

[image: image1]
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Nano-selenium (nano-Se) has been extensively explored as a biostimulant for improving the quality of grain crops. However, there are few reports about the effect on the medicinal components of Chinese herbal medicine cultured with nano-Se. Here, we sprayed nano-Se during the cultivation of Panax notoginseng (SePN), and measured the changes of medicinal components compared with conventional Panax notoginseng (PN). Furthermore, we identified a more pronounced effect of SePN on reducing obesity in animals compared with PN. By measuring antioxidant capacity, histopathology, gene expression related to glycolipid metabolism, and gut microbiota composition, we propose a potential mechanism for SePN to improve animal health. Compared with the control groups, foliar spraying of nano-Se increased saponins contents (Rb2, Rb3, Rc, F2, Rb2, and Rf) in the roots of Panax notoginseng, the content of Rb2 increased by 3.9 times particularly. Interestingly, animal studies indicated that taking selenium-rich Panax notoginseng (SePN) can further ameliorate liver antioxidation (SOD, MDA, and GSH) and enzyme activities involved in glycolipid metabolism (ATGL and PFK). It also relieved inflammation and regulated the expression of genes (MCAD, PPAR-α, and PCSK9) related to fatty acid oxidation. The abundance ratio of Firmicutes/Bacteroides and beneficial bacteria abundance (Bifidobacterium, Butyricimonas, and Parasutterella) in gut microbiota were improved relative to the control. In summary, the application of nano-Se on PN may effectively raise the content of Panax notoginseng saponins (PNS) and immensely lower the risk of metabolic disorders of glycolipids.
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Introduction

At present, more than 600 million individuals are obese, accounting for 39% of the world's adult population (1). Obesity raises the risk of a variety of diseases, including insulin resistance, cardiovascular disease, liver disease, and cancer (2). Obesity is frequently assumed to be caused by a high-fat and high-calorie food supply (3). People progressively recognize the harm of the high-fat diet (HFD) and the importance of a scientific diet, therefore they focus on enhancing bodily function through the use of functional foods (4, 5). Currently, Chinese herbs such as Panax ginseng, Panax notoginseng, and Chinese yam have been experimentally validated for reducing the risk of cardiovascular disease in animal studies (6–8).

Panax notoginseng (PN) is a perennial Chinese herbal medicine with Panax notoginseng saponins (PNS) as its principal functional component. PNS are useful for hemostasis, anti-inflammation, analgesia, and the prevention of cardio-cerebrovascular diseases (9). PNS can dramatically up-regulate the expression of fatty acid β-oxidation related factor mRNA (MCAD, LCAD) to intervene with cardiomyocyte hypertrophy by regulating energy metabolism in the field by lowering blood sugar and blood lipids (10). PNS has also been demonstrated to boost the expression of CPT-1A in T cells, increasing their fatty acid oxidation metabolism, and promoting the differentiation of mice CD[image: image]T cells into Treg cells (11). In a nutshell, PN which can reduce blood sugar and blood lipid levels should be investigated further. However, Chinese herbal medicine is vulnerable to abiotic (heavy metals, drought, flooding, climate change, pesticides) and biotic stress (insects and pathogenic bacteria), which affects the composition and production of medicinal components (12).

Exogenous hormones such as jasmonic acid, salicylic acid, and melatonin have been shown in several studies to effectively alleviate the deleterious effects of biotic and abiotic stress on PN, as well as boost PN biomass and antioxidant capacity (13–15). However, there are few investigations on the intervention of Se with a strong antioxidant capacity of the medicinal components of the PN. Se exerts biological benefits as a component of the antioxidant enzyme glutathione peroxidase (GPX) (16). Foliar Se treatment reduced oxidative stress damage while also increasing grain yield and Se contents (17). Maassoumi et al. (19) found that Se can up-regulate triterpenoid saponins, soluble sugar, amino acids, and exopolysaccharides contents in Astragalus (18). Compared with inorganic and organic Se, nano-Se has high bio-availability, superior stability, minimal toxicity, and great free radical scavenging capabilities. Studies showed that nano-Se may be utilized as biofortifiers and stimulators, and its effect on plant antioxidant metabolism was related to primary and secondary metabolites (20). Our previous studies demonstrated that foliar application of nano-Se regulated hormone pathway, phenylpropane pathway, volatile organic compounds, antioxidants enzymes, and secondary metabolites to strengthen the quality and resistance in various crops (21–23). Medical studies revealed that the protective mechanism of Se on the human body includes inhibition of oxidative stress, endothelial dysfunction, protection of vascular cells from apoptosis, calcification, and regulation of inflammation (24). Long-term Se deficiency in the human body can harm the cardiovascular system and lead to myocardial infarction (25). However, few researchers have studied the mechanism of how nano-Se improves the quality of traditional Chinese medicine PN and the level of glycolipid metabolism after ingesting nano-Se-cultivated PN.

Hence, the saponins contents, physiological and biochemical indexes, antioxidant capacities, enzymes activities, gene expression, pathological analysis, and gut microbiota connected with glycolipid metabolism were targeted determination to explore nano-Se foliar applications in PN acts the effect on glycolipid metabolism in mice.



