sigma-Aldrich (Shanghai, China). Malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) were obtained from Nanjing Jiancheng Biotechnology Co., Ltd (Nanjing, China). Dimethyl sulfoxide (DMSO) was obtained from MP Biomedicals (CA, USA). Diphenyl-1-pyrenylphosphine (DPPP, catalog no. DJ799) was obtained from Macklin (Shanghai, China). Other chemicals used in this study were of analytical grade.




2.2. Essential oil extraction

A Clevenger-type apparatus with ethanol was used to extract the EO of the rhizome powder (500 g) by distillation for 6 h, and then water was removed with anhydrous sodium sulfate. KGEO was stored in a well-closed container at 4°C.



2.3. GC-MS analysis

The volatile compounds were identified by GC-MS (Agilent 7890A-5975C, Agilent Technologies, USA) using an HP−5MS capillary column (30 m × 0.25 mm, film thickness 0.25 μm). Helium was the carrier gas at 1.0 ml/min. One microlitre was injected with a split ratio of 1/10, and the injector temperature was 250°C. The oven temperature was increased from 60 to 122°C at 3°C/min, subsequently raised to 126, 148, 152, and 250°C at 0.5, 2, 0.5, and 5°C/min, respectively, and held at 250°C for 2 min. The mass spectrometry (MS) parameters were as follows: ion source temperature, 230°C; electron impact, 70 eV; scan mass range, 50−550 m/z (1.0 scan/s). The retention indices (RIs) of all components were calculated by using n-alkanes (C8−C20) under the same conditions as those of the normal sample to identify the constituents of the EO by comparing the RI of the n-alkanes and the spectra with the MS Library (NIST 14) under identical experimental conditions.



2.4. In vitro antioxidant activity


2.4.1. DPPH radical scavenging activity

The DPPH assay was used to determine the DPPH radical scavenging activity of KGEO according to the described method (16–17) after making the changes. One milligram of DPPH was dissolved in ethanol (5 ml) to prepare a fresh DPPH working solution. Fifty microlitres of different concentrations of KGEO sample solutions (1, 5, 10, 20, 30, and 40 mg/ml) were mixed well with 50 μL of 0.5 mM DPPH solution to react in the dark at room temperature for 30 min as a sample group. For the blank group, the sample was replaced with an equal volume (50 μL) of ethanol, and ascorbic acid was used as a positive control. A microplate reader (M1000pro, Tecan, Männedorf, Switzerland) was used to determine the absorbance at 517 nm. Three replicates of the experiment were carried out. The IC50 (mg/ml) value was determined by the following Eq. 1:
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where A0 represents the absorbance values of the control and A1 represents the absorbance values of KGEO. The scavenging rate and IC50 of ascorbic acid were calculated under the same conditions.



2.4.2. ABTS radical scavenging activity

The ABTS assay was carried out based on a previously reported method (16) with some modifications. To prepare the ABTS radical stock solution, ABTS (7.4 mM) solution and K2S2O8 (2.45 mM) solution were mixed with an equal volume and reacted for 12−16 h in the dark. Before use, the ABTS radical stock solution was diluted withphosphate buffered saline (PBS) until the absorbance was 0.70 ± 0.02 at 734 nm. Fifty microlitres of different concentrations of sample solutions (0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 mg/ml) were mixed with 150 μL of ABTS radical working solution to react for 6 min in the dark at room temperature, which was used as the experimental group. For the blank group, the sample solutions were replaced by the same volume of ethanol (50 μL). The absorbance of each group was measured at 734 nm using a microplate reader. The results are presented as the IC50 value (mg/ml), and the scavenging rate was determined according to Eq. 1. The inhibition percentage and IC50 of ascorbic acid were calculated under the same conditions.



2.4.3. Hydroxyl radical scavenging activity

The ability of KGEO to inhibit hydroxyl radicals was evaluated according to a reported method (18) with some modifications. KGEO samples (1 ml) with a range of concentrations (1, 5, 10, 20, and 30 mg/ml) were combined with 1 ml of 1 mM salicylic acid ethanol solution, 1 ml of FeSO4 (1 mM), and 1 ml of 0.01% H2O2 (v/v), which were mixed in order. The mixture was maintained at 37°C for 30 min, and then the absorbance (Ai) was measured at 510 nm. Ascorbic acid was used for the positive control group. An equal volume of distilled water replaced the 0.01% H2O2 to prepare Aj. A0 was prepared with an ethanol solution instead of KGEO samples. The ability of KGEO to inhibit hydroxyl radicals was determined using Eq. 2:
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2.4.4. Reducing power assay

The total reduction ability of KGEO was evaluated by using the method reported in the literature (19–20) with some modifications. KGEO samples (0.5 ml) of a range of concentrations (0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 g/ml) were mixed with 0.2 M phosphate buffer (pH 6.6) solution (2.5 ml) and 1% potassium ferricyanide (2.5 ml) in order. Then, the mixture was maintained at 50°C for 20 min. Afterward, 10% trichloroacetic acid (2.5 ml) was added, followed by incubation for 10 min at room temperature. After incubation, 0.10% ferric chloride (0.5 ml) and distilled water (2.5 ml) were added to the mixture (2.5 ml), and then the absorbance was measured at 700 nm. The EC50 value was the value at which the absorbance was 0.5. Ascorbic acid was used as the positive control.




2.5. In vivo antioxidant activity


2.5.1. Zebrafish husbandry

Wild-type AB zebrafish were provided by Guangdong Laboratory Animals Monitoring Institute. The zebrafish were kept at 28.5 ± 0.5°C with a 14:10 h light/dark cycle and fed flake food three times daily. Embryos were obtained from natural spawning, collected after 45 min of light, and then incubated in E3 medium (21) (CaCl2 0.33 mM, NaCl 5 mM, KCl 0.18 mM, MgSO4 0.34 mM).



2.5.2. Waterborne exposure of embryos to KGEO and H2O2

We evaluated the effect of KGEO against H2O2-induced embryotoxicity. KGEO was dissolved in DMSO. The 48 h post-fertilization (hpf) embryos were treated with different concentrations of KGEO (0.4, 0.8, and 1.6 μg/ml) for 1 h. After 1 h, H2O2 (2 mM) was added as a stimulant. DMSO (0.32%) was used as the solvent control. The embryos were rinsed in fresh medium, and the survival rate was examined after 24 h.



2.5.3. Heartbeat rates of zebrafish embryos

The heartbeat rates of zebrafish embryos were measured after 24 h of H2O2 (2 mM) stimulation at 72 hpf. The average heart rate of zebrafish embryos was measured by manual counting with a 10 s period for 15 live zebrafish embryos under a microscope (Nikon Ci-E, Japan). The heartbeat rates were expressed as a percentage.



2.5.4. Protective effect of KGEO against H2O2-induced oxidative stress in zebrafish embryos

Intracellular ROS, cell death, and lipid peroxidation were measured by DCF-DA, acridine orange, and DPPP assays to assess the protective effect of KGEO against H2O2-induced oxidative stress (22). The zebrafish embryos were treated with phenylthiourea (2 mg/ml) to inhibit pigment pattern formation in zebrafish for better observation of fluorescence images starting at 5 hpf. The 48 hpf zebrafish embryos were treated with or without KGEO (0.4, 0.8, and 1.6 μg/ml) for 1 h. Then, H2O2 (2 mM) was added, followed by incubation for 24 h. At 72 hpf, the embryos were washed with E3 medium and transferred into 24-well plates. DCF-DA is an oxidation-sensitive fluorescent probe dye used to detect ROS levels. The zebrafish embryos were incubated with DCF-DA solution (2.5 μM) for 50 min at 28°C in the dark. Apoptotic cells were detected in embryos by using acridine orange (7 μg/ml), a nucleic acid-selective fluorescent dye, and the embryos were incubated for 30 min in the dark at 28°C. When DPPP is oxidized, it becomes fluorescent. DPPP is a fluorescent probe used to measure lipid peroxidation for the detection of membrane damage. The embryos were treated with DPPP solution (20 μg/ml) and incubated for 40 min in the dark at 28.5°C. After incubation, the embryos were washed with E3 medium at least three times and anesthetized with MS222 (150 μg/ml) before visualization. Fluorescence images of embryos were captured using a fluorescence microscope (Nikon Ci-E, Japan), and the fluorescence intensity of individual embryos was quantified using ImageJ software (Fiji version) (National Institutes of Health, Bethesda, USA).



2.5.5. Determination of antioxidant enzyme activities and malondialdehyde levels in zebrafish embryos

The 48 hpf zebrafish embryos were treated with or without KGEO (0.4, 0.8, and 1.6 μg/ml) for 1 h and then incubated with H2O2 (2 mM) for 24 h. At 72 hpf, the embryos from each group were collected and homogenized with buffer (pH 7.2) containing EDTA-2Na (0.0001 M), Tris−HCl (0.01 M), and NaCl (0.65%) using a tissue homogenizer (1,700 r/min, 30 s × 3). After centrifugation (3,000 r/min, 15 min), the supernatants were collected immediately to determine the activity of SOD, CAT and GSH-Px and MDA levels according to the manufacturer’s directions (A003−1, A001−1, A007−1, and A005, Jiancheng, Nanjing, China).




2.6. Statistical analysis

Data were analyzed using SPSS 26.0 (SPSS Software, Chicago, IL, USA). One-way ANOVA followed by least significant difference (LSD) or Dunnett’s multiple comparisons test was employed to analyze the statistical significance between the control group and other treatment groups. The non-parametric data were analyzed by a Kruskal−Wallis test. Data are presented as the means ± SDs of three independent experiments. P < 0.05 was considered statistically significant (###P < 0.001 compared with the H2O2 group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control group).




3. Results


3.1. Chemical composition of K. galanga essential oil

The KGEO chemical components that were determined are shown in Table 1, which are arranged in the order of elution from the HP−5MS column. Twenty-eight constituents were found, which comprised 95.18% of the KGEO. Phenylpropanoids (53.60%) were the dominant class in the EO, followed by hydrocarbons (33.18%), monoterpenoids (4.07%), and sesquiterpenoids (2.20%). The most abundant chemical compounds were determined to be trans ethyl p-methoxycinnamate (32.01%), n-pentadecane (29.14%), and trans ethyl cinnamate (19.50%), which together represented 80.65% of the EO.


TABLE 1    Chemical composition of the K. galanga essential oil.
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3.2. In vitro antioxidant activity of K. galanga essential oil

Because of the complex reactive facets of EO, at least two antioxidant systems should be employed to ensure the reliability of its antioxidant activity. Therefore, four complementary spectrophotometric methods, DPPH, ABTS, hydroxyl radical scavenging and reducing power assays, were used to carry out the following experiments. The results are presented in Table 2.


TABLE 2    Antioxidant capacity of the K. galanga essential oil measured by different assays.

[image: Table 2]


3.2.1. DPPH radical scavenging activity

DPPH is often used in antioxidant experiments as a stable radical (23). The ability of KGEO to scavenge DPPH radicals was studied. In the oxidation reaction, KGEO showed a potential DPPH radical scavenging effect with an IC50 value of 19.77 ± 1.28 mg/ml (Table 2), with an increase in DPPH radical scavenging with increasing KGEO concentration. The scavenging effect of KGEO at a concentration of 10 mg/ml was 52.70%, and the activity appeared to be dose-dependent (24). This may be related to the plant source and processing procedure based on the content of its main components. DPPH radicals can be scavenged in the form of reduced DPPH-H, when a hydrogen radical combines with a DPPH radical (25). An EO with DPPH radical scavenging activity is beneficial for inhibiting damage to biomolecules (protein, sugars, PUFA, DNA) caused by reactive radical species in susceptible food and biological systems (24).



3.2.2. ABTS radical scavenging activity

The ABTS radical scavenging assay is also usually employed to determine the in vitro antioxidant activity of different substrates. The scavenging activity of KGEO at different concentrations for ABTS radicals was determined. The IC50 of the EO was determined to be 1.41 ± 0.01 mg/ml (Table 2). The EO exhibited higher activity toward the ABTS radical compared to the DPPH radical. After proton dissociation, the ABTS radical (ABTS+) accepts a single electron and combines with hydrogen (H+) to form stable ABTS, which plays a significant role in free radical scavenging. The main mechanisms in the process of free radical scavenging are proton priority loss and single electron transfer (26). The DPPH radical scavenging assay can only be used in hydrophobic antioxidant systems, while the ABTS radical scavenging assay can be used in hydrophobic and lipophilic systems, which are more common (27).



3.2.3. Hydroxyl radical scavenging activity

Hydroxyl radicals are powerful oxidants that can react with many redox-sensitive elements and organics non-selectively in the environment and damage various biomolecules (28). As a main ROS, hydroxyl radicals can lead to lipid peroxidation or other oxidative damage (29). Different concentrations of KGEO were evaluated. KGEO had hydroxyl radical scavenging activity, with an IC50 of 3.09 ± 0.34 mg/ml, as shown in Table 2. KGEO exhibited higher activity toward the DPPH radical and lower activity toward the ABTS radical. Similar to DPPH and ABTS radicals, hydroxyl radical species are neutralized by a hydrogen atom.



3.2.4. Reducing power assay

The ferricyanide reduction method was used to determine the reducing power. The electron-donating activity is a significant mechanism of antioxidant activity, which can be indicated by Fe3+ reduction (19). The reducing power was assessed on KGEO. As presented in Table 2, the EC50 value for Fe3+ reduction of KGEO was 389.38 ± 4.07 mg/ml. This result suggested that KGEO has weak potency to donate electrons to reactive free radicals. During the ferric reducing assay, reducing agents reduced the Fe3+−ferricyanide complex to the ferrous form. Thus, Fe2+ can be assessed by the density of blue color in the reaction medium at 700 nm (30).




3.3. In vivo antioxidant activities study


3.3.1. Protective effect of KGEO in the H2O2-induced oxidative stress zebrafish model

The protective effect of KGEO on oxidative stress in vivo induced by H2O2 was established using a zebrafish model. The survival rate of zebrafish embryos treated with different concentrations of KGEO is shown in Figure 1A. After exposure to H2O2, the survival rate dropped to 66.67% compared to 100.00% of the control group. However, the survival rate increased after preadministration of 0.4, 0.8, and 1.6 μg/ml KGEO, and the rate rose to 73.33, 86.67, and 93.33%, respectively. DMSO (0.32%) as a solvent control had no effect on the survival rate. The heartbeat rate of embryos treated with H2O2 (2 mM) was decreased to 80.56%, while pretreatment with different concentrations of KGEO (0.4, 0.8, and 1.6 μg/ml) recovered the heart rate to 91.16, 93.94, and 98.48%, respectively (Figure 1B). These results suggested that KGEO alleviated oxidative damage caused by H2O2.
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FIGURE 1
Survival rate and heartbeat rate of H2O2-induced zebrafish treated with Kaempferia galanga essential oil (KGEO). The survival rate (A) and the heartbeat (B) of zebrafish. The results are expressed as mean ± SD (n = 15). ##P < 0.01, ###P < 0.001 as compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001 as compared to the H2O2-treated group.


The fluorescence images of intracellular ROS generation are shown in Figure 2A. After treatment with H2O2, the DCF fluorescence intensity was enhanced to 170.63%, with brighter fluorescence compared to the control group, while the fluorescence intensity was reduced up to 103.31% by cotreatment with KGEO.
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FIGURE 2
The effects of Kaempferia galanga essential oil (KGEO) on H2O2-induced ROS Production, cell death, and lipid peroxidation in zebrafish. The protective effect of KGEO against H2O2-induced ROS generation (A), Cell death (B), and lipid peroxidation (C). The relative fluorescence intensities of zebrafish were analyzed using ImageJ software. The data were expressed as the mean ± SD (n = 15). ###P < 0.001 as compared to the control group. *P < 0.05, ***P < 0.001 as compared to the H2O2-treated group.


Acridine orange preferentially stains necrotic and late apoptotic cells, as it is able to permeate cells with disrupted plasma membranes. Fluorescence images showing cell death in zebrafish embryos as assessed by acridine orange staining are shown in Figure 2B. In the H2O2-treated group, the fluorescence intensity was significantly enhanced to 157.01% compared with the control group. After KGEO was administered, the fluorescence expression was significantly decreased, and the fluorescence value decreased to 105.04% with increasing KGEO concentration.

The fluorescence images for DPPP are shown in Figure 2C, and the fluorescence intensity indicated the degree of lipid peroxidation. H2O2 significantly induced lipid peroxidation, with the fluorescence intensity increasing to 170.55%, while lipid peroxidation was reduced to 108.00% after KGEO treatment.

The fluorescence intensities of images of ROS generation, cell death, and lipid peroxidation were measured using ImageJ software. The results suggested that KGEO showed protective activity in zebrafish embryos damaged by H2O2-induced oxidative damage via a decrease in ROS and lipid peroxidation and by alleviating cell death.



3.3.2. Effect of KGEO on antioxidant enzyme activities and MDA levels in H2O2-treated zebrafish embryos

The antioxidant enzyme activities (SOD, CAT, and GSH-Px) and MDA levels were evaluated in H2O2-induced zebrafish embryos. The results are shown in Figure 3. In the H2O2-treated group compared to the control group, the activities of CAT, GSH-Px, and SOD in zebrafish embryos were decreased by 3.62−, 2.26−, and 1.56−fold, respectively, and MDA levels were increased by 2.27−fold. However, after treatment with different concentrations of KGEO (0.4, 0.8, and 1.6 μg/ml), the oxidative damage was alleviated in a dose-dependent manner. When treated with KGEO (1.6 μg/ml), the activities of CAT, GSH-Px, and SOD were increased by 3.78−, 2.5−, and 1.80−fold, respectively, and the MDA level showed a decrease of 63.00% compared to the H2O2-treated group. The results indicated that H2O2 caused oxidative damage and lipid peroxidation, which were due to the decrease in antioxidant enzyme activities and the increase in the formation of MDA, while KGEO alleviated this damage.
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FIGURE 3
The effects of Kaempferia galanga essential oil (KGEO) on levels of malondialdehyde (MDA) and antioxidant enzymes activity in H2O2-induced zebrafish. Superoxide dismutase (SOD) activity (A), catalase (CAT) activity (B), GSH-Px activity (C), and MDA level (D) were determined after incubation. The data are expressed as mean ± SD (n = 15). ###P < 0.001 as compared to the control group. **P < 0.01, ***P < 0.001 as compared to the H2O2-treated group.






4. Discussion

According to the literature, for K. galanga, the study of volatile oils has been the focus, especially in China, India, and Malaysia. The results of this study are consistent with those of previous studies, showing that trans ethyl p-methoxycinnamate, n-pentadecane, and trans ethyl cinnamate were the main constituents in the EO (8). However, after oils were obtained by hydrodistillation (MHD) and traditional hydrodistillation (HD), the main constituents of both oils were similar, but their n-pentadecane (32.80 and 21.60%), trans ethyl cinnamate (17.10 and 16.10%) and cyperene (3.40 and 2.00%) contents differed (31). The volatile oil extracted with n-hexane by steam distillation was identified as having trans ethyl p-methoxycinnamate (38.60%), trans ethyl cinnamate (23.20%), 1,8-cineole (11.50%), trans-cinnamaldehyde (5.30%), and borneol (5.20%) as the major components, which represented a high content of 1,8−cineole (32). In another study, 39 components were reported from KGEO; among them, trans ethyl p-methoxycinnamate, trans ethyl cinnamate and trans cinnamaldehyde were the main compounds, with contents of 30.60, 26.80, and 11.50%, respectively, which represented a high content of trans cinnamaldehyde (33). 1,8-cineole and trans cinnamaldehyde were not detected in this oil, which may be related to geography, climate conditions and postharvest processing, and the applied extraction methods also influenced the chemical profile. In addition, the relative percentages of major compounds were also affected by these factors.

Generally, the results of the in vitro antioxidant tests described above indicated that KGEO’s scavenging ability for DPPH, ABTS, hydroxyl radicals and reducing power exhibited a concentration-dependent manner comparable to the reference standard, ascorbic acid. Antioxidants can prevent or reduce damaging effects from free radicals in the human body by reacting with free radicals and neutralizing them (34). Moreover, the antioxidant activity of KGEO may be related to different mechanisms because of the chemical complexity of the oil.

Herbs and spices have a long history of being used to improve sensory and flavor characteristics. Many studies have explored the antioxidant activity of EOs and many herbs for addition to various foods. The vapor phase of EOs has bioactivity, which makes them useful for protecting commodities (35).

The zebrafish is a popular in vivo model that is widely used for modern bioactivity research and is characterized by easy handling, transparent embryos, and a short generation time. In previous studies, zebrafish stimulated with H2O2 have been used successfully to estimate antioxidant activity (36–37). As a result, H2O2-stimulated zebrafish were selected to evaluate the in vivo antioxidant effect of KGEO as an in vivo model. In vivo zebrafish studies indicated that KGEO alleviated oxidative stress damage and reversed the ROS generation, cell death and lipid peroxidation induced by H2O2.

The uncontrolled generation of free radicals and their damage to antioxidant defensive mechanisms cause superfluous ROS and induce oxidative damage (38). SOD, CAT, and GSH-Px are regarded as important defense systems against oxidative stress. O2– is converted to H2O2 by SOD and then is detoxified to H2O and O2 either by CAT or GSH-Px. SOD also inhibits lipid peroxidation by terminating the chain reaction. MDA is an indicator of lipid peroxidation, which is caused by redundant ROS (39). This study showed that KGEO could alleviate this damage caused by H2O2 by increasing the activities of antioxidant enzymes and downregulating the formation of MDA in zebrafish.



5. Conclusion

The chemical study of KGEO showed that it contains monoterpenoids, sesquiterpenoids, phenylpropanoids, hydrocarbons, and aliphatic acid esters. Among them, trans ethyl p-methoxycinnamate, trans ethyl cinnamate, and n-pentadecane were determined to be the major components. The antioxidant activity tests in vitro and in vivo showed that KGEO could effectively eliminate different free radicals and protect zebrafish embryos against H2O2-induced oxidative stress. These findings suggested that KGEO had good antioxidant properties. It laid a solid foundation for further research to explain the underlying mechanisms and signaling pathways for the protective effects of KGEO, and is promising for development as a functional ingredient in the pharmaceutical, food and cosmetic industries.
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Paeoniae Radix Alba (PRA), as a Traditional Chinese Medicine, is widely used in Chinese cuisine due to high health-benefits and nutrition, but the effect of different polarity of solvents on the extraction of antioxidant and hypoglycemic constituents, as well as the major active compounds remain unclear. In this research, 40, 70, and 95% ethanol were firstly applied to extract the polyphenols from PRA, the extraction yields, total phenolics, and total flavonoids content, free radical scavenging ability, α-glucosidase inhibition ability, and anti-glycation ability of extracts were evaluated spectroscopically. The oxidative damage protection, hypoglycemic activity, and alleviation on peripheral nerve damage were evaluated by H2O2-induced HepG2 cells and hyperglycemic zebrafish models. UPLC-QTOF-MS/MS was used to identify the major chemical constituents. The results showed that 40, 70, and 95% ethanol exhibited insignificant difference on the extraction of phenolics and flavonoids from PRA. All extracts showed promising DPPH⋅ and ABTS⋅+ scavenging ability, α-glucosidase inhibition and anti-glycation ability. In addition, PRA extracts could restore the survival rate of HepG2 cells induced by H2O2, and alleviate the oxidative stress by reducing the content of MDA and increasing the levels of SOD, CAT, and GSH-Px. The 70% ethanol extract could also mitigate the blood glucose level and peripheral motor nerve damage of hyperglycemic zebrafish. Thirty-five compounds were identified from 70% ethanol extract, gallotannins, gallic acid and its derivatives, and paeoniflorin and its derivatives were the dominant bioactive compounds. Above results could provide important information for the value-added application of PRA in functional food and medicinal industry.
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1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disease characterized by continuous hyperglycemia due to either insulin deficiency or insulin resistance, along with metabolic disturbance of carbohydrate, fat, and protein. According to the International Diabetes Federation, the global diabetes prevalence in 2021 reached 10.5% (536.6 million people), and was expected to be 12.2% in 2045 (783.2 million people) (1). The economic growth, urbanization, reduction of physical activity, and dietary habits are the main reasons for the rising of DM (2). Prolonged hyperglycemia will damage multiple vital organs tissues (eyes, kidneys, heart, nerves, and blood vessels), resulting in many complications, such as neuropathy, nephropathy, retinopathy, and hypertension (3). Currently, hypoglycemic drugs (biguanides, thiazolidinediones, α-glucosidase inhibitors, etc.) and injection of insulin are the major treatment of DM (4). However, some of these approaches cannot effectively avoid the occurrence of complications and may result in many side effects, such as weight gain, hypoglycemia, gastrointestinal disturbances, flatulence, diarrhea, abdominal pain, and others (5). Therefore, the development of new natural anti-diabetic resource with low side effects has great application prospect.

Furthermore, strong evidences showed that oxidative stress plays an important role during the development of DM and its complications through activating the metabolic pathways of glycolytic pathway, hexosamine pathway, and polyol pathway (6). Oxidative stress was activated by the over production of reactive oxygen species (ROS) or the reduction of antioxidants, or both. Under the hyperglycemia conditions, the excessively produced ROS destroyed the steady state of reduction-oxidation (redox), resulting in oxidative damages of biomolecules (proteins, lipid, and DNA), formation of advanced glycation end products (AGEs), and dysfunction of β-cell and endothelial cells (7, 8). Moreover, oxidative stress was reported to stimulate damage to nerve cell with exhaustion of cell antioxidants and generation of pro-inflammatory signals in the diabetic neuropathy (9). Based on the close relationship between oxidative stress, DM and its complications, seeking of new therapeutic approaches focusing on oxidative stress are of great significance.

Natural extracts had attracted great attention because of their low side effects and promising protective effect on diabetes, inflammation, cancer, neurodegenerative conditions, etc. Paeoniae Radix Alba (PRA, Bai Shao in China) is the dried root of Paeonia lactiflora Pall, which has been used as traditional medicine for centuries in attenuating liver diseases, regulating menstruation and rheumatism, nourishing blood, and relieving pain (10). It is also widely used in Chinese food due to its nutrition and healthcare function, especially in various stews and soups, such as stewed PRA with pig’s feet, stewed PRA with pigeon, oyster-PRA soup, et al. Recently, PRA extracts were found to exhibit diverse pharmacological activities, such as anticancer, antioxidant, immunomodulation, anti-inflammatory, and anti-diabetic properties due to its rich bioactive compounds, including monoterpene glycosides, tannins, volatile oils, polysaccharides, etc. (10, 11). Juan et al. (11) indicated that PRA extracts exhibited anti-diabetic functions by stimulating glucose uptake, inhibiting glucose absorption and gluconeogenesis transcription. The total glucosides of PRA showed a protective effect on renal function in diabetic nephropathy by increasing T-AOC, SOD, and CAT activities, and reducing the level of MDA (12). However, systematic research on the antioxidant and hypoglycemic activities of different PRA extracts in vitro and in vivo, and the identification of primary active compounds are still needed further study, which will provide more sufficient basis for the scientific application of PRA.

In this article, PRA was extracted with 40, 70, and 95% ethanol. The antioxidant and hypoglycemic activities in vitro were evaluated by DPPH⋅ and ABTS⋅+ scavenging ability, α-glucosidase inhibition, and bovine serum albumin (BSA) glycosylation assays. Furthermore, to further evaluate the antioxidant capacity, the oxidative protection and influence on the activities of antioxidant enzymes were measured with HepG2 oxidative injury models induced by H2O2. In vivo hypoglycemic and peripheral motor nerve protective ability were evaluated with hyperglycemic zebrafish model. Finally, the major chemical composition was preliminarily identified by high performance liquid chromatography-high resolution mass spectrometry (HPLC-QTOF-MS/MS), which provided theoretical basis for comprehensive utilization of PRA.



2. Materials and methods


2.1. Materials and chemicals

Dried PRA was purchased from Anqing Chunyuan Pharmacy (Anhui, China). Pioglitazone hydrochloride tablets were bought from Deyuan Pharmaceutical Co., Ltd. (Jiangsu, China). Glucose, gallic acid, quercetin, and ethanol were from Aladdin Biotechnology Technology (Shanghai, China). Acarbose, 1-diphenyl-2-picrylhydrazyl (DPPH⋅), 4′-nitrophenyl-beta-D-glucopyranoside (pNPG), 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS⋅+), and α-glucosidase were purchased from Sigma-Aldrich (St. Louis, MO, USA). HepG2 cell and Dulbecco’s modified Eagle’s medium (DMEM) with high sugar medium were from Beina Biology (Beijing, China). Amino guanidine was from Bio-Rad Laboratories Ltd. (Shanghai, China). Sitagliptin was bought from Macklin (Shanghai, China). All other chemicals were analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).



2.2. Sample preparation

The PRA powder (5.0 g) was homogenized in 40, 70, and 95% ethanol aqueous solution, respectively (1:20, w/v). Then the mixtures were treated with KQ-300DE Ultrasonic cleaner (Kun Shan Ultrasonic Instruments Co., Ltd., China) at 50°C, 400 W for 1 h. After centrifugation at 7,000 rpm for 5 min, the supernatants were collected, the residues were re-extracted according to the same method. Finally, the supernatants were combined and evaporated, the volumes were adjusted to 100 ml with extraction solvent to obtain the extracts for further analysis. E40, E70, and E95 was used to refer to the extracts prepared with 40, 70, and 95% ethanol aqueous solution, respectively. Meanwhile, 2.0 ml of extracts were taken out and lyophilized with LGJ-1D-80 Freeze Drier (Beijing Yatai Kelong Instrument Technology Co., Ltd., China) to calculate the concentration of extract, the yield of extract was calculated as follows:
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2.3. Determination of total phenolics and total flavonoids content


2.3.1. Total phenolics content

The total phenolics content (TPC) was evaluated using Folin–Ciocalteu method as reported (13). The absorbance at 765 nm was measured using Synergy H1 microplate reader (Biotek Vermont, USA). The calibration curve (Y = 0.0058x + 0.0511, R2 = 1.00) was constructed with gallic acid as standard to calculate the TPC in PRA extracts. All results were expressed as μg of gallic acid equivalent (GAE) per milliliter of extraction solution (μg GAE/ml).



2.3.2. Total flavonoids content

The total flavonoids content (TFC) was measured using AlCl3-NaOH-NaNO3 method according to the report of Zhang et al. (14). Absorbance at 430 nm was measured using Synergy H1 microplate reader (Biotek Vermont, USA). The calibration curve (Y = 0.0016x + 0.056, R2 = 0.9985) was constructed with quercetin as standard to calculate the TFC in PRA extracts. All results were expressed as μg of quercetin equivalent (QuE) per milliliter of extraction solution (μg QuE/ml).




2.4. Determination of radical scavenging ability

The DPPH⋅ and ABTS⋅+ scavenging activity of samples were analyzed according to the method reported by Jia et al. (15). The PRA extracts at different concentrations (50 μl) and DPPH⋅ or ABTS⋅+ working solution (150 μl) were mixed in 96-well microplate, then the mixtures were incubated for 30 min or 6 min at room temperature in darkness. The absorbance at 510 or 734 nm was measured using a Synergy H1 microplate reader (Biotek Vermont, USA). Quercetin and ethanol were used as positive and negative control, respectively. The radical scavenging activity was calculated as follows:
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where Ac was the absorbance of control group; Ab was the absorbance of blank group without samples and free radical solution; Ai was the absorbance of sample group, and Aib was the absorbance of sample blank group without free radical solution only. The IC50 values were calculated based on the curves of sample concentration vs. scavenging activity by Origin 2019 (OriginLab Co., Ltd., USA).



2.5. Protective effect against oxidative damage in H2O2-induced HepG2 cells


2.5.1. Cell culture and cells viability assay

The HepG2 cells were cultured in DMEM medium containing 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 μg/ml streptomycin. To determine the toxicity of PRA extracts and H2O2, the viability of HepG2 cells was measured by CCK-8 assay (16). Briefly, the HepG2 cells (8.0 × 103 cells/well) were incubated in 96-well plates at 37°C for 24 h in an MCO-18AC incubator (Panasonic, Japan) containing 5% CO2, followed by the addition of PRA extracts (25, 50, 100, 200, 400, and 800 μg/ml) for 24 h cultivation or H2O2 (400, 500, 600, and 700 μM) for 6 h cultivation. Then, CCK-8 solution (10 μl/well) was added for another 2 h of incubation, the absorbance of each well at 450 nm was determined with SMR60047 microplate reader (USCNK, China).



2.5.2. Cytoprotective effect on H2O2-induced cell damage

After incubation in a 96-well plate (8.0 × 103 cells/well) for 24 h, HepG2 cells were pre-treated with PRA extracts (37.5, 75, and 150 μg/ml) for 24 h, followed by incubation with H2O2 (600 μM) for 6 h. Cells only treated with H2O2 were used as model group (oxidative stress). The CCK-8 assay kit was used to determine the cytoprotective effects of PRA extracts against H2O2-induced oxidative damage.



2.5.3. Measurement of antioxidant enzymes

After the establishment of oxidative damage in H2O2-induced HepG2 cells as described in section “2.5.2. Cytoprotective effect on H2O2-induced cell damage,” cells were lysed and centrifuged, the supernatant was used to measure antioxidant enzyme activities. The antioxidant activities of PRA extracts on HepG2 cells were detected using SOD, MDA, CAT, and GSH-Px assay kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions. The protein content of HepG2 cells was detected by the BCA assay kit (Jiancheng Bioengineering Institute, Nanjing, China).




2.6. Inhibitory activity on α-glucosidase

The α-glucosidase inhibitory activity was detected as previously reported (13). Briefly, 50 μl PRA extraction solutions at different concentrations and 50 μl phosphate buffered saline (PBS) were incubated with 100 μl α-glucosidase solution (pH 6.9, 0.2 U/ml, in 0.1 M PBS) in 96-well plates at 25°C for 10 min. Then, 50 μl, 5 mM pNPG solution was added to each well. After 10 min of incubation at 25°C, Na2CO3 solution (100 μl, 0.2 M) was mixed to terminate the reaction, and absorbance at 405 nm was measured using a Synergy H1 microplate reader (Biotek Vermont, USA). Acarbose was used as positive control, the IC50 values were used to reflect the inhibition ability.



2.7. Inhibition on bovine serum albumin-fructose glycosylation

The glycosylation inhibition was measured with BSA-fructose glycosylation model (17). The BSA solution (1.0 ml, 625 mM), fructose solution (1.0 ml, 20 mg/ml), and PRA extracts (100 μl, 1.0 mg/ml) were mixed and reacted at 55°C for 24 h. All sample solutions were 10-fold dilution prior to the measurement of fluorescence intensity at an excitation and emission wavelength of 350 and 425 nm, respectively. Hitachi F-7000 fluorescence spectrometer (Tokyo, Japan) was used to record the data, amino guanidine was taken as positive control. The inhibition rate of PRA extracts on BSA glycosylation was calculated as following:
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where FIs, FIc, FIb, and FInb were the fluorescence intensities of PRA extracts group, control group (without PRA extracts), blank group (without fructose and PRA extracts) and sample blank group (without fructose), respectively.



2.8. In vivo hypoglycemic effects and protection on nerve injury


2.8.1. Determination of maximum detection concentration

Wild type AB zebrafish (390) aged 5 days were propagated and breed by Hunter Biotechnology Co., Ltd. accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International. They were randomly selected in a beaker containing 25 ml water with 30 in each group, and freely feed at 28°C under light/dark cycle conditions. The hyperglycemic zebrafish model was established with high-sugar and high-fat diet. Then, the E70 PRA extracts at 62.5, 125, 250, 500, 1,000, and 2,000 μg/ml were added into the water, respectively. During the experiment period, the numbers of zebrafish deaths in each group were calculated and removed in time. After 2 days of continuous treatment for 7.5 h/day, maximum detection concentration (MTC) of zebrafish with hyperglycemia model was determined. All procedures were approved by the Institutional Animal Care and Use Committee at Hunter Biotechnology, Inc. [approval number: IACUC-2020-2574-01, use license number: SYXK (zhe) 2022-0004]. The feeding and management were accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International (No. 001458).



2.8.2. Evaluation of hypoglycemic effects

After the determination of MTC, the hyperglycemic zebrafish model was established as described in section “2.8.1. Determination of maximum detection concentration.” The zebrafish without any treatment was taken as normal group. The zebrafish treated with 500, 1,000, and 2,000 μg/ml of E70 PRA extract were taken as treatment groups, while the zebrafish treated with 18 μg/ml pioglitazone (PGTZ) was used as positive control. The blood glucose level (G) was determined with blood glucose meter, the hypoglycemic effect was calculated as follows:

[image: image]



2.8.3. Evaluation of peripheral motor nerve protection

The transgenic motor neuron green fluorescent strain zebrafish (NBT, 270) aged 5 days (dpf) were randomly selected and feed in a beaker containing 50 ml water (30 zebrafish in each group). The hyperglycemic zebrafish model was established as described in section “2.8.1. Determination of maximum detection concentration,” following by the treatment with 1,000, 1,500, and 2,000 μg/ml E70 PRA extract at 28°C for 7.5 h/day. After 2 days treatment, 10 zebrafish in each group were randomly selected and photographed with AZ100 fluorescence microscope (Nikon, Japan). The fluorescence intensity (S) of peripheral motor nerve in the area of two segments above the ventral pores of zebrafish was analyzed by NIS-Elements D 3.20. Sitagliptin (STGP, 350 μg/ml) was used as positive control, the protective effect on peripheral nerve was calculated as follows:
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2.9. Identification of phytochemical profiling

Isolation and identification of the major phytochemical constituents in the E70 of PRA was carried out on a UPLC LC30 SYSTEM (Shimadzu, Japan) coupled to a Hybrid Quadrupole-TOF Mass Spectrometer Triple TOF 5600+ system (AB SCIEX, USA). Compounds were separated on a YMC C18 column (4.6 × 250 mm, 5 μm, GL Science, Japan) at a flow rate of 0.8 ml/min. Acetonitrile and 0.1% formic acids were used as mobile phases A and B, respectively. The optimized gradient elution program was: 0 min, 5% A; 6 min, 9% A; 7 min, 18% A; and 30 min, 40% A. All samples were filtered through a 0.22 μm membrane prior to injection (10 μl). The MS and MS/MS data were collected under negative ion mode in the scan range of m/z 100–1,500 and 50–1,500, respectively, with electrospray ionization (ESI) resource. The MS and MS/MS data were processed with software PeakView 1.2.



2.10. Statistical analysis

The experiments in vitro were repeated for three times. The results were expressed as mean standard deviation. One-way analysis of variance (ANOVA) with Tukey’s b test was carried out by SPSS 22.0 (Armonk, NY, USA) to assess the statistical significance difference among data, P < 0.05 refers significant difference.




3. Results


3.1. Comparison of yield, TPC, and TFC

Phenolics and flavonoids were the main active components of PRA (18), their extraction efficacy will impact its further processing efficacy and the bio-activity of extracts, thus, influence of different polarity of solvents on the extraction of phenolics and flavonoids from PRA were evaluated. As indicated in Table 1, 70% ethanol showed the highest extraction yield, with the percentage rate of 18.1%, followed by 95% ethanol, and 40% ethanol. While, the TPC in the extraction solutions were determined to be 281.94 ± 3.36, 276.82 ± 8.11, and 273.20 ± 9.55 μg GAE/ml, respectively, for 40, 70, and 95% ethanol solution, insignificant difference was observed (P > 0.05). Meanwhile, different ethanol concentrations also have insignificant influence on the concentration of total flavonoids, the values were 37.92 ± 5.64, 36.67 ± 6.91, and 40.63 ± 4.88 μg QuE/ml (P > 0.05), respectively, when 40, 70, and 95% ethanol were used. These indicated that 40, 70, and 95% ethanol solution exerted insignificant difference on the extraction of phenolics and flavonoids in PRA.


TABLE 1    Extraction rate, total phenolics, and total flavonoids content, and IC50 values for DPPH⋅ ABTS⋅+ scavenging ability, and α-glucosidase inhibition of different PRA extracts.
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3.2. In vitro antioxidant abilities

Research had indicated that the activation of oxidative stress was closely associated with the pathological development of diabetic complications, and long-term hyperglycemia would in turn lead to the production of excessive ROS (8). Antioxidants can alleviate oxidative stress by clearing the over-produced free radicals or activating the endogenous antioxidant defense systems, thereby eliminating the progression of diabetes and related complications (19). Hence, it was meaningful to investigate the antioxidant activity of PRA extracts.

Two classic antioxidant models (DPPH⋅ and ABTS⋅+) were carried out to evaluate the antioxidant ability of PRA extracts. The DPPH⋅ and ABTS⋅+ scavenging capacity and corresponding IC50 values of PRA extracts and standard are shown in Figure 1 and Table 1, all ethanol aqueous extracts gave obvious radical scavenging ability in a dose-dependent manner, the IC50 values ranged from 151.31 to 165.88 μg E./ml for DPPH⋅ scavenging ability, and ranged from 90.00 to 119.89 μg E./ml for ABTS⋅+ scavenging ability, suggesting certain antioxidant potency. Currently, a variety of tannins, monoterpenoid, and flavonoids, especially for tannins have been identified in PRA, which might contribute to its antioxidant activity (20). But the activity was all lower than that of positive control quercetin. In addition, no significant difference was observed among the DPPH⋅ scavenging ability of extracts prepared with 40, 70, and 95% ethanol (P > 0.05). The 40 and 95% ethanol extracts exhibited stronger ABTS⋅+ scavenging ability than 70% ethanol extract, and insignificant difference was observed between E40 and E95 (P > 0.05).
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FIGURE 1
DPPH⋅ (A) and ABTS⋅+ (B) scavenging ability of 40% (E40), 70% (E70), and 95% (E95) ethanol extracts of PRA.




3.3. Alleviation on H2O2-induced HepG2 oxidative stress


3.3.1. Effect of PRA extracts on cell viability

It is necessary to evaluate the toxic concentration of PRA extracts on HepG2 cells before determining its oxidative protective effect. Cell viability is often used as an indicator of cytotoxicity, and it was generally accepted that when the survival rate of cells exceeds 80% upon treated with a reagent, suggesting a non-cytotoxic effect (21). As shown in Figure 2A, exposure HepG2 cells to 25, 50, and 100 μg/ml of PRA extracts did not reduce the cell viability. Oppositely, induction with 25 μg/ml of E70 and E95 enhanced the viability. The viability of HepG2 cells remained above 80% when 200 μg/ml of E40, E70, or E95 was applied. While, the cell viability significantly decreased to 69.84 ∼ 78.41% when the concentration of PRA extracts arrived at 400 μg/ml, and dramatically to 18.79 ∼ 25.08% at 800 μg/ml, indicating severe HepG2 cells damage. Therefore, PRA extracts showed almost no cytotoxicity on HepG2 cells when the concentration was lower than 200 μg/ml, 37.5, 75.0, and 150 μg/ml of PRA extracts were thus selected for subsequent oxidative protection assays.
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FIGURE 2
The viability of HepG2 cells treated with PRA extracts (A) and H2O2 (B), effect of PRA extracts on cells viability of HepG2 cells induced by H2O2 (C). Different letters (a, b, c, etc.) in each column indicate significant difference among the data (P < 0.05). *P < 0.05.




3.3.2. PRA extracts enhanced the viability of H2O2-induced HepG2 cells

H2O2, as a considerably active oxygen molecule with relatively stable properties, is one of the main factors causing excessive oxidative stress, which is widely used to establish cell oxidative damage model (16, 22). In this research, 400 ∼ 700 μM of H2O2 were used to induce HepG2 cells for 6 h to establish the oxidative stress model. As shown in Figure 2B, compared with the untreated group, the cell viability declined in a concentration-dependent manner with the increasing of H2O2 concentration. The cell viability of HepG2 cells was reduced to 52.2% when induced with 600 μM H2O2 for 6 h (P < 0.01). Therefore, the concentration of 600 μM was selected to induce oxidative stress for subsequent experiment.

The protection effect of PRA extracts against oxidative damage were determined with the H2O2-induced HepG2 cells oxidative stress model. As shown in Figure 2C, the cell viability of model group (induced by H2O2) significantly decreased (P < 0.01) compared to the normal group (without H2O2 and extracts treatment), and reached to 49.56%, indicating the successful establishment of the oxidative damage model. It was greatly restored to 69.79 ∼ 96.16% when the cells were pre-treated with 37.5 ∼ 150 μg/ml of PRA extracts for 24 h prior to H2O2 incubation (P < 0.01). The highest viability was found on the cells pre-treated with 37.5 μg/ml of E40 or 75 μg/ml of E70 or E95, with the values enhanced by 1.87 ∼ 1.94-folds, indicating good alleviation of PRA extracts on cell oxidative damage. While, when the concentration was at 37.5 μg/ml, E40 and E70 treatment showed higher cell viability than E95, but no significant difference (P > 0.05) was observed among E40, E70, and E95 when the treatment concentration was at 75 or 150 μg/ml. The results disclosed that PRA extracts could significantly decrease the oxidative stress of HepG2 cells induced by H2O2, 40, 70, and 95% ethanol extracts showed similar oxidative protection, and the activity will be weaker when the induction concentration over 150 μg/ml.



3.3.3. Effects on the levels of MDA and antioxidant enzymes

SOD, CAT, and GSH-Px are crucial endogenous antioxidant enzymes that provide the first line of defense against damage mediated by oxidative stress. The SOD responsible to catalyze O2– to H2O2, O2 and less reactive H2O2, CAT can directly convert H2O2 into H2O and O2, GPXs are a large family of diverse isozymes that use glutathione to reduce H2O2 (21, 23). Intracellular MDA is a typical degradation product of lipid peroxidation in biological membranes, it can aggravate membrane damage and is often regarded as a biomarker of oxidative stress (22). Therefore, changes in the level of antioxidant enzymes (SOD, CAT, and GSH-Px) and MDA are regarded as pivotal indicator of antioxidant ability evaluation.

Previous radical experiments showed that PRA could effectively scavenge free radicals in vitro, which meant that it might alleviate oxidative damage in HepG2 cells. As indicated in Figure 3A, the MDA level of HepG2 cells increased to 60.11 nmol/mg protein (P < 0.01) after being incubated with H2O2 for 6 h, indicating the occurrence of lipid peroxidation caused by H2O2-induced oxidative stress (24). Addition of PRA extracts could apparently prevent the release of MDA as compared to the model group (P < 0.01), the MDA levels were markedly reduced to 6.28 ∼ 12.6 nmol/mg protein when pre-treated with 75 μg/ml PRA extracts for 24 h, the best suppression was detected on 75 μg/ml of E95 (6.28 nmol/mg protein), followed by 37.5 μg/ml of E40 (8.08 nmol/mg protein). The suppression on MDA production was weaken when the pre-treatment concentration of PRA extracts reached 150 μg/ml, but the MDA levels were still much lower than that of model group.
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FIGURE 3
Effects of different concentrations of PRA extracts on the levels of MDA (A), SOD (B), GSH-Px (C), and CAT (D) in H2O2-induced HepG2 cells. The different letters (a, b, c, etc.) upper each column indicate that there are significant differences among the data (P < 0.05).


As shown in Figures 3B–D, SOD, GSH-Px, and CAT levels decreased significantly in H2O2 induced HepG2 cells, the enzyme activity was reduced from 71.56, 605.41, and 57.03 U/mg protein in normal group to 10.28, 71.10, and 11.63 U/mg protein (P < 0.05), respectively, suggesting the generation of oxidative stress. Pre-treatment with 37.5 ∼ 150 μg/ml of PRA extracts for 24 h significantly restored the antioxidant enzyme activity, especially for extracts at the concentration of 75 μg/ml. The highest SOD, GSH-Px, and CAT level was individually found on the HepG2 cells pre-treated with 75 μg/ml of E95, 37.5 μg/ml of E40 and 75 μg/ml of E95 (P > 0.01), and 37.5 μg/ml of E40, the enzyme level was improved by 5.2, 6.7 ∼ 6.8, and 4.3-folds, respectively, as compared with the model group. Consistent with the results of cell viability, at a low pre-treatment concentration (37.5 μg/ml), E40 exhibited much better mitigation effect than E70 and E95 on H2O2-induced reduction on SOD, GSH-Px, and CAT levels. The ability did not vary greatly at middle treatment concentration, while, at high concentration of 150 μg/ml, the SOD, CAT, and GSH-Px levels were the lowest, indicating the presence of certain cytotoxicity, but they were still significantly higher than that of model group (P < 0.05). Therefore, it can be concluded that PRA extracts showed good protection on HepG2 cells against H2O2 induced oxidative stress through decreasing MDA formation and improving the levels of endogenous antioxidant enzymes SOD, CAT, and GSH-Px.




3.4. Inhibition on the activity of α-glucosidase and BSA glycosylation


3.4.1. Inhibition on the activity of α-glucosidase

α-Glucosidase is a critical carbohydrate hydrolase secreted by intestinal epithelium, and responsible for the degradation of disaccharides, trisaccharides, and oligosaccharides into absorbable monosaccharides. Inhibiting the activity of α-glucosidase has been regarded as one of the important methods to control diabetes and diabetic complications (25). Hence, α-glucosidase inhibitory experiment was carried out to appraise the hyperglycemic activity of PRA extracts. Results were presented in Figures 4A, B. Obviously, all ethanol extracts displayed good α-glucosidase inhibitory activity, the percentage inhibition all over 85% when the concentration of PRA extracts arrived at 200 μg E./ml. Moreover, the α-glucosidase inhibition of E40, E70, and E95 all much higher than that of positive control acarbose, with the IC50 value of 68.58, 69.01, 91.07, and 163.56 μg/ml, respectively. The strongest inhibitory activity was found on E40 and E70 (P > 0.05), which was about 2.4 times of that of acarbose. Which is consistent with the results of Sun et al. (26), who found that ethanol extract of PRA can effectively inhibit α-glucosidase activity.
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FIGURE 4
The α-glucosidase inhibition (A), IC50 values for inhibiting α-glucosidase (B), and anti-glycative ability (C) of PRA extracts. Different letters (a, b, c, etc.) upper each column indicate significant differences among the data (P < 0.05).




3.4.2. Suppression on BSA glycosylation

Advanced glycation end products (AGES) are a class of heterogeneous compounds spontaneously formed during the advanced stage of protein glycosylation. The accumulation of AGEs in body tissues will increase the oxidative stress and contribute to the pathology of various diabetic complications, such as retinopathy, neuropathy, and cardiovascular complications (27). Inhibiting protein glycosylation and AGEs accumulation have been considered as one of effective approach to alleviate diabetic complications. In this research, the inhibition of PRA extracts on protein glycosylation was evaluated with BSA-fructose model. As indicated in Figure 4C, the E40, E70, and E95 all exhibited stronger suppression on BSA glycosylation than standard amino guanidine, and displayed an obvious does-dependent relationship. While, no significant difference was found among E40, E70, and E95 at tested concentrations (P > 0.05). At the concentration of 1.0 mg/ml, the suppression ratio on AGEs formation of E40, E70, and E95 reached to 78.51, 82.40, and 80.63%, respectively, which was 1.82 ∼ 1.91 times of that of amino guanidine, suggesting the potential of PRA extracts in preventing diabetic complications.




3.5. Hypoglycemic activity on diabetic zebrafish model


3.5.1. Hypoglycemic effect

During decades, zebrafish (Danio rerio) has been one of the favorite and validated model organism in screening of drug against metabolic diseases due to the advantage of high human genetic homology, easier visualization of tissues and organs, short drugs induction time, allowing the use of small amount of compound, etc. (28). In case of glucose metabolism, the biological mechanisms of zebrafish to regulate glucose homeostasis are very similar to those of humans, feeding on high glucose solution persistently can induce hyperglycemic symptoms and impair glucose metabolism (29). Therefore, hyperglycemic zebrafish model was developed in this research to evaluate the in vivo hypoglycemic activity of PRA extract.

According to the results displayed in Table 1 and Figures 1–4, the E70 exhibited the highest yield, good radical scavenging ability, excellent prevention on oxidative stress, promising α-glucosidase inhibition and anti-glycation. It was thus chosen as the representative sample for in vivo hypoglycemic activity evaluation. The toxicological concentration of E70 was analyzed with 5 dpf zebrafish reared in dechlorinated tap water containing 62.5 ∼ 2,000 μg/ml of E70 at 25°C. After 2 days (7.5 h/day) of treatment, no dead zebrafish was detected, suggesting the feasibility to use the concentration below 2.0 mg/ml in subsequent experiments.

Effect of 0.5, 1.0, and 2.0 mg/ml of E70 on the blood glucose level of hyperglycemic zebrafish model induced by high-sugar and high-fat diet are shown in Figure 5. The blood glucose level of zebrafish in model group increased significantly from 0.86 mmol/L in normal group to 2.06 mmol/L (P < 0.001), which indicated that the model was successfully established. But it was reduced to 1.98, 1.80, and 1.20 mmol/L, respectively, upon treatment with 0.5, 1.0, and 2.0 mg/ml of E70, suggesting an obvious dose-dependent relationship. But no significant difference was observed between the glucose level of model group and 0.5 mg/ml of E70 treatment group (P > 0.05). When the concentration reached to 2.0 mg/ml, the blood glucose level decreased by 42% (P < 0.001), which was similar to that of 18 μg/ml of pioglitazone (47%), suggesting promising potential of high concentration of E70 in alleviating hyperglycemia. Studies have shown that paeony total glucosides could reduce blood glucose level by improving insulin sensitivity and lipid metabolism (30).
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FIGURE 5
Blood glucose of zebrafish treated with E70 PRA extracts (A), the fluorescence intensity of peripheral motor nerve of transgenic zebrafish (B), and fluorescence diagram of peripheral motor nerve of zebrafish (C). Compared with the model control group, **P < 0.01, ***P < 0.001. The red frame was the peripheral motor nerve, and the green fluorescence was the zebrafish motor neuron.




3.5.2. Protective effect of peripheral motor nerve

Peripheral neuropathy is one of the typical chronic complications of diabetes, approximately 50% of adult patients suffering from diabetes developed various degrees of peripheral neuropathy in their lifetime (31). Dorsemans et al. (32) found that acute and chronic hyperglycemia impaired the regeneration and de novo formation of zebrafish neuronal cells, resulting to adverse effects on neurogenesis and brain healing. Alteration in the metabolic physiology associated with neurodegeneration was also found in the insulin resistance zebrafish larvae model by Razip et al. (33). To evaluate the prevention of E70 on diabetic complication, the protective effect of PRA on peripheral nerve was evaluated by detecting the fluorescence intensity of peripheral motor nerve of normal and hyperglycemic zebrafish. As indicated in Figures 5B, C, the fluorescence intensity of model group was 139,884 ± 5,656, which was much lower than that of normal group (168,917 ± 6,706), indicating the appearance of peripheral motor nerve damage in high glucose zebrafish model. Upon incubation with 1,000, 1,500, and 2,000 μg/ml of E70, the fluorescence intensities were increased to 173,347 ± 4,977, 185,685 ± 5,149, and 179,153 ± 5,248, respectively (P < 0.001), the value for these incubated with 350 μg/ml of standard sitagliptin was 179,871 ± 7,772. Above results suggested that the E70 of PRA could effectively mitigate peripheral motor nerve damage of hyperglycemic zebrafish. Huang et al. (34) showed that PRA extract might be a potential nerve growth promoting factor and could promote the growth of damaged peripheral nerves through in vivo and in vitro experiments.




3.6. Identification of phytochemical profiling

In this work, the phytochemical constituents of E70 were further evaluated by HPLC-QTOF-MS/MS due to its excellent antioxidant and anti-diabetic activities. The composition was tentatively identified based on the molecular weight, fragment ions, retention time and formula. The total ion chromatogram and MS/MS information of E70 extract was respectively displayed in Figure 6 and Table 2. With the help of database and relevant literatures, a total of 35 compounds were identified in E70, which consisted of 5 organic acids, 4 phenolic acids, 12 tannins, 3 flavonoids, 8 terpenoids, and 3 other compounds.


[image: image]

FIGURE 6
The total ion chromatography of 70% ethanol extract of PRA under negative mode.



TABLE 2    Identified and tentatively identified compounds in the 70% ethanol extract of PRA by HPLC-QTOF-MS/MS under negative ion mode.

[image: Table 2]



3.6.1. Organic acid

Peak 2 was identified as gluconic acid, the MS/MS ion at 159.0250 indicated the loss of two H2O. Peak 6 with fragment ion at 111.0082 ([M-H-CO2-2H2O]–) was assigned as citric acid. Peak 3 was proposed as trimethylhydroxycitric acid, the MS/MS ion at 161.0445 was produced by loss of two -CO2. Peak 7 was suggested as succinic acid resulted from the characteristic fragment ion at 73.0330 ([M-H-CO2]–). Peak 28 was proposed as 4-hexosylmethyl-5-oxo-2-pentyltetrahydro-3-furancarboxylic acid by matching the MS/MS ion with MassBank database (35).



3.6.2. Phenolic acids

Peak 11 was identified as gallic acid by comparing with standard due to the characteristic fragment ion at 169.0211 ([gallic acid-H]–). Peak 8 was proposed as galloylquinic acid based on the MS/MS ions at 191.0544 and 169.0134 (36). Peak 13 with MS/MS ion at 153.0213 [M-162-H]– implied the presence of protocatechuic acid and loss of hexoside, and was suggested as protocatechuic acid hexoside (37).



3.6.3. Tannins

Peaks 9, 10, 17, and 23 were identified as gallic acid derivatives due to the diagnostic MS/MS ion at 169. Based on the MS/MS information, peaks 9 and 10 existed a hexose and sucrose moieties, and were characterized as monogalloyl-hexoside and galloylsucrose, respectively. Peaks 17 and 23 were suggested as digalloylglucopyranose and trigalloylglucose, respectively, the MS/MS ions at 313 and 465 indicated the presence of two and three galloyl groups. Peak 14 was proposed as corilagin, the MS/MS ion at 300.9992 was generated by the loss of a gallic acid and a glucose residue (18). Peaks 22 and 29 with characteristic fragment ion at 124.02 (C6H4O3) demonstrated the loss of trihydroxyphenyl group, and were individually proposed as methyl gallate and ethyl gallate according to literature (38). Peak 31 with MS/MS ions at 301.00, 283.99, and 229.02 was identified as ellagic acid by comparing with literature (39). Peak 24 ([M-H]–, 463.0531, C20H16O13) was suggested as ellagic acid-4-O-glucoside, and was the glucoside substituted compound of peak 31. Peaks 35 and 38 showed the same molecular formula (C24H18O15) were assigned as dihydroxybenzoic acetate-digallate isomers, the MS/MS ions at 469.0553 [M-H-72]– and 393.0469 [M-H-152]– corresponded to the loss of hydroxyacetyl group and galloyl groups (18). Peak 36 was galloyl substituted compound of peak 22, and was identified as methyl digallate.



3.6.4. Flavonoids

Three flavonoids were detected in E70. Peak 16 was suggested as (epi)catechin glucopyranoside, the MS/MS ion at 289.0734 represented the existence of (epi)catechin (40). Peak 21 with MS/MS ions at 245.0885, 179.0586, and 109.0332 accounted for the characterization of (epi)catechin. Peak 30 with MS/MS ion at 271.0609 displayed the loss of glucoside, the characteristic fragment at 151.0034 was produced by naringenin, which was identified as naringenin-C-glucoside (41).



3.6.5. Terpenoids

Peaks 20, 25, 26, and 39 possessed the same MS ion at 479.1559, and was suggested as paeoniflorin isomers. The MS/MS ions at 283 and 121 indicated the loss of benzoic acid and glucose moieties (42). The molecular weight of peaks 19 and 27 was 16 Da higher than that of peak 20, and were tentatively identified as oxypaeoniflorin isomers. Similar, peaks 32 and 34 gave the same molecular formula (C30H32O15), the molecular weight was 152 Da higher than peak 20 due to the loss of a galloyl group, which were proposed as galloylpaeoniflorin isomers.



3.6.6. Others

Peak 4 was characterized as sucrose through standard. Peak 15 with MS/MS ion at 101.0242 ([M-H-C16H23O8]–) was identified as penstemide (40). Peak 37 was assigned as picrocrocinic acid by matching the MS/MS ions with that reported by Zhu et al. (43).





4. Discussion

In recent years, the prevalence of diabetes, especially type 2 diabetes, has been increasing. Uncontrolled diabetes can lead to many complications (neuropathy, nephropathy, retinopathy, cardiovascular diseases, etc.), which is also the cause of its high mortality. Oxidative stress has always been considered as a key factor in the development and progress of diabetes and its related complications, many studies are devoted to the role of antioxidants in diabetes (44). It has been proved that plant extracts were excellent antioxidants and had potential applications in reducing oxidative damage of diabetes (45). PRA contained a variety of bio-active compositions, which was a natural product with high antioxidant and hypoglycemic potential (11, 20).

In our research, 70% ethanol exhibited the highest extract yield as compared with 40% ethanol and 95% ethanol. The E70 presented excellent free radical scavenging ability, anti-glycation ability, as well as the best α-glucosidase inhibition. In addition, the oxidative damage protection and in vivo hypoglycemic activity of PRA were evaluated by H2O2-induced HepG2 cells oxidative damage model and diabetic zebrafish model, respectively. Markedly, the cell survival rate of H2O2–induced HepG2 cells was increased when pre-treatment with PRA. The activities of SOD, CAT, and GSH-Px were obviously enhanced, and the level of MDA in cells was remarkably decreased. The results turned out that PRA extracts had good protection effect on HepG2 cells against damage induced by H2O2. UPLC-QTOF-MS/MS analysis showed that the main components of PRA were tannins (gallotannins, gallic acid, and its derivatives) and terpenoids (paeoniflorin and its derivatives), which were consistent with the found of Xiong et al. (18).

Tannins, especially for hydrolysable tannins, have been proved to show antioxidant, anti-glycation, and hypoglycemic activity by a multiple of researchers (46, 47). Yamini Kosuru et al. (48) summarized that gallic acids and their derivatives could improve the antioxidant capacity by increasing antioxidant enzymes (SOD, CAT, and GSH-Px) and decreasing lipid per-oxidant. Ding et al. (49) indicated that ellagic acid ameliorated oxidative stress by reducing ROS and MDA levels and increasing SOD activity via activating miR-223-mediated keap1-Nrf2 pathway in high glucose-induced HepG2 cells. In case of terpenoids, Parker et al. (20) summarized that paeoniflorin possessed the highest concentration in PRA, it was also found abundance in E70. Yuan et al. (50) reported that paeoniflorin alleviated oxidative stress by increasing SOD and CAT levels in H2O2-induced HepG2 cells.

Oxidative stress was highly associated with DM and its complications (6). The results indicated that E70 PRA extract significantly reduced the blood glucose level and alleviated peripheral motor nerve damage in diabetic zebrafish. Similarly, paeoniflorin was reported to be able to protected pancreatic β cells from streptozotocin-induced damage by inhibiting the p38 MAPK and JNK signaling pathways, and then maintained blood glucose level (51). Further, Laddha and Kulkarni (52) reported that hydrolysable tannins, such as gallic acid played a vital role in diabetic peripheral neuropathy because of its antioxidant and insulin secretion promoting effects.

Based on above results, tannins, and terpenoids had excellent antioxidant and hypoglycemic activities, the abundance gallotannins, gallic acid and its derivatives, and paeoniflorin and its derivatives contributed to the promising antioxidant, anti-glycation, and hypoglycemic activities of PRA extracts.



5. Conclusion

In summary, our research showed that 40, 70, and 95% showed insignificant difference on the extraction of phenolics and flavonoids from PRA, all ethanol aqueous extracts of PRA could effectively scavenge free radical, inhibit the activity of α-glucosidase and BSA glycosylation. Meanwhile, PRA extracts pre-treatment alleviated the H2O2-induced oxidative damage of HepG2 cells by increasing the activity of antioxidant enzymes SOD, CAT, and GSH-Px and reducing the production of MDA. Furthermore, E70 extract exhibited excellent hypoglycemic activity in vivo, the blood glucose level of diabetic zebrafish induced by high sugar and high fat was reduced by 42% when treatment with 2.0 mg/ml of E70, which was similar to that of 18 μg/ml of pioglitazone (47%). The peripheral motor nerve damage of hyperglycemic zebrafish was also obviously mitigated by 1.0 ∼ 2.0 mg/ml of E70. Totally, 35 compounds were identified or tentatively identified from E70 by HPLC-QTOF-MS/MS, terpenoids (paeoniflorin and its derivatives) and tannins (gallotannins, gallic acid and its derivatives) were the dominant antioxidant and hypoglycemic active constituents of E70. To sum up, these results indicated that PRA ethanol extracts may be a promising potential natural antioxidant and hypoglycemic resource to prevent the chronic degenerative disease caused by oxidative stress and prolonged high blood sugar.
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Introduction: Gamma-aminobutyric acid (GABA), one of the main active components in Moringa oleifera leaves, can be widely used to treat multiple diseases including inflammation.

Methods: In this study, the anti-inflammatory activity and the underlying anti-inflammatory mechanism of the GABA-enriched Moringa oleifera leaves fermentation broth (MLFB) were investigated on lipopolysaccharide (LPS)-induced RAW 264.7 cells model. The key active components changes like total flavonoids, total polyphenols and organic acid in the fermentation broth after fermentation was also analyzed.

Results: ELISA, RT-qPCR and Western blot results indicated that MLFB could dose-dependently inhibit the secretions and intracellular expression levels of pro-inflammatory cytokines like 1β (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8) and tumor necrosis factor-α (TNF-α). Furthermore, MLFB also suppressed the expressions of prostaglandin E2 (PGE2) and inducible nitric oxide synthase (iNOS). Moreover, the mRNA expressions of the key molecules like Toll-like receptor 4 (TLR-4) and nuclear factor (NF)-κB in the NF-κB signaling pathway were also restrained by MLFB in a dose-dependent manner. Besides, the key active components analysis result showed that the GABA, total polyphenols, and most organic acids like pyruvic acid, lactic acid as well as acetic acid were increased obviously after fermentation. The total flavonoids content in MLFB was still remained to be 32 mg/L though a downtrend was presented after fermentation.

Discussion: Our results indicated that the MLFB could effectively alleviate LPS-induced inflammatory response by inhibiting the secretions of pro-inflammatory cytokines and its underlying mechanism might be associated with the inhibition of TLR-4/NF-κB inflammatory signaling pathway activation. The anti-inflammatory activity of MLFB might related to the relative high contents of GABA as well as other active constituents such as flavonoids, phenolics and organic acids in MLFB. Our study provides the theoretical basis for applying GABA-enriched Moringa oleifera leaves as a functional food ingredient in the precaution and treatment of chronic inflammatory diseases.
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1. Introduction

Inflammation is a natural immunological response that the immune system reacted to outside stimulus like pathogen (1). However, the inordinate and uncontrolled inflammation will also lead to apoptosis of immune cells and immunologic derangement which resulting in the chronic degenerative diseases and cancer (2, 3). Although various steroids and non-steroidal anti-inflammatory drugs (NSAIDs) like azathioprine and aspirins have been used to treat these acute and chronic inflammatory diseases, long-term use of these drugs may also lead to various adverse effects to human health (1). Therefore, the development of natural anti-inflammatory drugs with greater efficacy and minimal toxicity has attracted more and more attention. Besides, with the improvement of consumption level, natural anti-inflammatory functional foods are more and more popular in humans (4).

Gamma-aminobutyric acid (GABA) is a non-protein amino acid that can be found in plants, bacteria and animals (5). It's an important inhibitory neurotransmitter that presented in mammal central nervous system with multiple physiological functions including anti-inflammation (6). For example, GABA showed obvious anti-inflammatory effect on streptozotocin-treated mice by decreasing the synthesis of inflammatory mediators like IL-1β, TNF-α, IFN-γ, IL-12, and increasing the production of anti-inflammatory mediator TGF-β1 (7). Besides, GABA restrained the expression of inflammatory cytokines (L-6, IL8, and TNF-α) and alleviated inflammatory response of MAC-T cells induced by LPS via the TLR4-MyD88-NFκB signaling pathway (8). Except for anti-inflammation, GABA has also been reported to possess hypotensive, antidiabetic, immunity enhancement, and sedative effects, and has been applied to alleviate sleeplessness, depression and improve visual cortical function (6, 9). Despite its various physiological functions, GABA content in natural animal- and plant-based food products is pretty low which cannot meet people's needs (6). Therefore, GABA enrichment has attracted increasing attention and a variety of related functional foods have been developed like GABA-enriched tea, soft sweets, beverages, dairy products and so on. At present, microbial fermentation is the most common method to enrich GABA because of its ability to produce lactic acid, flavonoids, polyphenols and other active substances beneficial to human health (5, 10). Up to now, microbial fermentation has been widely applied in the GABA enrichment in strawberry juice (6), green tea (11), water dropwort (10), etc.

Moringa oleifera, also known as “drumstick tree” or simply Moringa in English, is a perennial deciduous tropical plant with a variety of bioactive compounds (12). Because of its nutritional and medicinal value, Moringa oleifera has been regarded as one of the most economically valuable plants and is widely used in food, industry, agriculture and medicine in the developing countries (13). Moringa oleifera leaves contain multiple active constituents like protein, amino acids, polysaccharides, dietary fiber, phenols, flavonoids, phytosterols, glycosides (2), and are reported to possess multiple pharmacological activities like antioxidant, anti-inflammatory, anti-hypertensive, hypoglycemic, hypolipidemic, liver and kidney protective, as well as anti-cancer effects (14–16). Previous studies have found that GABA as well as other active constituents like flavonoids, polyphenols, most amino acids, oligosaccharides, organic acids, nucleosides of Moringa oleifera leaves are significantly enhanced after fermentation (12, 17), which suggested that Moringa oleifera leaves were ideal candidate for GABA enrichment. Therefore, GABA enrichment in Moringa oleifera leaves may provide new idea for its application in functional foods. However, to our knowledge, there are still no studies on the enrichment of GABA using Moringa oleifera leaves as raw material. As a consequence, we tried Lactobacillus fermentation to enrich GABA in Moringa oleifera leaves and the result showed that the GABA content of the fermented Moringa oleifera liquid increased to 209 mg/L under the optimal fermentation conditions, which was 1.45 times higher than that of the unfermented (18). However, the other key active components changes in the fermentation broth after fermentation has not been further studied. Besides, the anti-inflammatory activity of the fermentation broth and the underlying anti-inflammatory mechanism is still unclear, which greatly limited its application in functional foods.

Therefore, in order to exploit the application value of GABA-enriched Moringa oleifera leaves fermentation broth (MLFB) in functional foods, the key active components changes like total flavonoids, total polyphenols and organic acid in the fermentation broth after fermentation was analyzed, and the anti-inflammatory activity as well as the underlying anti-inflammatory mechanism of the fermentation broth were investigated on LPS-induced RAW 264.7 cells model. This study may provide theoretical basis for the application of MLFB on the anti-inflammatory functional foods.



2. Materials and methods


2.1. Materials

Moringa oleifera leaves powder was provided by Henan Jinlamu Bio-technology (Hebi, Henan, China). Lipopolysaccharide (LPS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dulbecco's modified Eagle medium (DMEM) and dimethyl sulfoxide (DMSO) were from Solarbio Science and Technology (Beijing, China). Lactobacillus plantarum LK-1 was isolated from pickles in our laboratory (19). Fetal bovine serum (FBS) and ethylene diamine tetraacetic acid (EDTA) digestive juice were from Gibco (Carlsbad, CA, USA). IL-6, IL-8, IL-1β, TNF-α detection kits (enzyme-linked immunosorbent assay) were from Nanjing Jiancheng Biotechnology (Nanjing, Jiangsu, China). Nucleic Acid Stain was from Beijing Dingguo Changsheng Biotechnology (Beijing, China). Reverse transcription kit and fluorescent dye kit were from Guangzhou Jisai Biotechnology (Guangzhou, Guangdong, China).



2.2. Preparation of MLFB and its key active components analysis before and after fermentation

GABA-enriched Moringa oleifera leaves fermentation broth was obtained using Lactobacillus plantarum LK-1 as fermentation strain according to the previous study (18). In detail, the Moringa oleifera leaves powder was added to distilled water at 1:25 (w/w), 3% (w/w) of glucose was added and monosodium glutamate was then added at the final concentration of 5 g/L. After autoclaving at 105°C for 20 min, the Moringa oleifera solution was fermented with Lactobacillus plantarum LK-1 at 35°C for 72 h. After that, the fermentation mixture was centrifuged at 6,000 g for 30 min, then the supernatant was collected and named as MLFB for the following anti-inflammatory activity evaluation. The GABA content of MLFB was detected to be 209 mg/L by high performance liquid chromatography (HPLC) with pre-column o-phthaldialdehyde (OPA) derivatization (18). The result of GABA content analysis in MLFB and Moringa oleifera leaves solution (MLS) along with their HPLC spectrograms can be seen in the Appendix. The total flavonoids, total polyphenols and organic acid content in MLFB and MLS were detected according to the methods of Li et al. (17).



2.3. Cell culture

The macrophages RAW 264.7 were provided by the Procell Life Technology (Wuhan, Hubei, China). The cells were cultured in DMEM with 10% FBS at 37°C in an atmosphere of 5% CO2, as the cell provider required.



2.4. Cell viability assay

The cell viability was determined by MTT assay (2). Cells in logarithmic phase was dispersed in DMEM containing 10% FBS. Then the cell suspension was evenly transferred to 96-well plates at 5 × 103 cells/well. After cultivating for 12 h, the culture medium was removed and 100 μL fresh culture medium with different concentrations of MLFB (31.25, 62.5, 125, 250 and 500 μg/mL) was added to each well. 12 h later, 10 μL 5 mg/mL MTT was added to each well, and the supernatant was gently removed after 3 h of culture. Then 150 μL DMSO was added to each well and the mixture was oscillated for 10 min. The absorbance of the mixture was detected at 570 nm using a microplate reader (Bio-Tek, Winooski, VT, USA). The relative activity of RAW 264.7 cells was calculated considering the activity of cells treated without MLFB as 100%.



2.5. Enzyme-linked immunosorbent assay (ELISA)

The concentrations of inflammatory factors (IL-1β, IL-6, IL-8 and TNF-α) in cell supernatants were detected using ELISA kits referring to the manufacturer's descriptions. RAW 264.7 cells suspension (1 × 105 cells/mL) was inoculated into 12-well plate at 1 × 105 cells/well. After cultivating for 12 h, the supernatant in each well was removed and the cells were treated with different concentrations of MLFB (125, 250, 500 μg/mL) for 1 h. After incubating with 1 μg/mL LPS for 24 h, the mixture was collected and centrifuged for 20 min at 3,000 g. The secretion levels of IL-1β, IL-6, IL-8, and TNF-α in supernatants of each group were measured and the standard curves of these inflammatory factors were made referring to the manufacturer's descriptions in ELISA kits.



2.6. Real-time reverse transcription quantitative polymerase chain reaction

After RAW 264.7 cells were treated with LPS and different concentrations of MLFB for 24 h, the mRNA expressions of IL-1β, IL-6, TNF-α, NF-κB, PGE2, TLR-4 in RAW 264.7 cells were determined by RT-qPCR (6). Firstly, TRIzol reagent was used to extract the total RNA of cells. Then RNA was synthesized into cDNA by cDNA reverse transcription kit referring to the manufacturer's descriptions. Finally, the RT-qPCR was proceeded in 20 μL reaction system containing 2 μL cDNA, 1 μL primer pairs (10 μmol/L), 10 μL SYBR Green PCR Master Mix, 0.4 μL 50 × ROX Reference Dye 2 and 6.6 μL ultra-pure distilled water. The PCR conditions were as followings: initial denaturation at 95°C for 5 min, 40 cycles at 95°C for 10 s, 60°C for 34 s, and the melting curve was obtained at 95°C for 15 s, 60°C for 1 min and 95°C for 15 s in the ABI 7500 real-time fluorescent quantitative PCR System (Applied Biosystems, Foster, CA, USA). β-actin was used as internal control and the primers used here are shown in Table 1.


TABLE 1 Primer sequences of RT-qPCR.
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2.7. Western blot

After treated with LPS and different concentrations of MLFB for 24 h, the protein expression levels of IL-1β, IL-6, TNF-α and iNOS in RAW 264.7 cells were determined by Western blot (20). Firstly, the cells were lysed by 400 μL cell lysis buffer containing protease inhibitors. Then the lysate was stirred on ice for 30 min and transferred to a 100°C water path for 10 min. After centrifuging the lysate at 6,000 g for 6 min at 4°C, the supernatant was gathered and the protein content was determined by a BCA protein assay kit (Solarbio Science and Technology Crop., Beijing, China). Then the proteins were analyzed by 10% SDS-PAGE and transferred to a PVDF membrane. After blocking with 5% skimmed milk for 60 min, the PVDF membrane was incubated with the primary antibody at 4°C for a night. Then the PVDF membrane was washed with TBST (50 mmol/L Tris-HCl, 150 mmol/L NaCl and 0.1% v/v Tween-20) for three times before incubating with the secondary antibody for 40 min at room temperature. The bands on the membrane were quantified by an automatic gel imaging analysis system (Peiqing science and technology Crop., Shanghai, China). β-actin was used as the internal control, and the results were displayed referring to the control.



2.8. Statistical analysis

All tests were performed at least in triplicate and the experimental results were presented as mean ± standard deviation (SD). SPSS Version 17.0 (SPSS Inc., Chicago, IL) was used to analyze the significant differences between samples and P < 0.05 was regarded as statistically significant. All the figures were drawn by origin 8.0 (OriginLab Corp., Northampton, USA).




3. Results and discussion


3.1. Cytotoxicity of MLFB on RAW 264.7 cells

The cytotoxic effect of MLFB on RAW 264.7 cells was determined by MTT assay. As shown in Figure 1, after treated with different concentrations of MLFB, the viability of RAW 264.7 cells showed no significant changes (P > 0.05). After treated with 500 μg/ml MLFB for 12 h, the cell viability was measured to be 99.33%. The result indicated that the MLFB with concentration under 500 μg/mL had no obvious toxicity to cells. The result was consistent with the study result of Lin et al. (20) who stated that the brown seaweed Laminaria japonica fermented by Bacillus subtilis also showed no significant cytotoxic effects on RAW 264.7 cells. According to the result of cytotoxic effect, concentrations of 125, 250 and 500 μg/mL of MLFB were selected as the standard test concentrations in the follow-up experiments.


[image: Figure 1]
FIGURE 1
 Effects of MLFB on the viability of RAW 264.7 cells.




3.2. MLFB inhibits the productions and expressions of pro-inflammatory cytokines in LPS-induced RAW 264.7 cells

IL-1β, IL-6, IL-8, and TNF-α are typical pro-inflammatory cytokines that secreted by activated macrophages, and are important in inflammatory responses (21). Dysregulation of these pro-inflammatory cytokines is related to systemic inflammatory disorder and may lead to various inflammatory diseases like rheumatoid arthritis and inflammatory bowel disease (21). The effects of MLFB on the productions, mRNA and protein expressions of LPS-induced pro-inflammatory cytokines including IL-1β, IL-6, IL-8 and TNF-α were determined by ELISA, RT-qPCR and Western blot, respectively. As shown in Figure 2, the productions of IL-1β, IL-6, IL-8 and TNF-α in LPS-induced inflammatory model group were obviously more than those in normal group, which indicated that the cellular inflammatory model was successfully established. Compared with the inflammatory model group, the productions of pro-inflammatory factors IL-1β, IL-6, IL-8 and TNF-α in cells were dose-dependently decreased after treated with a series concentrations of MLFB. When the concentration of MLFB reached 500 μg/mL, the productions of IL-1β, IL-6, IL-8 and TNF-α in the MLFB treatment groups decreased by 63.22, 35.71, 59.89, and 60.77%, respectively. The mRNA expression levels of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α in RAW 264.7 cells were shown in Figure 3. As expected, the mRNA expressions of IL-1β, IL-6 and TNF-α in LPS-induced inflammatory model group were obviously increased when compared with normal group. Despite the treatment of MLFB at concentrations of 125 μg/mL showed no significantly inhabitation effects on the mRNA expression of these pro-inflammatory cytokines induced by LPS, when the concentrations of MLFB increased to 250 and 500 μg/mL, the mRNA expression of these pro-inflammatory cytokines were obviously inhibited. Similarly, compared with LPS-induced inflammation model group, the protein expression levels of pro-inflammatory factors IL-1β, IL-6, TNF-α were decreased in different degrees after treated with different concentrations of MLFB, despite the decrease of IL-1β protein expression was not significant (Figure 4).
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FIGURE 2
 Effects of MLFB on the secretions of IL-1β (A), IL-6 (B), IL-8 (C), and TNF-α (D) in LPS-induced RAW 264.7 cells. #Means statistical difference compared with blank control group (###P < 0.001). *Means statistical difference compared with LPS-induced inflammatory model group (*P < 0.05, **P < 0.01, ***P < 0.001).
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FIGURE 3
 Effects of MLFB on the mRNA expressions of IL-1β (A), IL-6 (B), TNF-α (C) in LPS-induced RAW 264.7 cells. #Means statistical difference compared with blank control group (###P < 0.001). *Means statistical difference compared with LPS-induced inflammatory model group (*P < 0.05, **P < 0.01, ***P < 0.001).
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FIGURE 4
 Effects of MLFB on the protein expressions of IL-1β (A), IL-6 (B), TNF-α (C) in LPS-induced RAW 264.7 cells. #Means statistical difference compared with blank control group (#P < 0.05, ##P < 0.01). *Means statistical difference compared with LPS-induced inflammatory model group (**P < 0.01, ***P < 0.001).


The above results indicated that the MLFB could down-regulate the expressions of pro-inflammatory cytokines in macrophages activated by LPS, thus further inhibit the secretions of these pro-inflammatory cytokines and exerts anti-inflammatory effect. Previous studies have showed that GABA could promote proliferation of T-cells, inhibit apoptosis in β-cells, decrease the synthesis of inflammatory mediators like IL-1β, TNF-α, IFN-γ, IL-12, increase the production of anti-inflammatory mediator TGF-β1, and thus played important roles in anti-inflammatory responses (7, 8). Besides, the ability of GABA to restrain the secretions of TNF-α, COX-2 and iNOS, IL-6 and IL-12 by LPS-induced macrophages was also reported (22, 23). Therefore, the anti-inflammatory activity of MLFB may be attributed to its high content of GABA. Our study result is similar to the study result of Chang et al. (24) who reported that GABA-enriched pepino extract obtained after fermentation can inhibit the expression of TNF-α in LPS-induced RAW 264.7 macrophages.



3.3. MLFB inhibits the expressions of PGE2 and iNOS in LPS-induced RAW 264.7 cells

Prostaglandin E2 (PGE2), an important prostanoid metabolite mainly produced by cyclooxygenase-2 (COX-2), is involved in multiple inflammatory processes including activating immune cell and promoting the secretion of pro-inflammatory cytokines (25). A variety of stimulations of inflammation or tissue injury will lead to overproduction of PGE2, thus inhibiting the expression of PGE2 is also an effective measure to treat inflammation (20). The effect of MLFB on the mRNA expression of PGE2 was shown in Figure 5A. The result showed that the mRNA expression of PGE2 in cells were significantly increased after treated with LPS, and 125 μg/mL of MLFB displayed no significant effect on the mRNA expression of PGE2 compared with LPS-treated group. Notably, the mRNA expression of PGE2 in cells treated with 250 μg/mL of MLFB was significantly decreased. The result indicated that MLFB at a certain dose could inhibit the expressions of PGE2 and therefore control the overproduction of PGE2 induced by LPS.
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FIGURE 5
 Effects of MLFB on the expressions of PGE2 (A) and iNOS (B) in LPS-induced RAW 264.7 cells. #Means statistical difference compared with blank control group (###P < 0.001). *Means statistical difference compared with LPS-induced inflammatory model group (**P < 0.01).


Inducible NOS (iNOS), an isoform of nitric oxide synthase (NOS), is especially expressed during inflammatory response and involved in the synthesis of pro-inflammatory mediator nitric oxide (NO) (25). The over expression of iNOS will produce excess amount of NO, thus leading to tissue damage, septic shock, and further resulting in other complication during persistent chronic inflammatory response (21). The effect of MLFB on the protein expression of iNOS in RAW 264.7 macrophages was exhibited in Figure 5B. The intracellular protein expression of iNOS in LPS-induced inflammatory model group was obviously higher than that in normal group. Compared with the inflammatory model group, the protein expression of iNOS in cells was dose-dependently decreased after treated with different concentrations of MLFB. The result indicated that MLFB could inhibit the expression of iNOS, which may further suppress the production of NO, thus alleviate LPS-induced inflammatory response.

COX-2 and iNOS are primary inflammatory mediators expressed in macrophages which are involved in the synthesis of PGE2 and NO, and the production of PGE2 and NO are closely related with initiation of the early stage of inflammatory pathways (1, 26). In the present study, pretreatment with MLFB effectively inhibited the mRNA expression of PGE2 and protein expression level of iNOS in LPS-stimulated RAW 264.7 macrophages at different degree, which indicated that MLFB involved in the suppression in the early stage of inflammatory pathways. Previous studies illuminated that ethyl acetate fraction, concentrate and isothiocyanates of Moringa oleifera could effectively down-regulate the expression of COX-2 and iNOS, and concomitantly inhibited the production of NO and PGE2 in LPS-stimulated RAW 264.7 macrophages (1, 13). In addition, GABA is also reported to have the ability of inhibiting immune cells activation by diminishing the production of COX-2 and iNOS (6). Therefore, the GABA as well as other active constituents contained in Moringa oleifera leaves may play roles in the inhibition of PGE2 and iNOS expressions.



3.4. MLFB suppresses inflammation mediated by the TLR-4/NF-κB signaling pathway

Toll-like receptors (TLRs) are important transmembrane signaling receptors mediating signal transductions, and TLR-4 is one of the most studied receptors involved in inflammatory response, immune response and other processes (27, 28). It has been reported that LPS could interact with TLR-4 and following activate several intracellular signaling pathways including NF-κB signaling pathway (29, 30). NF-κB, mainly composed of p50 and p65 subunits, is a transcription factor that plays an important role in regulating innate and adaptive immunity, including inflammation signal transduction of macrophages (31, 32). In the normal state, NF-κB exists in cytosol and is combined with inhibitory protein IκB. When the cells were stimulated by LPS, IκB is phosphorylated and rapidly degraded by proteasomes in the cytoplasm, thus NF-κB is released (28). The free NF-κB transfers into the nucleus and turn on gene expression of pro-inflammatory mediators (33, 34). In a word, TLR-4/NF-κB signaling pathway participates in the regulations of various inflammatory cytokines like IL-1β, IL-6, IL-8, and TNF-α, and plays an important role in both immune and inflammatory response (8, 35). Interdicting the TLR/NF-κB signaling pathway will be an effective method for treatment of chronic inflammatory diseases. Therefore, the key molecules (TLR-4 and NF-κB p65) in the TLR-4/NF-κB signaling pathway were detected to explore the anti-inflammatory mechanism of MLFB on LPS-induced RAW 264.7 cells. As shown in Figure 6, comparing to the normal group, the mRNA expression level of NF-κB p65 and TLR-4 in RAW 264.7 cells were significantly increased after stimulated by LPS, indicating that the TLR-4/NF-κB signaling pathway was activated by LPS. When the cells were pretreated with different concentrations of MLFB, the mRNA expression levels of NF-κB p65 and TLR-4 in cells were obviously decreased in a dose-dependently manner. The result demonstrated that MLFB suppressed the mRNA expression levels of the key molecules in the NF-κB signaling pathway induced by LPS in RAW 264.7 cells. Therefore, MLFB may exert anti-inflammatory activity by inhibiting the TLR-4/NF-κB signaling pathway.
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FIGURE 6
 Effects of MLFB on the mRNA expressions of NF-κB p65 (A) and TLR-4 (B) in LPS-induced RAW 264.7 cells. #Means statistical difference compared with blank control group (#P < 0.05, ###P < 0.001). *Means statistical difference compared with LPS-induced inflammatory model group (*P < 0.05, **P < 0.01).