Materials and methods


Synthesis and characterization of nano-se

The synthesis method refers to the previous research (26). The 1% chitosan solution was prepared for the pre-solution, and then 20 mM of selenium dioxide solution (i.e., selenite solution) was slowly added to 20 mL of the pre-solution. The nanoscale dispersed selenite colloidal solution was obtained by continuous stirring at 500 rpm and 25°C. Slowly add 4 ml 1% ascorbic acid solution and stir continuously at 25°C at the speed of 500 rpm for 3 h until the solution color changes to transparent red, which means that the synthesis of nanometer selenium is over. For characterization data, please refer to our previous article (22).



Cultivation and processing of SePN

The SePN plants were grown in Kunming, Yunnan Province, China. The cultivation method is to select 1-year-old PN seedlings. Nano-Se is sprayed once a month from May to November, and root samples of PN were collected in December. According to the recommended dosage of PN in Chinese Pharmacopeia and the rule of body surface area, the roots PN were ground into powder by a mill and added into HFD to make the mass fraction of PN 6 g/Kg. All reagents needed in the experiment were purchased from commercial channels.



Sample preparation of PN

The 0.1 g mashed PN powder was weighed in a 2 ml centrifuge tube. The saponin was extracted by adding the 1 ml solution (70:30% V/V, methanol/water). The mixture was shaken for the 2 min on the VX-III multi-tube eddy current meter (Beijing Tajin Science and Technology, Beijing, China) and centrifuged for the 5 min at 10,000 rpm. Then, 1 ml supernatant was transferred to a 2 ml centrifuge tube containing 50 mg C18. The tube was vortexed for 2 min before being centrifuged at 10,000 rpm for 5 min. Finally, the supernatant was filtered through a 0.22 μm nylon filter and transferred into an autosampler glass vial for the saponin measurement.



Relative quantification of saponins by HPLC–MS/MS

The HPLC–MS/MS system comprised an Agilent Series 1,290 ultra-performance liquid chromatography system and an Ultivo triple quadrupole mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). The chromatographic separation was performed on a ZORBAX Eclipse Plus C18 chromatography column (2.1 × 50, 1.8 μm, Agilent) using a gradient elution of 0.1% formic acid in water (A) and acetonitrile (B) at a flow rate of 0.4 mL/min. The gradient profile was optimized as below, 0–10 min: 5–95% B, 10–12 min: 95–5% B, and 12–15 min: 5% B. The column temperature was maintained at 40 °C, and the injection volume was 2 μL. The composition changes of PNS are shown in Supplementary Table S1. The MRM parameters of each analytes are listed in Supplementary Table S2.



Animals and treatment

Thirty 2-week-old C57 male mice were randomly divided into three groups with 10 mice in each group. They were placed in a stable environment with a temperature of 25 ± 2°C, and humidity of 50 ± 5% with 12 h light/12 h dark cycle. Mice were fed with HFD mixed with PN/SePN and free drinking water for 8 weeks. Body weight and food intake were recorded every 7 days. The mice were fasted for 1 day after collecting their fecal flora, and dissected after fasting to collect liver, heart and serum samples. These samples were collected and stored in −80°C. All experimental operations were approved by the independent Animal Ethical Committee of China Agricultural University.



Biochemical parameters assay of serum

Serum biochemical indexes include aspartate aminotransferase (AST), alanine aminotransferase (ALT), triglyceride (TG), glucose levels (GLU), total cholesterol (TC), and high-density lipoprotein cholesterol (HDL-C). They were measured using their respective assay kits (Nanjing Jiancheng Bioengineering Institute, China).



Biochemical indexes assay of liver

The detection of superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione (GSH) can reflect the oxidative stress indexes of the liver. Phosphofructokinase (PFK), hydroxymethylglutaryl CoA reductase (HMG-CoAR), and adipose triglyceride lipase (ATGL) were detected to reflect the enzyme activity of liver lipid metabolism. These indexes were measured by using the test kit of Nanjing Jiancheng Bioengineering Research Institute (China).



Histopathological analysis of liver and colon

A small piece of liver and colon tissue (about 50 mg) was fixed with a 4% formaldehyde solution. After being embedded in dehydrated paraffin, the tissue was cut into 5 mm slices and then stained with hematoxylin-eosin. Histopathological images were collected by Olympus BX51 imaging system (Olympus Corporation, Japan) and analyzed by Image pro plus 6.0 software (Media Cybernetics, USA).



Total RNA extraction and reverse ranscription

Total RNA was extracted using Trizol-A+ reagent (Tiangen Biotech Co., LTD., Beijing, China). The total RNA was reverse transcribed into cDNA using the FastQuant RT kit (Tiangen Biotech Co., LTD., Beijing, China). All cDNA was stored at −20°C for further testing.



RT-qPCR analysis

Analysis of reverse-transcribed data with Thermofisher 7,500 instrument. The mRNA levels of genes were quantified and normalized against the housekeeping gene β-actin, according to the 2−ΔΔCT method (27). The sequence information of all primers is listed in Supplementary Table S3.