3.5. The key active components analysis of MLFB and its anti-inflammatory mechanism elaboration

The changes of key active components like total flavonoids, total polyphenols and organic acid content in MLFB after fermentation was shown in Table 2. After fermentation, the total flavonoids content decreased from 48.66 mg/L to 31.81 mg/L, while total polyphenols content increased from 21.43 mg/L to 26.02 mg/L, which was increased by 21.42% compared with the unfermented MLS. The content changes of flavonoids and polyphenols during fermentation may be due to their continuous degradation, convertation, and synthesis during the growth and metabolic processes of microorganisms (36). For instance, it is reported that microbial degradation may cause the cleavage and hydroxylation of the aromatic ring in flavonoids and polyphenols (37). Their precipitation or oxidation during the fermentation process may also lead to decrease of these compounds (38). Conversely, some lactobacillus like L. rhamnosus are reported to have the ability of releasing esterases which can hydrolyze ester bonds between phenolic acids and cell wall substances, thus resulting in the release of phenols (39). Previous studies also showed that lactobacillus can produce glycosyl hydrolases which can convert the bound phenolics linked with glycosides into free phenols during fermentation (40). As shown in Table 2, the contents of citric acid and succinic acid in MLFB decreased to < 1 mg/L after fermentation, but the content of pyruvic acid, lactic acid and acetic acid were increased obviously (P < 0.05). The content of lactic acid greatly increased to 303.84 mg/L and became the main organic acid in MLFB. However, the contents of oxalic acid showed no significantly changes after fermentation. The content changes of organic acids in MLFB may be associated with glycolytic pathway and tricarboxylic acid (TCA) cycle during the growth and metabolic processes of lactobacillus. During fermentation process, lactobacillus can catabolize sugars into lactic acid and acetic acid through the glycolytic pathway (38, 40). Besides, citric acid, pyruvic acid and succinic acid are important intermediate metabolites of the TCA cycle and the contents of these organic acid change dynamically with the involved biochemical reactions (40, 41). For example, citric acid is used as the second carbon source by lactobacillus and can be converted into acetic acid and oxaloacetic acid by a citrate lyase, while the oxaloacetic acid can be further translated into pyruvic acid which is eventually reduced to lactic acid by the lactate dehydrogenase (42). In addition, in the oxidative branch pathway of the TCA cycle, oxaloacetate can also be converted into succinic acid through a serious of enzymes like aconitase, isocitrate dehydrogenase, and succinic acid can be further converted to fumarate by succinate dehydrogenase (43). The changes of total polyphenols as well as citric acid, succinic acid, lactic acid and oxalic acid contents were similar to our previous study (17), in which the contents of polyphenols and lactic acid increased, citric acid and succinic acid decreased, and oxalic acid showed no obvious changes after the Moringa oleifera leaves were fermented with Lactobacillus plantarum S35. However, the changes of total flavonoids, pyruvic acid and acetic acid content in this study showed opposite trend with our previous study (17), which might due to the difference of fermentation condition and the used fermentation strain. Furthermore, in the study of Jin et al. (11), except for GABA content, the lactic acid and acetic acid contents in GABA-enriched green tea were also significantly increased after fermentation with Levilactobacillus strain GTL 79, which was similar with present study result.


TABLE 2 The key active components changes in MLFB after fermentation.

[image: Table 2]

It has been reported that GABA suppressed the mRNA expression levels of key mediators in the NF-κB signaling pathway induced by LPS in MAC-T cells, such as TLR-4, myeloid differentiation 88 (MyD88), NF-κB p65 and TNF receptor-associated factor 6 (TRAF6), which indicated that GABA might suppresses inflammation by inhibiting the activity of the NF-κB signaling pathway (8). Furthermore, previous studies also showed that Moringa oleifera extract pretreatment could block LPS-induced activation of NF-κB p65 subunit in MAC-T cells and thus protect bovine mammary epithelial cells against inflammation (35). Several reports indicated that the high content of flavonoids and phenolic compounds contained in Moringa oleifera leaves contributed to its anti-inflammatory activity (15, 44, 45). In addition, it has been reported that the enhanced effect of fermentation on the anti-inflammatory activity of Laminaria japonica was possibly due to the productions of more bioactive constituents after fermentation, such as fucoidan, alginate and phenols (20). Zhang et al. (3) also verified that the enhancement of antioxidant and anti-inflammatory activities of rape bee pollen after fermentation were mainly due to the increase of phenolics, flavonoids, fatty acids, and amino acids. Previous studies showed that except for the increase of GABA content, other active constituents like flavonoids, polyphenols, oligosaccharides, organic acids of Moringa oleifera leaves were also significantly increased after fermentation (12, 17). In our study, the GABA (18), total polyphenols, and most organic acids like pyruvic acid, lactic acid as well as acetic acid were increased obviously after fermentation. Though the total flavonoids content in MLFB decreased after fermentation, there were still 32 mg/L of flavonoids remained. Therefore, the anti-inflammatory activity that MLFB showed on LPS-induced cell inflammatory model might be associated with GABA and other active constituents such as flavonoids, phenolics and organic acids contained in the fermentation broth.

The possible anti-inflammatory mechanism of MLFB was summarized in Figure 7. In detail, the high content of GABA and other active constituents like flavonoids, polyphenols contained in MLFB inhibited the expression of the main transmembrane signaling receptor TLR-4, and therefore disturbed its interaction with LPS. As a result, the stimulation of LPS to the macrophages was reduced and the NF-κB signaling pathway was inhibited, which further led to the secretion decrease of pro-inflammatory mediators and cytokines like iNOS, PGE2, IL-1β, IL-6, IL-8 and TNF-α, eventually the inflammation was alleviated.
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FIGURE 7
 The underlying anti-inflammatory mechanism of MLFB.





4. Conclusion

In this study, the anti-inflammatory activity of MLFB was investigated and its underlying anti-inflammatory mechanism was clarified on LPS-induced RAW 264.7 cells model combining with its key active components analysis before and after fermentation. The results showed that MLFB suppressed the secretions and expressions of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8 and TNF-α in LPS-induced RAW 264.7 cells. In addition, the expressions of PGE2 and iNOS were inhibited by MLFB, which might contribute to the decrease of pro-inflammatory cytokines and NO productions. Moreover, the mRNA expressions of the key molecules (TLR-4 and NF-κB p65) in the NF-κB signaling pathway were also restrained by MLFB in a dose-dependent manner, which indicated that the activity of the NF-κB signaling pathway was inhibited. In conclusion, MLFB can effectively ameliorate LPS-induced inflammation by inhibiting the secretions of pro-inflammatory cytokines and its underlying mechanism may be associated with the inhibition of TLR-4/NF-κB inflammatory signaling pathway activation. Besides, the anti-inflammatory activity of MLFB might related to the relative high contents of GABA as well as other active constituents such as flavonoids, phenolics and organic acids in MLFB. Our research provides a theoretical basis for the follow-up development of GABA-enriched Moringa oleifera functional foods with anti-inflammatory functions. However, the present study about the anti-inflammatory mechanism of MLFB was preliminary. Its in-depth mechanisms against inflammation should be further clarified and the active ingredients contained in MLFB also need to be further clarified.
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Morels are valuable mushrooms being used as foods and medical substances for a long history. The commonly cultivated morel species include M. eximia, M. importuna, and M. sextelata in China, M. conica and M. esculenta in the US. Morels' nutritional profile mainly consists of carbohydrates, proteins, fatty acids, vitamins, minerals, and organic acids, which are also responsible for its complex sensory attributes and health benefits. The bioactive compounds in morels including polysaccharides, phenolics, tocopherols, and ergosterols contribute to the anti-oxidative abilities, anti-inflammation, immunoprotection, gut health preservation, and anti-cancer abilities. This review depicted on the cultivation of morels, major bioactive compounds of different morel species both from fruit bodies and mycelia, and their health benefits to provide a comprehensive understanding of morels and support the future research and applications of morels as high-value functional food sources.
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1. Introduction

Morels (Morchella spp.) are highly valued culinary fungal species with their desirable flavor, umami taste and unique texture. They have a characteristic shape, with a spongy, honeycomb-like cap that is attached to a stem. With a hollow interior and a spongy texture, they are described as having a unique savory and “meaty” flavor. They are usually consumed fresh or processed as a flavoring agent. In addition to the prized sensory properties, morels are reported to show rich in proteins, fibers, vitamins and minerals, and low in carbohydrates and fats (1). Particularly, morels contain higher amounts of potassium, zinc, and selenium than many other common mushrooms (2). Besides their high nutritional value, the bioactive compounds of morels, including polysaccharides, phenolics, tocopherols, and ergosterols, also contribute to their health benefits and make them a potential functional food in nutraceuticals and pharmaceuticals. The health benefits of morels include supporting immune functions, providing antioxidant protection, preventing cardiovascular diseases (CVD), and maintaining digestive heath (3).

Morels distribute across Northern hemisphere, and are harvested in spring and summer (4). Wild morels were mainly found in China, Pakistan, India, Turkey, and North America. Like other ascomycetes, morels follow a life cycle as ascocarp, mycelium, sclerotia, knots or pinhead, primordia, and fruiting body in general (5). Cultivation of morels was very limited because of the strict request of environmental temperature, humidity, illumination, pH, and microbiome dynamics (6, 7). Thus, morels were mainly collected in wild for centuries. While after Ower et al. developed outdoor farming of morels in 1980s (8), commercial cultivation of various morel species became available and the production is rising (6). For example, the annual export of dried morels in China increased from 181,000 kg to 900,000 kg at an average price of $ 160 USD/kg over the past 5 years (3). Due to such prominent economic value and expected growing demand, research about morels involving distribution, cytology of life cycle, artificial cultivation, functionality, and product development et al. draws much attention in recent years. In this review, we provided a comprehensive introduction to the life cycle, cultivation, nutrition value and bioactive compounds of the genus Morchella, and discussed their health-promoting effects. This review would facilitate the understanding of morels and provide evidence for the development of morel cultivation and their applications in food and pharmaceutical industries.



2. Life cycle and cultivation of morels

The life cycle of morels initiates with the dispersal of the mushroom spores into the environment, followed by conidia generation and sclerotia formation (Figure 1) (9). The spores will germinate and form a new mycelium, which is the vegetative part of the fungus and consists of a network of hyphae. Sclerotia-forming hyphae are specialized cells that the fungus creates which start the process of sclerotia production in morels that can tolerate harsh environments (10). The hyphae differentiate and form the sclerotia as the fungus develops and spreads. As the fungus develops and expands, the hyphae that form sclerotia differentiate and produce the fruiting body of the mushroom, comprising a cap and a stem with ridges and valleys (5).


[image: Figure 1]
FIGURE 1
 Life cycle of morels.


Once the mushroom attains full size, it releases spores into the environment, facilitating reproduction and spread to new areas. Morels also reproduce via conidia, which are a type of asexual reproductive structure produced on the surface of the fruiting body (5). Morels typically appear in spring and early summer, marking the beginning of the growing season.

In the wild, the fruiting season of morels only lasts several weeks (9). There is also a concern about the contamination of pesticide residues and heavy metal accumulation in wild morels. The consumption of excessive heavy metal in mushrooms has been associated with growth retardation, impaired immune responses, and malnutrition especially in children (11). To increase the yield and reduce the potential heavy metal and pesticide contamination, the industry of artificial cultivation of morels has been rapidly growing in recent decades. Ower made a breakthrough on the development of the indoor cultivated morels by inoculating the morel's sclerotia and providing exogenous nourishment (8). The morel being first successfully cultivated was published as Morchella esculenta and now being described as Morchella rufobrunnea (6). Ower's pioneering work laid the foundation for the development of cultivation and commercialization of morels. However, indoor morel production was abandoned in 2008 by the United States due to issues with lower output and bacterial contamination (9).

Many efforts have been made by scientists in China to improve the indoor cultivation of morels. Since 2012, China has successfully implemented the technology of field soil culture for the commercial production of morels (12). Scale morel field farming started with 200 ha and swiftly increased to more than 2,600 ha in 2016, and the number reaches 10,000 in 2018 (13). The highest yield reported reached 15,000 kg/ha, though the yields of morels are usually unstable due to genetic instability and complex reproductive conditions (13). China has been considered as the diversity center of morels due to the genetic variations and floristic diversity (14, 15).

Considering the difficulty of large-scale cultivation of morels and unstable yield of morel fruiting body, the cultivation of its mycelia has been an alternative approach that drawn much attention recently (16). Morel mycelia are the component of the fungus that grows underground and is made up of hyphae, which are interwoven threadlike filaments. It is responsible for consuming nutrients and procreating to create fruiting bodies. The fermentation of morel mycelia dated back to 1960s (17). It was reported that mycelia of morels contained similar or higher amounts of nutrients as its fruiting body. According to Li et al., the protein and unsaturated fat content of M. esculenta mycelia was higher than its fruiting body, meaning the mycelia might be a potential high-value protein supplement and a stronger antioxidant compared with the fruiting bodies (17). However, the comparison between the fruiting bodies and mycelia in terms of their health benefits still require scientific evidence.

Despite its well-accepted commercial value, large-scare artificial morel cultivation remains a challenge because of its complicated life cycle and lack of knowledge on the optimal conditions for its fruit body formation (3, 9).



3. Cultivated morel species

Morchella has been shown to have at least 72 species and 352 isolates including subspecies, the majority of which are provincial and have significant levels of endemism on continents in the Northern Hemisphere (14, 18, 19). They generally distribute in Asia, North America, and Europe. Phylogenetic analysis revealed 30 morel species in China, 22 in the Europe and 19 in the North America (15). Most morel species appear to exhibit continental endemism and provincialism, according to the results of the molecular phylogenetic research, which has made it much easier to reconstruct their historical biogeography (4, 15). The large-scale cultivation of morels has been a rapidly growing market due to their high commercial value and short life cycle (13). After the first successful indoor cultivation of M. rufobrunnea, evolving technologies such as exogenous nutrition bags have been developed to enhance the efficiency and diversity of cultivated morel species. The most common morel species under cultivation have been summarized in Table 1. The two most prevalent morel species in the United States are M. conica (often referred to as the “conical morel”) and M. esculenta (also known as the “yellow morel”). M. importuna, M. eximia, and M. sextelata are the top widely grown species in China, which are known as “black morels” (9). Among them, M. importuna accounted for more than 80% of the cultivation space (15).


TABLE 1 Common morel species under cultivation.
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The traditional morphological recognition of morels is found to be more complex than expected and could be misleading due to the high morphological plasticity (20). Black morels, yellow morels, and semi-free capped morels were the three groups that the genus Morchella was traditionally categorized into (19). Compared to the traditional classification which based on a single morphological trait such as the color or the shape of the pileus, the current morel taxonomy has shifted toward a polythetic approach involving multiple morphological and genetical traits, allowing a more accurate identification of the morels in different areas (20). In the past decade, the development of sequencing technologies and phylogenetic analysis has enabled a more thorough understanding of fungi species and provided more information on the morels' mating system and genes responsible for fruiting and sexual reproduction (21). There are different genetic approaches to distinguish and classify morel species. DNA barcoding has been a useful tool to identify morels using various nuclear gene makers such as the translation elongation factor 1-α (EF1- α), the large subunit of the nuclear ribosomal RNA (LSU), RNA polymerase II largest subunit (RPB1), etc. (19). Genealogical concordance phylogenetic species recognition (GCPSSR) is another method that has been used by many researchers to classify morels. Based on the DNA fragments EF1- α, LSU, RPB1, and GCPSSR was used to study the evolution of morels in China and Turkey, comprising 30 and 62 species, respectively (15).

According to the NCBI GenBank database, the genome sequencing analysis of M. conica, M. importuna, M. septimelata, M. eximia, and M. sextelata have recently been reported (18, 21–24). Table 2 overviewed the species morels which have been identified through whole genome sequencing. These genomes information would provide additional useful knowledge on the understanding of morel classifications.


TABLE 2 The morel species identified by whole genome sequencing.
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4. Nutritional value of morels

The nutritional value of morels is highly valued mainly because they are rich in protein, fiber, necessary vitamins and minerals, and low in calories and fat. As shown in Table 3, the total calories of 100 g morels in dry weight ranged from 355.6–386.5 kcal, with 7.5–35.8 g/100 g protein, 2.3–12.0 g/100 g fat, 36.8–80.5 g/100 g carbohydrate, 6.7–18.2 g/100 g ash, 8.5–44 g/100 g total sugar, and 4.8–28.8 g/100 g crude fiber. The compositions varied among reports because of the species, growth area, fertilization method and other environmental conditions. M. esculenta, M. conica, M. crassipes, and M. elata are the top morel species studied in terms of their nutritional value.


TABLE 3 Nutrient composition of morels (based on 100 g dry weight).
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4.1. Proteins and amino acids

Among them, M. conica contained the highest average protein content which reached 24.5 g/100 g (29). The protein content can be increased to 28.1 g/100 g, and the fiber content could reach 16.2 g/100 g in morels with optimized cultivation material formulas (34). The highest crude fiber content was found in M. conica from Nepal which reached 28.8% (30). Interestingly, the crude protein content of fermented mycelia of M. esculenta was as high as 39.4%, which is much higher than the average protein level of its fruiting body (17). A possible explanation is that during fermentation, complex carbohydrates can be broken down into simpler sugars, which can then be used by the mycelia to produce more protein. Three major soluble monosaccharides were detected in morels, with glucose (42.3 μg/g) being the highest, next to fructose and galactose (35).

The sensory attributes of morels described by the consumers in triangle sensory test are “umami”, “bitter”, “sour”, “mouth-drying”, and “sweet” (22). The amino acids identified in morels mainly includes alanine, l-5-oxoproline and ornithine. The sweetness mainly comes from soluble carbohydrates like mannitol, glucose, and some free amino acids including the most abundant L-alanine, as well as L-serine and L-threonine (36). The complicated sour and mouth-drying taste of morels is also partially ascribed to their abundant amino acid content (22). For example, γ-aminobutyric acid was identified as the specific compound led to the mouth-drying sensation of morels (37). L-glutamic acid and L-aspartic acid add up to the umami flavor in M. deliciosa. The amino acid profile varies a lot among species, with the total content ranging from 7.7–56.9 mg/g (25). Threonine and lysine are the major essential amino acids in most mushrooms including morels.



4.2. Fatty acids

The fatty acid profile is composed of oleic acid, palmitoleic acid, linoleic acid, α-linoleic acid, palmitic acid, stearic acid and myristic acid (33). According to the study of 6 common morel species, the total saturated fatty acids (SFAs) ranged from 8.4 to 18.5% of the total fatty acid [Dry Weight (DW)], compared with a total monounsaturated fatty acid (MUFA) of 11.7–65.7% (DW), and a total polyunsaturated fatty acid of 14.8–70.1% (DW). It has been shown that MUFA and PUFA (Ployunsaturated Fatty Acid) are the healthy type of fat which presents anti-oxidative abilities (38). Particularly, PUFA are the precursors of some short-chain fatty acids (SCFAs) which are known to contribute to a wide range of health benefits in fungi including anti-inflammation, anti-cancer, and maintaining gut health. Those two types of fat are generally higher in morels than the unhealthy SFAs, indicating the potential health-promoting effects of morels.



4.3. Carbohydrates

Carbohydrates play an important role in providing energy for the formation and growth of morel fruiting bodies (35, 39). It accounts for 36.8–80.5% of the morel dry weight (26, 27, 30). Three major soluble monosaccharides were detected in morels, with glucose (42.3 μg/g) being the highest, next to fructose and galactose (35). The polyols in morels are much more abundant than the monosaccharides, which imparts the natural sweetness of morels (35). Volatile carbohydrates including undecane, dodecane, and pentadecane were found in M. importuna, imparting herbal and woody aroma of morels (40). Flavor of morel was enhanced by the soluble monosaccharides and sugar alcohols produced by the hydrolysis of stable carbohydrates such as polysaccharides and starch (40). Besides, hydrolysis of the carbohydrates provides substrate for respiration. Mannitol was the predominant sugar alcohol found in M. importuna fruiting body (35).



4.4. Minerals and vitamins

Wild mushrooms are known to have good mineral concentrations. Altaf et al. found that M. conica contains the highest amount of Mg content (55.5 ppm) and high level of Fe (531 ppm) compared to other three wild mushroom species: Apioperdon pyriforme, Helvella elastica, and Rhizopogon luteolus (29). The study by Gursoy et al. compared the metal contents of seven morel species including M. rotunda, M. crassipes, M. esculenta, M. deliciosa, M. elata, M. conica, and M. angusticeps. The results indicated that the highest Mg content (169.0 mg/100 g) was achieved in M. conica, the highest Cu content (4.5 mg/100 g) was found in M. crassipes, and the Zn content (15.3 mg/100 g) was maximized in M.esculenta. M.angusticeps contains the highest Mn (4.6 mg/100 g), Fe (59.4 mg/100 g), and Ca (518 mg/100 g) contents (2). Besides, morels contain considerate amounts of vitamin B, vitamin C and vitamin D contents as listed in Table 3. Vitamin C is a well-known antioxidant, and the vitamins are essential for the development and maintenance of immune functions (41).



4.5. Organic acids

Several organic acids including succinic acid, malic acid, citric acid, and fumaric acid were also found in morels (35). Succinic acid, as a good antioxidant, was found to be the most abundant organic acid which helps with the mushrooms in fighting diseases and prolonging preservation. The concentrations of the 4 major organic acids in the fruiting body of M. importuna ranked from high to low were: succinic acid (308.4 mg/kg), fumaric acid (68.5 mg/kg), citric acid (54 mg/kg), and malic acid (43 mg/kg). They are also responsible for part of the unique taste of morels (35).

In general, morels are a type of tasty, nutrition-dense fungi that contains considerate amounts of proteins, fibers, organic acids, minerals, vitamins, and a good percentage of PUFAs. The complicated taste of morels comes from a series of components including soluble sugars, free amino acids, and organic acids.




5. Bioactive compounds

Bioactive compounds of morels mostly include polysaccharides, phenolics, tocopherols, and ergosterols (42–47). Previous studies demonstrated that morels provided a wide range of health benefits not only due to the nutrient profile, but also the bioactive compounds (26, 32, 48). However, the bioactive compounds in mushrooms like morels have always been underestimated. In recent years, growing attention haven been drawn to the bioactivity levels and the phytochemical compositions in different morel species. The bioactive compounds in various morel species, their compositions and functions were reviewed in this section.


5.1. Polysaccharides

Polysaccharides in mushrooms can be categorized into β-glucans, α-glucans, and heteroglycans depending on their differences in the glycosidic bonds (49). The average yield of crude polysaccharide-protein complexes in M. esculenta fruiting bodies was around 3%, compared to 1.3% of deproteinized polysaccharides (50). The crude polysaccharide consists of a combination of polysaccharides with different molecular weights that have various compositions and functions. A study showed the water-soluble polysaccharides extracted from M. esculenta were majorly connected by β type of glycosidic bond (51). The extract had a molecular weight of 43.6 kDa and consisted of glucose, mannose galactose and arabinose. Additionally, the structural and physiochemical traits of polysaccharides were strongly affected by the extraction methods. A study comparing subcritical water extraction (SWE) and hot water extraction (HWE) showed that SWE significantly improved the yield of M. sextelata polysaccharides to 18.09% compared with merely 4.95% by HWE (52). Since a higher temperature degraded the polymers and hydrolyzed the side chains, the molecular weight of polysaccharides isolated by SWE decreased.

Polysaccharides, either in the form of β-glucans or as polysaccharide-protein complexes, are the biologically active component of mushrooms and are principally responsible for their therapeutic bioactivity (53). The polysaccharides of M. esculenta with a molecular weight of 81 kDa showed anti-proliferation ability in HT29 colon cancer cells; the polysaccharides from wild morels collected from Qinling mountain in China had a high average molecular weight of 3,974 kDa and presented prebiotic effects that help preserve gut microbiota (54). One hypothesis is that the bioactivity of polysaccharides was positively associated with their molecular weight, while the antioxidant activity would be inversely related with the molecular weight (55). β-glucan is one of the most well-known bioactive polysaccharides in mushrooms which showed numerous health benefits including antioxidative, antimicrobial, immunomodulatory and anti-cancer abilities (56). However, the β-glucan in morels lacks documented evidence. Recently, two novel α-D-glucans called MIPB50-W and MIPB50-S-1 were identified and extracted from M. importuna fruiting body (46). These two α-D-glucans significantly improve the phagocytosis of macrophages and the secretion of inflammatory cytokines such as TNF -α, IL-6 and essential signaling molecule nitride oxide (NO), which help with the immunoenhancement in human body. Similarly, the polysaccharides isolated from M. sextelata were also found to enhance the production of NO and cytokines in the RAW 264.7 cells (52).

As described above, some health-promoting effects including anti-cancer, gut health protection and immunoregulation are ascribed to polysaccharides (47, 49, 53). Therefore, the polysaccharides in morels can be potential functional ingredients that have wide applications on food, cosmetics, pharmaceutical preparations.



5.2. Phenolics

Phenolic compounds have been widely reported to prevent bacterial infection, inflammation, CVD, diabetes, and cancer (2, 57). They are known to provide protection to the fungal cell wall against UV radiation and other environmental stress. Phenolic acids and flavonoids are the two major phenolics in morels. The total phenolics and flavonoids of seven morel species were assessed (2). Among the seven morel species, M. conica showed the highest phenolic acids content of 25.4 μg GAEs (Gallic Acid Equivalents)/mg extract, and M. deliciosa contained the lowest concentration of 12.4 GAEs/mg extract. The flavonoid contents were much lower than the phenolics in general. The highest flavonoid content 0.6 μg QEs (Quercetin Equivalents)/mg extract was observed in M. rotunda. Another study investigated six morel species in Turkey showed the highest total phenolic content of 281.96 mg GAEs/g achieved in M. purpurascens (33).

The phenolic profile of M. pulchella was determined by HPLC-MS/MS method (45). The chemical structures of phenolics found in morels are demonstrated in Figure 2. The data indicated that the most abundant phenolic acids in the M. pulchella extracts were caffeic acid, which accounted for over 87% of the total phenolics. Caffeic acids could bind to amino acids such as histidine, tyrosine, and serine, inhibiting pancreatic lipase activity, thus maintaining metabolic stability (44). The predominant phenolics found in M. esculenta were protocatechuic acid which reached 1,715.2 mg/100 g DW, followed by p-hydroxybenzoic acid (345.8 mg/100 g DW), Quercetin (198.9 mg/100g DW), and gallic acid (78.2 mg/100g DW). In comparison, the M. esculenta in India contained the highest quercetin level which was 169.8 mg/kg of the extract, followed by p-Coumaric acid (94.7 mg/kg) (43). A study also compared the bioactive compounds of M. conica from different origins (26). It was revealed that gallic acids, p-hydroxybenzoic acids, and cinnamic acid were observed only in Serbian morels, not in Portuguese morels. The highest phenolics in Portuguese morels were the protocatechuic acids which was 20.8 mg/kg DW. They concluded that M. conica originated from Serbia contained more phenolics compared with those from Portugal, thus were more beneficial in reducing the risk of chronic diseases. The composition of phenolics varied a lot in different morel species grown in distinct areas and were summarized in Table 4. However, the total phenolic contents found in morels were generally higher than many other wild mushrooms including Lycoperdon, Ramaria, and Clavaria (43).
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FIGURE 2
 Chemical structure of phenolics in morels.



TABLE 4 Composition of phenolics in different morel species.
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5.3. Tocopherols

Tocopherols are a group of bioactive compounds that show vitamin E activity and antioxidative abilities. They are hydrophobic antioxidants that are capable of scavenging free radicals and helping with degenerative malfunctions (58). The total tocopherol content in M.esculenta fruiting bodies ranged from 14.8 to 121.3 μg/100 g DW (27). The tocopherol level in M. esculenta was found to be higher than that of M. conica. Besides, the concentrations of tocopherols also varied a lot among regions. The M. esculenta from Serbia had a much higher tocopherol concentration than those from Portugal. α-, γ-, and δ- tocopherols are three forms of tocopherols existed in morels. The concentrations of the three forms of tocopherols ranged from a descending order are: δ- tocopherols (48.9–98.6 μg/100 g DW), γ- tocopherols (12.4–20.3 μg/100 g DW), and α-tocopherol (2.4 μg/100 g DW) (53). The study by Mau et al. also showed that the tocopherol content of M. esculenta from Taiwan had a higher α- tocopherol content of 0.07 mg/g, followed by γ-tocopherol and δ-tocopherol, with concentrations of 0.06 and 0.04 mg/g, respectively (58).



5.4. Ergosterols

Ergosterols are important precursors of vitamin D2 and are the main sterols found in morels. Ergosterol peroxide, the steroidal derivative, widely existed in many edible mushrooms, and provided biological activities (59). Ergosterol peroxide has anti-inflammatory and antimicrobial activities. It's an intermediate in the enzymatic oxidation or the cleavage of reactive oxygen species (ROS), and can be converted back to ergosterol. The content of ergosterol peroxide in M. esculenta was 13.4 mg/100 g DW, which was higher than those of Laetiporus sulfureus and Boletus badius (59). The derivatives of ergosterols were also identified in the study by Lee et al. (42). These novel derivatives of ergosterols isolated were 1-O-octadecanoyl-sn-glycerol; (3β,5α,8α,22E,24S)-5,8-epidioxyergosta-6,9(11),22-trien-3-ol; and (3β,5α,22E)-Ergosta-7,22,24(28)-trien-3-ol. They found that the three compounds are the main bioactive constituents that contribute to the pro-apoptotic activities of M. esculenta toward the human lung adenocarcinoma cells. Four major sterols- 5-dihydroergosterol, ergosterol peroxide, ergosterol, and cerevisterol, were identified in M. esculenta which showed anti-oxidative and anti-inflammation abilities (60). The four sterols all significantly inhibited NF-κB activation with a IC50 of 2.0–5.2μM. Among the sterols, 5-dihydroergosterol exhibited the strongest inhibition toward NF-κB and highest antioxidant value in the ROS assay with a IC50 of 63.1μg/mL.

Ergosterols were also used as the indicator of mycelial biomass in the study to investigate how M. esculenta degraded the starch and enhance the nutrition profile of cornmeal under solid-state fermentation (61). The presence of ergosterols added physiological value to the fermented cornmeal product, supporting that ascomycete M. esculenta could be used as a potential functional ingredient in novel food development.




6. Health benefits

Morels have been used as a traditional medicine in China for thousands of years. The nutrients and bioactive compounds synergistically contribute to the health benefits of morels. Previous research found that morels including their fruiting bodies, mycelia and their extracts showed immunomodulatory, antioxidative, anti-inflammatory, and anti-cancer effects (1). Existing evidence mostly investigated the functions of the two major bioactive compounds: polysaccharides and phenolics in morels. The health benefits of different morel species were summarized in Table 5, and their mechanisms of action was depicted in Figure 3.


TABLE 5 Health benefits of some morel species.
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FIGURE 3
 Major cell signaling mechanisms of morel extracts in disease prevention. Created with BioRender.com.



6.1. Supporting immune functions

The immunoregulative effects of morels have been widely studied in recent years. It has been shown that polysaccharides are the primary components responsible for the protective effects of morels on the immune system (49–52, 74).

Glucans, as an important category of polysaccharides, greatly contribute to the immunomodulatory ability of morels. It has been widely reported that β-glucans in mushrooms can stimulate the production of white blood cells, which are important for fighting off infections and diseases (56). However, the evidence of detectable β-glucans in morels lacks documented evidence. Most reports showed the polysaccharides in morels mainly consist of α-glucans (70, 75). Zhang et al. extracted a novel α-glucan, MSP-3-1, from M. sextelata and assessed its biological activities (70). MSP-3-1 was with a large molecular weight of 23,500 kDa and basically made of mannose, glucose, and galactose. It possessed immunoprotective abilities by enhancing the cell proliferation, NO production and phagocytosis of the macrophage RAW264.7 cells. The results were confirmed in the study by Li et al. where they found the polysaccharide MSP2-1 extracted from M. sextelata also stimulated the production of NO, cytokines, and promote the proliferation of the RAW 264.7 cells via TLR4 receptors. The mechanisms are closely associated with the structure (52). Previous research demonstrated that glucans with glycosidic bonds as → 4)-α-d-Glcp-(1 →, → 3)-β-d-Glcp-(1 → and → 6)-β-d-Glcp-(1 → were more likely to benefit the immune system (46). Interestingly, in the study by Wen et al., the novel glucan MIPB50-S-1 with a molecular weight of 444.5 kDa showed a superior performance on the immunomodulation tests than the MIPB50-W which had a much higher molecular weight (46). This can be explained by the fact that MIPB50-S-1 contained longer side chains such like → 6)-α-d-Glcp-(1 →. They also found that both morel glucans significantly enhance the production of TNF-α, IL-6, and NO, which were modulated by the transcription factor NF-κB. The immunoenhancing ability was achieved through the activation of TLR4-NF-κB and MAPK signaling pathways (53).

By using cyclophosphamide-treated mice model, Huo et al. examined the immune-protective effects of the polysaccharide extracted from wild morels (54). The results showed that dietary intake of morel polysaccharides recovered the spleen condition, increasing the white blood cell and lymphocytes counts including CD4+CD8–, CD4–CD8+, and CD4–CD8–CD19+ lymphocytes in the spleen and blood of the mice (54). The effects are possibly associated with their ability to modulate gut microbiota because a balanced gut environment is known to contribute to the immune health of the hosts (76). It was reported that a triple helix was required for the polysaccharides to express immunoactivity which could not be easily achieved in small polymers (55). Therefore, the higher structure of polysaccharides played an important role in affecting their immunoregulative functions. Interestingly, MIPB70-1, the alkaline extraction from M. importuna fruiting body with a small molecular weight (20.6 kDa), was also found to exert immunomodulatory effects in vitro and in vivo (68).

Overall, the mechanisms of action of morels in preserving immune health include the activation of immune cells and responses (46, 68, 70, 74), phagocytosis enhancement (70), and regulation of gut microbiota (55), etc. In details, morel glucans bind to the receptors on immune cells, such as the TLR4 on macrophages (52, 68), thus triggering the activation of the signaling cascade and downstream regulators which in turn leads to the release of cytokines and other molecules that enhance phagocytosis and help limit infections.



6.2. Anti-oxidative activities

Excessive ROS are known to damage the cellular organelles and functions, leading to a lot of human diseases. Scavenging of free radicals has been shown as a basic mechanism for the prevention of many chronic diseases including CVD, obesity, and cancer (77). Different species of morels were reported to have antioxidant abilities correlated to their phenolic compounds and polysaccharides (43, 45, 58, 60, 75).

Bioactive compounds extracted from plants have been extensively reported to impose health benefits by stabilizing oxidation processes and reducing the harm to cellular structures (78, 79). The free radical scavenging ability of morel extracts were studied. The ethanol extract of M. esculenta mycelia possessed strong antioxidant ability in scavenging superoxide, nitric oxide, 2,2'-diphenyl-1-picrylhydrazyl (DPPH), and 2,2'-azino-bis (3-ethylbenzthiazoline6-sulphonic acid) (ABTS) radicals in a dose-dependent manner (66). The ethanol extracts of M. vulgaris and M. esculanta fruit bodies in Turkey presented similar properties to scavenge the free radicals, superoxide anion radicals and hydrogen peroxide (74). The study by Vieira et al. showed methanolic extract of M. conica from Serbia exhibited a higher reducing power with EC50 value of 1.9 units compared to the M.conica from Portugal with a EC50 value of 1.2 units (26).

Polysaccharides extracted from morels are also considered as important antioxidants. The anti-oxidative activity of the polysaccharides extracted from M. esculenta was evaluated by DPPH, ABTS, and CUPRAC assays (50). The M. Sextelata polysaccharide MSP-3-1 exhibited scavenging activity against FPPH and ABTS radicals in a dose-dependent manner (70). The impact of γ-irradiation on the anti-oxidative activities of polysaccharides extracted from M. Sextelata fruiting body was investigated by Xiong et al. (55). They observed stronger free radical scavenging ability and recovery of injured PC12 cells in irradiation-treated polysaccharides which had a reduced molecular weight. The similar cell model was used in another study by Xiong et al. where they found M. importuna polysaccharide suppressed NF-κB pathway activation as well as potential upstream regulatory components including p38 and JNK1/2 (69). Additionally, ERK1/2 expression was elevated and caspase-3 activity was suppressed. All these outcomes resulted in lessened H2O2-induced oxidative stress damage in PC12 cells (69).

The anti-oxidative abilities of morels also partially attribute to their abundant phenolics. Several studies indicated that morels with higher total phenolic contents showed stronger antioxidative power (33, 43, 45). For instance, the study of six morel species in Turkey showed that M. purpurascens group presented highest total phenolic acids behaved best in the DPPH and FRAP assays, indicating it had the strongest reducing potential (33). Strong correlation between the amount of phenolics and the antioxidant characteristic was also observed by Gursoy et al. (2). They found the radical scavenging ability was maximized in M. conica which had the most abundant phenolics, followed by M. crassipes and M. esculenta (2).

Most studies have been focused on the anti-oxidative abilities of morel polysaccharides and phenolics. Tocopherols also contribute to the antioxidative abilities but few scientific work has been focused on them due to comparatively small amounts (80). Phenols, including BHT (butylated hydroxytoluene) and gallates, were reported as effective antioxidants in mushroom fruiting bodies and mycelia (81).



6.3. Anti-inflammatory effects

Inflammation is a natural response to injury or infection, but chronic inflammation has also been linked to the development of heart disease and other conditions (82). Some studies have suggested that morels and their mycelia may have anti-inflammatory effects, which could be beneficial for the cardiovascular system (48, 62, 63, 67).

The anti-inflammatory effects of polysaccharides and their derivatives of M. esculenta were studied using a PM2.5-treated macrophage NR8383 cell line (62). The extracts, SFMP-1 (sulfated polysaccharide derivatives) and CFMP-1 (carboxymethylated derivatives), exhibited profound anti-inflammation activities against the PM2.5-induced inflammation through significantly ameliorating the production TNF-α and IL-1β in the cells. SFMP-1 reversed the activation NF-κB and downregulated the expressions of iNOS and COX-2 induced by PM2.5 treatment, which indicated that the regulation on NF- κB pathway was the key mechanism for the anti-inflammatory effects of M. esculenta.

The extracellular vesicles (EVs) of M. Sextelata also demonstrated anti-inflammatory abilities toward the LPS (lipopolysaccharides)-induced inflammation on the RAW246.7 macrophages (71). The inflammation related factors including TNF-α, IL-6, iNOS, and COX-2 were all inhibited by the EVs in a dose-dependent way. The M. Sextelata EVs containing a series of lipids, proteins, and micro RNAs, dramatically inhibited the expression of p38 MAPK and the inhibitory effects were even stronger with the addition of 10 mM of the ROS inhibitor NAC (N-acetyl-l-cysteine). That suggested a synergistic effect of NAC and EVs in inhibiting LPS- induced inflammation in the RAW246.7 macrophages. Consistently, acetylated polysaccharides from Morchella angusticeps Peck ameliorated inflammation in the LPS-treated RAW246.7 macrophages (83). The same model was used to evaluate the anti-inflammatory ability of the ethyl acetate extract of M. esculenta as well (84). In this study, the M. esculenta ethyl acetate extract contained 61% flavonoids and showed positive effects on reducing inflammation via MAPK signaling pathway.

The anti-inflammatory activities of morels have also been investigated in mice models. It was suggested that the ethanolic extract of M. esculenta mycelium alleviated both acute and chronic inflammation when administered with 250 and 500 mg/kg body weight in mice in a dose-dependent manner (67). Even compared with the 10 mg/kg oral administration of the reference drug Diciofenax, 500 mg/kg of M. esculenta mycelium extract showed a better performance of anti-inflammation. M. esculenta polysaccharides also attenuated high fat diet-induced obesity and chronic inflammation in mice through NF-κB inactivation (63). Similarly, the extracts from the M. elata fruiting body demonstrated strong NF-κB inhibiting effects in the croton oil induced inflammation mice model (48). The three doses 10, 25, and 50 mg of the extracts notably decreased the thickness of mice skin induced by croton oil to an extent from 20 to 75%. The results proved that M. elata exerted protective effects on skin inflammation.

Both in vitro and in vivo studies indicated that different parts of various morel species were able to alleviate inflammations caused by distinct stimuli including exposure to fine particles, or administration of LPS and other lipids. Thus, morels and their extracts might be natural anti-inflammatory ingredients in preventing inflammation-related diseases such as rheumatic edema and CVD.



6.4. Digestive health protection

The maintenance of balanced gut microbiota is positively associated with the prevention of many chronic diseases including obesity, type 2 diabetes, CVD, and cancer (47, 49). The investigation of morel polysaccharides and gut health has been a popular trend in recent years. Edible morels have been suggested to support digestive health through regulating the gut microbiota due to their rich dietary fiber and bioactive compounds.

Morels contain a considerable amount of fiber, ranged from 4.8 to 28.8% DW. Fibers are widely accepted as the most essential nutrient for gut health (85). In contract to insoluble dietary fiber, soluble dietary fiber is known to readily absorbed and digested by fiber-degrading bacteria in the colon, where it produces a number of functional metabolites including SCFAs (29, 30). The soluble fiber extracted from M. importuna enhanced the abundance and diversity of beneficial bacteria such as Parasutterella, Ruminococcaceae, Faecalibacterium, and Lactobacillus, and increased the production of SCFAs after in vitro fecal fermentation (86).

The incorporation of M. esculenta polysaccharides into the diet of mice significantly increase the beneficial bacterial density and SCFAs in mice (47, 49). The study by Huo et al. showed the polysaccharides isolated from wild morels had prebiotic effects (54). The polysaccharides with a high molecular weight of 3,947 kDa notably enhanced the relative abundance of Bacteroidetes, Ruminococcaceae, Erysipelotrichaceae, and Lachnospiraceae in the mice gut. Those microorganisms helped with the digestion of polysaccharides and facilitated the production of SCFAs (87). Rehman et al. also found that M. esculenta polysaccharides modulated the gut microbiota in the high-fat-diet (HFD) induced gut dysfunction in obese BALB/c mice (63). The supplementation of both 200 and 400 mg/kg of M. esculenta polysaccharides for 12 weeks successfully recovered the diversity of bacteria, decreased the abundance of Firmicutes and enhanced the abundance of Bacteroidetes, and reduced the risk of obesity and metabolic disorders. Furthermore, at the genus level, the abundance of beneficial bacteria Lactobacillus was notably enhanced, indicating an upregulation on the SCFA production. M. esculenta polysaccharides after intestinal fermentation significantly inhibited the activities of α-amylase and α-glucosidase, the two important enzymes in carbohydrates digestion, which further helped with diabetic symptoms and gut microbiome regulation (88).

The gut protective effects of M. esculenta and M. importuna polysaccharides were examined in the streptozotocin-induced type 2 diabetic mice model (64, 89). An improvement in the abundance and diversity of beneficial bacteria were also overserved in the groups treated with 200, 400, and 600 mg/kg of M. esculenta polysaccharides (64) and 400 mg/kg of M. importuna polysaccharides (89). The situations of both Firmicutes and Actinobacteria were significantly recovered by M. esculenta polysaccharides (63, 64). At the genus level, Lactobacillus was improved to a range of 59.1–64.1% compared to 32.1% in the diabetic model. Moreover, the histopathological analysis revealed that M. esculenta polysaccharides treatment increased the intestinal permeability via upregulating the expressions of colon tight junction proteins such as ZO-1, occludin and claudin-1, and decreased endotoxemia by lowering LPS levels in the diabetic mice (64). Comparatively, M. importuna polysaccharides increased the abundance of Akkermansia, Blautia, Dubosiella, and Lachnospiraceae, and decreased the abundance of Helicobacteraceae, which in turn regulated hepatic metabolism by the gut-liver axis (89).