Extraction and analysis of microbial DNA

Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA), and stored at −20°C before further analysis. PCR amplification of the bacterial 16S rRNA genes V3–V4 region was performed using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Amplification system including 5×reaction buffer 5 μL, 5×GC buffer 5 μL, dNTP (2.5 mM) 2 μL, Forward primer (10 uM) 1 μL, Reverse primer (10 uM) 1 μL, DNA Template 2 μL, ddH2O 8.75 μL, Q5 DNA Polymerase 0.25 μL. Amplification parameters include initial denaturation 98°C 2 min, denaturation 98°C 15 s, annealing 55°C 30 s, extension 72°C 30 s, final extension 72°C 5 min, 10°C hold. 25-30 cycles dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). PCR amplicons were purified and quantified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA), respectively. Amplicons were pooled in equal amounts, and pair-end 2×250 bp sequencing was performed using the Illlumina NovaSeq platform with NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China).



Statistical analyses

All results are represented as the mean ± SD. The graphical illustrations were processed by Origin64 and GraphPad Prism 9 (OriginLab (MA), GraphPad (CA), USA), and the statistical analyses were performed using SPSS v19.0 (IBM, USA). One-way ANOVA and Tukey were used to test the significant differences of variables among different groups. Significant differences in gut microbiota between treatments were analyzed using principal coordinates analysis (PCoA). QIIME2 (2019.4) software was used to analyze the taxonomic composition. Community composition difference was analyzed by the LEfSe test.




Results


Body weight, diet and organ weight of mice

Compared with the control group, there was a trend of weight loss during the 7th and 9th weeks and no alteration in daily food intake. There was no significant difference between the groups (Figures 1A,B). In addition, the heart weight of the mice in the SePN group decreased significantly (Figure 1C), but the liver weight did not change (Figure 1D).


[image: Figure 1]
FIGURE 1
 Body weight, diet and organ weight of mice. (A). Body weight after 9 weeks of feeding high-fat diet (Control), Panax notoginseng (PN), and selenium-rich Panax notoginseng (SePN). (B). Dietary intake within 9 weeks. (C,D). Liver and heart weight after 9 weeks of feeding PN/SePN. Data are expressed as the mean ± SD. *P < 0.05 compared with the control group (n = 9).




Glucolipid metabolism physiological indexes in serum of mice

We detected the physiological and biochemical indexes related to glycolipid metabolism and found that ingesting SePN could significantly reduce the GLU content of mice compared with PN (Figure 2A). The same results were also reflected in physiological and biochemical indicators related to lipid metabolisms, such as TG and TC (Figures 2B,C). Furthermore, the treatment groups (PN, SePN) did not reduce the level of ALT and AST levels (Figures 2D,E). Taking SePN increased HDL-C contents in serum to a higher extent (Figure 2F).


[image: Figure 2]
FIGURE 2
 Glucolipid metabolism physiological indexes in serum of mice. (A–C). The content of glucose (GLU), triglyceride (TG), and total cholesterol (TC) in the serum. (D,E). The level of alanine aminotransferase (ALT) and aspartate aminotransferase (AST). (F). High-density lipoprotein cholesterol (HDL-C). Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared with the control group (n = 5).




Antioxidant and enzymes activities of glucolipid metabolism in the liver

After testing the antioxidant stress index of mouse liver, we found that taking PN and SePN could alleviate the oxidative damage caused by reactive oxygen species and reduce MDA levels to some extent (Figure 3B). The treatment groups significantly increased the activity of GSH, but there was no difference between the treatment groups (Figure 3C). What's more, we detected some rate-limiting enzymes of glycolipid metabolism, and we found that compared with the PN group, ingesting SePN could reduce the activity of cholesterol synthase to a certain extent (Figure 3D), increase the activity of ATGL and PFK in glucolipid metabolism (Figures 3E,F). These results showed that compared with PN, SePN could relieve liver injury by improving the ability of antioxidant stress, and protecting the function of glucolipid metabolism of the liver.


[image: Figure 3]
FIGURE 3
 Antioxidant and enzyme activities of glucolipid metabolism in the liver. (A) Liver superoxide dismutase (SOD) levels. (B) Liver malondialdehyde (MDA) levels. (C) Liver glutathione (GSH) levels. (D–F) Effects of PN/SePN on liver hydroxymethylglutaryl CoA reductase (HMG-CoAR), adipose triglyceride lipase (ATGL), and phosphofructokinase (PFK). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared with the control group (n = 5).




Representative images of H&E staining in colon and liver sections

Compared with the H&E staining images of the control group (Figure 4), SePN treatment groups could further increase the number of goblet cells and relieve HFD-induced colon inflammation. Meanwhile, the H&E staining image of the liver indicated that the lymphocytes were infiltrated, activated, and cavitated in the control groups, but the treatment groups could significantly reduce the chronic inflammation hazardous effect to the liver.


[image: Figure 4]
FIGURE 4
 Representative images of H&E staining in colon and liver sections. We use green circles to indicate inflammatory cell infiltration and blue circles to indicate cell vacuolation.




Detection of the expression of lipid metabolism related genes by RT-PCR

CPT1 is the key enzyme for the entrance of lipid into mitochondria, and oxidative enzymes MCAD, and LCAD will determine the lipid used for the TCA cycle in oxidation. We found that SePN could increase the expression of CPT1 gene by nearly two times (Figure 5A). Secondly, we detected the expression of LCAD and MCAD, the other two key genes of fatty acid β-oxidation, and found that the expression of MCAD was enhanced, which meant that the ability of medium-chain fatty acid β-oxidation metabolism was enhanced. However, it had no significant effect on the expression level of LCAD, which meant that SePN could specifically increase the activity of fatty acid oxidase (Figures 5B,C). PPAR-α and PPAR-γ play key roles in maintaining glucose and lipid homeostasis by modulating gene expression. Our studies found that SePN significantly up-regulated the expression of PPAR-α, but it had no significant effect on PPAR-γ expression (Figures 5D,E). In addition, SePN significantly down-regulated the expression of PCSK9 (Figure 5F).


[image: Figure 5]
FIGURE 5
 Detection of the expression of glucolipid metabolism related genes by RT-PCR. (A). The relative abundance of mRNA of CPT1. (B,C) The relative abundance of mRNA of LCAD and MCAD. (D,E) mRNA relative abundance of PPAR-α and PPAR-γ. (F) The relative abundance of mRNA of PCSK9. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and compared with the control groups (n = 3).




Changes of gut microbiota abundance in mice

Sequencing analysis of 16S rRNA gene reveals effects on the composition of gut microbiota. PCoA plots indicated a significant difference in the composition of the gut microbiome between the control and treatment groups (Figure 6A). What's more, population abundance analysis was carried out at the phylum level. The results showed that the gut microbiome was mainly composed of Firmicutes, Bacteroidetes, and Actinobacteria (Figure 6B). The treatment groups increased the relative abundance of Bacteroidetes, which decreased the Actinobacteria abundance and Firmicutes/Bacteroides abundance ratio. To clarify the changes in microbes' abundance among different treatment groups, we performed the LEfSe to find microbes with significant differences (Figure 6C). Notably, in the SePN group, the most significant increase in the abundance of Bacteroidetes, Butyrimionas, Bifidobacterium, and Parasutterella, and reduce the abundance of Tenericutes (Supplementary Figure S1).


[image: Figure 6]
FIGURE 6
 Changes of gut microbiota abundance in mice. (A) The principle coordinate analysis (PCoA) plot for the samples in the different groups. (B) The gut microbiota composition at the phylum level. (C) Taxa with significant differences between groups based on linear discriminant analysis (LDA) effect size.





Discussion

Nano-selenium biofortification acts the accumulation of Panax notoginseng saponins (Rb3, Rc, F2, Rb2, and Rf). According to various research, these saponins have the potential to alleviate cardiovascular and cerebrovascular disorders induced by HFD (28–30). Studies showed that selenium deficiency induces Keshan disease, which is characterized by cardiac hypertrophy and increased heart weight (31). We found that the heart weight of mice was reduced after ingesting SePN, which is most likely due to the synergistic effect of Se with saponins. The risk of cardiovascular and cerebrovascular diseases is directly connected to blood sugar and blood lipid contents. The TG, TC, HDL-C, GLU, ALT, and AST levels in the mice serum can directly reflect whether Panax notoginseng protects liver glycolipid metabolism. Our studies discovered that in the treatment groups, TG, TC, and GLU contents declined while HDL-C rose, implying that blood viscosity decreased, but the blood flow velocity improved, lowering the risk of hyperglycemia and hyperlipidemia. However, the activities of ALT and AST in serum did not change considerably, indicating that taking SePN at the prescribed dose every day could not successfully treat the liver impairment produced by long-term HFD.

To further explore the effect of taking SePN on the liver, we detected the related indexes of oxidative stress and glycolipid metabolism. The results showed that the treatment groups might increase the activity of GSH and decrease MDA levels induced by lipid peroxidation, indicating that SePN could protect liver function by improving antioxidation ability. HMG-CoAR is involved in cholesterol synthesis and LDL catabolism in serum. The level of HMG-CoAR in the treatment groups decreased relatively, but the difference was not statistically significant. It could be inferred that PNS increased the HMG-CoAR activities, inhibited the cholesterol synthesis metabolism of the liver, and promoted the catabolism of LDL, which were beneficial to reduce cholesterol levels in serum. Secondly, the increasing types of saponins (Rb2, etc.) in SePN might not further inhibit cholesterol synthesis metabolism. ATGL and PFK were used as rate-limiting enzymes to chew through TG and GLU, respectively. Compared with the control group, the enzyme activities of ATGL and PFK decreased significantly in the treatment groups. SePN group more efficiently promoted aerobic respiration of GLU and the mobilization of fat. Furthermore, there was a significant positive correlation between PNS contents and ATGL and PFK enzymes, which meant PNS could activate the synthesis of ATGL and PFK.

The study examined the expression level of lipid metabolism-related factors in the liver to further explore the changes in fatty acid metabolism function. CPT1 is a key factor that promotes the transfer of fatty acids from cell fluid to mitochondrial inner membrane for β-oxidation (32). Inhibition of CPT1 expression can lead to lipid accumulation and insulin resistance (33, 34). In the liver, peroxisome proliferators activate receptors α and γ (PPAR-α, PPAR-γ) to regulate the homeostasis of lipid metabolism (35). Among them, PPAR-α is involved in regulating the enzyme activity of gluconeogenesis, lipoprotein synthesis and transport determines the capacity of hepatic fatty acid oxidation in the liver (36). PPAR-γ plays an important role in adipogenesis, lipid metabolism, insulin sensitivity, and immune regulation (35). The activation of PPAR-γ is adipogenic, and the increased expression of PPAR-γ in the liver will lead to steatosis (37). MCAD and LCAD catalyze the first step of fatty acid oxidation and determine the lipid used for the TCA cycle (38, 39). Low-density lipoprotein receptor (LDLR) can bind to LDL and reduce LDL contents in serum (40). Subtilisin 9 (PCSK9) can negatively regulate the expression of LDLR, resulting in hypercholesterolemia (41). Our studies indicated that PNS could affect PPAR-α and PCSK9-related pathways to reduce fatty acid and LDL levels, and SePN would produce better results. Furthermore, studies indicated that SePN with higher PNS contents could reduce the accumulation of lipids and maintain normal glucolipid metabolism by promoting the utilization of fatty acids, thus reducing the contents of blood sugar and blood lipids.