The flavonoid composition in morels also contributes to its beneficial effects on gut health preservation (90). Xu et al. found flavones from M. importuna protected against intestine barrier injury caused by dextran sulfate sodium in mice. The possible mechanisms associated with the elevated diversity and richness of gut microbiota and inhibition of the TLR4/NF-κB signaling pathway (90).

Interestingly, the gut microbiota compositions have mutual connections with the host immune systems and metabolic functions, thus found to be correlated with the development of obesity and diabetes (76). The major mechanism of action of morel polysaccharides lies in the improved diversity and abundance of SCFA-beneficial bacteria. Further investigation on how morel polysaccharides and other bioactive compounds affect their correlations is still needed to help understand their underlying mechanisms.



6.5. Anti-cancer activities

Cancer is the leading cause of mortality in most developed countries (91). Although the cancer rate decreased gradually in the US, it remains the biggest puzzle threatening public health. Recent data showed that the most common cancer is lung cancer in China and breast cancer in the US (92). Recently, there has been an increasing number of studies focusing on the anti-cancer activities of morels and their mechanisms of action.

The anti-cancer activities of morels have been observed in colon cancer cell lines. A most recent study investigated the anti-carcinogenic abilities of three morel species- M. conica, M. esculenta, and M. delicosa from Pakistan (72). Methanolic and ethanolic extracts of the three species of morels showed different anti-proliferative activities toward the SW-480 colon cancer cell. The bioactive compounds that possess the anti-tumor effects in the extracts were mainly amino acids, fatty acids, sterols, flavonoids and phenolic acids. Generally, the methanolic extract of M. esculenta showed a better performance in inhibiting the colon cancer growth compared to M. conica. The reason could be explained by their different extract compositions. For instance, flavonoid apigenin-7-O-glucoside was found to be presented in M. conica to support its anti-tumor activity, and Oleamide was only identified in M. esculenta. The methylene chloride extract of M. esculenta also demonstrated high antioxidant activity in the HT-29 colon cancer cell (60). The extract containing rich fungal sterols and trilinoleins significantly inhibited the NF-κB which was overactive in the cancer cells, indicating that M. esculenta might have potential positive effects on treating colon cancer. In another study, M. esculenta polysaccharides with a molecular weight of 81,835 kDa extracted by pulsed electric field inhibited the proliferation of human colon cancer HT-29 cells in a dose and time-dependent manner in the 48 h treatment (65).

MeOH extracts from M. esculenta fruiting body were reported to exhibit anti-cancer ability in the human lung adenocarcinoma cells (42). Eight compounds including three fatty acids and five sterols were identified in the MeOH extract. Among the isolated compounds, they found that the derivatives of octadecanoic acid and ergosterol were the main constituents responsible for the ability to induce apoptosis. Other than morels, octadecanoic acid, and ergosterols from other mushrooms have been proven to exhibit anti-tumor abilities in many previous studies (59, 93). They also examined the associated cell mechanisms and found the anti-cancer effects were independent of the tumor-suppressor molecules p53.

DOX (Doxorubicin) is a type of chemotherapy medication called anthracycline antibiotic that inhibits the proliferation of cancer cells (94). Although it remains one of the most cost-effective and active wide spectrum drugs in chemotherapy, its applications are still impeded by the side effects such as high cardiotoxicity and pro-oxidant activity. The polysaccharides from soybean residue fermented M. esculenta decreased the oxidative stress in RAW 264.7 macrophages and protected against DOX-induced apoptosis (95). Besides, the polysaccharides MP-1, MP-3, MP-4 induced apoptosis in the liver cancer HepG2 cells and cervical cancer HeLa cells by cell cycle arrest at G0/G1 phase (95).

The anti-tumor effects of the ethanolic extract of M. esculenta mycelium were also verified in the animal model (67, 68). The extracts (250, 500, and 1,000 mg/kg body weight) were administered orally for 10 days after the mice were transplanted with tumors. It was found that 1,000 mg/kg of the extract significantly increased the lifespan of tested mice by 55%. Besides, the 250, 500, and 1,000 mg/kg extracts successfully reduced the weight of the transplanted tumor by 41.1, 61.7, and 76.9%, respectively, and reduced the volume of the tumor by 47.9, 59.6, and 74.7%, respectively. The polysaccharide MIPB70-1 from M. importuna fruiting body enhanced the anti-tumor activity of DOX, inhibited the growth of breast tumor in BALB/c female mice model, suggesting its potential role as an immune booster (68).

Overall, most cancer studies of morels have been targeting on the colon cancer (60, 65, 72), lung cancer (42), liver cancer (95), cervical cancer (95), and breast cancer (68). The mechanisms include directly inducing apoptosis of tumor cells, enhancing the immune function, and facilitated chemotherapy. These findings collectively supported that the fruiting bodies and mycelia of morels could be potential functional food ingredients or drugs for the prevention and treatment of cancer. However, more animal and clinic trials are still necessary to validate the function and the optimal doses for the morel extracts.




7. Conclusion and future direction

Morels are edible mushrooms with excellent nutritional and economic values. Various morel species such as M. eximia, M. importuna, and M. sextelata, are cultivated in China, while M. conica and M. esculenta are most commonly found in the US. M. esculenta is the morel species that has been most studied. The life cycle of morels is complicated and lacks thorough understanding, thus the large-scare artificial morel cultivation remains a challenge. This relatively low yield and high market price of morels causes their consumption less prevalent than other common edible mushrooms, such as shiitake, oyster mushrooms and white mushrooms. Studies about increasing the spawn quality, optimizing the exogenous nutrition to support morel growth and reproduction, advanced indoor cultivation technology are still ongoing to conquer the challenge.

Morels are rich in proteins, fibers, necessary vitamins, minerals, and PUFAs. Recently, a trend toward increasing plant-based foods and reducing meat consumption is growing, and alternative meat is becoming popular (96, 97). Morels have umami taste, meaty flavor and spongy texture. These unique characteristics make morels distinguished substitutes for meat in vegetarian and flexitarian diet. In a typical meat analog recipe, protein (10–25%) is the second most ingredient following water (50–80%) (98). Protein from soy, wheat, legume has been frequently used in meat analogs, but industry is still searching for other protein-rich ingredients. Since the crude protein content of fermented mycelia of M. esculenta reached 39.4% and their pleasant flavor, morel mycelia from submerged fermentation may became a novel protein source and a potential alternative to animal protein (17, 99). There are two examples of food brands, Quorn and Meati, who have successfully used biomass fermentation of filamentous fungi as the base for meat analogs and launched to market (100). With more attention to submerged fermentation technology including species determination, medium optimization, bioreactor design, and protein and amino acids identification, morel mycelia would have a great opportunity in area of meat alternative.

The bioactive constituents in morels vary among species and origins, and they are mainly composed of polysaccharides, phenolics, tocopherols, ergosterols etc. These bioactive compounds in morels greatly contribute to their health benefits including anti-oxidative, anti-inflammatory, immunoregulative, gut protective, and anti-cancer abilities. The major underlying cell mechanisms of morels explaining their health benefits involved the regulation of TLR4-NF-κB and MAPK signaling. Up to now, most studies have focused on the polysaccharides and phenolics of morel fruiting bodies, and these extracts can be developed and further applied into dietary supplement. More studies about absorption, metabolism, distribution, and excretion of morel extracts in animals should be conducted and safety assessment is necessary.

Considering the high value of morel fruiting bodies and the mycelia, the future directions of morel studies can be extended but not limited to developing new technologies toward the cultivation and fermentation of mycelia, exploring the health benefits of various morel species and mycelia, and applying morel extracts into the development of novel functional foods. Besides, further research on the molecular mechanisms of morel extracts and other minor bioactive compounds are still desired to understand this valuable mushroom and broaden its applications.
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Asparagus root (AR) is utilized globally as a traditional herbal medicine because it contains various bioactive compounds, such as polyphenols, flavonoids, saponins, and minerals. The composition profiles of AR are strongly affected by its botanical and geographical origins. Although minerals and heavy metals are minor constituents of AR, they play a crucial role in determining its quality and efficacy. A comprehensive classification of AR, its phytochemistry, and its pharmacology were reviewed and interpreted herein. Potentially eligible articles (in English) were identified through an electronic search of the Web of Science database (2010–2022) and Google (2001–2022). We used the primary search term “Asparagus roots” combined with the words “pharmacology,” “bioactive compounds,” “physicochemical properties,” and “health benefits” to find the relevant literature. We screened the titles, keywords, and abstracts of the publications obtained from the database. A full copy of the article was obtained for further assessment if deemed appropriate. Different asparagus species might potentially be used as herbal medicines and functional foods. Phytochemical studies have revealed the presence of various bioactive compounds as valuable secondary metabolites. The dominant class of bioactive compounds in AR is flavonoids. Furthermore, AR displayed significant pharmacological effects, such as antioxidant, antimicrobial, antiviral, anticancer, anti-inflammatory, and antidiabetic effects, as shown in animal and human studies. This review provides a valuable resource to enable a thorough assessment of the profile of Asparagus root as a functional ingredient for the pharmaceutical and food industries. In addition, it is anticipated that this review will provide information to healthcare professionals seeking alternative sources of critical bioactive compounds.

KEYWORDS
asparagus roots, physicochemical properties, pharmacology, health benefits, bioactive compounds


1. Introduction

The Asparagus crop (Family Asparagaceae, including approximately 300 species) is native to the eastern Mediterranean region and Asia. The Asparagus crop grows in various soil types (1). Under optimum climate conditions, asparagus could attain growth rates up to 1 cm/h and be harvested once the plant reaches a height close to 21 cm (2). The asparagus plant can be continuously harvested for up to 40 years or until there is a decline in productivity and quality owing to exposure to microbial agents, such as Fusarium, Phytophthora, Stemphylium, Phomopsis asparagi (Sacc.) Bubak, and Cercospora asparagi Sacc. species. The regeneration of the rootstock is therefore necessary for sustained productivity. Residual asparagus roots from the main crop are considered waste and are commonly left to rot in fields. However, crops that cannot be degraded after replanting new asparagus plants would cause some problems. The reason is that residual autotoxins present in original asparagus roots might have allopathic properties, which hinder the growth of new asparagus plants (3). This was accounted mainly for Fusarium, the primary cause of root rot disease. Asparagus officinalis, a versatile plant with a unique flavor, is one of the most popular fresh vegetables worldwide. It was reported that autotoxins in residual asparagus roots might negatively impact sequential crops over time. Hence, physically removing the roots would be better (3). While farmers may be aware of the autotoxicity of asparagus roots (AR), some may consider root removal an unrealistic economic solution due to the costs involved.

However, residual Asparagus roots contain several bioactive compounds, such as saponins, polyphenols, and flavonoids, which have application value in nutraceutical and pharmaceutical processing (4). Most importantly, these bioactive compounds extracted from AR would enable farmers to generate additional revenue from the sale of AR, thus subsidizing the cost of removing the roots (5). On the other hand, removing AR would improve the growth of new asparagus since its allopathic effect was circumvented, thus increasing farmers’ incomes. Such streamlining processes to capture more value from AR via the recovery of bioactive compounds with a wide range of health benefits would maximize crop utilization while reducing waste.

Studies on Asparagus and reviews are likely to focus on pharmacological activities because Asparagus racemosus, one of the most investigated varieties, has long been used in traditional medicine. Therefore, providing scientific evidence that AR is a valuable byproduct rather than a waste product is crucial to encourage the farming community to ‘harvest’ AR and use it in the nutraceutical and medicinal industries. Therefore, we aimed to provide comprehensive information on the biological activities of major metabolites and the contribution of these compounds in pharmacological and health status to develop AR in the pharmacy and functional food industry. In this review article, potential eligible studies (in English) were identified through an electronic search of the Web of Science database (2010-2022)1 and Google (2001–2022). We used the primary search term “Asparagus roots” combined with the words “pharmacology,” “bioactive compounds,” “physicochemical properties,” and “health benefits” to find the relevant literature. We screened the titles, keywords, and abstracts of the publications obtained from the database. A full copy of the article was obtained for further assessment if deemed appropriate.



2. Literature analysis of asparagus roots research

CiteSpace software is a visual analysis software developed by Dr. Chenchaomei of Redsell University in the United States, which can be used to analyze the potential multivariate, time-sharing, dynamic and other knowledge in scientific literature. This article takes the Web of Science (WOS) as the core database with ‘Asparagus roots’ as the keyword to search the literature published from 2010 to 2022. The CiteSpace analysis tool and the bibliometric analysis platform2 were used to analyze the development status, development trend and research hot spots of asparagus to predict future research trends and provide a reference for the research and development of asparagus.


2.1. Analysis of annual documents, research countries and institutes

As shown in Figure 1, the top three countries in the number of documents published on AR research were India, China, and Japan in 2010, and in 2021, they were China, India, and Poland. The number of papers published each year ranged from 16 to 34. Research on asparagus has not encountered outbreaks. As the first breeding country and the first exporting country of asparagus, the production of asparagus in China is fairly simple, primarily as a vegetable. Byproduct processing is insufficient, and market efficiency needs to be improved. The roots of asparagus are potential raw materials for functional foods. Therefore, we comprehensively reviewed the research on asparagus roots.
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FIGURE 1
Global document of asparagus roots from 2010 to 2022.


Table 1 was obtained by analyzing the literature of major research institutions in the field of asparagus roots in the world from 2010 to 2022. The research institution with the most papers published is Naresuan University, followed by Gifu University. Interestingly, among the top 10 institutions, none are from China. According to the ranking of total citations, Naresuan University is also the number, followed by Gifu University and Poznań University of Life Sciences. From Table 1, we can see that the published papers on AR were widely distributed to many institutes instead of being deeply researched by several major institutes.


TABLE 1    Major research institutions in the field of AR worldwide from 2010 to 2022.
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By analyzing the sending countries and institutions, we can show the distribution, reserves and cooperation of scientific research forces in the field of AR. As shown in Figure 2A, countries cooperate closely in AR; cross-country cooperation mainly focuses on the leading countries, and other countries are the nodes.
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FIGURE 2
Cooperation between national/regional research institutions of asparagus root (AR) research globally from 2010 to 2022. (A) Cooperation between countries and regions; (B) cooperation between research institutions.


India and China are not only at the forefront of AR research but also maintain close cooperation with each other. The cooperation networks with India and China are 11 and 9 countries, respectively. These countries have made outstanding contributions to global AR research.

As seen from the institutional cooperation relationship (Figure 2B), the institutions at the cooperation nodes are the Naresuan Univ, Pozna Univ Life Sci and Univ Otago. From the analysis of research institutions, it can be seen that in the research of AR, one research institution is the center, and other research institutions focus on it. However, the research cooperation links between several major research institutions are slightly insufficient.



2.2. Analysis of research direction

The research direction in this field can be seen from the amount of literature published in relevant journals. According to the statistical findings of the industry fields of the selected documents in the WOS database (Figure 3). As shown, the research direction is in the three major research fields of Plant Science, Horticulture and Pharmacology Pharmacy (Figure 3B). Through the analysis of the journals published by the selected literature through the online analysis platform of literature metrology, it is found that the top journal is “ACTA Horticulture,” which, with the most papers published and the most frequently cited, is not a top journal. This might suggest that although AR research has been recognized internationally, the academic quality of AR research needs improvement, and the research depth needs to be strengthened.
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FIGURE 3
Research direction of asparagus root (AR) from 2010 to 2022. (A) Ranking of the research direction of AR in Web of Science (WOS). (B) Ranking of the Global Journal publishers of AR.




2.3. Analysis of research hotspots

Research hotspots are the focus that scholars pay attention to and discuss at a certain stage in a specific field. Keywords are the refinement and generalization of the content expressed in an article, so they are often used to analyze the hot spots in a particular field. Figure 4 shows that from 2010 to 2022, the high-frequency keywords for AR research included “antioxidant capacity,” “extract,” “plant growth,” and “antioxidant activity.” This shows that functional research on AR is limited to antioxidants.
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FIGURE 4
Analysis of keywords. (A) Keyword node map of asparagus; (B) clustering map of asparagus; (C) keyword emergence map.


Figure 4B shows the cluster analysis of AR keywords in the WOS database. Keyword cluster analysis can further explain the internal relationship between keywords. Through cluster calculation, q = 0.8203 > 0.3 and s = 0.9328 > 0.7 show effective clustering. Among the 11 clustering modules, the modules related to sturgeon and sturgeon names were removed. AR research has focused on AR bioactivities, such as antioxidants.

Figure 4C shows the emergence analysis of keywords for AR research in the WOS database. From the emergence of keywords, it can be seen that more asparagus plants (rats, fumonisin, fungi, and so on) were studied in the early stage, and keywords such as root extract and phenolics have gradually appeared since 2018. This also shows that research on asparagus is limited.




3. Taxonomy of asparagus

Asparagus is a perennial flowering herb belonging to the genus Asparagus, similar to Cousins leek and garlic in the Liliaceae family (2). The Asparagus shoots are classified according to color to white (grown in the absence of light) or green (developed in the presence of light). Generally, asparagus can rise to 100–150 cm and have a stout stem. Asparagus has feathery needle-like leaves. The plant attains a 6–32 mm long and 1 mm wide rosette, clustered of 4–15. Its root type is indeterminate and fascicular. The flower looks bell-shaped, greenish-white to yellowish, 4.5–6.5 mm long, and with six flowers fused at the bottom. They are usually individuals or two or three clusters at the junction of branchlets. They are typically dioecious but sometimes monoecious. The fruits are small red berries (approximately 6–10 mm in diameter) and poisonous to humans. The taxonomy of Asparagus can be summarized as follows:

Kingdom: Plantae

Phylum: Angiospermae

Class: Monocotyledoneae

Tribe: Asparagaceae

Suborder: Lily suborder

Order: Liliaceae

Family: Liliaceae

Genus: Asparagus

Species: Asparagus officinalis

Distribution: China, Germany, France, Spain, United States, Japan



4. Traditional health benefits of asparagus extract

Many bioactive compounds in asparagus may have health benefits (6, 7). In plants, bioactive compounds may impact numerous functions, such as flavor, color development, and defense systems against ultraviolet (UV) radiation (1). In particular, saponins, polyphenols, and flavonoids have been reported to have health benefits, as summarized in Table 2. For example, it was reported that there are antiglycation (7) and anticancer activities (6) for bioactive compounds from A. racemosus roots and antinociceptive and antioxidant effects for A. officinalis roots (8).


TABLE 2    Summary of health benefits attributed to asparagus extract.
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Three species of asparagus, including A. cochinchinensis, A. officinalis, and A. racemosus, have been widely studied for their health benefits (6). Rodríguez et al. (20) concluded that most bioactive compounds in asparagus are mainly located in the lower portion of the plant. The majority of published articles on A. officinalis (4, 21–23) have predominantly focused on the plant spears (stems) rather than roots as a source of bioactive compounds, as a spear is an edible part and A. officinalis is the only species that is commonly eaten. On the other hand, due to its long history of use in folk and traditional medicine, A. racemosus has been extensively investigated as a medicinal plant (15).



5. Phytochemistry of asparagus root

Phytochemical compounds, such as ferulic acid, isoferulic acid, malic acid, citric acid, asparagusic acid, caffeic acid, and fumaric acid (Figure 5), are typically extracted from dried A. officinalis roots (24, 25). The plant’s origin, species, and portions are important factors when investigating bioactive compounds. Different species have different profiles and quantities of bioactive compounds, and different plant sections contain different concentrations (26). A. officinalis roots are a valuable source of fructooligosaccharides (1), which may be isolated and characterized by mass spectrometry (MS), high-performance liquid chromatography (HPLC), NMR, and TLC (24). Furthermore, although common phytochemicals are readily detected via classical liquid chromatography, more complex compounds would require gas chromatography–mass spectrometry (GC-MS) for analysis (25). For example, A. racemosus roots (ARs) extract subjected to GC-MS analysis showed the presence of 2- furancarboxaldehyde, 1,2-dithiolane-3-carboxylic acid [synonyms: tetranorlipoic acid], 1,6-anhydro-β-d-talopyranase, tetradecanoic acid, n-hexadecanoic acid, oleic acid, 4 H pyran- 4 one, 2,3 dihydro–3,5 dihydroxy–6 methyl, and 9,12- octadecadienoic acid (27). Janani and Singaravadivel (28) confirmed compounds 2-furancarboxaldehyde, 1,2-dithiolane-3-carboxylic acid, 1,6-anhydro-β-d-talopyranase, tetradecanoic acid, n-hexadecanoic acid, oleic acid, 4 H pyran-4 one, 2,3 dihydro-3,5 dihydroxy-6 methyl, and 9,12-octadecadienoic acid in ARs. These results from various studies suggest that the source of AR specifically influences the composition of phytochemical compounds in the roots of various asparagus species and ARs. In another study, the phytochemical compounds found in the ethanol extract of ARs were investigated by Ravishankar et al. (29). The determined compounds were alkaloids, carbohydrates, glycosides, phenolic compounds, tannins, saponins, steroids, and flavonoids. No protein was found in the AR extract. The authors demonstrated that different compounds were extracted in different extraction solvents. For instance, alkaloids, tannins, and proteins were present in the aqueous extracts, whereas steroids and saponins were predominantly found in alcoholic extracts of ARs. Different extraction solvents could solvate different phenolic compounds from ARs, affecting the biological activity of the extracts, e.g., the antibacterial activity (8). Many bioactive compounds (such as steroids, phytosterols, carbohydrates, tannins, anthraquinones, saponins, glycosides, flavonoids, terpenoids, amino acids, and alkaloids) were reported by Ahmad et al. (7) from aqueous extracts of ARs. The results mentioned above suggest that most bioactive compounds in asparagus roots can be dissolved in strongly polar solvents. Furthermore, it appears that the same AR species contain different compositions of bioactive compounds due to regional effects of climate and other environmental factors (30). It is well-documented that biosynthesis of phenolic compounds occurs during photosynthesis, implying that sunshine exposure could affect the composition and amount of individual phenolics. Thus, environmental effects may be a major factor in the bioactive composition in AR. In this context, Dhwaj and Singh analyzed the methanol extracts of ARs and provided a very comprehensive profile of bioactive compounds, e.g., alkaloids, carbohydrates, glycosides, phenolic compounds, tannins, flavonoids, amino acids, proteins, steroids, terpenes, gum, and mucilage (31). Similarly, Sharma et al. isolated and identified a new steroidal sapogenin molecule from ARs and tested its bioactivity in an immune-suppressed animal model that highlighted its potent immunostimulant activity (32). The type of saponins and their composition vary with the asparagus root variety. For instance, Sautour et al. isolated and identified six new steroidal saponins (1–6) from A. acutifolius L. roots and evaluated their antifungal activity against human pathogenic yeasts, including Candida albicans, C. glabrata, and C. tropicalis, and noticed a very high activity with a minimum inhibitory concentration (MIC) between 12.5 and 100 μg/ml. Various techniques have been used to purify and identify bioactive compounds in AR (24). Pahwa and Goel. detected 3-heptadecanone, 8-hexadecenoic acid, methyl pentacosanoate, tetratriacontane, tritriacontane, methyl palmitate, tetracosyl tetracosanoate, palmitic acid, stearic acid, asparanin C, asparanin D, asparoside C, asparoside D, 3-β-O-{β-D-2-tetracosylxylopyranosyl}-stigmasterol, 3-β-O-{β-d- glucopyranosyl (1–2)-α-l-arabinopyranosyl}-stigmasterol, β-sitosterol-β-D-glucoside, shatavarin IV, stigmasterol, sarsasapogenin, xanthophyll, ascorbic acid, α-tocopherol, and β-carotene in A. adscendens Roxb roots by TLC and high-performance thin-layer chromatography (HPTLC) (33). Sharma et al. (34) identified shatavaroside A/B and 3-0-[α-L-rhamnopyranosyl-(1→2)-α-L-rhamnopyranosyl-(1→4)-0-β-D-glucopyranosyl]-25(S)-5β spirostan-3β-ol as potent immunostimulant compounds from ARs. In another species (35), investigated aspastipuline and 5-hydroxyaspastipuline from A. stipularis Forssk roots. Aspastipuline exhibited remarkable cytotoxic activity against the MCF-7 cell line and displayed moderate antiproliferative activity with an IC50 (half-maximal inhibitory concentration) value of 4.7 μM. The details mentioned above indicate that a wide range of bioactive compounds with multiple biological functions could be found in AR. This bioactive compound varies in terms of existence and quantity among various ARs due to ecological and genetic factors.
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FIGURE 5
Examples of phenolic acids where (A) are hydroxybenzoic acids and (B) are hydroxycinnamic acids (38).




6. Bioactive compounds in asparagus

Polyphenols are ubiquitous and are present in plants. They possess various physiological activities, including antiatherogenic, antialgenic, antimicrobial, anti-inflammatory, antithrombotic, and vasodilatory and cardioprotective effects (36). Therefore, there is much interest in plants containing polyphenols, as they can provide several beneficial effects on health attributed to their antioxidant activity (7, 8).

The antioxidant activity of polyphenols is attributed to their ability to donate hydrogen, scavenge free radicals, and chelate metal ions (36). The activity depends on their structure, including the positions and number of hydroxyl groups compared to the carboxyl functional group (37). The main classification of polyphenols includes flavonoids, phenolic acids, tannins, stilbenes, and lignans. The in vivo antioxidant activities from asparagus roots are shown in Table 3, and examples of phenolic acids (hydroxybenzoic acids and hydroxycinnamic acids) that exhibit antioxidant activity are presented in Figure 5 (38).


TABLE 3    In vivo antioxidant activity of asparagus roots.

[image: Table 3]

The most consumed polyphenols in the human diet are flavonoids. They have a basic structure of a flavan nucleus with 15 carbon atoms arranged in three rings (C6-C3-C6) (39). Depending on the oxidative state of the central C ring, flavonoids can be categorized into five subgroups: flavones, flavonols flavanones, flavanols, and anthocyanins (Figure 6) (38). The antioxidant activity depends on their structure and the availability of hydroxyl groups, which allows them to scavenge radicals. It must be noted that the separation of flavonoids is challenging, as they have similar structures (36).
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FIGURE 6
Different major subclasses of flavonoids (38).



6.1. Polyphenols and flavonoids in asparagus

The phenolic and flavonoid contents in asparagus have been investigated in the literature. Asparagus contains different polyphenols, including hydroxycinnamic and ferulic acids, in moderate amounts as determined by HPLC analysis (51). In this context, Nile and Park (22) found that ARs had a higher polyphenol content of 28.17 GAE/100 g compared to other medicinal plants, such as Butea monosperma, Withania somnifera, Tephrosia purpurea, Vitex negudo, and Plumbago zeylanica, with polyphenol contents of 24.07 GAE/100 g, 24.02 GAE/100 g, 18.02 GAE/100 g, 12.45 GAE/100 g, and 10.21 GAE/100 g, respectively. This result may indicate that asparagus roots are a good source of polyphenols. Furthermore, some studies have investigated the association between polyphenols and the antioxidant activity of asparagus and found good agreement between the total polyphenols (as determined by HPLC and colorimetric assays) and the antioxidant activity (37).

Solana et al. (52) investigated the flavonoid and phenolic compounds in whole A. officinalis and found that rutin is the most abundant phenolic compound. Rutin, also known as sophorin, quercetin-3-rutinoside, and ruthenium, is similar to saponin structures because of its aromatic configuration. Rutin is a glycoside hydrolyzed into aglycone and quercetin by enzymes in the human gut microbiota (53). Rutin has been shown to improve colitis, modulate the signaling of tumor necrosis factor-alpha and nuclear factor kappa B activity, reduce myeloperoxidase activity and modulate the levels of proinflammatory cytokines (54).

Caffeic acid was found to be the main phenolic compound in the methanol extract of fresh A. officinalis roots. A wider array of bioactive compounds, including 1,3-0-di-trans-p-coumaroylglycerol (1.7 mg/100 g extract), tetracosanoic acid (12.1 mg/100 g extract), 4′7-dimethylkaempferol (4.9 mg/100 g extract), rutin (211.3 mg/100 g extract), quercetin (7.0 mg/100 g extract), L-asparagine (3.7 mg/100 g extract), caffeic acid (12.0 mg/100 g extract), ferulic acid (5.9 mg/100 g extract), and inosine (5.3 mg/100 g extract), were characterized in A. officinalis roots by HPLC and NMR (55).



6.2. Lignans, isoflavones, and saponins

AR contains phytonutrients, such as lignans, isoflavones, and saponins, that have health benefits. These phytonutrients may prevent the formation of cancerous tumors, lower blood pressure, reduce the risk of stomach ulcers and slow down the degeneration of cells (39). Phytoestrogens are naturally occurring polycyclic phenols found in AR. There are two classes of phytoestrogens in ARs: isoflavones and lignans (56). Flavonoids may partly contribute to breast cancer prevention due to their antiestrogenic properties. Huang et al. identified rutin and quercetin in A. officinalis roots (55). In this study, rutin was obtained for the first time. On the other hand, lignans are dimers of phenylpropanoid (C6-C3) units linked by the central carbons of their side chains. In this context, Huang et al. (56) first separated four lignan types, (+)-nyasol, 3′-methoxynyasin, syringaresinol-4′, 4″-0-bis-β-D-glucoside, and syringaresinol-4-0-β-D-glucopyranoside, from A. officinalis roots.

AR also provides opportunities to develop value-added food products that enhance health benefits. Li et al. (57) found that the total saponin content in A. officinalis roots was 3.6 times higher than that in A. officinalis spears. Moreover, Shatavarin saponin glycosides from ARs have shown moderate protection against Cu+-induced oxidation of human low-density lipoprotein (LDL) with no inhibition of lipid peroxidation as determined by thiobarbituric acid reactive assay (TBARs) (58). Isoflavones, asparagamine, racemosol, polysaccharides, and mucilage were also reported by Chawla et al. (59).

Saponins naturally occur as glycosides in plant tubers, roots, leaves, and seeds. Over 100 plant families contain saponins, and studies have shown that at least 150 types of saponins have significant anticarcinogenic properties (60). Saponins are characterized by soap-like foaming properties and their sweet or bitter taste (depending on the saponin type) (61). Depending on their chemical structure, saponins can be grouped under many classifications: tirucallanes, dammaranes, hopanes, lupanes, taraxasternaes, oleananes, cycloartanes ursanes, lanostanes, steroidal compounds, and cucurbitanes (Figure 7) (62). These different classifications of saponins are due to other positions, types, and amounts of sugar moieties attached via a glycosidic link. Hence, the hydrophobic and hydrophilic components of the compound are responsible for the ability of saponins to have soap-like properties.


[image: image]

FIGURE 7
Different structures of steroidal saponins (A) steroidal spirostane and (B) steroidal furostane, where R = sugar moiety (62).



6.2.1. Saponins health properties

Saponins can act as anti-carcinogens as they force cancerous cells to undergo apoptosis (60). Apoptosis is a natural form of cell death, as it instructs the cell to self-destruct. This is different from necrosis, which is caused by external factors and has adverse side effects. Therefore, saponins have been seen as ideal candidate drugs to treat cancer. Saponins appear to prevent a wide range of cancers, as highlighted in Table 2. The literature has described saponins as vital in folk medicine (61). They provide antioxidant, anti-osteogenic, and anti-inflammatory effects.



6.2.2. Saponins in asparagus

In asparagus, the main type of saponin present is steroidal (60). Steroidal saponins contain a steroidal aglycone with a 27-carbon chain skeleton in a six-ring structure. In some plant sources, in the 26th position, the hydroxyl group is occupied in a glycosidic bond, maintaining the aglycone structure as pentacyclic (63). These structures are shown in Figure 8.
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FIGURE 8
The structures of saponins 1–18 (63).


There is a vast amount of research on the health benefits of saponins extracted from asparagus. A potential reason for the wide range of health benefits could be the ability of saponins to interact with reactive oxygen species (64). As saponins exhibit aglycone moieties, many different saponins are present in the asparagus root and spear (60). Huang et al. found seventeen other saponins in A. officinalis roots (Table 4) (55). They also determined the structures of these saponins. These structures are presented in Figure 8. Saponins 1–17 have an aromatic configuration with different side chains depending on the type of compound. Huang et al. also investigated the in vitro cytotoxicity of these saponins against various cancer cells (65). Specifically, saponin 1 had an IC50 value of 5.50 μM against a nasopharyngeal CNE cancer cell line; saponin 11 had an IC50 value of 1.46 μM against a mouse leukemia L1210 cell line; and saponin 12 was effective against a wide range of cancer cells, including esophageal Eca-109, leukemia L1210, gastric MGC-803, nasopharynx KB, and lung LTEP-a-2 cells, with IC50 values of 4.03, 4.32, 3.72, 1.38, and 3.16 μM, respectively. Therefore, saponins 1, 11, and 12 had significant inhibitory effects against tumor cell proliferation, and saponins 2, 3, 4, 6, and 13 inhibited tumor cells moderately (55). Lee et al. (66) investigated the cytotoxic effects of A. cochinchinensis root extracts and found a new saponin, methyl protodioscin (18), responsible for inhibiting A549 lung cells with an IC50 of 59.1 μM. This saponin was also found to reduce cholesterol levels in rats.


TABLE 4    Isolated phytochemicals from the roots of asparagus species.
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6.3. Minerals value in asparagus root

Trace elements such as Ca, Mg, Fe, copper (Cu), and zinc (Zn) are present in AR (81). The trace elements from AR are summarized in Table 5. Several studies have investigated the trace elements in AR cultivars, including A. officinalis, A. racemosus, and A. curillus roots, such as Mg, P, potassium (K), and sodium (Na) consumed at levels of >100 mg/day for a healthy body (Table 6). In contrast, microminerals such as Cu, Fe, Zn, cobalt (Co), and manganese (Mn) are only needed in minimal quantities (<100 mg/day) (82). It was found that the concentration of trace elements was influenced by different altitudes and parts of the entire plant (83). Negi et al. reported that A. curillus (Buch.-Ham.) ex-Roxb roots exhibited the highest concentrations of Zn, Cu, Na, K, Ca, and Li, but Mn, Fe, and Co were the highest in A. curillus leaves (84). Meanwhile, the concentrations of Cu and Mn were low, Zn, Co, Na, and lithium (Li) concentrations were moderate, and K, Ca, and Fe concentrations were very high in A. curillus roots collected from four different altitudes in three seasons. Therefore, the results show that AR is a promising source of extracts that can treat many diseases (85). In another study, Li et al. reported that Ca in A. officinalis roots was 7.5 times higher than that in A. officinalis spears. In comparison, the content of Fe in A. officinalis roots was 15 times higher than that in A. officinalis spears (86). The presence of Ca in the AR powder correlates with the analytical results for galactagogues.


TABLE 5    Cytotoxicity of saponins and minerals obtained from A. officinalis and A. cochinchinensis roots.
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TABLE 6    Contents of trace elements in AR.
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7. Pharmacological activities


7.1. Protection against stomach ulcers

Stomach ulcers, commonly known as peptic ulcers (including gastric and duodenal ulcers), are common gastrointestinal disorders affecting millions of people. It is rarely fatal (89). Many herbal drugs are used as ayurvedic preparations and in Indian traditional medicinal systems to manage peptic ulcers (90). The methanolic extract of A. racemosus root indicated antisecretory. Antiulcer activity against a non-steroidal anti-inflammatory drug (indomethacin) and pyloric ligation (PL) that induced gastric ulcers in rats showed that crude extracts significantly reduced total acidity, free acidity, and gastric secretion at doses of 25–100 mg/kg for 5 days and protected rats considerably against duodenal ulcers at a dose of 50 mg/kg, twice daily (91). This suggests that A. racemosus roots have enhanced mucosal defensive factors, including the life span of cells, mucus secretion and cellular mucus, and antioxidant effects.



7.2. Insulin secretory activity (antidiabetic activity)

Herbal medicines are cheaper than modern synthetic drugs for treating widespread and rapidly growing diseases. The evaluation of more herbal plants for the treatment of diabetes is increasing. A study by Hannan et al. (92) reported that the ethanol extract of A. racemosus root significantly improved insulin secretion from the perfused pancreas. Therefore, A. racemosus root might be used to treat diabetes in clinical settings (93).



7.3. Hypolipidemic activity

Coronary heart diseases are caused by plasma cholesterol, high low-density lipoprotein-cholesterol, and triglyceride levels in the blood, with hyperlipidemic/hypercholesterolemia constituting the major risk factor for atherosclerosis and cardiovascular diseases (94). Cholesterol, along with the generation of reactive oxygen species (ROS), raises serum lipid levels and plays a vital role in the causation of coronary artery disease (CAD) and atherosclerosis. The roots of asparagus have been shown to reduce cholesterol levels (95). To investigate the antihypercholesterolemia activity of A. racemosus roots, a previous study induced hypercholesterolemia in 3-month-old male albino rats with an atherogenic diet, including 0.75 g% cholesterol and 1.5 g% bile salt in a regular diet (43). It was concluded that hyperlipidemia treated at 5 and 10 g% doses of AR powder for 4 weeks led to significantly increased plasma high-density lipoprotein (HDL) fractions (P < 0.05, 19–27%) and decreased total plasma lipid (TL) (14–21%), total cholesterol (TC) (25–35%), low-density lipoproteins (LDL) (32–45%) and AI (atherogenic index) (37–49%) compared to the standard drug atorvastatin. In addition, AR root enhanced the concentrations of SOD, hepatic catalase, and ascorbic acid in hypercholesteremic rats, which might be due to the presence of bioactive compounds, including steroids, flavonoids, glycosides, alkaloids, and phenolic compounds, as confirmed by HPTLC (59).



7.4. Antiurolithiatic activity

Ethylene glycol is formed at high concentrations of these ions (calcium, phosphate, and oxalate), contributing to renal stone formation. For example, the ethanolic extract of A. racemosus root significantly reduced the elevated creatinine levels, calcium, oxalate, and phosphate ions in the urine of adult male albino Wistar rats fed 0.75% ethylene glycol water. It also increased the urinary level of magnesium, a crystallization inhibitor. These results were supported by histopathological findings that presented signs of improvement after treatment with the ethanolic extract (44).



7.5. Effect on diuretic activity

ARs treat acute toxicity and diuretic activity (45). A decoction of AR treated urinary tract infections in ancient times (96). Evaluation of acute toxicity and diuretic activity was carried out by feeding Wistar albino rats 800, 1,600, and 3,200 mg/kg AR water extract (45). The Lipschitz test evaluated the diuretic activity compared with the standard drug furosemide. Urine was collected by housing each animal in separate metabolic cage output at 24 h and was analyzed by colorimetry. The urine electrolytes increased significantly in P+, K+, and Cl– concentrations at 3,200 mg/kg body weight, higher than the standard drug furosemide. It was also evaluated that animals showed no behavioral, autonomic, or central nervous system changes even at the maximum single dose of 3,200 mg/kg. Phytochemical screening of ARs revealed steroidal saponins, shatavarins I, II, III, and IV, and isoflavones (72).



7.6. Antitussive activity

In another study, A. racemosus roots were tested for antitussive activity. Jaiswal et al. (97) prepared a methanol extract of A. racemosus roots at 200 and 400 mg/kg doses, which was used to recover sulfur-induced coughing in Wistar albino mice. The authors also produced 40 and 58.5% inhibition of sulfur-induced cough at doses of 200 and 400 mg/kg compared with the inhibition of codeine phosphate of 36 and 55.45% at 10 and 20 mg/kg doses. Therefore, A. racemosus roots showed significant antitussive activity at 200 and 400 mg/kg (97).



7.7. Anti-dyspepsia and antidiarrheal activity

Asparagus racemosus is also used in Ayurveda for treating dyspepsia because it possesses an effect comparable to the allopathic drug metoclopramide. Metoclopramide is used to decrease gastric emptying time in patients diagnosed with dyspepsia (48). Diarrhea occurs widely in developing countries and is a fatal disease, killing approximately 2.2 million people per year worldwide, most of whom are infants and children below the age of 5 years (49). Therefore, ethanolic and aqueous extracts of ARs were investigated for antidiarrheal activity against castor oil-induced diarrhea in rats compared to Loperamide (a traditional medicine for treating diarrhea as a positive control) (49). The release of ricinoleic acid from castor oil results in inflammation and irritation of the intestinal mucosa, causing prostaglandins, which stimulate motility and secretion. It is well-known that prostaglandin E causes diarrhea in experimental animals and human beings. Therefore, ethanolic and aqueous extracts of ARs could be attributed to the inhibition of prostaglandin biosynthesis, which in turn inhibits gastrointestinal motility and secretion depending on the composition of saponins, alkaloids, flavonoids, sterols, and terpenes in ARs (96).



7.8. Neuroprotective action

Neuronal degeneration plays a vital role in the specific area of the brain in neurodegenerative disorders and the development of the nervous system. Methanolic extract of ARs was tested against kainic acid-induced striatal neuronal and hippocampal damage in mice at 18 mg/kg. After treatment, 10.81–14.0 and 10.0 nmol NADPH oxidized/mg protein in the hippocampus and striatum, respectively, were obtained in glutathione peroxidase (GPx) assays, and 0.83–1.92 and 1.17–2.31 nmol NADPH oxidized/mg protein in the hippocampus and striatum, respectively, were obtained in the glutathione GSH assay. This result suggested that the methanolic extract of ARs plays the role of an antioxidant by attenuating free radical-induced oxidative damage (46). Another study investigated the neuroprotective effects of a methanolic extract from ARs in Swiss albino mice and clinical patients (98). The results demonstrated that cytological effects were significantly higher in the total normal cells of various regions of the hippocampus (CA1, CA3, CA4, and Dg) in the order Dg > CA4 > CA1 > CA3 compared to the control. In a further study, evaluating the neuroprotective effects of ethanolic extracts from ARs significantly reduced ethanol-induced oxidative stress and cognitive impairment in Swiss albino male rats at 100 and 200 mg/kg b.w. (P < 0.05, P < 0.01), decreased retention transfer latency (RTL), escape latency (EL) and AChE (acetylcholinesterase) activity in the EPM, MWM and TBARS level tests after 21 days. Furthermore, in passive avoidance (PA), novel object recognition (NOR) testing and biochemical studies, such as lipid peroxidation (TBARS) content and AChE tests, ethanolic extract from A. racemosus roots markedly increased regency latency (RL), DI (discrimination index) and TSTQ (target quadrant) and time spent in the annuli (TSA) at a dose of 200 mg/kg b.w. (P < 0.05, P < 0.01) on days 11 and 21 compared to the disease control (99).



7.9. Miscellaneous

Asparagus root has been used for over 2,000 years as a medicine prescription (8). AR was used to produce commercial medicinal products in the modern era for clinical settings. Cancer patients taking medications containing AR reported a significant improvement in health outcomes (100). In India, many highly processed asparagus root products and AR powder are popular in the public market (101). In a randomized controlled trial of lactating mothers with symptoms of deficient lactation, Gupta and Shaw found that the oral administration of ARs improved prolactin hormone levels more than threefold compared to the control group (13). No acute toxicity effects were detected. Another study showed improved quality of life for patients with advanced non-small cell lung cancer after treatment with Yiqi Yangyin Jiedu Decoration, a Chinese herbal recipe containing AR (102).




8. Potential toxicity of bioactive compounds in AR

Some studies have shown that AR might possess teratogenicity effects (103). For example, methanolic extracts of ARs (100 mg/kg/day for 60 days) showed increased resorption of fetuses, swelling in legs, and intrauterine growth retardation in Charles Foster rats (103). Considering these adverse effects observed in animal studies, AR might harm the human fetus and should be avoided during pregnancy Goel et al. (103).