HFD can significantly decrease the number of goblet cells in the colon, which can secrete mucin to form a mucosal barrier, protect epithelial cells, and reduce the risk of colonic inflammation (42). Compared with PN, SePN could significantly increase the number of goblet cells in the colon to resist endogenous or exogenous stimulation and reduce lymphocyte infiltration and vacuolization in the liver. Considering the increase in antioxidant level, we believed that SePN could protect the liver and reduce the chronic inflammation and metabolic disorder caused by lipid peroxidation, and the mechanisms might be due to the combined effect of high accumulation of PNS and Se.

Furthermore, we further investigated the effects of SePN on gut microbiota. HFD decreases Bacteroides levels while increasing the amount of Firmicutes, which was a characteristic of the gut microbiota of obese people, according to 16s rRNA sequencing (43). The abundance of Bacteroides rose dramatically after the treatment of PN and SePN therapy, but the abundance of Actinobacteria declined comparatively. A lower Firmicutes / Bacteroides ratio indicates a lower risk of obesity (44). Moreover, we used the LEfSe further analyze the differences in gut microbiota composition among groups. Studies showed that Butyricimonas, which can produce butyric acid to improve the inflammatory response (43, 45, 46), Bifidobacterium, which produces acetic acid to regulate the induction of cholesterol biosynthesis (43, 47), and Parasutterella, which is involved in bile acid homeostasis maintenance and cholesterol metabolism (43, 48), increased their abundance after taking SePN. Compared with PN group, taking SePN increased the relative abundance of Muribaculaceae, Rikenellaceae, Erysipelotrichaceae (Supplementary Figure S1). At present, studies showed that the increase in the abundance of these microorganisms is negatively correlated with the risk of disease induced by HFD (49–52). Interestingly, some studies showed that dietary selenium supplementation can improve their relative abundance (53, 54). Therefore, the increase of PNS and selenium content jointly regulate the gut microbiota and reduce the negative effects of HFD. These results confirmed that SePN had a better role in regulating glycolipid metabolism and relieving inflammatory reactions. There are significant changes in glucolipid metabolism in mice juvenile to young adulthood. These changes and the potential effects of selenium absorption and transmission regulation of glucolipid metabolism in mice need to be further studied.



Conclusion

In conclusion, we combined plant and animal experiments together and hoped to fully demonstrate the meaning of the nano-selenium biofortification on Chinese herbal medicine Panax notoginseng by the target determination and 16S rRNA gene sequence analysis. Our study indicated that taking SePN instead of PN might boost antioxidant capacity, glucolipid metabolism enzyme activities, PPARα and PCSK9 pathway regulation, and gut microbiota improvement linked to glucolipid metabolism, lowering the risk of hyperglycemia, hyperlipidemia, and inflammatory reactions induced by the HFD.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: 185824296@qq.com, https://datadryad.org/stash/share/wNEl5d0IV0JZZrwQgHbSDHyBiFaCSbAu2D71_cNlmMU.



Ethics statement

The animal study was reviewed and approved by Institutional Animal Care Program, China Agricultural University.



Author contributions

QD planned the study and prepared the manuscript and analyzed the data. SY, WZ, and DL designed the research. QD, YW, ST, and PM carried out experiments. DL, SY, and CZ contributed to the preparation of the manuscript. WZ provided platform and technical support. SZ provided the planting technology of Panax notoginseng and completed the sample collection. CP modified the manuscript and approved the implementation of this experiment. All authors contributed to the article and approved the submitted version.



Funding

The Major Science and Technology Project in Yunnan Province (202102AE090042, 202105AE160016).



Acknowledgments

Thanks to the assistance provided by State Key Laboratory for Conservation and Utilization of Bio-Resources in Yunnan and National Engineering Research Center for Applied Technology of Agricultural Biodiversity, College of Plant Protection, Yunnan Agricultural University.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.973027/full#supplementary-material



References

 1. Dabade S, Dabade K. Prevalence of overweight and obesity among school-going children of Satara district, Maharashtra. J Physiol Pharmacol. (2019) 9:201–5. doi: 10.5455/njppp.2019.9.1238301012019 

 2. Fonseca CSM, Basford JE, Kuhel DG, Konaniah ES, Cash JG, Lima VLM, et al. Distinct influence of hypercaloric diets predominant with fat or fat and sucrose on adipose tissue and liver inflammation in mice. Molecules. (2020) 25:4369. doi: 10.3390/molecules25194369

 3. Gutgesell RM, Tsakiridis EE, Jamshed S, Steinberg GR, Holloway AC. Impact of pesticide exposure on adipose tissue development and function. Biochem J. (2020) 477:2639–53. doi: 10.1042/BCJ20200324

 4. Park SY, Jung H, Lin Z, Hwang KT, Kwak HK. Black raspberry (Rubus occidentalis) attenuates inflammatory markers and vascular endothelial dysfunction in Wistar rats fed a high-fat diet with fructose solution. J Food Biochem. (2021) 45:e13917. doi: 10.1111/jfbc.13917

 5. Lecomte M, Couedelo L, Meugnier E, Plaisancie P, Letisse M, Benoit B, et al. Dietary emulsifiers from milk and soybean differently impact adiposity and inflammation in association with modulation of colonic goblet cells in high-fat fed mice. Mol Nutr Food Res. (2016) 60:609–20. doi: 10.1002/mnfr.201500703

 6. Zhang X, Zhang B, Zhang C, Sun G, Sun X. Effect of panax notoginseng saponins and major anti-obesity components on weight loss. Front Pharmacol. (2020) 11:601751. doi: 10.3389/fphar.2020.601751

 7. Alharazi WZ, McGowen A, Rose P, Jethwa PH. Could consumption of yam (Dioscorea) or its extract be beneficial in controlling glycaemia: a systematic review. Brit J Nutr. (2021) 5:1–12.doi: 10.1017/S0007114521003706

 8. Chan GH, Law BY, Chu JM, Yue KK, Jiang ZH, Lau CW, et al. Ginseng extracts restore high-glucose induced vascular dysfunctions by altering triglyceride metabolism and downregulation of atherosclerosis-related genes. Evid-Based Compl Alt. (2013) 2013:797310. doi: 10.1155/2013/797310

 9. Wang T, Guo R, Zhou G, Zhou X, Kou Z, Sui F, et al. Traditional uses, botany, phytochemistry, pharmacology and toxicology of Panax notoginseng (Burk). FH Chen: a review. J Ethnopharmacol. (2016) 188:234–58. doi: 10.1016/j.jep.2016.05.005

 10. Kai L. Panax notoginsenosides regulates energy metabolism and attenuates cardiomyocyte hypertrophy. Modernization of traditional chinese medicine and materia medica. World Sci Technol. (2019) (10):2073–80. doi: 10.11842/wst.20190409005 

 11. Wang. Preliminarily explore the effect of panax notoginseng saponins on differentiation of mouse treg cells and its mechanism. Nanjing Univ Chin Med. (2021) 30:2300-2305. 

 12. van Wyk AS, Prinsloo G. Health, safety and quality concerns of plant-based traditional medicines and herbal remedies. South African J Botany. (2020) 133:54–62. doi: 10.1016/j.sajb.2020.06.031 

 13. Liu D, Zhao Q, Cui X, Chen R, Li X, Qiu B, et al. A transcriptome analysis uncovers Panax notoginseng resistance to Fusarium solani induced by methyl jasmonate. Genes Genom. (2019) 41:1383–96. doi: 10.1007/s13258-019-00865-z

 14. Yang Q, Peng Z, Ma W, Zhang S, Hou S, Wei J, et al. Melatonin functions in priming of stomatal immunity in Panax notoginseng and Arabidopsis thaliana. Plant Physiol. (2021) 187:2837–51. doi: 10.1093/plphys/kiab419

 15. Dai C, Qiu L, Guo L, Jing S, Chen X, Cui X, et al. Salicylic acid alleviates aluminum-induced inhibition of biomass by enhancing photosynthesis and carbohydrate metabolism in Panax notoginseng. Plant Soil. (2019) 445:183–98. doi: 10.1007/s11104-019-04293-6 

 16. Hossain A, Skalicky M, Brestic M, Maitra S, Sarkar S, Ahmad Z, et al. Selenium biofortification: roles, mechanisms, responses, and prospects. Molecules. (2021) 26:881. doi: 10.3390/molecules26040881

 17. Nawaz F, Ahmad R, Ashraf MY, Waraich EA, Khan SZ. Effect of selenium foliar spray on physiological and biochemical processes and chemical constituents of wheat under drought stress. Ecotoxicol Environ Saf. (2015) 113:191–200. doi: 10.1016/j.ecoenv.2014.12.003

 18. Maassoumi N, Ghanati F, Zare-Maivan H, Gavlighi HA. Metabolic changes network in selenium-treated Astragalus cells derived by glutathione as a core component. Plant Cell Tissue Organ Cult (PCTOC). (2022) 149:455–65. doi: 10.1007/s11240-022-02253-0 

 19. El-Ramady H, Abdalla N, Taha HS, Alshaal T, El-Henawy A, Faizy SEDA, et al. Selenium and nano-selenium in plant nutrition. Environ Chem Lett. (2015) 14:123–47. doi: 10.1007/s10311-015-0535-1 

 20. García Márquez V, Morelos Moreno Á, Benavides Mendoza A, Medrano Macías J. Ionic selenium and nanoselenium as biofortifiers and stimulators of plant metabolism. Agronomy. (2020) 10:1399. doi: 10.3390/agronomy10091399 

 21. Li D, Zhou C, Zou N, Wu Y, Zhang J, An Q, et al. Nanoselenium foliar application enhances biosynthesis of tea leaves in metabolic cycles and associated responsive pathways. Environ Pollut. (2021) 273:116503. doi: 10.1016/j.envpol.2021.116503