An acute toxicity study by Kumar et al. (45) reported no fatalities in rats administered 800 mg/kg, 1,600 mg/kg, and 3,200 mg/kg of aqueous extracts of ARs. However, the authors reported significant diuretic activity when 3,200 mg/kg aqueous extracts of ARs were given. The ethanolic and aqueous extracts of AR did not show any toxic effects at doses ranging from 50 mg/kg to 1 g/kg b.w. for 4 weeks in Wistar albino rats (104).



9. Conclusion and future prospects

The genus Asparagus is becoming a more valuable plant because of its uses as folk medicine and food. AR is not as popular as asparagus spears because of incomplete research and insufficient evidence regarding their clinical applications. Various studies have concluded that the plant is rich in the alkaloid mimosine, which has anticancer properties. Further efforts are required to elaborate upon the anticarcinogenic effect of mimosine and its isolation at a commercial scale for therapeutic applications in humans. A large number of studies have been performed regarding its antivenom activity. Thus, different asparagus species might have the potential to be used as herbal medicines and functional foods. Furthermore, phytochemical studies have demonstrated the presence of various bioactive compounds as valuable secondary metabolites. The dominant class of bioactive compounds in AR is flavonoids. AR displayed significant pharmacological effects, such as antioxidant, antimicrobial, antiviral, anticancer, anti-inflammatory, and antidiabetic effects, as shown in studies conducted in animals and humans. Some phytochemical compounds have been identified and quantified through NMR, HPL, and TLC. We believe high-throughput techniques, such as Q-TOF-MS, would identify compounds that ordinary instruments might not recognize. This plant could supply a sound basis for developing therapeutic formulations of herbal medicine to treat various health ailments.
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Gene

LsM12-f
LSM12-¢
Foxpl-f
Foxpl-r
Ly6a-f
Ly6a-r
Cenpxf
Cenpxr
Defb25-f
Defb25-r
Pige-f
Piger
Atp6voc-f
Atp6voc-r
Cedel15-f
Cedel15-r
UgtlaZe-f
UgtlaZc-r
Nfya-f
Nfya-r
GAPDH-f
GAPDH-r

Sequence (5'-3")

CAGCGTTCACAAGCCCAACAAC
CACTGAAGCCACCACCACCATC
CAAGCTGTGCACCCCATACA
TGTACAAGAAACGGAGGGCG
CCTGCTGGGTAGGTAGGTGCTC
CCTCTTCACTGTGCTGGCT
CGGAAGGAACTGGTGAGCAGAC

ACGGACAGCAGCCTCTAGTACG
ATGCACCTGTGTCCGGATG
ATGGCATCAACTCTAGAGCAA
AGTAGTCCCCTTCCAAGCCG
GCTAAATTCCTGCACCAAGCTC
ACGAACAGCCTGACACATGCAC
GCCTGGGTGGGAGATGAGTGG
GGTGGAGGAGGGTTGGCTCTC
GCACGCACGCAGACCTGAG
TTGCCTTAGGCTGCACTTCT
TCCGGAACAACCACTACGAC
CAGCCGTTAATGGTGCAAGT
GAGGCACCAACTGTATCTGCT
TTGTCTCCTGCGACTTCAACA
GTGGTCCCAGGGTTTCTTACTCC

Gene

Cxaell-f
Cxdellr
Adprhl2-f
Adprhl2-r
Txndes-f
Txndes-r
PpplriSa-f
PpplriSa-r
TmemS5b-f
‘Tmem55b-r
Camkag-f
Camk2g-r
Gm20521-f
Gm20521-r
Nkiras2-F
Nkiras2-R
Tex2-f
Tex2-r
Iqed-f
Iqed-f

Sequence (5'-3")

CTACTAGGAGCTGCGACACG
TGTCGTCTCCAGGACAATGG
TGAGCCGAGAGGAAGTGGTGTC
GCAGCGCAGGAAGCAGTAGATG
GCCGCTGCTCGTAACTCTGTG
CCGCTCGTGGGAGGTAGGTG
AGH

TGGGCACGCCTTAGAAAC
CCGCCTCCCTCCCAAGTACAG
CGTACGGAGCCGGTAAACA
TCTTGATGGGAGTGGCTTCG
CCGCCCGAGATCATCAGAAA
CTTGACACCGCCATCTGACT
CTCTAGCCGGGAGGATGAAAG
CCAACGTAGATAGAGCGGGC
CGGGAGCAGGTGCGTTTCTATG
ACGTAGCCATCGGTGCAGGAG
GAGTGGTTCAGGCGGTTCATCC
GCTGCTGCTGCGGC

16
GCGAGAAGCAGGACGAATAC
CCACCCGCTTCTTGGAATTG
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Cardamom type Plant part Oilyield (%) Extraction technique Extracting solvent References

Black cardamom Fruit 35 sp! Steam @7
Seed 25 HD? Water (30)
Seed 16,27,24 D! Steam G1)

Pericarp (husk) 0.18 HD? Water (32)
Fruit 1.80 HD? Water (34)
Seed 45 HD? Water (36)
Rind 10 HD? Water
Seed 0.98-1.95 HD? Water 7)
Seed 12-28 HD? Water (43)

Leaves 0.73 HD? Water (14)
Seed Not mentioned HD? Water (45)
Whole Pods (Chinese black 07-18 HD? Water (46)
cardamon)
Whole Pods (Indian black 09-15 HD? Water
cardamom)
Seed 371 HD? Water 47)
Seed 33 MAHD? Water 24)
30 HD? Water
Green cardamom Fruit 25 sp! Steam (28)
Capsules 368 SDE* Dichloromethane (29)
Seed 55 SFES CO, (16)
5.0 HD? Water
7.6 SE® Hexane
Seed 60 HD? Water (33)
Fruit coat 14 HD? Water
Seed Not mentioned HD? Water (52)
1227 MAE’ Not applicable
Seed 5.4-6.6 SFES CO, (20)
68-72 Sub-critical Propane
5.2-7.6 SE® Dichloroethan-acetone-methanol
Seed 7.9-8.79 HD? Water (35)
Fruit 77 SFE® €O, (26)
66 HD? Water
8.8 Soxhlet Ethanol
Seed 19 HD? Water @1
25 EAHD® Water
Seed 38 HD? Water (22)
25 Soxhlet n-hexane
11 (predicted) PLE® 75 wt% ethanol
Fruit kS HD? Water (39)
Seed 45 HD? Water (40)
Not mentioned sp! Water
4.0 SE® Ethanol
Not mentioned SFE® CO,
Not mentioned Suberitical CO,
Not mentioned Liquid extraction CO,
Seed 7.03 HD? Water (1)
6.9-7.4 UAE-HD'® Water
Seed 57 HD? Water (42)
Seed 6.7 HD? Water (54)
78 EAHD®
Fruit 26 HD? Water (48)
7.3 SE® Petroleum ether
Seed Not mentioned HD? water (45)
Pod 52 HD? water (46)
Seed 45-95 HD? water (49)
Seed 252 HD? water ©25)
44 pIc!! Steam
Seed 4.1 HD? Water ©)
44 SEE? Not applicable

!Steam distillation, >hydrodistillation, * microwave-assisted hydrodistillation, *simultaneous distillation extraction, *supercritical fluid extraction, ®solvent extraction, ”microwave-a

xtraction, Senzyme-assisted hydrodistillation, ®pressurized liquid extraction, Oultrasound-assisted hydrodistillation, ' controlled pressure-drop, 2solar energy-based extra
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Bioactive
compounds

1,8-Cineole
a-Terpinyl acetate
Sabinene
Linalool acetate

a-Pinene
b-Pinene
Limonene

a-Terpineol

g-Terpinene

Nerolidol

Green
cardamom

25.30%
34.95%
5.48%
8.13%
1.81%
0.36%
2.80%
2.79%
0.12%

1.57%

Black

cardamom

44.24%
12.25%
5.96%
1.23%
3.41%
2.82%
1.02%
2.85%
4.30%

6.03%
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Parameters

Extraction Extraction time Solvents Instrumentation Sample size Extraction

technique consumption cost yield/quality

Conventional extraction

Cold press/Mechanical Relatively long Not applicable Out-dated (normal) Usually large Low/needs further

press processing

Distillation (HD/SD) In hrs. Fairly large Low-Normal Large Low to comparable yield

with inferior quality

Soxhlet/solvent In hrs. Fairly large Low-Normal Large (repeated Low to comparable yield
many times) with inferior quality

Advance extraction

UAE Very short (in Not applicable Costly Small Higher/superior

minutes usually)

EAE Very short (in Small Low to medium cost Small Higher/superior
minutes usually)

MAE Very short (in Not applicable Low to medium cost Small Higher/superior
minutes usually)

SEE Very short (in Small Costly Small Higher/superior
minutes usually)

HD, hydrodistillation; SD, steam distillation; UAE, ultrasound-assisted extraction; EAE, enzyme-assisted extraction; MAE, microwave-assisted extraction; SEE, super-critical
fluid extraction.
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Sample TS (g/100 g) DW Coo ¢ AUC HI IVGI

G24 30.12 4 1.18° 0.44 +0.02° 0.04 4 0.012 69.58 + 6.03 56.34 + 4.89 56.76 + 4.21°
Te Xiao Li No. 1 29.17 £ 0.520 0.33 4 0.01° 0.01 = 0.00° 39.87 £ 0.46" 35.73 & 0.42° 39.00 + 0.36°
Gui Nong No. 1 32.93 £2.15° 0.34 = 0.00° 0.01 £ 0.00 4 44.60 & 0.93° 40.02 =+ 0.83¢ 42.70 & 0.72¢
Qian Xiao Hei 34.01 + 0.39° 0.27 & 0.00¢ 0.02 = 0.00° 38.30 £ 0.38" 37.07 £ 0.37° 40.15 = 0.32¢
White bread 6.80 = 0.26° 0.77 & 0.00* 0.02 = 0.00 112.75 + 1.25% 100.0 =+ 0.00? 94.38 = 0.00°

TS, total starch; Coo, infinite glucose content; K, enzymatic hydrolysis kinetic constant; AUC, area under the hydrolysis curve; HI, starch hydrolysis index; IVGI, in vitro glycemic index.

The values were expressed as means =& SD, n = 3, some of which in the same column with no same letters indicate significant differences at the level of p < 0.05.
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Sample RDS (%) SDS (%) RS (%)

G24 18.62 £+ 1.81* 15.34 £0.71* 69.78 & 2.454
Te Xiao Li No. 1 3.3840.12° 15.57 £ 0.17* 81.03 + 0.06*
Gui Nong No. 1 10.95 +1.82° 11.02 £ 1.58° 78.02 £ 0.52°
Qian Xiao Hei 9.46 £ 1.14% 15.34 £ 0.25% 75.19 & 1.25¢
RDS, rapidly digestible starch; SDS, slowly digestible starch; RS, resistant starch. The
values were expressed as means £ SD, n = 3, some of which in the same column with

no same letters indicate significant differences at the level of p < 0.05.
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2,3,4-THBA

G24 ND 1.19£0.13 3.94£027° 5.74 £ 0.30° 5.96 £+ 0.59 12.63 +1.38°
Te Xiao Li No. 1 0.71 £0.03* 7.46 £ 0.75% 7.15+1.08* 16.31 £2.09* ND 23.05 £ 1.60*
Gui Nong No. 1 ND 4.46 4 0.24> ND 2.41+£0.19¢ 7.54 £0.16* ND
Qian Xiao Hei 0.73 £ 0.04* ND 6.72 £ 0.81* ND 6.14 4 0.15" ND
orogenic acid; R, rutin; p-HBA, p-hydroxybenzoic acid; C, catechin; ND, not detected. The values were expressed as

GA, gallic acid; 2,3,4-THBA, 2, 3, 4-trihydroxybenzoic acid; CA, chl
£ SD, n = 3, some of which in the same column with no same letters indicate significant differences at the level of p < 0.05.

means
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*M,, was calculated on the basis of C, H, O, and N atomic mass as 12.011, 1.00794, 15.9994, and 14.006747, respectively.

Kaempferol-3-O-
rutinoside

Patuletin-7-O-[6"-(2-
Methylbutyryl)]-
glucopyranoside

Apiin
Isoetin-7-O-B-D-
glucopyranosyl-2'-O-B-
D-xyloypyranoside
Taxifolin
Isorhamnetin
3-O-rutinoside
Cosmosiin
Apigenin
Nepitrin
Quercetin-3-O-p-D-
glucuronide-6"/-methyl
ester

Patuletin
Luteolin
Morin
Tricin

Armepavine

Liensinine
N-Methylcoclaurine
Pseudopurpurin
Nuciferine
Tetrandrine
Lysicamine
Morphine

Ursolic acid

Hederagenin
Ursonic acid
Glycyrrhetinic acid
Ganoderic acid H
Ganoderic acid G
Soyasapogenol B
Ganoderiol F
Ceanothic acid
3-0-B-D-
Glucopyranosyl-

dammar-3,128,20R,25-
tetraol

Pseudo-ginsenoside RT4

Palmitic acid

Citric acid
Chelidonic acid
p-Coumaric acid
Isovanillic acid
Phellibaumin A
Sanleng acid
Ricinoleic acid
Linolenic acid
Non-adecanoic acid
Erucic acid
Heneicosanoic acid
Neotigogenin acetate
Daucosterol
24-Methylenecholesterol
Corbisterol
Stigmast-4-ene-3,6-dione
Ethyl hexadecanoate
Diisobutyl phthalate

Hexadecan-2-ol

Pentadecan-3-ol
Pentadecane
Futoamide
Cireneol G

Isoquinolinecarboxi-
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N-3,6,9,12,15,18,21,24-

octaoxapentacos-1-yl-
N-Isobutyl-2E,4E-
octadecadienamide

Pheophytin a

80% ethanol extraction

80% ethanol extraction

95% ethanol extraction,
silica gel column and
Sephadex LH-20 column
chromatography

80% ethanol extraction

95% ethanol extraction,
silica gel column and
Sephadex LH-20 column
chromatography

80% ethanol extraction
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Class

Flavonoids

Compound
number

10

11
12

13
14
15
16
17
18
19
20
21

22

23
24

25

26
27
28

29
30
31

32
33
34

Name of Preparation
compounds method

Hyperoside 75% ethanol extraction,
n-BuOH fractionation,
and silica gel column and
Sephadex LH-20 column
chromatography

Isoquercitrin
Quercetin-3-O-p-D-
glucuronide
Isorhamnetin-3-0-B-D-
galactoside
Syringetin-3-O-B-D-
glucoside

Catechin Subcritical water
extraction and AB-8
macroporous resin
adsorption
chromatography

Cyanidin-3-O-glucoside
Kaempferol-3-O-
glucuronide
Isorhamnetin

Kaempferol 50% ethanol extraction
and ethyl acetate
fractionation

Quercetin

Kaempferol glycosides 70% acetone extraction
and S8 resin adsorption
chromatography

Myricetin-3-glucoside
Myricetin
Rutin

Myricetin-3-glucuronide

Procyanidin dimer A
Syringetin-3-glucuronide

Quercetin glycosides
Kaempferol-3-galctoside

Isorhamnetin-3-
neohesperidose

Isorhamnetin-3-
glucoside

Syringetin glycosides
Procyanidin tetramer
A/B

Procyanidin trimmer
A/B

Procyanidin dimer A
Cyaniding-3-galctoside
Isorhamnetin-3-
glucuronide

Dio-7-rutinoside
Apigenin glycosides
Isorhamnetin 3,7-di-O- 95% ethanol extraction,
B-glucopyranoside silica gel column and

Sephadex LH-20 column
chromatography

(-)-Epigallocatechin
Procyanidin B2

2,3-trans-Dihydromorin

Formula

C21H0012

C21H0012
C21H7013

C21H17013

Ca3H24013

Cis

Hi406

C21H1011
C21Hi18012

Cie
Cis

Cis

H1207
Hi0O06

Hi007

C21H0010

Ca

Cas

H20O13
HjoOs
H30O16
Hi6012
H>4012
H,014
Hi609
Hi609
H3,016

H,012

H24013

Cs1Hs54031

Cse

H36021

C30H24013

Cis

H, 01
HO13

H3,015
H3014
H3,017

Hi406

C30Hz6012

Cis

H207

M,y
(Da)®

464.38

464.38
487.44

477.36
508.44

290.27

449.39
462.37

316.27
286.24

302.24
432.38

480.38
318.24
610.53
448.34
576.51
522.42
388.33
388.33
624.55

478.41

508.44
1162.97

804.67

592.51
449.39
492.39

608.55
564.50
640.55

290.27
578.53
304.26

Identification
method

ESI-MS, '"H NMR
and C NMR or
HPLC-DAD

HPLC-ESI-MS"

HPLC-DAD/ESI-
MS or
UPLC-QTOF-MS

UPLC-TOF/MS

'"HNMR,”C
NMR and ESI-M$

References

(35, 40)

(14)

(8,41)

(45)

(46)
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ID

Up-regulated
GO:0007042

GO:0035751
GO:0007035
GO:0042157

G0:0034508

GO:0051452
GO:0006506

GO:0045851
GO:0006505

GO:0009247

Down-regulated
GO:0033554

GO:0006950

GO:0033135

GO:0045216
GO:0051179

GO:0006974

GO:0090257

GO:2001234

G0:0022409

GO:0001818

Term

Lysosomal lumen
acidification

Regulation of lysosomal
lumen pH

Vacuolar acidification
Lipoprotein metabolic process
Centromere complex
assembly

Intracellular pH reduction
GPIanchor biosynthetic
process

PH reduction

GPI anchor metabolic process
Glycolipid biosynthetic

process

Cellular response to stress

Response to stress

Regulation of peptidyl-serine
phosphorylation
cell-cell junction organization

localization

Cellular response to DNA
damage stimulus

Regulation of muscle system
process

Negative regulation of
apoptotic signaling pathway
Positive regulation of cell-cell
adhesion

Negative regulation of

cytokine production

DEG(s)

Atp6v0c, Cedel15

Atpov0c, Cedel15

Atpov0c, Cedel15
Lyplall, Pige, Pigk
Cenpx, Hjurp

Atp6v0c, Cedel15
Pige, Pigk

Atp6vc, Cedel 15
Pige, Pigk
Pige, Pigk

Adprhl2, Faap24, Gm20521,
PpplriSa, Radl

Adprhl2, Camk2g, Cx3ell,
Faap24, Gm20521, PppiriSa,
Rad1

PpplriSa, Smad7

Nectinl, Smad7

Camkag, Cx3ell, Nectinl,
PppiriSa, Smad7, Tex2,
Txndcs, Ublda

Faap24, Gm20521, Rad1
Camk2g, Smad7

Cx3cll, Gm20521

Cx3cll, Smad7

Cx3cll, Smad7

p-Value

0.000051713
0.000121475
0000280141
0.000496347

0.000502733

0.000686147
0.000841882

000089723
0000954291
0002633397

0001529696

0002156548

0.004392513
0004863323
0.006595983
0.008369015
0.009416313
0009662976
0009996352

0010420254

FDR

0031235009

0036685321

0.056401623

0.060730184

0.060730184

0.064043499
0.064043499

0.064043499

0.064043499

0083516259

0114686788

0114686788

0114686788

0.114686788

0114686788

0114686788

0114686788

0114686788

0114686788

0114686788

Enrichment

4286395308
3915514623
3.552624083
330421487

3.298662336

3.163582969
3.074749022

3.047095975

3.020319376

2579483631

2.815395

2.66624084

2357286896

2313066923

2180720442

2077325642

2026119096

2014889099

2000158469

1982121684
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D

Up-regulated
mmu00563
mmu05152
mmu05322
mmu04145
Down-regulated

mmu04141

Term

Glycosylphosphatidylinositol (GPI)-anchor biosynthesis
Tuberculosis
Systemic lupus erythematosus

Phagosome

Protein processing in endoplasmic reticulum

DEG(s)

Pige, Pigk
Atp6vOc, Fegrd, Nfya
Feged, Histih2bq
Atp6vOc, Feged

PpplriSa, Txndes

p-Value

0000600808
0002024514
0018196375
0028375513

0000600808

FDR

0019225871
0032392223
0173813623
0173813623

0.199802063

Enrichment

3221263961
2693679229
1740015125
1547056275

1.961455096
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Polyphenol monomer compounds

Gallic acid
Gentisic acid
Chlorogenic acid
Vanillic acid
Caffeic acid
Syringic acid
Epicatechin
Rutin
Hyperoside
Benzoic acid
Quercitrin
Quercetin
Kaempferol

Resveratrol

MLP mg/ml

0.87 £ 0.04
1.73 £0.16
10:73£0.52
2.24+0.13
0.23 £0.02
0.08 £ 0.01
1.22 £0.02
3.56 £0.26
5,95+ 0.19
0.81 £0.03
7.81 £0.01
0.15£0.01
1.49 £ 0.41
0.87 £0.02
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Groups AG/BW  Brain/BW Heart/BW Kidneys/BW Liver/BW  Spleen/BW  Testes (Ovary)/BW?*  Thymus/BW

(1073) (1073) (1073) (10-3) (1073) (1073) (1073) (1073)

Male rats

NC 0.21+0.04 7.10 £ 0.40 3.74£0.16 8.80 £0.30 31.00 £ 1.60 235+0.15 9.86 + 0.44 2.04£0.19
LD 0.17 £ 0.04 7.10 £ 0.30 3.78+0.33 9.30 £ 0.30 31.40 £ 1.50 2.44 £0.50 10.60 + 1.34 2514017
MD 0.18 +0.04 7.10 £ 0.50 3.97+024 9.10 £+ 0.70 3230 £+ 1.80 2224041 10.09 % 0.48 215+ 056
HD 0.19 %+ 0.02 7.30 £ 0.80 3.83+0.35 9.50 % 0.50 34.40 £ 3.40 248 £0.45 10.88 +1.38 1.94 +0.30
Female rats

NC 0.33 £ 0.04 9.80 £ 0.60 4.05£0.30 8.80 £ 0.90 30.00 £ 1.10 2.56 £0.33 0.47 £0.08 3.05£0.38
LD 0.30 % 0.03 9.80 £ 0.50 420+ 0.26 8.60 = 0.60 30.10 £ 2.10 2.51+031 0.48 £ 0.05 2.65+0.63
MD 0.35 £ 0.06 9.90 + 0.60 3.89£0.18 9.30 £ 0.60 33.00 £ 2.60 262+0.22 0.49 £0.03 265+ 057
HD 033+ 0.04 9.50 + 0.60 4.11+£047 8.60 £ 0.60 34.50 & 2.10* 245+0.28 0.46 £ 0.07 2.76 £0.14

for males, ovary for females,
“*Refers to a significant difference from the NC group at p < 0.01.
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No. RT (min) Identification [M-H]~ (m/z) MS?/(m/z)

1 14.90 Protocatechuic acid 153.0184 109.0284

2 17.12 4-Dicaffeoylquinic acid 353.0877 191.0554, 179.0342, 135.0441

3 22,06 Chlorogenic acid 353.0876 191.0554, 173.0447

4 23.14 Neochlorogenic acid 353.0876 191.0554, 179.0342, 173.047, 135.0441
5 24.70 Caffeic acid 179.0341 135.0441

6 38.25 Quercetin-O-galactoside 463.0879 301.0353

7 38.84 Isoquercitrin 463.0881 301.035

8 4111 Quercetin-O-glucuronide 477.0672 301.0353, 178.9979, 1510029, 145.0285
9 44.89 Kaempferol-O-glucuronide 461.0725 285.0403

10 43.08 Kaempferol-O-glucoside 447.0932 285.0403

11 43.38 Quercetin-O-rhamnoside 447.0929 301.0353

12 45.55 4,5-di-O-Caffeoylquinic acid 515.1191 353.0876, 173.0448

13 4838 Kaempferol-O-rhamnoside 431.0978 285.0402

14 64.37 Kaempferol 285.0403 151.0027

15 72.78 Quercetin 301.0775 151.0026
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Haemogram WBC ~ RBC ~ HGB  HCT MCV ~ MCH MCHC RDW  RET  NEUT %NEUT
(10%/ul)  (10°/n)  (g/dL) (%) (fL) (pg) (g/dL) (%) (10°/L)  (10%/pl) (%)

Males

NC 8627  70£03 141£05 424%16 604%11 2001£06 333£04 126£02 3200£105 0701  85%21
LD 86+16  68+03 140£04 424+10 624420 206+05 330404 128403 3458196 07+03 8128
MD 102 £3.7 6.8£0.4 13.8£06 420£18 614£18 202£06 328£02 132£07 3548£537 07£03 71£20
HD 9.1£24 70£02 137£02 41605 593£15 19505 328402 126£03 3540%£391 08%04 86£23
Females

NC 65425 72402  138+£05 412414 576420 19306 336+£05 118+£04 2564+17.6 06+03  9.6+37
LD 71£14 7.3£04 13.8£05 406+18 560£05 19104 340£04 11.9£02 2042+27.4" 05£0.1 7125
MD 74£22 7.1£03 13.8£07 407£17 571£05 194£03 340£04 11.7£02 2194£189 06£03 80£28
HD 65414  694+03 13.6+£06 40014 580416 198407 340403 118401 22594252 05+01 78420

Groups LYMP  %LYMP MONO  %MON! EOS %EOS ~ BASO  %BASO  PLT MPV
(10°/p) (%) (10%/p1) (%) (10*/p1) (%) (10*/p1) (%) (10%/u1) (fL)

Males

NC 7.6£26 87.5+£29 0.13£0.02 1.6£04 0.04 £0.01 05£02 0.02 £0.01 02£0.1 1193 £ 107 70£03
LD 7.6+ 14 884433  0.13£002 15404 0.04 +0.02 05402 0.02 £ 0.01 02400 1146 + 68 72407
MD 9.0£3.4 87.7+ 46 0.18£0.11 1.8£08 0.06 £ -0.04 0.5£03 0.03 £0.01 03£0.0 1042 £ 536 74£07
HD 79£18 87628 0.15£0.07 1.5£05 0.04 £0.03 04£03 0.02 £0.01 02£0.1 1127 £97 73£04
Females

NC 57+£22 86.8+3.6 0.10 £ 0.06 14£06 0.04 £0.01 0.7£02 0.01 £0.01 02£0.0 1256 £ 101 73£03
LD 63£13 89.1£26 0.08 £ 0.04 11£03 0.07 £ 0.02* 1.0£03 0.01 £ 0.00 0.1£0.0 1164 £ 129 73£04
MD 66420 88.0+£39 0124007 15407 0.06 £ 0.02 09405 0.02 £ 0.01 0240.1 1174 £ 61 7.0%0.1
HD 58+ 14 89.1+£24  0.06+0.01 10403 0.04 £ 0.01 07402 0.01£0.01 02£0.1 1124 £ 121 7.14£03

WBC, leukocyte count; RBC, erythrocyte count; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobing MCHC, mean corpuscular
hemoglobin concentration; RDW, RBC distribution width; RET, reticulocyte count; NEU MONO, monocytes; EOS, cosinophils; BASO, basophils;
PL, platelet count; MPV; mean platelet volume.

“" and “**” refer to significant difference from the NC group at p < 0.05 and p < 0.01, respectively.

, neutrophils; LYMP, lymphocy
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Groups ALT AST TP ALB TBIL ALP GLU Urea CRE Ca

(U/L) (U/L) (g/L) (g/L) (wmol/L) (U/L) (mmol/L) (mmol/L) (wmol/L) (mmol/L)
Male rats
NC 350440 1230£130 529409  314%06 22404 2204550  80£08 5605 200430 24£00
LD 300£30  1060£170  536+10  316%07 23404  2130£490  91%12 49£05 170+ 1.0 24£01
MD 3L0£40 10404220 54515  319£07  23£-05  2150£330 9409 53£10 180£20 25£00
HD 37.0£30  1120£160 53316 31605 24407  220£210  89%11 53£13 1804 1.0 24401
Female rats
NC 250440 1080130 565+16 342+ 14 25402 1210£230  80%17 55+0.6 21020 25+00
LD 280450 1230150  567+12 34011 25£02 1210£3L0  68%14 57£009  230£30 25£00
MD 220420  1100£180 56232  338£21 24404  1350£350  85£06 54£18 22040 2501
HD 230440  960£150  573+15 34512 20405  1150£27.0 92407 5409 220+ 10 25+0.1
Groups P TCHO TG K Na Cl GLB ALB/GLB CK

(mmol/L)  (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (g/L) (U/L)
Male rats
NC 28+0.1 14£02 029 40.06 49403 1420 £2.0 104.0 £2.0 215405 15400 407.0 £ 103.0
LD 31£02 14£01 028 40.03 50£0.1 1410 £ 1.0 1040 £ 1.0 22007 14£0.1 369.0 & 83.0
MD 30£06 15403 033%0.11 5002 1420 £ 1.0 103.0 £ 1.0 2712 14£0.1 386.0 & 160.0
HD 29403 15402 036 40.02 49403 140.0 £2.0 103.0 £2.0 20715 15401 348.0 & 84.0
Female rats
NC 28£02 13404 02340.02 44£03 1410 £ 1.0 105.0 £2.0 224%08 15401 35304940
LD 28402 15402 029005 4403 1410 £ 1.0 1040 % 1.0 27£10 15£0.1 446.0 £ 153.0
MD 27401 14£03 02540.04 4604 1410 £ 1.0 1040 £ 1.0 24%15 15401 343.0£83.0
HD 24£0.1% 14+04 0.33 £ 0.07* 46+03 1400 £ 1.0 103.0 £ 0.0 228407 15401 280.0 + 88.0

ALT, alanine aminotransferase; AST, aspartate aminotransfer
SGLU, serum glucos , creatinis HO, total cholesterol;

“+" refers toa significant difference from the NC group at p < 0.05.

minotransferase;

P, total protein; AL, albun
G, triglyceride; GLB, globul

n; TBIL, total bilirubin; ALP, alkaline phosphatase; GGT, y-glutamic ac
CK, ereatine kinase; Ca, calcium; P, phosphorus; K, potassium; Na, sodium, C1, chlorine,
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Groups

pH

6.5£0.0
6.7£03
67£03
67403

SG refers to specific gravity.

Males

SG

1.02 £0.01
1.01 £ 0.00
1.01 £0.00
1.02 £ 0.00

Volume (ml)

140 £ 13.0
220£11.0
21.0£80
140£50

pH

65£0.0
69£02
66£02
67403

Females

SG

1.02 £ 0.00
1.01£0.01
1.03£001
1.03 £ 0.01

Volume (ml)

110 £4.0
170 £ 11.0
60£3.0
80+3.0
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Category Pathway ID P value Genes

Steroid hormone biosynthesis mmu00140 0.000 Hsd3b5/Cyp17al/Cyp2b9/Ugt2b38/Cyp7al/Cyp2c38/Cyp2c40
Chemical carcinogenesis mmu05204 0.000 Gstt3/Gstp1/Cyp2b9/Ugt2b38/Cyp2c38/Cyp2c40
Retinol metabolism mmu00830 0.000 Cyp2b9/Ugt2b38/Dhrs9/Cyp2c38/Cyp2c40
Metabolism of xenobiotics by cytochrome P450 mmu00980 0.002 Gstt3/Gstpl/Ugt2b38

Drug metabolism - cytochrome P450 mmu00982 0.003 Gstt3/Gstp1/Ugt2b38

Bile secretion mmu04976 0.003 Aqp4/Aqp8/Cyp7al
Hepatocellular carcinoma mmu05225 0.005 Tert/Gstt3/Gstp1/Egfr

Drug metabolism - other enzymes mmu00983 0.005 Gstt3/Gstpl/Ugt2b38

Arachidonic acid metabolism mmu00590 0.006 Cyp2b9/Cyp2c38/Cyp2c40

Calcium signaling pathway mmu04020 0.007 Gnal4/Chrm1/Egfr/Erbb4
Cholesterol metabolism mmu04979 0.017 Cd36/Cyp7al

Linoleic acid metabolism mmu00591 0.018 Cyp2c38/Cyp2c40

Fluid shear stress and atherosclerosis mmu05418 0.020 Gstt3/Gstpl/Gpcl

Ovarian steroidogenesis mmu04913 0.022 Hsd3b5/Cypl7al

Cushing’s syndrome mmu04934 0.027 Hsd3b5/Cyp17al/Egfr

Glutathione metabolism mmu00480 0.028 Gstt3/Gstpl

Cortisol synthesis and secretion mmu04927 0.031 Hsd3b5/Cypl7al

Platinum drug resistance mmu01524 0.038 Gstt3/Gstpl

ECM-receptor interaction mmu04512 0.044 Cd36/Lamb3

PPAR signaling pathway mmu03320 0.044 Cd36/Cyp7al
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Gene symbol Log2 fold change NCD P-value Log2 fold change HFD P-value

vs. HFD vs. HCR
Acss3 2052 0.000 1605 0.000
Cyp2c38 2053 0,000 -1.350 0.000
Cyp2a22 4405 0.000 3252 0.000
Osbpl3 2659 0.000 -1.968 0.000
SemaSh 2.746 0.000 -1771 0.000
Gpel 3236 0.000 -1334 0.000
Tpm2 2429 0.000 -1.491 0.000
1810046K07Rik 1.989 0.001 -3.902 0.000
Arhgefo 1751 0.000 1537 0.000
Cd36 1559 0.000 -1242 0.000
SIc22a27 6.141 0.000 -3.037 0.000
Tert 1331 0.000 -1176 0.000
Themis 5742 0,000 -2.930 0.000
Cyp7al 2672 0.000 -1471 0.000
Paqi7 1.480 0.000 -1.005 0.000
Cyp2b9 11139 0.000 -2.707 0.000
Acotll 1815 0.000 1513 0.000
Erbb4. 1527 0.000 -1479 0.000
Gbp10 2227 0.000 -1242 0.000
Lrtml 3360 0.000 -2.648 0.000
H2-Q1 2020 0.000 -1.090 0.001
Esrrg 1300 0.000 -1.034 0.001
Aqp8 1.980 0.000 1120 0001
Tmem237 1309 0025 -1746 0002
Thrsp 2103 0.000 -1312 0.003
Abed2 1178 0022 -1176 0003
Chrml Inf 0,005 ~Inf 0.004
Sytl4 1771 0,000 -1310 0005
Hist1haf 1532 0002 -1324 0005
Cfd* Inf 0.000 -5.927 0.005
Pde6e 1523 0035 -1.991 0.006
Kbtbd11 1223 0,050 -1.860 0.006
Eda 1.356 0.008 1336 0.007
Cypl7al 1.699 0013 1476 0.008
Stap1 2199 0.000 -1.053 0.008
Lgals 2.409 0005 -2.159 0.009
Slc16as 2012 0014 1961 0.009
Gm21885 2019 0004 1688 0011
2900011008Rik 3279 0027 -4103 0012
Plst 1573 0037 -1.889 0013
Slc22a29 4599 0.000 2443 0014
Pnldcl 1925 0002 1351 0015
Acotd 1300 0015 1265 0018
Cabp4* Inf 0.000 2701 0019
Histlhdj 2871 0003 -2.005 0019
Mas1* Inf 0.001 -3.024 0.024
Zmats 1.100 0015 1011 0025

Nuprll 2.848 0.003 -1.862 0.026
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Chek2

Gnald

Rpgripl
4931428L18Rik
Lamb3

Mtl
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Agpd

Hhipll
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“Inf indicates the maximal value.

1515
1.893
2.549
2242
1.370
1.835
1.305
1.347
2014
1811

0.010
0.013
0.003
0.005
0.042
0.018
0.046
0.029
0.001
0.008

-1.190
-1243
-1.468
-1.426
-1.373
-1.563
-1341
-1.198
-1.005
-1.088

0.028
0.028
0.037
0.037
0.037
0.041
0.044
0.045
0.047
0.048
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Gene symbol

Egfr
Gstpl
Cib3
Hsd3b5
Cspg5
Carmill
Ugt2b38
Dhrs9
Cyp2c40
Adgrfl
Wnk4
Cyp2c69
Smad9
Cd207
Serpina9
Shank1
Esco2

Log?2 fold change NCD vs HFD

-1.691
-1.243
-3918
-1.447
-2.623
-1.014
-1.421
-2.736
-3.789
-3.564
-2.359
-4.060
-1.774
-1.938
-4.245
-2.496
-2.007

P-value

0.000
0.000
0.044
0.003
0.000
0.000
0.001
0.000
0.000
0.002
0.000
0.000
0.018
0.000
0.000
0.049
0.001

Log2 fold change HFD vs. HCR

1.513
1.176
2.364
1.133
2.284
1335
1.547
2.112
2.170
1.548
1.206
2.872
1.103
1210
2.936
2.553
1377

P value

0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.002
0.002
0.003
0.004
0.009
0.016
0.032
0.034
0.035
0.039





OPS/images/fnut-09-983450/fnut-09-983450-t005.jpg
GOID

GO:0001676
GO:0008395
GO:0004497
G0O:0020037
GO:0019373
GO:0046906
GO:0008392
GO:0044255
GO:0006629
GO:0008391
GO:0006631
GO:0005506
GO:0016705

GO:0042175

GO:0042738
GO:0042737
GO:0032787
GO:0006805
GO:0070887
GO:0035634

Term

long-chain fatty acid metabolic process
steroid hydroxylase activity
monooxygenase activity
heme binding
epoxygenase P450 pathway
tetrapyrrole binding
arachidonic acid epoxygenase activity
cellular lipid metabolic process
lipid metabolic process
arachidonic acid monooxygenase activity
fatty acid metabolic process
iron ion binding

oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen

nuclear outer membrane-endoplasmic reticulum
membrane network

exogenous drug catabolic process
drug catabolic process
monocarboxylic acid metabolic process
xenobiotic metabolic process
cellular response to chemical stimulus

response to stilbenoid

Total

93
67
158
179
28
188
31
940
1242
35
374
212
214

930

49
50
571
102
2902

P-value

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.0000
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Corilagin : g-1-O-galloyl-3, 6-(R)-hexahydroxydiphenoyl-D-glucose

NAFLD

B I Hepatic steatosis
T NAFLD activity score (NAS)
—= I Liver injury

I Dysregulated lipid metabolism

_ ' Abnormal glucose homeostasis
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Gene

Hsd3b5
Cyp2c40
Cspg5
Cyp7al
Cypl7al
Cyp2c38
Cyp2b9
Erbb4
Gnal4
Chrm1
Gpcl
Egfr
Cd36
188

Forward primer (5’-3')

AGTGCTAAATAGCGTGTTTACCA
GGCTCACAGCCTATTGTGGTA
AGGAACCTCAGAAAATCACCCT
GGGATTGCTGTGGTAGTGAGC
GTCGCCTTTGCGGATAGTAGT
CACGGCCCATTGTTGTATTGC
GCTCATTCTCTGGTCAGATGTTT
TCCCCCAGGCTTTCAACATAC
AGTGGGAAAAGCACCTTTATCAA
AGTCCCAACATCACCGTCTTG
GGAGAGCGCACTCCATGAC
GCATCATGGGAGAGAACAACA
AGATGACGTGGCAAAGAACAG
ACCTGGTTGATCCTGCCAGTAG

Reverse primer (5’-3')

ACTTTTTGTGTAGTGTCTCCCTG
TCAAAAACCGGAATCCTTCCTC
TGGTGGGGTAGAAATCAGACTC
GGTATGGAATCAACCCGTTGTC

TGAGTTGGCTTCCTGACATATCA
TGAACCGTCTTGTCTCTTTCCA

CGCTTGTGGTCTCAGTTCCA
GCACCCTGAGCTACTGGAG
TCCCTGATGATCTGGGCATTT
CAGGTTGCCTGTCACTGTAGC
CTCAGCATATAGGTCCCGGAA
CTGCCATTGAACGTACCCAGA

CCTTGGCTAGATAACGAACTCTG
TTAATGAGCCATTCGCAGTTTC
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Group comparison* Up-regulated Down-regulated

NCD vs. HFD 231
HEFD vs. HCR 59
NCD vs. HCR 87

*The former group serves as a reference for comparison.

95
98
49

Total

326
157
136





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dietary phytochemicals: Identification, bioactivities, and delivery strategy



		Corilagin prevents non-alcoholic fatty liver disease via improving lipid metabolism and glucose homeostasis in high fat diet-fed mice



		Introduction



		Materials and methods



		Animals and treatments



		Histological evaluation



		Hepatic and plasma biochemical analysis



		Glucose tolerant test (GTT) and insulin tolerant test (ITT)



		RNA sequencing (RNA-Seq) and data analysis



		Quantitative real-time PCR (qPCR) assay



		Statistical analysis









		Results



		Cori attenuated HFD-induced high NAFLD activity score (NAS) and liver injury



		Cori improved HFD-induced hepatic lipid deposition and plasma lipid concentration



		Cori ameliorated HFD-induced glucose intolerance and insulin resistance



		Cori altered HFD-induced gene expression profiles in live tissue



		Cori exerted obvious enrichment of GO terms and KEGG pathways for the overlapped DEGs.



		Cori-dependent PPI network for the overlapped DEGs and hub proteins against NAFLD









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Hydrogels assembled from hybrid of whey protein amyloid fibrils and gliadin nanoparticles for curcumin loading: Microstructure, tunable viscoelasticity, and stability



		Introduction



		Materials and methods



		Materials



		Preparation of whey protein isolate fibril



		Fabrication of gliadin nanoparticles



		Preparation of whey protein isolate fibril-gliadin nanoparticles hydrogel



		Particle size distribution and zeta potential



		Microstructures



		Mechanical properties



		Encapsulation efficiency, thermal stability, and photodegradation of curcumin loaded in whey protein isolate fibril-gliadin nanoparticles hydrogel









		Results and discussion



		Formation of whey protein isolate fibril-gliadin nanoparticles hydrogel



		Characterization of whey protein isolate fibril-gliadin nanoparticles hydrogel



		Rheological properties of whey protein isolate fibril-gliadin nanoparticles hydrogel









		Encapsulation efficiency, heat stability, and photodegradation stability of curcumin loaded in whey protein isolate fibril-gliadin nanoparticles hydrogel









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References









		Probiotic fermentation improves the bioactivities and bioaccessibility of polyphenols in Dendrobium officinale under in vitro simulated gastrointestinal digestion and fecal fermentation



		Introduction



		Materials and methods



		Chemicals and reagents



		Material preparation and fermentation



		In vitro gastrointestinal digestion



		In vitro colonic fermentation



		Extraction of phenolic compounds in supernatants



		Total phenolic and flavonoid content



		The HPLC analysis



		Antioxidant assay



		α-Amylase inhibitory activity assay



		α-Glucosidase inhibitory activity assay



		SCFA analysis



		16S rRNA gene sequencing analysis



		Statistical analyzes









		Results



		Total phenolic and flavonoid contents analysis



		HPLC analyzes



		Antioxidant activity



		α-Amylase and α-Glucosidase inhibitory ability



		Effects of DO and FDO on pH values in colonic fermentation



		Effects of DO and FDO on SCFAs in colonic fermentation



		Effect of DO and FDO on fecal microbial









		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References









		A comparative study of nutrient composition, bioactive properties and phytochemical characteristics of Stauntonia obovatifoliola flesh and pericarp



		Introduction



		Materials and methods



		Standards and reagents



		Preparation of SO extracts



		Nutrient and non-nutrient composition analyses



		The basic nutrients analyses



		Total amino acid and protein contents analyses



		Vitamins and minerals analyses









		Determination of total phenolic content



		Determination of total flavonoid content



		Analysis of antioxidant activity



		DPPH radical scavenging activity



		ABTS radical scavenging activity



		Ferric reducing antioxidant power



		Oxygen radical absorbance capacity









		Enzyme inhibitory ability



		Inhibitory of α-glucosidase



		Inhibition of the acetylcholinesterase









		HPLC analysis









		Data analysis and statistics



		Results



		Nutrient and non-nutrient composition



		Total phenolic content and total flavonoid content



		Antioxidant properties



		Inhibitory of α-glucosidase



		Acetylcholinesterase inhibitory ability



		HPLC analyses









		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Acknowledgments



		References









		Mulberry leaf polyphenols alleviated high-fat diet-induced obesity in mice



		Introduction



		Materials and methods



		Instrumentation and materials



		Mulberry leaf polyphenol extraction



		High-performance liquid chromatography conditions



		Ethics statement



		Animals and treatment



		Organ index and Lee’s index



		Blood test and tissue sectioning



		Fatty acid composition analysis



		Real-time quantitative polymerase chain reaction



		Statistical analysis









		Results



		Analysis of polyphenol monomer compounds in mulberry leaf polyphenols



		Effect of mulberry leaf polyphenols on body weight in obese mice



		Effects of mulberry leaf polyphenols on organ development in high-fat diet-induced obese mice



		Effect of mulberry leaf polyphenols on the adipose tissue of high-fat diet-induced obese mice



		Effect of mulberry leaf polyphenols on the fatty acid composition of adipose tissues in mice



		The effect of mulberry leaf polyphenols on the expression of characteristic genes in the adipose tissues of obese mice









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		References









		The chemical composition and toxic effects of aqueous extracts of Cyclocarya paliurus leaves



		Introduction



		Materials and methods



		Plant materials and chemicals



		Tested animals



		Extraction



		Chemical compositions determination



		Animals’ treatment



		Clinical observations and body weight measurement



		Clinical pathology



		Histopathology



		Statistical analyses









		Results and discussion



		Chemical compositions of aqueous extracts of Cyclocarya paliurus leaves



		The maximum tolerated dose of aqueous extracts of Cyclocarya paliurus leaves



		Effects of aqueous extracts of Cyclocarya paliurus leaves on the body weights and feed intake of Sprague-Dawley rats in repeated oral dose toxicity study



		Effects of aqueous extracts of Cyclocarya paliurus leaves on the clinical pathology of Sprague-Dawley rats in repeated oral dose toxicity study



		Effects of aqueous extracts of Cyclocarya paliurus leaves on the organ weights of Sprague-Dawley rats in repeated oral dose toxicity study



		Effects of aqueous extracts of Cyclocarya paliurus leaves on the histopathology of Sprague-Dawley rats in repeated oral dose toxicity study









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher’s note



		References









		Recent advances in the extraction, chemical composition, therapeutic potential, and delivery of cardamom phytochemicals



		Introduction



		Phytochemicals extraction techniques



		Conventional extraction methods



		Advance extraction techniques



		Identification techniques



		Characterization and quantification of phytochemicals









		Therapeutic perspectives



		Antioxidant potential



		Antimicrobial potential



		Cardio-protectant and hypo-cholesterolemic potential









		Gastro-protective properties



		Biosafety and non-mutagenic properties



		Encapsulation and delivery strategies



		Microcapsules



		Nanoparticles



		Nanostructured lipid carriers



		Nanoliposomes



		Conclusion and future perspectives



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		Functional role of cyanidin-3-O-glucoside in osteogenesis: A pilot study based on RNA-seq analysis



		Introduction



		Materials and methods



		Chemicals and reagents



		Cell culture



		RNA-seq analysis



		Functional analysis of identified genes



		Quantitative real-time PCR



		Statistical analysis









		Results



		Identification of DEGs



		GO analysis of DEGs



		KEGG pathway analysis of DEGs



		qRT-PCR analysis of DEGs









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		Phytochemicals, biological activity, and industrial application of lotus seedpod (Receptaculum Nelumbinis): A review



		Introduction



		Preparation and identification of phytochemicals from lotus seedpods



		Biological activity of lotus seedpods extracts



		Biological activity of water extracts from lotus seedpods



		Biological activity of ethanol extracts from lotus seedpods



		Biological activity of other extracts from lotus seedpods



		Comparison on biological activities of different extracts from lotus seedpods









		Biological activity of phytochemicals from lotus seedpods



		Biological activity of proanthocyanidins from lotus seedpods



		Biological activity of oligomeric procyanidins from lotus seedpods



		Biological activity of others phytochemicals from lotus seedpods









		Applications of raw material, extracts and phytochemicals of lotus seedpods



		Applications of lotus seedpods



		Applications of lotus seedpods extracts and phytochemicals









		Conclusion and perspectives



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Abbreviations



		References









		Nutritional status, food consumption, lifestyle, and physical fitness in rural and urban elementary school children in Northeast China



		Introduction



		Materials and methods



		Participants



		Anthropometric measurements



		Physical fitness



		Diet and nutrition



		Lifestyle



		Sociodemographic characteristics



		Statistical analysis









		Results



		Nutritional status of local primary school students



		Physical fitness test results



		Diet and nutrition of primary school students



		Lifestyle of primary school students



		Factors associated with nutritional status









		Discussion



		Limitations



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References









		Effects of immersing treatment of curcumin and piperine combined with vacuum packaging on the quality of salmon (Salmo salar) during cold chain logistics



		Introduction



		Materials and methods



		Materials and reagents



		Samples preparation



		Microbial analysis



		Determination of total volatile base nitrogen



		Determination of water-holding capacity



		Determination of thiobarbituric acid reactive substances



		Texture profile analysis



		Colorimetric measurement



		Determination of free amino acids



		Near-infrared spectroscopic analysis



		Low-field nuclear magnetic resonance



		Statistical analysis









		Results and discussion



		Changes of microbial counts



		Changes of total volatile base nitrogen



		Changes of water holding capacity



		Changes of thiobarbituric acid reactive substances



		Changes of hardness and springiness



		Changes of colorimetric properties



		Changes of free amino acids concentrations



		Near-infrared spectroscopic analysis



		Low-field nuclear magnetic resonance



		Correlation analysis









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References









		Chemical profile and antioxidant activity of bidirectional metabolites from Tremella fuciformis and Acanthopanax trifoliatus as assessed using response surface methodology



		Introduction



		Materials and methods



		Materials and chemicals



		Material pre-treatment and fermentation procedures



		Strain activation



		Supplementary medium



		Fermentation procedure









		Design of single-factor experiments



		Design and optimization of response surface methodology



		Determination of total phenolics



		Determination of total flavonoids



		Determination of total polysaccharides



		Antioxidant activity assays



		Assay of ABTS+ radical scavenging capacity



		Assay of DPPH⋅ radical scavenging capacity



		Hydroxyl radical scavenging activity









		Analysis of untargeted metabolomics using ultra-high performance liquid chromatography-tandem mass spectrometry



		Sample preparation



		Liquid chromatography and mass spectrometry conditions









		Statistical analyses









		Results and discussion



		Variation in the total phenolic content of the fermentation supernatant of Tremella fuciformis–Acanthopanax trifoliatus in single factor experiments



		Effects of different inoculum sizes



		Effects of different fermentation temperatures



		Effects of initial pH in culture medium









		Response surface methodology optimization results and analysis



		Response surface methodology model linear fitting analysis



		Model interaction analysis



		Optimal fermentation processes









		Bioactive components of Tremella fuciformis–Acanthopanax trifoliatus under optimal fermentation conditions



		Analysis of total phenolic content



		Analysis of total flavonoid content



		Analysis of total polysaccharide content









		Analysis of antioxidant capacity



		Analysis of untargeted metabolomics



		Overall analysis of metabolites in different groups



		Comprehensive analysis of differential metabolites in different groups



		Important differential metabolites in different groups















		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Effect of acid hydrolysis on the structural and antioxidant characteristics of β-glucan extracted from Qingke (Tibetan hulless barley)



		Introduction



		Materials and methods



		Material and chemical reagents



		Preparation and purification of Qingke β-glucan



		Partial hydrolysis with acid



		Molecular weight determination



		Methylation analysis



		Nuclear magnetic resonance spectroscopy



		Fourier transform infrared spectroscopy



		X-ray diffraction measurement



		Measurement of thermal properties



		Apparent viscosity measurement



		Antioxidant activity in vitro



		ABTS radical cation scavenging activity



		Reducing power



		Statistical analysis















		Results and discussion



		Purity and molecular weight of Qingke β-glucans



		Linkage analysis



		Nuclear magnetic resonance analysis



		Fourier transforms infrared analysis



		X-ray diffraction analysis



		Analysis of the thermal properties



		Apparent viscosity of the Qingke β-glucan solution



		Antioxidant capacities of β-glucan









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Dietary protein improves flesh quality by enhancing antioxidant ability via the NF-E2-related factor 2/Kelch-like ECH-associated protein 1 signaling pathway in softshell turtle (Pelodiscus sinensis)



		Introduction



		Materials and methods



		Animals and experimental diets



		Feeding trial



		Analysis and measurements



		Sample collection



		Proximate composition analysis of muscle of softshell turtles



		Muscle amino acid profile of softshell turtles



		Measurement of calipash collagen in softshell turtles



		Muscle and calipash flesh quality parameters



		Measurement of skin color



		Determination of antioxidant capacity



		Real-time PCR analysis









		Statistical methods









		Results



		Muscle proximate composition analysis of softshell turtles



		Muscle amino acid profile of softshell turtles



		Collagen in the calipash of softshell turtles



		Calipash and muscle flesh quality parameters



		Skin coloration



		Muscle antioxidant enzyme activity of softshell turtles



		Antioxidant enzyme-related mRNA expression in the muscle of softshell turtles









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		Optimization of ultrasound-assisted extraction of phenolics from Asparagopsis taxiformis with deep eutectic solvent and their characterization by ultra-high-performance liquid chromatography-mass spectrometry



		Introduction



		Materials and methods



		Materials and reagents



		Preparation and physicochemical properties of the DESs



		Extraction of phenolics



		Screening of DESs



		Single-factor experiment



		Response surface methodology



		Verification and comparison experiments









		Measurement of the TPC



		Phenolic characterization and quantification using UHPLC-MS



		Antioxidant activity



		Statistical analyses









		Results and discussion



		Effects of the DESs on the TPC



		Single-factor experiment of DES-UAE



		Modeling and optimization of DES-UAE



		Model fitting



		Effects of the variables on the TPC



		Effects of the variables on the antioxidant ability









		Verification experiment based on the optimal extraction parameters



		Comparison of DES and traditional solvent extractants in UAE



		TPC and antioxidant ability



		Characterization of phenolics using UHPLC-MS



		Quantification of phenolics by UHPLC-MS















		Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Abbreviations



		References









		Combining effect of camellia oil and squalene on hyperlipidemia-induced reproductive damage in male rats



		Introduction



		Materials and methods



		Materials and chemicals



		Animals



		Animal experiment design



		Sexual organ index determination



		Serum lipid and testosterone levels measurement



		Sperm count metering in epididymidis



		Hematoxylin–eosin staining observation of testis and penis



		Statistical analysis









		Results



		Hyperlipidemia-induced reproductive damage in high-fat diet model



		Combining effect of camellia oil and squalene on hyperlipidemia-induced reproductive damage in male rats



		Sexual organ indexes of rats



		Serum lipid levels of rats



		Serum testosterone level of rats



		Sperm count in epididymidis of rats



		Histomorphologies of testis and penis















		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References









		The antihyperglycemic effect of pulsed electric field-extracted polysaccharide of Kaempferia elegans officinale on streptozotocin induced diabetic mice



		Introduction



		Materials and methods



		Materials



		Extraction of Kaempferia elegans polysaccharide



		Analysis of Kaempferia elegans polysaccharide



		Exploration of the in vitro activity of Kaempferia elegans polysaccharide



		Establishment of diabetic mice model



		Experiment design and procedure



		Effects of Kaempferia elegans polysaccharide on glucose metabolism, lipid levels, and oxidative stress-related enzymes in diabetic mice



		Determination of glucose metabolism related enzymes



		Determination of blood lipid profile



		Determination of oxidative stress related enzyme activity









		Statistical analysis









		Results and discussion



		Composition of Kaempferia elegans polysaccharide



		Exploration of the in vitro activity of Kaempferia elegans polysaccharide



		Effects of Kaempferia elegans polysaccharide on body weight and organ weight



		Effects of Kaempferia elegans polysaccharide on fasting blood glucose levels



		Effects of Kaempferia elegans polysaccharide on glucose metabolism related enzymes



		Effects of Kaempferia elegans polysaccharide on blood lipid levels



		Effects of Kaempferia elegans polysaccharide on oxidative stress related enzyme activity









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Phenolic profile, alpha-amylase inhibitory activity, and in vitro glycemic index of adzuki beans



		1 Introduction



		2 Materials and methods



		2.1 Sample preparation



		2.2 Chemicals



		2.3 Extraction of phenolics



		2.4 Determination of total phenolics



		2.5 Determination of total flavonoids



		2.6 Profile of phenolic compounds



		2.7 Determination of α-AI activity



		2.8 Determination of total starch



		2.9 In vitro digestion and glucose content determination



		2.10 Calculation of starch digestibility properties



		2.11 Calculation of the in vitro glycemic index



		2.12 Statistical analysis









		3 Results



		3.1 Total phenolics, total flavonoids, and phenolic profile



		3.2 α-AI specific activity



		3.3 Starch digestibility properties



		3.4 In vitro glycemic index









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		abbreviations



		References









		The mitigative effect of isorhamnetin against type 2 diabetes via gut microbiota regulation in mice



		1 Introduction



		2 Materials and methods



		2.1 Experimental animals and treatments



		2.2 Measurement of blood glucose level, body weight, and water and food intakes



		2.3 Lipid profiling



		2.4 Measurement of serum IL-1β levels



		2.5 Measurement of liver and kidney weight indices



		2.6 Histopathological hematoxylin and eosin (H&E) staining



		2.7 Measurement of SCFAs



		2.8 Gut microbiota analysis



		2.9 Statistical analysis









		3 Results



		3.1 Impact of IH on the body weight, fasting blood glucose (FBG) levels, and food and water intake of mice



		3.2 Impact of IH on serum indices in mice and correlation analysis



		3.3 Impact of IH on liver and kidney weight indices and pathological changes in experimental mice



		3.3.1 Liver and kidney weight indices



		3.3.2 Pathological changes









		3.4 Impact of IH on the gut microbiota of experimental mice



		3.4.1 Analysis of gut microbiota structure



		3.4.2 Analysis of mouse gut microbiota alpha-diversity



		3.4.3 Analysis of beta-diversity









		3.5 Impact of IH on short-chain fatty acids (SCFAs) levels in mice



		3.6 Correlation between SCFAs and gut microbiota



		3.7 Correlation between gut microbiota and biochemical indices









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Recent advances of γ-aminobutyric acid: Physiological and immunity function, enrichment, and metabolic pathway



		1 Introduction



		2 Effects of GABA on physiological activities in plants



		2.1 Effects of GABA on growth and development



		2.2 Effects of GABA on plant response against stress and adversity









		3 Effects of GABA on physiological and immunity functions in animals



		3.1 Effects of GABA on growth



		3.2 Effects of GABA on blood biochemical indexes



		3.3 Effects of GABA on immune response



		3.4 Anti-anxiety and insomnia relief effects of GABA



		3.5 Other functions









		4 Enrichment preparation of GABA



		4.1 Chemical synthesis



		4.2 Plant enrichment



		4.3 Microbial fermentation









		5 Anabolism and catabolism of GABA



		5.1 Metabolic pathways of GABA



		5.2 Key enzymes in the GABA metabolic pathway



		5.2.1 GAD



		5.2.2 GABA-T



		5.2.3 SSADH















		6 Prospects



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References









		Comparison of physicochemical and in vitro hypoglycemic activity of bamboo shoot dietary fibers from different regions of Yunnan



		1. Introduction



		2. Materials and methods



		2.1. Materials



		2.2. Dietary fiber extraction procedure



		2.3. Composition analysis of extracted dietary fibers



		2.4. Particle size analysis



		2.5. Scanning electron microscopy (SEM)



		2.6. Fourier transform infrared spectroscopy (FTIR)



		2.7. X-ray diffraction (XRD)



		2.8. Chemical characteristics



		2.8.1. Thermogravimetric analysis (TGA)



		2.8.2. Differential scanning calorimetry (DSC)



		2.8.3. Color measurement









		2.9. Physical properties



		2.9.1. Water holding capacity



		2.9.2. Water swelling capacity



		2.9.3. Oil holding capacity









		2.10. In vitro hypoglycemic activity



		2.10.1. Glucose adsorption capacity (GAC)



		2.10.2. Glucose dialysis retardation index (GDRI)



		2.10.3. α–amylase activity inhibition ratio (α-AAIR)















		3. Results and discussion



		3.1. Composition and content analyses of different bamboo shoot dietary fibers



		3.2. Particle size distribution of dietary fiber from different bamboo shoots



		3.3. Structure characterization of different bamboo shoot dietary fibers



		3.3.1. Microstructure of different bamboo shoot dietary fibers



		3.3.2. FTIR analysis of different bamboo shoot dietary fibers



		3.3.3. XRD analysis of different bamboo shoot dietary fibers









		3.4. Physicochemical properties of different bamboo shoot dietary fibers



		3.4.1. Thermal characteristic analysis of different bamboo shoot dietary fibers



		3.4.2. Chromaticity analysis of dietary fibers from different bamboo shoots



		3.4.3. Water holding capacity



		3.4.4. Water swelling capacity



		3.4.5. Oil holding capacity









		3.5. Effects of different varieties of bamboo shoot dietary fibers on in vitro hypoglycemic activity



		3.5.1. Glucose adsorption capacity (GAC)



		3.5.2. Glucose dialysis retardation index (GDRI)



		3.5.3. α–amylase activity inhibition ratio (α-AAIR)















		4. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		Preparation of nano-selenium from chestnut polysaccharide and characterization of its antioxidant activity



		Introduction



		2. Materials and methods



		2.1. Materials and reagents



		2.2. Extraction of crude polysaccharides from Chinese chestnut



		2.3. Optimization of ultrasonic extraction of chestnut crude polysaccharide



		2.3.1. Single factor experimental design



		2.3.2. Response surface experimental design



		2.3.3. Validation experimentation









		2.4. Chestnut crude polysaccharide purification



		2.5. Structural characterization



		2.5.1. Determination of molecular weight of chestnut polysaccharide



		2.5.2. Determination of monosaccharide composition of chestnut polysaccharide



		2.5.3. NMR measurement



		2.5.4. I2-KI reaction



		2.5.5. Determination of triple helix structure



		2.5.6. Infrared spectroscopy



		2.5.7. Determination of microstructure









		2.6. Assay of antioxidant activity



		2.7. Selenization of chestnut crude polysaccharide



		2.8. Stability determination of selenized chestnut polysaccharide



		2.9. Optimization of selenized chestnut polysaccharide



		2.9.1. Single factor experiment



		2.9.2. Response surface test



		2.9.3. Validation experimentation















		3. Results and discussion



		3.1. Optimization of crude polysaccharide extraction process



		3.1.1. Analysis of single factor test results



		3.1.2. Response surface test analysis



		3.1.3. Validation experimentation of the conditions for chestnut polysaccharide









		3.2. Purification of chestnut crude polysaccharide



		3.2.1. Cellulose DEAE-52 chromatography of crude chestnut polysaccharide



		3.2.2. Sephadex G-100 chromatography of crude chestnut polysaccharide









		3.3. In vitro antioxidant activity analysis of chestnut polysaccharide



		3.4. Structure characterization of chestnut polysaccharide



		3.4.1. Composition analysis of crude and purified chestnut polysaccharide



		3.4.2. NMR analysis



		3.4.3. I2-KI reaction of chestnut polysaccharide



		3.4.4. Analysis of triple helix structure



		3.4.5. Infrared spectrum analysis



		3.4.6. SEM analysis









		3.5. Stability of selenized chestnut polysaccharide



		3.6. Optimization of nano-selenium chestnut polysaccharide technology



		3.6.1. Univariate experimental analysis



		3.6.2. Analysis of response surface data and determination of the optimum extraction process of Se-chestnut polysaccharide



		3.6.3. Validation experimentation









		3.7. Antioxidant activity analysis of chestnut nano-selenium polysaccharide









		4. Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		UPLC-MS/MS profiling, antioxidant and anti-inflammatory activities, and potential health benefits prediction of phenolic compounds in hazel leaf



		Introduction



		Materials and methods



		Materials and reagents



		Sample preparation



		Crude extraction of phenolics



		Extraction of free and conjugated phenolics



		Extraction of bound phenolics









		Total phenolic and flavonoid contents



		UPLC-TOF-MS/MS analysis



		Antioxidant assays



		DPPH assay



		FRAP assay









		Cellular antioxidant activities



		Cell culture and treatment protocols



		Cell viability assay



		Intracellular reactive oxygen species (ROS) determination



		Intracellular antioxidant enzyme activities









		Cellular anti-inflammatory activities



		Cell culture and treatment protocols



		Cell viability assay



		Intracellular anti-inflammatory enzyme activities









		Prediction of the therapeutic potential and functional pathways of phenolics



		Statistical analysis









		Results and discussion



		Total phenolic and flavonoid contents



		Characterization of free, conjugated, and bound phenolics



		Antioxidant capacity



		DPPH and FRAP assays









		Cellular antioxidant capacity



		Cellular anti-inflammation capacity



		Prediction of the therapeutic potential of phenolics









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		Chemical composition of the Kaempferia galanga L. essential oil and its in vitro and in vivo antioxidant activities



		1. Introduction



		2. Materials and methods



		2.1. Materials



		2.1.1. Plant material



		2.1.2. Solvents and chemicals









		2.2. Essential oil extraction



		2.3. GC-MS analysis



		2.4. In vitro antioxidant activity



		2.4.1. DPPH radical scavenging activity



		2.4.2. ABTS radical scavenging activity



		2.4.3. Hydroxyl radical scavenging activity



		2.4.4. Reducing power assay









		2.5. In vivo antioxidant activity



		2.5.1. Zebrafish husbandry



		2.5.2. Waterborne exposure of embryos to KGEO and H2O2



		2.5.3. Heartbeat rates of zebrafish embryos



		2.5.4. Protective effect of KGEO against H2O2-induced oxidative stress in zebrafish embryos



		2.5.5. Determination of antioxidant enzyme activities and malondialdehyde levels in zebrafish embryos









		2.6. Statistical analysis









		3. Results



		3.1. Chemical composition of K. galanga essential oil



		3.2. In vitro antioxidant activity of K. galanga essential oil



		3.2.1. DPPH radical scavenging activity



		3.2.2. ABTS radical scavenging activity



		3.2.3. Hydroxyl radical scavenging activity



		3.2.4. Reducing power assay









		3.3. In vivo antioxidant activities study



		3.3.1. Protective effect of KGEO in the H2O2-induced oxidative stress zebrafish model



		3.3.2. Effect of KGEO on antioxidant enzyme activities and MDA levels in H2O2-treated zebrafish embryos















		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		Mitigation of Paeoniae Radix Alba extracts on H2O2-induced oxidative damage in HepG2 cells and hyperglycemia in zebrafish, and identification of phytochemical constituents



		1. Introduction



		2. Materials and methods



		2.1. Materials and chemicals



		2.2. Sample preparation



		2.3. Determination of total phenolics and total flavonoids content



		2.3.1. Total phenolics content



		2.3.2. Total flavonoids content









		2.4. Determination of radical scavenging ability



		2.5. Protective effect against oxidative damage in H2O2-induced HepG2 cells



		2.5.1. Cell culture and cells viability assay



		2.5.2. Cytoprotective effect on H2O2-induced cell damage



		2.5.3. Measurement of antioxidant enzymes









		2.6. Inhibitory activity on α-glucosidase



		2.7. Inhibition on bovine serum albumin-fructose glycosylation



		2.8. In vivo hypoglycemic effects and protection on nerve injury



		2.8.1. Determination of maximum detection concentration



		2.8.2. Evaluation of hypoglycemic effects



		2.8.3. Evaluation of peripheral motor nerve protection









		2.9. Identification of phytochemical profiling



		2.10. Statistical analysis









		3. Results



		3.1. Comparison of yield, TPC, and TFC



		3.2. In vitro antioxidant abilities



		3.3. Alleviation on H2O2-induced HepG2 oxidative stress



		3.3.1. Effect of PRA extracts on cell viability



		3.3.2. PRA extracts enhanced the viability of H2O2-induced HepG2 cells



		3.3.3. Effects on the levels of MDA and antioxidant enzymes









		3.4. Inhibition on the activity of α-glucosidase and BSA glycosylation



		3.4.1. Inhibition on the activity of α-glucosidase



		3.4.2. Suppression on BSA glycosylation









		3.5. Hypoglycemic activity on diabetic zebrafish model



		3.5.1. Hypoglycemic effect



		3.5.2. Protective effect of peripheral motor nerve









		3.6. Identification of phytochemical profiling



		3.6.1. Organic acid



		3.6.2. Phenolic acids



		3.6.3. Tannins



		3.6.4. Flavonoids



		3.6.5. Terpenoids



		3.6.6. Others















		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		The anti-inflammatory activity of GABA-enriched Moringa oleifera leaves produced by fermentation with Lactobacillus plantarum LK-1



		1. Introduction



		2. Materials and methods



		2.1. Materials



		2.2. Preparation of MLFB and its key active components analysis before and after fermentation



		2.3. Cell culture



		2.4. Cell viability assay



		2.5. Enzyme-linked immunosorbent assay (ELISA)



		2.6. Real-time reverse transcription quantitative polymerase chain reaction



		2.7. Western blot



		2.8. Statistical analysis









		3. Results and discussion



		3.1. Cytotoxicity of MLFB on RAW 264.7 cells



		3.2. MLFB inhibits the productions and expressions of pro-inflammatory cytokines in LPS-induced RAW 264.7 cells



		3.3. MLFB inhibits the expressions of PGE2 and iNOS in LPS-induced RAW 264.7 cells



		3.4. MLFB suppresses inflammation mediated by the TLR-4/NF-κB signaling pathway



		3.5. The key active components analysis of MLFB and its anti-inflammatory mechanism elaboration









		4. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		Cultivation, nutritional value, bioactive compounds of morels, and their health benefits: A systematic review



		1. Introduction



		2. Life cycle and cultivation of morels



		3. Cultivated morel species



		4. Nutritional value of morels



		4.1. Proteins and amino acids



		4.2. Fatty acids



		4.3. Carbohydrates



		4.4. Minerals and vitamins



		4.5. Organic acids









		5. Bioactive compounds



		5.1. Polysaccharides



		5.2. Phenolics



		5.3. Tocopherols



		5.4. Ergosterols









		6. Health benefits



		6.1. Supporting immune functions



		6.2. Anti-oxidative activities



		6.3. Anti-inflammatory effects



		6.4. Digestive health protection



		6.5. Anti-cancer activities









		7. Conclusion and future direction



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References









		Literature analysis on asparagus roots and review of its functional characterizations



		1. Introduction



		2. Literature analysis of asparagus roots research



		2.1. Analysis of annual documents, research countries and institutes



		2.2. Analysis of research direction



		2.3. Analysis of research hotspots









		3. Taxonomy of asparagus



		4. Traditional health benefits of asparagus extract



		5. Phytochemistry of asparagus root



		6. Bioactive compounds in asparagus



		6.1. Polyphenols and flavonoids in asparagus



		6.2. Lignans, isoflavones, and saponins



		6.2.1. Saponins health properties



		6.2.2. Saponins in asparagus









		6.3. Minerals value in asparagus root









		7. Pharmacological activities



		7.1. Protection against stomach ulcers



		7.2. Insulin secretory activity (antidiabetic activity)



		7.3. Hypolipidemic activity



		7.4. Antiurolithiatic activity



		7.5. Effect on diuretic activity



		7.6. Antitussive activity



		7.7. Anti-dyspepsia and antidiarrheal activity



		7.8. Neuroprotective action



		7.9. Miscellaneous









		8. Potential toxicity of bioactive compounds in AR



		9. Conclusion and future prospects



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Abbreviations



		Footnotes



		References























OPS/images/fnut-09-983450/fnut-09-983450-g003.jpg
O A._\ loww X ._5_5 HI-VINOH

O %5

o@ @o\v

Oo &
Y %,

. = O .
- o
mov X c_e X Vioww) (0L X Ulw X 7J/|oww)
oNv-119 o SAY-L 1|
O
£ — L T T e
QO NN KXo L ey _ L, T A, u
1 Oow O 0O
Z T I T

_E\mc c__zmc_ noo_n mc;mmn_ +

O o o o o o 0 o © o
/V\\m\ < ™ N o = -~
5 a (7/oww) asoon|b poolg w (7/1oww) esoon|b poolg
)
YV

AA._\_oEEv mwoo:_m poo|q mc;wmu_

1.5.
0.0.

-k
% o

0 30 60 90 120
Time (min)

-~ NCD

-+ HFD

-+ HCR

-+ HCR

0 30 60 90 120
Time (min)






OPS/images/fnut-09-983450/fnut-09-983450-g004.jpg
HFD vs HCR Down

HFD vs HCR Up






OPS/images/fnut-09-983450/fnut-09-983450-g001.jpg
a E_
a\o\v
® v,a\
T %
s : ; %
O 5%
®© OO\N\
v o & < o s oS ®© o
W ©409s Ajaoe Q4vN _ (%) Xepul JoA||
@ -4
| ‘
3 nwmu\m\
— -
O 0
ks uu
0 S o o
S . N N b -
a 8109s buluoojeg T (B) 1ybBiam Joan|
8 H v-%@o
S
C N
a\o\m\
m Qo Q. Qo
T V4
© OO\N\
o ® © ¥ N O s g
- O © ©o ©o o = L.
O o (1/N)
e H kw\,nw\
O
s 3 ac Q
Z A S NGE AR
i o ¢ S o o g 8 § & °
| 3 (I/N) LV
< uoneoyiubew ybiH m N L






OPS/images/fnut-09-983450/fnut-09-983450-g002.jpg
SRR ¢ 4 s h......uunx..ﬂ.:.
o . : '\o v!v

HCR-H

{@) < ™ AN ~ -

w (7/1oww) D1 wseld

HCR-L

. o o
) (/1oww) 91 wseld T
&)
o)
LL
e
o
5 k. o b
o (41| 6/6w) jossysejoyo onedsH ®  (7/0ww) 9-7q7 wse|d
\W\z O
s <
X 78
Q aO
O %
Z O/v\ Q
&
O ©
o\v .
st nm S X 6. ¥ N ©Q
.na.... R = o o o o o
< mc_c_m“m O UQ Ile) co:mo_h_cmme cm__._ (11] Cm>__ m\mEv Ol ozmam_._ w  (7/0ww) o-1gH wseld





OPS/images/fnut-09-983450/fnut-09-983450-g007.jpg
D@9

SIas

o@

NG

w4

Ud@3s

@
Cy‘ﬁls.bs

@ Cy C'al
sid@29
A4 Qﬁcyg‘% @S

lo‘

C 69 7
Cy@22

181004gK07Rik

A@f!

SHgk1

Si@ho

c@s

P.c
ci@i

c@p4

@ 5@





OPS/images/fnut-09-983450/fnut-09-983450-g008.jpg
Cyp 7at

=

o co_mmmaxm <ZW_E m>:m_mw_

% \3‘\2\0 Q*O

Erbb4

< ™ N -

I uolissaldxa YNYHW aAle|ay

Egfr

© =t
- uoIssaldxa YNHW aAle|oy

A
© a\O O A% a\ © \m\,a\
o)) © nw\ O (&) O P
& N nv <1 <&
s N % O % “ 2
0% 0%
® <
. . . W . e
L0 o oy O. <t ™ N — 0 < o -~ O
mvl co_wmmkﬁm <zm_m m>;m_mw_0 0 uoissaldxs YNYW aAlje|oy ¢ UOISSaldxa YNYW dAlje|oy
\w\ © \%\
3 X, & E ° %
N O N S
W o 0% m 2 mn.u o) o O\m\
. /V\\w\ /V\\w\
Q. ©
. o\v N | 9,
< ToR o
(Q\|

m co_mmmaxm <zm_E m>:m_mm_

Hsd3b5

OO\/Q\
w

D

H

_

-

= co_mmmaxm <zm_E m>=m_om_

Cyp17at

acC

, Uoissaldxa YNHW aAlje|ay

O

4

™

y Uoissaldxe YNYW aAle|ay

J

uolssaldxa YNHW aAle|ay

M w m
©
=
O o

F
co_wwm_axm <ZmE ®>:m_mm

OO\/%
o<<<






OPS/images/fnut-09-983450/fnut-09-983450-g005.jpg
A

Category

Number
° 10
® 15
e 20

GO Enrichment
@

0.05 010 0.15

a0
«®
o> o
ge(\,age (00396
e\a‘oo\\o 9‘00655
¢a\'2>‘°0\.\c’Q
X
\(

22
o
.090‘6‘0
N
(00*\;\ 06\66\
Ocp y‘a’&; 6((\
AN
@

«®
\0“9/

-b
Ainpoe
Aunnoe
6 Ulpuiq
Buipy,

= CC mMF =BP

2.
0-

© <t
(anjea-d)o16oj-

S

65

Q‘oo &)
\(‘6\0

wn® i~y
.\(\6

‘0086%

0066%

«\@0\5

\C
a"o\
o 5
x\e«\e

c.~ﬁvﬁ=a co—. . uA. y
¢ ! CO.\.\ 9 HAnoe osp |
aseugp AXWM@QOO..OO woabngb.ca S0z9 £
OSeusby, +00:09
SloLAdey,

: oomovoo..om.u

OD.EOQ e |
ele Nmmwooo..ow

Rich

6€8000:0¢,





OPS/images/fnut-09-983450/fnut-09-983450-g006.jpg
A Category

KEGG Pathway Enrichment

g

= Environmental Information Processin

® Human Diseases

" Metabolism
6 - = Organismal Systems

0.08

4
(anjen-4)o 1 bo|-

0.06

Rich





OPS/images/fnut-09-983450/cross.jpg
@ Check for updates.





OPS/images/fnut-09-1013971/fnut-09-1013971-g003.gif
SOF|






OPS/images/fnut-09-1013971/fnut-09-1013971-g004.gif





OPS/images/fnut-09-1013971/fnut-09-1013971-g005.gif
R






OPS/images/fnut-09-1013971/fnut-09-1013971-g006.gif





OPS/images/fnut-09-1005912/math_2.gif





OPS/images/fnut-09-1013971/crossmark.jpg
(®) Check for updates





OPS/images/fnut-09-1013971/fnut-09-1013971-g001.gif





OPS/images/fnut-09-1013971/fnut-09-1013971-g002.gif





OPS/images/fnut-09-1005912/fnut-09-1005912-t002.jpg
Compounds Classification Undigested In vitro digestion

(mg/100g DE) DO FDO DO-oral FDO-oral DO-gastric FDO-gastric DO-intestine FDO-intestine
P-hydroxybenzoic Phenolic acids ND 107 £ 0.05¢ ND 1884 0.08 ND 134:£032° ND ND
acid

Vanillic acid Phenolic acids 2,60 £0.09° 3194003 265£0.07° 33740.11° ND 5254006 ND 488 %007
Syringic acid Phenolic acids 0.65 = 0.06° 1.14 £ 0.06" 0.72 £ 0.02¢ 118+ 0.12° 0.17 £0.01¢ 1.55 £ 0.04* ND ND
Syringaldehyde Flavonoids 0,10+ 003 034002 ND ND ND ND ND ND
Ferulic acid Phenolic acids 042 £0.06° ND 079:£0.04° 0.95020" 133 0,09 ND ND ND
Epigallocatechin Flavonoids 292025 047 £0.02° 046 £0.04" 059 0.09° ND ND ND ND
gallate

Salieylic acid Phenolic acids ND 3294020 ND 1121 £3.90° ND ND 3704003 ND
Cinnamic acid Phenolic acids ND 023 £000° 028£001" 0.40 £ 0.00° ND ND ND ND
Apigenin Flavonoids 573 124 617+ 194 6,10 0.44¢ 1122:£391% 6.61£077 13274128 9.15 & 141 7.53 40416
Scutellarin Flavonoids 037 £0.014 0.38 £0.014 043 £0.02° 0.41 £ 0.00° 0.74£0.014 071 £0.01° 0.71£0.01° 070 £0.02°

“DO” and “FDO” indicated the Dendrobium officinale and fermented Dendrobium officinale, respectively. *~< Letters in row indicated the significantly different (p < 0.05), ND, not detected.
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RT Phenolic Classification Sample Fractions

(time) Compounds

(mg/g) CE PE CF EtOAc n-BuOH AQ RD

1 13741 Protocatechuic acid Phenolicacids  Flesh ND ND ND 101 +0.08% 07340.12¢ 1624027 ND
Pericarp ND 0.92 002 1.24 2 0.08% 2,97 4009 3444019 0.77 4 0.02% 1082 031b°

2 18.812 P-hydroxybenzoic acid Phenolic acids Flesh 016 0.01¢ ND ND 047 £ 0.10% 045 0.01% 039+ 0.11% ND
Pericarp 0.44 % 0.04% 237 0.8 161 0.16% 8.00 % 0.65" 207 £4272° 0.80 % 0.05% 527+ 181°

% 21.531 Vanillic acid Phenolic acids Flesh ND ND ND ND ND ND ND
Pericarp 2424001 2.19 000" 2714003 ND ND 218 £ 0,02 2194001

4 22,804 Syringic acid Phenolicacids  Flesh ND ND ND 0.83 004" 047 %003 ND ND

Pericarp ND ND 1.02 £ 0.03" 0.97 4 0.08% 141 £ 0.43° 268 £0.15 ND

5 24141 Epicatechin Phenolicacids ~ Flesh 0.68%002¢ ND 2094 006" 7.09 % 0.82¢ 5.60 4 0.22¢ 1920290 ND
Pericarp 526017 216+ 0.07 1675 4 0.18° 2863+ 1.26" 2390:£3.63" 0.10£0.07 1.08 +0.46¢

6 25.280 Dihydromyricetin Flavonoids Flesh 0.49 £ 0.02% ND ND 0.630.13% 1022 044 0.17 4007 ND
Pericarp 022007 ND 0.77 % 0.08b¢ 0.79£002% 6.00 % 1.23* ND 117 £025°

7 29.842 Syringaldehyde Flavonoids Flesh ND ND 0,06 0.00° 0.38 £0.04° ND ND ND

Pericarp 0.04 2 0.00° ND 0.11£000° 0.04 000" 05920.12" ND ND

8 32847 Ferulic acid Phenolicacids  Flesh ND ND ND ND 0454003" ND ND
Pericarp 0394 0.04" ND 0.84 022" 135024 5134 1.94 ND 091024

) 33.834 Epigallocatechin gallate Flavonoids Flesh ND ND ND 0.24 £ 0.02° ND ND ND
Pericarp ND 0142001 0294007 141023 2434088 ND 0,624 0.15%

10 34825 Ellagic acid Phenolicacids  Flesh ND ND ND 3.58 4 005" ND ND ND

Pericarp ND ND 347 £0.06" 3,574 0.14" 7.99 4071 ND ND

i 40.75 Salicylic acid Phenolicacids  Flesh ND ND ND 2154 0.06° 1024004 ND ND

Pericarp ND ND 185+ 0.09 323015 233£002° ND ND

12 54392 Cinnamic acid Phenolicacids  Flesh ND ND ND 0.86 %007 ND ND ND

Pericarp ND ND ND 0874017 0314000 ND ND

13 60.121 Hesperetin Flavonoids Flesh ND ND ND ND ND ND ND
Pericarp ND ND 048 £0.11¢ 636104 3.02£062° ND 0.97 % 0.09°

1 60622 Scutellarin Flavonoids Flesh ND ND ND 1204 008" ND ND ND

Pericarp ND ND ND ND 221014 ND ND

Al values are expr ‘mg/g’, mean  standard deviation (n = 3). The different letters repres
ract; PE, Petroleum ether fraction; CE, chloroform fraction; EtOAc,

as

ficant difference in the same compoun
-Butanol fraction; AQ, aqueous phas

n the Stauntonia obovatifoliola fles
residue; RD, residue.

nd pe

arp (p < 0.05). RT, retention time; ND, not detected; C)

crude hyl acetate fraction;
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Concentration

Parameter SOF sop

Nautritional composition

Moisture (g/100g) 8290 4.14 7910 £395
Ash (g/1008) 044 £0.02" 130 £0.06"
Protein (g/100g) 0812004 0.68+0.03"
Fat (g/100g) 0514002 049 002"
Carbohydrate (g/100g) 1291 £064° 342£017°
Total dietary fiber (g/100g) 340£0.17" 15.50 % 0.7
Amino acids
Aspartic acid (g/100g) 0.10£0.00 0.10£0.00
Threonine (g/100g) 0,03 000" 0.05 £ 0.00"
Serine (g/100g) 0.03£0.00" 0,05 0.00"
Glutamic acid (g/100g) 0,06 0.00 0,08 +0.00"
Glycine (g/100g) 0.03 = 0.00° 0.04 % 0.00°
Alanine (/100g) 0.07 4 0.00* 0,05 000"
Valine (g/100¢) 0.04£0.00" 0,06 0.00"
Methionine (g/100g) 0.01:£0.00 0,01 £0.00
Isoleucine (g/100 g) 0.03 2 0.00° 0.04 % 0.00°
Leucine (g/100g) 0.04 000" 0,07 £ 0.00"
Tyrosine (¢/100g) 0.020.00° 0,03 £0.00°
Phenylalanine (g/100g) 0.03£0.00° 0.05 % 0.00"
Lysine (g/100g) 0,04 000" 0,06  0.00"
Histidine (g/100g) 001000 0,02 0.00"
Arginine (g/100g) 0.03 £ 0.00° 0.04 £ 0.00"
Proline (¢/100g) 0.04 000" 0,05+ 0.00"
¥ EAAs 0,18 0.00° 028+ 001°
¥ NEAAs 043 £0.02° 0524002
TAA 0.610.03" 0.80 £ 0.04
3 EAAs/Total AA (%) 20.00 145" 3500 175
¥ EAAS/Y NEAAS 041002 053002
Vitamin
Vitamin By (mg/100 g) ND ND

min B, (mg/100g) 0.142000' ND
Vitamin C (mg/100 g) ND 18.00 % 0.90"
Minerals
Ca (mg/kg) 125004625 272,00 £13.60
Mg (mg/kg) 264.00 % 13.20° 199.00 £ 995"
K (mg/100g) 394.00 & 19.70° 402.00 20,101
Na (mg/100g) ND ND
Zn (mg/kg) ND ND
Fe (mg/kg) 3514017 225£011°
Mn (mg/kg) 2630+ 1.31° 17.70 % 0.88°
Cu (mg/kg) ND ND

3 EAASs, sum of essential an 7 : Y AA, Total
Amino acids; ND, not detected. SOF, Stawtonia obovatifoliola flesh; SOP, Stauntonia
obovatifoliola pericarp. The superscript letters indicate the statistical difference in row
ificant (p < 0.05), without letters indicate not significantly different (p > 0.05).

. Non-essenti

amino ac

is si
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Extracts TPC (mg GAE/g DE) TFC (mg RE/g DE)

SOF SoP SOF sop
CE 21924 15,13 247.64£7.75 169.48 5,51 189.61 5.50°
PE 1526 % 154° 3138339 11342215 24,06+ 1.48¢
CF 187.93 + 8.12¢ 199.37 £ 4.29° 135.60 + 0.93" 148.41 £ 6.15°
EtOA 355.12.4 10,390 390.99 £ 3.72° 30658 & 8.7 298.48 + 3.59°
n-BuOH 118.98 £ 4.10° 138.70 £ 10.24¢ 94.84 + 2.16" 94.67 £ 12.8¢
AQ 2418+ 1574 2843 +0.15¢ 2076 4 1.18° 275+ 149
RD 18.94 % 0.69° 26,66 + 284 1550 1.29° 2165 £3.60°

ivalent; TPC, total phenolic
nol fraction; AQ, aqueous

E Stantonia obovatifoliola flesh; SOP, Stauntonia obovatifoliola pericarp; GAE, gallic acid equivalent;
hloroform fraction; EtOAG, ethy

s, Stauntonia obovatifoliola extracts; S
total flavonoid conte
 RD, residue. The superscript letters indicate the

crude extract; PE, Petroleum ether fraction; C

atistical difference in columns i
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In vitro digestion Colonic fermentation

Undigested Oral Gastric Intestine 6h 12h 24h 48h
TPC DO 216+026° 261£0.11¢ 374019 5744 106° 2254012 229£010°  281£004 273005
EDO 280£0.14¢ 301 :£024¢ 440 £ 029" 6.96 £ 099" 2784008  280£010° 296017 284012
TEC DO 214034 2514062 33940.62° 348+ 0.85° 2164 0.40" 2014 0.28" 2454039 170 % 0.46"
EDO 6.84 % 0.34 856 % 0.58" 10.61 £ 035 1070 £ 1319 264013 2.65 % 048" 280+ 0.26¢ 250 %0374

TPC, total phenolic content (mg GAE/g DE);
rely. *~4Mean values in the same row
DO and EDO (p < 0.05).