 22. Li D, Zhou C, Zhang J, An Q, Wu Y, Li JQ, et al. Nanoselenium foliar applications enhance the nutrient quality of pepper by activating the capsaicinoid synthetic pathway. J Agric Food Chem. (2020) 68:9888–95. doi: 10.1021/acs.jafc.0c03044

 23. Zhou C, Li D, Shi X, Zhang J, An Q, Wu Y, et al. Nanoselenium enhanced wheat resistance to aphids by regulating biosynthesis of DIMBOA and volatile components. J Agric Food Chem. (2021) 69:14103–14. doi: 10.1021/acs.jafc.1c05617

 24. McCann JC, Ames BN. Adaptive dysfunction of selenoproteins from the perspective of the triage theory: why modest selenium deficiency may increase risk of diseases of aging. FASEB J. (2011) 25:1793–814. doi: 10.1096/fj.11-180885

 25. Liu H, Xu H, Huang K. Selenium in the prevention of atherosclerosis and its underlying mechanisms. Metallomics. (2017) 9:21–37. doi: 10.1039/c6mt00195e

 26. Shang H, Zhang H, Zhao R, Yu M, Ma Y, Sun Z, et al. Selenium nanoparticles are effective in penetrating pine and causing high oxidative damage to Bursaphelenchus xylophilus in pine wilt disease control. Pest Manag Sci. (2022). doi: 10.1002/ps.7013

 27. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. (2001) 25:402–8. doi: 10.1006/meth.2001.1262

 28. Miao L, Yang Y, Li Z, Fang Z, Zhang Y, Han CC. Ginsenoside Rb2: A review of pharmacokinetics and pharmacological effects. J Ginseng Res. (2022) 46:206–13. doi: 10.1016/j.jgr.2021.11.007

 29. Wang Y, Fu W, Xue Y, Lu Z, Li Y, Yu P, et al. Ginsenoside Rc ameliorates endothelial insulin resistance via upregulation of angiotensin-converting enzyme 2. Front Pharmacol. (2021) 12:620524. doi: 10.3389/fphar.2021.620524

 30. Li WEI, Duan Y, Yan X, Liu X, Fan M, Wang ZI, et al. mini-review on pharmacological effects of ginsenoside Rb3, a marked saponin from Panax genus. Biocell. (2022) 46:1417–23. doi: 10.32604/biocell.2022.017609 

 31. Greasley A, Zhang Y, Wu B, Pei Y, Belzile N, Yang G. H2S Protects against cardiac cell hypertrophy through regulation of selenoproteins. Oxid Med Cell Longev. (2019) 2019:6494306. doi: 10.1155/2019/6494306

 32. Doh KO, Kim YW, Park SY, Lee SK, Park JS, Kim JY. Interrelation between long-chain fatty acid oxidation rate and carnitine palmitoyltransferase 1 activity with different isoforms in rat tissues. Life Sci. (2005) 77:435–43. doi: 10.1016/j.lfs.2004.11.032

 33. Gao X, Li K, Hui X, Kong X, Sweeney G, Wang Y, et al. Carnitine palmitoyltransferase 1A prevents fatty acid-induced adipocyte dysfunction through suppression of c-Jun N-terminal kinase. Biochem J. (2011) 435:723–32. doi: 10.1042/BJ20101680

 34. Schreurs M, Kuipers F, van der Leij FR. Regulatory enzymes of mitochondrial beta-oxidation as targets for treatment of the metabolic syndrome. Obes Rev. (2010) 11:380–8. doi: 10.1111/j.1467-789X.2009.00642.x

 35. Kersten S, Stienstra R. The role and regulation of the peroxisome proliferator activated receptor alpha in human liver. Biochimie. (2017) 136:75–84. doi: 10.1016/j.biochi.2016.12.019

 36. Kucharski M, Kaczor U. PPARα and PPARγ as main regulators of fatty acid metabolism. Postep Hig Med Dosw. (2018) 72:853–60. doi: 10.5604/01.3001.0012.5857 

 37. Wu L, Guo C, Wu J. Therapeutic potential of PPARgamma natural agonists in liver diseases. J Cell Mol Med. (2020) 24:2736–48. doi: 10.1111/jcmm.15028

 38. Tucci S, Herebian D, Sturm M, Seibt A, Spiekerkoetter U. Tissue-specific strategies of the very-long chain acyl-CoA dehydrogenase-deficient (VLCAD-/-) mouse to compensate a defective fatty acid beta-oxidation. PLoS ONE. (2012) 7:e45429. doi: 10.1371/journal.pone.0045429

 39. Kurtz DM, Tian L, Gower BA, Nagy TR, Pinkert CA, Wood PA. Transgenic studies of fatty acid oxidation gene expression in nonobese diabetic mice. J Lipid Res. (2000) 41:2063–70. doi: 10.1016/s0022-2275(20)32368-3

 40. Shi X, Chen Y, Liu Q, Mei X, Liu J, Tang Y, et al. LDLR dysfunction induces LDL accumulation and promotes pulmonary fibrosis. Clin Transl Med. (2022) 12:e711. doi: 10.1002/ctm2.711

 41. Li L, Shen C, Huang YX Li YN, Liu XF, Liu XM, et al. A new strategy for rapidly screening natural inhibitors targeting the PCSK9/LDLR interaction in vitro. Molecules. (2018) 23:2397. doi: 10.3390/molecules23092397