. total flavonoid content (mg RE/g D]
icated the significantly

2); “DO” and “FDO” indicated the Dendrobium officinale and fermented Dendrobium officinale,
rent (p < 0.05), * Mean values indicated the significantly different in the same inc

time point
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Active components MLS FB
Flavonoids (mg/L) 48.66 £3.93 31.81£2.35
Polyphenols (mg/L) 2143+ 148 26,02+ 0.33*
Organic acids

Oxalic acid (mg/L) 14.14 £0.70 13714053
Citric acid (mg/L) 2644 £0.39 <1.00*
Pyruvic acid (mg/L) 4280.04 12.19 4 0.52*
Succinic acid (mg/L) 19.16 % 1.68 <1.00*
Lactic acid (mg/L) 0 303.84 £ 8.13*
Acetic acid (mg/L) 081+ 1.76 536 % 0.08"

*Means statistical significant compared to MLS (P < 0.05).
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hame

B-actin

Primer sequence

Forward:
5'-GCTTCTAGGCGGACTGTTAC-3

Reverse:
5'-CCATGCCAATGTTGTCTCTT-3

Product
size/bp

100

IL-1p

Forward:
5-GTGTCTTTCCCGTGGACCTT-3'

Reverse:
5/-CGTCACACACCAGCAGGTTA-3

121

IL-6

Forward:
5'-CCACTTCACAAGTCGGAGGC-3'

Reverse:
5-TTTCTGCAAGTGCATCATCGTT-3"

117

NEF-xB

Forward:
5'-ACACCTCTGCATATAGCGGC-3'

Reverse:
5'-GGCACCACTCCCTCATCTTC-3'

152

PGE,

Forward:
5'-CACCTTCGCCATATGCTCCT-3"

Reverse:
5'-GACCGGTGGCCTAAGTATGG-3

154

TLR-4

Forward:
5'-AGATCTGAGCTTCAACCCCTTG-3

Reverse:
5'-AGAGGTGGTGTAAGCCATGC-3'

137

TNF-a

Forward:
5'-CCACCACGCTCTTCTGTCTA-3

Reverse:
5'“-TGAGGGTCTGGGCCATAGAA-3'

105
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Isolated compounds Content Methods of analysis and References
identification
A. Officinalis L Sarsasapogenin M 16 mg C39He4014  |Cytotoxic activities against human and mouse (55, 56)
tumor cell
Sarsasapogenin N 10 mg C45H740,7
(25S)-5p-spirostan-3p-ol-3-O-B-D-glucopyranosyl- 42 mg A2780, HO-8910, Eca-109, MGC-803, CNE,
(1,2)-[B-D-xylopyranosyl-(1,4)]--D- LTEP-a-2, KB and mouse L1210 tumor cells.
glucopyranoside
(25S)-5p-spirostan-3p-ol-3-O-B-D-glucopyranosyl- 63 mg Gel column chromatography, NMR, RP-HPLC,
(1,2)-p-D-glucopyranoside LC-MS,
(25S)-5p-spirostan-3p-ol-3-O-a-L-rhamnopyranosyl- 23 mg C45H74016
(1,2)-[a-L-rhamnopyranosyl-(1,4)]-p-D-
glucopyranoside
(258)26-0-B-D-glucopyranosyl-5p-furost-20 650 mg
(22)-ene-3p,26-diol-3-O-B-D-glucopyranosyl-(1,2)-
B-D-glucopyranoside
Yamogenin 47 mg
B-sitosterol 1.2 mg
Sitosterol-B-D-glucoside 23¢g
D-glucose -
Asparagoside A -
(25R)-5B-spirostan-3p-ol 3-O-B-D-glucopyranoside -
3)
Sarsasapogenin (4) -
Sarsasapogenone (5) -
(25S)-neospirost-4-en-3-one (6) -
25S-spirosta-1,4-dien-3-one (7) -
Stigmasterol (8) 22mg C;,H,0099
A-D-fructofuranose-1,2:2,1’-B-D-fructofuranose
dianhydride
A. Officinalis L 1,3-O-di-trans-p-coumaroylglycerol 12 mg C31H2007 (55, 56)
Tetracosanoic acid 86 mg
4'7-dimethylkaempferol 35mg
Rutin 1,500 mg
Quercetin 50 mg
5-hydrox-ymethyl-furaldehyde 18 mg
L-asparagine 26 mg
Caffeic acid 85 mg
Ferulic acid 42 mg
Inosine 10 mg
n-butyl-p-D-fructofuranoside 430 mg
Ethyl-B-D-fructopyranoside 25 mg
Sucrose 16 mg
A. Officinalis L (+)-nyasol 56 mg
3’-methoxynyasin 27 mg
Syringaresinol-4’,4"-O-bis-B-D-glucoside 185 mg
Syringaresinol-4-O-B-D-glucopyranoside 21 mg
A. Officinalis L 1F-B-D-fructofuranosyl-46-g-D- Saccharide A 120 mg  |Clostridium perfringens, Escherichia coli, and 67)
galactopyranosylsucrose, 9.5% yield from the  |Enterococcus faecalis
O-B-D-galactopyranosylsucrose, -fructofurano-syl-O- donor saccharide Gas-liquid chromatography, paper, and
[ructofurano-syl-sylsucros)]-a-D-glucopyranoside thin-layer chromatography, anion-exchange
chromatography
Gel permeation chromatography (GPC), DEAE-,
CM-cellulose, Sephadex G-200, and
sucrose-coupled sepharose 6B.
1¥(1-B-D-fructofuranosyl), -4%-p-D- Saccharide B 19 mg 1.5%
galactopyranosylsucrose, yield from the donor
[O-B-D-galactopyranosylsucros, -B-D- saccharide
fructofuranosyl-O-[-D-fructofuranosyl-sucrose,
[from the donor sac
1F (1-B-fructofuranosyl); -kestose sucrose 05¢g
1F (1-B-fructofuranosyl), -nystose sucrose 1.13¢g
1F (1-B-fructofuranosyl)s 025¢g
69 (1-B-fructofuranosyl) 1-neokestose sucrose 0.20¢g
69 (1-B-fructofuranosyl), sucrose 093¢
65 (1-B-fructofuranosyl); sucrose 0.66 g
1F,6G-di-B-fructofuranosyl sucrose 1.10¢g
1F(1-B-fructofuranosyl), -6 -p-fructofuranosyl 7.06 g
sucrose
A. cochinchinensis | Asparacoside 771 mg (68)
Asparacosins A 372 mg
Asparacosin B 18.2 mg
3"'-methoxyasparenydiol 9.6 mg
asparenydiol 2.0 mg
3'-hydroxy-4’-methoxy-4’-dehydroxynyasol 2.6 mg
Nyasol 5.6 mg
3""-methoxynyasol 5.7 mg
1,3-bis-di-p-hydroxyphenyl1-4-penten-1-one 2.3 mg
trans-coniferyl alcohol 3.5 mg
A. gobicus Norlignans - Cytotoxic (69)
A. meioclados (Asparosides A) 23-O-a-arabinopyranosyl-(5p, - TLC, NMR (70)
25S)-spirostan-3p, 23a-diol-3-O-{B-D-
xylopyranosyl(1—4)}-B-D-glucopyranoside, and
(Asparosides B)
26-O-B-glucopyranosyl-5p-furost-20(22)-ene-3p,
26-diol-3-O-{B-D-xylopyranosyl(123-O-a-
arabinopyrano
A. acutifolius (255)-3B,5p,22a-22-methoxyfurostane-3,26-diol Cs0Hg40,5 Antifungal activity (71)
3-0-B-D- xylopyranosyl-(122-m[p-D- 9mg
xylopyranosyl-(1—4)- B-D-glucopyranosyl
26-0-B-D-glucopyranoside
(25S)-3B,5p,22a-furostane-3,22,26-triol Cy49Hg209) NMR, TLC
3-0-5S)-3p,5p,22a-furostane [B-D-xylopyranosyl 6 mg
-(1—4)- B-D-glucopyranosyl
26-0-B-D-glucopyranoside
(255)-3B,5p,22a-22-methoxyfurostane -3,26-diol Cy5H7601g C. albicans, C. glabrata and C. tropicalis
3-0-25S)-3p,5p,22a-22-methox [B-D-glucopyranosyl 6 mg
26-0-B-D-glucopyranoside
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Sample (Root)| Biological In vivo antioxidant activity (Experimental model) References
activity
Method Extraction Dosage Duration
A. racemosus root Anti-ulcer Albino rats Total acidity, free acidity, and Methanol 25-100 mg/kg 5 days (40)
(175-225g) gastric secretion
A. racemosus root Antidiabetic activity| Long-Evansrats |Glucose, 80% ethanol 40-200 pg/mL (41, 42)
(180-250 g) 3-Isobutyl-1-methylxanthine
(IBMX), tolbutamide
A. racemosus root Hypolipidemic Male albino rats  |High-density lipoproteins Dried powder 5-10% 4 weeks (43)
activity (Charles Foster, |(HDL) and decreased plasma
150-200g)  |total lipid (TL), total
cholesterol (TC), low-density
lipoproteins (LDL), and
atherogenic index (AI)
A. racemosus root Antiurolithiatic Adult male albino |Level of creatinine, calcium, Ethanol 0.75% ethylene 28 days (44)
activity Wistar rats oxalate, and phosphate ions in glycol water
urine
A. racemosus root Diuretic activity | Inbred albino rats of |Lipschitz test ‘Water 800, 1,600, and 14 days (45)
the Wistar strain 3,200 mg/kg
A. racemosus roots Neuroprotective | Female Swiss albino |Glutathione peroxidase (GPx), Acetone 2-200 mg/kg 2 weeks (46)
Effect mice GSH assay
‘A. racemosus root Anti-tissue activity | Wistar albino mice Methanol 200-400 mg/kg, p.o 24h 47)
of either sex,
weighing 25-30 g
A. racemosus root Anti-dyspepsia 8 normal healthy |Anemia, diabetes, and any Powder 2g 3h (48)
male volunteers [abnormality in renal and liver
functions
A. racemosus root Antidiarrheal Inbreed Albino |Castor oil-induced diarrhea Ethanol 150, 200, and 4h (49)
activity Wistar rats of either and PGE2-induced 250 mg/kg
sex enteropooling gastrointestinal
motility in charcoal meal test
A. racemosus root Anticonvulsant Female Wistar rats |Hind limb extension, clonus, Chloroform 200 mg/kg, p.o 1h (50)
activity (180-200 g) stupor, the onset of tonic methanol 90 mg/kg, p.o
seizures Aqueous
A. cochinchinesis Anti-inflammatory Specific skin thickness and tissue 70% ethanol 200 mg/kg 7 days (19)
roots activity pathogen-free weight, inflammatory cytokine
5-week-old male |production,
neutrophil-mediated
myeloperoxidase (MPO)
activity, and various
histopathological indicators
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Plant
species

A. officinalis

Asparagus plant

fraction

Roots

Health benefit

Antioxidant effect: The IC50 value for DPPH scavenging activity of the extract (ethanol 70%) (1,117.65 % 14.26 pg/ml)
was significantly higher than that of BHT as control (8)
Antinociceptive effects: Formalin and tail-flick test in male Wistar rats exhibited a significant antinociceptive effect at the

early stage of the formalin test in the dose of 500 mg/kg intraperitoneally (8).

A. officinalis

Roots

Estrogen and progesterone increased in female rats after a 400 mg/kg dose due to increased activity of the
hypothalamic-pituitary-gonadal axis (9).

A. officinalis

Roots

Anti-diabetic effect: Rats with type 2 diabetes (T2D) showed an improvement after treatment with 500 mg/kg asparagus
root extract due to a significant increase in insulin secretion (10).

A. officinalis

Spear

Improvement of hypertension (high blood pressure), hyperglycemia (excess glucose in the bloodstream, associated with
diabetes), and dyslipidemia (elevates plasma cholesterol) (11).

A. racemosus

Roots

Antiglycation: The AGEs inhibitory activity of beta glucogallin isolated from the roots of A. racemosus were demonstrated
.

Anticancer: Targeting estrogen receptor a (6).

A. racemosus

Shoots

Prevent liver cancer: Rats were given diethylnitrosamine, a carcinogen, and a tumor promoter after a pretreatment with
aqueous asparagus roots. The pretreatment prevented hepatocarcinogenesis (12).

Galactagogic effect: Deficient lactating women showed significant galactagogic compared to the control. The mechanism
of action was attributed to steroidal saponins, which increase prolactin, a protein in mammals that facilitates milk
production (13).

Antioxidant properties: Good antioxidant when ethanol was used as an extraction solvent. The maximum inhibitory
concentration was 78.15 pug/mL (14).

Protection against urolithiasis (non-metallic minerals present in the urinary tract): A dose of 800 and 1,600 mg/kg of

A. racemosus extract significantly reduced serum concentrations of phosphorus, calcium, creatinine, and urea in rats (15).

A. cochinchinensis

Roots

Antidepressant Effect: Under stress, the pathway pErK1/2 (extracellular-regulated-kinase) is disrupted, inducing neuronal
cell death, in turn, depression. Saponins from asparagus activated the pErK1/2 pathway in rats. This meant that neuron
cell function was regulated; hence saponins act as an antidepressant (16).

Prevents liver cancer: Saponins in asparagus strongly inhibit liver cancer (HepG2) cells by interacting with reactive
oxygen species. This leads to a decrease in the mitochondrial membrane potential, resulting in apoptosis. The ICsq was
172.3 pg/mL for HepG2 cells (17).

Inhibits HIV-1 Replication: 78% at 20 jLg/mL (18).

Anti-inflammatory properties: It inhibits inflammation in the ears of mice at 200 mg/kg (19).
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Name of Total number of Total The average number Total of Number of An average
organization articles citations of citations one play | primes per play is cited
Naresuan Univ 30 61 2.03 6 12 2.00
Gifu Univ 23 31 1.35 12 17 1.42
Poznan Univ Life Sci 19 28 1.47 6 8 133
Pusan Natl Univ 16 13 0.81 6 5 0.83
Univ Otago 11 22 2.00 5 14 2.80
CSIC 10 20 2.00 6 11 1.83
Banaras Hindu Univ 10 15 1.50 6 9 1.50
Michigan State Univ 10 12 1.20 8 8 1.00
Univ Malaya 9 8 0.89 2 1 0.50
Hokkaido Univ 8 12 1.50 4 6 1.50
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(25S)-5p-spirostane-3p, 17a-diol
3-0-25S)-5p-spirostane-3p, 1 [B-D-
xylopyranosyl-(1—4)]-B-D-glucopyranoside

Cy43H70017
8 mg

(25S)-5p-spirostane-3pB-ol
3-0-25S)-5p-spirostane-3p-ol [B-D-xylopyranosyl
-(1—>4)]-B-D-glucopyranoside

C43H70016
8 mg

(25S)-5p-spirostane-3p, 17a-diol
3-0-B-D-glucopyranosyl-(1—2)- [B-D-
xylopyranosyl-(1—4)]-B-D-glucopyranoside

C44H72015
7 mg

A. racemosus

Shatavarin [

8.2mg

RP-HPLC, 1D,2D NMR, LC-MS

(72,73)

Shatavarin VI

3.2mg

w
=

atavarin VII

0.5mg

72}
=

atavarin VIII

1.6 mg

Shatavarin IX

1.1 mg

Shatavarin X

0.3 mg

ShatavarinV

19.4 mg

Asparanin A

0.61 mg

Shatavarin V

1.3 mg

A. racemosus

Immunoside

1.8 mg

Anti-lipid peroxidation ELISA, and LC-MS/MS

(58)

Asparacoside

Shatavarin IX

Asparanin A

Glucose-arabinose derivative of
(25s)-5p-spirostan-3pyl-D-glucoside

Shatavarin V

Arabinose-arabinose derivative of
(25S)-5p-spirostan-3p-D-glucoside

arabinose derivative of (25S)-5B-spirostan-3p-yl
B-D-glucoside

Shatavarin X

A. racemosus

Alkaloids

DPPH further isolated flavonoids, characterized
by chemical tests, TLC, and spectral studies, such
as UV, FT-IR, 1H-NMR, and LC-MS.

(74)

Steroids

Carbohydrates

Flavonoids

Tannins

Saponins

Toxicity study

Proteins and amino acids

A. racemosus

Asparagamine A

3.56 g

Immunomodulator

(75)

Racemosol

152 mg

Racemofuran

146 mg

A. racemosus

3-0-[cemosus Aopyranosyl-(1A2)-ranosyl-
(1Ayranosyl-(1(1A-0-nosyl-(1(1Aranosyl]-25(S)-5a
spirostan-3p-ol
(1S,2R,35,88,95,108,138,14S,16S,17R,22R,25R) - 21-
nor-18p, 27a-dimethyl-1p, 2,
3B-trihydroxy-25-spirost-4-en-19-oic acid. 1

NMR

A potent immunostimulant

(32)

A. racemosus

Steroidal M

15w g/mL

Anti-HIV activity

(76)

H

NS

C

20

E

15

B

40

Ag

40

A. racemosus

Shatavaroside A

30 mg

Potent immunostimulant NMR, HP-20

(34)

Shatavaroside B

42 mg

A. racemosus

Isoflavone, 8-methoxy-5,6,4’ -trihydroxyisoflavone-7-
O-B-D-glucopyranoside

0.082%

NMR

77

A. racemosus

3-O-{[emosusucopyranosyl(1-2)] [ucosidemnopy-
ranosyl(1-2)][ucosidecopyranosyl}-26-O-(ucosid-
ecopyranosyl)-(25S)5ucosidetan-3anosyl)6-triol,

19% of the total saponin

RP-HPLC, NMR

(78)

A. racemosus

Asparagamine A

DPPH

Identification of antioxidant activity

(79)

Racemosol

Racemofuran

A. adscendens Roxb

3-heptadecanone

(33)

8-hexadecenoic acid

Thin-layer chromatography (TLC)

Methyl pentacosanoate

HPTLC

Tetratriacontane

Tritriacontane

Methyl palmitate

Antitoxicity activity

Tetracosyl tetracosanoate

Antioxidant

Palmitic acid

Stearic acid

Asparanin C

Asparanin D

Asparoside C

Asparoside D

3-B-O-{B-D-2-tetracosylxylopyranosyl}-stigmasterol,
3-B-O-{B-d-glucopyranosyl
(1-2)-a-l-arabinopyranosyl}-stigmasterol,

A. stipularis Forssk

Aspastipuline

The cytotoxic activity of aspastipuline against the
MCE-7 cell line NMR.

(35)

5-hydroxyaspastipuline

A. filicinus

Furostanoside (aspafilioside D), officinalisnin II, and

tormentic acid

NMR, D-101 macroporous resin, MCL gel
CHP-20P, and Sephadex LH-20

(80)
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Samples Extracts/parts Effects and Reference
mechanisms
M. elata fruiting Bioactive extract 10, 25, and 50 mg The croton oil Decreasing the thickness of mice Anti-inflammatory (48)
bodies induced skin skin to an extent from 20 to 75%. effects
inflammation mice NF- kB inhibiting effects
model
M. esculenta Polysaccharide 75mgper kg BWby | Non-treated and Enhancing the relative abundance | Immune-protective (54)
fruiting bodies extract (3,947 kDa) | gavage for 6 days cyclophosphamide | of Bacteroidetes, effects; gut health
(CP)-treated male Ruminococcaceae, protective effects
Kunming mice Erysipelotrichaceae, and
Lachnospiraceae in the mice gut
M. esculenta Polysaccharides 50-400 pug/mL In vitro DPPH, Scavenging free radicals including | Anti-oxidative (50)
fruiting bodies extract ABTS, and DPPH, ABTS, and CUPRAC activities
CUPRAC assays
M. esculenta Polysaccharidesand | 100, 150, 200, and PM2.5-treated Increasing the ROS release and Anti-inflammatory (62)
fruiting bodies their derivatives 400 pg/mL ‘macrophage the production of effects
NR8383 cells pro-inflammatory cytokines via
the regulation on NF- kB pathway
M. esculenta Polysaccharides 75 mg/kg body Male Kunming Increasing the beneficial bacterial | Gut health 7
fruiting bodies weight for 8 days mice density and short chain fatty acids | protective effects
in mice
M. esculenta Polysaccharides 200 and 400 mg/kg Obese BALB/c mice | Recovering the diversity of Gut health (63)
fruiting bodies for 12 weeks bacteria, decreasing the protective effects
abundance of Firmicutes and
enhancing the abundance of
Bacteroidetes
M. esculenta Polysaccharides 200, 400, and 600 Type 2 diabetic Improving both Firmicutes and Gut health (64)
fruiting bodies mg/kg mice model Actinobacteria, and increasing the | protective effects
intestinal permeability
M. esculenta Polysaccharides 2000 1,000pg/mL | human colon Inhibiting the cell proliferation in | Anti-colon cancer (63)
fruiting bodies extract by pulsed for 24 or 48 h cancer HT-29 cells a dose and time-dependent effects
electric field (81,835
kda)
M. esculenta Methylene chloride | 1Cs ranged from HT-29 colon cancer | Demonstrating high antioxidant Anti-colon cancer (60)
fruiting bodies extract 2.0-52puM cell activity via inhibiting NF-kB effects
M. esculenta Methanolic extract 1Cs ranged from Human lung The derivatives of octadecanoic Anti-lung cancer (42)
fruiting bodies 133.1 to 278.0 uM adenocarcinoma acid and ergosterol were the main effects
cell lines A549, constituents that responsible for
H1264, H1299, and the ability to induce apoptosis in
Calu-6 the lung cancer cells.
M. esculenta Ethanol extract 0.1,0.5, and 1% of In vitro DPPH, Scavenging free radicals in a Anti-oxidative (66)
mycelia the extract ABTS, FRAP assays dose-dependent manner activities
M. esculenta Ethanol extracts 250, 500, and 1,000 DLA cell Alleviating both acute and chronic Anti-inflammatory (67)
mycelia mg/kg line-induced solid inflammation; reducing the effects; anti-tumor
tumor and EAC cell | weight of the transplanted tumor effects
line-induced ascites by 41.1,61.7, and 76.9% in mice
tumor models in
mice
M. importuna Glucan 7.81-500 pg/mL RAW264.7 Activation of TLR4-NF-kB and Immune-protective (46)
fruiting bodies MIPBS50--1 (444.5 ‘macrophage cells MAPK signaling effects
kDa), MIPB50-W
(939.2 kDa)
M. importuna Polysaccharides 7.8-500 pg/mL in RAW264.7 Enhancing the phagocytic Immune-protective (68)
fruiting bodies MIPB70- vitro, 50 or 150 macrophage cells; function and secretion of NO and effects; anti-tumor
1(20.6kDa) mg/kg by gavage in BALB/c female cytokines via the TLR4 signaling; effects
vivo mice enhancing the anti-tumor activity
of doxorubicin (DOX), inhibiting
the growth of breast tumor
M. importuna Polysaccharides 50-400 pg/mL Mouse neuronal Improving the ERK expression Anti-oxidative (69)
fruiting bodies extract PCI2 cells injured and inhibit the p38 and NF-«B activities
by H202 expression; depressing caspase-3
and reducing the ratio of
Bax-2/Bcl-2 ratio
M. sextelata polysaccharide 1.0-5.0 mg/mL RAW264.7 Enhancing the cell proliferation, Immune-protective (70)
fruiting bodies MSP-3-1 (23500 macrophage cells NO production and phagocytosis; | effects;
kDa) antioxidant effects against FPPH anti-oxidative
and ABTS radicals activities
M. sextelata Polysaccharide 25-400 pg/mL RAW 264.7 Stimulating the production of Immune-protective (52)
fruiting bodies MSP2-1 (3715 ‘macrophage cells NO, cytokines, and promote the effects
kDa) proliferation via TLR4 receptors
M. sextelata Polysaccharides 50 and 100 pg/ml Mouse neuronal Free radical scavenging abilityand | Anti-oxidative (55)
fruiting bodies extract (average PCI2 cells injured recovery of injured PCI2 cells activities
MW1350kDa) by H202
M. sextelata Extracellular 0.2,0.9, and RAW246.7 Inhibiting inflammation related Anti-inflammatory 71)
mycelia vesicles 3.5png/mL macrophage cells factors including TNF-a, IL-6, effects
iNOS and COX-2 via suppressing
the MAPK pathway
M. conica, M. Methanolic and ICs ranged from SW-480 colon Extracts of M. conica, M. Anti-colon cancer (72)
esculenta, M. ethanolic extracts 0.15-0.66 mg/mL cancer cell esculenta, and M. delicosa showed effects
delicosa fruiting anti-proliferative activities with
bodies the ICsp of 0.41-0.63, 0.15-0.43,
and 0.41-0.66 mg/mL,
respectively.
M. dunalii, M. Methanol extract of | Total phenolic In vitro DPPH, M. purpurascens group behaved Anti-oxidative (33)
purpurascens, M. | fruiting bodies content FRAP assays best in Scavenging DPPH and activities
deliciosa, M. 135.80-281.96 mg FRAP free radicals
mediterraneensis, GAE/g dry weight
M. importuna,
M. esculenta
M. rotunda, M. Methanol extract of 40 pg/mL In vitro DPPH, The radical scavenging ability was Anti-oxidative @
crassipes, M. fruiting bodies ABTS assays maximized in M. conica, followed | activities
esculenta, M. by M. crassipes and M. esculenta
deliciosa, M.
elata, M. conica,
M. angusticeps
M. vulgaris, M. Ethanol extracts 50, 100, and In vitro DPPH, Scavenging the free radicals, Anti-oxidative (73)
esculanta 150 pg/mL superoxide anion superoxide anion radicals and activities
fruiting bodies radical assays hydrogen peroxide
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Species Phenolic Content Reference
and region composition
M. esculenta Quercetin 169.8 mg/kg extract (43)
(India)

p-Coumaric 94.7 mg/kg extract

Rutin 80.0 mg/kg extract

Tocopherol 42.6 mg/kg extract

Catechol 40.1 mg/kg extract

Hyperoside 20.3 mg/kg extract

Ellagic acid 13.5 mg/kg extract

Cinnamic acid 7.0 mg/kg extract
M. esculenta Protocatechuic 1,715.2 mg/100 g (39)
(Turkey) acid DW

p- 345.8 mg/100 g DW

Hydroxybenzoic

acid

Quercetin 198.9 mg/100g DW

Gallic acid 78.2 mg/100g DW

Chlorogenic acid | 17.3 mg/100g DW

Epicatechin 12.9 mg/100g DW

Ferulic acid 7.5mg/100g DW

p-Coumaricacid | 0.53 mg/100g DW
M. pulchella Caffeic acid 16.2-22.7 mg/g (45)
(Turkey) extract
M. conica Protocatechuic 20.8 mg/kg DW (26)
(Portugal) acid

p-Coumaric acid 2.5 mg/kg DW
M. conica p- 55.2 mg/kg DW (26)
(Serbia) Hydroxybenzoic

acid

Protocatechuic 5.0 mg/kg DW

acid

p-Coumaric acid 2.2 mg/kg DW

Gallic acid 1.8 mg/kg DW
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Conten Species Origin Reference

Calories (kcal/100 g) 358.2 M. clata Croatia (25)
355.6 M. conica Portugal (26)
386.5 Serbia
367.6 M. esculenta Portugal @7)
379.8 Serbia
Protein (g/100g) 228 M. crassipes Us (28)
25 M. esculenta us (28)
269 M. hortensis Us (28)
7.5 M. conica Portugal (26)
10.1 Serbia
245 M. conica India (29)
35 M. conica Nepal (30)
35.8 M. elata Croatia (25)
Fat (g/100 g) 39 M. elata Croatia 25)
28 M. conica Portugal (26)
27 Serbia
26 M. esculenta Portugal ©7)
23 Serbia
76 M. crassipes Us (28)
33 M. esculenta Us (28)
3.1 M. hortensis us (28)
12 M. conica Nepal (30)
Carbohydrate (g/100g) 75 M. conica Portugal (26)
80.5 Serbia
74.6 M. esculenta Portugal @7)
784 Serbia
36.8 M. conica Nepal 30)
Ash (g/100g) 9 M. elata Croatia ©5)
146 M. conica Portugal (26)
6.7 Serbia
113 M. esculenta Portugal (¢}
7.9 Serbia
182 M. crassipes Us (28)
173 M. esculenta Us 28)
177 M. hortensis Us (28)
14.7 M. conica India 29)
83 M. conica Nepal (30)
Total sugar (g/100g) 44 M. elata Croatia ©25)
85 M. conica Portugal 26)
9.5 Serbia
157 M. esculenta Portugal ©7)
64 Serbia
Crude fiber (g/100g) 48 M. conica India (29)
288 M. conica Nepal (30)
Iron (mg/100g) 53.1 M. conica India 29
254 M. rotunda Turkey )
476 M. crassipes
304 M. esculenta
9.6 M. deliciosa
72 M. elata
33.6 M. conica
59.4 M. angusticeps
Zinc (mg/100g) 22 M. conica India (29)
7.6 M. rotunda Turkey ©)
89 M. crassipes
15.3 M. esculenta
9.4 M. deliciosa
12.1 M. elata
12.6 M. conica
11.1 M. angusticeps
Copper (mg/100 g) 3 M. conica India (29)
26 M. rotunda Turkey [®)
4.5 M. crassipes
22 M. esculenta
L9 M. deliciosa
38 M. elata
1.2 M. conica
11 M. angusticeps
Magnesium (mg/100 g) 56 M. conica India (29)
1184 M. rotunda Turkey )
149 M. crassipes
1272 M. esculenta
97.4 M. deliciosa
138.6 M. elata
169 M. conica
1662 M. angusticeps
Calcium (mg/100 g) 248 M. rotunda Turkey ®)
356 M. crassipes
234 M. esculenta
74.2 M. deliciosa
1354 M. elata
140.4 M. conica
518 M. angusticeps
Manganese (mg/100 g) 35 M. rotunda Turkey ®)
38 M. crassipes
23 M. esculenta
1.8 M. deliciosa
14 M. clata
25 M. conica
46 M. angusticeps
Thiamin (Vitamin B1) (mg/100 g) 052 M. hortensis Us 31)
Riboflavin (Vitamin B2) (mg/100 g) 13 M. hortensis Us 31)
Vitamin C (mg/100g) 100 M. conica India (29)
Vitamin D2(mg/100g) 1372 M. esculenta Turkey 32)
Total phenolic content (mg GAEs/g) 12.3 M. conica India (29)
17 M. rotunda Turkey )
186 M. crassipes
213 M. esculenta
124 M. deliciosa
154 M. elata
254 M. conica
166 M. angusticeps
1358 M. deliciosa Turkey (33)
282 M. purpurascens
Total flavonoid content (mg QEs/g) 0.62 M. conica India (29)
0.59 M. rotunda Turkey )
047 M. crassipes
025 M. esculenta
0.15 M. deliciosa
03 M. elata
0.24 M. conica
026 M. angusticeps

GAEs, gallic acid equivalents; QEs, quercetin equivalent.
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Total Scaffold Contig GC Genome  Reference

genome number number content coverage
length
M. importuna MO04M26 48.98 Mb 106 111 47.3% 951,626 bp 298x 4
MO04M24 51.07 Mb 394 763 47.3% 198,406 bp - @4
M. conica CCBAS932 4821 Mb 540 2,145 47.2% 52,248 bp 67.8% (18)
M. sextelata - 52.93 Mb - 59 47.37% 1,569,782 bp (18)
M. eximia MG90 73.46 Mb 7,793 10,613 46.0% 26,474 bp 57x (18)
M. snyderi CBS 144464 54.77 Mb - 81 - 15bp 160.8x Q@n
M. septimelata MG91 49.96 Mb 6525 - 47.40% - 15117 ©23)
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Names

Morchella conica

Characteristics

Black morel, “conica morel”, conical, pointed cap

Cultivation regiol

Eastern United States

Morchella esculenta

Yellow morel or the “common morel”

Europe, North America, and Asia,

Morchella deliciosa Yellow more, sweet, nutty flavor ‘Western United States
Morchella sextelata Black morel, small size and dark, spongy cap China
Morchella eximia Black morel, small, elongated cap and stem China
Morchella importuna Black morel, small, elongated cap and stem China
Morchella rufobrunnea Reddish-brown cap ‘Western United States
Morchella tomentosa Soft, velvety cap Western United States
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Skipping rope (n/min)

Screen time (min/days)

Sit ups (#/min)

400m run (s)

Areas (Rural: 05 Urban: 1)
Oil (g/days)

Family income (yuan/month)
Sex (Boy: 0; Girl: 1)

Fat (g/day)

TR?:0.43, p < 0.01; RMES: 119,
911.

031
-025
023
—020
-0.19
018
015
011

0.09

~5.56
~5.54
414
—4.46
433
248
355
243
219
179

VIF

178
117
178
101

309
105
116
111
142

<001
<001
<001
<0.01
<001
<0.01
<0.01
<0.05
<0.05
>005
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Exercise time (min)
Screen time (min)

Sleeping time (min)

p<o.

Boys

Urban (n = 262)
Mean + SD

4124221
12487 £44.2
550.1 £ 42.0

Rural (n = 214)
Mean + SD

67.0" £42.1
8744336
545.1 423

Urban (n = 250)
Mean £ SD

3994200
1213 £42.8
5534+ 413

Girls

Rural (n = 185)
Mean £ SD

607" £42.1
8524322
560.7 % 40.1
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Food groups’

Grains
Vegetables
Fruit
Meat

Eggs

Fish
Beans
Milk
Edible oils

“ttest, p < 0.05.
t19).

Recommendation’

250-400
300-500
200-400
50-75
25-50
50-100
30-50
300
<30

Urban (n =262)
Mean £ SD

593.8 % 155.5
45324 1368
1852914
167.0 £ 805
6924336
357 £20.0
6784311
870754
370+ 15.1

Boys

Rural (n = 214)
Mean + SD

583.8 157.3
448.8 % 102.1
1638+ 792
101.0% £733
68.14355
206+17.5
6774305
463" £403
3554156

Girls

Urban (n = 250)
Mean + SD

4573+ 1224
387.3£ 1190
231.8+989
115.6£702
5434299
2784200
5284287
86.8453.0
3684195

Rural (n = 185)
Mean £ SD

42301 £ 1108
349.0 1047
20143 £796
9001 £57.4
493%27.0
210182
5044232
326" £208
337+ 14.1
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50m run (s)

Body anteflexion in sitting (cm)
Skipping rope (11)

Sit ups ()

400 m run (s)

*Pearson’s correlation coefficic

Boys

<001

Rural

—005
0.10
024
010
024

Girls

Urban Rural
003 015

—0.06 017
017 021°
0.16 0.14*

—0.04 021
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Boys Girls

Urban Rural Urban Rural
BMI category (kg/m?)
Underweight 8(3%) 5(2%) 16 (6%) 14 (8%)
Normal 130 (50%) 132 (62%) 152(61%) 130 (70%)
Overweight and obese 124 (47%) 77 (36%) 82(33%) 4122%)
Results of 5 items of physical fitness test?
50m run (s) 107 £ 1.5 10.6£2.3 1.0+ 1.5 107" £ 2.1
Body anteflexion in sitting (cm) 23460 4454 6859 75450
Skipping rope (1) 485+ 436 64.5% £40.7 710 £40.4 92.7* £50.0
Sit ups () 2554103 2847 £ 119 2514105 256120
400 m run () 11044197 105.0° £ 167 11254194 1063+ £ 155
Food consumption
Energy (keal) 2274246754 202747+ 4998 2174245796 18981  391.7
Proteins (g) 7694249 647 £ 1538 740£224 618" £ 111
Fat (9) 8744340 58,8 211 8454315 5487 £205
Carbohydrate (g) 29794900 31674827 2866 £73.0 29194608

“ttest, p < 04 est, p < 0.01.
* Values are n (%) or mean £ SD.

#All the students conducted the 50 meters run, body anteflexion in sitting and rope skipping test.
girls: 185. Students in the ffth and sixth grades conducted the sit u
sixth grade conducted the 400 meters run test. The number of parti

[he number of participants: Urban boys: 262 Urban girls: 250; Rural boys: 214; Rural
test. The number of participants: Urban boys: 186; Urban girls: 179; Rural boys: 150; Rural girls: 130. Students in the
ipants: Urban boys: 98; Urban girls: 99; Rural boys: 86; Rural girls: 70.
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Strain

Lactobacillus bulgaricus L2
Streptococcus thermophilus

Lactobacillus plantarum CICC
6238

Lactobacillus plantarum FNCC
260

Lentinula edodes

Lactobacillus Plantarum Lac.1
Monascus SM048

Monascus

Monascus M-6

Saccharomyces mutant

Candida glabra GPT-5-11
Monascus CH-1

Lactobacillus brevis GABA100
Bifidobacterium BGN4

Enrichment
method

UV mutagenesis
Fermentation

UV mutagenesis

Fermentation

Malolactic
fermentation

Co-culture

Fermentation
Fermentation

Fermentation

Fermentation

Fermentation

Co-culture

Treatment conditions

Irradiation by 18 W ultraviolet lamp, at 45 cm for 50 s

Culture in MRS medium at 37’

°Cfor48 h

Irradiation by 30 W ultraviolet lamp at 25 cm for 9 s

Culture in MRS medium at 37’

°C for 60 h

In MRS medium, shiitake stalk is activated once at 37°C and

150 rpm/min for 16—20 h, and co-activated for 3 times

MonascusSM048 at 30°C, 200

Lactobacillus is inoculated and

rpm/min, after 7 days of culture,

incubated at 30°C for 120 h

Shake-flask at 29°C, 200 rpm/min for 6 days

fermentation at pH 5.0, 40°C,

120 rpm/min, for 48 h

Inoculate at concentration of 4% and incubate at 30°C, 220 rpm

for 4 days

Incubate at 37°C, pH 6.5 for 48 h

Inoculate at concentration of

7% and incubate at 30°C for

9 days; the substrate is added with 0.10 g of sodium glutamate

Incubate at 30°C, 195—200 rpm, anaerobic condition for 6 days

GABA concentration References

(g/L)

1.3392
2.8
1.196

0.809

0.191

22.373
7.826
2.588

2.58
1930 (mg/kg)

2.5 x 10% (CFU/mL)
8.7 x 10° (CFU/mL)

—~ o~ o~

61)
62)

63)

64)

65)

66)
67)
68)

69)
70)

71)
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Model

Spontaneously
hypertensive rats

Foods

Flammulina velutipes powder (0.9 mg
GABA/kg)

Lactic acid bacteria fermented milk 102 FM
(970 mg GABA/L)

Monascus fermentation products (0.0245 mg
GABA/kg)

Mulberry leaf water extract (20 mg GABA/kg)
Pickled radish (1.36 mg GABA/kg)

Paster fermented by Aspergillus oryzae idli
(451.7 mg GABA/kg)

Brown rice (1 mg GABA/kg)

SBP, systolic blood pressure; DBP, diastolic blood pressure.

Mode

Single-dose, d

Single-dose, d

Single-dose, d

Single-dose, d

single-dose, d

€

€

€

€

€

ermine a

ermine a

ermine a

ermine a

fter 8

fter 8

fter 8

fter 8

n

ermine after 2 weeks

Given at every 48 h for 2 weeks,

determine after 1 week

Given weekly for 4 weeks, determine

after 3 weeks

Antihypertensive eftect

SB

SB

red

SB

red
SB
SB
SB

SB

P red

P red

P red

P red
P red

P red

P red

uc

uc

uc

uc

uc

uc

uc

ion o

ion o

ion o

ion o

ion o

ion o

ion o

f30 mm Hg

f24 mm Hg DBP

uction of 33 mm Hg

f 30 mm Hg DBP

uction of 20 mm Hg

f30 mm Hg
f20 mm Hg
f30 mm Hg

f 15 mm Hg

Reterences

(58)

(59)

(60)

(61)
(62)
(63)

(64)
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Name GABA  References

content
(mg/kg)
Fruits and Tomatoes 350—2010 (128, 129)
vegetables Spinach 300—400 (130)
Broccoli (131)
Potatoes 160—610 (132)
Red mustard leaf 1780 (133)
Strawberry (fresh) 1560—3640 (134)
Rambutan (fresh) 719 (135)
Lychee (fresh) 1700—3500 (136)
Grape (fresh) 146 (24)
Longan (dried) 1998 (137)
Jujube (dried) 150.31—333.37 (138)
Grain Pumpkin seeds 3710—15530 (139)
Adzuki 2012 (140)
Wheat bran flakes 66—99 (141)
Quinoa flakes
Malt powder tablets 258
Millet 429 (142)
Barley bran 948 (143)
Wheatgerm 1630 (144)
Edible fungi Flammulina velutipes 229.7 (15)
(dried fruiting  Boletus edulis 202.1
body) Agaricus bisporus 1254
Hypsizygus marmoreus (brown) 114.1
Clitocybe maxima (cap) 17.3
Clitocybe maxima (stipe) 227
Pleurotus eryngii 255
Lentinus edodes 154
Grifola frondosa 17.8
Pholiota nameko 8.2
Pleurotus citrinopileatus 17.8
Pleurotus cystidiosus 37.1
Pleurotus ferulae 46.7
Pleurotus ostreatus (Japan) 6.1
Pleurotus ostreatus (Korea) 23.6
Pleurotus ostreatus (Taiwan) Not detected
Pleurotus salmoneostramineus
Pleurotus eryngii (base)
Inonotus obliquus
Auricularia mesenterica
Boletus with Scallion 4555 (16)
Boletus niger 3532
Boletus with callion 2310
Pleurotus geesteranus 713
Oudemansiella raphanipies 143
Other Honey 4.17-9.77 (145)

Milk 69—70 mg/L (146)
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Name of AR | Trace | Units |Contents|References
elements
Co mg/kg 91.0
Na mg/kg 381.0
K mg/kg 9,508.0
Ca mg/kg 3,076.0
Li mg/kg 78.0
A. racemosus root Zn mg/kg 165.0 (84)
Cu mg/kg 34.0
Mn mg/kg 84.0
Fe mg/kg 2,040.0
Co mg/kg 122.0
Na mg/kg 745.0
K mg/kg 13,260.0
Ca mg/kg 6,153.0
Li mg/kg 58.0
A. officinalis root Ca - - (86)
Fe - -
A. africanus root Zn - - (88)
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Compound

Sarsasapogenin O (65)

Ovarian

A278020

10.57

HO-89102°

Esophageal
ECA-10920

Gastric
MGC-80320

IC50 values (uM)

Nasopharyngeal

CNE?2°

Lung

LTEP-a-220

A54921

Nasopharynx
KBZO

Leukemia
L12102°

Asparagoside A (65)

10.22

5.04

(25R)-5B-spirostan-3B-ol
3-0-B-D-glucopyranoside (65)

24.83

Sarsasapogenin (65)

6.09

Sarsasapogenone (65)

(258)-neospirost-4-en-3-one (65)

18.85

25S- spirosta-1,4-dien-3-one (65)

Stigmasterol (65)

Sarsasapogenin M (65)

Sarsasapogenin N (65)

(258)- 5-spirostan-3B-ol 3-O-B-D-

glucopyranosyl-(1—2)-[B-D-xylopyranosyl-

(1—4)]-B-D-glucopyranoside
(65)

(25S)-5p-spirostan-3p-ol
3-0-B-D-glucopyranosyl-(1—2)-p-D-
glucopyranoside (65)

4.03

3.72

3.16

1.38

4.32

(258)-5B-spirostan-3p-ol
3-0O-a-L-rhamnopyranosyl-(1—2)-[a-L-
rhamnopyranosyl-(1—4)]--D-
glucopyranoside

(65)

10.15

12.88

(258)-26-0-B-D-glucopyranosyl-5p-
furost-20(22)-ene-3p,26-diol
3-0-B-D-glucopyranosyl-(1—2)-B-
Dglucopyr-anoside

(65)

Vamogenin (65)

B-sitosterol (65)

Sitosterol-B-D-glucoside (65)]
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Product

Glutinous Barley
without Hull

Wheat

Barley
Wheat

Soybean

Bean sprout
Soybean sprouts
Soybean

Millet

Rice

Brown rice
Rice bran

Rice

Germinated soybean

Enrichment method

Soaking and anaerobic

treatment

Hydration anaerobic
treatment

Hydration heat treatment

Soaking treatment

Sonication treatment

Salt stress treatmen
Salt stress treatmen
Sonication treatment
Soaking treatment
Salt stress treatmen

Salt stress treatmen

Salt stress treatmen

Hypoxic stress treatment

Treatment with different

germination times

Lactic acid bacteria

fermentation treatment

Treatment conditions

Soak in 50 mmol/L sodium acetate buffer (pH 6.0) for 8 h,
germinate at 15°C for 48 h, and then anaerobic treat for 12 h

After five times of hydration treatment, the wheat moisture
reaches 35%, and nitrogen is added to maintain the pressure of

20 Pa for anaerobic treatment for 24 h

Wheat moisture reaches 35%, blowing at 120—140°C for the
30 s, wheat grain temperature reaches 50—60°C, and then
cooling to 27°C

Soak at 15°C, imbibe for 48 h, and germinate for 72 h

After germination, 25 kHz, 28°C, 72 h ultrasonic treatment for
30 min

Soak in 100 mmol/L NaCl solution for 12 h at 25°C

33.3°C, 133.5 mmol/L NaCl solution culture time 5.5 days
25°C, 300 W treatment for 30 min

30°C, soaking for 4 h, hypoxia stress for 2 days

25°C, 100 mmol/L NaCl solution salt stress treatment for 48 h
Soak in 30 mmol/L NaCl solution at 20°C for 48 h

33.3°C, soak in 133.5 mmol/L NaCl solution for 72 h

40°C, anaerobic culture under nitrogen for 8 h

Germination at 30°C for 20 days

MRS culture solution, at 30°C, 150 rpm, fermented soybean
with lactic acid bacteria for 24 h

GABA concentration
(mg/kg)

143

456.5

474

529
497.2

2699.3
1205.24
1192.9
2240
319.2
1138.2
1217.14
1715
2850

424.67

Reterences

(147)

(148)
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Total
phenolics

Total phenolics 1
Total flavonoids

Total polysaccharides

ABTS+ values

DPPH- values

-OH values

Total
flavonoids

0.868*

*Significant at < 0.05, and **significant at 0.001 < p < 0.01.