 42. Yang S, Yu M. Role of goblet cells in intestinal barrier and mucosal immunity. J Inflamm Res. (2021) 14:3171–83. doi: 10.2147/JIR.S318327

 43. John GK, Mullin GE. The gut microbiome and obesity. Curr Oncol Rep. (2016) 18:45. doi: 10.1007/s11912-016-0528-7

 44. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI, et al. Energy-balance studies reveal associations between gut microbes, caloric load, and nutrient absorption in humans. Am J Clin Nutr. (2011) 94:58–65. doi: 10.3945/ajcn.110.010132

 45. Guo M, Li Z. Polysaccharides isolated from Nostoc commune Vaucher inhibit colitis-associated colon tumorigenesis in mice and modulate gut microbiota. Food Funct. (2019) 10:6873–81. doi: 10.1039/c9fo00296k

 46. Hamer HM, Jonkers D, Venema K, Vanhoutvin S, Troost FJ, Brummer RJ. Review article: the role of butyrate on colonic function. Aliment Pharm Ther. (2008) 27:104–19. doi: 10.1111/j.1365-2036.2007.03562.x

 47. Fernández J, Redondo-Blanco S. Gutiérrez-del-Río I, Miguélez EM, Villar CJ, Lombó F. Colon microbiota fermentation of dietary prebiotics towards short-chain fatty acids and their roles as anti-inflammatory and antitumour agents: a review. J Funct Foods. (2016) 25:511–22. doi: 10.1016/j.jff.2016.06.032 

 48. Begley M, Hill C, Gahan CG. Bile salt hydrolase activity in probiotics. Appl Environ Microb. (2006) 72:1729–38. doi: 10.1128/AEM.72.3.1729-1738.2006

 49. Loubet Filho PS, Baseggio AM, Vuolo MM, Reguengo LM, Telles Biasoto AC, Correa LC, et al. Gut microbiota modulation by jabuticaba peel and its effect on glucose metabolism via inflammatory signaling. Curr Res Food Sci. (2022) 5:382–91. doi: 10.1016/j.crfs.2022.02.001

 50. Koontanatechanon A, Wongphatcharachai M, Nonthabenjawan N, Jariyahatthakij P, Leksrisompong P, Srichana P, et al. The effects of increasing dietary fat on serum lipid profile and modification of gut microbiome in C57BL/6N mice. J Oleo Sci. (2022) 71:1039–49. doi: 10.5650/jos.ess22009

 51. Li X, Wei T, Li J, Yuan Y, Wu M, Chen F, et al. Tyrosol ameliorates the symptoms of obesity, promotes adipose thermogenesis, and modulates the composition of gut microbiota in HFD fed mice. Mol Nutr Food Res. (2022) 5:e2101015. doi: 10.1002/mnfr.202101015

 52. Ye J, Zhao Y, Chen X, Zhou H, Yang Y, Zhang X, et al. Pu-erh tea ameliorates obesity and modulates gut microbiota in high fat diet fed mice. Food Res Int. (2021) 144:110360. doi: 10.1016/j.foodres.2021.110360

 53. Qiao L, Zhang X, Pi S, Chang J, Dou X, Yan S, et al. Dietary supplementation with biogenic selenium nanoparticles alleviate oxidative stress-induced intestinal barrier dysfunction. NPJ Science of Food. (2022) 6:30. doi: 10.1038/s41538-022-00145-3

 54. Cui X, Wang Z, Tan Y, Chang S, Zheng H, Wang H, et al. Selenium yeast dietary supplement affects rumen bacterial population dynamics and fermentation parameters of tibetan sheep (Ovis aries) in alpine meadow. Front Microbiol. (2021) 12:663945. doi: 10.3389/fmicb.2021.663945



OPS/images/fnut-09-973027-g005.gif





OPS/images/fnut-09-973027-g006.gif





OPS/images/fnut-09-973027-g003.gif





OPS/images/fnut-09-973027-g004.gif





OPS/images/inline_1.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Feeding foliar nano-selenium biofortified panax notoginseng could reduce the occurrence of glycolipid metabolism disorder in mice caused by high-fat diets



		Introduction



		Materials and methods



		Synthesis and characterization of nano-se



		Cultivation and processing of SePN



		Sample preparation of PN



		Relative quantification of saponins by HPLC–MS/MS



		Animals and treatment



		Biochemical parameters assay of serum



		Biochemical indexes assay of liver



		Histopathological analysis of liver and colon



		Total RNA extraction and reverse ranscription



		RT-qPCR analysis



		Extraction and analysis of microbial DNA



		Statistical analyses







		Results



		Body weight, diet and organ weight of mice



		Glucolipid metabolism physiological indexes in serum of mice



		Antioxidant and enzymes activities of glucolipid metabolism in the liver



		Representative images of H&E staining in colon and liver sections



		Detection of the expression of lipid metabolism related genes by RT-PCR



		Changes of gut microbiota abundance in mice







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Feeding foliar nano-selenium
biofortified panax notoginseng
could reduce the occurrence of
glycolipid metabolism disorder
in mice caused by high-fat diets





OPS/images/fnut-09-973027-g001.gif





OPS/images/fnut-09-973027-g002.gif
Ui










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Nutrition