Total
polysaccha-
rides

0.621
0.645
1

ABTS+ free radical
scavenging rate

0.984**
0.769
0.537

DPPH- free radical
scavenging rate

0.958**

0.814*

0.720

0:937*%
1

-OH free
radical
scavenging rate

0.983**

0.933%*

0.590

0.943**

0.917**
1
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Sources

squares
Model 2667.78
A 81.09
B 780.92
(6 853.05
AB 12.74
AC 150.43
BC 50.98
A? 729.17
B2 17.14
G2 0.0177
Residual 60.19
Lack of Fit 26.91
Pure Error 33.28
Cor Total  2727.97

R? =0.9779 AdjR? = 0.9496 Adeq Precision = 20.0481 C.V.% = 0.9865

—

W N

16

Sumof df Mean

square

296.42
81.09
781.92
853.05
12.74
150.43
50.98
729.17
17.14
0.0177
8.60
8.97
8.32

F-value P-value

34.47 < 0.0001
9.43 0.0180
90.82 < 0.0001
99.21 < 0.0001
1.48 0.2629
17.49 0.0041
5.93 0.0451
84.80 < 0.0001
1.99 0.2008
0.0021 0.9651
1.08 0.4532

*Significant at 0.01 < p < 0.05, and ***significant at p < 0.001.
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Run A:Fermentation B: C: Initial Total phenolics

temperatures  Inoculum pH (ng/mL)
(°C) size (%)
1 -1 -1 0 320.26
2 1 -1 0 309.07
3 -1 1 0 293.60
4 1 1 0 289.55
5 -1 0 -1 303.12
6 1 0 -1 285.74
7 -1 0 1 312.41
8 1 0 1 319.55
9 0 -1 -1 284.79
10 0 1 -1 275.50
11 0 -1 1 311.69
12 0 1 1 288.12
13 0 0 0 288.36
14 0 0 0 290.50
15 0 0 0 295.98
16 0 0 0 293.36
17 0 0 0 291.69
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Levels

Factors
A: Fermentation B: Inoculum Initial
temperatures (°C) size (%) pH
22 2 6
25 5 7
28 8 8
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Total phenolics (jg/mL) = 291.98 — 3.18A — 9.88B +

10.33C + 1.78AB + 6.13AC — 3.57BC + 13.16A% — 2.02B?

+ 0.065C2 (4)
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Samples Particle size distribution (i m)

do.5 (nwm) do.o (wm) D [4,3] (nm)
A-BSDF 279.03 £ 3.91¢ 593.39 + 14.62° 1190.42 = 42° 670.84 & 18.85° 478.37 £ 10.12°
B-BSDF 413.10 + 6.48¢ 788.45 & 7.22¢ 1406.41 & 5.38° 851.97 + 6.40° 627.76 £ 51.41°¢
C-BSDF 222.21 +£7.35% 560.29 = 23.62% 1140.53 = 24.40P 626.70 £ 18.95% 309.17 £ 10.92%
D-BSDF 249.22 + 12.49° 548.20 & 22.42° 1026.10 & 60.68* 593.95429.73* 300.90 & 16.99*
Different lowercase letters in the same row indicate significant differences between groups (p < 0.05).





OPS/images/fnut-09-1035788/fnut-09-1035788-e000.jpg
AL — A;
ABTS + scavenging activity (%) = [1 - %} x 100%
o
(1)





OPS/images/fnut-09-1102671/fnut-09-1102671-t001.jpg
Basal

compohnent

(%)

Ash 10.924£0.25> | 11.7840.16° |  7.1440.08*| 11.07 = 0.44°
Moisture 1353 £0.11° | 11.2640.81% | 11.17+0.12*| 12.3540.42°
Protein 10.70 £0.09° | 12.6040.34° | 16.124+0.184|  8.33 4 0.09
Fat 0.1440.03* | 0.13£0.01* | 0.13£0.02*| 0.20 +0.01®
Total dietary 63.914+0.76° | 63.64+1.24* | 64.97+£0.89%  67.640.79*
fiber

Insoluble dietary | 59.57 40.98%| 60.01 = 1.13%®| 58.84 4 0.08*| 61.82+0.5"
fiber

Soluble dietary 434+0.07° | 4.03+£006* | 6.1340.194 578+0.07°
fiber

Different lowercase letters in the same row indicate significant differences between groups

(p < 0.05).
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Storage
time

4d

10d

Storage
time

4d

10d

Treatment

CK
VP
CP
VP+CP
CK-TFT
CK-CON
VP
CcP
VP+CP
CK-TFT
CK-CON
VP
CP
VP+CP

Treatment

CK
VP
CP
VP+CP
CK-TFT
CK-CON
VP
CcP
VP+CP
CK-TFT
CK-CON
VP
CP
VP+CP

Asp

0.49 = 0.00°
0.30 & 0.014
0.37 £ 0.01°
0.74 4 0.01*
1.00 & 0.03¢
0.28 4 0.014
1.76 + 0.01°
0.12+0.01¢
1.81 + 0.00°
0.43 £ 0.01°
0.35 4 0.004
2.15 4 0.04*
0.30 £ 0.01°
0.58 4 0.02°

Ile

2.43 40312
2.58 4 0.04*
2.89 4 0.34*
2,554 0.01*
2.96 = 0.01°
2.70 4 0.024
3.49 4+ 0.120
2.59 4 0.174
3.69 & 0.03*
3.56 4 0.01*
2.59 = 0.01°
3.62 4 0.20
2.70 4 0.24%¢
2.91 +0.02°

Thr

9.35 4 0.01°
8.37 £ 0.04°
7.61 + 0.084
12.43 4 0.03°
8.44 =+ 0.04°
7.97 4 0.094
9.34 4 0.04*
6.24+0.16°
8.15 = 0.04°
8.27 4 0.004
8.64 = 0.06°
10.81 + 0.12°
10.08 + 0.02°
5.98 = 0.09°¢

Leu

476 4 0.20°
5.08 4 0.09"
5.59 4 0.31%
5.88 4 0.02*
822+ 0.07°
6.67 £ 0.044
9.90 + 0.06"
5.77 4 0.13¢
10.42 + 0.09*
11.05 + 0.03°
8.06 & 0.044
10.91 + 0.20°
8.51 £ 0.19°
9.24 =+ 0.06"

Ser

4.51 +0.02%
4,05+ 0.04°
3.75 £ 0.02°
451 £0.012
4.90 = 0.02¢
3.57 4 0.024
4.98 £ 0.02¢
591 4 0.15"
6.25 + 0.08°
6.60 = 0.02°
5.12 + 0.07°
6.95 + 0.07%
3.61 + 0.054
6.98 + 0.04%

Tyr

4.7240.13¢
5.04 +0.11°
5.94 + 0.29%
5.79 £ 0.01%
7.69 £ 0.17°
6.78 £ 0.014
9.11 4 0.03"
5.38 £ 0.10°
9.64 + 0.09%
3.69 + 0.03°
3.16 4 0.024
5.57 + 0.142
3.28 + 0.064
431 +0.03°

Glu

22.77 % 0.10°
24.30 =+ 0.09"
26.12 4 0.16°
22.01 = 0.09¢
21.14 4 0.19¢
20.87 =+ 0.059
25.33 + 0.20°
24,02 4 0.12°
26.67 4 0.24°
14.05 + 0.04¢
11.21 £0.20°
19.77 4 0.20°
12.37 4+ 0.19¢
20.83 4 0.21°

Phe

3.02+0.15°
2.62 4+ 0.09°
4.01 4 0.50*
4.30 4 0.04*
7.48 4 0.05¢
5.57 +0.024
8.67 4 0.03"
3.55 4 0.08°
9.19 4 0.27*
10.40 + 0.07*
8.59 4 0.04¢
10.40 4 0.19*
8.59 =+ 0.16"
10.40 + 0.09°

Gly

12.40 + 0.06°
13.09 % 0.10
10.18 4 0.01¢
13.20 4 0.03*
10.22 4 0.08¢
11.38 4 0.03¢
1221 4 0.05¢
15.55 4 0.03*
12.93 4+ 0.12°
13.56 4 0.01¢
15.29 4 0.14¢
15.51 4 0.15°
16.71 4 0.15
14.84 + 0.024

Lys

112.70 + 1.16°
167.05 + 4.75
163.14 + 2,05
143.38 + 1.40°
159.90 + 0.43¢
129.65 + 0.36°
185.72 4 0.97°
151.48 + 1.55¢
198.46 + 1.42°
143.91 + 1.09°
145.43 + 1.22°
162.00 + 1.73°
143.92 + 0.68"
144.57 + 1.23°

Ala

22.98 + 0.644
28.24 4 0.14°
25.57 + 0.12°
23.61 4 0.06°
27.63 4 0.204
26.00 + 0.06°
30.65 + 0.07°
35.66 4 0.11°
31.87 & 0.06"
40.03 =+ 0.06"
39.98 + 0.15"
40.99 =+ 0.41°
40.88 + 0.15
37.38 4 0.10°

His

17.00 4 0.17¢
17.56 4 0.42¢
25.73 + 0.30°
30.72 & 0.22°
25.03 = 0.08¢
24.41+0.114
31.18 + 0.15°
19.48 4+ 0.16°
32.13 £ 0.10°
11.82 4 0.03¢
8.46 & 0.05°
13.12 4 0.14%
9.16 + 0.04¢
12.93 4+ 0.09°

Different lowercase letters indicate significant differences (P < 0.05) among different treatments within the same storage time.

Cys

1.02 4 0.01¢
1.27 £ 0.03°
1.03 4 0.01¢
1.02 4 0.03°
1.05 4 0.01¢
1.06 & 0.01¢
1.21 4 0.02°
1.38 +0.04°
1.22 4 0.03°
1.08 4 0.01¢
1.43 +0.02%
1.44 +0.03°
1.47 + 0.06*
1.38 £ 0.00P

Arg

3.86 = 0.05"
1.93 4 0.03¢
1.90 + 0.02¢
4.63 + 0.06°
2.88 £ 0.03¢
2.53 +0.01¢
3.09 4+ 0.01°
1.89 4 0.03¢
3.54 4 0.01%
1.49 + 0.04¢
0.97 £ 0.02¢
2.12 4 0.03*
1.26 4 0.024
1.88 4 0.05°

Val

6.34 = 0.08°
6.93 =+ 0.07°
7.02 4+ 0.05%
7.13 £ 0.01°
8.29 + 0.26"
7.88 =+ 0.39"
9.63 = 0.02*
8.18 4+ 0.09"
9.87 £ 0.26*
11.76 4 0.04°
10.04 = 0.104
11.60 + 0.12°
10.19 +0.05¢
10.37 £ 0.10¢

Pro

1.77 4 0.09°
1.17 4 0.12¢
1.19 4 0.21¢
2.04 =+ 0.10
1.81 4 0.12%
1.36 & 0.58"¢
1.90 + 0.04%
0.90 = 0.29°
2.25+0.26
220 £0.21°
1.93 4 0.09°
2.3240.03
1.93 4 0.12°
1.10 & 0.12¢

Met

247 +0.26®
2.15 4 0.03"
2.64 =+ 0.13*
242+0.11%
3.10 & 0.34°
2.39 =+ 0.28°
3.70 £ 0.07*
291 +0.12°
3.98 =+ 0.35%
4.70 4 0.02°
3.45 + 0.40¢
5.44 =+ 0.31*
4.04 =+ 0.20°
3.54 4 0.40°¢

Total amino
acid content

232.58 =+ 2.66°
291.76 + 5.81%
294.69 =+ 3.82%
286.43 + 1.91°
301.77 & 0.49°
261.09 =+ 0.50°
351.86 4 0.97°
290.99 =+ 2.344
372.07 & 0.97
288.59 + 1.50°
274.70 =+ 2.304
324.66 + 3.83*
279.63 =+ 2.06°
287.80 +2.21°
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L¥ CK-TFT
CK-CON
VP
cpP
VP+CP
a* CK-TFT
CK-CON
VP
Cp
VP+CP
b* CK-TFT
CK-CON
VP
Cp
VP+CP

od

47.27 £ 2.56
47.27 £2.56
40.69 =+ 1.57°
49.70 +2.922
48.41 +£2.18*
11.60 =+ 0.89°
11.60 =+ 0.89°
9.81 +0.722

11.49 4 1.74°
11.31 + 1.69°
19.53 + 1.64%°
19.53 + 1.64%
1691 + 0.86"
21.46 + 2.84%
21.85 +£2.182

2d

48.93 +£2.79*
46.07 + 3.04°
4425 +2.02°
47.81 4 2.30a°
49.66 + 1.90
11.66 & 0.81°
10.20 £ 0.72°
8.24 4+ 1.29"
10.15 4 1.42°
10.70 + 0.39
21.90 + 2.46°°
17.75 + 0.94¢
18.71 & 3.09b¢
22.32 +1.882
21.17 4 2.13%¢

4d

50.03 4 1.57°
49.92 +1.22°
45.11 + 2.37°
60.91 + 0.92
49.41 =+ 3.20°
11.73 £ 1.70
11.56 + 1.20°
8.97 4 0.59"

10.62 + 1.03%
11.36 + 0.64*
21.86 + 4.12%
20.55 + 2.47°
19.60 + 1.412
20.13 + 1.97%
24.04 + 2.71%

6d

50.24 + 4.58%
43.87 +7.48
39.78 + 5.33¢
57.12 + 2.99%
54.17 4+ 5.19*
10.49 + 0.39*
9.88 + 0.79*
8.34 4 0.56"
9.64 + 0.88
10.48 = 0.90?
19.79 + 1.522
20.12 + 2.10°
15.06 & 0.79
18.39 + 3.472
20.22 + 2.24%

Different lowercase letters indicate significant differences (P < 0.05) among different treatments within the same storage time.

8d

45.62 +2.18°
49.00 + 3.94*
45.62 +1.25%
46.10 £ 4.08*
4545 +1.732
12.06 + 1.40°
10.79 £ 1.59°
11.43 £ 0.69*
11.75 + 1.81%
11.37 £0.83%
2128 +1.74*
20.17 £+ 3.41°
20.35 £ 2.08*
23.08 +2.74*
25.06 & 6.13%

10d

51.43 4 0.19°°
54.49 + 5.38?
53.84 + 4.29
51.17 £ 2.513b
47.85 £ 2.77°
10.79 + 0.36
10.87 + 1.60°
11.80 + 1.54°
11.44 £ 1.65°
11.69 + 0.47°
19.38 4 2.32°
21.66 + 3.46*
21.53 + 1.05%
21.98 +4.14*
22.27 £3.25%
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Amino acids (%) Gradient of protein levels (%)

14.38 20.41 26.19 32.23 37.63 45.23 (control group)
EAA 28.14 + 0.09* 28.95 & 0.10° 29.89 £0.11° 30.09 £ 0.12° 30.11 + 0.13° 30.08 £ 0.12°
FAA 28.07 £ 0.07* 28.59 =+ 0.08" 29.48 £ 0.10° 29.51 £0.11° 29.53+0.12°¢ 29.53+0.11°¢
TAA 62.61 £ 0.18° 64.33 £0.19 66.59 = 0.19% 66.83 = 0.20° 66.86 £ 0.21* 66.87 £ 0.22°
NEAA 34,51 4 0.10% 3538 £0.12 36.72 + 0.16° 36.74 +0.17° 36.75 % 0.15° 36.77 +0.18°
EAA/NEAA 0.82 0.82 0.81 0.82 0.82 0.82
EAA/TAA 0.45 0.45 0.45 045 0.45 0.45

Values with different superscript letters within a row are significantly different (P < 0.05). EAA, essential amino acids; FAA, flavor amino acids; TAA, total amino acids; NEAA, non-
essential amino acids.
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Parameter Gradient of protein levels (%)

14.38 20.41 26.19 32.23
Moisture (%) 79.13 £ 2.25 77.85+ 233 77.43 £1.78 7725 £ 1.52
Crude protein (%) 14.25 4 0.09° 15.39 +0.11° 16.13 & 0.12¢ 16.18 4 0.13¢
Crude lipid (%) 0.66 = 0.05 0.63 = 0.06 0.59 = 0.05 0.61 = 0.05
Ash (%) 0.46 = 0.05 0.47 = 0.06 051 =+ 0.07 0.49 =+ 0.08

Values with different superscript letters within a row are significantly different (P < 0.05).

37.63

77.63 + 1.64
16.17 £ 0.11¢
0.57 £ 0.05
0.52 £0.07

45.23 (control group)

77.86 + 1.47
16.14 £ 0.14¢
0.55 % 0.06
0.48 £ 0.06
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DPPH clearance rate = 53.21 + 1.59A —6.1B+7C +
334D — 0.15034B + 0.2306AC + 0.2573AD + 0.0112BC
£0.8085BD + 4.03CD + 0.1175A% + 1.598 + 0.1145C° + 3.89D°
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Sugar residue

—4)-B-Glep(1—3)
—3)-B-Glep(1—4)
—4)-B-Glep(1—4)

Chemical shift, ppm
C1 C2 C3 C4 C5 Coé
1026 734 742 787 749 603
1024 730 843 682 757 607
1024 730 743 787 749 603
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-39+ 0.00834 + 0.01855 + 0.051C + 0.18070
+0.0048AB — 0.0276AC — 0.00314D + 0.0018BC — 0.0292BD
10.0377CD — 0.0003A% — 0.0035B" + 0.0207C* + 0.0431D*
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Linkage

(Glep)1—
—3(Glep)—1
—4(Glep)—1
(1-4)/(1-3)

Linkage composition (mol%)

QBG

2.23
27.66
70.11

2.53

QBG30

2.12
27.42
70.46

2.57

QBG60

2.10
27.32
70.58

2.58

QBG90

2.42
27.76
69.82

2.52
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Extraction yield of chestnut polysaccharide = 18.53 + 0.5121A
+131B + 0.7807C + 0.4952D + 0.6907AB — 0.8886AC
+0.8313AD — 0.2725BC — 1.60BD +0.1539CD — 0.09124%
—0.4035B2 + 0.2012C2 — 0.4013D%
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Sample Hydrolysis B-glucan  Mw (kDa)® Mw/MnP
time (min)  content (%)

QBG 0 82.17 £ 145 510 £ 18 1.77 £ 0.03
QBG30 30 84.07 £1.23 280 £ 15 1.64 £ 0.04
QBG60 60 86.16 = 1.32 190 + 11 1.56 £ 0.05
QBG90 90 87.83 £ 1.42 155 12 1.69 £ 0.05

*Weight average molecular weight.
b Polydispersity index.
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Sugar residues C-3/H-3 C-4/H-4

— 4)-a-D-Glep-(1— 99.6/5.32 71.5/3.56 73.3/3.88 76.713.57 71.1/3.75 60.4/3.76
— 6)-a-D-Galp-(1— 99.7/5.28 71.4/3.88 72.713.61 71.713.59 72.8/3.65 69.3/3.35
— 5)-a-L-Araf-(1—> 107.4/5.01 81.5/4.06 76.7/4.07 83.8/4.02 63.4/3.47 -

— 4)-a-L-Rhap-(1— 97.4/5.31 76.3/3.86 69.3/4.01 77.6/4.09 70.4/3.83 16.5/1.17
— 4)-B-D-Glep-(1—> 104.3/4.56 73.2/3.55 75.2/4.00 78.5/3.57 74.5/3.65 60.7/3.67
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Group Testis index (g/100 g) Epididymis index (g/100 g) Penis index (g/100 g)

Day 30 Day 60 Day 30 Day 60 Day 30 Day 60
NC 0.791 = 0.078* 0.762 = 0.025% 0.243 £ 0.022° 0.220 £ 0.016* 0.082 £ 0.010* 0.084 = 0.018*
MC 0.795 = 0.082* 0.750 = 0.086* 0.248 = 0.023* 0.220 = 0.041° 0.069 £ 0.011° 0.061 £ 0.013"
co 0.778 = 0.080* 0.727 = 0.082° 0251 £ 0.012% 0.222 + 0.027* 0.080 = 0.008* 0.078 = 0.012*
Cos 0.799 = 0.095* 0.748 = 0.077* 0.241 = 0.020* 0.227 £ 0.033* 0.081 = 0.008* 0.082 = 0.010*
SN 0.757 £ 0.073* 0.733 = 0.054* 0.245 £ 0.021° 0.226 £ 0.031* 0.085 £ 0.011* 0.079 £ 0.011*

NC, normal control; MC, model control; CO, Camellia oil; COS, Camellia oil + squalene; SN, sildenafil. Values in the same column or row with different letters represent significant

differences (p < 0.05).
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Samples Hydroxyl radical Reducing power

(ICsp) (ECs0)
Essential oil (mg/ml) 19.77 £1.28 1.41 +0.01 3.094+0.34 389.38 +£4.07
Ascorbic acid (mg/ml) 0.03 £0.38 0.02 £ 0.08 0.51 +16.34 0.18 +£1.88

Each value is expressed as the meandeviation (n = 3).
1Csp, inhibition concentration 50%; ECs, effective concentration at which the absorbance was 0.5.
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No. Compound name RI® RIP Composition (%)
1 Eucalyptol 1031 1031 0.49
2 p-Mentha-1,5-dien-8-ol 1164 1166 0.24
3 endo-Borneol 1169 1168 1.02
4 2-Caren-4-ol 1179 1181 0.36
5 p-Cymen-8-ol 1190 1188 0.24
6 Eucarvone 1252 1245 0.21
7 Benzaldehyde, 4-methoxy- 1256 1258 0.40
8 3-Caren-5-one 1312 1314 131
9 3-Carene-2,5-dione 1324 1324 0.44
10 Anisaldehyde dimethyl acetal 1368 - 0.43
11 Cyperene 1398 1398 0.73
12 Tetradecane 1402 1403 0.75
13 (-)-a-gurjunene 1407 1408 0.14
14 trans ethyl cinnamate 1467 1467 19.50
15 n-Pentadecane 1507 1500 29.14
16 y-cadinene 1514 1514 0.81
17 Germacrene B 1553 1550 0.28
18 Humulene 6,7-epoxide 1603 1606 0.24
19 Ethyl 4-methoxycinnamate 1662 1669.7 2.09
20 6,9-Heptadecadiene 1670 1675 0.49
21 8-Heptadecene 1678 1695 1.06
22 Heptadecane 1702 1711 1.51
23 trans ethyl p-methoxycinnamate 1758 1760 32.01
24 n-Pentadecanol 1780 1775 0.23
25 Dibutyl phthalate 1966 1965 0.23
26 Ethyl 3-(3,4-dimethoxyphenyl)acrylate 1970 1968 0.38
27 Hexadecanoic acid, ethyl ester 1999 1996 0.16
28 Linoleic acid ethyl ester 2167 2163 0.29
Total identified 95.18
Monoterpenoids 4.07

Sesquiterpenoids 2.2

Phenylpropanoids 53.6
Hydrocarbons 33.18
Aliphatic acid esters 0.45
Others 1.68

2Retention index of n-alkanes (Cg-Cy) on a capillary HP-5MS column.

bLiterature retention indices.
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No. A: water B: Itrasonic TPC FRAP ABTS
content of DES liquid-to-solid  temperature  (mg GAE/100g DW)  (mM Fe(II)/g DW) (mM TE/g DW)
(%) ratio (ml/g) (°C)

Exp. Pred. Exp. Pred. Exp. Pred.
1 40 (0) 200 50 (0) 51984026 52,67 3974013 394 4784024 430
2 50 (+1) 200 60(+1) 53744157 5494 3964022 4.09 3742012 381
3 30(-1) 200 60(+1) 4086 £025 3985 3174013 3.09 2694012 260
4 40(0) 20(0) 50 (0) 5267 £0.32 5267 425£013 394 406+ 0.1 430
5 40(0) 10(=1) 40(=1) 2426+ 156 25.02 130011 145 1674012 156
6 40(0) 20(0) 50 (0) 53.3740.15 5267 3614013 394 106 0.11 430
7 50 (+1) 30 (+1) 50 (0) 57824038 57.38 460£0.12 462 4784022 459
8 30(-1) 200 40(=1) 4097 £0.67 3977 237012 224 2634012 256
9 40 (0) 10(-1) 60 (+1) 32564029 3302 204013 213 2404016 230
10 50 (+1) 10(-1) 50 (0) 29874021 2810 2714012 248 168013 170
1 30(-1) 30 (+1) 50 (0) 40424039 4219 3024023 325 2644014 262
2 40(0) 30(+1) 40(~1) 47944033 47.38 3.05£0.16 296 334011 344
13 30(-1) 10(-1) 50 (0) 27.50 %047 27.94 1964023 194 2024013 221
i 40(0) 30 (+1) 60(+1) 5504058 5428 422£012 407 3614012 372
15 50 (+1) 200 40(=1) 39024078 4003 308+0.12 3.16 2734012 282

Exp, experimental value; Pred, predicted valu
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Solvent
abbreviation

ChCl-LA
ChCl-Gly
ChC-OA
ChCITIG
ChCl-Lev.
ChCI-EGly
ChCI-MA
ChCl-Xyl
Pro-LA
Pro-Lev
Pro-Gly-1
Pro-Gly-2
Pro-EGly
Bet-Gly
Bet-Lev
CA-Gly

contained 20% of water (w/w).

Hydrogen bond
acceptor

Choline Chloride
Choline Chloride
Choline Chloride
Choline Chloride
Choline Chloride
Choline Chloride
Choline Chloride
Choline Chloride
L-Proline
L-Proline
L-Proline
L-Proline
L-Proline

Betaine

Betaine

Citric acid

Hydrogen bond
donor

Lactic acid
Glycerin
Oxalic acid
‘Triethylene glycol
Levulinic acid
Ethylene glycol
Malic acid
Xylitol

Lactic acid
Levulinic acid
Glycerin
Glycerin
Ethylene glycol
Glycerin
Levulinic acid

Glycerin

Molar
ratio

13
12
1
14
12
12
1
1
12
12
12
125
12
11
12
12

Density
(glem?

1.16 % 0.005
1.17 £ 0004
1.19 0004
1120002
1.12 0001
1110002
12240004
1.20 % 0.001
12140002
1.16 % 0.001
1.22 0004
1220001
1.16 % 0.001
1.17 0003
11340005
1.29 & 0.005

Polarity
(keal/mol)

47.89 % 0.09
48.79+ 0.08
44.67£0.13
49.81 008
49.13£0.15
49.21%0.14
47.89£0.11
48794 0.11
49.64 % 0.09
49.98£0.14
4921%0.10
49.13 007
57.18 £ 0.12
4955 0,11
49.98 0,10
47.4940.13

Viscosity
(mPa-s)

21170 £335
323.00 + 429
2,533.50 4 18.84
195.50 £ 1.83
2580+ 0.74
266.10 £ 3.58
407.80 £ 5.81
566.70  1.61
128.60 £ 117
8470+ 148
236.40 £ 0.87
379.50 £6.25
17200 £4.55
523.90 £ 529
300.10 £ 6.04
827.00 £ 8.40
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ompone ame Degree
1 2,5-dihydroxybenzoic acid 8
2 Hydroxybenzoic acid 2
3 Gallic acid 26
4 Gallocatechin 20
5 p-Coumaric acid 33
6 Caffeic acid 27
7 Chlorogenic acid 115
8 Quercetin 118
9 Ellagic acid 64
10 Resveratrol 60
11 Quercetin-3-O-beta-D-glucuronide 105
12 Kaempferol-3-O-rhamnoside 73
13 Luteolin 164
14 Luteolin-7-O-glucoside 84
15 Pedalitin 105
16 Quercetin-3-O-beta-D-glucopyranoside 191
17 Myricetin 104
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agment ions (m/z)

Error

Tentative

Free phenolics (FP)

(pp

dent

FP1 1.00 C7HeOs 169.0128 125.0236 -83 Gallic acid 2354028
FP2 1.37 Ci5H10;7 305.0641 109.0220, 137.0241, 179.0306, -8.6 Gallocatechin 2794057
219.0535, 261.0735
FP3 1.50 C7HgO4 153.0182 109.0266 =7.1 2,5-dihydroxybenzoic acid 072 £0.02
FP4 1.68 CigHisOs 353.0853 191.0518, 192.0529, 161.0183 ~7.1 Chlorogenic acid 4134021
EP5 235 CoiHxOn 463.0847 300.9928 -7.5 Quercetin-3-O-beta-D- 34.02£6.77
glucopyranoside
FP6 243 CoHsO3 163.0388 119.0476 -8.1 p-Coumaric acid 10.57 £2.83
FP7 261 Ci5H100s 317.0280 165.0543, 179.0658, 288.1270, -7.2 Myricetin 67.37 £ 11.70
315.0105
FP8 3.11 CisH1207 315.0492 271.0560, 301.0004, 311.0933 -5.9 Pedalitin 423£091
FP9 4.97 CisHio07 301.0333 149.0549, 178.9954 —6.8 Quercetin 86.44 % 11.06
FP10 9.20 C21HxOn 447.0902 285.1414, 327.1232 6.8 Luteolin-7-O-glucoside 4819+ 1232
Base-hydrolysable conjugated phenolics (BCP)
BCP1 L1l C7HeOs 169.0140 125.0236 -1.6 Gallic acid 8424072
BCP2 1.63 C7HO4 153.0190 93.0343, 109.0266, 110.0314, 123.0461 -2.5 2,5-dihydroxybenzoic acid 338 0.6
BCP3 230 CoHs04 179.0351 135.0453 05 Caffeic acid 9.94 4125
BCP4 2.61 C21Hys013 477.0676 121.0314, 135.0453, 163.0385, 0.3 Quercetin-3-0-beta-D- 1512 £2.52
201.0195, 301.0004 glucuronide
BCP5 292 Ci4H 1205 227.0711 120.0543, 153.0203, 165.0543, —14 Resveratrol 4594052
183.0832, 225.0572
Acid-hydrolysable conjugated phenolics (ACP)
ACP1 1.06 C7HeOs 169.0130 125.0236 -13 Gallic acid 297 £0.56
ACP2 3.06 CoHs0; 163.0391 119.0476, 120.0543, 121.0266, -5.8 p-Coumaric acid 1194043
135.0453, 145.0306
ACP3 448 Ci5H0s 317.0297 165.0190, 287.0119, 288.9984, -2 Myricetin 238+0.54
315.0183
ACP4 5.86 Ci5H1006 285.0401 241.0591 —1.1 Luteolin 1334045
ACPS 591 Ci5Hi007 301.0344 149.0042, 179.0013 -33 Quercetin 2830 £5.33
ACP6 8.72 C14HgOs 300.9978 185.9775, 257.0444, 299.1262 —4 Ellagic acid 1579 £4.37
Base-released bound phenolics (BBP)
BBP1 1.24 C7HeOs 169.0142 125.0236 0.3 Gallic acid 6244092
BBP2 2.04 C7HsO3 137.0245 93.0343 05 Hydroxybenzoic acid 446 £0.56
BBP3 235 CoHsO4 179.0351 135.0453, 136.0457 08 Caffeic acid 4.33+0.82
BBP4 2.56 C21H012 463.0891 301.0004 2 Quercetin-3-O-beta-D- 273£0.84
glucopyranoside
BBPS5 274 Ca1Hys013 477.0686 121.0314, 201.0195, 299.0185, 2.3 Quercetin-3-0-beta-D- 6.43 & 0.60
301.9977 glucuronide
BBPG6 2.97 CoHs03 163.0400 119.0524, 120.0543 —0.6 p-Coumaric acid 457 £0.63
BBP7 4.12 CoiHyOn 447.0939 285.0396, 327.0915 14 Luteolin-7-O-glucoside 24.88+5.72
BBP8 474 Ca1H0010 431.0993 2270676, 255.0311, 285.0396 23 Kaempferol-3-O-thamnoside 27.774 536
Acid-released bound phenolics (ABP)
ABP1 1.00 C7HgOs. 169.0140 125.0236 =17 Gallic acid 1132 £3.74
ABP2 1.68 C7HO4 153.0188 95.0452, 108.0172, 109.0266, 123.0072 -3.8 2,5-dihydroxybenzoic acid 1.68 % 0.58
ABP3 1.94 C7HsO3 137.0242 79.0213,93.0343, 109.0311 -13 Hydroxybenzoic acid 1.79£0.74
ABP4 4.61 CisHioOs 317.0298 165.0148, 288.9526, 315.0183 —15 Myricetin 436+ 0.84
ABP5 6.17 Ci5H1007 301.0352 151.0042, 178.9954 —0.6 Quercetin 4017 £7.89
ABP6 7.46 Ci5HioO06 285.0405 175.0291, 241.0506 0.1 Luteolin 19.96 +5.77
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SR (%) = [(C,—Co) x V x 0.9]/50 x 100%  (6)
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RDS (%) = [(C20 — Co) x V x 0.9/50] x 100 (3)
SDS (%) = [(C120 — C20) x V x 0.9/50] x 100 (4)
RS (%) =

— [(RDS + SDS)/50] x 100 5)
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Sample MC TP TF

G24 13.55 4 0.07* 144.79 +£5.07 | 602.00 £ 10.23*

TeXiao LiNo.1|  13.87 £0.12° 154.90 = 4.45* 549.93 + 14.00P

Gui Nong No. 1 13.94 £0.182 137.11 £ 4.81° 279.78 + 2.544
14553 +3.77% | 353.51 £ 8.95¢

Qian Xiao Hei 14.12 £0.72*

MC, moisture content; TP, total phenolics;

as means

+ SD, n = 3, some of which in tl

significant differences at the level of p < 0.05.

TE total flavonoids. The values were expressed
he same column with no same letters indicate
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OO o s 234 Trihydroxybenzoic acid
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Adzuki beans

—~— 1”28

6

Adzuki bean variety  Total starch (2/100g)

il wiiie et bW c. K H Auc wat
G2 3012 L1s® 0442002+ 0042001+ 5634+ 4.89% 69.582603% 567644210
Te Xiao LiNo.1 20174052% 0334001¢ 0014000¢ 35732 042¢ 39.874 046" 39.0040.36¢
Gui Noag No. 1 329352180 034£000¢ 00140004 4002£083¢ 44.60£093% 42704072¢
Qisn Xiao Hei 340120394 02720004 002£000% 37072037+ 3830£038° 40.15£032¢

White bread 680£026¢ 0.77£0.00% 0.02£0.00% 100.0 £ 0.00* 1275 %1254 94384000
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Group

KEP-L
KEP-H

4b-¢Values with different letters are significantly different (p < 0.05).

Organ index (%)

Liver

3.98 + 0.29%
5.51 £ 0.31°
4.91 £0.03
4.63 + 0.48"
4.50 £0.17°

Kidney

13140122
1.83 +0.11¢
1.64 £0.01°
1.59 +0.10
1.56 +0.18"

Spleen

0.22 £0.02%
0.26 £ 0.08%
0.24 £ 0.05*
0.20 £ 0.06*
0.18 £0.02%

Pancreas

1.78 4 0.14°
1.11 £ 0.04°
1.30 £ 0.05°
1.27 £031%
1.23 +0.14°
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CompositionContent (mg/g Monosaccharide Mole

Crude composition (g) percentage

polysaccharide) (%)
Total sugar 887.73 £ 8.73 Fucose 1.41
Protein 495+ 1.10 Rhamnose 6.52
Total polyphenol  3.71 £ 1.20 Arabinose 3.38
Sulfate radical 27.86 +0.91 Galactose 2.27
Uronic acid 75.54 + 11.08 Glucose 84.44

Xylose 1.97
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No. RT (min) Formula | Found at @ Expected | Error (ppm) MS/MS Proposed compounds
m/z at m/z

Organic acids

2 373 CeHi1207 195.0528 195.0510 -2.5 177.0429, 159.0250, 129.0266 Gluconic acid

3 4.15 CoH140s 249.0629 249.0616 46 249.0638, 161.0445, 87.0087 Trimethylhydroxycitric acid

6 8.45 CsHgO7 191.0206 191.0197 4.5 191.0190, 173.0106, 111.0082, Citric acid
87.0084

7 9.76 C4HgO4 117.0197 117.0193 52 99.9266, 73.0330 Succinic acid

28 23.53 Ci7H2509 375.1662 375.1661 6.6 161.0442 4-Hexosylmethyl-5-oxo-2-

pentyltetrahydro-3
-furancarboxylic acid

Phenolic acids

8 9.88 C14H16010 343.0676 343.0671 1 343.0655, 191.0544, 169.0134 Galloylquinic acid

11 12.15 C7HgO0s 169.0141 169.0143 1.6 169.0211, 125.0320, 107.0124, Gallic acid
97.0257

12 12.52 C14Hi304 329.0881 329.0878 3.1 167.0371, 152.0123, 123.0444 Vanilloyl glucose

13 13.38 Ci13H1609 315.0736 315.0722 6.7 53.0213 Protocatechuic acid hexoside

Tannin

9 11.31 Ci3Hi6010 331.0686 331.0671 2.5 331.0660, 271.0498, 211.0251, Monogalloyl-hexoside
69.0140

10 11.92 CioH26015 493.1216 493.1199 3.4 493.1275, 331.0703, 313.0605, 6-O-galloylsucrose

271.0486, 169.0159, 125.0268

14 14.18 Cy7H,058 633.0769 633.0733 43 663.0839, 481.0870, 300.9992 Corilagin

17 15.04 C13H24019 483.0791 483.0839 -9.2 313.0551, 169.0125 Digalloylglucopyranose

22 17.96 CsHsOs 183.0315 183.0299 8.6 183.0306, 124.0170, 78.0109 Methyl gallate

23 18.58 C7H24018 635.0923 635.0890 4.7 635.0919, 465.0700, 313.0555, Trigalloylglucose
169.0149

24 18.66 Ca0Hi6013 463.0531 463.0518 2.9 301.0022, 299.9899 Ellagic acid-4-O-glucoside

29 23.94 CoHi0O0s 197.0474 197.0456 8.8 197.0493, 169.0183, 124.0203 Ethyl gallate

31 24.42 C14HsOs 301.0004 300.9990 33 301.0004, 283.9971, 229.0180 Ellagic acid

35 26.95 Ca4Hy50;5 545.0601 545.0573 5.1 469.0554, 393.0483, 169.0158 | Dihydroxybenzoic acetate-digallate

36 27.56 Ci5H1209 335.0423 335.0409 5.5 183.0347, 168.0088, 124.0208 Methyl digallate

38 28.20 C24Hi5015 545.0606 545.0573 6.2 469.0553, 393.0469, 169.0158 | Dihydroxybenzoic acetate-digallate

somer

Flavonoids

16 14.49 Cy1H4013 451.1255 451.1246 1.5 415.1313, 289.0734 (Epi)catechin glucopyranoside

21 17.28 Ci5H1406 289.0742 289.0718 5.1 245.0885, 179.0586, 109.0332 (Epi)catechin

30 24.17 C21H,010 433.1161 433.1140 6 313.0620, 271.0609, 151.0034 Naringenin-C-glucoside

Terpenoids

19 15.76 C23H25012 495.1520 495.1508 2.7 495.1567, 465.1456, 137.0270 Oxypaeoniflorin

20 16.66 Ca3Has01 479.1570 479.1559 2.3 479.1661, 283.1701, 167.0345 Paeoniflorin

25 19.88 Ca3H501, 479.1564 479.1559 1 479.1661, 121.0343 Paeoniflorin isomer

26 21.02 Ca3H501, 479.1562 479.1559 0.7 449.1475, 327.1099, 165.0554, Paeoniflorin isomer
121.0307

27 22.44 C23H23012 495.1527 495.1508 3.9 495.1575, 465.1467, 137.0293 Oxypaeoniflorin isomer

32 24.74 C30H3,015 631.1695 631.1668 2.7 465.1406, 313.0559, 169.0155 Galloylpaeoniflorin

34 26.34 Cs0H3,015 631.1686 631.1668 2.7 631.1686, 313.0574, 169.0165 Galloylpaeoniflorin isomer

39 28.79 Ca3Hs011 479.1566 479.1559 14 479.1560, 283.0819, 121.0303 Paeoniflorin isomer

Others

4 4.32 C12H,013 341.1089 341.1089 0.1 179.0572 Sucrose

15 14.32 C21H3,010 433.1937 443.1923 19 101.0242 Penstemide

37 27.57 Ci6H260s 345.1571 345.1555 43 345.1601, 179.0558, 165.0959, Picrocrocinic acid
59.0163
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Ethanol Extraction yield Phenolics Flavonoids DPPH. (IC5q, ng ABTS*

concentration (%) (%) (ng GAE/ml) (ng QuE/mL) E./ml) (ICs0, ug E./ml)
E40 119 281.94 + 3.36* 37.92 + 5.64° 165.77 & 14.11° 94.73 £ 2.06"
E70 18.1 276.82 £ 8.11° 36.67 £ 6.91° 151.31 £ 13.40° 119.89 =+ 8.30%
E95 155 273.20 £ 9.55° 40.63 & 4.88* 165.88 =+ 4.68% 90.00 = 7.02°
Quercetin 37.02 4 0.24° 7.97 £ 0.61°

Values followed by different letter (a, b, and c) are significantly different (P < 0.05) as measured by Turkey’s b test using SPSS 22.0.
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